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Preface 
When the Fry brothers introduced the world to HIFU in the 1950's, diagnostic ultrasound 

was in ite infancy. However, the remarkable advances in ultrasound imaging technology over 
recent years have permitted us now to envision the combined use of ultrasound both for 
imaging and for therapy. It doesn't take much imagination to picture the tremendous promise 
of (ultrasound) image-guided (HIFU) therapy (IGT), Just m smaller and smaller diagnostic 
ultrasound systems will soon replace the stethoscope, so eventually will increasingly precise 
therapeutic ultrasound systems replace the scalpel. This volume describes in some detail recent 
advances in IGT, particularly in the treatment of malignant tumors. 

This book is a compilation of papers presented at the 2"* International Symposium on 
Therapeutic Ultrasound, held in Seattle, Washington, July 29-August 1,2002. The Symposium 
attracted 200 participants fk>m 14 different countries, A list of the author attendees (without 
the requisite photograph) is included in these proceedings. Approximately 100 abstracts were 
accepted for presentation at the conference. Invitations to tlie authore to submit articles for 
publication in this proceedings have resulted in this volume, which contains 73 separate 
articles. 

This volume has been divided into a number of topic categories, viz.. Clinical Studies, 
Laboratory Studies, Simulation and Monitoring, Dosimetiy, Engineering, Lithotripsy, 
Ultrasound-Enhanced Drug Delivery, and Sonodynamic Therapy. One can see from this topic 
coverage that the symposium was largely on HIFU (essentially the first five topics), yet also 
broad enough to cover most aspects of therapeutic ultrasound. 

This Symposium followed a similar one held in Chongqing, PRC in May of 2001, At that 
conference, a number of us were surprised to learn that, in the P,R, China, medical devices had 
been approved for the use of High Intensity Focused Ultrasound (HIFU) in the treatment of 
cancer and other diseases, and that a large number of patients had been treated with excellent 
results. Since attendance at this meeting by "Western" participants was relatively sparse, a 
group of us determined that a second meeting should be held soon, not only to publicize the 
pioneering work of our Chinese colleagues, but also to review the entire field of therapeutic 
ultrasound. 

At the Chongqing meeting, it was also decided that a new Society should be formed to 
incre^e and diffuse the Icnowledge of therapeutic ultrasound more broadly to the scientific and 
medical community. Accordingly, the International Society of Therapeutic Ultr^ound (ISTU) 
was formed (http://www.istus,org/), and its organization and mission discussed in some detail 
at the Seattle meeting. It was decided that probably the most important role of ISTU was to 
organize a regular meeting of the Society; consequently, a procedure was established for the 
selection of future meeting sites and the activities that should Ije undertaken by the host 
organization. 

We have featured Clinical Studies as the leading section because it addresses a desired 
endpoint for the application of therapeutic ultrasound, namely the treatment of disease in 
human patients. This first section contains reports by a number of groups from China, France, 
flie USA and the UK on the treatment of a variety of tumors, both malignant and benign, in a 
variety of organs. The successful application of HIFU to tumors of the liver and pancreas is 
particularly appealing due to the limitations of conventional treatments. 

This section is followed by one on Laboratorv Studies, in which several papere treat the 
scientific ^pecte of therapeutic ultr^ound, particularly HIFU. Although the number of 
patients being treated by HIFU is rapidly growing, a fiill understanding of the capabilities and 
limitations of this technology h^ not yet been achieved. Of particular interest is the 
developing capability of ultrasound not only to image and target the site of HIFU application, 
but also to monitor In real-time the evolution of the treated volume. This broad capability of 
ultr^ound-guided and ultrasound-monitored therapy is practically unique to HIFU and 
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represents a revolutionary advancement in the treatment of disease. (Of course, we are well 
aware of the work of MR-guided Focused Ultrasound Surgery and include it in our genera! 
grouping of therapeutic ultrasound technologies.) 

The next two sections deal with Simulation and Monitoring and Dosimetry. It is well 
known that for new technologies to gain acceptance within the medical community, and 
especially the FDA, the level of risk must be as low as possible. This risk reduction is often 
accomplished by developing validated models that can assess risk without requiring extensive 
and unnecessary animal trials. Likewise, an important aspect of risk reduction is ensuring that 
the dose delivered is the intended dose. The papers in these two sections describe significant 
advances in model development as well as detailed investigations of how to measure the high 
intensity levels (as high, perhaps, as 20,000 W/cm^) utilized in focused ultrasound surgery. 

One of the most exciting areas of IGT development is in the device engineering being 
undertaken to perform the tumor-treatment protocols. Accordingly, we invited a number of 
authors to discuss the Engineering aspects of therapeutic ultrasound, which is the next section 
in the Proceedings. It is gratifying to note that several commercial ventures are now underway 
that provide, or will soon provide, government-approved clinical devices for the treatment of 
patients. Descriptions of a number of these devices are presented in this section. 

Arguably the first successful commercial use of therapeutic ultrasound was that of 
Lithotripsy. Lithotripters use intense shock waves to comminute kidney stones, and more 
recently, also to treat a variety of orthopedic conditions. These devices produce acoustic pulses 
that are characterized by a very large acoustic pressure amplitude (as high as 100 Mpa), but 
extremely low intensities because these pulses are delivered no more often than at 1 or 2 Hz. 
The bioeffects that are associated with lithotripters were originally thought to be relatively 
minor; however, recent studies suggest kidney tissue can suffer significant damage during 
lithotripsy. An interesting sidelight of this research is that shock waves can transiently 
permeablize membranes, and thus are an excellent mechanism for the induction of gene 
transfection. 

The Symposium closed with two major sessions on the use of ultrasound to enhance drug 
delivery, viz., Ultrasound-Enhanced Drug Delivery and Sonodynamic Therapy. This 
technology has exciting promise in that one of the major technological pushes of the new 
century will probably be to make use of the huge investment made in characterizing the human 
genome. This characterization has little value if medical science does not find ways to insert 
material directly into cells. The two final sections of the Proceedings contain papers that 
provide some important and exciting advances into the use of ultrasound as an alternative to 
viruses as a gene transfection vector. 

This volume contains a relatively complete and certainly broad snapshot of the state-of-the- 
art of therapeutic ultrasound at the beginning of the 21** Century. It is almost certain that this 
area of medical science will be one of the most promising areas for research and development 
as the century progresses. We hope that the articles in this volume stimulate you to explore this 
promising area of scientific endeavor, and to join the International Society for Therapeutic 
Ultrasound. 

We wish to acknowledge the many authors who submitted articles for these proceedings. 
Their combined work offers a broad perspective of HIFU at the beginning of the 21st Century. 
We acknowledge also the generous support of our sponsors, particularly the U.S. Army 
Medical Research and Material Command, and its representative, Ron Marchessault. Finally, 
ISTU2 and these proceedings would never have been completed without the indefatigable 
efforts of Dorothy Lowell. Her remarkable and tireless work ethic, and her insistence that even 
the most minor detail had to be considered, resulted in a very successftil symposium, and 
tremendously improved the quality of many of these articles; we, the participants, and the 
authors, owe her a great deal of gratitude. 

The Editors 
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HIFU And Localized Prostate Cancer: Efficacy 
Results From The European Multicentric Study* 

Christian Chaussy, Stefan Thilroff 

Department of Urology, Staedt. Krankenham Mimchen-Harlaching 

Abstract. Purpose: The safety and the efficacy of High Intensity Focused Ultrasound (HIFU) for the 
treatment of prostate cancer have been assessed in a phase II-III prospective multicentric clinical trial. 
Materials and Methods: Patients presenting with localized prostate cancer and non candidates for 
radical prostatectomy were included between 1995 and 1999 in 6 European sites. All patients were 
treated with HIFU under general or spinal anesthesia. During the follow-up, random sextant biopsies 
and PSA level measurements were performed. Any positive sample in biopsies performed after the last 
treatment session resulted in a "HIFU failure" classification. 
Results: n=402 patients with localized prostate cancer (stage Tl-2 NO-x MO) were included and were 
treated with HIFU as primary care. Main patients baseline characteristics were (mean + SD): age 69.3 ± 
7.1 years, prostate volume 28.0 + 13.8 cc, PSA 10.9 + 8.7 ng/ml. 92.2% of the patients were presenting 
1 to 4 positive samples at the baseline biopsy. Oleason scores were 2 to 4 for 13.2% of the patients, 5 to 
7 for 77.5%, and 8 to 10 for 9.3%. Patients received in mean 1.4 HIFU session. The mean follow-up 
duration was 407 days (Ql: 135 days, median: 321 days, Q3: 598 days). The negative biopsy rate 
observed in the T1-T2 primary care population is 87.2%. These results were also stratified according to 
the usual disease related risk classification, and up to 92.1% negative biopsy rate was observed in low- 
risk patients. Nadir PSA results were correlated to the prostate size and the clinical procedure. 
Conclusion: These short-term efficacy results obtained on a large cohort confirm that HIFU is an option 
to be considered for the primary treatment of localized prostate cancer. 

INTRODUCTION 

New non-surgical treatment options for localized prostate cancer are emerging in our 
daily practice. This trend results from several factors, including the sharp increase in early 
diagnoses thanks to the PSA screening, and the role of the patient in choosing his treatment. 
Indeed, patients are more and more concerned with the post-treatment quality of life, i.e. the 
recovery time and the treatment-related acute and chronic morbidity. 

Beside the large experience in the U.S.A. with brachytherapy for localized prostate 
cancer, using Iodine or Paladium permanent implants, a minimally-invasive option using 
High Intensity Focused Ultrasound (HIFU) was developed in Europe. 

It was first demonstrated that HIFU may destroy prostate cancer by coagulative necrosis 
of the tissue', without damaging the intervening structures passed by HIFU^ and without 
increase in metastasis formation^. The transrectal approach was validated with an animal 
model'', then with the first clinical trials'' *. 

' Abstract presented at the 2001 AUA congress, Anaheim 



In order to evaluate the results of the HIFU treatment in prostate cancer on a larger 
patient population, the European Multicentric Study was then carried out in 6 investigational 
sites. 

MATERIALS AND METHODS 

The European Multicentric Study is a prospective, multicenter, open-labeled, non 
controlled clinical trial. The study was approved by local Ethics Committees, and all the 
patients signed an informed consent form for participation prior to their enrollment. From 
November 1995 to October 2000, 652 patients were included in the clinical study, which is 
still ongoing in most of the sites for patient follow-up. In November 1999, an interim 
statistical analysis was performed, including all the patients enrolled and treated at that time. 
The results of this interim analysis are presented hereafter. 

In this 4-year period (Nov. 95-Nov. 99), 559 patients in total were selected and treated 
with HIFU. All the patients were diagnosed for histology proven prostate cancer, and were 
not suitable candidates for radical prostatectomy. Of them, n=402 patients were presenting 
with a localized prostate cancer (Tl-2 NO-x MO), and were treated with HIFU as a primary 
care for prostate cancer. The results are focused on this group. The other sub-populations 
(patients enrolled but excluded of this analysis) were: 8 patients who underwent previously a 
radical prostatectomy, 35 patients with a previous external beam radiation therapy, 104 
patients with a previous orchiectomy or hormone deprivation, and 10 patients with locally 
advanced disease or distant metastases (T3-4 and/or N+ and/or M+). 

All the patients were treated using the Ablatherm® HIFU device (EDAP Technomed, 
Lyon, France), generally under spinal anesthesia. Several device prototypes were used 
during the course of the study, while technical parameters evolved: progressive increase in 
frequency from 2.25 up to 3 MHz, and progressive increase in the shot duration from 4 to 5 
seconds. In parallel, a cooling system and additional safety features were implemented. For 
the statistical analysis performed, 4 major technical protocols (TP) were identified: TPl with 
a 2.25 MHz frequency, and a shot duration < 4.5 seconds (no cooling system with TPl), 
TP2 with a frequency < 3 MHz and a 4.5 seconds shot duration, TP3 with a 3 MHz 
frequency and a 4.5 seconds shot duration, and TP4 with a 3 MHz frequency and a 5 
seconds shot duration. 

Patients were systematically treated in 2 HIFU sessions (1 session/lobe) from 1995 to 
1998. Then, the prostate was targeted in a single HIFU session. In case of residual positive 
biopsies or in case of local recurrence during post-treatment follow-up, HIFU retreatment 
was possibly performed. The patients who were no longer candidates for HIFU were 
generally managed with external radiotherapy or hormone deprivation, and were therefore 
considered as HIFU failure patients. 

HIFU efficacy was assessed through sextant biopsies and PSA measurements. For each 
patient, all the biopsies performed 6 weeks or more after the last treatment session were 
considered, and any positive core, whatever the cancer size, led to the patient classification 
as "positive biopsy". Nadir PSA was defined as the lowest PSA level measured after the last 
HIFU session. Only patients with 6 months follow-up or more were considered for PSA 
nadir determination. Biopsy and PSA results were assessed for the overall localized prostate 
cancer population (n=402), and were then stratified according to factors which might 



influence the  results,  i.e.  patient baseline characteristics and the different technical 
protocols. For the HIFU safely evaluation, all adverse events were collected. 

RESULTS 

At inclusion in the study, patients were presenting the following baseline characteristics 
(Table I): age 69.3 ± 7.1 years, prostate volume 28.0 + 13.8 cc, PSA 10.9 ± 8.7 ng/ml, 
Oleason score 2 to 4 or Gl for 51 patients (13.2%), 5 to 7 or Q2 for 300 patients (77.5%), 
and 8 to 10 or G3 for 36 patients (9.3%). Baseline characteristics were also considered for 
the patient classification according to the baseline disease-related risk level, using the usual 
definition with (i) low-risk: Tl-T2a and PSA < 10 ng/ml and Oleason score < 6, (ii) 
intermediate-risk: T2b or 10 < PSA < 20 n^ml or Gleason score = 7, and (iii) high-risk: T2c 
or PSA > 20 ng/ml or Gleason score > 8. This resulted in 114 low-risk patients (28.4%), 193 
intermediate-risk patients (48.0%) and 95 high-risk patients (23.6%). 

TABLE 1; Patient Baseline Characteristics.  
Age (years) Prostate Volume (cc) PSA (ng/ml) Gleason Seore 

389 
28,0 
12,7 
19,0 
25.0 
34.0 
4,2 

 irno  

In total, 602 HIFU sessions were performed to 402 patients (1.47 session/patient), with 
62.4% of the patient treated with a single session, and 27.9% treated with 2 sessions. The 
retreatment rate is nevertheless not interpretable due to the change of the clinical procedure 
during the course of the clinical trial, moving from 1 session/lobe to a single session for the 
entire prostate. At the first treatment session, 49 patients (12.2%) were treated with TPl, 59 
patients (14.7%) with TP2, 184 patients (45.8%) with TP3, and 110 patients (27.4%) with 
TP4. 

For each patient, follow-up time was defined from the first treatment session up to the 
last histology or PSA measurement available. At the time of the statistical analysis, mean 
patient follow-up was 407.3 days, ranging from 0 to 1541 days. The quartile distribution 
(Ql: 135 days, median: 321 days, Q3: 598 days) reflects the patient accrual rate during the 
course of the study: low inclusion rate during the first year of the study, then progressive 
increase, and about half of the patients included the last year of the period considered for 
analysis. 

In total, 288 patients were assessable for sextant biopsy results, and a 87.2% negative 
biopsy rate was observed (Table 2). Biopsy results were stratified according to the prostate 
size, i.e. for patients with a prostate volume < 40 cc vs > 40 cc: 88.4% and 85.0% negative 
biopsy rates were observed, respectively (Fisher's exact test: p=0.599, NS). Similarly, 
biopsy results were stratified according to the antero-posterior (AP) prostate diameter, 
considering the limitation of the unitary lesion length, for prostate with AP diameter 
<25mm vs AP > 25 mm: 85.4% and 88.1% negative biopsy rates were observed, 

n 396 
Mean 69.3 
SD 7,1 
Ql 65.0 
Median 70.0 
Q3 75,0 
Minimum 51,0 
Maximum 88.0 

397 369 
10.9 6.0 
8.7 1,3 
5.8 5,0 
8.9 6.0 

41,0 7,0 
0,1 2.0 
78,0 9,0 



respectively (^^ test: p=0.622, NS). When stratified according to the disease-related risk 
level, the following negative biopsy rates were observed: 92.1% in low-risk patients, 86.4% 
in intermediate-risk patients, and 82.1% in high-risk patients (x^ test: p=0.167, NS). When 
only considering the number of positive cores in pre-treatment sextant biopsies among 
prognostic factors, the comparison reached the significance level: 88.1% negative biopsy 
rate in patients presenting with 1 to 4 positive cores, vs 70.8% in patients with more than 4 
positive cores (Fisher's exact test: p=0.017). The clinical procedure for HIFU treatment was 
leading to partial or complete treatment of the gland, due to the treatment strategy or to the 
prostate size, without statistically significant impact on the negative biopsy rates: 91.7% 
after complete treatment vs 87.2% after partial treatment (Fisher's exact test: p=0.321, NS). 
Finally, the biopsy results were stratified according to the technical protocols: 44.4% in 
TPl, 82.1% in TP2, 91.2% in TP3, and 94.8% in TP4 (x' test: p<0.0001). These results are 
possibly biased by the time effect, the different technical protocols being successively used 
during the course of the study, and the first patients treated having more time to reveal a 
residual or recurrent cancer. In order to reduce this bias, the biopsy results at one year were 
also calculated in each TP group: 66.7% in TPl, 76.5% in TP2, 91.2% in TP3, and 100.0% 
in TP4, but with only 9 patients in the TP4 group with one-year biopsy results available 
(Fisher's exact test: p=0.021). 

TABLE 2: Biopsy and Nadir PSA Results.  
Negative Biopsy                            Nadir PS.4 (ng/ml) 

 rate g median mean p 

NS 

NS 

NS 

NS 

p<0.0001 

All the patients with at least 6-month follow-up were assessed for PSA nadir. In these 
n=212 patients, nadir was generally obtained within 3 to 4 months after HIFU treatment 
(mean: 163.5 days, median: 111.5 days). The quartile distribution of the nadir PSA results 
was Ql: 0.1 ng/ml, median: 0.6 ng/ml, and Q3: 2.1 ng/ml, while the mean value at 1.8 ng/ml 
was relatively high due to the non-responders (range: 0-27 ng/ml) (Table 2). As for biopsy 
results, nadir PSA results were stratified according to the prostate volume (mean=1.5 ng/ml 
and median=0.4 ng/ml in prostate < 40 cc vs mean=2.9 ng/ml and median=2.0 ng/ml in 
prostate > 40 cc, Wilcoxon test: p=0.0001); according to the AP diameter (mean=1.4 ng/ml 
and median=0.4 ng/ml in AP < 25 mm vs mean=1.3 ng/ml and median=0.5 ng/ml in AP > 
25 mm, Wilcoxon test: p=0.453, NS); according to the clinical procedure (mean=1.4 ng/ml 
and median=0.1 ng/ml after complete treatment vs mean=1.8 ng/ml and median=0.6 ng/ml 
after partial treatment, Kruskal Wallis test: p=0.016); according to the disease-related risk 

Overall result 87.2% 
Prostate volume   < 40 cc 88.4% 

>40 cc 85.0% 
AP diameter       < 25 mm 85.4% 

>25 mm 88.1% 
Low-risk 92.1% 
Intermediate-risk 86.4% 
High-risk 82.1% 
Partial treatment 87.2% 
Complete treatment 91.7% 
TPl 44.4% 
TP2 82.1% 
TP3 91.2% 
TP4 94.8% 

0.6 1.8 
0.4 1.5 p=0.000 
2.0 2.9 1 
0.4 1.4 NS 
0.5 1.3 
0.5 1.3 
0.7 1.4 NS 
0.5 3.1 
0.6 1.8 p=0.0!6 
0.1 1.4 
1.2 5.1 p=0.000 
2.0 3.3 1 
0.5 1.3 
0.3 0.9 



level (mean=l,3 ng/ml and median=0.5 ng/ml in low-risk patients, mean=1.4 ng/ml and 
median=0.7 ng/ml in intermediate-risk patients, and mean=3.1 ng/ml and median=0.5 ng/ml 
in high-risk patients, Kruskal Wallis test: p=0.793, NS); and according to the technical 
protocols (mean=5.1 ng/ml and median=1.2 ng/ml in patients treated with TPl, mean=3.3 
ng/ml and median=2,0 ng/ml in TP2, mean=1.3 ng/ml and median=0.5 n^ml in TP3, and 
mean=0.9 ng/ml and median=0.3 ng/ml in TP4, Kruskal Wallis test: p=0.0001). The PSA 
level stability in fiirther PSA measurements was not assessed due to the high proportion of 
patients with less than one year follow-up. Indeed, when considering the ASTRO definition, 
time to nadir plus at least 9 months are needed in order to evidence rising PSA level on 3 
successive measurements taken at least 3 months apart. So, after HIFU, patients should have 
at least one year follow-up to be considered for such an analysis. 

The treatment-related morbidity was assessed through the adverse event collection. The 
most serious adverse event reported was urethro-rectal fistula, which occurred in 5 patients 
in the following situations: before the implementation of the rectal cooling system (n=2), in 
patients with a rectal wall thickness over 6 mm which is now considered as a 
contraindication for the HIFU treatment (n=2), and after a repeated HFFU session with only 
a 2-month interval in between (n=l). These fistula cases resolved after urinary catheter 
placement (n=3), after fibrin glue injection (n=l), or after surgery (n=l). Stress incontinence 
grade I and grade II were observed in 10.6% and 2.5%, respectively. These mild to moderate 
cases of stress incontinence generally resolved spontaneously or after appropriate 
management with medication and/or floor muscle training. Grade III stress incontinence was 
reported in 6 patients and recovered after pelvic floor muscle training (n=l), artificial 
sphincter placement (n=4) or collagen injection {n=l). Urinary tract infections were reported 
in 13.8% of the patients, and were easily managed with usual antibiotics. Immediate post- 
treatment retention was observed in all patients, for 5 days in median when the retention was 
managed with a trans-urethral catheter Foley type, and for 34 days in median when managed 
with a supra-pubic tube. Prolonged retention was reported in 8.6% of the cases, mainly due 
to tissue sloughing, and generally resolved with the evacuation of the necrotic debris. Later 
during follow-up, 3.6% of the patients presented a urethral stenosis, usually treated with 
urethrotomy. Thirty five patients spontaneously reported partial or total loss of potency, but 
the pre-treatment potency status was not systematically recorded in all the sites. 

DISCUSSION 

The observed short-term efficacy results demonstrate a good local control of the disease 
after HIFU treatment even considering the high proportion of high-risk patients, better 
results being observed in patients properly selected as suitable candidates for a local 
treatment. When considering longer term results as described by Gelet et al.'- *, a plateau in 
the disease free rates survival curves calculated with the Kaplan-Meier method is observed 
from 20-month follow-up. The time for this plateau occurrence should be confirmed with an 
updated statistical analysis of flie European Multicentric Study cohort. 

The prostate size or the clinical procedure does not affect the biopsy results, while it 
directly impacts the residual PSA level. Moreover, prostate size is not an actual limitation to 
the HIFU treatment when considering that it may be repeated. 

The progressive optimization of the technical parameters led to a better efficiency of the 
treatment delivered, and the last technical protocol studied (3 MHz frequency, 5 seconds for 



the shot duration) was implemented in the standard device. In daily practice, the retreatment 
rate using these technical parameters does not exceed 10 to 20% according to the first choice 
treatment strategy, from treatment including the prostate capsula to nerve-sparing treatment 
excluding 5 mm of tissue near the neurovascular bundle'"'"' '^. 

In our own experience, we are using the standard Ablathem® since 2000. In total, 144 
patients staged TI-2 NO-x MO without any previous prostate cancer treatment were treated 
with that standard device. From them, n=65 patients had 12 to 18 months follow-up, i.e. 
were assessable for biopsy results and for PSA stability according to the ASTRO definition. 
During follow-up, control biopsies were systematically performed (in mean, 2.25 sextant 
biopsy set/patient), as well as PSA measurements every 3 months. Biopsy assessment 
evidenced a 85.7% negative biopsy rate. Nadir PSA level was generally obtained within 3 
months post-HIFU. Median nadir PSA was 0.1 ng/ml, and 92.6% of the patients were still 
presenting with a stable PSA level at that short-term follow-up. These results are 
considering a 9.2% HIFU re-treatment rate. 

For the safety aspects, the now standardized clinical procedure for HIFU treatment, as 
well as the safety features implemented, sharply improved the treatment related morbidity. 
In patients treated with HIFU as a primary care, and with a safety margin for the treatment 
of the apex, fistula and grade III stress incontinence disappeared, without increase in apical 
residual cancer'' '°' "' ^. In order to improve the post-treatment retention, we are now 
combining a trans-urethral resection of the prostate (TURP) immediately prior to the HIFU 
treatment, under the same spinal anesthesia, and this procedure leads to a significant 
reduction in the catheter time, from 2 days with the trans-urethral tube, to 7 days when a 
supra-pubic tube is placed. The patient management after the combined TURP+HIFU 
treatment is similar as after a classical TURP. 

Following this multicenter experience, HIFU treatments may be efficiently performed 
with an established procedure, and with a short learning curve (approximately 10 patients 
for a new user with technical skill in US prostate imaging). As a minimally invasive 
treatment option, it may be delivered under spinal anesthesia. The HIFU-related morbidity is 
low, and the post-treatment management is easy. The evening after the HIFU session, the 
patient returns to normal food, does not need any analgesic medication, and may be 
discharged the day after with a catheter placed, or a few days later without catheter 
(according to the country and cultural context). Patients with a TURP history, or presenting 
with a local recurrence after external radiotherapy or surgery are suitable candidates for 
HIFU. In case of local recurrence after primary HIFU, the patient may benefit from a further 
HIFU session, or may still receive external beam radiation. 

In our practice, we select for HIFU treatment the patients who are not candidates for 
surgery due to their age or comorbidities, patients who are poor candidates for surgery due 
to the local conditions or with a high risk for positive margin, and patients refusing surgery. 
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Abstract. High-intensity focused ultrasound (HIFU) delivers ultrasound energy via a transrectal 
probe to produce rapid thermal necrosis of prostate tissue in the focal region without damaging 
the surrounding tissue. Since 1992, we have been treating prostate diseases, both benign and 
malignant, with HIFU. In this study our main objectives were to evaluate efficac)' and safety of 
the HIFU for the treatment of Tlb-2N0M0 stage prostate cancer (PCa). We performed over 100 
HIFU treatments in 84 patients with biopsy-proven localized prostate cancer using the 
Sonablate HIFU device. We present data on 49 (62 HIFU sessions) patients who underwent six 
months follow-up and post-operative biopsy. Demographics of these patients are (mean ± SD): 
age 71.9 ± 6.9 years, prostate volume 27.6 ± 11.6 ml, PSA 17.74 ± 17.9 ng/ml. Gieason scores: 
2-4, 5-7 and 8-9 in 14, 30 and 9 patients respectively. 34, 11 and 1 patient received one, two and 
three HIFU treatment sessions respectively. A mean operating time was 2 hrs 47 min (55-356 
min). All patients were treated under epidural anesthesia. Patients were followed with sextant 
biopsies and senim PSA. The clinical outcome of 49 patients followed for at least 6 months 
(mean 16.7 ± 16.4 months) is as follows. Complete Response (CR, defined as negative biopsy 
and PSA velocity of < 0.75 ng / ml of three successive readings) was observed in 95 %, 80%, 
40% and 0% for the patients who had pre-operative PSA level (ng/ml) of less then 10, 20. 30 and 
higher respectively. PSA results were strongly correlated to the completeness of the HIFU 
treatment. One earlier patient treated with the Sonablate-200 device developed a rectourcthral 
fistula and 10 patients developed a urethral stricture. Our follow-up would suggest that 
transrectal HIFU therapy can be used safely to ablate localized prostate cancer with minimal 
adverse events with a relatively high CR rate and the ability to deliver repeated HIFU treatments 
without added toxicity. This will allow for repeated HIFU therapy for treatment failures. 
Additional follow-up continues to confinn the long-temi durability of treatment. 

INTRODUCTION 

Prostate cancer is the leading malignancy in men and the second leading cause of 
death due to cancer in the United States.' In recent years, the rate of prostate cancer in 
Japanese males is also increasing. The death rate of prostate cancer per 100,000 men 
in 1985 increased from 4.5 to 11.4 in 1999 in Japan.^ The Surveillance, Epidemiology 
and End Results program of the National Cancer Institute (NCI) has shown a 52% 



decrease in the rate of distant metastatic prostate cancer between 1990 and 1994.^ 
With this change in stage distribution, treatments have also changed. Radical 
prostatectomy rates increased from 17.4/100,000 in 1988 to 54.6/100,000 in 1992.' In 
Japan also, the success of early prostate cancer detection has resulted in an increased 
number of candidates for radical prostatectomy.'' Despite excellent 5- to 10-year 
survival rates after radical prostatectomy for organ-confined disease, surgery is 
associated with significant morbidity, such as blood loss with transfusion-related 
complications, impotence in 30% to 70% of cases, and stress incontinence in up to 
10% of patients. ~ In addition, surgical intervention is not typically considered for 
patients whose life expectancy is less than 10 years. Although the immediate 
complication rate is lower with radiation therapy, impotence, incontinence, radiation 
proctitis, and cystitis are frequent late sequelae.'"' Moreover, it has been shown that 
over 50% of patients have elevated serum levels of prostate-specific antigen (PSA).'"' 

Recently, a number of alternative minimally invasive treatments have been 
developed to treat localized prostate cancer. Brachytherapy, cryosurgical ablation, 
three-dimensional confonnal radiotherapy and laparoscopic radical prostatectomy 
have been applied, but a definitive cure cannot always be achieved, and generally the 
treatment cannot be repeated in cases of local recurrence.'"''* Since 1992, we have 
examined the effect of high-intensity focused ultrasound (HIFU) for canine prostate 
and kidney, and have been treating benign prostatic hyperplasia with transrectal 
HIFU. ' HIFU delivers intense ultrasound energy, with consequent heat destruction 
of tissue at a specific focal distance fi-om the probe without damage to tissue in the 
path of the ultrasound beam. It has been clinically demonstrated that HIFU can be 
used to destroy tissue and cure cancer without stimulating metastasis.^"'^' We report 
herein our clinical experience treating 100 patients with stage Tlb-2N0M0 localized 
prostate cancer by the Sonablate™ HIFU device. 

PATIENTS AND METHODS 

HIFU Equipment 

For this study, we used both modified second- and third-generation HIFU devices, 
the Sonablate™-200 and the Sonablate™-500 (Fig. 1; Focus Surgery, Inc., 
Indianapohs, IN, USA). These Sonablate^" are computer-controlled devices intended 
to provide HIFU treatment for both benign prostatic hyperplasia and localized prostate 
cancer, A treatment module includes the ultrasound power generator, multiple 
transrectal probes of different focal depth, the probe holding articulated arm, and an 
active water cooling system. The transrectal HIFU probes use proprietary transducer 
technology with low-energy ultrasound (4 MHz) for imaging of the prostate and for 
the delivery of high-energy ablative pulses (site intensity, 1300-2200 W/cm^). The 
single piezoelectric crystal alternates between high-energy ablative (1-4 seconds) and 
low-energy (6-12 seconds) ultrasound for a total cycle of 7 to 16 seconds. 

Before the start of the treatment, the operator uses longitudinal and multi-slices of 
transverse ultrasound images of the prostate and selects the prostate tissue volume to 
be ablated by a set of cursors on these images. The probe houses a computer- 



controlled positioning system that directs sequence of ablative pulses to the targeted 
region of the prostate. Each discrete high-energy focused ultrasonic pulse ablates a 
volume of 3x3x10 mm^ P' The individual focal lesion produces almost instantaneous 
coagulative necrosis of tissue due to a temperature rise of 80° to 95° C in the focal 
zone. ' Under computer control, the ultrasound beam is steered mechanically to 
produce consecutive overlapping lesions laterally and longitudinally to ensure necrosis 
of the entire targeted prostate volume (Fig. 2). An active automatic cooling device is 
used during treatment to maintain a constant baseline temperature of less than 20°C in 
the transrectal probe that helps to prevent thermal injury of the rectal mucosa. 

FIGURE 1. The Sonablate™-500 HIFU device with a 
transrectal probe attached to an articulated ami. The ami is 
fixed to an operating table and the user adjusts the probe 
position to optimize both imaging and treatment of the 
prostate. The active cooling device circulates cold water to 
keep the rectal temperature at a safe level. The device has 
both imaging and HIFU capability on the same transducer 
that ensures absolute coordination of imaging and treatment 
position to image and monitor tissue changes on each 
ablative pulse. 

HIFU Procedure 

Patient preparation included a cleansing enema, and all patients were anesthetized 
by epidural anesthesia and intravenous sedation. A condom was placed over the probe 
and degassed water was used to inflate the condom that was covered with ultrasound 
gel for close coupling of the ultrasound probe to the rectal wall. The patient was 
placed in the lithotomy position and the probe inserted manually into the rectum. A 
16F Foley balloon catheter was inserted into the bladder for identifying the urethra and 
bladder neck and 100-150 cc saline solution was introduced into the bladder. Probes 
with focal lengths of 2.5, 3.0, 3.5, 4.0 and 4.5 cm were used according to the size of 
the prostate as determined by TRUS, with larger glands requiring longer focal lengths. 
The probe was fixed in position by the articulating arm attached to the operating table 
and locked in place once imaging of the prostate optimized the position. After 
selecting the treatment region of the prostate from the verumontanum to the bladder 
neck, the HIFU treatment was started. The balloon catheter was removed just before 
the HIFU treatment. The treatment continued layer by layer (10 mm thick) from the 
apex to the base. Usually, three successive target areas (anterior, mid-part and base) 
were defined to treat the whole prostate (Fig. 3). The contralateral lobe was then 
treated using the same procedure. Hyperechoic zones, which correspond to 
microbubbles induced in the treated area, occasionally, appeared in the targeted area 
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during the fflFU procedure. When this hyperechoic phenomenon appeared in the 
targeted area, the power intensity of fflFU was lowered. After disappearance of the 
hyperechoic phenomenon, power intensity was returned to the normal levels. The 
thermal effect of transrectal HIFU is extremely precise with a sharp temperature 
gradient and fall-off characteristics. Therefore, in cases where the cancer is unilateral 
and preservation of potency is considered mandatory by the patient, the contralateral 
neurovascular bundle could be excluded from the treatment. After completmg 
treatment, a tramurethral balloon catheter, or percutaneous cystostomy using a 16F or 
12F Foley balloon catheter was inserted into the bladder. 

FIGURE 2. The prostate is 
scanned from the bladder 
neck to the apex. Each image 
slice is marked for the 
treatment using the cursor. 
The corresponding 
longitudinal image on the 
right upper comer shows the 
extent of treatment in the long 
axis. 

FIGURE 3. In the treatment 
mode images of the p-ostate - 
both pre-treatment (lower 
panel) and during the 
treatment (upper panel) - are 
displayed to observe tissue 
changes. In addition, 
temperature and reflectivity 
index are used for safe 
operation. The adjustable 
power level allows the user to 
decrease and control micro- 
bubble activity, giving better 
treatment with increased 
safety. 

PATIENT RECRUITMENT 

As per the approved protocol by the local committees, the inclusion criteria for 
treatment were patients with stage Tlb-2N0M0 localized prostate cancer and prostate 
volumes less than 50 cc. Patients with anal stricture were excluded from the study. 
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All patients were fully informed of the details of this treatment and provided 
written consent preoperatively. All patients underwent a digital rectal examination and 
measurement of serum PSA using an AxSYM PSA assay (Abbott Laboratories, 
Abbott Park, IL, USA). TRUS, computed tomography (CT) and/or magnetic 
resonance imaging (MRI) of the pelvic cavity including the prostate were performed 
to detect evidence of carcinoma and intrapelvic lymph node metastasis. "A chest x-ray, 
abdominal ultrasound or CT of the liver, and bone scans were performed to detect 
distant metastasis in all patients. All enrolled patients had negative prcopcrativc 
metastasis in the lung, liver, bone and intrapelvic lymph nodes. All patients showed 
evidence of adenocarcinoma by prostate biopsy. The TNM staging system was used 
for clinical staging.^"* 

Follow-Up And Outcome 

A total of 49 (62 HIFU treatments) patients with a mean age of 71.9 ± 6.9 years 
(range, 54-86 years) have been followed over 16.7 months (6-42 months). The mean 
pre-PSA concentration and prostate volume were 17.74 ± 17.90 ng/mL (range 3.39- 
89.60 ng/mL) and 27.6 ± 11.6 mL (range 11.4-68.8 mL) respectively. The Gleason 
sum was 3 to 4 in 14 patients, 5 to 7 in 30 patients, and Gleason sum 8 to 9 in 5 
patients. 

Patient status and treatment-related complications were followed up by all available 
means, including periodic patient visits and self-administrated questionnaires dealing 
with continence and potency. Serum PSA was usually assayed at day 1, 14, 30 and 
then every 1 to 3 months during follow-up. A randomized sextant control prostatic 
biopsy was performed at 6 months or when there was any evidence of biochemical 
failure. Patients with a rising PSA concentration and a negative prostatic biopsy 
underwent a bone scan and a CT scan to assess for metastatic disease. We defined the 
complete response (CR) as: No evidence of viable tumor cells by postoperative 
biopsy, nor three successive elevations of PSA velocity <0.75 ng/year. Based on this 
definition further data analysis was performed and reported in our results. 

RESULTS 

The prostate was treated in 1 (n=34 patients), 2 (n=ll patients) or 3 (n=l patient) 
HIFU sessions for a total of 62 procedures in 49 patients (1.4 sessions/patient). 
Reasons for repeat HIFU treatments were: early experiments with On/Off time and 
large prostate size or partial treatment. The mean operating time was 2 hours 50 
minutes (range, 55 minutes to 356 minutes). The mean hospitalization stay and 
postoperative urinary catheterization time were 6.5 ± 3.5 days (range, 3-20 days) and 
9.7 ± 10.7 days (range, 1-55 days), respectively. A gradual reduction in prostate 
volume occurred in all patients, llie gland size decreased from an initial mean volume 
of 27.6 ± 11.6 cc (range 11.4-68.8 cc) to a final mean volume of 16.1 ± 9.4 cc (range, 
4.4-50.3 cc) in average 7.3 (range, 3-23) months interval. The data were analyzed for 
complete response as a fianction of pre-treatment level. The results of this analysis are 
given in Table 1. 
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TABLE 1. Complete Response Vs Pre-Treatment PSA Range In ng/ml.  
 Pre-treatment PSA level in ng/ml  

0-lOng/ml                   10.1-20ng/ml                  20.1-30ng/ml               30.1-Higher ng/ml 
CR/#Pts.                       CR/#Pts.                       CR/#Pts.                       CR/#Pts. 

21/22                            12/15                              2/5                                0/7 
 95% 80% 40% 0%  

In addition the data set was subjected to multivariate statistical analysis to define 
the best correlations to several variables. The best correlation was found between the 
outcome and pre-treatment PSA, The result of this analysis is given below in Table 2. 

TABLE 2. Multivariate Analysis Of Data By Cox Regression Test, 

Factor Hazard Ratio 95% CI p value 
Age 0.976 0.903-1.055 0.5425 
Stage 0.623 0.279-1.392 0.2485 

Gleason score 1.716 1.018-2.892 0.0428 
Neoadiuvant** 1.774 0.333-9.435 0.5015 

PSA 1.067 1.030-1.106 0.0003* 
** LH-RH agonist with or without antiandrogen 
* PSA has the highest correlation to outcome. 

DISCUSSIONS 

In 1995, Madersbacher et al. reported the effect of HIFU (using the old 
Sonablate^^^200) in an experimental study of 10 cases of histologically demonstrated, 
hypoechoic and palpable, localized prostate cancer.^^ In this study, only the focal 
region of the prostate showing a hypoechoic pattern by TRUS was treated by HIFU. 
The organs were subsequently removed. In 2 cases, the entire carcinoma had been 
ablated by the procedure, but in the other 8 cases, a mean of 53% of cancer tissue had 
been destroyed. However, this study was discontinued primarily as it took 8-9 hours to 
treat 20 ml volume of the prostate tissue. In January 1999, we began HIFU treatment 
for localized prostate cancer using a modified Sonablate^^-200 device. Major 
improvements of our device included: (1) a reduction in HIFU exposure cycle from 16 
seconds (4 On/12 Off) to 9 seconds (3 On/6 Off) which reduced treatment time by 
40%, and (2) the introduction of a novel transducer and electronics that splits a single 
ultrasound beam into multiple beams (termed "split beam") to cover a larger tissue 
volume per exposure. The single beam had a focal region of 2 mm x 2 mm x 10 mm 
(volume = 40 mm^) while the split beam focal region is 3 mm x 3 mm x 10 mm 
(volume = 90 mm^) that further reduced treatment time about 50%.'' These 
developments dramatically shortened the treatment time for a 25 ml prostate gland 
from 6 hours to 2 hours. Our ideal goal is to be able to treat 1 ml of prostate tissue in 
1 minute and finally perform the HIFU treatment in an outpatient clinic under local 
anesthesia. Like a diagnostic ultrasound phased array, a HIFU array can provide beam 
steering controlled by electronics in real-time with energy delivery under computer 
control to make a truly advanced minimally invasive treatment for prostate cancer. 
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In 1996, Gelet et al. reported a preliminary experience of HIFU using Ablatherm 
prototype 1.0 (EDAP-Technomed, Lyon, France) for treating localized prostate 
cancer. ' They later summarized their clinical outcome in which a complete response 
was obtained in 56% of the patients with no residual cancer and a PSA less than 4 
ng/ml. Biochemical failure (no residual cancer and a PSA greater than 4 ng/ml), 
biochemical control (residual cancer and a PSA less than 4 ng/ml), and failure 
(residual cancer and a PSA greater than 4.0 ng/ml) were noted in 6%, 18% and 20% of 
patients, respectively.^"'^^ In 1999, Beerlage et al.^"* reported results of 143 HIFU 
treatments using the Ablatherm prototype 1.0 and 1.1 in 111 patients with clinical 
stage T1-3N0M0 prostate cancer, and PSA less than 25 ng/mL. The first 65 treatments 
in 49 patients were performed selectively (i.e., a unilateral or bilateral treatment in one 
or two sessions was performed depending on the findings from TRUS and biopsies), 
and the second 78 treatments in 62 patients that treated the whole prostate. A complete 
response (defined as a PSA < 4.0 ng/ml and a negative biopsy) was achieved in 60% 
of the group with whole prostate treatment and in 25% of the selectively treated 
patients.^"' In our study, one patient who was treated selectively in the right lobe of the 
prostate for adenocarcinoma identified by a prostate biopsy showed a gradual 
elevation of PSA as well as viable cancer cells by a postoperative prostate biopsy. A 
second HIFU treatment was then performed on the whole prostate; the PSA level has 
remained low and a negative biopsy found. Recently, many imaging analyses have 
been performed for detecting prostate cancer, including TRUS, CT, endorectal coil 
MRI and multiple biopsies of the prostate under TRUS. However, prostate cancer is a 
multi-focal disease and it is not yet possible to determine sites of microscopic focus of 
cancer cells by imaging analysis alone. Therefore, the whole prostate must be treated, 
as the results of this HIFU study and other studies corroborate. 

The mean hospitalization in our series was 6.5 days. This issue is related to local 
socio-economics rather than clinical or technical considerations. There is a significant 
difference in the national insurance systems between Japan and other countries. In 
Japan, patients older than 70 years of age do not pay for treatments, and only 10-30% 
of the charges for younger patients are required. Usually, about 30-40 days 
hospitalization is recommended after a radical prostatectomy in Japan, so the 
reduction to 6.5 days for the HIFU treatment of localized prostate cancer is a notable 
improvement. After recently performed HIFU treatments for localized prostate cancer, 
we were able to release the patient in 3-4 days, and feel that ultimately, an overnight 
or outpatient stay may be sufficient. One of the most favorable advantages is that 
HIFU therapy can be repeated in those patients that fail to experience a complete 
response with the initial treatment or those who may develop a local recurrence. Nine 
and 1 patients were administered two and three HIFU treatments, respectively, in our 
series. However, reasons for repeat HIFU treatments were short on or long off interval 
in 6 patients, large prostate volume in 2 patients, partial treatment of 2 patients, and 1 
patient when machine trouble occurred. We have tried a variety of on/off interval 
times to reduce the total operation time. Patients who were treated with 3 sec On / 
6 sec Off time did not require repeated treatments. 

For many reasons, transrectal HIFU appears highly attractive as a minimally 
invasive treatment for localized / recurrent prostate cancer. One of the most favorable 
advantages is that HIFU therapy can be repeated or added even though patients with 
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local recurrence have already been treated with a radical prostatectomy, cryoablation 
of the prostate or radiation therapy, including brachytherapy. On the other hand, 
radical prostatectomy, external beam radiation therapy or brachytherapy cannot be 
repeated in these patients. A large number of generally younger men who were treated 
for clinically localized prostate cancer have already had, or are now experiencing, 
recurrence. If approximately 200,000 patients are diagnosed with prostate cancer per 
year, of whom two-thirds are treated with surgery or radiation, and up to 40% relapse, 
up to 50,000 men per year may relapse detected by a PSA increase.^^ Options for these 
patients include observation, external beam radiotherapy to the prostatic bed and/or 
hormonal therapy. For radiation cases, the choices are similar except that salvage 
prostatectomy, cryotherapy and perhaps brachytherapy are options for carefully 
selected cases. HIFU may be able to treat these patients who diagnosed with local 
recurrence. The HIFU procedure is very easy and does not require a sterile 
environment; therefore, it may be possible to perform the HIFU procedure on an 
outpatient basis. 

HIFU treatment is minimally invasive, bloodless (no incision), can be performed on 
an outpatient basis, has low cost, and avoids systemic side effects. These features, 
combined with the optional curative effect, provide an ideal treatment for patients with 
localized prostate cancer. The small number of patients and the relatively short follow- 
up period in our series limit our ability to draw any definitive conclusions. We believe 
that the data we present here suggests that HIFU may be a potentially useful treatment 
option for patients with localized prostate cancer and that it has an acceptable side 
effect profile to warrant further investigation. 
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Focused Ultrasound Surgery (FUS): 
A Non-Invasive Technique For The Thermal 

Ablation Of Liver Metastases 

Mark Allen, Ian Rivens, Andrew Visioli and Gail ter Haar 

Joint Department of Physics, Royal Marsden Hospital, Siitton, Surrey, UK 

Abstract. There has been great interest in developing minimally invasive techniques for 
treating liver tumours, but most of these require insertion of needles or probes into the liver, 
with the risk of seeding tumour along the needle track, as well as requiring anaesthesia 
and/or sedation. Extra-corporeal focused ultrwound (FUS) avoids these problems and so 
appears to be ideal for liver tumour ablation. 

Three FUS clinical trials are in progress at the Royal Marsden Hospital, UK, using a 
15cm focal length curved bowl transducer driven at 1.693 MHz. 52 treatments of liver 
metastases have been completed. Patients were initially treated at a low in-situ spatial peak 
intensity to assess tolerability to FUS. This was gradually increased to a value of 
ISOOW/cm^, and 22 treatments have been given at this level or greater. Patient 
questionnaires showed 29/52 reports of discomfort during treatment, 15/52 of mild pain, 
14/52 of moderate pain and none of severe pain. Histological evidence of tissue damage was 
seen in 3/6 who proceeded to surgery after FUS. No obvious changes were noted in post- 
FUS MRI scans in 3/3 patients, although complete resolution of a liver tumour was seen on 
CT 10 weeks post-FUS in another patient. In 9 patients where a significant proportion of the 
overall tumour volume could be treated by FUS, reductions in serum tumour marker levels 
were noted in 6. 

FUS is well tolerated, and although there is scope for improvements in technique and 
equipment, evidence of non-invasive ablation of metastatic liver disease has been seen. 

INTRODUCTION 

The physiological raison d'etre of the hepatic portal venous system is to enable 
nutrients absorbed from the bowel to be carried directly to the liver for processing 
before encountering the systemic circulation. When tumours which arise within the 
bowel (e.g. colorectal cancers) spread to distant organs (metastasize) via the 
bloodstream, cancer cells usually enter the portal system and deposit within the 
liver first. Post-mortem studies show that about one-third of patients with 
metastatic colorectal cancer have secondary tumours within the liver only. For this 
reason, surgical resection of these liver metastases, where possible and where there 
is no evidence of tumour spread elsewhere, has become the accepted standard of 
care. Five-year survival rates from liver surgery are superior to those seen with the 
use of systemic chemotherapy in this scenario. 

The invasiveness of liver surgery, and the fact that a number of cancer patients 
are not good surgical candidates, has meant there has been a great deal of interest 
in developing minimally invasive techniques of ablating localized liver tumours. 
This latter group includes primary hepatocellular carcinomas — a significant 
health problem in certain parts of the world. Examples of such minimally invasive 
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therapies include radiofrequency ablation, microwave ablation, laser therapy and 
percutaneous ethanol injection. The primary requirement of such a technique is 
that it is effective at causing tumour necrosis, and providing this is the case, an 
important secondary requirement is to try and make the treatment as convenient to 
the patient (or 'patient-friendly') as possible. The procedures listed above require 
insertion of needles or probes into the liver to reach the tumour, which in turn 
makes necessary the administration of local anaesthetic (at the very least) usually 
in combination with sedation, and frequently an overnight stay in hospital. By 
virtue of its non-invasiveness, it has been possible to treat liver tumours in patients 
with high-intensity focused ultrasound without the need for anaesthesia or 
sedation, and on an out-patient basis. 

Three clinical trials (a phase I and two phase II trials) currently in progress at 
the Royal Marsden Hospital, UK, are reviewed here. Although patients with a 
variety of tumour types were eligible for the trials (e.g. prostate cancer, colorectal 
cancer), treatments of liver metastases only are described here. The principal aim 
of the phase I trial was to assess the tolerability of FUS treatment. The two phase II 
trials (histology and radiology) were designed to assess the efficacy of FUS. 

PATIENTS AND METHODS 

The basic method of treatment was similar in all three trials and is 
described here. Potentially eligible patients were identified from oncology 
outpatient clinics, and given information regarding the relevant trial. An initial 
ultrasound scan was arranged to ensure the tumour to be treated was visible on 
ultrasound, and that a suitable in-situ spatial-peak intensity (Isp) could be achieved 
at the tumour site (in practice, this meant the tumour had to lie 4-8 cm from the 
skin surface, and that there was no intervening bone or gas). 

Treatment was given on an outpatient basis, a treatment session usually 
lasting one morning or one afternoon. A questionnaire asking about pain and 
discomfort from the tumour to be treated was completed at the start of each 
session. The tumour to be treated was identified again using a diagnostic 
transducer and then a waterbag with degassed water was brought into place over 
the corresponding area of the abdomen, having first applied acoustic gel for 
coupling purposes. Any trapped air bubbles in the gel were expelled ('debubbling') 
and the tumour refound with the imaging transducer in the water bag. This 
transducer was connected to a gantry that had arms in three orthogonal directions, 
with a graduated scale along each arm. Thus the x, y and z co-ordinates of the 
volume to be treated could be noted down. When the diagnostic transducer was 
then replaced with the therapy transducer, the identified volume could be treated. 
Wherever possible, the transducer was positioned so that it was parallel to the skin 
and not at an acute angle. Due to the movement of the liver with respiration, its 
position was noted at end-inspiration and end-expiration, and where the image of 
the tumour appeared clearer one of these references was chosen to be used as the 
treatment position. The liver was then observed several times to ensure it returned 
to the same position on the image screen with each breath. The thickness of the 
various layers of the abdominal wall and of the liver superficial to the tumour was 
noted so that attenuation caused by these structures could be taken into account 
when calculating the appropriate in-situ intensity with which to treat the tumour. 
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The waterbath-skin interface was debubbled, a pre-treatment scan recorded and 
the therapy transducer connected to the gantry. The therapy device consisted of a 
curved bowl transducer with a focal length of 15cm which was driven at its third 
harmonic of 1.693 MHz. Treatment consisted of brief exposures (1-3 seconds) 
followed by a 60-second interval (to permit cooling of surrounding tissue). The 
focus of the transducer was ellipsoid in shape and approximately 20 x 2 x 2mm in 
size. 

After each exposure, the transducer was moved along by 2mm so that an array 
could be formed. On completion of one array, the transducer was then moved so 
that an adjacent array could be created and in this way a larger volume of tumour 
was ablated. The patient was asked if any symptoms (pain or discomfort) had been 
experienced during the exposure, and these were noted down. If pain was felt, the 
patient was asked to assign this a score on a scale between 1 and 10. The skin was 
also checked at regular intervals to ensure no asymptomatic erythema had occurred 
and that no bubbles were forming within the water bag or acoustic gel. 

On completion of treatment, patients were asked to go through the pain 
questionnaire again noting their overall impression of pain and discomfort. An 
ultrasound scan was arranged one week after treatment for each patient. Pre- and 
post-FUS blood samples were taken to measure serum CEA (carcinoembiyonic 
antigen) levels in those patients who had liver metastases from a primary colorectal 
cancer. 

Phase I Trial 

Eligible patients had tumours which were no longer responding to standard 
conventional therapy. They were put into successive cohorts in which both in-situ 
intensity and exposure duration were gradually increased. It was intended to 
increase in-situ intensity up to 1500W/cm^: this value was chosen from in-vivo 
pre-clinical work as the most reliable to cause coagulative necrosis, and was 
termed 100% ablative intensity (100% AI). Exposure time started at one second, 
and went up to three seconds if tolerated by previous cohorts. Treatment cohorts 
are shown in Table 1. 

TABLE I. Phase I Cohorts.  
% Ablative Intensity Exposure Duration (s) 

25 1 
50 1 
63 I 
80 1 
100 1 
100 2 
100 3 
125 1 
 12S 2  

Data from pre- and post-treatment FUS questionnaires, and from individual pain 
records after each FUS exposure were collected and analysed. 
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Phase II Trials 

Histology 

Eligible patients had liver tumours which were felt to be suitable for resection, 
and which were in an anatomical position where an ablative intensity of 100% 
could be achieved. It was also intended that complete FUS ablation of a tumour to 
be resected would be attempted. 

Patients underwent CT (computed tomography) scans within 1 month prior to 
and 2-3 weeks after FUS, providing the latter fell before the date for surgery. The 
surgical specimen was examined histologically for evidence of damage caused by 
FUS, and slides were reviewed by the consultant histopathologist at the Royal 
Marsden Hospital who specializes in gastro-intestinal cancers. 

Radiology 

Eligible patients had a liver tumour which could be wholly treated with FUS, 
but were not suitable for surgical resection. MRI (magnetic resonance imaging) 
scans of the liver were performed within 2 weeks before FUS and 4-6 weeks after 
FUS, and examined by a consultant radiologist for evidence of radiological change 
in the treated region. 

RESULTS 

Table 2 shows the characteristics of patients with liver tumours treated by FUS. 
Most had colorectal or breast primaries. Of these 48 patients, 6 were treated in the 
phase II studies, 40 in the phase I study and 2 patients underwent treatments in 
both phase I and phase 11 studies. Two patients were treated twice within the phase 
I study. 

TABLE 2. Patient Characteristics. 
No of patients 48 
No of treatments 52 
(4 patients treated twice) 
Gender (M:F) 22:26 
Age, median 62yrs 

range 40-79yrs 
Tumour type: 

Colorectal 27 
Breast 11 
Oesophageal 3 
Renal cell 2 
Melanoma 2 
Leiomyosarcoma 2 
QI stromal 1 

Table 3 shows the number of patients whose tumour it was planned to treat at a 
specified ablative intensity, and the actual number who underwent treatment at 
those intensities. 
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TABLE 3. Planned Vs Actual Intensity. 
Intensity' Planned No. Of Patients        Actual No. Of Patients 
<60%AI 1 1 
60-80% AI 1 6 
80-100% Al 4 19 
=/>100%AI 42 22  

It was occasionally necessary to reduce the intensity level during the course of a 
patient's treatment if he/she was experiencing pain, hence the discrepancy between 
the number of patients in whom it was planned to administer an intensity of at least 
100% AI and the lower number who actually received that level during treatment. 
Nevertheless, it should be noted that more than half in whom it was planned to 
treat at 100% AI were able to tolerate treatment at that level. 

Looking at the data from the patient questionnaires, there were 29 reports of 
discomfort out of 52 treatments, 15/52 reports of mild pain, 14/52 reports of 
moderate pain and none of severe pain. The issue of pain during treatment, and its 
possible causes, is dealt with in more detail in Rivens et ah, beginning on page 57. 

Imaging 

It was difficult to identify any significant changes reliably on the routine 1-week 
post-FUS ultrasound scan, although occasionally changes in echogenecity were 
noted. In several cases, a bright area was seen in the region exposed to FUS 
immediately following treatment. This was felt to be due to bubble formation, a 
theory consistent with the observation that the brightness started to fade as time 
increased after treatment, and had disappeared by the time of the 1-week post-FUS 
scan. 

MRI scans so far have failed to demonstrate any significant changes post-FUS 
but a patient in the histolo^ study demonstrated complete resolution of a liver 
metastasis approximately 10 weeks after treatment. A CT scan just prior to surgeiy 
demonstrated two new lung nodules, and so the patient unfortunately did not 
proceed to surgery. Instead, a course of palliative chemotherapy was 
recommended. After 8 weeks of treatment, a CT scan showed one liver metastasis 
to be unchanged in appearance, while the liver metastasis which had undergone 
FUS was now no longer visible (Figure I). 
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FIGURE 1. CT scans showing resolution of FUS-treated metastasis (right-hand scans; arrow in 
circle) on bottom scan. Untreated liver metastasis remains stable (left-hand scans) 

Histology 

Review of the histopathology slides from patients who had undergone liver 
metastasectomy following FUS with a consultant histopathologist revealed 
changes to the tumour tissue in 3 out of 6 patients (some patients due to undergo 
liver resection were treated within the phase I study as the tumour was too large to 
be treated in its entirety - a requirement for the phase II study). These changes 
were felt to be cases of non-spontaneous necrosis, caused by FUS. An example is 
shown in Figure 2. 
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FIGURE 2.   Slide showing edge of FUS-induced necrosis of liver metastasis - viable tumour 
appears bottom right 

Tumour Marker Changes 

The majority of patients with colorectal cancer will have increased levels of 
serum carcinoembryonic antigen (CEA). This is a protein secreted by most 
colorectal cancers, and is used clinically as a marker of tumour activity. Thus, a 
reduction suggests a reduction in tumour volume, while an increase often reflects 
an increase in tumour volume. If patients have multiple tumour sites, then there 
must be an overall reduction in tumour volume to see a fall in CEA level. 
Occasionally, if a significant volume of the overall tumour burden could be treated 
with FUS, then a reduction in CEA was noted (Table 4). 

TABLE 4. Tumour Marker Changes With FUS. 
Tumour Burden Pre-FUS CEA Post-FUS CEA 
2 liver mets 106 
Solitary liver met 104 
Solitary liver met 1536 
2 liver mets 20 
Solitary liver met 1829 
Solitary liver met 8 
Solitary liver met 72 
Solitary liver met 7 
Liver mets 11 

99 
93 
187 
15 

1783 
ID 
67 
8 
10 

DISCUSSION 

Data from the phase I trial show that FUS is in general well-tolerated as a 
thermal ablation technique. The treatment parameters considered necessary to 
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effect tissue damage (i.e. 100% AI for an exposure duration of 2 seconds) could be 
achieved successfully in the majority of patients treated. Although more data 
would be desirable to confimi the efficacy of this FUS system in causing tumour 
ablation in patients, when examining the radiological, histological and tumour 
marker data in combination there seems to be sufficient 'proof of principle' that 
FUS can cause clinical tumour ablation. 

An advantage of the method of treatment described here is that there is constant 
monitoring of side-effects throughout. This means that reductions in intensity can 
be made if necessary. This is possible because, without sedation or anaesthesia, the 
patient is able to co-operate throughout the procedure. This could be regarded as a 
'safety feature', preventing excess or unwanted tissue damage as the patient informs 
the operator when pain is felt and appropriate adjustments (e.g. to the intensity 
setting) can be made. One of the principal advantages of FUS over other localized 
treatments is its non-invasiveness rather than minimal invasiveness. If the use of 
anaesthesia becomes necessary, this advantage is lost. The primary requirement of 
these localized treatments however is that they are effective at causing ablation. If 
using anaesthesia means that more patients can be treated more effectively, this 
would seem to take precedence over considerations of non-invasiveness. 
Nevertheless, ways should be sought of improving treatment effectiveness while 
maintaining minimal or, if possible, non-invasiveness. 

There is scope for improvement in the equipment and techniques described here. 
A number of patients referred for treatment had to be turned down because of the 
anatomical position of tumour within the liver, e.g. superiorly behind the ribs with 
no suitable acoustic window, or too deep to the skin surface so that an ablative 
intensity could not be achieved within the tumour. More powerful equipment may 
help and experimental work to assess more accurately the effect of the ribs on the 
treatment field and intensity may be helpful. The technique of creating arrays of 
individual lesions is also time-consuming, and the tissue volume ablated per unit 
time is small. Pre-clinical work is ongoing to see whether creating continuous 
volumes of damage ('tracks') is feasible, by connecting the transducer to a motor 
and exposing tissue continuously while the motor moves the transducer across it. 
As higher intensities are necessary, these treatments may only be possible with the 
use of anaesthesia. 

More general questions are also raised about the best way of assessing the 
efficacy of new anti-cancer treatments. Radiological imaging has become the 
standard way of evaluating tumour response to chemotherapy. However, it is 
conceivable that a treatment may cause tumour damage without producing a 
significant change in the radiological appearance of the tumour, at least initially. 
Thus, in these trials the best radiological evidence of FUS effect on tumour was 
seen some 10 weeks after treatment on CT scan. It is important to decide which 
form of imaging best demonstrates FUS changes and at what time after treatment it 
should be performed. 

Similar issues arise when considering histological assessment. Changes brought 
about by FUS were noted in the tumour specimens of 3 of the 6 patients who 
proceeded to surgery. A possible explanation for the lack of change in the other 
specimens may be poor targeting, i.e. FUS did not reach the tumour. One 
disadvantage of this technique is that the tumour to be treated can only be imaged 
prior to treatment and not during treatment itself. Although efforts were made to 
ensure patients remained as still as possible while being treated, and that each 
respiration brought the liver reproducibly to the same point, some small variation 
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in tumour position was inevitable. Occasionally this may have moved the tumour 
out of the treatment field. Imaging during treatment (after each exposure) would 
enable any adjustments in position to be made and avoid this potential downfall. A 
combined imaging/therapy transducer would seem ideal for this purpose, although 
real-time CT- or MR-monitoring could be an alternative. 

Another explanation for lack of change seen histologically is that cells were 
killed but did not undergo coagulative necrosis. A phenomenon known as heat 
fixation may occur, where the tumour cells retain their viable appearance on 
routine histological examination because they have been instantaneously killed or 
'fixed' by high temperatures. 

Reductions in colorectal cancer patients' serum CEA levels after FUS provide 
fiirther evidence of tumour damage caused by FUS. Many of the patients treated, 
especially in the phase I trial, had very advanced disease and so had large volume 
metastases at many sites. Treating a small part of the overall tumour burden in 
these patients would not be expected to produce a reduction in tumour marker 
levels. Other patients, however, had smaller tumour burdens and in this scenario, a 
reduction in CEA was often seen. One patient, for example, with two liver 
metastases, had a CEA of 20 mcg/L (normal <3) pre-treatment and 15 after FUS to 
one metastasis. It is difficult to explain this reduction other than by a reduction in 
active tumour volume caused by FUS. 

In conclusion, FUS as a non-invasive technique for the thermal ablation of liver 
metastases is well tolerated, and has also been shown to be effective. 
Improvements in techniques and equipment should mean that more patients can be 
treated and with improved efficacy, although these benefits may have to be 
weighed against the clinically more invasive procedures which they are likely to 
make necessary. 
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Abstract. High Intensity Focused Ultrasound has been proven to be highly effective for the 
treatment of localized tumors. However certain tumors remain very difficult to reach with an 
external-to-the-body focused ultrasound applicator. For deep-seated tumors, for example, a 
miniature applicator following an interstitial route is preferable. The goal of this paper is to 
present the range of interstitial applicators we developed at FNSERM for various applications. 
The method of treatment consists in positioning the source inside the body in contact to the 
targeted zone. The sources are rotating plane water-cooled transducers that operate at 5 or 10 
MHz depending on the desired therapeutic depth. Specifically, the clinical trials performed on 10 
patients for the endoscopic treatment of biliarj' tumors will be presented. The technique was 
originally aimed at a palliative treatment for such tumors with a very bad prognosis. But a 
treated patient was considered to be cured as the bile flow was restored and no trace of cancer 
was detected 3 and 6 months after ultrasound treatment. For 90% of the patients, negative local 
biopsies and/or important modifications of the stricture were obser\'ed. The success of the 
treatment appeared to be very dependent on the pre-treatment tumor imaging and localization. 
These very promising results encouraged us to persevere with this kind of applicator in order to 
treat other cancers. This work was supported by a grant from the Association pour la Recherche 
contre le Cancer. 

INTRODUCTION 

Thennal ablation by high intensity ultrasound is now well accepted as a method for 
treating localized malignant tumors in a wide variety of applications including 
neurology, ophthalmology and urology. Most of these applications involve minimally 
invasive, external and focused transducers designed to intensely heat the focal area 
while preserving intermediate layers. However, difficulties remain in the treatment by 
ultrasound of deep-seated volumes. In these cases, an interstitial approach is 
preferable. The method consists of driving through the body and positioning in contact 
to the targeted volume a miniature ultrasound applicator. For the last six years, our 
group at INSERM has developed much experience in this domain, and several 
applicators were designed and tested clinically for different anatomical sites. The goal 
of this paper is to present the general features of our applicators. As an example, the 
pilot study carried out on 10 patients with cholangiocarcinomas of the bile duct is 
presented. 
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APPLICATOR FEATURES 

The treatment consists in producing rapid heating by delivering high energy to 
tissues in CW with small transducers. It requires transducers made of a material with 
low dielectric losses and a good coupling coefficient. Most of our applicators were 
equipped with Navy Ill-type plane transducers. The applicators were designed so that 
the acoustic axis is perpendicular to the applicator axis and the thermal damage 
extends radially from the applicator surface (Figure 1). Non-divergent plane 
transducers favor deep heat deposition in comparison to tubular divergent transducers. 
Using a slightly focused transducer was also envisaged in order to lengthen the 
therapeutic depth by compensating for the pressure decreases.' Thermal ablation with 
miniature transducers requires higher operating frequencies than HIFU, The goal is to 
increase absorption and heat deposition as no focusing gain increases the local 
pressure. The constructed apphcators involve transducers operating at frequencies in 
the range of 5 to 10 MHz. The therapeutic depth is mainly dependent on frequency. 
Deeper lesions can be obtained by using a lower frequency, provided, of couree, that 
the ultrasound intensity is increased to compensate for lower absorption. The height 
and width of the lesion are strictly dependent on the transducer dimensions. As the 
applicator induces collimated lateral damage, rotation around its axis was done to 
produce cylindrical volumes of coagulation. In most cases, the applicator was rigid 
and the rotation was transmitted remotely using rigid tubes. But for less accessible 
applications where the path is not straight, multifilar springs were chosen for the body 
of the appUcator. Specifically for the endoscopic access to the bile ducts, a triplex 
cable was used: three layers of windings (two clockwise, one anticlockwise) with 
jointed, stainless steel spirals. Rotation of the external end of this flexible shaft results 
in rotation of the firing head to an accuracy within 3°. For an application in the 
esophagus, a cylindrical array was designed to reconstruct a plane wave and rotate it 
electronically (see Melo de Lima's article beginning on page 364). Our interstitial 
applicatore integrate water cooling of the transducer outer face. The water cooling 
circuit also ensures acoustic coupling between the transducer and the targeted tissues. 
Eventually, this cooling favors heat deposition and lesion extent by cooling tissue 
layere that are in contact with the applicator. An acoustically transparent thin envelope 
is secured around the active head. Different materials were tested for their mechanical 
and easy-to-install properties. Latex was selected when a dilatable balloon is desired, 
and polyethylene for rigid envelopes. Depending on the application and the required 
water flow, the cooling circuit can be closed or opened. 

The treatment must be safe, precise and well controlled. For these objectives, we 
envisaged a different way of guiding the therapy. An esophageal applicator was 
designed with a channel where an endo-sonographic probe can slide. Imaging can be 
done in the esophagus to adjust the position of the therapy transducer with respect to 
the tumor (Figure 2a). Another esophageal appHcator was also constructed to be MRI 
compatible. Results of compatibility tests are presented in Figure 2b. An advantage of 
MRI is that this imaging technique offers the possibility to measure the temperature in 
tissues and observe the thermal damages almost in real time,^ An additional feature of 
our applicators designed for endoscopic applications is that the appUcator can be 
driven precisely through the patient's body with a guide wire. For clinical trials, our 
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applicators are in compliance with all the relevant standards in terms of 
biocompatibility and electrical security. For example, in some cases we had to cover 
the applicator body with a biocompatible membrane. 

FIGURE 1. Emitting head of applicators for bile duct treatment (a), for esophagus (b), and with a 
slightly focused transducer (c). The propagation axis of the transducer (T) is radial with respect to the 
applicator. 

FIGURE 2. (a) Image obtained with an ultrasound miniature probe inserted inside the esophagea! 
applicator in front of the transducer; the esophageal wall and lumen and the therapy transducer (T) can 
both be seen, (b) Sequence of MR images of a compatible esophageal applicator embedded in agar; the 
transducer can be easily distinguished (T). 

TREATMENT OF BILIARY DUCT TUMORS 

To illustrate the description of the interstitial applicators developed at INSERM, the 
clinical study for the thermal ablation of the cholangiocarcinomas of the bile duct is 
presented.^'* 

Patients with cholangiocarcinoma and periampuUary carcinoma have a poor 
prognosis. Despite improvements in surgical management, only a minority can 
undergo curative resection. Even after radical surgery, long-term survivors are few 
(5-28% at 5 years in recent series for cholangiocarcinoma). Additionally, these tumors 
do not respond to chemotherapy and radiotherapy. Most patients are subsequently 
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candidates for pure palliation, which generally consists in endoscopic or transhepatic 
biliary stenting to relieve jaundice and pruritus and temporarily improve appetite and 
comfort. Thermal ablation of these tumors by high intensity ultrasound using an 
endoscopic minimally invasive approach seems very suitable. 

Material and Methods 

Criteria for patient inclusion in this study were as follows: presence of a cancer of 
the ampulla of vater or a cholangiocarcinoma of the common bile duct or the main 
biliary confluence staged Bismuth's type I or II; positive histologic or cytologic 
findings; patient considered 1) inoperable for cure on the basis of general condition 
(age, comorbidities) or tumor extension or 2) patient operable for cure provided the 
surgical team accepted ultrasound therapy to be performed less than 1 week before 
surgery; patient classified ASA 3 or less in the American Society of Anaesthesiology's 
classification and ECOG 0,1 or 2 in the Eastern Cooperative Oncology Group's 
classification, meaning that the patient had no permanent life-threatening comorbidity 
and was able to cope with usual daily activities more than 50% of the time; patient's 
informed consent. Ten patients were included in the pilot study. 

FIGURE 3. 1: The second segment of the duodenum, 2: The head of the pancreas, 3: The pancreatic 
duct (Wireung's canal), 4: The common bile duct, 5: Tumoral stenosis of the common bile duct, 6: The 
Duodenoscope positioned opposite the papilla (side view), 7: Tlie hepatopancreatic ampulla or Oddi's 
sphincter, 8: The triplex cable, 9: The active part of the interstitial ultrasound applicator, 10: The 
guidewire. 
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A customized applicator was constructed for this application. The applicator 
features include a water-cooled 3x8 mm^ plane transducer operating at 10 MHz, a 
triplex cable for remote control of the active head rotation and a tube inside the 
applicator for using a guidewire. The applicator, 3.8 mm OD, fits in the operating 
channel of an Olympus TJF-20 jumbo fiberduedenoscope (Olympus optical, Tokyo, 
Japan). An Endoscopic Retrograde Cholangio-Pancreatography (ERCP) session was 
done under general anesthesia. After removal of the plastic stent (usually in place for 
palliative reasons), a 0.018" guidewire was passed through the stricture. Radio opaque 
contrast agent was injected in the bile duct to evaluate the tumor extent by 
fluoroscopy. The ultrasound applicator was slid over the wire and positioned under 
fluoroscopic guidance in the stricture (Figure 3). The intensity was set to 14 W/cm^. 
Twenty lOs-long elementary exposures were performed to treat an entire cylinder 
around the bile duct lumen. The angular step was set to 18°. If necessary the applicator 
was moved along the guide wire and several rings of thermal ablation were performed 
to treat the entire stricture. The applicator was removed when the therapy session was 
done and a stent was positioned in the stricture. The patients were kept 48 hours after 
the treatment in the hospital. Follow up sessions were planned 3 and 6 months after 
ultrasound therapy. 

Results 

Ten patients have been enrolled in this study. Three patients had an ampullary 
carcinoma. Control endoscopy after 3 months showed no change in one patient and a 
regression of the biliary stricture with progression of the tumor in the duodenum in the 
2 others. 

Three other patients had a cholangiocarcinoma of the common bile duct. Two of the 
3 patients had no signs of vascular or lymphatic extension on CT-scan and 
endosonography and were considered good candidates for surgery. Both underwent 
ultrasound therapy during the week before operation. In one patient, pre-operative 
investigations had unerestimated tumor extension, and the tumor was found 
unresectable at laparotomy. Endoscopic palliation was continued and follow-up 
showed progression with development of liver metastases. However, on control 
endoscopy after 3 months, the stricture pattern remained remarkably changed as 
compared to its initial aspect of neoplastic stricture. In particular, the central portion of 
the stricture was nibbled, suggesting necrosis in this area while the tumor had 
progressed at both ends. The second patient operated with cholangiocarcinoma of the 
common bile duct has been described in a recent case report.^ The tumor was 
successfully resected and the pathological analysis revealed circular and homogeneous 
tumor necrosis up to 10 mm in depth. One session of ultrasound therapy induced 
complete regression of the stricture at the first control endoscopy of the last patient of 
the group of three (Figure 4). Bile outflow after stent removal was satisfactory and the 
patient was discharged without a stent. The common bile duct remained normal at the 
second endoscopic control 6 months after treatment, with some dysmorphic cells, but 
no dysplasia on brush cytology. More than 2 years after ultrasound therapy, this 
patient is still in excellent condition. 
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FIGURE 4. Fluoroscopy of the bile duct of one patient before the ultrasound session (a) and 3 months 
after the treatment (b). The treatment restored the bile flow and no stent was necessary anymore. 

Three other patients had a Bismuth's type II Klatskin's tumor (the tumor developed 
beyond the main biliary confluence). All were considered inoperable as a consequence 
of local lymphatic extension, age or associated alcoholic and post-hepatitic cirrhosis. 
In one patient, passage through the stricture failed via the papilla, and a 
complementary trans-hepatic drainage was required. The ultrasound applicator was 
therefore introduced by the rendez-vous technique. This patient was the only one in 
this series to experience abdominal pain during 12 hours post-operatively, probably as 
a consequence of peritoneal bile leakage. In spite of ultrasound treatment, tumor 
progression led to the patient's death within 2 months, without control endoscopy 
being done. Another patient remained in excellent condition during nearly 9 months 
after ultrasoimd treatment and presented important changes of the stricture pattern 
suggesting tumor necrosis at endoscopic controls at 3 and 6 months after treatment. 
However, distal progression occurred and the stricture was classified Bismuth's type 
III 6 months after treatment. The third patient with type II stricture is in excellent 
condition 9 months after ultrasound therapy and control endoscopy at 6 months has 
shown the persistence of a moderate stricture with no evidence of tumor progression. 
This patient also underwent 4 courses of chemotherapy associating fluorouracil and 
cisplatimmi. 

The last patient had an intra-hepatic cystadenocarcinoma; she had undergone left 
hepatectomy and presented with tumor recurrence on the remaining lobe 18 months 
after surgery. She presented recurrent stent obstructions. None of the stents remained 
patent for more than 4 weeks. Finally, ultrasound therapy was attempted in the intra- 
hepatic ducts beyond the tip of the stents. After this procedure, jaundice decreased 
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very slowly, returning to normal values within 4 weeks, but the patient presented no 
more stent occlusion until her death 5 months after ultrasound therapy. 

Discussion 

This clinical study showed that using an intra-ductal plane rotating ultrasound 
transducer is a very suitable approach for the treatment of cholangiocarcinomas of the 
common bile duct. The treatment was demonstrated to be very precise and effective 
according to the results obtained on patients operated on a few days after ultrasound 
application. The complete series is one more step forward in assessing the feasibility 
and tolerance of the method. The designed applicator worked out very well. The 
applicator progression through the papilla and inside the bile ducts, and positioning 
under fluoroscopy guidance were feasible in all cases. The transducer rotation was 
also easily monitored both endoscopically and fluoroscopically. This treatment 
requires an additional sedation time of 15 to 45 minutes depending on the extent of 
tumor to be treated. During this period, the operator's hands are free for treatment 
monitoring. 

The treatment was well tolerated in all but one patient, who experienced transitory 
abdominal pain that was not clearly related to ultrasound therapy, but rather to a 
percutaneous drainage. Since the bile duct is stented when the procedure is finished 
and blood flow in the large surrounding vessels (hepatic artery and mesenteric-portal 
vein) constitute a natural cooling circuit, the risk of undesirable local damage did not 
appear to be a matter of major concern. Interesting clinical results have been achieved 
in this short series, including the permanent remission of a common bile duct 
carcinoma, allowing for permanent stent removal, and the relatively long-lasting local 
control of a mucin producing tumor causing repeated stent obstructions. However, 
weak ultrasound transmission to ampulloma or peri-ampullary carcinoma resulted in 
insufficient treatment. For two patients, tumor regression was observed for the intra- 
ductal portion, but the intra-duodenal part of the tumor was not affected. Another 
limitation in this series was the absence of fine assessment of local tumor extent. 
Because most cholangiocarcinomas develop longitudinally and intra-ductal tumor 
extent can be underestimated on the sole basis of ERCP, complementary pre-treatment 
and control miniprobe endosonography could be helpful. Future studies will have to 
determine whether this treatment is only a new palliative method, perhaps abolishing 
the need for stents in some cases, or if it also can be a curative method in selected 
cases of high-risk patients or locally developed tumors. 

CONCLUSIONS 

Choosing an interstitial approach for heat deposition is extremely interesting when 
tumor sites are unattainable by external HIFU. Our original goal was to ablate 
thermally bile duct cholangiocarcinoma following an endoscopic approach. Our 
design involved a plane rotating interstitial ultrasound applicator. Very promising 
results encouraged us to persevere with this kind of applicator in order to treat other 
cancers.  The rotating transducer allows for treating not necessarily the whole 
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circumference of the organ, but only specific segments of the lumen, which can be of 
particular interest in some tumor locations such as the esophagus. 
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Abstract. The objective of this article is to introduce the early Chinese clinical experience of using 
extracorporeal high intensity focused ultrasound (HIFU) for the treatment of patients vvitli solid 
tumors. From December 1997 to October 2001, a total of 1038 patients with solid tumors underwent 
HIFU ablation in ten Chinese hospitals. The tumors included primary and metastatic liver cancer, 
malignant bone tumors, breast cancer, soft tissue sarcomas, kidney cancer, pancreatic cancer, 
abdominal and pelvic malignant tumors, uterine myoma, benign breast tumors, hepatic hemangioma 
and other solid tumors. In this article, real-time diagnostic US images for targeting, monitoring, and 
evaluating rapid therapeutic effects during HIFU ablation procedures are presented. Assessments of 
HIFU treatment by follow-up images, including color Doppler and power US, subtraction 
angiography (DSA), computed tomography (CT), magnetic resonance (MR), and single photon 
emission computed tomography (SPECT) are studied. Pathologic changes of tumor cells, vascular 
vessels, and tumor molecular markers in tumors treated with HIFU are investigated. Early clinical 
results from various kinds of malignant tumor treatments in our clinical center and complications of 
the technique are also reported. 

INTRODUCTION 

Recently, a promising modality for the treatment of localized malignancies, namely 
the noninvasive, image-guided, in situ tumor ablation with focused ultrasound energy, 
has received increasing interest. Several clinical HIFU projects are underway at various 
research groups, and significant results indicate that HIFU treatment is safe, effective, 
and feasible in clinical applications [1-6]. In China, the first HIFU treatment was 
performed on December 10, 1997, on a male patient with tibia osteosarcoma. Up until 
October 2001, a total of 1038 patients with solid tumors have undergone extracorporeal 
HIFU ablation, as shown in Table I. Herein, we review technical development of HIFU, 
describe some of our own clinical applications in the treatment of human solid tumors 
with HIFU ablation, and conclude with a discussion of challenges and opportunities for 
the future. 
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TABLE 1. Categories of Solid Tumors Treated by HIFU Ablation. 

Solid Malignancies Number of Patients 

Primary and Metastatic Liver Cancer 474 

Malignant Bone Tumor 153 
Breast Cancer 106 

Soft Tissue Sarcoma 77 

Kidney Cancer 27 

Pancreatic Cancer 10 

Abdominal Cancer 20 

Lung Cancer 4 

Others 31 

Benign Tumors 

Uterine Myoma 85 

Benign Breast Tumor 28 

Benign Soft Tissue Tumor 13 

Benign Liver Tumor 4 

Others 6 

Total 1038 

HIFU THERAPEUTIC EQUIPMENT 

The HIFU system (Model JC Focused Ultrasound Knife) we used in clinical trials is 
manufactured by Chongqing Haifu (HIFU) Tech Co., Ltd. (Chongqing, China). As 
described in detail previously [7], it essentially consists of a diagnostic US device, units 
for computer automatic control, 6-direction movement and therapeutic planning system, 
an US generator, integrated US therapy transducers, and a degassed water circulation 
unit. A color Doppler US device is used for real-time imaging of HIFU thermal ablation. 
The therapeutic US energy is produced by a 12-cm diameter piezoelectric ceramic PZT-4 
transducer. The focal lengths used in clinical applications are 90, 130, or 160 cm. The US 
frequencies used for treatment are 0.8, 1.6 or 3.2 MHz. The focal region is an ellipsoid, 
which is mapped using a membrane-type hydrophone at focal peak intensities from 200 
to 300 Wcm-2. However, the focal region changes little with the different transducers. For 
example, the focal region is 3.3 mm along the beam axis of and 1.1 mm perpendicular to 
this axis for the 1.6 MHz transducer with the focal length of 90 mm. In clinical 
applications, the target tissue is exposed to focal peak intensities from 5,000 to 
20,000 Wcm-2, according to the focal depth. 

Diagnostic Imaging For HIFU Ablation 

Real-time diagnostic US is generally applied for the guidance of ablative procedures 
because of its extensive availability, real-time visualization capabilities, flexibility, and 
low cost [8 - 11]. The disadvantages of real-time sonography are occasional poor lesion 
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detection as a result of a lack of inherent tissue contrast or overlying bone structures such 
as ribs, and that it is less sensitive than MR imaging in predicting treated-tumor margin. 
Therefore, in our clinical applications, good-quality MR imaging is an essential imaging 
examination for detennining the number, size of tumor focus, and reli'ionship to 
surrounding vital structures before HIFU treatment. We observe that this |ieoperative 
imaging is helpful in establishing the 3-dimensional co-ordinates of the treated tumor 
during HIFU procedure and compensate for some of the shortcomings of diagnostic US 
imaging. In order to establish a HIFU treatment plan (TP) for the complete ablation of a 
tumor, it is our regular practice to compare the difference between the MR imaging and 
US imaging before HIFU treatment. Also, during the HIFU procedure, after the TP has 
been determined, the physicians trained in HIFU ablation compare the real-time US 
images with the MRI images prior to performing the 3D HIFU confonnal treatment. 

In order to prevent under- or over-ablation of a lesion, a color Doppler US device is 
generally used for the guidance of HIFU ablative procedures in our clinical applications. 
US exposures, comprising line by line scans, and slice by slice scans of focused US 
beams, induce coagulation necrosis of the targeted tissue. This is frequently seen on the 
US image. Compared to US imaging before HIFU, obvious differences in tissue gray- 
scale in the targeted region are immediately detected after HIFU line-ablation. There was 
a close relationship between the extent of necrosis as measured by gross examination and 
the hyperechoic extent measured immediately after HIFU on the US image in various pig 
tissues. In the clinical trial for the treatment of patients with breast cancer, we discovered 
that this hyperechogenic region in targeted tissue was regular in shape and size, and 
conformed to the extent of the coagulation necrosis that was induced by HIFU thermal 
ablation. Therefore, the hyperechogenicity generally seen in the treated areas on real-time 
US imaging is very helpful in monitoring therapeutic effects, and for controlling the US 
energy deposition during the ablation procedure. Although the mechanism for tissue 
gray-scale change in HIFU targeted regions is not clear, US effects on tissue such as 
heating and cavitation are involved in the formation of coagulation necrosis. In our study 
we have shown that HIFU can induce circumscribed coagulation necrosis and that gas 
bubbles mainly arose from the ablated tissue vaporization in the targeted region. 

Because postprocedural core biopsy does not provide pathologic results for the whole 
treated tumor, follow-up with both anatomical and functional imaging techniques, 
including color and power Doppler US, CT, MRI, DSA, and SPECT, are essential in 
order to evaluate the short-term efficacy of in situ HIFU ablation. These enable 
evaluation of the effect of HIFU on tumor cells and vasculature, as well as on cellular 
functions and metabolisms. Among anatomic imaging techniques, MRI can rapidly assess 
the therapeutic response of a target tumor treated by HIFU thermal ablation 1^ weeks 
after HIFU ablation. Altered signals on T2-weighted and Tl-weighted images are 
predictive of coagulation necrosis induced in the targeted tissues. For gadolinium- 
enhanced images, it is common to observe the absence of contrast enhancement in the 
treated region and a thin peripheral rim of enhancement surrounding the coagulation 
necrosis. This often corresponds to an early inflammatory reaction to the thermal 
ablation. Follow-up at 3 months is necessary to detect residual tumor in untreated 
regions. Imaging at 6-12 months can show obvious regression of the lesion and the 
region of induced coagulation necrosis. Most frequently, the nonenhancing treated 
volume shrinks by less than 20-50% in volume. SPECT is a radionuclide scanning 
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technique that uses a radioisotope as a tracer to assess abnormal tumor function rather 
than to provide simple anatomy in the patient with solid malignancies. There is a high 
extraction rate at the malignant focus in the patients before treatment. After the HIFU 
ablation no uptake of radioisotope is found in the treated tumor, indicating a positive 
therapeutic response and an absence of viable tumor. 

Pathological Changes Of Carcinoma 
Treated With HIFU 

A total of 48 patients with biopsy-proven breast cancer were randomized into a HIFU- 
treated group and a control group. For the histopathological study, the 23 patients in the 
HIFU-treated group underwent initial extracorporeal ablation of their breast cancer with 
US-guided HIFU 1-2 weeks before modified radical mastectomy. The remaining 25 
patients in the control group underwent modified radical m^tectomy, without any 
intervention. 

Macroscopic examination indicated that within 1-2 weeks of HIFU treatment, the 
destroyed area presented clear evidence of cellular destruction with a sharp boundary 
between the HIFU necrosis and viable tissue. Outside the boundary the tissue was 
normal. Inside the lesion, the treated tissue appeared completely ablated with pale 
coagulation necrosis. On the margins of the ablation was a ring of congestion. The 
boundary between the treated and untreated region was readily visible and the HIFU- 
induced lesion extent included the breast tumor mass plus a margin of treated normal 
breast parenchyma about 1.5-2.2cm (mean 1.80±0,58) around the cancer. Microscopic 
examination showed coagulative necrosis in the treated region with distorted tumor cells, 
pyknotic nuclei, shrinkage of nuclei, cell debris, and destroyed normal tissue extending 
1,5-2.0 cm around the tumor, A clear border between the treated and untreated areas w^ 
extremely sharp and comprised only a few cell layers, 7 days after HIFU treatment, a 
small amount of granulation tissue was visible with the presence of immature fibroblasts, 
many inflammatory cells, and new capillaries in the boundary region, 10-14 days after 
the treatment, destroyed tumor cells were disaggregated and had no distinct cytoplasm 
and nucleus. The boundary area was generally replaced by mature fibrous tissue, while 
the ultrasound damaged area was only partially absorbed and replaced with new 
proliferative repair tissue. Also, HE staining showed that small blood vessels less than 
2 mm in diameter, (including both arteries and veins) were severely damaged in the 
treated region of breast cancer. Although not preferentially, this vascular structure 
displayed cellular discohesion, disruption of the endothelium and tunica media, as well as 
condensed or non-existed nuclei, indicative of coagulative necrosis. Scattered 
intravascular thrombi were frequently seen in the destroyed vessels. Elasticity fibrin 
Victotia and ponceau's histochemical staining revealed that the structure of tumor vessel 
walls were destroyed, and the vascular elasticity fibrin and collagen fibrin in the treated 
region collapsed significantly, SP immunohistochemistry staining showed that no ulex- 
europeus agglutinin-1 (UEA-1) expression at the treated region was observed in the 
HIFU group, compared to the positive rate of 52,2% in UEA-1 expression in the tumor 
vascular endothelium of the control group. Furthermore, our studies showed a significant 
difference between the groups in functions of the cancer cells, including proliferation, 
invasion, metastasis, and immortalisation. In the control group, the positive rate of 
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PCNA, CD44v6, MMP-9, C-erbB-2 mRNA expression in the breast cancer cells was 
44.0%, 56.0%, 54.6% and 36%, respectively. In the HIFU group, no expression of these 
molecules in the treated region was observed. In the control group, the telomerase 
activity of untreated cancer tissue was 1.87 while the telomerase activity was 0.17 at the 
treated cancer tissue in the HIFU group. The difference was highly significant. 

CLINICAL APPLICATIONS 

Our first patient was treated with extracorporeal HIFU ablation at the end of 1997, in 
the second affiliated hospital of Chongqing University of Medical Sciences, China. He 
was a young patient with femoral osteosarcoma. In October 2001, ten hospitals in 
Chongqing, Beijing, Chengdu, Guangzhou, Nanjing, Jinan, and Xining joined a clinical 
study group for HIFU applicafion in China, and 1038 patients with solid tumors have 
undergone HIFU ablation, as shown in Table I. Our clinical application can hopefully 
provide significant data in patients with various stages of solid malignancies. One goal of 
thermal ablation in patients with early-stage cancer is curative, and HIFU treatment can 
induce complete necrosis of the targeted tumor. Additional treatments, such as 
chemotherapy, are essential to patients with breast cancer and osteosarcoma for 
conservation of the diseased breast or limb. Patients in this group are followed up with 
diagnostic imaging to detect vital tumor cells within targeted tissue. The goal of HIFU 
treatment in patients with advanced-stage cancer is palliative, to impede tumor growth 
and to improve the quality of life. Patients in this second group are frequently those who 
have unresectable tumors and for whom conventional tumor therapies, including 
chemotherapy and radiotherapy, has failed to control tumor growth. In our experience, 
the clinical application of extracorporeal HIFU ablation for solid tumors consists of the 
following steps: preoperative assessment for each candidate; establishment of the 
therapeutic plan; anesthesia and medication; HIFU ablation guided by real-time US 
imaging; and follow-up imaging as discussed in detail above. 

HIFU Ablation Of Liver Cancer 

A total of 474 patients with liver cancer (including HCC and metastatic liver cancer) 
have undergone HIFU treatment. Almost all patients had unresectable HCC lesions that 
were 4-15 cm in diameter. The diagnosis of HCC was detemiined by means of either US- 
guided biopsy or, from the combination of diagnostic images which show classic imaging 
manifestations of this tumor and an abnormal AFP level (> 200 ng L''). In all patients, 
routine serum chemistry examination, including electrolytes, liver function, renal 
function and hematologic evaluation, was performed. 

HIFU ablation was performed with the use of extradural or general anesthesia. When a 
tumor was more than 4.0 cm in diameter or there were multiple tumors, general 
anesthesia was selected with endotracheal intubation and mechanical ventilation. This 
had the supplementary benefit of permitting provisional suspension of respiration with 
controlled pulmonary inflation, as necessary, to ablate the tumor behind the ribs. When a 
HCC lesion was more than 8.0 cm in diameter, a piece of rib overlying the treated tumor 
was sometimes resected to provide an "ultrasonic window." In our clinical center we 
assessed the local therapeutic efficacy of HIFU therapy combined with transcatheter 
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arterial chemoembolization (TACE) and TACE alone for 50 patients with advanced-stage 
HCC in a randomized controlled trial. 26 patients imderwent TACE alone, and the 
remaining patients underwent TACE followed within 2-3 weeks by HIFU ablation. The 
results indicated that the median survival time, 6-month and 12-month survival ratios 
were significantly higher in the HIFU plus TACE treated patients than in the TACE 
treated patients (p<0.01). 6 patients with resectable HCC underwent surgical removal 
within 2-3 weeks following only HIFU ablation in our center. Histological examination 
showed that HIFU induced complete coagulative necrosis of the treated lesion. 

HIFU Ablation Of Breast Cancer 

A total of 106 patients with biopsy-proven breast cancer have undergone 
extracorporeal HIFU ablation in China. Of these, 46 patients were treated in our center. 
For the histological study, a modified radical mastectomy was performed in 24 breast- 
cancer patients no later than 2 weeks after HIFU treatment. The remaining 22 patiente 
imderwent breast conservation treatment with HIFU, in combination with adjuvant 
chemotherapy, postoperative axillary node dissection or/and postoperative radiation 
therapy mainly including draining the lymph node region. The HIFU targeted region 
consisted of the primary focus of breast cancer and a normal tissue margin about 1.5-2.0 
cm around the cancer, Preoperative and postoperative clinical assessment included breast 
color Doppler ultrasonography, histological examination made by US-guided biopsy, CT 
and/or MR imaging, single photon emission computed tomography (SPECT), and others 
as required for each case. The mean follow-up time for patients with breast conservation 
treatment in our center is 22 months (range 10 to 36 months). 

Short-term follow-up images, such as SPECT, color Doppler US, and MR imaging 
revealed a positive therapeutic response when compared to the images before HIFU, 
Compared to preoperative scintimammography, Tc-99m sestamibi SPECT showed no 
uptake of radioisotope in the HIFU treated tumor within I week after the thermal 
ablation. This indicates an absence of viable tumor cells. Gadolinium-enhanced MRI 
revealed an absence of contrast enhancement in the treated region and a thin peripheral 
rim of enhancement surrounding the coagulation necrosis. 

Postoperative US-guided core needle biopsy of the treated tumor was performed in the 
breast-conserved patients at 1, 3, 6, and 9 months, respectively. Pathologic examination 
showed that there were significant changes in the center of the treated tumor 
postoperatively. The treated tumor became coagulated at 1 month, partially fibrotic at 3 
months, completely fibrotic at 6 months. However, this fibrous structure vitrified at 
9 months. Long term follow-up color and power Doppler US was performed to examine 
treated tumor regression. This imaging revealed a gradual shrinkage of treated breast 
cancer with time in all patients. Total resorption of ablated tumor was found in half of 
them within 1-2 years after HIFU treatment, which mainly correlated with the increase of 
follow-up time and tumor size. All patients are still alive and disease-free, and only one 
case presented with local recurrence in the targeted region 18 months after breast 
conservation treatment with HIFU. 
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HIFU Treatment Of Human Osteosarcoma 

HIFU treatment has been perfonned in 153 patients with mahgnant bone tumor, 
including primary and metastatic malignant neoplasms. In our center we have recently 
assessed the effectiveness of HIFU ablation in 44 patients with primary malignant bone 
tumor, for the purpose of conserving the diseased limb, from December 1997 to May 
2000. Thirty-four patients in b stage (Enneicing classification) underwent HIFU ablation 
as a noninvasive limb-salvage treatment, in combination with new adjuvant 
chemotherapy. Ten patients with b stage (9 patients with lung metastasis) were treated 
with HIFU as a palliative modality. Preoperative and postoperative clinical assessments 
included serum ALP level, histological examination made by core needle biopsy, CT and 
/or MR imaging, SPECT, DSA, and others as required for each case. Mean follow-up 
time was 23 months (range 10 to 39 months). 

Short-term follow-up images included anatomical and functional assessment. For 
evaluating the therapeutic response of thermal ablation, MR imaging was performed as 
an anatomic examination, and SPECT scanning as a functional examination. When 
compared to the images before HIFU, MR imaging showed complete coagulation 
necrosis of treated tumors, including both tumors in bone and in soft tissue. SPECT 
scanning revealed the complete ablation of tumor after HIFU treatment. DSA indicated 
that HIFU destroyed the microcirculation, and after HIFU treatment the tumor vascularity 
disappeared completely. Total survival rate was 85% (38 alive, 6 dead). One case in 
b stage died of brain metastasis, and 5 patients with lung metastasis in b stage died of 
lung metastasis after HIFU treatment. Five patients underwent amputation because of 
local recurrence after HIFU treatment. 

HIFU Treatment Of Human Soft Tissue Sarcoma 

A total of 77 patients with soft tissue sarcoma (STS) underwent HIFU treatment 
extracorporeally. Almost all of them were recurrent STS patients following surgery. 
Among them, 18 patients with recurrent STS were successfully treated with HIFU in our 
center. Pathological examination showed liposarcoma in 6 cases, synovial sarcoma in 2, 
fibrosarcoma in 2, malignant peripheral nerve sheath tumor in 2, and other STS. The 
tumor lesions were 5.5-16 cm in diameter (mean 8.6 cm in diameter). Follow-up time 
varied from 11 to 39 months (mean 21 months). Contrast-enhanced MR imaging showed 
the complete ablation of targeted tumor with HIFU. To date, 16 patients with STS are 
still alive, and 2 cases died of metastasis after HIFU treatment. 3 patients had local 
recurrence, and then underwent a second HIFU treatment again for the purpose of 
control. 

HIFU Treatment Of Other Human Solid Cancers 

A total of 27 patients with advanced renal cell cancer (RCC) have undergone 
extracorporeal ablation of renal tumor with HIFU. Nine patients (mean age 58 years, 
range 48 to 76 years) who were diagnosed with advanced RCC were successfully treated 
with HIFU, including 5 cases with extensive lung metastasis, 3 cases with unresected 
tumor, and I case of synchronous bilateral renal tumor. The RCC lesions were 4-13 cm 
in diameter. Mean follow-up time was 9 months (range I to 22 months). After HIFU 

40 



treatment, there was no evidence of postoperative urine extravasation, acute renal failure, 
tumor bleeding, significant gross hematuria, or urinary obstruction in any case. Follow-up 
MR imaging showed a positive therapeutic response and gradual shrinkage of the ablated 
tumor. Both patients with extensive lung metastasis died of cachexia and dyspnea caused 
by severe lung infection at 1 and 3 months, respectively. The remaining 7 patients are 
still alive, and more significantly, chest X-ray revealed that the Iving metastases seen in 
the patients preoperatively were stable postoperatively. 

Extracorporeal HIFU ablation was successfully performed in 10 patients with 
unresectable pancreatic cancer. The tumois were 5-8 cm in diameter. The pain was 
immediately relieved following HIFU treatment. Although the anatomy surrounding the 
pancreas is very complicated, no local complication was found during or after HIFU 
treatment. 

For the purpose of analgesia, HIFU treatment alone was performed in advanced cancer 
patients who had severe pain related to their cancer. Most of the patients had been 
provided with appropriate pain medications, including antineoplastic therapy, and 
pharmacological approaches preoperatively, but the cancer pain was still not well 
controlled. The results in our center indicated that HIFU was able to control the pain 
successfully, without any local complication. After HIFU treatment, severe cancer pain 
was significantly relieved, and patients' daily activities, quality of life, and psychological 
status were markedly improved. 

COMPLICATIONS OF HIFU ABLATION 

Among 1038 patients treated with HIFU, an extremely low major complication rate 
has been observed. 5-10% patients had low-grade fever up to 38.5° C that persisted for 
approximately 5-7 days after HIFU ablation. The severity and time of fever seems to be 
directly related to the amount of destroyed tissue. With large-volume tissue ablations the 
fever is often observed. Several patients with large HCC had severe fever as high as 
39,5° C that lasted for as long as 2-3 weeks. At the present time less than 5% of patients 
still had HIFU-induced skin bums. Some treated patients (20-30%) experience slight and 
mild local pain within 1 week after HIFU ablation. But only 5-10% patients were given 
3-5 days prescription for oral analgesics. Six of 474 patients with liver cancer had 
hepatic abscesses within 2-3 weeks of HIFU treatment. Four of 153 patients with 
malignant bone tumors had local infection within 1-3 months of HIFU treatment. Tumor 
bleeding or large blood vessel rupture have never been detected following HIFU ablation. 
Four patients with malignant tumors had bowel perforation because of severe abdominal 
cohesion induced by previous operations. It caused HIFU mis-targeting, such that the 
treated region included the tumor and cohesive bowel. Four patients with primary 
malignant tumor had complete bone fractures in the treated region. Fortunately, 2 of them 
recovered and new normal bone has grown. Nerve fiber damage has been caused by 
HIFU in 4 patients with malignant bone tumor. However nerve functions including 
sensation and motion recovered completely in 2 patients, and the other 2 patients partially 
recovered function within 1 year after HIFU, 
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DISCUSSION AND CONCLUSION 

Although more than 1000 patients have undergone HIFU treatment in China since 
1997, HIFU technology is still in development, and its clinical applications for 
extracorporeal ablation of solid malignancies are currently in their infancy. Our clinical 
results are exciting and encouraging, but longer follow-up is necessary to fully determine 
the true efficacy of this noninvasive therapeutic modality. Much supplementary 
investigation is necessary to further evaluate the various HIFU treatment plans, the 
relationship between HIFU dosage and the extent of coagulation necrosis, and factors that 
can influence focused ultrasound energy deposition, including tissue structure, 
movement, function and perfusion. 

Beyond optimization of technical and physiological parameters, it is obvious that in 
situ HIFU ablation must be performed with exact knowledge of not only the number and 
location of the lesions but also the biological characteristics and natural history of the 
tumor being treated. Despite successful destruction of primary lesions, patients with 
distant metastases in multiple organs are unlikely to be treated with local therapy such as 
surgical techniques and in situ thermal ablation. Therapeutic failure in these patients is 
mainly because of uncontrolled growth of new and earlier undetected metastases. 

The objective of tumor therapy is the complete destruction of all cancer cells within 
the patient's body. For most individual patients with cancer, the therapeutic plan for 
disease must be a multiple treatment plan, which includes local and systemic modalities. 
Combination therapy has been used for some patients who underwent in situ HIFU 
ablation. A similar multi-disciplinary approach including other modalities such as 
chemotherapy is useful in the treatment of solid malignancies. Therefore, success 
achieved in the use of in situ HIFU ablation is mainly dependent not only on HIFU 
technique, but also a better understanding of the biological characteristics and natural 
history of tumors. 
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Abstract. Objective: To evaluate the effect of transarterial oily chemoembolization (TOCE) 
combined extracorporeal high-intensity focused ultrasound (HIFU) ablation for treatment of 
unresectable hepatocellular carcinoma (HCC). Methods: By using Model JC Focused Ultrasound 
Therapeutic System, 26 unresectable HCC patients were treated by HIFU ablation. One to 4 
weeks before HIFU treatment, the patients undenvent TOCE. Serum AFP, MR! and survival rate 
were assessed to evaluate the efficacy of HIFU. Results: A total of 52 HIFU sessions were 
performed during the follow-up periods (median: 14.2 months, range 6-30 months) for the 
26 patients. The elevated AFP levels decreased more than 50% at 1-2-months after HIFU 
ablation in 87.5% of patients. MR imaging showed that HIFU induced coagulation necrosis at 
ablated areas in all 26 patients and more extensive and homogeneous necrosis than TOCE 
induced. Through one or several courses of the combined therapy, compete ablation was 
achieved in 17 (65.4%) of the 26 patients. Overall survival was 96.2% (25/26). 88.9% (16/18). 
and 81.8% (9/11) at 6, 12, and 18 months, respectively. Conclusions: The initial outcomes 
showed that HIFU ablation combined with TOCE on unresectable HCC treatment may increase 
the possibility of inducing a complete necrosis and may improve long-term survival. 

INTRODUCTION 

Hepatocellular carcinoma (HCC) is one of the most common cancers in China. 
Surgical resection represents the only potentially curative therapy. In China, about 
80~90% of HCCs are associated with liver cirrhosis. Advanced or decompensated 
liver cirrhosis and multicentricity make 80-85% of HCCs inoperable at the time of 
diagnosis. For treating most unresectable HCC patients, transarterial oily 
chemoembolization (TOCE) has been widely performed [1]. However, histopathologic 
studies of resected HCC after TOCE have shown a very low complete necrosis 
occurrence. Despite successful TOCE, the tumor frequently recurs. The survival 
benefits of TOCE treatment for HCCs has been doubted [2-4]. 

A newly developed high-intensity focused ultrasound (HIFU) extracorporeal tumor 
therapeutic system has been authorized to ablate malignant solid tumors in clinical 
practice in China since April 1999. This system can produce 3-dimensional conformal 
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tumor ablation and is guided by real-time ultrasonography. Coagulative necrosis has 
been shown in the resected HCC after ablation by the extracorporeal HIFU device [5]. 
An experimental study has also shown that iodized oil enhances the thermal effect of 
HIFU on ablating liver cancer [6]. Hence, we introduced a combination therapy, 
consisting of iodized oily TACE followed by extracorporeal HIFU ablation, for 
unresectable HCCs, Dynamic magnetic resonance imaging (MRJ) was used to 
evaluate tumor necrosis treated by this combination therapy. The effect of the 
combination therapy on survival rates was also studied. This report summarizes the 
preliminary outcomes. 

MATERIALS AND METHODS 

Patient Characteristics 

Between January 2000 and December 2001, 26 patients with unresectable HCC 
lesions who were eligible for this study were treated at the affiliated hospital, AMMS. 
The diagnosis of the neoplasm is ensured by ultrasoimd guided core needle biopsy and 
/or by increased alpha-fetoprotein (AFP) levels. The criteria for entry into this study 
were as follows: I) HCC lesions were not suitable for surgical resection; 2) HCC 
lesions were not diffused; 3) the lesions were detectable by ultrasound and could be 
scanned completely by the HIFU focus; 4) no evidence was foimd of main portal trunk 
thrombosis, hepatic vein thrombosis and extrahepatie metastasis by routine imaging 
techniques (color Doppler ultrasonography, computed tomography and chest x-ray). 
Those eligible HCC patients who had previously received TOCE treatment could be 
enrolled into the study. Exclusion criteria were imcontrolled liver disease 
decompensation (gastrointestinal bleeding, bacterial infection, Child-Pugh's score: C) 
and /or presence of contraindications to a peripheral artery catheterization. The 
Investigation and Ethics Committee of the hospital approved this study. Informed 
consent was obtained from all patients or their relatives. 

The entry patients were 26 men and no women, ranging in age from 36 to 78 years 
(median 58 years). Of the patients, 11 had a solitary lesion, 9 had 2, 6 had 3 or more 
lesions, 2 had image-verified portal thrombosis in a major branch, 24 had 
histologically or clinically diagnosed cirrhosis. The mean largest dimensions of lesions 
were 6.4±2,6 cm (range 3-12 cm). In seventeen (65.4%) patients, the largest 
dimension of lesion was > 5 cm. The locations of these lesions were in the left lobe in 
3 patients, in the right lobe in 16 patients, and in both lobes in 7 patients. According to 
the HCC TNM stages, there were 8 in II, 9 in III and 9 in IVA. The classifications of 
liver ftmctions were 18 in Child-Pugh's A, 8 in B. Nineteen patients had an elevated 
baseline AFP, These patients did not undergo surgical resection because of 
1) advanced cirrhosis and/or the location of the lesion (n = 22), 2) coexisting disease 
(n = 2), or 3) advanced age (n = 2). 
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Therapeutic Procedures 

We performed TOCE by selectively introducing a catheter into the right or left 
hepatic artery or a segmental branch artery feeding the lesion(s). A solution of 
doxorubicin (20mg/M"') was first infused into the artery, then an iodized oil (lipiodol 
10~30 miymitomycin (lOmg/M^) mixture was injected into the feeding artery and 
completed the embolization. 

One week after TOCE, for those patients whose lesion(s) were located at the right 
lobe, a special costectomy was performed to create an acoustic window for ensuring 
complete HIFU ablation. Usually part of the adjacent 2 or 3 ribs at the right 
hypochondriac region were resected 8 cm to 12 cm in length. In this study, 21 patients 
underwent the costectomy. 

The HIFU treatment was started at 1 to 4 weeks after TOCE or at 2 weeks after the 
costectomy. The sonography-guided HIFU extracorporeal tumor therapeutic system 
(JC Type, Chongqing Haifu Co. Ltd., Chongqing, China) used a 12-cm diameter 
piezoelectric ceramic transducer and produced a 0.8 MHz frequency ultrasound beam, 
which was focused using a lens with a focal length of 120 to 160 mm. The focal 
spatial peak intensities (Isp) of the acoustic field were from 5000 to 20000 W/cm^ 
(mapped by a calibrated polyvinylidene difluoride membrane hydrophone with a spot 
diameter of 0.5 mm). The focal region was ellipsoid in shape, with dimensions less 
than 10.8 mm along the beam axis and 3.0 mm in the transverse. 

Patients received HIFU ablation under epidural anesthesia. Real-time, two- 
dimensional ultrasonography using a 3.5-MHz diagnostic transducer coaxial with the 
therapeutic transducer was used to guide the location of the focal region and monitor 
the ablation procedure. The abdomen of the patient, oriented in a prone or side 
position, and the therapeutic transducer were submerged in a bath of degassed water. 
The 3-dimensional movement of the focused transducer was controlled to position the 
focus in the target volume. The ablation procedure was to sonicate the tumor in 
multiple parallel cross-slices at 5-10 mm intervals. In each slice, the transducer was 
moved (speed 3 mm/s) laterally while continuous ultrasound pulse exposure was 
maintained. This produced a strip-like area caused by the moving focus (i.e. a line 
scan). The acoustic power outputs of the transducer were between 120 to 220 W. After 
echo enhancement in the scan area was displayed on the monitoring ultrasonogram, 
axial movement of the transducer was controlled in depth from deep to shallow. Then 
another line scan was made. After each focal slice was completely treated, the 
transducer was moved to next focal slice until the whole target volume was sonicated. 
The target volume included the tumor and a visible margin of healthy tissue of about 
1.0 to 1.5 cm if possible. 

Evaluation and Follow-up 

For evaluation, static and dynamic gadolinium-enhanced magnetic resonance (MR) 
imaging was performed 1-4 weeks before and after HIFU ablation. A decreased signal 
on T2-weighted images in the ablated areas was considered a marker for induced 
coagulation necrosis [7,8]. The hypointense and unenhanced areas on the gadolinium- 
enhanced Tl-weighted image represented necroses. The enhanced areas in the ablated 
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target volume represented a residual tumor. Complete HIFU ablation was defined as a 
lack of residtial tumor in the targeted volume in the MR images. In cases in which a 
residual tumor was identified, another course of combinafion treatment was 
performed. If the initial evaluation was satisfied, the patient was seen on an outpatient 
basis every 3 months. The enhanced MR imaging was also used for long-term follow- 
up at 3-6 month intervals. For those patients with elevated AFP, serum AFP levels 
were assessed periodically to evaluate the treatment efficacy. If a recurrence was 
detected through imaging, HIFU or TOCE combined with HIFU was repeated. 
Patients were evaluated to determine whether they had a recurrence of a treated lesion 
(local recurrence) or had developed new lesions. Survival was measured from the date 
of the first HIFU treatment until death. 

RESULTS 

As of 30 June 2002, a total of 52 HIFU ablation treatments have been performed 
with follow-up (median: 14.2 months, range 6-30 months) for 26 patients. Eight 
patients received a single course of combinafion treatment, 13 patients received 2 
courses, and 5 patients underwent 3 to 5 courses. 

Elevated AFP levels were decreased more than 50% according to the baseline level 
in 17 (89.5%) of 19 patients and became normal in 9 patients at 1-2 months after 
HIFU ablation. 

Enhanced MR imaging obtained before HIFU ablation often showed that the 
necrosis of TACE treated lesion was not complete. From MR imaging performed 1-3 
months after HIFU treatment, a decreased signal on T2-weighted images was found in 
HIFU ablated areas in all 26 patients, which indicated coagulation necrosis had been 
induced (Fig.l). The enhanced Tl-weighted imaging showed more extensive and 
homogeneous necrosis in the HIFU ablated areas than those taken prior to HIFU 
ablation (Fig.2). Surrounding the necrotic area a thin peripheral rim of contrast 
enhancement corresponded to an early inflammatory response to treatment. A bulky 
irregular rim at the edge of the treatment site was the most common appearance of an 
incompletely treated lesion. Through one or several courses of combination therapy, 
complete ablation was achieved in 17 (65.4%) of 26 patients, including the 2 patients 
with portal branch thrombosis. At long-term MR imaging follow-up, the completely 
ablated lesions showed a continuing absence of gadolinium enhancement and 
regression in different volumes. Local tumor recurrence in the ablated areas was found 
in 3 (11.5%) patients and new lesions in untreated areas were found in 9 (34.6%) 
patients. Distant metastases were found in 3 patients (pulmonary or lymph node). 
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FIGURE 1. Signal changes on T2-\veighted fat-suppressed MR image. 65-year-old-nian with 
biopsy-verified solitary hepatocellular carcinoma and coexisting chronic renal failure undergoing 
HIFU ablation after TOCE. (A) 2 weeks after TOCE and 4 days before HIFU ablation, T2-weighted 
image shows the lesion as heterogeneous and of high signal intensity. (B) 6 weeks after HIFU 
ablation, T2-weighted image shows markedly decreased signal intensity in the ablated area and the 
lesion as relatively homogeneous. 

FIGURE 2. HIFU induced signal changes on gadolinium-enhanced Tl-weighted fat-suppressed MR 
image. 38-year-old-man with a larger solitar>' hepatocellular carcinoma undergoing HIFU ablation after 
2 TOCE treatments. (A) 4 weeks after TOCE and 1 week before HIFU ablation, late phase enhanced 
Tl-weighted image shows the lesion as heterogeneous hypointense with irregular enhancing in the 
central and peripheral area. (B) I week after HIFU ablation, late phase enhanced Tl-weighted image 
shows lesion as homogeneous hypointense and unenhanced area, no evidence of central enhancement. 
A thin peripheral rim of contrast enhancement is identified and corresponds to an early inflammatory 
response to ablation. 

As of June 2002, 6 of the 26 treated patients (23.1%) have died. Among them, 
cancer was the cause of death in 4 patients (66.7%), and 2 patients died of hepatic 
failure. Survival time of the deceased patients was 5 to 25 months (mean 15.9 months) 
after HIFU treatment. A total of 26, 18 and 11 patients were observed for a follow-up 
period of 6, 12 and 18 months, respectively, after HIFU treatment. The survival rates 
were 96.2% (25/26), 88.9%, and 81.8% at 6, 12, and 18 months, respectively. 
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The main complications were the 2 - 3 degree skin bums in the acoustic window 
area, which occurred in 5 patients. No other serious complications were encountered 
during the HIFU treatment procedure and late follow-up period. 

DISCUSSION 

TOCE treatment has been widely used for patients with unresectable HCC. 
However, it is difficult to induce a complete tumor necrosis by this ischemia method. 
It is believed that the double-blood supply system for the liver is the major cause. 
Another reason is the toxicity of chemical drugs to the hepatocyte, especially for those 
patients with cirrhosis. Some of local thermal ablation therapies, such as 
radiofrequency (RF) and microwave, have received much recent attention for the 
treatment of focal liver malignancy. But use of these methods often depends on lesion 
size and shape. Usually, the largest dimension of the lesion should be less than 5 cm. 
Extracorporeal HIFU treatment provides a possible conformal ablation method for 
liver cancer. This allows ablation of HCC lesions independent of lesion size, shape 
and location. This advantage makes HIFU ablation a potentially effective treatment for 
larger and unresectable HCC lesions. 

We introduced the current combination therapy under these hypotheses: 1) 
Occlusion of the feeding artery of the tumor by TOCE may decrease the undesired 
loss of HIFU heat energy, 2) TOCE-deposited iodized oil may increase the acoustic 
impedance of the tissue as well as enhance conversion of HIFU sound energy into 
thermal energy. 3) TOCE-induced ischemic changes may markedly shorten the time 
needed for HIFU ablation to produce coagulation necrosis, 4) Combination therapy 
may lead to a higher rate of complete "thermal resection" for these unresectable 
patients. 

This theory is supported by our initial clinical results. From the MR imaging 
performed before and after HIFU ablation, a definitive coagulation has been shown 
and more complete necrosis has been achieved. The low rate of recurrence of the 
ablated lesions during the follow-up period also supports this hypothesis. 

Because the sample is small and the follow-up duration is short, we need to enroll 
more patients and follow up for a longer period to confirai the hypotheses. Also, the 
combination procedure and HIFU ablation program is far from perfect, A randomized, 
multicenter, controlled trial including a larger number of patients is needed to evaluate 
the effects of HIFU treatment on HCC. 

In conclusion, these preliminary clinical outcomes show that extracorporeal HIFU 
ablation combined with TOCE on unresectable HCC lesions may increase the 
possibility of inducing a complete tumor necrosis, and that it has a tendency to reduce 
the tumor recurrence rate and may improve long-term survival for these high-risk 
patients. Long-term studies assessing clinical outcomes are needed and ongoing. We 
anticipate further technologic and therapeutic advances to allow more effective HIFU 
treatment. 
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Abstract. To evaluate the efficacy and safety of focused ultrasound surgery (FUS) for the 
treatment of pancreatic cancer. Two hundred fifty-one cases of advanced pancreatic cancer were 
treated by FEP-BY series equipment in 25 hospitals (including People's Hospital of Peking 
University) in China. The results show: 54 (21.5%) cases exhibited a remarlcable effect, and 161 
cases (64%) exhibited a general effect. Survival time of bearing tumor is 12.5 months post 
treatment by FUS. No complications, such as skin bum, gastrointestinal perforation and 
pancreatic fistula were observed. We consider FUS to be a new and local method for 
noninvasive, safe and efficacious treatment of pancreatic cancer. 

MATERIALS AND METHODS 

Patient Characteristics 

Two hundred fifty-one patients from 25 Cliinese hospitals were included in the 
study. Patients age ranged from 39 to 82 years old, with an average of 59. There were 
147 men and 104 women in the group. The diameters of the tumors were 3 to 12 cm. 
TNM grading was: II grade, 18 cases (7%); III grade, 85 cases (34%); IV grade, 148 
cases (59%). Of these, 18.7% patients had concurrent jaundice and 68% of patients 
had concurrent pain. The location of the cancer was as follows: head, 183 cases; body, 
53 cases; tail, 14 cases. The tumors were confirmed 
by CT scan in all patients. The clinical diagnosis for 
pancreatic cancer was made by more than two 
hospitals. Patients presenting concurrent jaimdice 
were corrected by surgery. The anticipatory survival 
times were all more than one month. 

Equipment 

All patients were treated with FEP-BYOl or Oil 
type machine (which were development by People's 
Hospital of Peking University). See Fig 1. FIGURE 0. FEP-BYOII type machine. 
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Pre-Treatment Preparation 

Patients must have gastrointestinal tract preparation before treatment. The method 
consisted of fasting on the treatment day, following a low fiber diet before treatment 
day, and taking Chinese herbs to relieve constipation and evacuate the stomach 
contents, drinking degassed water if too much gas is found in the stomach by B-mode 
ultrasound examination. 

Selection Of Therapeutic Parameters 

1. Selecting the focal intensity (as measured in water) depending on the depth of the 
target to be treated; the range is 1150 ~ 1500 W/cm^. 

2. Selecting the emission unit depending on the color Doppler arterial flow 
velocity; the range is 0.12-0.24 s. 

3. Selecting the interval period depending on the mean value of B-Mode ultrasound 
histogram; the range is 0.12-0.24 s. 

4. Selecting the unit count depending on the killing time and treatment area; the 
range is 50-80 times/min. 

Selection Standard Of Cases 

1. Anomalous mass in the pancreas area as verified by CT. 
2. Specific pathological diagnosis or clinical diagnosis by more than two hospitals. 
3. No metastases detected in brain, bone and lung. 
4. Jaundice has been corrected by surgery. 
5. Anticipatory survival time > one month. 

Treatment Posture 

Prone position on FEP-BYOI. Dorsal position on FEP-BYOII. 

Evaluating The Curative Effect 

1. To evaluate the long-term effect to a five-year survival time. 
2. To evaluate cancer cell metabolic rate with PET post-treatment independence. 

This is difficuU to perform in some patients. 
3. To develop a comprehensive evaluation based on the following: 

(1) Evaluating the short-term effect in terms of a reduction of the color 
Doppler arterial velocity (CDAV): a remarkable effect was defined as a 
CDAV drop of more than 80% (or disappeared) post treatment; a general 
effect was defined as a CDAV drop of 50%-80%; no effect was defined 
as a CDAV drop of < 50%. 

(2) Evaluating the short-term effect by monitoring the rise in the M value of a 
B-Mode ultrasound histogram (M value): remarkable was defined as an 
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M value increase of 100%; a general effect was defined as an M value 
increase > 50%; no effect was defined as an unchanged M value, 

(3) Evaluating the short-term effect in terms of the decreasing tumor marker 
Cal9-9: remarkable was defined as a reduction from high level 
pretreatment to normal; a general effect was defined as a 20%~50% 
decrease from pretreatment level; no effect was defined as no change, 

(4) Evaluating effect by cytomorphology examination. Puncture biopsy and 
autopsy were performed to detennine the amount of cancer cell death. 
Typane staining was used to judge the death rate. 

(5) Evaluating the effect in terms of increasing quality of life scores. We sum 
up quality of life in terms of five factors: weight and appetite, activity 
level, ability to live independently, psychosis, and pain relief. We 
evaluated every factor and assigned individual scores for averaging: for 
example we used MRS grading, which consisted of four grades: stage 0 - 
no pain; stage I - need to take analgesic; stage II - need to inject 
dolantin; stage III - need to inject morphine. Thus a remarkable effect 
consisted of pain decreased by more than two grades; a general effect 
consisted of pain decreased by one grade; no effect was defined as no 
change in pain. The averaged resuh was defined as: remarkable - 2,5-3; 
general - 2.0-2.5; no result - < 2. 

RESULTS 

Treatment Effect 

Nineteen patients in the group received a post-treatment PET examination. In 
seventeen cases, no cancer foci was found; in 2 cases, a residual foci was found and 
treatment repeated. 

Twenty-one patients received a post-treatment puncture biopsy. Analyses showed 
denucleus necrosis in most specimens. One patient received an autopsy upon death, 23 
months after FUS treatment, 

FUS treatment can relieve the pain that accompanies pancreatic cancer. 
Sixty-three patients showed changes in color Doppler arterial velocity. 

TABLE 1. Statistics Of CDAV Contrast In 63 Patients.        
Effect Cases    Rate 
Remarkable Effect (decreased > 80%) 13 20 7% 
General Effect (decreased 50% ~ 80%) 44 69 8% 
No Effect (no chanRc)  6 950/ 

87 patients contrasted M value between pre and post treatment. 

TABLE 2. Statistics Of M Value Change In 87 Patients.  
Effect .  Cases Rate 
Remarkable Effect (increased 100%) 19 218% 
General Effect (increased > 50%) 56 64 4% 
No Effect (no change)            12 13 8% 

The change of tumor marker. 
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TABLE 3. Contrasted In Cal9-9 Value Of 187 Patients. 
Effect 
Remarkable Effect 
General Effect 
No Effect 

181 patients dropped tlie pain in different degree. 

Cases 
39 
114 
34 

Rate 
20.9% 
61.0% 
18.1% 

TABLE 4. Cytomorphology Examination In 21 Patients. 
Result   

„. Cancer cells deniicleus necrosis death rate 100% 
Puncture Biopsy      Cancer cells can be seen 
Autopsy Cancer cells denucleus necrosis death rate 100% 

The change of quality scores of life. 

Cases 
17 
3 
1 

TABLE 5. Statistics of Quality of Life Scores For 251 Patients. 
Effect  Cases Rate 
Remarkable Effect 
General Effect 
No Effect 

53 
158 
40 

21.1% 
62.9% 
16.0% 

Complications 

No patients presented complications such as skin bum, perforation of 
gastrointestinal tract, or pancreatic fistula. 

Follow-up 

Two hundred twenty-three patients were followed up. The follow-up time was 
8-36 months. The average survival time was 12.5 months and post FUS is 10.4 
months. Six patients have survived more than 3 years. 

DISCUSSION 

1. The key to FUS treatment for pancreatic cancer is to ensure the target tissue 
reaches 70-100°C in the focal area. Clinical experiments have shown that the 
gastrointestinal contents have a very high ultrasound absorption coefficient (Table 6). 
FUS energy losses in the tract are too high unless the tract is cleaned. The 
gastrointestinal tract will be perforated if one only increases the input power. Animal 
studies showed that if the gastrointestinal tract were full of normal content, the highest 
temperature the focal area could reach was 53°C. After cleaning the tract and inputting 
the degassed water, the temperature could reach 95°C. So we combined a low-fiber 
diet, fasting, and drinking degassed water to clean the gastrointestinal tract and got 
good results. Ensuring the lowest attenuation of ultrasound with the gastrointestinal 
passage is key to ensuring the success of FUS treatment for pancreatic cancer. 
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TABLE 6. Experimental Determination Of The Acoustic Characteristics Of Gastrointestinal 
Contents. 

Density Velocity Impedance Attenuation coefficient 
(s/cm3) (mis) (lOSrayls) (dB/cm) 

Water 0.997 1433 1.438 0.00025 
Costive dejecta 1.14 765 0.874 16.1 
Ordinary dejecta 1.07 843 0.903 11.4 
Halfliquid dejecta 0.977 958 0.936 4.2 
Diarrhea dejecta 0.97 1257 1.222 1.8 
Gastric content 1.01 1483 1.498 2.1 
Alvine chyle 0.99 1298 1.285 5.6 
Air 0.00118 335 0.000395 11.8 

2, We selected therapeutic parameters based on the following: (1) Selecting the 
input power depending on the depth of the treatment area; (2) Selecting the emission 
unit depending on CDAV; (3) Selecting the interval period depending on B-U-S M 
value; (4) Selecting the unit count depending on the size and crossing percent of the 
target area. 

3, More metastasis and diffiision easily occur in the early stages of the disease 
because of no pancreatic capsule. How to enlarge the treatment area is a difficuh 
clinical problem both for surgery and FUS: FUS is only a kind of local treatment for 
pancreatic cancer. This point must be emphasized. 

4, By increasing the convergence angle of ultrasound, using the theory of painful 
threshold, and applying the interval emission of FEP-BY machines, the treatment 
didn't cause concurrent pain and bum of skin. Avoiding injury of the gastrointestinal 
tract through cleaning of the content was important in decreasing the local absorption 
of ultrasound and to avoid creating a thermoadhesion. 

5, Pain is a common symptom of advanced pancreatic cancer. FUS treatment was 
shown to relieve the pain of pancreatic cancer. One hundred eighty-one patients 
presented concurrent pain in the group. The rate of pain relief can reach 84%. This 
demonstrates FUS as a new method to treat cancer diat can not only kill the cancer 
cells, but also control the resulting pain. The method is as follows: (1) Kill the cancer 
cells to cause atrophy of tumor tissue. Relieve the pressure on the pancreatic duct by 
relieving the obstruction of duct; (2) Relieve the pressure and dilation on the common 
bile duct caused by the invasion of the tumor; (3) Relieve the stimulation to the celiac 
plexus caused by advanced pancreatic cancer. 

CONCLUSION 

FUS is a new, safe, efficacious, and local therapeutic method for advanced 
pancreatic cancer. It is the best selection for pancreatic cancer that cannot be resected. 
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Abstract Ultrasound guided focused ultrasound surgeiy (FUS) has been used at the Royal 
Marsden Hospital to treat patients with tumours in a variety of organs since 1996. Patients 
have been treated in both Phase I (n=63) and Phase II (n=9) trials. Treatment is performed 
without the need for patient sedation or anaesthesia. Symptoms and sensations experienced 
by patients have been documented both on an exposure by exposure basis, and by patient 
questionnaire before and after treatment. Sensations have been characterised as "discomfort" 
(including tingling, warmth, electric shock type sensations) and "pain". Sensations have 
been graded as None, Mild, Moderate or Severe. The use of diagnostic ultrasound for 
treatment planning immediately prior to exposure allo\w the position of potentially sensitive 
tissue layers such as the skin, liver and prostate capsules to be accurately determined and 
thus the ultrasound intensity incident on these layers can be calculated and compared with 
sensations experienced. Variations in sensation between tumoure in different organs and due 
to ultrasound exposure of different sensitive tissues is analysed and discussed. 

METHODS 

Patients have been treated according to approved protocols using our prototype 
focused ultrasound surgery (FUS) device. In the Phase I clinical trial we aimed to 
treat accessible soft tissue tumours in a dose escalation study of side effects and 
toxicity (1). In the Phase II study of liver disease we are attempting to treat entire 
tumours in order to demonstrate efficacy of FUS. In all studies, fully conscious, 
unsedated patients have been treated in an outpatient setting. 

Further details of the patient eligibility, treatment methods, treatment 
monitoring and follow up used in the clinical trials may be found in the paper by 
Allen et al (2). Here, only methods relevant to the treatment and to quantifying side 
effects and/or toxicity are detailed. 

Immediately prior to treatment, patients are required to complete a questionnaire 
asking whether they have suffered any pain or discomfort that they attribute to the 
tumour we intend to treat. Pain and discomfort levels are described separately as 
being None, Mild, Moderate or Severe. Whether the pain is internal or superficial 
is also noted. During treatment, patients lie supine on a couch (for up to 3 hrs). A 
bag of degassed water is lowered onto the skin surface above the target tumour. 
The treatment consists of creating an array of single ablative FUS lesions each 
separated by 2mm at 60 second intervals, to allow tissue cooling. Afler each 
exposure patients are asked whether they were aware of any sensations and to 
classify them as either discomfort or pain. If discomfort was experienced the nature 
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of the discomfort was noted. If pain was experienced the patient was asi<ed to 
quantify the pain using the validated Brief Pain Inventory (see for example (3, 4)), 
a scale from 1 to 10, with 10 defined as the "worse pain imaginable". In order to 
allow us to compare pain between patients, they are also asked to quantify the pain 
experienced from a "pin prick to the skin". For each exposure the duration and the 
focal depth beneath the skin were noted and, post-treatment, the in situ spatial peak 
intensity (Isp), and the peak and average intensities at the capsule and skin surfaces 
were calculated. 

The clinical trials were primarily designed to study tumour ablation by FUS 
under diagnostic ultrasound guidance. An "ablative intensity" (Al) has been 
established from our pre-clinical studies. An in situ intensity of 1500 Wcm-2 was 
defined as being 100% AI. Patients are treated with exposures between 25 and 
125% Al for 1-3 seconds. The actual treatment time used (and in some cases the 
maximum intensity) was determined by patient tolerance. In the early Phase I trial, 
if patients experienced pain this was subsequently avoided by reducing the 
exposure (duration, in situ intensity or both). Later in the Phase I trial and for the 
Phase II trials, if patients experienced tolerable pain, treatment continued 
unchanged. If patients experienced severe (intolerable) pain the exposure was 
reduced to a level which could be tolerated. Immediately after treatment all 
patients were asked to fill in the next section of the questionnaire which 
documented pain and other symptoms/sensations experienced during treatment. 

Pain could be quantified for a complete treatment using either the patient 
questionnaire data or the maximum pain reported by a patient during the treatment 
(max pain). Pain was also analysed on a shot by shot basis. Whichever technique 
was used, the pain was graded as None (0), Mild (1), Moderate (2), Severe (3). 
Where pain was initially reported as a score out of 10, this was reduced to the 
above categories using the ranges: 1 to 3 = Mild, 4 to 6 = Moderate, 7+ = Severe. 

The variables investigated were: Patient number (in order of recruitment into the 
trial), gender, age, and the organ containing tumour (whether it was prostate or 
liver). In addition to this, for liver tumours it was noted whether patients had 
received prior surgery involving the tissues overlying the treated tumour, and 
whether the tumour was located close to a ligament (falciform ligament, 
ligamentum venosum) as these were thought to be possible factors contributing to 
pain. 

RESULTS & DISCUSSION 

As of July 2002, 63 phase I and 9 phase II patients have been treated. 54 
treatments have been delivered to tumours in the liver, 12 in the prostate and 6 in 
other locations (kidney (2), hip, abdomen (2) and nephron bed). 

Discomforts experienced by the patients were described as tingling, "mild 
electric shock", and sensations of warmth. None of these caused patients 
intolerable discomfort and most were described as being not unpleasant. 

The variation of individual's pain perception was investigated by asking patients 
to ascribe a score to a pin prick to the skin (such as experienced during a blood 
test). This demonstrated a wide variation in tolerance with scores ranging from 
1/10 to 10/10. In the majority of cases, the worst pain experienced during a 
treatment did not exceed the pain level which individuals associated with a pin 
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prick. Furthermore, pain was frequently described as a hot pin prick or a hot 
"needle like" sensation. 

Figure 1. The number of 
patient treatments (total =74) 
are shown as a function of 
the maximum pain reported 
immediately after an 
exposure, analysed on the 
basis of the location of the 
tumour treated. 

1 2 
Max Pain 

Overall, 31/74 patient treatments were completely pain free. A breakdown of 
maximum pain reported is shown in Figure 1. Table 1 shows the number of 
exposures at each pain level in the 3 anatomical sites given in Figure 1. 71% of all 
exposures were completely pain free. Less than 1% of exposures resulted in severe 
pain, and these were predominantly for patients with liver tumours. From the Phase 
II trial and latter stages of the Phase I trial we know that most patients can tolerate 
moderate pain. We believe that this is due to the short duration of the pain, which 
has generally been reported as lasting no longer than the exposure duration. 

TABLE 1. No. of exposures (%) giving pain at each level, 
grouped according to anatomical site. 

Pain level All Liver       Prostate     Others 
3 41 (1) 38 (1) 0 (0) 3 (2) 
2 266 (6) 258 (8) 7 (1) 1 (1) 
1 907 (22) 838 (25) 69(13) 0 (0) 
0 2457 (71) 1860 (66) 447 (85) 150(97) 

Total 3671 2404 523 154 

In general, the volume of tumour treated increased as the trials proceeded, as did 
both the maximum pain level and the number of painful exposures experienced by 
patients. The latter is best explained by the fact that the initial aim was to avoid all 
pain, and so exposure levels were reduced as soon as pain was reported. Later in 
the trials, and especially after commencement of the Phase II trial, the aim was to 
avoid intolerable pain (as determined by the patient). 

Comparison of pain as recorded on the questionnaire, with the maximum pain 
recorded at any point during a patient treatment showed that patients tend to 
"average" pain over the treatment so that the pain recorded in the questionnaire 
was usually less than the maximum experienced. Because of this the maximum 
pain has been used in analysis in preference to that recorded on the patient 
questionnaire. 

Analysis of the effects of both age and gender on maximum reported pain (not 
shown) demonstrated little in the way of trends. In particular, there was no 
significant evidence to suggest that women have a higher pain threshold than men. 
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During the trial there was only a single incidence of significant skin toxicity. 
One patient developed a blister over the treatment site 24 to 48 hours after 
treatment. The blister had resorbed without treatment within 1 week. The patient 
concerned reported no pain or discomfort during treatment. Furthermore, all 
patients who experienced pain believed the pain to be at depth rather than being 
superficial and related to the skin. Thus, lack of correlation of the average or 
spatial peak intensity on the skin surface with pain was not unexpected. 

Figure 2 shows that as the spatial peak intensity within the prostate was 
increased, generally so did the pain experienced, although no cases of severe pain 
were recorded and only 6 cases of moderate pain occurred. The trend with the liver 
is less clear with higher levels of pain occurring at lower intensities (for a constant 
exposure time), and the effect of exposure duration is also counterintuitive. Thus, 
the correlation of pain with in-situ spatial peak intensity in the liver is poor. The 
lack of nerve endings in the liver or prostate and hence within any tumour growing 
in these organ means that the in-situ focal peak intensity should not necessarily be 
well correlated with pain. The results seem to confirm this lack of pain receptors. 
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FIGURE 2. The effect of increasing in-sitti spatial peak intensity at constant exposure duration, on 
the pain reported immediately after exposure for patients with tumours in the liver and prostate. 

The presence of stretch receptors in the capsule of the liver makes this the 
anatomical structure closest to the focal region which is likely to give rise to pain. 
Thus, comparison of the spatial peak and average intensities at the liver and 
prostate capsules was made in order to investigate this. Figure 3a shows that higher 
intensities (in excess of 1000 Wcm'^), at even the longest exposure duration (3s), 
appeared to be well tolerated on the prostate capsule. In general, target regions 
within the liver were further away from the capsule than they were in the prostate. 
Despite much lower intensity (-100 Wcm"^) being incident on the liver capsule 
(Figure 3b), higher levels of pain were recorded during treatments to liver tumours. 
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FIGURE 3a (top) and 3b (bottom) show the effect of increasing tlie intensity incident on the 
capsule of the prostate and liver (at constant exposure duration) on the pain recorded after each 
exposure (NB the different intensity scales used in 3b for the liver capsule alone). 

CONCLUSIONS 

We have determined that it was possible to treat fully conscious, unsedated 
patients, and that although tolerance varied from patient to patient, more often than 
not it was possible to deliver a treatment that was capable of ablating the target 
tumour. 

Assessment of pain was of secondary concern in the clinical trials, but we have 
sufficient information that we can draw some preliminary conclusions. 

1. Treatments to the prostate were associated with less pain than treatments to the 
liver for a given exposure level. No sensations of severe pain were reported for 
prostate treatments. Moderate pain was only reported when the capsular Isp 
exceeded 800 Wcm"l 

2. In the liver capsular Isp as low as 90 Wcm'^ caused moderate pain, however more 
data is required from liver treatments in order to try to identify a treatment limiting 
threshold intensity (most probably on the liver capsule). 

3. Pain appears to be age, gender and prior surgery independent 
4. Skin side effects have been almost completely avoided in our study. 
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From a clinical viewpoint it is more important that the patient is given an 
effective treatment than a pain free treatment, and we have found that most patients 
can tolerate moderate pain. Thus, our future strategy would be to continue to treat 
patients when they experience pain that they describe as tolerable and to assess 
treatment efficacy under these conditions. 
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Abstract. Background: The objective of this study was to determine if the endothelial surfaces 
of blood vessels are damaged when perfused with ultrasound contrast agent (UCA) and exposed 
to pulsed high-intensity focused ultrasound (HIFU). 
Methods: The auricular arteries of New Zealand white rabbits were perftised with either varying 
concentrations of ultrasound contrast agent (Optison®) in saline or saline alone then exposed to 
pulsed HIFU (Li MHz, 3 MPa peak-negative acoustic pressure, 30 cycles/pulse, 100 Hz pulse 
repetition frequency) for a duration of 1 minute. After treatment tlie animals were euthanized 
and the vessels were removed. Specimens were prepared for observation under light 
microscopy, and scanning and transmission electron microscopy. 
Results: The vessel perfiised with ultrasound contrast agent and exposed to HIFU demonstrated 
structural changes on both light microscopy and electron microscopy suggestive of mechanical 
forces originating within the vessel lumen causing damage to the vessel wall. The damage 
included fragmentation and erosion of endotlielial cells and subendothelial fibroblasts, and 
disruptions of the basement membrane. 
Conclusions: Damage appears to occur to the endothelial surface of arteries perftised with UCA 
and exposed to pulsed HMJ. Damaged endothelial cells and exposure of the subendothelial 
matrix is known to be thrombogenic. This effect could potentially be used to thrombose vessels 
supplying tumors and occlude angiodysplasias. 

INTRODUCTION 

High-intensity focused ultrasound (HIFU) is being investigated for a wide variety 
of clinical applications. Many of these applications utilize the ability of HIFU to 
produce thermal lesions to obtain the desired bioeffect. This approach is being 
investigated in humans for the treatment of tumors and benign prostatic hyperplasia 
[1-3], Thermocoagulation is also believed to be the primary mechanism involved in 
HIFU induced hemostasis [4], 

Besides thermal mechanisms, HIFU also can induce cavitation, especially in the 
setting of ultrasound contrast agents (UCA). The therapeutic applications of 
cavitational effects include drug and gene delivery [5-7], and thrombolysis of blood 
clots[8-l I]. Since UCAs are circulated in the vascular system, the most likely target 
for cavitation-induced damage are the endothelial cells that line the blood vessels. 
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Since damage to endothelial cells and exposure of the subendothelial matrix are know 
to be tiirombogenic [12], endothelial damage due to cavitation may potentially be used 
to thrombose blood vessels. This effect has the potential to occlude the vascular 
supply to tumors, obliterate angiodysplasias, and occlude actively bleeding vessels or 
those at high risk of future bleeding. 

It has been reported that tissue perfused with UCA and exposed to moderate 
intensities of ultrasound results in capillary disruptions and petechial hemorrhages 
[13,14]. There are also studies that demonstrate the erosion of cultured cell 
monolayers when exposed to ultrasound in the presence of UCA [15,16], and pitting 
of individual cells [17]. 

The aim of this study was to examine the mechanical bioeffects of cavitation on ex 
vivo endothelial cells in an intact vessel. To do this, we infused Optison® into a 
cannulated rabbit auricular artery and exposed it to pulsed HIFU. Light microscopy, 
transmission electron microscopy, and scanning electron microscopy were used to 
evaluate the vessel after the exposure. Our results suggest that mechanical damage to 
endothelial and subendothelial structures occur and are likely to be due to the 
occurrence of inertial cavitation nucleated by the contrast agent microspheres. 

METHODS AND MATERIALS 

Rabbit ears were obtained immediately after euthanasia. The auricular artery was 
cannulated with a 24-gauge angiocatheter to provide vascular access. The vessel was 
then infused with Dulbecco's phosphate buffered saline to maintain viability of the 
endothelial cells until the experiment was carried out (within 2 hours of euthanasia). 
Excised ears were kept at room temperature prior to and during the experiment. The 
procedures were carried out according to the guidelines of the U. S. National Institutes 
of Health for the use of laboratory animals. 

Five ears were subjected to the experimental protocol. The length of the auricular 
artery was divided into three segments (Table 1). The segments correspond to the 
following treatment protocols: 1) no exposure to ultrasound/no contrast agent, 
2) exposure to pulsed HIFU/saline infusion, and 3) exposure to pulsed HIFU/UCA 
infusion (Optison®, Mallinckrodt Inc., St. Louis, MO). 

The experimental setup used to treat vessels examined using scanning electron 
microscopy (Fig. 1) consists of a water tank filled with degassed water with a focused 
ultrasound transducer fixed to the side of the tank. The ultrasound transducer is 
custom built and is comprised of an air-backed PZT C-5800 1 inch diameter disk 
(Channel Industries, Santa Barbara, CA) attached to an aluminum focusing lens 

 TABLE 1. Ultrasound exposure and infusion protocol.  
Vessel Ultrasound exposure , - 

/•. m.n     n-x InfUSatC segment (3 MPa P)  
1 no saline 
2 yes saline 
 3 j^s 0.3% Optison® in saline 
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with a radius of curvature of 5 cm. The driving electronics consist of a waveform 
generator (33120A, Agilent Technologies, Palo Alto, CA) and an RF power amplifier 
(A-300, ENI, Rochester, NY), Prior to performing the experiments, the transducer 
output was calibrated using a membrane hydrophone (MHA 200A, NTR Systems, Inc. 
Seattle, WA) to determine the focal dimensions (-6 dB focal width and -3 dB focal 
length 4.3 mm and 5.25 cm, respectively) and the necessary input voltage to obtain 
3 MPa peak negative pressure at the focus. 

Rubber 
Acoustic 
Absorber 

Degassed 
Water 
Bath 

1 
Focused Ultrasound 

Auricular Artery A Beam 

.H 
Rabbit Ear- 

1.155 MHz 
Transducer 

Power 
Amplifier 

Pulse and 
Waveform 
Generators 

FIGURE 1. Schematic of the experimental setup. Driving electronics consist ofa pulse and waveform 
generator and power amplifier. Ultrasound transducer is attached to the side ofa water tank filled %vith 
degassed water. A custom fixture that is positioned by an XYZ motion stage holds the rabbit ear in 
place. A rubber acoustic absorber is used to minimize back reflection of ultrasound waves. 

Rabbit ears were placed in a custom-built fixture that was mounted to an XYZ 
motion stage by which the targeted region of the vessel was placed at the focus of the 
ultrasound beam. Ultrasound exposure conditions were: f = 1.155 MHz, peak 
negative acoustic pressure = 3 MPa, pulse length = 30 cycles, pulse repetition 
frequency = 100 Hz, and total treatment time = 60 s. Saline infusion consisted of 
30 ml of non-degassed saline infused via syringe over 60 s. Optison® infusion 
consisted of 30 ml of 0.3% Optison® (by volume) in non-degassed saline infused via 
syringe over 60 s. After treatment of segments 2) and 3), the ear was removed from 
the holder and half-strength Kamovsky's fixative was infused into the auricular artery 
for primary fixation. The vessel was infused intermittently with half-strength 
Kamovsky's fixative over 1 hour. The auricular artery was then dissected from the ear 
and placed in half-strength Kamovsky's solution ovemight prior to preparing the 
sample for scanning electron microscopy. 

A similar experimental setup was used to treat vessels observed using light and 
transmission electron microscopy. However, a spherically curved PZT transducer 
operating at 1.1 MHz was used. Unfortunately, the transducer was later damaged and 
we were unable to characterize its output. Therefore, the peak negative pressure that 
these vessels were exposed to is not known; however, it is believed to be between 
3-5 MPa peak negative. 
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Light Microscopy And Transmission Electron Microscopy 

After fixing in half-strength Karnovsky's solution the vessels were rinsed in 
phosphate buffer. The vessels were then post-fixed and stained en-bloc in 1% osmium 
tetraoxide. The samples were then rinsed in phosphate buffer and dehydrated with 
ethanol. The tissue was further dehydrated in propylene oxide and subsequently 
embedded in epoxy. The samples were then cut using an ultramicrotome. Thick 
sections (1 p-m) were first cut and stained with Richard's stain (methylene blue/ azure 
II) for observation with a light microscope. Thin sections (90 nm) were then cut using 
a diamond knife, placed on copper TEM grids, and post-stained with uranyl acetate 
followed by lead citrate. The samples were observed using a Philips EM 400T 
transmission electron microscope. The microscope was operated under high-vacuum 
conditions (<10'' Torr) with an acceleration voltage of 60 kV. 

Scanning Electron Microscopy 

After fixing in half-strength Karnovsky's solution the vessels were rinsed in 
phosphate buffer. The vessels were then post-fixed and stained en-bloc in 1% osmium 
tetraoxide. The samples were then rinsed again in phosphate buffer and dehydrated 
with ethanol. The samples were then critical point dried in a pressure chamber filled 
with carbon dioxide. The vessels were then orientated on a SEM specimen stub and 
sputter coated with gold. The specimens were then observed using a JEOL 840A 
scanning electron microscope operated at 15 kV. 

RESULTS 

Light Microscopy 

Figure 2-A is a light microscopy image of a sham-treated vessel infused with saline 
(segment 1). The basement membrane is intact without any disruptions. Also, 
endothelial cells completely cover the basement membrane. Figure 2-B is a light 
microscopy image of the vessel infused with ultrasound contrast agent and exposed to 
pulsed high-intensity focused ultrasound. This figure demonstrates damage to the 
vessel wall; note that several sections of basement membrane have been disrupted. 
Endothelial cells have lifted off the basement membrane in some areas. 

Transmission Electron Microscopy 

Transmission electron microscopy further characterized the damaged areas of the 
vessel wall. Figure 3-A was obtained from the sham-treated vessel infused with saline 
(segment 1). The endothelial cells are seen to be adherent to the basement membrane, 
and the basement membrane is continuous; i.e., without major disruptions. Below the 
basement membrane are perivascular fibroblasts that have normal morphology. Figure 
3-B is a TEM image obtained from the vessel infused with ultrasound contrast agent 
and exposed to pulsed HIFU.   Figure 3-B demonstrates damaged endothelial cells, 
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sections of disrupted basement membrane, and damage to the perivascular fibroblasts. 
The pattern of the damage suggests that the damaging force origmated from the lumen 
of the vessel and was directed into the wall of the vessel. 
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FIGURES 2A-B. A. Untreated vessel The \essel lumen, endothelial cell layer, and basement 
membrane are identified. (40X). B, Vessel infused with ultrasound contrast agent and exposed to 
pulsed high-intensity focused ultrasound. Arrows labeled A, B, and C demonstrate disruptions in the 
basement membrane. The arrow labeled D demonstrates endothelial cells that have partially litted off 
the basement membrane. 

lumen 

FIGURES 3A-B, A. TEM of vessel inftised with saline. Airow (a) points to a normal endothelial cell 
resting on an intact basement membrane (b). Lumen is labeled. B. TEM image of a damaged vessel 
wall. Vessel was inftised with ultrasound contrast agent and exposed to pulsed high-intensity focused 
ultrasound. Arrow (a) demonstrates a damaged endothehal cell that has lifted off the basement 
membrane. White arrow (b) demonstrates an area of damaged basement membrane. Arrow (c) 
demonstrates a damaged region of die subendothelial matrix, including perivascular fibroblasts. 
(2800X magnification). 

Scanning Electron Microscopy 

Scanning electron microscopy demonstrates pitting and erosion of the endothelial 
surface in vessels that were inftised with non-degassed saline or UCA and exposed to 
pulsed ultrasound. Figures 4-A and B are SEM images obtained from a sham-treated 
vessel (segment 1). There is no evidence of erosion or pitting of the endothelial 
surface.  Figures 4-C and D are SEM images of vessels that were infused with non- 
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degassed saline and exposed to pulsed HIFU. These figures demonstrate some erosion 
of the endothelial cells off the basement membrane as well as pitting of the endothelial 
surface. Figures 4-E and F are SEM images of vessels that were infused with 0.3% 
Optison® and exposed to pulsed HIFU. There is evidence of greater endothelial cell 
erosion and pitting of the endothelial surface than in the saline-infused, ultrasound- 
exposed vessel. Most of the damage to the endothelial surface occurred on the surface 
of the vessel that faced the ultrasound transducer (i.e., the posterior surface). 
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FIGURES 4A-F. A-B. SEM of sham-treated endothelial surfaces. There is no evidence of pitting or 
erosion of the endothelial surface. C-D. SEM of vessels inftised with non-degassed saline and exposed 
to pulsed HIFU. There is evidence of some erosion and pitting of the endothelial surface. E-F. SEM 
of vessels infused with UCA and exposed to pulsed HIFU. There is evidence of a greater degree of 
erosion and pitting of the endothelial surface compared with the saline infused vessel. 
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DISCUSSION 

Based on these preliminary findings, there appears to be damage to the endothelial 
surface of vessels that are infused with either non-degassed water or UCA and 
exposed to pulsed HIFU, The SEM findings of pitting of the cell surface are similar to 
those of Tachibana et al, [17] and the erosions are consistent with the findings of 
Brayman et al. [15] and Miller and Bao [16] in their cultured cell monolayer systems. 
The characterization of the damage using light microscopy, TEM, and SEM suggests a 
mechanical mechanism. The pattern of damage suggests forces that are acting on the 
vessel wall originating from the vessel lumen. These findings are consistent with a 
mechanism involving inertial cavitation [18-20]. Erosion to the endothelial surface 
may also be a resuh of microstreaming due to stable cavitation from bubbles on the 
endothelial surface. 

To avoid thermal mechanisms, we used a short duty cycle (0.3%) for the ultrasound 
exposures. Although we did not employ any methods to detect cavitation in these 
preliminary studies, previous experiments using the same experimental setup have 
used passive cavitation detection to confirm the presence of inertial cavitation under 
similar experimental conditions (peak negative pressure, frequency, pulse length, 
pulse repetition frequency, and UCA concentration). Therefore, we are confident that 
inertial cavitation was occurring in the vessels exposed to pulsed HIFU. 

Future studies will be directed at improving the experimental setup and obtaining 
additional data. Improvements that easily can be made include the use of degassed 
saline in the infusion control experimental group, incorporating passive cavitation 
detection to confirm the presence of inertial cavitation, and the use of color Doppler 
ultrasound to image flow and cavitation within the vessel when infused with UCA and 
exposed to pulsed HIFU, Furthermore, we would like to vary parameters such as the 
peak negative pressure, concentration of UCA, pulse length, pulse repetition 
frequency, and exposure time to determine thresholds where damage to the endothelial 
surface occurs and to see if we can obtain graded degrees of damage. By determining 
the parameters needed to obtain different degrees of damage to the endothelial surface, 
one can better identify the parameters needed to obtain desired bioeffects (or minimize 
undesirable ones). For example, in ultrasound-enhanced gene delivery it is desirable 
to pierce the surface of the cell membrane without inducing lethal damage to the cell, 
whereas, it is desirable to damage all endothelial cells when the goal is to occlude the 
vessel by inducing thrombosis. Also, in our experiments we observed that most of the 
erosions and pitting of the endothelial surface occurred on the luminal surface of the 
vessel facing the transducer. It is unclear if this is due to acoustic radiation force 
leading to aggregation of bubbles on this surface or some other mechanism. Further 
investigation is required. 

CONCLUSIONS 

Damage to the endothelial surface m the form of erosions and pitting was observed 
in vessels infused with both non-degassed saline and UCA and exposed to pulsed 
HIFU. Cavitation is a likely mechanism for the observed damage. Further studies are 
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needed to better characterize the mechanisms responsible for cavitation-induced 
bioeffects in order to harness this property of ultrasound for clinical use. 
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Abstract Interaction of ultrasound [US] with tissues and/or gas bodies can alter cell 
membranes and thus mediate gene transfer. Plasmid DNA delivery efficiency can be greatly 
increased by appropriate acoustic conditions. Furdiermore, US contrast agents (viz., 
stabilized microbubbles) can be used as cavitation nuclei, and lower the ultrasonic pressure 
threshold for cavitation occurrence. A liver-specific, high-expressing human factor IX 
plasmid (pBS-HCRHP-FIXIA, 50 mg in 2S0 ml solution; [15]) was mixed with contrast 
agent (Optison®) or PBS, and delivered to mouse livers by intrahepatic injection, witii 
simultaneous exposure to US (1.13 MHz, 0.8 MPa peak negative pressure [P'], 500 cycle 
burets, 1 Hz PRF, 60 s) applied using a solid cone transducer. This P^ was selected on tlie 
basis of in vitro data indicating that the pressure was sufficient to disrupt Optison 
microspheres, generate free microbubbles, and to initiate moderate levels of inertial 
cavitation activity. Furthermore, in terms of bubble dynamics, 500 cycle bursts are essentially 
CW, while the long quiescent period between bursts allows for new microbubbles and 
plasmid to enter and accumulate in the tissues before the next burst. In this experiment, up to 
a 13-fold increment in transgene expression was achieved in ptemid+US+Optison® treated 
animals (n=6), whereas up to a 3-fold increment was obtained in plasmid+US treated animals 
(n=6). This increment was not observed in plasmid only, or plasmid+sham US control 
animals (0/12). These preliminary results demonstrate that therapeutic ultrasound in 
combination with microbubble contrast agents can be developed to promote safe and efficient 
nonviral gene transfer. 

INTRODUCTION 

Non-viral gene therapy has many advantages over viral gene therapy; eg., ease 
of production of the plasmid DNA, low toxicity, reduced immunogenicity, and the 
ability to deliver large genes. However, nonviral gene delivery is usually less 
efficient than dehvery by viral vectors. Ultrasoimd [US] has been used recently to 
enhance the transfection of mammalian cells by plasmid DNA in vitro and in vivo. 
Interaction of mechanical ultrasonic waves with tissues and/or gas bodies can alter 
cell membranes and thus mediate the gene transfer. In vitro investigations have 
found that US can permeabiHze cell membranes and facilitate transfer of plasmids 
or Hposomes into cells (1,2). US can also alter in vivo drug (3) or gene (4-6).  In 
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addition, US-induced cavitation in vivo has been shown to produce hemolysis (7,8) 
extravasation from capillaries (9-11) and opening of the blood-brain barrier (12). 
Therefore, US can not only facilitate the entry of plasmid DNA into cells, but also 
enhance extravasation of plasmid-containing solution from capillaries into the 
extracellular space. Consequently, the delivery efficiency of plasmid DNA or 
plasmid DNA-carrier complexes should be greatly increased with the aid of 
appropriate acoustic conditions. 

Hemophilia has long been used as a gene therapy model system. Hemophilia B 
is caused by a deficiency of the blood coagulation factor IX. Although viral gene 
transfer recently showed promise for gene therapy of hemophilia (13,14), many 
obstacles remain. The nonviral approach would provide an alternative and safer 
gene delivery strategy to avoid the potentially harmful effects of viral gene therapy. 
We have recently demonstrated that injecting naked DNA that contained a liver- 
specific promoter into the liver resulted in long-term, therapeutic levels of human 
factor IX [hFIX] (0.5-2 p-g/ml) in mouse plasma by a hydrodynamics-based method 
(15). Our construct with a liver-specific hFIX expression cassette achieved 
episomal persistence of plasmids and long-term preservation of active promoters. 
In these studies, we employed a rapid, high-volume infusion method for efficient 
delivery of naked plasmid DNA into the liver (16,17). This technique induced 
small liver lesions that were rapidly repaired in the first few days after gene 
delivery. Neither transgene-specific cytotoxic effects nor long-term toxicity were 
observed (18). Our results demonstrated for the first time that gene transfer using a 
non-viral, plasmid-based system can reproducibly achieve persistent and liver- 
specific expression of a therapeutic protein. Presently, the rapid, high-volume 
venous injection procedure is not suitable for clinical applications. As a potentially 
viable clinical alternative, we attempted in the present study to use US to facilitate 
plasmid DNA transfer as a novel strategy for safe and efficient delivery. If 
successful, US enhancement of delivery could reduce/eliminate the synthetic 
delivery vehicles needed for therapeutic effect, thus reducing the associated 
potential toxicity, immunogenicity, and costs. Once suitable acoustic conditions are 
established, non-viral gene transfer of plasmid DNA mediated by ultrasound should 
provide a new avenue for the treatment of hemophilia B patients and other genetic 
diseases. 

Two hypotheses guided this research: (I) US can facilitate both direct entry of 
plasmid DNA into cells and extravasation of plasmid into the extrahepatic space, 
increasing plasmid DNA or plasmid DNA-carrier complex delivery efficiency; (II) 
the effect will arise via a cavitation mechanism {i.e., involving bubbles). 

MATERIALS AND METHODS 

Constructs. In our previous work, naked DNA transfer of a high-expressing 
hFIX plasmid yielded long-term (over one and a half years) and therapeutic-level 
(0.5-2 |Xg/ml) gene expression of hFIX from mouse livers (15). Our liver-specific 
plasmid contains an expression cassette including a hepatic locus control region 
(HCR) from the ApoE gene locus, an al-antitrypsin promoter, hFIX cDNA, a 
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portion of hFIX's first intron, and a polyadenylation signal from bovine growth 
hormone (Fig. 1), The construction of plasmids pBS-HP-FIXA and pBS-HCRHP- 
FIXIA is described elsewhere (19). Large scale preparation of the plasmids was 
done using a Qiagen maxi-prep kit (Valencia, CA). No protein or RNA was 
detected after purification. 

hAAT(P) hFIX bpA 

ApoE-HCR   hAAT(P; hFIX+lnton A bpA 

pBS -HP -FIXA 

pBS -HCRHP -FIXI 

FIGURE 1. The structure of constiticts containing different hFIX expression cassettes. ApoE-HCR, 
hepatic locus control region from ApoE gene locus (771bp); hAAT(P), human al-antitrypsin 
promoter (408 bp); IiFIX, human factor IX cDNA (1.4 kb); IntA, truncated human factor IX first 
intron (1.4 kb); bpA, bovine growth hormone polyadenylation signal (265 bp). 

Ultrasound. A solid, truncated cone transducer [TD] was designed to produce a 
modestly focused beam over a flat surface of dimensions comparable to the murine 
liver, to which the TD was to be applied directly. The driving signal was provided 
by pulse generator providing 1 V (peak-to-peak) output. This signal was routed 
through an attenuator pad and thence to a class A power amplifier, which provided 
55 dB of gain. The spatial peak, temporal peak negative acoustic pressure was 
measured using a 0.2 mm aperture membrane hydrophone (NTR Systems, Seattle, 
WA). 

Animal studies. Adult C57/B16 mice were purchased from Taconic 
(Germantown, NY), and housed under SPF conditions at the University of 
Washington. Animals were treated according to the National Institutes of Health 
guidelines for animal care and the guidelines of the University of Washington, 
Plasmid pBS-HCRHP-FIXIA (50 pg/250 pi of 0,9% saline solution) was injected 
directly into one lobe of the mouse liver. Plasmid suspensions were supplemented 
with either 10 V% saline solution or 10 V% Optison®. Initial efforts have explored 
the effects of simultaneous presentation of plasmid containing the gene for Factor 
IX and either US alone, or in combination with the CA Optison®. 

Preliminary experiments involved two acoustic protocols. In both, the acoustic 
frequency was 1,13 MHz, P" was 0,8 MPa, the duty factor was 0.01, US exposure 
duration was 60 s, and Optison® (or saline solution) used. In the first protocol, the 
livers were exposed or sham-exposed to 20 cycle acoustic pulses at a pulse 
repetition frequency [PRF] of 500 Hz, In the second protocol, the livers were 
exposed/sham-exposed to 500 cycle tone bursts at PRF = 1 Hz, 

RESULTS AND DISCUSSION 

In the first gene transfer protocol, the livers were exposed or sham-exposed to 20 
cycle acoustic pulses at 500 Hz PRF and 0,8 MPa P", vdth simultaneous injection of 
either hFIX plasmid (pBS-HCRHP-FIXIA; 50 ng/250 pi of 0.9% saline solution) + 

73 



sham contrast agent, or of plasmid + 10 V% contrast agent. Expression of hFIX was 
enhanced up to 3-foId by US exposure; however, no further enhancement was 
associated with the inclusion of Optison® in the plasmid suspension (Table 1). The 
latter result was contrary to expectation. Post hoc consideration of the protocol lead 
to the hypothesis that the lack of CA effect on US-mediated gene expression was 
likely due to the use of short pulses at a high (500 Hz) PRF; viz., that this protocol 
destroyed the contrast agent microbubbles as they exited the injection needle, 
thereby essentially abolishing the opportunity for the microbubbles to enter the 
extracellular space and nucleate inertial cavitation. The protocol was therefore 
revised. In the second protocol, the livers were exposed/sham-exposed to 500 cycle 
tone bursts at PRF = 1 Hz. These conditions were selected so that there would be a 
long quiescent period between sequential US bursts, thus allowing new 
microbubbles and plasmids to enter and accumulate in the tissues before the next 
burst. With this protocol, up to a 13-fold enhancement in gene expression was 
achieved by applying US + Optison®, whereas a 3.7-fold increment was achieved 
with US alone (Table 1). No increment in gene expression levels was observed in 
animals treated with plasmid only, or with plasmid + sham US (0/18 animals; 
Table 1). Nevertheless, within each group of animals in which there was apparent 
enhancement of gene expression, there was great variability in the hFIX expression 
levels. Additional experiments are being designed to achieve more consistent and 
reproducible results. 

TABLE 1. Enhancement of hFIX gene expression with ultrasound facilitated gene delivery.  
Fold Enhancement of FIX Level 

Protocol #        Mouse # US Optison® Day 1 Day 4 

1 208,209,211 

1 223,224,225 

1 231,232,233 
234,241 

1 226,227,228 
229,230 

2 261,262,264 
265,272,274 

2 263,267,268 
269,270,271 

2 296.297,298 
299,300,404 

2 287,288,290 
291,293,294 

0.85- 1.26* 1.10- ■1.41 

1.01 - 1.22 1.29- ■1.48 

1.12 -3.14 1.05- ■2.06 

1.03 -2.25 1.15- ■2.33 

0.81 -1.12 0.82- ■1.15 

0.98 -1.21 1.06- ■1.43 

1.05 -3.72 1.11- ■2.96 

1.15- 13.07 1.31 -6.45 

1.00 is a representative value (Avg.=0.95ng/ml) for a negative control by administration of 
plasmid DNA into mouse livers without application of ultrasound and contrast agent 
(Optison®). 
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SUMMARY 

We have developed a low-energy, modestly-focused ultrasound probe and an 
acoustic protocol that can stimulate naked hFIX plasmid transduction up to 13-fold 
in mouse livers. We are currently optimizing acoustic protocols to further enhance 
gene delivery efficiency. We envision the eventual use of relatively low frequency, 
relatively high output diagnostic US (eg., harmonic-mode Doppler US) to 
simultaneously image plasmid/CA mixture presence in the liver and to induce IC in 
the tissue to facilitate gene transfer. This technique might also be combined with 
synthetic delivery vehicles to achieve high-level gene transduction for a therapeutic 
effect. 
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Abstract. Objective. To explore the safety and effectiveness of the treatment for advanced 
pancreatic cancer by high-intensity focused ultrasound system (HIFU). Methods. Thirteen cases 
of unresectable local advanced pancreatic cancer were treated with extracorporal therapy by 
HIFU. All of the patients received chemotherapy afterwards. Results. After the treatment, the 
clinical symptoms improved, the tumors regressed by CT/MR examination, and the color 
ultrasonography showed that blood supply of the tumors decreased by 75% and greater. 
Conclusion. The HIFU technique provides a new, safe, effective, and feasible method for the 
local treatment for pancreas cancer. Key Words: HIFU, Advanced Pancreatic Cancer. 

INTRODUCTION 

The primaiy choice for treatment of pancreatic cancer is surgical resection. It is 
difficult, however, to make an early diagnosis of pancreatic cancer, and because of 
this, patients are in an advanced stage when a diagnosis is established. Also, the 
possibility of resection in subsequent surgeries is very low for those with 
postoperative recurrent pancreatic carcinomas. These are dilemmas in the clinical 
treatment of pancreatic cancer. Thirteen cases of advanced pancreatic cancer were 
treated with intra-tumor therapy by high intensity focused ultrasound. The 
effectiveness and clinical safety of this therapeutic method will be discussed 

MATERIALS AND METHODS 

Clinical Data 

General Data. Thirteen cases of advanced pancreatic carcinoma were diagnosed by 
radioimmunoassay, B-type ultrasonography, computer tomography, magnetic 
resonance imaging and surgical operation. Six of these were identified by 
histopathology, and the diagnoses of pancreatic cancer for the other 7 cases were 
established according to clinical symptoms and signs, imaging and CA199. There 
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were five male and eight female patients, and the mean age was 67 years (range, 42 to 
80 years). All of the pathological foci were lumps which localized in the head (two 
cases), neck (two cases), and body and tail (nine cases) of the pancreas. The range of 
the diameters of the tumors was from 3.5 to 9.7 cm. Most of the patients have celiac 
lymph node metastasis, and some of them have hepatic metastasis and other distant 
metastasis. All of the patients consented to HIFU treatment. 

Therapeutic Coverage. The masses were completely overlaid in three cases; HIFU 
therapeutic coverage includes the whole tumor and the normal tissue within one 
centimeter of the circumference of the tumor. The masses were partially overlaid in 10 
cases; HIFU treatment was only confined within the tumors, 

JC Type Focused Ultrasound Tumor Therapy System 

This apparatus was designed and produced by Chongqing Haifu Technology Co, 
Ltd, The main parameters are as follows: 

• therapeutic frequencies: 0.8MHz, 1.6MHz; 
• average diameters of focused fields: 1,1 mm, 1.3mm; 
• lengths of focused fields: 9.8mm, 10,7mm; 
• focus: 100-160 mm; 
• sonic intensity of focused fields: 5,000-20,000 Wcm-2; 
• therapeutic duration: 2814-8269 seconds. 

The Therapeutic Methods And Process Of HIFU 

The preparation before operation. The therapeutic formula is designed according to 
the location, size, and shape of the tumor, and its relationship with the adjacent organs, 
blood vessels and biliary ducts, which are detennined by physical and imaging 
examinations. 

The therapeutic methods and process. After fixing the patient's position, inflating a 
self-made water cyst lessens the distance between the skin and the tumor. The location 
and size of the tumor, the amoimt of therapeutic layers and the therapeutic field of 
each layer are re-confirmed by diagnostic ultrasound. Afterwards, each layer of tumor 
tissue is treated from the outside of the body with the therapeutic ultrasound probe by 
a sequence of layering and in a way of line-to-field and shape orientation, until the 
whole target region is completely covered. The whole process is under the real-time 
location and supervision of color Doppler ultrasonography. The three-dimensional 
target region is completely treated via destruction of every layer of tumor tissue. 
During the treatment, according to the changes of both the configuration of imaging 
graphics and the echoic texture of each layer of tissue before and after the operation, 
the HIFU treatment can be evaluated in real time by the computer image processing 
system, and the preset doses of ultrasonography in the scheme can be fed back by the 
alteration of the ultrasonographic imaging. 
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The Evaluation Of Clinical Effectiveness 

• The imaging alteration before and after HIFU treatment (CT, E-CT. MRI & B-type 
Ultrasound). 

• The change in the volume of the lesion and any existence of hemorrhage or 
disrupture of the tumor. 

• Any jaundice or bile leakage. 
• The alteration of clinical symptoms and/or local function. 
• The change of serum tumor markers. 

Surveillance And Evaluation 

Twenty-four hours of electrocardiographic surveillance and evaluation of blood 
biochemical markers before and after the treatment were used to estimate 
postoperative systemic response of thermal trauma. 

RESULTS 

The Alteration In Imaging After HIFU Treatment 

Color Doppler ultrasonic examination. The difference between the ultrasonic 
imaging graphics before and after treatment was observed in 13 patients. Of these 13 
patients, the blood supply was decreased or disappeared in 5, the tumor regressed in 4, 
and the echoic texture of the tumor intensified apparently in 2. The cloud-like echoic 
texture was found in 3 cases. 

CT examination. Of the 8 patients who were examined by CT before HIFU 
treatment, 6 were re-examined after the operation. The results showed that the tumor 
intensification weakened and the margin became clear in 4, and the tumor regressed in 
2 patients. 

MRI examination. The results of MRI examination before and after HIFU treatment 
were compared in 8 patients. These showed that the blood supply within the tumor 
decreased one month after the operation, and the T2WI of the tumor presented lower 
signals. 

The Alteration Of Clinical Symptoms And Signs 

The improvement of local pain. Of the 11 patients who suffered from pain before 
the treatment, the pain remitted partially or disappeared in 10. Only in 1 patient did the 
remission of pain last only one week. 

The improvement of appetite and body weight. Appetite improved distinctly in 9 
patients, and body weight increased in 7 patients. 

The alteration of other symptoms. One week after the treatment, jaundice resolved 
in 2 jaundiced patients. The body temperature rose to about 38° C in the 3 days after 
the treatment in 3 patients, and then gradually became normal. 

The total response rate of complete and partial remission was 60%. 
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The Change Of Blood Tumor Markers 

One month after HIFU treatment, the level of CA199 began to decrease, but it was 
still slightly higher than normal. 

Side-Effects 

A11+ skin burn was found in 1 patient and gastric atony was found in another. 

DISCUSSION 

Surgery is one of the main methods for the local treatment of pancreatic carcinoma. 
In the last two decades, the incidence of pancreatic cancer has increased year after 
year, and the magnitude of augmentation is 15% per year. Pancreatic cancer is now 
one of the relatively common digestive tumors. Because of the wide clinical use of 
imaging examinations, there has been a great increase in the rate of clinical diagnosis 
and histopathological finding of pancreatic carcinoma. However, most of the patiente 
are already in a mid-advanced stage when the diagnosis is established, and thus have 
lost the chance to receive a radical resection, in particular because of the delay of 
patients' referral to physicians. Nowadays, comprehensive treatments still remain the 
major measures with which to treat a majority of advanced pancreatic cancer patients. 
These comprehensive measures are palliative surgical drainage, chemotherapy, 
radiation therapy, interventional therapy and immunotherapy, etc., but the curative 
effects are not satisfactory. The clinical difficulty is therefore how to improve the 
treatment of mid-advanced pancreatic cancer, to relieve pain caused by the 
malignancy, to enhance the quality of life and to prolong the survival of the patients. 
HIFU, which was developed in recent years, is one therapeutic technique for the local 
treatment of tumors. Abiding by the principle of oncological surgery, under the real- 
time surveillance of a diagnostic ultrasonography, HIFU is able to destroy, from 
outside of the body, neoplastic lesions of different size and different shape in vivo. It 
is a "no injury" therapeutic measure and has been applied successfully in the treatment 
of solid tumors of the intra-abdominal organs such as liver, kidney, prostate, etc. Yet, 
no report has been found on the application of HIFU in the treatment of pancreatic 
cancer. In this report, with a total effective rate of 60%, the application of HIFU with 
postoperative chemotherapy in the treatment of pancreatic carcinoma is believed to be 
a recommended method. 

After local treatment by HIFU, all the patients in the group had a relatively slight 
systemic stress and only a little disturbance to the fimction of the vital organs of the 
body. This indicates that systemic thermal traumatic response is limited. Due to 
sufficient preoperative preparation and design, real-time surveillance of color 
ultrasonography during treatment to determine the therapeutic range of the target 
region and the relationship of adjacent organs, and estimation of therapeutic efficacy 
by observing the alteration in ultrasonic images before and after treatment, the 
therapeutic dose can be monitored and adjusted. These measures guarantee a visible 
and controllable process and the safety of HIFU treatment. 
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In 1985, Callian, et al. suggested a practical and effective standard to evaluate the 
quality of life, which included condition of pain, physical status, and body weight, etc. 
In this article, all of the patients were in an advanced stage of disease and had no 
chance receive surgery. They had severe clinical symptoms and, especially, pain of 
different degrees. They were in general lymphatic and blood metastases in advanced 
pancreatic cancer, and the prognosis was bad. Therefore, the median survival could 
not be prolonged only by a local treatment of the pancreatic mass. Chemotherapy 
alone apparently does not remit the clinical symptoms. There were 2 patients in this 
group; one received a five-cycle chemotherapy of gemcitabine and 5-Fu, and another 
only three cycles. After the end of the chemotherapy, the tumors grew distinctly 
larger, and some symptoms appeared. Then, the patients received HIFU treatment. 
One month after treatment, CT examination showed that the mass had regressed and 
the pain had disappeared. All 13 patients in this group received HIFU treatment and 
postoperative chemotherapy. The effectiveness rate was 60%, much higher than that of 
simple chemotherapy (20%). After treatment, pain in all of the patients was relieved 
over the short-term, and patient appetite and body-weight increased. In a word, the 
recent clinical application proves that HIFU is one of the brand-new methods in the 
treatment of tumors. It is a safe, effective, and feasible local treatment for pancreatic 
cancer. The major application of this technique in the treatment of advanced 
pancreatic carcinoma, we believe, is the reduction of the tumor load and the palliative 
therapy. More clinical observation and research is necessary because of the short 
duration and limited patients involved in the study. 

REFERENCES 

1. De Vita, Jr., V.T., Hellman, S., Rosenberg, S.A., Cancer Principles & Practice of Oncology (5th 
Edition), USA: Lippincott-Raven, 1997, pp. 1089-1116. 

2. Burris H.A., Moore M.J., Anderson J., et al., "Iniprovenments in survival and clinical benefit with 
gencitabine as first-line therapy for patients with advanced pancreas cancer: a randomized trial," 
JClin Oncol, 15 (6), 2403-2413 (1997). 

3. Rowland I.J., Rivens 1., Chen L., et al., "MRl study of hepatic tumors following high intensity 
focused ultrasound surgery," BrJ Radiol, 70, 144-153 (1997). 

4. Sanghvi N.T., Foster R.S., Bihrle R., et al., "Noninvasive surgery of pro.state tissue by high intensity 
focused ultrasound: an updated report," Eur J Ultrasound. 29, 19-29 (1999). 

5. Wu, F., Chen, W.Z., Bai, J., et al., "Pathological changes in human malignant carcinoma treated 
with high-intensity focused ultrasound," Ultrasound in Med &Bio, 11, 8-11) 2001). 

80 



High Intensity Focused Ultrasound For 
Treatment Of Patients With Advanced Tumors 
Located In The Walls Of Chest And Abdomen; 

A Preliminary Report 

Guoqiang Zheng, Feng Guo, Ling Huo, Zheng Li, 
Yi Wang, Guangwei Xu 

Division ofHIFU, Department of Surgery, Peking University School of Oncology 
Beijing Institute for Cancer Research, Beijing Cancer Hospital 

Beijing 100036 China 

Abstract. Objectives: To present our results of high-intensity focused ultrasound (HIFU) 
treatment in 10 patients with advanced tumors involving the walls of chest and abdomen. 
Methods: We perfonned 73 HIFU treatments in 59 patients with malignant tumors using a JC 
model HIFU device from February 2001 to March 2002. Tumors located in the walls of the chest 
and abdomen in 10 patients were treated by HIFU. One case was a local recuirence of 
fibrosarcoma; others were local invasions or metastases of lung cancer, liver cancer, breast 
cancer, or malignant soft tissue tumors from other sites. Tumor size was between 3 to 5 cm in 4 
cases, 5 to 8 cm in 3 cases, and greater than 8 cm in 4 cases. There were multiple tumors in 8 
patients. All 10 patients had received anti-cancer treatments before HIFU, surgery in 8 cases, 
radiotherapy in 7 cases, and chemotherapy in 7 cases. Three patients were complicated with 
intercostal neuralgia. Results: Partial responses were obtained in 2 patients, a minor response in 
1 patient, stable disease in 4, and progressive disease in 2 after HIFU treatments, h 3 patients all 
the intercostal neuralgia disappeared after HIFU. A bone scan sho%ved tliat the site of rib 
metastasis before HIFU became normal after HMJ in one patient. Only one patient in this group 
died within 5 months after HIFU treatment tlirough June, 2002. Conclusions: Malignant tumors 
located in the walls of chest and abdomen were a difficult problem in clinical treatment, because 
most of them had received anti-cancer therapies and were usually in advanced stages before the 
tumors appeared on tlie walls of chest and abdomen. Our preliminary results show that HIFU 
could achieve a good resuh for patients with malignant tumors located in the walls of chest and 
abdomen if it is a focal tumor, even if it was compUcated by rib metastasis. HIFU would be one 
good choice for these patients in advanced stage to inhibit tumor enlargement and to achieve 
better quality of life. Key Words: malignant tumors, HIFU, chest wall, metastasis, intercostal 
neuralgia. 

INTRODUCTION 

The incidence of primary tumor of walls of chest and abdomen is limited; most 
tumors located within the chest and abdomen walls are distance metastases or local 
invasions of malignant tumors. Usually they occur during or after anti-cancer 
treatments, and the conditions of the patients is usually complex, with varying local 
structures near each tumor and differing tumor biological behavior. Tumors in 



advanced stages located in the wall of chest and abdomen in 10 patients were treated 
by HIFU in our hospital; this report reviews the therapeutic effect. 

MATERIALS AND METHODS 

From February 2001 to March 2002, 59 patients received extracorporeal HIFU 
treatment for malignant tumors in our hospital. Tumors in the walls of the chest and 
the abdomen were treated in 10 patients. Six men and 4 women, mean age 52, range 
19 to 79 years, were treated. One case was a local recurrence; metastases or local 
invasions comprised 9 cases. The tumor size was 3 cm-5 cm in 4, 5 cm-8 cm in 3, and 
above 8 cm in 4. Multiple tumors were present in 8 cases. Patients received surgical 
resection before HIFU in 8 patients, radiotherapy in 7, and chemotherapy in 7. Seven 
patients had received two kinds of anti-cancer treatments before HIFU. The diagnoses 
of all patients were proved by cellular pathology. Three patients were complicated 
with severe intercostal neuralgia. All patients signed informed consent forms before 
treatment in accordance with the specification stipulated by the Helsinki Committee. 

Preoperative clinical assessment was the same as for surgical patients. Three HIFU 
treatments were given in 1 case, 3 to 4 weeks apart, two HIFU treatments in 1 case, 
and only one HIFU treatment in the others. All the patients were given follow-up after 
HIFU treatment. Because patients were in advanced stages, we evaluated the results of 
HIFU treatment at 3 to 6 months after HIFU treatment. Five patients continued to 
receive chemotherapy after HIFU according to individual conditions. 

The HIFU therapeutic system was designed by Chongqing Haifu Co. Ltd., China. 
The ultrasound beam was produced by a 12-cm diameter piezoelectric ceramic 
transducer PZT-4 with a focal length from 135 mm to 105 mm, operating at a 
frequency of 0.8 MHz. A 3.5 MHz diagnostic ultrasound scanner was used for guiding 
the targeting during HIFU treatment. The beams of the therapeutic transducer and 
diagnostic scanner completely overlaid each other and were moved together under 
computer control. The output acoustical power was from 8750W/cm2 to 
17850W/cm2. 

The HIFU treatment was performed as described in (1). 

RESULTS 

Patient characteristics are shown in Table 1. The entire tumor was treated by HIFU 
in 5 cases, and partial tumor treatment occurred in 5 cases, because of large tumor 
size, presence of multiple tumors, or tumor partly located beyond the reach of 
ultrasound therapy. A partial response was observed in 2 patients (Fig. 1 and Fig. 2), a 
minor response in 1, stable disease in 4, and progressive disease in 2, at 3 to 6 months 
after HIFU treatment. The patient with 0.57 FEVl.O/L of lung function smoothly 
recovered following the HIFU treatment (Fig. 3). Rib metastasis shown by bone scan 
in one patient before HIFU disappeared after the treatment (Fig.4). All 3 patients with 
intercostal neuralgia did not need analgesic medicine after HIFU treatment. In 2 
patients with progressive disease (tumor sizes were > 8 cm in both), one patient with a 
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metastatic tumor (8 cm x 10 cm2) near the clavicle from breast cancer, had to receive 
partial HIFU treatment because of breathing problems during the operation. The other 
patient with recurrent tumor (12 cm x 8 cm2) of malignant fibrous histiocytoma within 
the right chest was scheduled to receive 2 HIFU treatments. A skin bum occurred 
after the first HIFU treatment, and we had to cancel the second HIFU treatment. 
Although the patient received 3 treatmente of radiotherapy after HIFU, he died of 
respiration impairment 5 months later. All others were alive until June 2002 with 
follow up of 3 - 15 months, 

TABLE 1. The situation of advanced tumors located in the wall of chest and abdomen with HIFU 
treatment.  
No.   Sex  Age   Site   Primary Ca   Multiple   Therapy      T N M Cover      Follow-up 

miss 
PR 
SD 
SD 
MD 
PR 
PD 
PD 
SD 
SD 

ab=abdomen; ch=chest; cover=entire tumor was treated by HIFU; malignant fibrous histiocytoma 
0=surgical operation; R=radiotherapy; C=cheraotherapy 

1 M 45 ab colon yes O T3N2M1 yes 
2 F 19 ch fibrosarcoma no 0,R G1T2N0M0 yes 
3 M 33 ch esophagus no 0,R,C T3N1M1 no 
4 F 60 ch lung yes C T4N1M1 no 
5 M 70 ch lung no C T4N0M0 yes 
6 F 47 ch nifh yes 0,R GXT2N0M1 yes 
7 M 49 ch mfh yes 0,R G3T2N0M1 no 
8 F 68 ch breast yes 0,R.C T4N3M1 no 
9 M 53 ch lung yes 0,R,C T4N2M1 no 
10 F 79 ab liver yes C T3N0M1 yes 

i^ 

Before the treatment of MFU After tlie treatment of HIFU 

FIGURE 1.   Case 2, malignant fibrosarcoma recurrence located in the left wall of the chest after 2 
surgical resections. After HIFU treatment, an MRI showed tumor site devitalization. 
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Before the treatment of HIFU After the treatment of HIFU 

FIGURE 2. Case 6, Malignant fibrous histocytoma after 2 cycle chemotherapy, tumor is enlarged 
before the treatment of HIFU. After HIFU treatment, CT showed that most of the tumor had 
disappeared. 

DISCUSSION 

As one form of thermal ablation therapy, HIFU has been reported in the treatment 
of hepatic, breast, and bone tumors, as well as soft tissue sarcomas (1). Promising 
results have received much attention for focal malignant tumors (2,3,4). Because the 
sites and variety of biological behaviors of solid tumors, combination therapy is often 
used for most cancer patients. Since the mechanism of HIFU to destroy tumor cell by 
cytotoxic heat is different from surgery, radiation, or chemotherapy (5,6), HIFU 
should play a special role in anti-cancer treatments (7,8). 

It is a difficult to cure malignant tumors located in the wall of the chest and 
abdomen, especially after surgical or radiological treatments. HIFU has a special 
effect on such tumors, the reasons may be that more tumor is located near the skin, 
and more power is focused on the tumor, compared with tumors far from the skin. We 
know that some ultrasound power is "wasted" before it reaches its target, the site of 
tumors. Second, lung tissue, which is backed by air and lies against the tumor within 
the chest wall, can serve as a "rebound plane"—ultrasound will be reflected off the 
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lung tissue. Rebound ultrasovmd will be focused on the tumor consequently, and thus 
we believe one treatment will have "twice" the effect. 

Some tumors located in the walls of the chest and abdomen were complicated with 
uitercostal neuralgia, i,e. invasion with the intercostal nerve and/or rib metastases. 
While HIFU destroyed the tumors, the intercostal nerve and rib metastasis would be 
"treated" at the same time. All of 3 patients with intercostal neuralgia felt no pain, and 
none needed analgesic medicine. Rib metastasis was cured effectively if it is focal 
after HIFU treatment (Fig 4). In case 2, the patients had 2 surgical resections, with 
many ribs cut off, to "open" a "window" to allow more focused ultrasound to reach 
the tumor site. In this condition, patiente have better results than those with "normal" 
ribs (Fig 1). In case 5, a patient suffered from chronic bronchitis, severe emphysema 
and bronchiectasis; the FEVl .OL was only 0.57 (normal 2,0). He could not receive any 
surgical or radiological treatment because of respiration impairment. However, he 
recovered smoothly following HIFU treatment, with good results (Fig 3). Compared 
with routing anti-cancer treatment, HIFU can play an important role in these advanced 
cancer patients. 

Before the HIFU treatment The first day after the HIFU 
Severe pulmonary emphysema labored breathing 

FIGURE 3. Case 5, lung adenocarcinoma with severe pulmonary emphysema and abnormal lung 
{unction. He could not receive surgical or radiological treatments. Patient recovered smoothly and CT 
showed tumor minor response after HIFU treatment 

85 



Liver cancer, right lobe of liver, After 8 times of 
intraarterial embolizatioii. local abdomen wall was 
invasive with rib metastasis b> liver cancer. 

-^ "■Q Q 

Bone scan before the HIFU 

*    I   .1.   I 
Six days after the HIFU treatment 

Local signal noise since its swelling 

'♦!»    '*!»    'H*    -V    ' i' 
The section bone scan showed no sign of bone 
metastasis. 

FIGURE 4. Case 10, liver cancer with local abdomen wall invasion and rib metastasis. 

HIFU treatment results in this group were not impressive. Because most patients 
were in advanced stages, more tlian half of them received other therapies before the 
HIFU treatment, had multiple tumors, had biological behavior of recurrent or 
metastases tumors, complex conditions, or big tumor volume. However, some did get 
hopeful results and better life qualities. 

It is suggested that HIFU could achieve good results for patients with malignant 
tumors located in the walls of chest and abdomen if they have a focal tumor, and even 
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if it is complicated by rib metastasis. HIFU would be a good choice to inhibit tumor 
growth in these advanced stage patients. 
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Abstract. Objective The aim of this paper is to explore the possible role of High Intensity 
Focused Ultrasound (HIFU) plays in conservative treatment of breast cancer, and to select 
prospective evaluation means for HIFU ablation in clinical practice. Methods HIFU treatment 
was performed in 16 patients with breast cancer. "'"Tc-MIBI ECT and MRI examinations were 
performed before and after HIFU treatment. All the patients underwent follow-up (mean time 30 
months). Results During the period of follow-up, significant shrinkage of treated tumor was 
observed in 15 patients. Local recurrence was found in 1 patient 18 months after HIFU ablation. 
The external appearance of sick breast in 15 patients was kept well during follow-up period. 
Among them, a complete disappearance of treated-tumor was found in 3 patients, more than 
75% shrinkage of treated tumor was obser\'ed in 11 patients. Only one patient had less than 50% 
shrinkage of treated-tumor. ""'Tc-MIBI ECT and MRI examination showed no radioisotope 
uptake and no blood supply within treated tissue. Conclusion HIRJ is safe and effecitive in the 
treatment of patients with breast cancer. It can provide a local non-invasive therapy in breast- 
conservative treatment. Kev Words High intensity focused ultrasound (HIFU). breast cancer, and 
conservative treatment 

INTRODUCTION 

From August 1997 to February 2000, our center carried on clinical practice and 
research work on extracorporeal ablation of breast cancer with High Intensity Focused 
Ultrasound (HIFU). The purpose was to explore the possible role of HIFU in 
conservative treatment of breast cancer. 

MATERIALS AND METHODS 

Sixteen female patients, aged 36-62 (mean 46.5) years old, were all diagnosed 
suffering with breast cancer by pathological examination. The tumor masses were 
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2 cm to 4,8 cm in diameter with an average of 3,1 cm. In six cases, tliere was 
tumefaction of homogeneous axillary lymphatic nodes. One of these was accompanied 
by tumefaction of homogeneous clavicle superior lymphatic nodes. In 6 cases, 3 
underwent simple lymphadenectomy after HIFU treatment; the other 3 patients 
refused surgery and received only radiotherapy of regional lymph nodes. In all 16 
patients, 4 were in stage I, 8 were in stage IIA, 3 were in stage IIB, and 1 was in stage 
IV, 

A model JC focused ultrasound tumor therapeutic system, developed by Chongqing 
Haifu (HIFU) Technology Co., Ltd. and the Institute of Ultrasonic Engineering in 
Medicine of Chongqing University of Medical Sciences, was used. This system 
comprises a combined treatment head, a localizing and monitoring system, a 
4-dimension motion device, and two water treatment systems. The whole HIFU 
system is under computer control. It can perform the following functions: localizing 
tumor focus, ablating targeted tumor focus with 3D focused scanning beam, 
monitoring and analyzing therapeutic effecte in real time, and controlling therapeutic 
dosage according to the feedback data. The therapeutic parameters are physical focal 
length of 2 mm x 2 mm x 8 mm, focal peak intensity (sound power) of 10,054 W/cm^, 
and frequency of 0,8 MHz. Each tumor and the marginal tissue 2 cm around it ablated 
extracorporeally by successive scaiming of focused ultrasound beams, with an average 
treatment time of 3,600 seconds. 

CDFI examination was used in all patients before and after HIFU treatment. Large- 
core needle biopsy was also performed on all patients at 1 month, 3 months, a half 
year, and 1 year after HIFU treatment. Examinations of chest X-ray, abdominal B- 
ultrasound and total body """Tc-MDP ECT were made regularly. In the 16 patients, 4 
had '""Tc-MIBI ECT examinations before and after HIFU treatment, 1 had MRI 
examination before and after HIFU treatment, and 1 had two PET examinations after 
HIFU treatment. 

RESULTS 

After HIFU treatment, the skin of the treated breasts remained health and only had 
an appearance of soft tissue tumefaction in treated area. The vital signs were steady 
during and after HIFU treatment, Sk patients with a low temperature (<38°C) within a 
short time after HIFU treatment gradually became normal without any special 
management. Of 3 patients receiving simple axillary lymphadenectomy, 2 were found 
to have metastatic tumors by pathological examination (4/12,1/14); 1 had reactive 
hyperplasia in the lymph nodes (0/8). 

All the patients had follow-up after HIFU treatment, with a different period ranging 
from 18-40 months and an average of 28 months. Physical examination and B-mode 
Ultrasound imaging changes verified that the treated mass gradually shrank and 
became thinner. Disappearance of tumor lesion was found in 3 patients. Large-core 
needle biopsy at different times after HIFU treatment showed the targeted tissue with 
coagulated necrosis had been gradually replaced by hyperplasia of fiber connective 
tissue, that then grew to mature fiber connective tissue (Fig,l). The fiinction of the 
upper  Umb  in the  sick side  was normal  in 3  patients  after simple  axillary 
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lymphadenectomy. Three patients receiving radiotherapy of local lymph node had a 
follow-up lasting 24-30 months, which showed that axillary lymph nodes had been in 
a stable state. Compared with normal breast, the sick breast after HIFU treatment 
remained healthy in appearance and elasticity. 

^ 'i-. 
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FIGURE 1. Pathological changes of breast cancer after HIFU treatment {x 100). 

99mn Tc-MIBI ECT examinations on 4 patients before HIFU treatment showed 
abnormal radioactivity uptake at the tumor site. After HIFU treatment, it disappeared. 
Enhanced MRI showed there was no blood supply in targeted region. After HIFU 
treatment, the treated region covered tumor site and a margin (Fig. 2). Two PET 
examinations on 1 patient showed that there was no tumor stain. 

Figure 2. T-enhanced MRI of breast cancer before and after HIFU treatment 2. 

One patient was found to have gradual shrinkage of the tumor mass within a period 
of time after HIFU treatment. However, eighteen months after HIFU treatment, the 
tumor mass enlarged and had possible local recurrence. Modified radical inastectomy 
was performed. Pathological examination on excised tissue indicated local recurrence. 
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DISCUSSION 

Surgical operation is the major means for breast cancer treatment, Halsted 
established the radical mastectomy in 1894, and it has been considered the standard 
operation for breast cancer from then on. Since the 1960's, with a developing 
understanding of the biological features of tumors, physicians have realized that breast 
cancer is a kind of systemic disease and all kinds of surgical operations with different 
styles are only a means of local treatment. Breast conservative treatment thus became 
the trend of treatment for early stage breast cancer (Veronesi, 1995). 

High intensity focused ultrasoimd (HIFU) is a newly developed technique for 
extracorporeal tumor treatment (Hill, 1995). Because ultrasound beams can be focused 
and transmitted in solid biological tissues, this makes it possible to use an external 
therapeutic source of ultrasound to induce a high-energy volume within the body. 
Temperature at the targeted volume is instantaneously elevated to 65° C or more. 
However, there are no significant temperature changes outside the targeted region 
(Clarke, 1997). Thus, tissue at the target region is destroyed by heat and cavitation, 
and coagulative necrosis results. Numerous animal trials and preliminary clinical 
studies have proven that HIFU can extracorporeally ablate transplanted liver 
carcinoma (Van Leenders, 2000), bladder cancer (Holland, 1985), and breast cancer 
effectively and safely. 

Multi-focus breast cancer was believed the absolute contraindication of 
conservative treatment for breast cancer (Fisher, 1985), It was considered that the 
morbidity of multi-focus was more common than that of central-focus in breast cancer 
from the research done by Holland. When the tumor size is not more than 4 cm, the 
focus was usually concentrated in a 2 cm region at the center. The key point to 
decreasing the recurrence rate was to keep the incisal margin negative. However, to 
patients receiving radiotherapy after surgery while still having a small quantity of 
viable tumor foci at the incisal margin, there still was a low local recurrence rate. 
Among 16 patients treated in this study, 1 had a local recurrence after HIFU treatment. 
This was possibly related to the difficulty in identifying large-ranged focus with B- 
Ultrasound, or the treated region not covering the tumor focus completely. 

Conservative treatment for breast cancer is composed of treatments for two parts: 
breast and axilla. Fisher and his colleagues (1985) thought that axillary 
lymphadenectomy could be performed with breast conservative therapy 
simultaneously, and could be also performed when tumefaction of lymph nodes were 
found in the follow-up period. The two kinds of treatments mentioned above had the 
same therapeutic effects without any difference of survival rate. 

Evaluation of the therapeutic effects was very important after HIFU treatment. 
Currently it is believed that using Magnetic Resonance Imaging (MRI) and Positron 
Emission Tomography (PET) are more beneficial to observe the differences of blood- 
supply, signals and isotope uptake, and to judge the survival of the tissue in targeted 
area. This is supported by the cases and the follow-up results of the study presented in 
this paper. However, more cases and longer follow-up are needed for verification. 

91 



CONCLUSION 

It was concluded from our research that HIFU could extracorporeally ablate breast 
cancer of different sizes and shapes completely under a real-time monitoring with 
diagnostic ultrasound according to surgical principle. In the follow-up period, we 
found HIFU can effectively damage the tumor focus, which was absorbed gradually 
after HIFU treatment. There were no significant differences between normal breast 
and HIFU-treated breast in appearance and elasticity. It was demonstrated that HIFU 
has an extensive prospect in breast conservative treatment. 
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Abstract Purpose In this study, we irradiated the rabbit stomach wall with ultrasound beams of 
the same intensities and exposing methods used in clinics. The subject of this paper is to 
investigate the safety of routine HIFU treatment by studying possible injury of rabbit stomach 
wall after HIFU. Materials and Methods Twenty New Zealand rabbits were randomly divided 
into ten groups with two rabbits in each. Both rabbits in each group received the same radiation. 
After each experiment, one rabbit was euthanized for pathological examination and the other 
retained for survival follow-up. During the experiment, ultrasound images were used to monitor 
the progress. Results Experimental rabbits showed their unease during treatment and became 
feckless after HIFU. The control rabbits for survival follow-up died 1-7 days after HIFU. 
Pathological and imaging changes showed that the stomach wall tissue became acutely necrotic. 
The tissue structure and blood vessels were destroyed irrevocably. The stomach wall of 
e,xperiment rabbits was easy to injure. Conclusion This study showed that the acoustic intensity 
used in routine HIFU treatment can cause injury to the stomach wall, which generally leads to 
necrosis or perforation of stomach. It could be a serious complication occurring during the 
treatment to malignant tumors located in the liver, pancreas, kidney, and peritoneal or celiac 
organs. Therefore, it is important for us to learn about the possible injuries to the surrounding 
structures and organs during treatment of tumors with HIFU, and how to avoid such injuries. 
Keywords: high intensity focused ultrasound, HIFU, rabbit, stomach 

INTRODUCTION 

As an emerging modality for noninvasive tumor treatment, high intensity focused 
ultrasound (HIFU) has been gradually applied in clinical use in recent years. For 
example, it can be utilized to treat either benign or malignant tumors and its 
effectiveness has been widely recognized. Nevertheless, safety and efficacy are of the 
same significance to any medical approach. To avoid accidents and to minimize 
clinical complications, it is valuable to learn more about the degree, extent and 
characteristics of coagulative necrosis induced by HIFU (Wu et al, 2002) in a routine 
HIFU procedure. The incidence rate of injury to gastrointestinal ducts seems greater 
than that of any other accident or complication. In this study, we duplicated the 
exposure modes and focal peak intensities used in the clinic to irradiate targeted rabbit 
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stomach wall. During treatment, real-time ultrasound image changes were monitored, 
and pathological examination after treatment was performed to study the induced 
lesions. This was done in the hope that we could assess the characteristics and degree 
of possible injury to the stomach wall caused with routine HIFU, and further study the 
clinical safety of HIFU. 

MATERIALS AND METHODS 

Research Objects 

Twenty New Zealand rabbits, with mean weight of 2.2 kg and provided by the 
Experimental Animal Center of Chongqing University of Medical Sciences, were 
divided into ten groups with two rabbits in each. For each group, rabbits received the 
same radiation; one was euthanized to obtain a stomach wall sample for pathological 
examination and the other retained for survival follow-up study. The latter was not fed 
8 hours after the operation. 

Instrument And Methods 

A model-JC focused ultrasound tumor therapeutic system was used, which was 
developed and manufactured by Chongqing Haifu (HIFU) Technology Co. Ltd. based 
in Chongqing, China. This system, composed of a 3D conformal scanning device and 
a real-time ultrasound image monitoring device, is able to predetermine the target 
region, outline a treatment bound, conduct a 3D conformal treatment, monitor and 
evaluate therapeutic effects in real time, and provide feedback to and control of the 
therapeutic effects. 

In this study, a 1.6 MHz transducer, 150 mm in diameter, 120 mm focal length, was 
used. Its mean focal volume was 2 mm in diameter and 6 mm in length. Its focal 
surface was 79 mm in height. The focal peak intensity of this transducer was 309.8 ± 
136.5W. The exposure mode adopted in this study was linear scanning, for which the 
line was 2 cm in length, scanning speed was 3 mm/s and mean tissue depth was 3 cm. 

HIFU Procedures 

Experimental rabbits were inhibited from feeding 12 hours before HIFU procedures 
and denuded at the chest and abdominal parts including breastbone, xiphoid and lower 
abdominal skin. We degreased and dewatered this region with ethanol. Two to three 
milliliters 10% animal anesthetic vein injection were given. 

After placing the rabbit in a prone position, we set the 9-motion device at a 90° 
angle and obtained a longitudinal ultrasound image, trying to display the left lobe of 
the liver and stomach wall in one image. An experiment was performed using a clear 
image with stomach wall and liver as the treatment slice. Linear scanning mode was 
adopted to irradiate the stomach wall and liver, covering 1 cm for each (see Fig. 1). 
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FIGURE 1. The line (see arrow) on image 
indicates the scanning position and scope. 
The left image shows the line lies between 
liver and stomach before exposure. The 
right one shows there was a hyperechoic 
region after exposure. 

During ultrasound exposure, B mode ultrasound images were used to monitor 
injury caused at the target, and to feedback and control the exposure dose according to 
the image changes. The ultrasound images acquired before, during and after exposure 
were analyzed for gray scale changes and saved (see Fig. 2). 

FIGURE 2. The gray scale changes before 
and after exposure. The left were values 
before and right were after. Gray scale 
values contrast before and after the 
procedure were listed in tlie form. 

Follow-Up After Procedures 

We observed general conditions of experimental rabbits after procedures. One 
rabbit was autopsied for visual inspection, and the stomach tissue sample was excised 
for pathological examination. The other rabbit in same group survived and died 
spontaneously. We also autopsied it for visual inspection and pathological 
examination after its death. 
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RESULTS 

General Behavior Of Experimental Rabbits 

Generally, the rabbits showed their unease during HIFU procedures and became 
feckless and weak after that. The surviving rabbits died spontaneously 1 -7 days after 
HIFU. 

Ultrasound Imaging Monitoring 

Distinct echo enhancement in the exposed stomach wall and liver tissue was 
observed on an ultrasound image immediately after HIFU. The appearance of the 
stomach wall changed obviously and the tissue was destroyed continuously. The 
margin between stomach wall and liver turned unclear and irregular (see Fig. 3). 
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FIGURE 3. Distinct echo enhancement 
was obsened immediately after HIFU 
exposure on target stomach wall and liver. 

The gray scale differences before and after HIFU were 25.4 ± 8 (see Fig. 4). 

FIGURE 4. The quantitative analysis of 
echo intensity changes after HIFU 
exposure at target. 
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Pathological Examination Of Autopsied Sample 

We autopsied the rabbit immediately after exposure and found obvious injuiy to the 
targeted stomach wall and liver tissue. The stomach wall lesion appeared a gray-white 
color with a clear hematose boundary. Blood vessels of stomach wall serosa distention 
was observed with a wine or brown color. The exposed liver tissue revealed 
coagulative necrosis with a clear hematose boundary as well (see Fig, 5), The stomach 
wall tissue became tough and the seroca sxuface touched concavo-convex; the mucosa 
surface appeared black in color and was likely to become necrotic and perforated (see 
Fig. 6 and 7), 

Rabbits in the survival group suffered from stomach perforation within 1 to 6 days 
after HIFU and subsequently died (see Fig. 8), 

MHJRE 5. Stomach wall and liver tissue at target. FIGURE 6 Stomach wall tissue at target, the 
left showed mucosa surface and the right 
serosa,surface. 

FKSJRE 7. The mucosa surface was likely to 
become necrotic and perforated. 

HSGURE 8. The stomach perforation after 
HIFU. 
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Under light microscope, we observed that the stomach wall was destroyed 
completely from the mucosa, mucosa lower layer, muscle layer and serosa; mucosa 
epithelial cells and gastric gland cells fell into disorder and cells vacuolized obviously 
(see Fig. 9). The nuclei of stomach cells became pyknotic, lytic and resolved, and the 
nucleolus turned unclear or disappeared (see Fig. 10). The smooth muscle cells fell 
into disorder, the endothelial cells of blood vessels were destroyed and the vascular 
wall collapsed (see Fig. 11). 

FIGURE   9.  The  mucosa  of stomach 
vacuolized and fell into disorder. 
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FIGURE 10. Under light microscope, tissue 
vacuolization and cell granulation was found. 
The cell nuclei became pyknotic and lystic with 
an unclear nucleolus. 

FIGURE 11. The normal structure of stomach 
wall serosa and blood vessels were destroyed and 
tissue vacuolization was found. 
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DISCUSSION 

At Megahertz frequencies, ultrasound can penetrate deep into biological tissues. 
Beam focusing and energy deposition in tissue can easily be controlled. Therefore, 
low energy ultrasoimd can be focused at a target in vivo to form a high-energy region, 
where hyperthermia due to ultrasound energy deposition induces coagulative necrosis. 
As a novel option for the treatment of tumors, HIFU gradually has been introduced to 
clinics. Doctore and scientists are also exploring its applications step by step; in the 
meantime, to its every specific use, the clinical effects and safety should be deeply and 
cautiously studied in order to avoid accidents and to minimize complications (Feng, 
1999). 

When treating mahgnant tumors located in the liver, pancreas, kidney, abdominal 
cavity and peritoneum with HIFU, injury to and even perforation of the stomach is one 
of the most severe clinical compUcations that has occurred. Some factors are possibly 
relevant to this, such as identification of target tissue to be treated, accuracy of 
intraoperative ultrasound monitoring, control and feedback of the therapeutic dose and 
choice of therapeutic plan. The failure to deal with these faetore properly will cause 
stomach injury in HIFU treatment. 

In this study, exposure methods and intensities simulating a clinical application 
have been used to irradiate the rabbit stomach wall, Intraoperative ultrasound 
monitoring and pathological examination after HIFU verified that the dose of routine 
HIFU treatment is able to cause injury to the stomach wall, and even perforation. This 
is because, as a larger structure in the human body, the stomach lies very close to the 
target region and is easily injured by direct sound beams or sound reflections. 

One experimental rabbit in this study suffered from paragastric wall and adjacent 
intestinal wall injury besides stomach wall injury after HIFU, and finally died from 
intestine and stomach perforation. This may be caused by ultrasound refraction or 
reflection from the stomach wall or other effective interfaces, which leads to injury of 
paragastric wall and adjacent intestinal wall. It implies that a doctor, before starting to 
treat a patient with HIFU, should attach much attention and awareness of the 
surrounding tissues and structures of the target. 

Therefore, to avoid the stomach injury, a doctor must identify the tumor focus and 
its boundary accurately, be familiar with its correlation with surrounding organs and 
structures, and prepare a sufficient and effective therapeutic plan. Moreover, the 
ultrasound monitoring images should be precisely analyzed. 

We found that the injury to the stomach wall was ellipsoidal. The long axis of the 
lesion was perpendicular to the direction of linear scanning, i.e., the diameter of the 
lesion parallel to the scanning direction was less than that in the direction 
perpendicular to the scan. The mechanisms by which this result arose are not yet clear. 
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Abstract. Objective: This study was undertaken to investigate tlie clinical pathological changes 
of the dystrophy of vulva after Ultrasound Treatment. Methods: Forty-one women patients, who 
had the pathological diagnosis of dystrophy of vulva, were study objects. They were divided into 
two groups randomly. Twenty-one received ultrasound treatment, and the others were treated 
with Spectrum. Results: The patients in the ultrasound treatment group recovered. In a follow-up 
of two years, the symptom of vulva pruritus of patients was resolved. The pathological changes 
indicated that the stratified squamous epithelium of the vulva had recovered normal stratification 
and thickness. And the basal layer had deposited pigment cells. The patients in the Spectrum 
group quickly developed recurrences after treatment. Conclusions: This study demonstrates that 
as a new noninvasive treatment technolo©'. Ultrasound Treatment provides a new method for 
clinical treatment of dystrophy of vulva. Key words: Ultrasound treatment, dystrophy of vulva, 
pathological change. 

INTRODUCTION 

Vulva dystrophy is one of the most common gynecologic diseases in elderly 
women. It is a chronic cutaneous mucosa disease of the female external genitalia, 
which leads to the disorder in the growth of epidermis tissues and degeneration of 
dermis. The clinical features of vulva dystrophy are refractory pruritus vulva and 
hypopigmentation of local skin. The pathological alteration mainly exists in the 
epidermis and derniis layers. Because of the particularity of vulva dissection site and 
tissue structure, the treatment of vulva dystrophy is the most troublesome problem in 
gynecological disease. Local medication with hormones is still the main treatment 
method, but the recurrence rate is high. The pruritus seriously affects patient's quality 
of life. So it is very necessary to develop new and effective treatment techniques. 

Ultrasound treatment has developed a new noninvasive treatment technology in 
recent years. It has been adopted in the treatment of liver cancer, breast cancer and 
bone tumor, and has demonstrated good curative effects (Cao 2001; Chen 2001). The 
physical properties of ultrasound enable it to be focused on a certain target region 
inside tissues. Thus, a series of physical, chemical and biochemical effect are 
produced, which transform the circulation of the constitution of target region, and 
improve the nutrition and function of blood capillaries and nerve endings (ter Haar, 
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1995). After investigating tlie effects of ultrasound treatment on 200 New Zealand 
white rabbits with vulva transplanted VX" cancer, and 5 mini-sweet-pigs with vulva 
injuries, we have studied the relation between energy and efficacy (Ruan 2000). On 
the basis of demonstration from specialists and sufficient preliminary studies, we 
applied therapeutic ultrasound to treat vulva dystrophy in patient trials that began in 
1999. This paper reports the clinical and pathological changes of the dystrophy of 
vulva after ultrasound treatment. 

PATIENTS AND METHODS 

Forty-one women patients with pathologically diagnosed vulva dystrophy were 
selected for the study. The oldest was 70 years old and the youngest was 22 (average 
age of 43.45). These patients had refractory vulva pruritus for many years; all of them 
had received various drug treatments and physical therapy, but received no effect. 
Among them, 25 cases presented squamous cell hyperplasia, and the other 16 cases 
lichen sclerosis of the vulva. Two in the 25 also were diagnosed with atypical 
hyperplasia of slight and medium degrees. Patients were divided into two groups 
randomly. Twenty-one in the ultrasound group received ultrasound therapy; the others 
(20) were treated with Spectrum. 

The therapy device was a small-sized portable ultrasound treatment machine 
developed by the Chongqing Haifu (HIFU) Technology Co., Ltd. Scanner frequencies 
used were 8.98-9.06 MHz, and the average focusing sound intensity was 50 W/cm^. 
Continuous scanning mode was adopted. The relation of scanning time and scanning 
volume was 50 sec/cm . The treatment lasted 20 minutes and only one treatment was 
needed. 

The power of the Spectrum treatment was 20 W. The treatment lasted 20 minutes, 
and one treatment period was seven days. 

After ultrasound treatment, the following targets were observed and followed up: 
the symptoms of vulva pruritus of patients, the changes of local epidermis tissues, 
characteristics as assessed by microscope and electronic microscope, and quality of 
life of the patients. 

The following pruritus evaluation scores were defined for evaluation: 0 points for 
no pruritus, 1 point for momentary pruritus, 2 points for pruritus, and 3 points for 
serious pruritus. 

Curative effectiveness was evaluated as follows: (I) Cure: the symptoms and 
physical signs resolved. Pathological changes indicated that the stratified squamous 
epithelium of vulva recovered normal stratification and thickness. (2) Significantly 
effective: the symptoms of vulva pruritus resolved. The color and resilience of local 
skin improved. (3) Validity: the vulva pruritus and the size of the vulva 
depigmentation area decreased. (4) Ineffective: the symptoms and physical signs 
indicated no change. 
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RESULTS 

First, after treatment, the pruritus evaluation score for the Spectrum group was 3 
points (15 cases); those in the ultrasound group were 0-1 point (18 cases) respectively 
(P < 0.05). Comparison before and after ultrasound treatment showed that the treated 
region changed visually and grew toward a normal appearance (See Figs. 1 and 2), 

FIGURE 1. Before ultrasound treatment, the skin was found rough, patchy, and of lichenification and 
depigmentation. The diagnosis was dystrophy of vulva with atypical hyperplasia of slight and medium 
degrees. 

FIGURE 2.    After ultrasound treatment, the appearance of vulva skin was nottnal, and tlie 
pigmentation was normal without rough and patchy areas. 

Second, after ultrasound treatment, pathological changes indicated that the stratified 
squamous epithelium of the vulva recovered normal stratification and thickness. And 
the basal layer had deposited pigment cells (See Figs. 3 and 4). 
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FIGURE 3. Before ultrasound treatment, there were spine cell hyperplasiaed pigment cells in the basal 
layer, and slight-degree infiltrations of leukocytes and lymphocyles in the dermis layer. The 
pathological diagnosis was hypcrplastic dystrophy of vulva with atypical hyperplasia of slight and 
medium degrees. 
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FIGURE 4. In the sixth month after ultrasound treatment, pathological diagnosis indicated that 
stratified squamous epithelium of vulva had recovered normal stratification and thickness, and the basal 
layer had deposited pigment cells. 

Third, we made the following curative effect evaluation: validity rate for the 
Spectrum group and Ultrasound group were 70% and 100% respectively (P < 0.05). 

Fourth, the patients' quality of life in the ultrasound group was better than that of 
the Spectrum group (P <0.05). The patients in the Spectrum group quickly developed 
recurrences after treatment. 

CONCLUSION 

Ultrasound treatment causes little harm to the vulva and may improve quality of 
life. After ultrasound treatment, the local vulva pruritus disappeared completely. At 
the same time, the local skin recovered well. The shape of the vulva remained 
unchanged. Because of the adjustable depth and scope of ultrasound beams, no harm 
was done to the urethra, rectum and blood vessels of patients in the ultrasound group. 
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It is effective and safe to treat vulva dystrophy with therapeutic ultrasound. It provides 
a new method to treat vulva dystrophy in the clinic. 
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Abstract. A noninvasive technique for focusing ultrasound through the human skull is 
performed using MR guidance. The approach is based on a layered wavevector-frequency 
domain model, which propagates ultrasound from a hemisphere-shaped transducer through the 
skull using input from CT scans of the head. This approach is tested on ex vivo human skulls 
using a 0.75 MHz, 500-element ultrasound array. Using MRI targeting and temperature 
measurement, the technique is used to produce thermal lesions in a rabbit brain in vivo after 
propagating through an ex vivo human skull. In addition, a cavitation enhanced heating method 
was investigated as means to lower the total energy requirements for transcranial brain 
treatment. MRI imaging techniques were used to monitor and evaluate this cavitation-enhanced 
heating generated by focused ultrasound (FUS). FUS exposures were designed to induce and 
then sustain gas bubbles during heating. These ultrasound protocols as well equivalent 
acoustical power control FUS exposures deigned not to cavitate, were administered in seven 
New Zealand white Rabbits. MRI theimometry was used to monitor temperature during the 
treatment and T2-enhanced imaging was used to evaluate the resulting lesions. MRI 
thermometry showed higher temperatures and thermal dose in the cavitation-enhanced heating 
exposures. In addition, the follow-up T2 images showed the cavitation-enhanced heating 
resulted in lesions 2-3 times larger than equivalent acoustical power control treatments. 

INTRODUCTION 

Recently a technique was developed for focusing ultrasound through the human 
skull by using bone data from CT scans of the head (1). With precise monitoring, this 
technique could potentially provide a completely noninvasive method for treating 
tumors and other brain disorders (2). The present study uses MRI to monitor the 
temperature change induced when ultrasound is focused through ex vivo human 
skulls. The temperature is monitored in a tissue mimicking brain phantom placed 
inside the skull and a skin phantom formed around the skull's surface. MRI- 
monitored transskull surgery is demonstrated by focusing through an ex vivo human 
skull and into a rabbit brain in vivo, resulting in tissue damage. 

Traditionally, FUS ablation is performed v^ith constant levels of high intensity 
ultrasound for durations of 10-30 seconds, ensuring that temperature rise at the focus is 
linear. Theoretical models, ex vivo and phantom experimental work have shown that 
higher temperatures can be obtained if cavitation is induced at the focus during the 
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ultrasound exposure (3-5). However, cavitation has been difficult to monitor and 
control, and therefore it has not been employed in FUS surgery. In this portion of the 
study, we propose an ultrasound protocol that uses cavitation to produce higher 
temperatures and potentially larger lesions in vivo. We show that this cavhation- 
enhanced heating can be reliably monitored by MR! thermometry and then evaluated 
post-exposure with MRI T2-enhaced imaging. 

METHODS 

Focusing Ultrasound through Human Skull 

The algorithm for focusing through the skull was operated by numerically 
projecting an uhrasound field in wave vector-frequency space (6) to the intended 
focus. The algorithm then selected the ultrasound transducer driving phases necessary 
to produce a focus. Data for the algorhhm was obtained from a digitized human skull 
profile obtained using CT images. Each skull was imaged with a Siemens 
SOMATOM CT Scanner (FOV = 20 cm, slice thickness = 1 mm). A bone 
reconstruction kernel (AH82) was used to acquire image intensities proportional to the 
bone density. 

Experiments were performed in a water-filled tank using a stereotaxic reference 
frame to affix a skull to a 500-element hemispherical uhrasound transducer designed 
for transskull therapy (f = 0.74 MHz, diameter = 30 cm). CW sonications were 
performed for 20-30 s at electrical powers ranging from 300-1200W. Low power 
sonications (<800W) were applied to the brain phantoms to measure reversible 
heating. To demonstrate the ability to produce tissue damage in vivo, high power 
sonications (>800W) were focused through a human skull and into a rabbit brain. The 
upper portion of the rabbit's skull was removed to create an acoustic window. The 
imaging was performed in a 1.5 T clinical MRI unit (LX, GEMS). Temperature 
images were acquired in one plane from phase-difference images of a fast spoiled 
gradient echo sequence (7) (TR/TE = 51.7/25.6 ms, flip angle = 30°, bandwidth = 3.1 
kHz, FOV = 12 cm, slice thickness = 3 mm, matrix size = 256x128, scan time = 6.8 s). 
A temperature sensitivity of -0.011 ppm/°C was used (8). A time series of 
temperature maps were produced. 

Cavitation Enhanced Heating 

All experiments were performed under MRI guidance with one of two standard 
eight-sector, spherically curved piezoelectric transducers (100-mm diameter, 80-mm 
radius of curvature). The two transducers, one with 1.1 MHz resonance and the other 
a 1.7 MHz transducer were driven by our in-house multi-channel, computer 
controlled, ultrasound-driving system. FUS exposures were delivered to the thighs 
(15-20 locations per thigh) of seven New Zealand white rabbits. Cavitation-enhanced 
heating exposures consisted of 280 acoustic watts for 0.5 seconds followed by either 
10 W, 20 W, or 30 W for 19.5 seconds. The equivalent power control sonications 
were 20-second exposures of 20.5 W, 30.25 W, and 40 W respectively. 
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The transducer was mounted in an MRI-compatible manual positioning system (9), 
and tlie rabbit was placed on top of system with a surface coil (diameter = 12.5 cm^ 
GEMS) adjacent to the thigh to improve signal to noise. An ultrasound detector ring 
was fixed with the therapy transducer to monitor cavitation activity during treatment. 

The imaging was performed in a 1.5 T clinical MRI unit (LX, GEMS). Fast spin 
echo (FSE) T2, proton density (PD), and Tl-weighted imaging was used to target the 
rabbit thigh and to image after the sonications. Temperature images were acquired as 
described above. In addition, thermal dose was calculated from these images and used 
to predicate lesion size and shape (8). 

RESULTS 

Focusing Ultrasound Through Human Skull 

Temperature rises were recorded inside five skulls both with, and without using the 
model correction. To evaluate the correction method, an additional focus was 
obtained using ultrasound feedback from a hydrophone placed at the point of focus. 
Figure 1 shows the temperature changes in a brain phantom due to a 20 s, 320 W 
sonication without phase correction, with the correction, algorithm, and using the 
hydrophone feedback. The model is observed to correct for aberration caused by the 
skull and increase the overall peak temperature change (no correction = 12.2° C, 
model = 17.0° C, hydrophone = 25.1° C), Figure 2 shows two thermally-induced 
lesions produced in a rabbit brain in vivo. 
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FIGURE I. MRI-measured heating at the focus with no phase correction, phase correction 
with the acoustic model, and correction with a hydrophone. 

FIGURE 2. Contrast-enhanced T2- 
weighted FSE images of thermal 
lesions created through a human 
skull in a rabbit brain in vivo. 

109 



Cavitation Enhanced Heating 

Figure 3 shows the temperature profiles at the focus in thigh muscle during the 
control and pulsed sonications with the 1.7 MHz transducer. The graphs on the left, 
the control group exposures, show the expected exponential rise in temperature at the 
focus during continuous wave exposures. The graphs in the right column, the results 
from the experimental protocol, show a sharp temperature rise within the first 4 
seconds. Figure 4 shows a T2-weighted image of two lesions, one generated by the 
control and the other by the cavitation-induced heating protocol. This image 
highlights the trend seen in similar images: lesions from the experimental protocol are 
more spherical and generally located closer to the transducer than the control 
sonications. Figure 5 shows a T2-weighted image with the thermal dose from the 
thermometry contours overlaid. The image shows that the dose contours match well 
with the actual lesions. Lesion size measurements conducted from these T2-weighted 
images show a 2-3 times increase in lesion size with cavitation-enhanced heating. 
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DISCUSSION 

This preliminary study also demonstrates the feasibility of combining MR thermal 
targeting and monitoring with a CT-derived acoustic projection model for focusing 
through the intact skull. Results indicate that this MR-guided technique can produce 
intensities sufficiently high to destroy brain tissue in vivo without excessive heating of 
the surrounding tissue. 

The results also demonstrate that MRI can be used to monitor cavitation-enhanced 
heating, MRI thermometry captures the fast temperature rise characteristic of 
cavitation-enhanced heating. The thermal dose contours calculated from these thermal 
images accurately predict the lesion size, location, and shape. The T2-weighted 
images acquired post-exposure show that cavitation-enhanced heating produce larger 
lesions at the same acoustic power. With MRI established as a reliable and effective 
monitoring and quantifying tool, cavitation-enhanced heating can become a valuable 
FUS surgery technique. 
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Abstract. A difficult problem in HIFU therapeutic dosimetry is how to use a BFR to ablate 
tissue mass and to determine the energy-efficiency relation, that is, the qualification of biological 
effects of HIFU. A mass ablation was realized in this study according to a treatment principle of 
damaging tissue from BFRs to row lesions, slice lesions and a mass. A 1.6 MHz transducer, 150 
mm in diameter and with a focal length of 120 mm. was used. The focal peak intensities (ISATA) 

were 0-27000Wcm"^ and the scanning speeds were 1 mm/s to 4 mm/s. The distance between 
every row was from 5 mm to 10 mm and that between every slice was from 10 mm to 20 mm. 
Row and slice lesions at different treatment depths and a mass lesion were observed af\er HIFU 
procedures in this study. We name the energy in joules required for producing coagulative 
necrosis per cubic millimeter in biological tissue the energy efficiency factor (EEF) of 
ultrasound therapy. Results showed that the EEF needed for producing row lesions increased 
with increasing treatment depth. EEFs required to induce a row lesion, a slice lesion and a mass 
lesion in biological tissue were different. Generally, it followed the law: 
EEFsoiJii<EEFsiicc<EEFrow. EEF for slice lesion was not simply a summation of EEFs for row 
lesions at different depths, although the slice lesion was assembled with row lesions at different 
depths in the same treatment slice. In the same way, EEF for a mass lesion was not simple 
summation of EEFs for slice lesions at different layers. Factors influencing EEF of HIFU 
include acoustic power, exposure time, radiation depth, tissue structure, and tissue functional 
status. Besides, another important factor is how the acoustic environment changes during the 
HIFU procedure. Keywords: high intensity focused ultrasound, ablation, ox liver tissue, solid 
lesion, energy efficiency factor and acoustic environment 

INTRODUCTION 

As a noninvasive extracorporeal approach to tumor ablation, high intensity focused 
ultrasound (HIFU) can selectively destroy noirnal and tumor tissues in liver, kidney, 
muscle and prostate [1,2,3], However, for a long time, such bottlenecks as the 
biological effects of HIFU have seriously hindered the development of this 
technology, especially the focusing of the ultrasound beam inside various tissues, the 
law of energy deposition and its expression and the quantification of the biological 
effects [4,5]. The region bounded by the pressure contour lying 3 dB (decibel) below 
the peak pressure is defined as the Acoustic Focal Region (AFR). Correspondingly, 
the dot-shaped volume of the coagulated necrosis produced by energy deposition of a 
single HIFU exposure inside the tissues is named the Biological Focal Region (BFR). 
Based on AFR, BFR is correlative to the acoustic intensity, exposure time, radiation 

112 



depth, tissue structure and its functional status [6], Although HIFU can induce a BFR 
precisely and controllably inside tissues at depth, it does not mean that a tumor could 
be completely ablated with HIFU. It is a difficult problem in HIFU therapeutic 
dosimetry how to use a BFR to ablate tissue mass and to determine the energy- 
efficiency relation, that is, the qualification of biological effects of HIFU, After a 
long-term study, a therapeutic principle for mass ablation through a BFR, row lesions 
and slice lesions under B-mode ultrasound monitoring have been proposed. Under this 
principle, EEF is able to quantify the biological effects produced by acoustic energy, 
and this principle has provided a new idea for studying the quantification of biological 
effects (i,e, the HIFU therapeutic dosimetry). 

MATEMALS AND METHODS 

In Vitro Tissue Samples 

Fresh ox liver tissues were resected from the ox within six hours after it was 
slaughtered. Tissue samples were immersed in 0,9% physiological saline. Tissues vwth 
few blood vessels and connective tissues were selected and cut into 
lOOmmxlOOmmxlOOmm slices, heated to 20° C and degassed under -0,05 to 
-0.1 MPa for 30 minutes, as stand-bys. 

Machine For Experiments 

A Model JC-A Haifii Focused Uhrasound Tumor Therapeutic System (shown in 
Fig. 1), developed and manufactured by Chongqing Haifu (HIFU) Technology Co., 
Ltd,, was used. This machine includes a circulating water degassing device, a high 
frequency generator, a combined treatment head, a six-dimentional motion device, a 
computer control system and a B-mode ultrasound monitoring system. Ultrasound 
beams are generated with a piezoelectric ceramic disk PZT-4 that operates at a 
frequency of 1.6 MHz and has a focus of 120 mm, A diagnostic ultrasoimd probe with 
a frequency of 3.5/5.0 MHz is mounted at the center of the combined treatment head 
to guide the localization of target tissue and to monitor the therapeutic effects in real 
time. The combined treatment head is placed within a rubber water reservoir that is 
filled with circulating degassed water. The water used for treatment has an air- 
containing ratio of less than 3 ppm and is at a constant temperature of 20° C, A 
standard PVDF hydrophone with a 0,5 mm diameter, provided by Shanghai Jiaotong 
University, was used to calibrate the distribution of the acoustic focal region of 
ultrasound beams in the water reservoir. The AFR is calibrated as an ellipse with an 
axial diameter of 6 mm and a transverse diameter of 0.6 mm. Free field focal peak 
intensities from 7000 to 27700 W/cm2 were used, which is determined by calibration 
of the radiated pressure. 
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FIGURE 1. Model JC-A Focused Ultrasound Tumor Therapeutic System 

Methods 

A plastic cylinder container full of degassed water was used. It had an inner 
diameter of 150 mm and a height of 150 mm and at its bottom, a 0.1 mm thick 
Mylar® membrane was spread. The sample tissues were put into the container at a 
room temperature of 20° C. The therapeutic principle of using HIFU to ablate the 
tissue mass is to be realized according to the protocol of BFR to row, to slice and to 
mass at last (shown as Fig. 2). 
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FIGURE 2. A sketch of the therapeutic principle using HIFU to ablate a tumor mass. 

BFR to Row: Adopting line-scanning mode, that is, continuous single exposures 
overlapping, to move the BFR to induce a row-shaped lesion. A 2D treatment slice 
was selected under B-mode ultrasound monitoring. The focus of the transducer was 
put at certain depths of the slice, say 20 mm, 30 mm and 40 mm. The scanning length 
was 30 min and scanning speeds are from 1 mm/s to 4 mm/s. When a hyperechoic 
region was found at the targeted area, it was considered to be effective. 

Row to Slice: A 2D treatment slice was selected under B-mode ultrasound 
monitoring. The focus of the transducer was put at 40 mm from the slice. Row lesions 
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at different depths were added from the deepest to the closest, and a slice lesion was 
finally induced. The scanning length was 30 mm in length and there was a 5 mm to 10 
mm distance between one row and another. The exposure intervals were between 2 
and 5 minutes, B-mode ultrasound images at different layers were overlapped with 
each other. 

Slice to Mass: A 2D treatment slice was selected under B-mode ultrasound 
monitoring, A slice lesion was produced according to the procedures above. Then the 
combined treatment head was moved to select next exposure slice. There was a 10 to 
20 mm distance between each slice and the exposure interval was above 5 minutes. 
Slice lesions induced at different layers assembled into the mass lesion. 

Determination of the boundary of the coagulative necrosis region: Immediately 
after the procedures, we incised the BFR and row lesion along its maximum section, 
and resected slice and mass into 5 mm thick pieces. We put the specimens into 1% 
TTC (Triphenyl tetrazoLium chloride, TTC) suspension at 37° C and stirred. We took 
the specimens out of the suspension 10 to 15 minutes later or when the boundaries of 
coagulative necrosis were clear to see. Phosphoric acid buffer was used to wash the 
tissue surface and then put the tissues samples on a tray for visual observation. 

Calculation of EEF: A standard caliper was used to measure the length, width and 
thickness of the row, slice and mass, and we calculated the lesion volume according to 
the formula V=LengthxWidthxHeight. Energy efficiency factor (EEF), the basic dose 
imit of HIFU therapeutic dosimetry, was defined as the energy in joules required for 
producing coagulative necrosis per cube millimeter in tissue, that is, 

EEF = TDIV = n^{jlmm'), 

where, T| is the focusing coefficient of HIFU transducer, representing the energy 
converging ability of a ultrasound transducer. In our study, TI=0.7. P (W) is the gross 
acoustic power of HIFU generator, t (s) is the total exposure time and V (ram^) is the 
lesion volume. 

Data Processing: All data obtained were figured as X ±SD. 

RESULTS 

According to the principle of inducing coagulative necrosis from BFRs to rows, 
slices and finally mass, HIFU can be used to completely ablate a tissue mass. Most 
important is to induce row lesions through the scanning of BFR and observe the 
obvious ultrasound hyperechoic region in various rows produced at different treatment 
slices and depths. This was also the essence of real-time monitoring during the whole 
treatment procedure. Fig. 3 shows the BFR, row lesion, slice lesion, and mass lesion 
induced in ox liver in vitro. The gray coagulative necrosis region could be observed 
with the naked eye. There were clear boundaries between BFR, row lesion, slice lesion 
and nonnal tissues, while no residual normal tissues were found inside the mass 
lesion. 
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a. BFRs b. A Row Lesion 

ill    .  «. 

c. A Slice Lesion d. A Mass Lesion 

FIGURE 3. BFRs, row lesion, slice lesion and mass lesion produced in ox liver //; vilro with HIFU 

From Table 1 it can be observed that the EEF needed for inducing row lesions at 
different depths varied, and EEF increased with the increase of exposure depth. That 
is, when the scanning length was constant, the ultrasound energy needed for inducing 
a unit volume of row lesion in deep tissue was greater than that needed for a shallower 
layer. In other words, when the acoustic output intensity was constant, the exposure 
time required for producing a certain length row lesion would be greater, and the 
scanning speed decreased or scanning circles increased. Compared with the EEF 
required for inducing a slice or a mass lesion, that for generating a single row lesion at 
different depths was greater; likewise, EEF for inducing a slice lesion was greater than 
that for a mass. These indicated that EEF for a slice lesion was not simply a 
summation of EEFs for row lesions at different depths, although the slice lesion was 
assembled with row lesions at different depths in the same treatment slice. In the same 
way, EEF for a mass lesion was not a simple summation of EEFs for slice lesions at 
different layers. 

TABLE I. EEFs For Generating Row, Slice And Mass Lesions Inside Ox Liver in vilro. 

EEF (J/mm^) 

Exposure depths (mm) 

20 mm 8.41 ±4.77 
Row lesion 30 mm 10.83 ± 5.85 

40 mm 11.96±5.17 

Slice lesion 2.71 ±0.85 

Mass lesion L73±0.39 
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DISCUSSION 

The mechanisms of HIFU for producing coagulative necrosis inside biological 
tissues include hyperthermia, and cavitation and other mechanical effects (7,8,9). 
HIFU can be used to generate precise tissue destruction inside tissues at depth. 
However, this does not mean a tumor mass at depth can be completely ablated with 
HIFU. The crucial point for successful application of the HIFU technique is to ablate a 
tumor mass thoroughly. The lesion formed inside biological tissues by a single HIFU 
exposure is of an ellipse shape, Chen et al [10] placed one lesion adjacent to another to 
fonn arrays and to remove a tumor finally. The most important point for this technique 
was to choose appropriate intervals, including the time delay between every two 
exposures and the distance between every two lesions, to completely overlay the 
region to be treated without residual normal tissues remaining. However, no 
remarkable protocol for thorough ablation of a tumor mass was obtained. It was 
reported that when attempting to ablate a tumor mass continuously, the cavitation of 
ultrasound would be in superposition, leading to the disappearance of a lesion or 
transference of lesion to the superficial tissue, and finally to the failure to destroy the 
targeted region. That is, an existing lesion was likely to affect the formation of the 
next lesion. Ter Haar et al [4] named this phenomenon lesion-lesion interference 
effect. Compared with applying lesion arrays to cover the tumor mass, we proposed 
the principle for tumor ablation by moving the BFR. After long-term study and 
research, we found that, applying the principle of ablating a tumor mass from BFRs to 
rows, to slices, and finally to a mass, the tumor mass could be removed completely. 
The row and slice lesions had clear margins with nonnal tissues and tissues within the 
target region became coagulative necrotic, with no residual normal tissue. 

Studying the therapeutic dosimetry of HIFU seems to be tough work at all times. 
The attempt to quantify the biological effects and to reflect the energy deposition of 
HIFU inside the tissue through theoretical analysis or simply the value of ultrasound 
energy (i.e. acoustic power and exposure time) will fail in vain. Studies have shown 
that HIFU can produce a BFR within biological tissues. To a fixed ultrasound 
transducer, BFR value is closely related not only to acoustic power and exposure time, 
but to radiation depth, tissue structure and tissue functional status [6]. That is to say, 
besides known sound source parameters such as the physical parameters of the 
transducer, acoustic power and exposure time, factors affecting energy deposition 
inside biological tissues also include the unknown factors such as radiation depth, 
tissue structure and tissue functional status. Nevertheless, the coagulative necrosis 
region produced in tissue exists, and can be identified and evaluated by means of B- 
mode ultrasound imaging, CT imaging, MR imaging and Hght microscope inspection 
[8,9,11,12]. Therefore, to a fixed transducer, we correlate the acoustic energy with the 
correspondingly induced coagulative necrosis. And EEF, the value of a imit 
coagulative necrosis volume in the tumor mass divided by the energy needed, is used 
to quantify the biological effects and to carry on the study of therapeutic dosimetry of 
HIFU. The authors find that EEF is relevant to acoustic power and exposure time, and 
reflects the influence of radiation, tissue structure and tissue functional status on the 
formation of a coagulative necrosis volume. 
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The authors also find the EEF for inducing a row lesion is relevant to radiation 
depth due to the sound attenuation along the propagation path. For a plane wave, the 
acoustic power decreases exponentially with distance. Therefore, the acoustic power 
or exposure time for inducing a row lesion at depth is greater than that needed for 
inducing a row lesion in a shallower layer. When acoustic power is constant, the 
scanning speed should be reduced or more scanning sessions should be added. 

The EEF required for inducing slice lesions and mass lesions is far less than that 
needed for forming row lesions at various depths; likewise the EEF for mass lesions is 
less than that for a slice lesion. EEF for a mass lesion is not simply the summation of 
EEFs for slice lesions at various depths, although the slice lesion is fit together with 
row lesions at different depths. In the same way, EEF for a mass lesion does not seem 
to be the summation of EEFs for various slices at different treatment layers. This is 
because an existing row lesion in deep fissue has altered the tissue structure, changing 
the acoustic properties of the tissue: the sound attenuation coefficient of lesion tissue 
is two times greater than that of normal tissue [13]. During a treatment procedure, row 
lesions at different depths are continuously assembling a slice lesion, from the deep 
layer to shallower layers, and finally a mass lesion is produced. With the progress of 
this procedure, the apparent tissue structure alteration is ongoing, that is, the acoustic 
environment is immediately being changed, and thus the acoustic properties change in 
real time. In the meantime, the radiation depth becomes shallower and shallower, such 
that an existing row lesion will influence the sound energy needed for the next row 
lesion: sound energy needed for the next row lesion will reduce greatly. These indicate 
that changing the tissue acoustic environment (i.e. changing the tissue sound 
coefficient) and altering the tissue of high sound absorption into that of low 
absorption, the EEF could be decreased according to the requirements. Results of this 
study have proved this. 

By moving BFR with HIFU, a tumor mass can be ablated without residual tissues 
according to the principle of BFRs to rows, to slices, and to a mass. The whole 
procedure is under real-time monitoring of B-mode ultrasound. Factors influencing 
EEF of HIFU include acoustic power, exposure time, radiation depth, tissue structure, 
and tissue functional status. Besides, another important factor is how the acoustic 
environment changes during the HIFU procedure. The authors agree that a great deal 
of experiments should be done to establish the EEF database for ablating all kinds of 
tissue masses. This will no doubt improve the application and popularity of HIFU 
technology. 
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Bubbles And HIFU: 
The Good, The Bad, And The Ugly 

R. Glynn Holt, Ronald A. Roy, Patrick A. Edson, Xinmai Yang 

Boston University, Department of Aerospace and Mechanical Engineering 
Boston, MA 02215 

Abstract. Rapid hyperthermia resulting in tissue necrosis has proven to be a useful therapeutic 
modality for clinical application of high-intensity focused ultrasound. At therapeutic intensities, 
the hyperthermia is often accompanied by bubble activity. In vitro and in vivo experiments alike 
have shown that under certain conditions bubble activity can give rise to a doubling of the 
heating rate. With a view towards harnessing the energy-concentrating effects of bubbles to do 
useful clinical work, we report the results of experiments and modeling for the dynamic and 
thermal behavior of bubbles subjected to 1-megahertz ultrasound at megapascal pressures. The 
dominant heating mechanism depends on bubble size, medium shear viscosity number and 
frequency-dependent acoustic attenuation. The bubble size distribution, in turn, depends on 
insonation control parameters (acoustic pressure, pulse duration), medium properties (notably 
dissolved gas concentration) and bubble-destroying shape instabilities. The evidence obtained 
so far points to a range of control parameters for which bubble-enhanced heating can be assured. 
[Work supported by DARPA and the U.S. Army] 

BUBBLES AND HIFU: BACKGROUND AND MOTIVATION 

Acoustic cavitation (the acoustically induced nucleation and subsequent oscillatory 
activity of bubbles) is often the result of the application of ultrasound in a biomedical 
context. There are sound reasons, both experimental and theoretical, for defining 
therapeutic and diagnostic operating conditions in order to minimize bubble activity 
(Williams et al. 1991; Carstensen et al. 1993; Penney et al. 1993; Everbach et al. 
1997). Most of the arguments boil down to the fact that bubbles perform a very 
efficient and highly nonlinear conversion of acoustical energy to mechanical motion. 
In diagnostic ultrasound, the Mechanical Index (MI) was conceived and implemented 
because of the perceived risk of mechanical bioeffects from the violent inertia! 
collapses of bubbles (Apfel and Holland 1991). In therapeutic ultrasound, bubbles 
formed in the propagation path inhibit deposition of acoustic energy because they 
scatter and absorb much of the energy before it can reach the target area, a process 
often referred to as 'screening' or 'shielding'. 

Conversely, there are often diagnostic situations in which the use of bubble- 
based contrast agents make cavitation activity unavoidable (Fowlkes and Holland 
2000), and therapeutic situations in which it is desirable to excite cavitation. Such is 
the case in the field of ultrasound surgery using high-intensity focused ultrasound 
(HIFU), where the goal is to produce irreversible necrosis deep into the tissue with 
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minimal damage in the intervening path (as reviewed in ter Haar 1995, and 
highlighted in the special issue of IEEE UFFC, November 1996), The fact that 
bubbles enhance ultrasound imaging via their high backscatter cross section makes 
them useftil in targeting applications. If gross mechanical damage and tissue ablation 
is desired, then excitation of cavitation bubbles is the most efficacious (if also 
unavoidable) method at high insonation pressures and long insonation durations (for 
example. Fry et al. 1950; Lehmann and Herrick 1953; Fry et al. 1970; ter Haar et al, 
1982; Fry et al. 1996; Tavakkoli 1997; Arefiev et al. 1998, Smith and Hynynen 1998). 

However, if controlled, highly localized hyperthermia is the desired outcome, 
then most investigators have argued that cavitation is to be avoided, since it has 
typically led to unpredictable thermal results. Several authors observe irregular 
lesions and collateral damage outside the focal zone when uncontrolled cavitation 
occurs during insonation (Fiy et al, 1970; Lele 1987; Hynynen 1991; Chapelon et al. 
1991; Sibille et al. 1993; Chapelon et al. 1996; Clarke and ter Haar 1997; Chapelon et 
al, 2000). These studies all contain unambiguous statements recommending actively 
avoiding cavitation when the therapeutic goal is controlled localized heating. 

In the preceding list of authore, Lele (1987), Hynynen (1991) and Clarke and 
ter Haar (1997), as well as Sanghvi et al. (1996), observe cavitation-related enhanced 
heating - the heating rate measured via single thermocouple during insonation 
increased dramatically above some threshold insonation pressure, with (in the Lele 
and Hynynen studies) concomitant dramatic increase in measured acoustic emission. 
In the Hynynen and Sanghvi studies, regions of enhanced echogenicity in ultrasound 
images of the focal region were observed, Sanghvi et al. report 'cloud-like' regions of 
echogenicity that started at the focus and gradually migrated toward the therapy 
transducer. They were unable to effectively propagate the ultrasound beyond the 
cloud, a clear indication of bubble activity. 

Thus we see that bubbles are important in HIFU applications, and in particular 
that a bubble-mediated heating effect has been demonstrated in the literature in vivo. 
It is one aim of the current work to provide a basis for using bubbles to enhance 
controlled localized heating. It is precisely the fact that bubbles are so efficient at 
transducing acoustic energy into mechanical energy that motivates the present work. 

THE GOOD: ENHANCING RAPID HYPERTHERMIA 

We have undertaken a series of laboratory experiments on tissue-mimicking 
phantoms insonated by 1 MHz focused pulsed ultrasound at MPa pressure amplitudes. 
The need for independently and simultaneously measured pressures and temperatures, 
(as opposed to using a derating process to infer the pressure), m well as the ease of 
instrumentation afforded by cast test samples, motivated the use of a phantom rather 
than animal tissue. Equally important in our choice of phantoms was the desire to 
quantitatively model (albeit with Newtonian assumptions) both the acoustic absorption 
and the bubble dynamics in order to compare to our experiments without employing 
adjustable parametere - our phantoms allowed us to independently measure both 
acoustic and thermal material properties to facilitate the partial achievement of this 
aim. 
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Experiments 
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FIGURE 1.    Schematic of experimental  apparatus, incorporating a  1  MHz focused source, a 
thermocouple array, a needle hydrophone, and a 15 MHz focused detection transducer 

The details of the apparatus and phantoms used in these studies are published 
elsewhere (Holt and Roy, 2001; Edson 2001; Huang 2002). Figure 1 (from Edson, 
2001) depicts the major elements of the insonation geometry and the diagnostic 
schemes, and is representative of similar setups used in Yang (2002), Holt et al (1998) 
and Holt and Roy (2001), though the latter 2 did not employ a passive cavitation 
detector. 
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FIGURE 2. Peak temperature increase from ambient vs peak-positive acoustic pressure for an Agar 
phantom subjected to 0.7 sec IMHz tonebursts. The thermocouple locations are measured relative to 
the acoustic axis. The theoretical curves are fit to the data below 1.5 MPa by adjusting the material 
absorption.  Each data point is the mean of 5 runs at that pressure, with 100 sec cooling between runs. 
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Figure 2 illustrates the typical phenomena associated with the onset of 
cavitation. For low pressures ("linear" in the figure), the temperature rise is governed 
by linear absorption of the primary IMHz field, and is linearly proportional to the 
acoustic intensity, or the square of the acoustic amplitude (Parker 1983; Nyborg 1988- 
Clarke and ter Haar 1997). Above some critical threshold pressure, the heating 
mcreases dramatically ("enhancement") and becomes rather erratic as indicated by the 
vertical error bars, which represent the sample standard deviation of 5 runs at each 
pressure. Upon fiirther increase of the pressure, a saturation is often encountered 
which may be followed by an actual decrease ("shielding") in the peak temperature in 
the focal region where the thermocouples are located. 
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1.65 MPa 
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0.5 s 

0.5 

10 

Time (s) 
FIGURE 3.   Temperature (solid line) and passive cavitation transducer output (dotted line) as a 
function of time for tliree 1 sec insonations spanning the tlireshold pressure for enlianced lieating. 

Figure 3 illustrates the correlation of broadband noise due to cavitation activity with 
temperature rise. In all cases, the onset of cavitation activity coincides with the onset 
of enhanced heating. Not only is this further corroboration of the hypothesis that 
bubbles are responsible for the enhanced heating seen in Figure 2, but the nature of 
this mode of detection indicates that at least inertial cavitation (characterized by large 
expansions followed by violent collapses, see Leighton 1994) is present. This clue is 
key to our investigation of the bubble size distribution, see below. 
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FIGURE 4. Peak temperature rise vs acoustic 
pressure for different dissolved gas concentrations 

Figure 4 illustrates the effect of 
dissolved gas concentration on bubble- 
enhanced heating. 

Modeling 

In an effort to understand the 
dominant mechanisms responsible for 
the enhanced heating, we assume, based 
on the foregoing evidence, that bubbles 
are responsible for the extra heating. 
We proceed to build a model for heat 
deposition in the medium which 
incorporates contributions from the 
primary (nonlinear) field, and any 
bubble sources. 

Thermal Sources: Primary 
Acoustic Absorption, Bubble 

Viscous Dissipation And Bubble 
Secondary Acoustic Absorption 

The heat conduction equation is 
solved numerically, with thermal 
sources due to the primary heating and 
due to bubble terms (Edson, 2001). 
Since we are working at 1 MHz, and 
we infer that most of our bubbles will 
be less than 50 microns in radius, and 

also assuming that bubbles remain spherical for most of their lifetime, the 2 dominant 
bubble terms will come from viscous heating of the external medium, and secondary 
acoustic heating due to the absorption of the sound actively radiated by the bubble 
(Hoh and Roy, 2001). The heat conduction equation is written in the following form: 

dT 
Conduction 

Source/Sink 
Terms 

0/ 
(1) 

where T is the temperature, p the density, C the specific heat, and K the thermal 
conductivity of the tissue phantom material that we determine independently (Huang, 
2002). The source terms are defined as 

9,„ = (2) 

q^ is the primary acoustic absorption heating term, where a is the absorption, w the 
frequency of the primary acoustic field, c is the speed of sound, and p is the local 
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acoustic pressure, and the bracket denotes a time average. The pressure is obtained 
from the Westerveldt equation (Hamilton and Morfey, 1998) which is solved via a 
Finite-Difference Time-Domain (FDTD) technique (Hallaj and Cleveland, 1999): 

vv- 1 d^p     la tp      p b^p 

c' df 
(3) 

Nonlinear Tsnus 

where P = 1-B/2A is the medium nonlinearity coefficient. The bubble viscous heating 
source term q\, is obtained from the viscous dissipation density for a single bubble q^^, 
given by the following time average (Prosperetti, 1977): 

9vfc = 
W,„ 

(4) 

where fi is the phantom shear dynamic viscosity, V^ is an effective volume for the 
viscous dissipation (approximately <R>), and the time average of the bubble radius 
R(t) is computed by solving a version of the Rayleigh-Plesset equation (Keller and 
Kolodner 1956; Keller and Milcsis 1980): 

^   "M. RYii^M R^P(RM i--]RR + -R' 
c)        2 '-!'= pc      dt 

p(«,«..) = i>(|)%P„-P.-|l-M-^,sin(«.) 

Pi Po-P.- 
2a 

Ro 

(5) 

(6) 

(7) 

where K'm the polytropic exponent, tris the surface tension, P, is the pressure in the 
phantom medium, R^ is the equilibrium radius of a bubble, P„ is the ambient pressure, 
P, is the vapor pressure, and P^ is the acoustic pressure, obtained from Eq. (3). 
Finally, the bubble secondary acoustic heating source term q'^ is obtained from the 
secondary acoustic heating estimate for a single bubble q^j 

9„,=^(P{2R^+M|, (8) 

where the absoiption coefficient a may be considered as frequency-dependent 
(Hilgenfeldt et al., 2000; Edson, 2001) to more accurately account for the absorption 
of the outgoing shock waves emitted by inertially-collapsing bubbles. 

Results: Heating From Single Bubbles In The Parameter Space 

Equations (1-8) may be integrated to obtain numerical estimates for bubble-induced 
heating. Before presenting those results, it is of interest to present the underlying 
bubble response. Figure 5 presents the response of a bubble driven by a 1 MPa, 1 
MHz sine wave in the parameter space of bubble size and medium viscosity. Both the 
absolute maximum radius (5a) and the normaUzed expansion ratio (5b) are plotted. 
The nonlinear resonances typical of bubbles are e^ily identified in (5a), while in (5b) 
the location of inertially-collapsing bubbles is concident with the single large peak, hi 
both depictions, at low viscosities and near 100 nm bubble sizes, a critical radius 
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(corresponding to a quasi-static Blake threshold) below which the bubble response is 
negligible due to the effect of surface tension. 

Maximum radius for bubbles dfwen at IMPaand 1MHz 
Expansion ratio for bubbles driven at IMPa and 1MHz 

"„,. ("1) 

FIGURE S.  Maximum radius (a) and expansion ratio R^R^ (b) for bubbles driven at 1 MPa and 1 
MHz vs bubble equilibrium size /?„ and host medium shear dynamic viscosity fi. 

Figure 6 plots the calculated contributions of viscous heating (Eq. (4)) and 
secondary acoustic heating (Eq. (8)) for the same parameter space (but slightly higher 
pressures) as in Figure 5. Fig. 6a shows a global maximum for the viscous source 
power for large viscosity and intermediate bubble size, corresponding to a noninertial 
response in Fig. 5; Fig. 6b indicates that the maximum power developed by the 
secondary acoustic emission mechanism is due to inertially-collapsing bubbles, 
corresponding to the peak in Fig. 5b (shifted to smaller bubble sizes in 6b due to the 
higher pressure used). 
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FIGURE 6. Single bubble heating contributions for a IMHz, 2.8 MPa acoustic pressure. Viscous 
power (a) and secondary acoustic absorption power (b) are plotted vs bubble size and phantom 
viscosity. 

If we choose 'optimal' bubble sizes for each type of contribution, then the optimal 
viscous source bubble would be roughly 4 \un at 0.07 Pa-s viscosity. The optimal 
secondary acoustic or inertial bubble would be say 200 nm at 0.003 Pa-s. We can then 
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define the source strengths f*„,^^ in Eq. (1) as Nq^^,^^ where N is the number of 
bubbles in the focal region required to make up the difference between the primary 
acoustic heating and the bubble-enhanced heating observed in a situation as depicted 
in Fig. 2. Table 1 illustrates the results of such a calculation for a typical run: 

TABLE 1. Number of bubbles required to achieve experimentally observed AT. 
Acoustic 
Pre^ure 

(MPa) 

•«•••••••* AT Number of optimal Number of optimal 
rc) viscous bubbles inerti al bubbles 

2.06 6.8 10 10 
2.18 8 12 12 
2.30 10 16 15 
2,41 12 17 16 
2.53 15 22 22 
2.64 21 27 28 
2.76 24 35 35 

It is rather striking that no more than 35 'optimal' bubbles would be required to 
generate an extra 24°C temperature rise. Certainly 35 is not to be taken exactly, but 
the order of magnitude is correct. 

THE BAD: WHAT WE DON'T KNOW 

Bubble Size Distribution 

Our working hypothesis is that sufficient nuclei (hydrophobic inclusions, or 
possibly even stabilized microbubbles) exist in our phantoms such that, above a 
threshold pressure amplitude, acoustic cavitation occure. The distribution of bubble 
sizes is, however, unknown. The nuclei most susceptible to inertial cavitation at 1 
MHz will possess an equilibrium radius R^ of order 0.1 pm (Apfel and Holland 1991; 
Allen et al. 1997), and one might guess at an initial distribution centered on this size. 
But over the course of a typically 1-sec long insonation, the size distribution will 
evolve, eventually resulting in an asymptotic bubble size distribution. Imaging these 
bubbles via ultrasound or optics is not feasible, at least in these phantoms. Below we 
discuss a method to narrow down the possible bubble size distributions. 

Tissue And Tissue-Mlmlcklng-Phantom Viscosity 

The Agar phantoms we use {m well as most biological fluids and tissues) 
exhibit viscoetetic properties, and we should properly be using a model of the host 
medium which possesses such features. We can reasonably assume that at the 
extremely high strain rates typical of nonlinear bubble oscillations at MHz frequencies 
we will reside in the high-frequency asymptote for the shear viscosity number. This is 
important because the asymptotic value of the shear viscosity number is determined by 
shear thinning, and will in general be ordere of magnitude below the static or low- 
strain-rate value. This still leaves us with some uncertainty regarding the shear 
viscosity of our Agar phantoms. We can invert the well-known expression relating the 
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measured acoustic absorption (18 Np/m/MHz) to the shear dynamic viscosity to obtain 
a value of 3.15 Pa-s (water is 10'^ Pa-s, and whole blood at body temperature has a 
measured value of ~5 x 10'^ Pa-s.). In light of the above discussion of the viscoelastic 
nature of our phantom 3.15 Pa-s should be considered an extreme upper bound, while 
water (0.001 Pa-s) should be considered a lower bound. We note that, in light of the 
results from our passive cavitation detector in Fig. 3, we expect that we indeed have 
bubble sizes near 1 micron, and a viscosity value on the order of 0.005 Pa-s. 

THE UGLY (BUT USEFUL): 
HOW WE DETERMINE WHAT WE DON'T KNOW 

Growth by rectified diffusion (Eller and Flynn 1965; Crum and Hansen, 1982; 
Church 1988)) will shift the mean of the bubble size distribution to larger radii over a 
long time scale of hundreds to thousands of acoustic cycles. Bubble growth will be 
interrupted by: (1) the onset of shape instabilities leading to breakup of the bubble 
(Eller and Crum 1970; Brenner et al. 1995; Gaitan and Holt 1999; Hao and Prosperetti 
1999) or, (2) the diminution of bubble response as the mean bubble size increases well 
past the regime of resonant behavior such that bubble growth by rectified diffusion is 
halted. 

By coupling Eqs. (5-7) with the equations for shape and diffusive stability, we may 
then place further bounds on bubble sizes and medium viscosities. Without 
reproducing the equations here (for details see the above references, as well as Yang, 
2002), we present results for shape instabilities and rectified diffusion equilibria in our 
parameter space. Figure 7 shows the mass diffusion equilibrium (threshold for growth 
by rectified diffusion) and the shape instability boundary in the parameter space. 
Bubbles to the left of the diffusion equilibrium will grow, bubbles to the right will 
dissolve. Bubbles above the shape instability boundary are stable with respect to 
perturbations from sphericity, while below the boundary they are unstable, and will 
rapidly exhibit large amplitude shape oscillations and subsequent breakup. Thus, the 
allowed region for bubbles is the shaded wedge shape, with asymptotic bubble size 
distributions to be expected near the rightmost boundary of the wedge. 

log(RO) 

FIGURE 7. Thresholds for growth by rectified diffusion (dotted line) and onset of shape instability 
(solid line) for the most unstable modes. Calculations are for 1 MHz and 2.0 MPa, and a dissolved gas 
content of 10% of saturation. 

128 



Walls Walls 

1      zn   ID 
Bubble Size (|Hti) 

0.015 

0.01 

0.005 

I        3.11    10 
Bubble Size (pni) 

FIGURE 8. Stability thresholds from Fig. 7 overlaid on the heating power plots from Fig. 6, ft>r 1 
MHz, 2.0 MPa, and 10% saturation. Plot (a) is the viscous heating, plot (b) the acoustic heating. The 
allowed region for bubbles is shaded. 

Figure 8 combines the stability thresholds with the bubble heating calculations. It 
can be seen that the allowed region of stable growing bubbles significantly narrows 
the possible bubble sizes, and thus also the possible heating contributions, notably 
excluding the viscous peak heating, while allowing the secondary acoustic emission 
heating from inertial bubbles. If we further restrict ourselves to a single viscosity 
value consistent with our p^sive cavitation experiment results, we conclude that our 
likely bubble size distribution ranges fi-om 0,1 to 1 micron, and our effective viscosity 
is most likely near 0.005. 

OUTLOOK AND FUTURE WORK 

The above results indicate that we can expect to quantitatively model bubble- 
enhanced heating in a predictive way. We need further experiments to verify the 
predictions of our instability models for bubble-size distributions. With such a 
validated model, it may be possible in the future to ensure that HIFU parameters are 
chosen in order to maximize the efficiency benefit of bubble-enhanced heating; 
convereely, such a model (perhaps also combined with a passive cavitation monitoring 
capability) could ensure the avoidance of cavitation which would go undetected using 
conventional ultrasound imaging. 
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Ultrasonic Ablation Of Renal Tissues In Vitro 
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Abstract. The aim of this paper is to present issues regarding the ablation of excised porcine 
renal tissues in vitro using High Intensity Focused Ultrasound (HIFU). Renewed interest in 
evaluating kidney ablation is justified because of the advancement in information and 
ultrasonic technology. 

A spherically focused transducer of 4 cm diameter having 10 cm radius of curvature and 
operating at 4 MHz was used. The intensity used was between 2000-4000 W/cm^ and the 
pulse duration between 1 and 10 s. 

Production of lesions in the cortex is consistent, whereas lesions in the medulla in vitro 
are created whenever there are no air spaces in the medulla. Typically the lesion length at 
2000 W/cm^ and 5 s pulse duration is around 20 mm and the corresponding width around 3 
mm. A thermal simulation model that was developed previously for other applications was 
proven to be a useful tool for incorporating new treatment protocols in renal tissues. 

Lesioning of a large volume was achieved by moving the transducer in a grid formation. 
Lesioning through a fat layer is possible provided there are no air spaces between fat and 
kidney. Several experiments were performed in a muscle-fat-kidney tissue arrangement, 
demonstrating that modern HIFU technology could be a very efficient modalit)- for the 
treatment of deep-seated tumours in the kidney. 

INTRODUCTION 

HIFU is a non-invasive procedure for heating tumours without affecting the 
normal tissue surrounding the tumour. Therefore HIFU is being investigated as 
alternative to standard surgical techniques. Although, the idea of using of HIFU 
was proposed in the middle of this century [1], its maximum potential for clinical 
use is being established recently due to the developments of sophisticated systems 
(for example, [2,3,4]). HIFU has been proven though the research of nearly 60 
years to be an effective and efficient method for ablating soft tissue. 

HIFU was explored almost in every tissue that is accessible by ultrasound. The 
following literature represents some examples of some applications explored: eye 
[5], prostate [6, 7], liver [8], brain [9,10,11], and Kidney [12,13]. 

Recently, the technology of HIFU is becoming stronger because now therapy 
can be guided by imaging. Ultrasonic imaging is the simplest and most 
inexpensive method, however it has poor contrast between soft tissues. On the 
other hand Magnetic Resonance (MR) imaging offers superior contrast. Several 
studies have been published in the area of ultrasonic imaging (for example [14,15]) 
and in the area of MR imaging (for example [16,17]), enhancing the potential of 
HIFU. 

The main goal of HIFU is to maintain a temperature between 50-100" C for a 
few seconds (typically <10 s), in order to cause tissue necrosis. Typically a focal 
peak intensity between 1,000-10,000 W/cm^ is used with a pulse duration between 
1-10 s and a frequency of 1 -5 MHz. 
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Experiments were performed using a generic HIFU system, which includes a 
signal generator, a RF amplifier, a 3-D robotic system, a transducer and a PC that 
controls the entire system. Pulse duration smaller than 10 s was used in all the 
experiments in order to minimise effects of blood perfusion. In this work methods 
suggested by [18] were used in order to produce complete, reliable and consistent 
ablation of clinically useful renal tissues. 

Results of HIFU ablation of kidney in vitro are presented. Single lesions in the 
cortex and medulla, were created with/or without a fat layer. The ultimate goal 
was to create large lesions, which was accomplished by moving the transducer in 
patterned schemes. The experimental resuhs are compared with the results of a 
simulation model, which includes the effect of rapid increase of attenuation during 
the transition of a tissue from normal to necrotic. 

MATEMALS AND METHODS 

Ultrasonic System 

Figure 1 shows an illustrated block diagram of the system with photos of the 
actual instruments. The system consists of a signal generator (FIP 33120 A Hewlett 
Packard, now Agilent technologies), an RF amplifier (LA 100-CE, Kalmus, 
Bothell, Washinghton), a three dimensional positioning system (MD-2, Arrick 
Robotics, Hurst, Texas), and a 10 cm spherically shaped bowl transducer made 
from piezoelectric ceramic PZT4 (Etalon, Lebanon, Indiana). The transducer 
operates at 4 MHz, has focal length of 10 cm and diameter of 4 cm. The transducer 
was rigidly mounted on the three-dimensional positioning system. 

3-D Positioning System 

RF Amplifier 

FIGURE 1. Block diagram of the High Intensity Focused Ultrasound, 
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The signal generator was controlled using the serial port whereas the 3-D 
robotic system was controlled using the parallel port. A user-friendly program 
written in Visual Basic has been developed in order to control the system. 

Acoustical Power 

The total power delivered by the transducer was measured before the beginning 
of each experiment with an ultrasound power meter (Precision advanced. Model 
UPM-DT-10 ). The spatial average intensity (ISAI.) at the center of the focal region 
could be determined from the total power (P) and the -6 dB radial dimension (D) 
by using the following equation 

IsAI=0.87P/D^ (1) 

In all the experiments the intensity used is the spatial average intensity. 

In Vitro Experiments 

The tissue under ablation was placed in a water tank. Boiling the water to 
100° C degassed the water. The tissue was placed on top of an absorbing material 
in order to shield adjacent tissue form stray radiation from the bottom of the plastic 
water tank. The transducer was placed on the arm of the 3-D robotic arm and was 
immersed in the water tank, thus providing good acoustical coupling between 
tissue and transducer. Any bubbles that may have collected under the face of the 
transducer face were removed in order to eliminate any reflections. The sample 
size was typically 60 mm x 40 mm with thickness of around 30 mm. The sample 
was gently massaged after thawing to remove any trapped air bubbles, and the 
experiment was initiated 10-20 min after placing the sample in the tank. While it 
is difficuh to assess whether this procedure was sufficient to remove very small air 
bubbles, in several samples where this procedure was not followed the presence of 
air bubbles was easily detected from the resulting lesion appearance. 

The intensity used during the experiments was kept to a level that does cause 
boiling of tissue water that leads to the formation of vapour bubbles, which prevent 
the production of pure thermal lesions, whose size can be controlled. 

Simulation Model 

The lesion size was predicted using a model that uses the thermal dose concept 
described in [19], and [20]. It is known that the thermal dose threshold referenced 
at 43° C for kidney is 50 min [21]. For thermal dose below 50 min at 43° C the 
attenuation at room temperature of 4 Np/m/MHz was used based on [22]. For 
thermal dose higher then 50 min at 43° C the kidney tissue is necrosed and then the 
attenuation of necrotic tissue was used (8 Np/m-MHz) [22]. 

Basically attenuation a (attributed mostly to absorption in homogeneous tissue) 
affects the power density Q which is given by the following equation: 

Q=2aIe-^"\ (2) 
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where I is the intensity, and x is tlie depth in tissue. For short pulses the power 
density is the main factor elevating the tissue temperature. 

RESULTS 

Figure 2 shows the length of a lesion created in excised porcine kidney using 
the intensity of 2000 W/ctn^ for 5 s (focal depth=15 mm). The lesion produced is 
placed entirely in the cortex of the kidney. The length is measured along the 
transducer central axis, whereas width is measured perpendicularly to the 
transducer central axis. The lesion length is about 20 mm, and the width is about 3 
mm. In a certain row of lesions only one dimension of the lesion (length or width) 
was possible to be measured, since the sample was sliced along one dimension. 
Figure 3 shows lesions that propagated inside the medulla region. Thus, in the 
case that there are no bubbles inside the medulla, ablation is feasible. 

FIGURE 2. Thermal lesion placed in the cortex   FIGURE 3, Lesions propagating in the 
of pig kidney in vitro. medulla of pig kidney in vitro. 

Table 1 shows the simulated length and width using the pure thermal model and 
using the model that accounts for the increased attenuation of necrotic tissue. The 
transducer parameters used are: frequency = 4 MHz, Radius of curvature =10 cm, 
and Transducer diameter = 4 cm. The focal intensity of 2000 W/cm^ was applied 
for 5 in a focal depth of 15 mm. Note that the zero perfusion represents the case of 
in-vitro kidney, whereas the case of in-vivo is modeled by using the perfusion of 
70 Kg/m^-s. 

TABLE 1. Simulated length and width for the pure thermal model and the model of vaiying 
attenuation of necrotic tissue. The transducer parameters used are; frequency = 4 MHz, Radius 
of curvature =10 cm, and Transducer diameter=4 cm. The focal intensity of 2000 Wtcnf was 
applied for 5 s in a focal depth of 15 mm. 

Quantity Pure thermal model Varying attenuation model 
Perfusion (Kg/m -s) Perfusion (I^m*-s) 

0 70 0 70 
Length 22,5 19,1 20.2 17,2 

Width 3.9 2,9 3.1 2,2 
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Creation of lesions through fat layer is possible if there are no bubbles between 
the fat-kidney interface. Figure 4 shows lesion length through fat layer with a 
2000 W/cm^ ablation for 5 s. Note that compared to a similar ablation in kidney 
tissue the lesion length is smaller than with the presence of a fat layer. This is 
attributed to the fact that fat has much higher attenuation (7-8 Np/m/MHz) than 
kidney tissue, and therefore acts as an acoustical barrier. Figure 5 shows the 
corresponding figure showing the lesion width (matrix of 3 x 3 lesions). Lesions 
appeared to be light brown inside the white fat tissue. 

Figure 6 shows a lesion created by moving the transducer in a patterned 
movement (square grid of 12x12 with 2 mm step) in both directions (red pattern 
indicates the intended target). The power used was 2000 W/cm^ for 5 s. A delay of 
10 s was used between the pulses in order to eliminate the near field heating [19]. 
Based on the width obtained in Figure 2, a 2 mm step will secure overlapping 
lesions. Although a bigger step can be proposed after extensive optimisation 
studies, for simplicity the 2 mm is used which is a very safe choice at this point. 
Figure 7 shows the corresponding length of the large lesion. The lesion was 
extended up to the medulla. Figure 8 shows a large lesion created though fat using 
transducer movement in a grid pattern. Presumably there were no air spaces 
between fat and kidney interface and therefore the intended target was completely 
covered with necrosis. 

The presence of cavitation was verified by using a wide band receiver placed 
perpendicular to the insonation beam. For the given transducer and for a pulse 
duration of 5 s it was observed that cavitation took place for intensity levels greater 
than 3200 W/cm2. Figure 9 shows lesion length using 5 s pulse and 4000 W/cm2 
intensity in kidney tissue in vitro. Note that at this acoustic level cavitational effect 
occurred which was verified by the cavitational receiver. Tissue examination 
revealed gross tissue disruption verifying the event of acoustic cavitation. 

DISCUSSION 

The lesion length and width of Figure 2 which is produced in a tissue in vitro 
(i.e. perfusion rate is 0) is best estimated using the varying attenuation model. 
Note that at perfusion of 70 Kg/m^-s (i.e. in vivo case) the simulated lesion length 
and width is decreased compared to the in vitro case. The lesion length and width 
is generally smaller in the varying attenuation model because the increased 
attenuation lowers the power density in the tissue and thus the lesion size is 
decreased. 

Lesions were created all the way to the medulla, provided that there were no air 
spaces in the medulla. Air spaces are created because of the absence of blood that 
normally flows in this region. However, ablation of cortex tissue is of primary 
concern since the renal carcinoma (most important renal cancer) grows inside the 
cortex and then extends to the peritoneal fat. 

Lesions can be created though fat layers provided that there are no air spaces 
between the fat and kidney interface. The lesion size when the beam goes through 
a fat layer is decreased because of the high attenuation of fat which acts likes an 
acoustic barrier. With a 4 MHz transducer, 5 s pulses and intensity levels below 
about 3200 W/cm2 the lesions created are based solely on thermal effects. 
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FIGURE 4.  Lesions created in pig Icidney in 
vitro tlirough fat layer. 

FIGURE 5. Lesions in peritoneal fat. 

FIf.l KT' ft. . Tj.- ■,-■ ■■ n i'vz -v J-j;. ■•• • ..vo FIGURE 7. Large lesion in pig kidney in 
by moving the transducer in a grid formation vitro by moving the transducer in a grid 
(12 xl2) (top view). pattern (12 xl2) (side view). 

FIGURE 8, Large lesion in pig kidney in 
vitro through fat layer using a grid pattern 
(side view). 

FIGURE 9. Large lesion in pig kidney in vivo 
by moving the transducer in grid pattern 
showing cavitational activity. 

Data from Hynynen (1991) [23] suggests that the threshold spatial peak 
intensity at 4 MHz is about 6000 W/cm^ (extrapolated) or 3333 W/cm^ (average 
intensity). Thus, with the average intensity of 4000 W/cm^ used in the in-vivo 
experiments, cavitation was not avoided. 
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During cavitation, lesions have irregular boundaries, as opposed to the case of 
operating below cavitation, where the lesions have smooth boundaries, exhibit less 
mechanical damage to the tissues, and always occur at the center of the focal 
region. 
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Abstract. In this paper, the tumor cells of the oral cavity were selected as experimental objects, 
and the cooperative effects of ultrasonic tliermal therapy combined with chemotlierapy to induce 
tumor cell death were studied. Combined with special chemotherapy, the optimal parameters of 
ultrasonic therapy, such as frequency, dose, sound field, treatment time and temperature, were 
found by the animal trials in which tlie human tumor cells were inoculated into the body of nude 
mice. Experimental results show that the optimized thermal treatment technology of ultrasonic 
combined with chemotherapy can produce obvious inhibitor}' effects to limit the tumor's growth. 
The reason is tliat the cooperative effects of the two treatment methods can induce tumor cell 
apoptosis, and the optimized therapy plan is the main factor to affect the cooperative effects. 
Additionally a result has been found that the heat-drug interaction can produce the inhibitory 
action with respect to tumor weight, and the tumor inhibitory ratio is 97.86% in our experiment. 

INTRODUCTION 

In recent years, malignant tumor has become one of the most common diseases and 
one of the main causes of human death. Its incidence shows an increasing tendency. 
According to the prediction of WTO, tumors will become the number one killer in the 
21^' century. It is well known that most patients with malignant tumors are diagnosed 
while in the middle to late stages, and any kind of traditional or conventional treatment 
method, such as resection, chemotherapy, or radiotherapy, cannot be completely 
effective in healing such a disease alone [1-3]. So a combined treatment method must 
be adopted. Thermotherapy has been demonstrated to be effective in killing tumor 
cells and inducing cancer cell apoptosis. As an effective adjuvant therapeutic method, 
localized thennotherapy has been used in clinical tumor treatment combined with 
chemotherapy or radiotherapy [4,5]. The degree of thennal enhancement of these 
therapies has been strongly dependent on the ability to localize and maintain 
therapeutic temperature elevations, and the effectiveness of thermotherapy has been 
shown to be strongly dependent upon the temperature uniformity delivered [6]. 

With the rapid development of the past 10 years, an ultrasonic thermal therapy 
system has been considered an effective approach to heating tumors [7]. This method 
takes advantage of ultrasound's greater penetration, satisfactory efficacy of 
temperature control and acute temperature measurement. Ultrasound technology has 
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significant characteristics that allow for a higher degree of spatial and dynamic control 
of heating compared to other common heating methods [8,9]. It has also shown the 
superiority of thermal therapy over other approaches and has begun to receive much 
attention in the tumor thennotherapy field. So ultrasound is regarded as the most 
promising thermotherapy technique. But the exact mechanisms responsible for its 
antitumor effect are still not yet fully understood and need further experimental 
investigation [10]. 

In this paper, the antitumor effects of ultrasonic thermal therapy, chemotherapy and 
their combined methods will be studied and a pilot study result also will be given. 

METHODS OF CELL APOPTOTIC INDUCEMENT 

Ultrasonic Thermal Therapy Equipment 

The ultrasound field was generated by four single square PZT transducers. Each 
was of dimensions 32 mmx32 mm, and the system had two resonant frequencies for 
different treatment objects, 1 MHz and 3.5 MHz, respectively. The power signal 
feeding the transducers was generated by a frequency generator and amplified by an 
LC amplifier. The electrical impedance of the transducer was matched to the output 
impedance of the amplifier by the LC matching network. An Acerate temperature 
sensor was used to measure the actual temperature of the treatment target for accurate 
power control of the PZT transducers. 

Movement of the treatment head in the x, y or z direction was performed by the use 
of a 3D Movement Machine-compatible mechanical positioning system. A plastic 
membrane covered the treatment head so that the water could be infused into the head. 
The entire setup was placed in the whole frame of the system. The treatment plan, 
composed of target location, ultrasound dose, frequency, and temperature control, was 
proposed by the supporting software with the participation of the doctors. The whole 
schematic diagram was shown in Figure 1. 

Treatment Plan 

Computer 

T 

3D Movement Machine 

Controlling System 

Power Amplifier 

Information Management 

Water Cooler 

Acerate Temperature Sensor • 

Treatment 
Head 

X 
Treatment Target 

FIGURE 1.   Schematic Diagram of Ultrasonic Thermal Therapy System. 
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Experimental Method 

The therapy plan for this study is shown in Table 1. The experimental nude mice, 
which had been inoculated with TcaSl 13 tumor cells, were divided into five groups. 
The CDDP was used as the chemotherapy medicine. The mice in the CDDP group 
were injected with 0.1ml CDDP (0.6mg/ml) into their abdomens, the treatment 
interval was two days and total trials were five in number. In the thermal group, the 
mice were anesthetized, and the ultrasound was localized on the tumor with a dose of 
3.5 MHz, 42° C, 40 min. The two acerate sensors were used to control the thermal 
temperature. The third group of the carcinomatous mice was treated by ultrasound 
therapy combined with the CDDP method as used on mice of the first group. In the 
fourth group, the mice were selected as the contrast objects, and none of the above 
treatments were adopted. In the other two experimental groups, the treatment interval 
and times were the same as those in the CDDP group. 

TABLE 1 ■   Treatment Method of Each Experimental Group.  
Name of Group     Number of Nude Mice        CDDP (0.6mg/ml)        Ultrasonic Thermal Dose 

0 0 
O.lmlxS 0 

0 3.5MHz, 42° C, 40 minxS 

 0.1 mlx5 3.5MH2,42° C, 40 minx5 

Contrast 13 
CDDP 10 

Thermal 10 

hermal+CDDP 10 

In order to obtain the study results, some parameters were used to describe and 
evaluate the changes of tumors in each experimental group. The tumor volume was the 
most important parameter, and showed an obvious treatment effect. Equation (1) can 
be used to calculate the tumor volume, A is the longest diameter of the tumor, and B is 
the shortest one in the vertical direction [11]. 

V = AB^n/6 (1) 
Tumor inhibitory ratio was another important parameter with which to evaluate the 

therapy method. There were two different ways to compute the result, according to the 
tumor volume (Ry) or tumor weight (Rw). 

Ryi%) = (l-^)xlOO% (2) 

Vc 

W 
^^(%) = (1 ^)xiOO% (3) 

Wc 

where F^and   fF^ are the average values of experimental groups, while F^ and W^ 
are the average values belonging to the contrast group. 
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RESULTS AND DISCUSSION 

Experimental results for the 3 treatment methods are detailed below. In the thermal 
group, some obvious dropsy occured in the skin of tumors at the beginning of the trial. 
But over three to five weeks, the dropsy disappeared step by step, and the color of the 
skin changed from purple to purple-black. Then the tumors died and became covered 
with scabs. At last, the scabs fell off. However, if the therapy effect was not so 
significant, the tumor grew after treatment, maybe after seven to ten days. 

The tumor average volume in each group was recorded, as shown in Table 2. 

TABLE 2. Dynamic Inspection of Tumor Averag e Volume in Each Experimental Group (mm-*). 
Time (\\ cek) 

Name of Group — 
0 1 2 3 4                 5 

Contrast 
CDDP 

Thermal 
Thermal+CDDP 

197.1 
192.2 
183.8 
210.9 

439.8 
307.6 
145.9 
136.7 

784.5 
398.8 
34.5 
5.5 

1099.2 
564.6 
114.6 
0.98 

1555.1           1847.8 
1007.7          1315.9 
261.4            510.3 
5.98              27.9 

With careful inspection and research, the change in tendency of the tumor volume 
in the experimental groups can be found. From the first week, the tumors of the 
contrast group grew very fast, and the average volume was up to 1847.8 mm at the 
end of the experiment. At three weeks, the tumors of the CDDP group grew very 
slowly. But in the fourth week, the growth rate increased, and the average volume was 
up to 1315.9 mm^ at the end. After thermal therapy, the tumors of the third group 
decreased in volume. However, after the third week, these tumors began to grow 
slowly. At last, the average volume was 510.3 mm^ Contrasting with the thermal 
group, the tumor growth of the fourth group was clearly inhibited, and the inhibition 
time was much longer than in the thermal group. And at the end of inspection, the 
tumor average volume was 27.9 mm^. The ultrasonic thermal treatment combined with 
the CDDP method was the main reason. 

For another parameter, Tumor Inhibitory Ratio (TIR), the calculation and 
experimental analysis also has been finished. The results are shown in Table 3 and 
Table 4. 

TABLE 3.   Changes of Average Tumor Inhibitory Ratio in Each Experimental Group.  
-^  Time (Week)  

Name of Group  j ^ ^ 7 7 

Contrast 0 0 0 0 0 
CDDP 30.1 49.2 48.6 35.2 28.8 

Thermal 66.8 95.6 89.6 83.2 72.4 
Thermal+CDDP 68.9 99.3 99,9 99,6 98.5 

TABLE 4.   Inhibitory Ratio of Tumor Weight in Each Experimental Group.  
Name of Group Tumor Average Weight (g) Tumor Inhibitory Ratio 

18,25 
73.81 
97.86 

Contrast l.26±0.16 
CDDP 1.03±0.1l 

Thermal 0.33±0.I7 
Thermal+CDDP 0.03±0.02 
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The TIR had a high value at the start of treatment in the CDDP group, but 
decreased quickly with time. The ultrasonic thermal therapy combined with the CDDP 
method had a higher TIR and was much more effective during the whole treatment 
period. From the experimental results, the ultrasonic thermal therapy method 
combined with chemotherapy could improve the ability to kill the tumor tissue. The 
tumor inhibitory ratio of heat-drug interaction was 97.86%. So the conclusion is drawn 
that combined therapy can produce a cooperating effect. 

After inspection of the this tumor research, another four groups of carcinomatous 
nude mice were prepared for further study. The reason that the ultrasonic themial 
therapy method combined with the chemotherapy was more effective in killing tumor 
cells should be explained. From inspection of the experimental data, tumor cell 
apoptosis was foimd to be strongly induced by ultrasonic themial therapy, combined 
with CDDP. 

Apoptotic Index (AI) was a better value by which to assess the cooperating domino 
effect of the combined methods. At the appointed time, the mice were euthanized, and 
tumor tissue was selected and slices cut for an inspection, A statistical method was 
used to compute the AI according to the numbers of apoptotic cells and total cells in 
the inspection field. Some results are shown in the following two tables. 

TABLE 5.   TcaS 113 Tumor Cell Apoptosis Induced by Ultrasonic Thennal Therapy+CDDP.  
 Name of Group Apoptosis Cells  

Contrast                                                             3.17+1.78 
CDDP                                                              4.12+2.06 

Themial                                                             7.74+1.26 
Thermal+CDDP 12.03+1.42  

TABLE 6.   Dynamic Inspection of Tumor Cell Apoptotic Index (%).  

Name of Group  ^— Time (Hour)  
 0 6 12 24 48 

Contrast 3.56±0.78 2.68+0.34 2.72+0.63 3.76±1.88 3.30+0.65 
CDDP 2.94±0.61 4.23±2.06 6.12+0.82 3.68+1.24 3.58+1.22 

Thermal 6.41+1.96 11.82+2.87        5.71±1.69 4.22+0.54 3.27±0.91 
Thermal+CDDP       6.84±1.91 13.58+1.51        15.88+1.33 7.34±0.76 6.36±1.05 

In Figure 2 to Figure 5, the apoptotic process of experimental tumor cells is shown 
on a microscopic level. The method of ultrasonic thermal therapy combined with 
CDDP can be seen to be more effective. In Figure 5, the number of apoptotic cells 
increases with ongoing treatment time, and the treatment resulted in the formation of 
apoptotic cell lumps as shown in Figure 4. 
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FIGURE 2.   Normal Tca8113 Tumor Cells under the Electron Microscope. 
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FIGURE 3.   Tendency of Tumor Cell Apoptosis in Thermal +CDDP Group. 
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FIGURE 4.   Occurrence of Apoptotic Cell Lumps after Thermal Therapy Combined with CDDP. 
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FIGURE 5,  The Therapy Process of Tumor Cell Apoptosis in Thermal +CDDP Group (hours after 
treatment). 

The putrescence and apoptosis were the two main factors to cause tumor cell death. 
Our experimental results showed tlmt the combined method of ultrasonic thermal 
therapy plus CDDP could induce tumor cell death. 

Another result was found, namely, that any single method (Ultrasonic Thennal 
Therapy or CDDP Chemotherapy) had equal ability of inducement, but the efficacy of 
combined methods was much larger. The compatible parameters of ultrasound, such as 
frequency, dose, soimd field, treatment time and temperature, were more effective to 
accomplish the thermal therapy. And other antitumor effects of ultrasound therapy 
need further study. 
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Abstract Introduction and objectives: Defective antigen presentation in cancer may be 
overcome by induction of heat shock protein (HSP) expression. Thus the impact of heat 
treatment by high intensity focused ultrasound (HIFU) on promotion of anticancer immunity in 
liuman prostate cancer was analyzed. Methods: 10 human prostates were treated by 
themioablation with transrectal HIFU 3 houre and 6 days before surgical removal and analyzed 
immunohistologically for HSP and cytokine expression. In vitro, regulation of HSP and cytokine 
mRNA and protein expression after sublethal heating was determined in BPH epithelial cells 
(EC), LNCaP and DUI45 cells using cDNA expression array, RT-PCR and Western blotting. 
Effect of heat on T-cell immune response was investigated by analysis of T-cell receptor VB- 
chain usage of peripheral blood T-lymphoeytes after coculture with autologous of heat-treated 
prostate EC. Results: At the HIFU-border and -necrosis zone significantly enhanced expression 
of HSP72, HSP73, glucose regulated protein-78 and tumor necrosis factor-alpha of both benign 
and malignant EC was found. In vitro, LNCaP cells respond to heat by upregulation of HSPs on 
the mRNA and protein level. Further, more than 60 genes were upregulated, including those 
stimulating growth and communication of immunocompetent cells (ICAM-1, CSF). Stimulation 
of autologous peripheral blood T-lymphoeytes by heat treated EC induced disproportional 
outgrowth of certain T-cell subsets with a defined T-cell receptor repertoire (VB2, VB 5.1). 
Conclusions: Heat response after HIFU may enhance anticancer immunity by increasing 
antigenicity of EC. 

INTRODUCTION 

Most of prostate cancer (CaP) specimens show lymphocytic infiltration to some 
extent and the theoretical capacity of the immune system to kill CaP cells has been 
demonstrated in vivo and in vitro (1). However, defective or insufficient tumor 
antigen presentation prevents an effective anticancer immune response. This is based 
on the fact that malignant transformation is frequently associated with a marked loss 
of major histocompatibility complex class I antigens. Cytotoxic T-lymphocytes 
require co-recognition of HLA class I epitopes and by their loss tumor cells escape T- 
cell recognition. Another reason is the spatial immune barrier built up by tumor cells 
which consists of tumor cell matrix and coimective tissue cells and prevents contact 
between infiltrating lymphocytes and CaP cells. HSPs are major players in the 
immune response to cancer as they carry the antigenic fingerprint of a tumor cell. 
When one immunizes a mouse with a purified HSP-antigenic peptide preparation, the 
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HSPs interact with the antigen presenting cells (APC) present at the site of 
immunization. The same thing may happen naturally when HSP-peptide complexes 
are released from cells as a result of cell lysis due to cell necrosis. HSP upregulation 
on prostate cancer cells following heat stress may provide the danger signals required 
for a more effective immune response (2). Recent studies have indicated that tumor 
immunogenicity is associated with upregulation of the highly inducible HSP70 
isoform, HSP72 (3). HSP72 can activate monocytes and up-regu!ate the expression of 
proinflammatory cytokines. Finally, HSPs may even prime cytotoxic T-lymphocytes 
in instances where tumor cells do not express sufficient cell surface MHC class I 
antigens (4). Consequently, we reasoned that upregulation of HSPs (5) in association 
with extensive coagulative necrosis of CaP tissue by means of transrectal high- 
intensity focused ultrasound (HIFU) (6-9) may elicit a very effective anticancer 
immune response. 

To test this hypothesis, we analyzed whether (1) immunogenic HSPs and 
proinflammatory cytokines are upregulated after heat shock in vivo and in vitro, (2) 
heat treatment of prostate EC increase the antigenicity of epithelial cells in vitro and 
(3) heat treatment upregulates mRNA expression of genes, which are involved in 
immune defense and cell communication. 

MATERIALS AND METHODS 

Patients 

Six patients with clinically localized CaP were treated with transrectal HIFU and 
underwent radical prostatectomy under the same anesthesia 3 hours later. The 
prostates of 4 patients with invasive bladder cancer were treated with a HIFU marker 
lesion at the time of staging transurethral resection of the bladder 6 days prior to 
radical cystoprostatectomy. 

Transrectal High Intensity Focused Ultrasound (HIFU) For 
Prostatic Tissue Ablation 

Transrectal HIFU treatment for prostatic tissue ablation was performed as 
described in detail elsewhere (9,10). 

Immunoperoxidase Staining 

For immunoperoxidase staining the following monoclonal antibodies were used: 
anti-HSP72 (clone C92F3A-5), anti-HSP72/73 (clone N27F3-4), anti-GRP-75(clone 
30A5), anti-GRP-78 (clone 10C3) and anti-tumor necrosis factor-alpha. Tissue 
expression of HSPs was scored in a semiquantitative manner (minimum score: 0; 
maximum score: 3,5). 
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Western Blotting 

LNCaP and prostatic stromal cells were prepared as described elsewhere (5), A 
chemoluminescence detection system was used for visualization and computer 
analysis. 

Atlas Array 

Primary prostate EC and LNCaP cells were incubated for 1 hour at 43° C. mRNA 
was prepared from heated and non-heated cells and l^g of RNA was transcribed into 
cDNA using [a-^¥] dATP, Labeled, complex cDNA probes were separately 
hybridized overnight to the Atlas Arrays and double spotted with 588 different 200- 
500bp cDNA fragments. The signals were analyzed quantitatively using GS 250 
molecular imager and the amount of reactivity was adjusted by the amount of 
reactivity with the blotted house keeping genes. 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

RT-PCR using primers specific for tumor necrosis factor-alpha (TNF-alpha) and 
granulocyte macrophage-colony stimulating factor (GM-CSF) was used as described 
elsewhere (10). 

Autologous Prostate Epithelial Cell - T-Lymphocyte Reaction 

To test the effect of sublethal heat treatment on T-cell immune response 
sublethally heated prostate EC were cocultured with autologous peripheral blood T- 
lymphocytes in the presence or absence of interleukin-2 (IL-2R) for 4 weeks. The 
quality of immune response was analyzed by implementation of an antibody panel 
directed against 14 individual VB T-cell receptor chains and the IL-2R (anti-CD25). 

Flow Cytometry Analysis 

Two/three color analyses were performed using FACS and are described in detail 
elsewhere (11). 

Statistical Analysis 

For statistical analysis, a nonparametric Wilcoxon test was performed. A p value of 
<0,05 was statistically significant. 
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RESULTS 

Effect Of Sublethal Heat Treatment On The Expression Of Heat 
Shock Proteins Of Primary BPH-Derived Prostate Epithelial Cells 

And LNCaP Prostate Carcinoma Cells 

To investigate the heat response of BPH epithelial cells (EC) and CaP cells to 
sublethal temperatures cells were subjected to a 1-hour long 43° C heat shock. 
Identical amounts of radioactively labeled mRNA derived from both experimental 
groups were subsequently used for hybridization of the Atlas Array membranes 
(Fig.l). In contrast to the equally intense hybridization signals of BPH-EC obtained 
before and after heat shock when probed for the housekeeping gene, HSP72 mRNA 
expression in BPH EC was only found after heat shock. In contrast, untreated LNCaP 
cells constitutively expressed low levels of HSP72 mRNA. The heat response of 
LNCaP cells was characterized by a considerable upregulation of HSP72 mRNA 
considering the fact that the hybridization product of the housekeeping gene was by 
far less intense in the group of heated-treated LNCaP cells when compared with 
untreated LNCaP ceils. Also HSP27 and HSP86 mRNA expression was considerably 
upregulated after heat exposure in both cell types. Following cell heating in the range 
of 43-49° C, HSPs were also upregulated on the protein level, but showed different, 
temperature dependent expression pattern. The maximum expression of HSP60 was 
after 46° C, while the maximum expression of GRP-75 was at 43° C. 

PROSTATE EPITHELIAL        LNCaP CELLS 
CELLS 

37X        Arc 37X 4rc 

-HSP40 
-HSP60 

** M| m,i    -HSP86 
^m im -HSP27 

II*    -HSP72 

-House- 
keeping gene 

Figure 1. Kramer ,et al. 
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Effect Of Sublethal Heat Treatment On The Expression 
Of Cytokines Of DU145 Prostate Carcinoma Cells 

Reverse transcriptase-polymerase chain reaction using primers for tlie 
proinflammatory cytokine tumor necrosis factor alpha confirmed that heat treatment 
of DU145 prostate carcinoma cells increased the production of mRNA of tumor 
necrosis factor alpha. TNF-a is known to induce proliferation and maturation of 
antigen presenting cells. 

Upregulation Of Representative Genes By Heat 
On The Atlas Human cDNA Expression Array 

However, the response to sublethal heat exposure is far more complex than only a 
simple upregulation of a small number of heat shock proteins. It involves a panel of 
more than 60 other important genes of various functional classes, including those 
which also stimulate anticancer immune response. For example, growth factors such 
as CSF-1 (=Macrophage-specific colony-stimulating Flm factor), which stimulate the 
growth of antigen presenting cells or costimulatory adhesion molecules such as 
ICAM-1 (Intercellular adhesion molecule-1), which enhance the contact between 
APC and cytotoxic T-cells. Further, cell cycle regulators, DMA synthesis, repair and 
recombination proteins or apoptosis-related proteins such as DAD-1 (Defender 
against cell death) or growth arrest and DNA-damage inducable protein GADD153 
were significantly upregulated. 

Effect Of HIFU Treatment On Heat Shock Protein And 
Cytokine Expression In Vivo 

Specimens (n=10) were divided into three distinct compartments (see Table 1): 
(1) Tissue far distant from the treatment zone without histologic signs of treatment 
(untreated area); (2) tissue next to the treatment zone (border zone) and (3) tissue 
from the HIFU treatment zone itself demonstrating all typical histologic features of 
HIFU-induced necrosis (necrotic area). 

In untreated areas, HSPs were differentially expressed. For example, BPH-basal 
EC stained moderately or strongly for HSP72, while BPH-secretory EC were either 
completely HSP72 negative or showed only a weak reactivity. Tumor EC in untreated 
areas were either completely negative or exhibited only a weak anti-HSP72 reactivity. 
In contrast, staining with anti-HSP73 was moderate to strong in most of the areas and 
types of cells. Compared with HSP72, the differences were significant for all cell 
types and areas (p<0.05) except for basal EC in the necrotic area. 

Screening for alterations of HSP expression in the border zone of the HIFU beam 
focus revealed significant upregulation of HSPs in most of benign and malignant EC 
(Table 1). Also in the necrotic area HSPs were upregulated, although to a lesser extent 
than in the border zone. 

As with HSPs, cytokines such as tumor necrosis factor alpha were upregulated both 
in the HIFU-border and -necrotic zone, too. 
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Effect Of Heat Treatment Of Prostate Epithelial Cells On 
Antigen-Specific T-Lymphocyte Response 

BPH-EC were sublethally heated and cocultured with autologous peripheral blood 
T-lymphocytes, The following immune response was analyzed by determination of the 
VB T-cell receptor chains usage. For control, T-lymphocytes were cocultured with non- 
heated epithelial cells or cultured alone. After coculture with heated EC, FACS 
analysis showed the disproportional outgrowth of certain T-cell subsets with 
expression of defined T-cell receptor Vfl chains, first of all VB2 and VB5.1, in half of 
the patients (n=6). For example, if peripheral blood T-lyraphocytes were cultured 
alone, 5% expressed the TCR VB2 chain. If peripheral blood T-lymphocytes were 
cocultured with non-heated prostate epithelial cells from the same BPH patient, the 
number of outgrowing T-lymphocytes expressing the TCR VB2 chain inclined to 8%, 
indicating recognition of epithelial antigens. However, if peripheral blood T- 
lymphocytes were co-cultured with heated epithelial cells, the number of outgrowing 
T-cells with TCR V62 usage w^ more than doubled when compared to baseline 
values, indicating increased antigenicity of epithelial cells after heat treatment, 

CONCLUSION 

Here we report for the first time on the differential expression of HSP70s and of the 
GRPs 75 and -78 in untreated prostate tissue and its selective upregulation in response 
to heat treatment in vivo and in vitro, Overexpression of HSP70 is probably most 
clinically relevant, since HSP70s are the most temperature sensitive HSPs, playing a 
key role in the induction of thermotolerance within the cell. Another fact that makes 
heat induced overexpression of HSP70 more essential than that of HSP27 is their 
essential role in antigen presentation (12). The release of HSP70s in vivo, as a result of 
cell injury, e.g. after HIFU-induced necrosis, can promote (13, 14) a very strong tumor 
specific T-cell response. Further, heat led to increased antigenicity of EC and caused a 
response of T-cell subsets with a defined T-cell receptor repertoire. Finally, 
upregulation of proinflammatory cytokines such as TNF-alpha may activate the APC 
system. However, heat response of CaP cells is far more complex than the upregulafion 
of some HSPs. It involves upregulation of more than 60 genes, which control cell 
growth, cell survival and, most importantly, provide crucial prerequisites for an 
effective antitumor response. Taken together, heat treatment by transrectal HIFU may 
indeed enhance immunity against prostate cancer. 
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Abstract. A simple, incision-less method of male sterilization may reduce tlie incidence of 
infection, bleeding, and scrotal pain associated with conventional surgical vasectomy, and 
provide a less skill-intensive method of male sterilization capable of being performed in a 
nonsterile environment. This study compares the vas deferens and epididymis as two potential 
anatomical targets for noninvasive male sterilization using therapeutic focused ultrasound. A 
two-radian ultrasound transducer mounted on a plastic clip delivered 4 MHz ultrasound energy 
to the target located between the clip jaws. Active skin cooling was provided by circulating 
chilled degassed water through a latex balloon attached to the front of the clip. Thennocouples 
placed at the skin, intradermally, and at the epididymis, recorded tissue temperatures during 
ablation. The left and right canine epididymis were ablated in a total of 4 dogs using similar 
transducer acoustic powers and sonication times (Control, 3W/120s, 5W/90s, 7W/60s) to 
previous vas ablation experiments. Successful thermal occlusion of the epididymis may be 
achieved over a large therapeutic window (Power = 3-7 W, SI = 0.8 - 1.9 W/cm\ Time = 20- 
120 s) without adverse effects. The epididymis provides a larger and easier target than the vas, 
eliminating problems with co-location of the ultrasound focus within the target and skin bum 
complications. Long-term azoospermia ejaculation studies in animals will be necessary to 
definitively confinn permanent sterilization without recanalization after focused ultrasound 
ablation of the vas and epididymis. 

INTRODUCTION 

Surgical sterilization is the most common form of contraception in tlie United 
States [1]. Although male sterilization (vasectomy) is more successful, has less 
complications, is less expensive, and easier to perform than female sterilization (tubal 
ligation), tubal ligation remains twice as common as vasectomy [1,2]. Couples choose 
tubal ligation over vasectomy due to several factors, including cultural and societal 
pressures, ignorance of vasectomy, and fear of complications [1-3], These concerns 
may be alleviated by developing a rapid, noninvasive, and safe method of vasectomy 
which eliminates incision, bleeding, infection, and scrotal pain. 

Preliminaiy work in our laboratory has indicated that thermal coagulation of the vas 
deferens using therapeutic focused ultrasound may lead to a completely noninvasive or 
incisionless method of male sterilization [4,5]. However, several limitations with our 
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technique were encountered during preliminary studies, including concerns with the 
vas deferens slipping out of the ultrasound clip jaws, which were co-located with the 
focus of the ultrasound transducer. Problems were also encountered with skin bums, a 
commonly reported complication of focused ultrasound applications [6-8]. 

The purpose of this study is to use thermocouple temperature measurements to 
compare two different anatomical targets for male sterilization: the vas deferens and 
the epididymis. The vas deferens is a single, muscular tube, with an approximately 
2-mm-diameter [9]. Proper co-location of the clip jaws and ultrasound focus inside 
the vas is necessary to insure proper targeting and thermal occlusion of the vas. The 
epididymis, on the contrary, is composed of a bundle of much smaller ducts (200-|xm- 
diameter) wrapped into an approximately 2-cm-diameter sphere at the head of the 
epididymis (Figure la). A large thermal lesion placed within the epididymal head 
would presumably occlude the same duct at several locations. Targeting the 
epididymis could potentially eliminate problems with co-location, which would no 
longer be necessary, and skin bums, which may be eliminated through the use of 
lower acoustic intensities to thermally occlude the smaller and more delicate 
epididymal ducts. 

Tunica albuginea 

Figure 1. (a) Detailed anatomy of the vas deferens and epididymis. Diagram reproduced with 
permission from Harcourt Health Sciences [10]. (b) Diagram of experimental setup (laptop PC, cooling 
system, RF power supply, and vasectomy clip), (c) Photograph of the ultrasound clip placed on the 
epididymis with thermocouples inserted. 
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MATERIALS AND METHODS 

The ultrasound vasectomy system consisted of a 100 W radiofrequency power 
supply interfaced with a laptop PC and operated with Labview software (Figure lb). 
The two-radian transducer had dimensions of 1 x 4 cm (width x length), with a 2-cm- 
radius, and was made of an inexpensive and disposable proprietary polymer material 
(Transurgical, Inc., Setauket, NY). The transducer was designed to focus 4 MHz 
ultrasound energy at a 3-mm-depth below the skin surface, creating a FWHM intensity 
profde of 0.3 X 1 X 8 mm (width x depth x length) at the focus (Figure 2a), The 
transducer was mounted into a disposable plastic clip with movable jaws for grasping 
the vas deferens (Figure Ic), A heat exchanger flowed chilled (10 ± 2° C), degassed 
water through a latex balloon attached to the clip on the front side of the transducer. 
An acoustic power meter was used to calibrate the transducers. Electrical to acoustic 
energy conversion was not optimized, and measured only 10-15% with chilled water 
flowing across the front surface of the transducer (Figure 2b). 

Transmitted Acoustic Power 
vs. Input Eiectrical Power 
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Figure 2. (a) 2D intensity profile talcen along tlie focus of tlie ultrasound transducer using a needle 
hydrophone. The horizontal axis measures depth of focus and the vertical axis measures width of focus 
(the center of the focus is shown here). The FWHM of tlie ultrasound focus measured 0.3 x 1.0 x 
8.0 mm (width x depth x lengtli). (b) Transmitted acoustic power plotted as a function of input 
electrical power. Typical efficiencies ranged from 10-15% with chilled water flowing across the front 
surface of the transducer. 

All animal work was approved by the Animal Care and Use Committee at Johns 
Hopkins University, Mongrel dogs (40-50 lbs,) were premedicated with an 
intramuscular injection of acepromazine (0.75 mg/kg). An endotracheal tube was then 
inserted and the dog placed on respiratory support with maintenance anesthesia of 
1-2% isofluorane in oxygen. The epididymal head was placed between the jaws of the 
ultrasound clip. Ultrasound gel was then applied to the skin and the balloon inflated to 
insure good skin contact and acoustic coupling, Microthermocouples were guided to 
the epididymis, intradermal (subsurface skin), and skin surface (at the skin-balloon 
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interface) through 16 gauge syringe needles. A PC with data acquisition software 
recorded temperatures every 33 msec with an accuracy of ± 1° C. This approach was 
similar to that of previous experiments on the vas deferens [4,5]. 

Pre-ablation cooling experiments were conducted to determine the length of time 
necessary to cool the skin surface to the chilled water temperature (10 + 2° C). A pre- 
ablation cooling period of 60 sec. was used during all of the ablation experiments. 
The first 10 sec. recorded the baseline temperatures in the tissue, followed by 60 sec. 
of pre-ablation cooling. At t = 70 sec, sonication was initiated and ran for varying 
times between 60 - 120 sec. After sonication, the ultrasound system was turned off, 
and post-ablation skin cooling began. Experiments were performed in a total of four 
dogs for the epididymis (n=8) with a single set of ablation parameters (control, 
3W/120s, 5W/90s, or 7W/60s) being used for the left and right side (n=2) on each dog. 
The transducer surface intensities were 0.8, 1.4, and 1.9 W/cm^, respectively, for these 
parameters. Representative thermocouple temperature curves were then plotted for 
each set of ablation parameters. 

During the animal recovery period, the ablation sites were examined grossly for 
evidence of skin bums. After 21 days, the testicles were excised and the epididymis 
processed using standard histologic procedures and H & E staining. 

RESULTS 

Representative temperature-time data was taken for the epididymis using identical 
ablation parameters as that used for previous vas deferens ablation experiments 
(Control, 3W/120S, 5W/90s, 7W/60s). Pre-ablation cooling studies were performed in 
which chilled water was rapidly circulated through the balloon to help determine the 
optimal pre-ablation cooling times (Figure 3a). The temperatures at the skin-balloon 
interface and intradermally decreased rapidly, producing a large thermal gradient 
between the target epididymis or vas deferens and intervening skin layers within 
60-120 s. Pre-cooling times longer than 120 s provided decreasing benefit at the 
expense of increased operative times. 

Temperature-time curves for epididymal ablation at intermediate transducer 
acoustic powers (5W/90s) are shown in Figure 3b. Peak temperatures at the 
epididymis reached 64° C, while intradermal skin temperatures continued to rise, 
reaching the coagulation threshold of ~ 52° C just as sonication was stopped. The 
therapeutic window is defined as the difference between the time necessary to bring 
the skin and epididymis temperatures above 52° C. These temperature trends 
indicate that a large therapeutic window of approximately 60 s exists, corresponding to 
a sonication time of 90 s before skin bums should start to appear. 

Vas ablation temperature-time curves (5W/90s) are shown in Figure 3c for 
comparison. Peak vas and intradermal temperatures reached 90° C and 53° C, 
respectively. The therapeutic window is only approximately 35 s corresponding to an 
ablation time of 45 s without skin bums. 
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Figure 3. (a) Pre-ablation cooling study of the skin and epididj-mis. (b) Epididymis ablation (P = 5 W, 
t = 90 s). (c) Vas deferens ablation (P = 5 W, t = 90 s). Note the large difference in peak temperatures 
between the epididymis (T = 64° C) and vas deferens (T = 90° C) using identical ablation parameters. 
Large differences in the therapeutic window also exist between the epididymis (TW = 60 s) and vas 
deferens (TW = 30 s). 

There was no evidence of skin bums at the ablation sites during gross observation 
of the scrotum immediately after epididymal ablation. There were also no observable 
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signs of pain by the dogs either during the procedure or during postoperative 
monitoring. Successful creation of a thermal lesion in the epididymal head was 
confirmed by the presence of a hard nodule beneath the skin during manual 
examination. A histologic cross section of the ablated epididymis and adjacent 
testicular tissue at 21 days is shown in Figure 4. A large area of the epididymis was 
thermally occluded, as demonstrated by the presence of a dense region of scar tissue. 
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Figure 4. (a) Representative H&E stained histologic photograph of the testicle and epididymis. 
(b) Close-up image of the epididymal head ablated with a power of 5 W for 60 s, shown here 21 days 
after ablation. (T = Testicle; E = Epididymis; C = Coagulated area resulting in scar tissue). There is no 
apparent damage to the testicle. 

Table 1 summarizes the best results obtained during optimization of the ultrasound 
ablation parameters for both epididymis and vas deferens ablation. Higher occlusion 
rates and lower skin bum complications were encountered for epididymal ablation. 

TABLE 1. Best preliminary results for thermal occlusion rates and skin bum complications. 

Target Power, Time Occlusion Rates Skin Burns Reference 

Vas Deferens 

Epididymis 

7 W: 30, 60 s 

5 W: 45, 60, 75 s 

4/6 (67%) 

10/12 (83%) 

2/6 (33%) 

0/12(0%) 

Roberts, et al." 

Roberts, et al.*" 

'Roberts, W.W., Chan, D.Y., Fried. N.M., Wright. E.J., Nicol. T., Jarrett. T.W.. Kavoussi, L.R., and 
Solomon, S.B.,/ Uml. 167, 2613-2617 (2002). 

''Roberts, W.W., Wright. E..I., Fried, N.M., Nicol. T.M.. Jarrett. T.W., Kavoussi. L.R.. Solomon. S.B., 
J. Endowol. 15:A64 (2001). 

DISCUSSION 

Previous studies using focused ultrasound ablation of the vas deferens resulted in 
two major problems: skin bums and inconsistent vas occlusion [4,5]. Bums were due 
to high ultrasound absorption in the skin, and the low occlusion rates were due to 
difficulty in targeting the vas and delivering sufficient thermal energy for occlusion. 
Our more successful results with focused ultrasound ablation of the epididymis may 
be attributed to significant anatomical differences between the two targets. 
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The epididymis represents an easier target than the vas deferens for several reasons. 
First, the epididymal head is larger than the vas (2-cm-diameter vs. 2-mm-diameter), 
not only eliminating co-location issues, but also allowing deeper targeting and less 
probability of skin bums. No skin bums were observed during epididymal ablation 
due to our ability to grasp more tissue between the jaws of the clip, thus providing a 
"thermal buffer" between the target epididymis and the skin surface. These 
differences in anatomy explain the large differences observed in the peak target 
temperatures during sonication. For example, at acoustic powers (5W/90s), peak 
epididymis and vas temperatures reached 65° C and 90° C, respectively. 

Second, the individual epididymal ducts are much easier to occlude than the vas. 
The ducts have a smaller lumen than the vas and are more delicate than the thick, 
muscular, and insulating wall of the vas, A lesion placed in the epididymis should 
theoretically occlude the same duct at several different locations, leading to a higher 
probability of successful occlusion. On the contrary, problems with co-locating the 
focus of the ultrasound transducer with the single 2-mm-diameter vas deferens 
resulted in frequent misses of the target. These differences may help explain why 
occlusion rates with the best sets of ablation parameters measured approximately 83% 
(10/12) when targeting the epididymis, and only 67% (4/6) when targeting the vas 
deferens during previous studies [5,11], Skin bum rates using these parameters 
measured 33% for the vas deferens and 0% for the epididymis [5,11]. 

There are several limitations to our preliminary studies. First, optimization of the 
treatment parameters and histologic evidence supporting thermal occlusion of the 
epididymis represent significant advances towards development of a noninvasive 
vasectomy procedure. However, definitive evidence of permanent male sterilization 
without recanalization will ultimately need to be confirmed through ejaculation studies 
in animals with sperm count measurements. 

Second, it should be noted that an epididymal approach to male sterilization may 
limit the reversibility of the procedure. However, the importance of developing a 
reversible method of male sterilization may be exaggerated. Only a small percentage 
(2-6%) of couples choose to reverse the vasectomy procedure [12,13]. This small 
percentage is due to a combination of the high cost of vasectomy reversal and the lack 
of interest. Furthermore, only a fraction (40-60%) of the couples choosing vasectomy 
reversal have success [12-14], These statistics suggest that only 1-3% of couples 
would be adversely impacted by a nonreversible male sterilization method. 

Finally, the canine animal model used in these studies has significant limitations. 
We have observed that canine skin is considerably thicker than human skin on 
average. This difference may exaggerate the problem encountered with skin bums 
when transitioning to clinical studies. It should also be noted that the results in this 
preliminary study are only valid for direct comparison between the canine epididymis 
and vas deferens, and cannot be generalized to humans, or even other dog types. 
Nevertheless, this study demonstrates that epididymal ablation is easier, more 
successful, and has less adverse effects than vas ablation under comparable conditions. 
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CONCLUSIONS 

This study has demonstrated that the epididymis may be an easier target than the 
vas deferens for thermal occlusion using focused ultrasound. A larger therapeutic 
window was observed with the epididymis than with the vas using similar ablation 
parameters. The larger anatomical target, absence of skin bums, and elimination of 
co-location issues make the epididymis a more desirable target for noninvasive male 
sterilization than the vas deferens. Long term, azoospermia ejaculation studies in 
animals will be necessary to confirm permanent sterilization after focused ultrasound 
ablation of the epididymis and vas deferens. 

ACKNOWLEDGMENTS 

The authors thank Pat Lopath, Todd Fjield, Paul Harhen, and David Acker of 
Transurgical, Inc., who developed the ultrasound transducer and clip used in these 
experiments. We also thank Dr. Louis Kavoussi of the Johns Hopkins Department of 
Urology for his clinical expertise and assistance. Nathaniel Fried and Stephen 
Solomon serve as consultants to and have a financial interest in Transurgical, Inc. 

REFERENCES 

1. Chandra, A., Vital Health Stat. 23, 1-41 (1998). 
2. Miller, W.B., Shain, R.N., and Pasta, D.J., Fertility Sterility, 56, 278-284 (1991). 
3. Shain, R.N., Miller W.B., and Holden, A.E., Fertility Sterility 43, 234-244 (1985). 
4. Fried, N.M., Sinelnikov, Y.D., Pant, B.B., Roberts W.W., and Solomon S.B., IEEE Tram. 

Biomed. Eng., 48, 1453-1459 (2001). 
5. Roberts, W.W., Chan, D.Y., Fried, N.M., Wright, E.J., Nicol, T., Jarrett, T.W., Kavoussi, 

L.R., and Solomon, S.B., J. Urol., 167, 2613-2617 (2002). 
6. Gelet, A., Chapelon, J.Y., Bouvier, R., Souchon, R., Panguard, C, Abdclrahim, A.F., 

Cathignol, D., and Dubemard, J.M., Eur Urol., 29, 174-183 (1996). 
7. Adams, J.B., Moore, R.G., Anderson, J.H., Strandberg, J.D., Marshall, F.F. and Kavoussi, 

L.R.,J. Endourol, 10, 71-75 (1996). 
8. Watkin N.A., Morris, S.B., Rivens, I.H., and ter Haar, G.R., J. Endourol., 11, 191-196 

(1997). 
9. Goldstein, M., "Surgical management of male infertility and other scrotal disorders," in 

Campbell's Urology, edited by P.C. Walsh, et al., W.B. Saunders, Philadelphia, 1998, pp. 
1338-1358. 

10. Schlegel, P.N. and Chang, T.S.K. "Physiology of male reproduction: the testis, 
epididymis, and ductus deferens," in Campbell's Urology, edited by P.C. Walsh, et al., 
W.B. Saunders, Philadelphia, 1998, p. 1256. 

11. Roberts, W.W., Wright, E.J., Fried, N.M., Nicol, T.M., Jarrett, T.W., Kavoussi, L.R., 
Solomon, S.B., J. Endourol., 15:A64 (2001). 

12. Potts, J.M., Pasqualotto F.F., Nelson, D., Thomas, A.J., Agarwal, A., J. Urol., 161, 1835- 
1839(1999). 

IB.Heidenreich, A., Altmann, P., Neubauer, S., and Engelmann, U.H., Urologie, A 39, 240- 
245 (2000). 

H.Holman, CD., Wisniewski, Z.S., Semmens, J.B., Rouse, I.L., and Bass, A.J.  B.J.U. Int., 
86, 1043-1049(2000). 

162 



Hemostasis And Sealing Air Leaks In Lung 
Using High Intensity Focused Ultrasound 

Shahram Vaezy, Carol Comejo*, Roy Martin, and Lawrence Crum 

Center for Industrial and Medical Ultrasound, Applied Physics Laboratory, and *Department of 
Surgery, University of Washington, Seattle, WA 98195 

Abstract, In thoracic surgery, bleeding and air leaics from the lungs can be difficult to control. 
We have investigated the use of High Intensity Focused Ultrasound (HIFU) for control of lung 
bleeding and air leaks in operative situations. An intra-operative HIFU device, equipped with a 
Titanium coupler, was used. The HIFU transducer was a PZT-8 concave element, with a focal 
length of 5 cm, and a diameter of 2.5 cm. The transducer was operated at 5.7 MHz and intensity 
of 5000 W/cm^. The coupler length was 4 cm, placing the focal volume, defined by Full Width 
Half Maximum at approximately 1 cm from the tip of the coupler. A pig animal model was 
used. Incisions in the limg were made, having lengths of 2-5 cm, and depths of 3-10 mm, which 
created both parenchymal hemorrhage and air leakage from the lung. HIFU was applied within 
10 seconds of inducing the injury. The average hemostasis time was 60 seconds. All incisions 
were completely sealed, and no blood or air leaked from the incisions. Intra-operative HIFU 
may provide an effective method in various pulmonary surgery indications including bleb 
resections for pneumothorax, resection of pulmonary nodules, lung biopsies, decortication for 
empyema, and hemostasis and control of air leaks from lacerations due to trauma. 

INTRODUCTION 

Bleeding and air leaks are major problems when lung tissue is disturbed either due 
to trauma or during thoracic surgery. Prolonged air leak is a major contributor of 
postoperative morbidity, and prolonged hospital stay after pulmonary surgery. 
Moreover, bleeding is difficult to control in certain conditions such as coagulopathy 
and anticoagulant use.    Current 
methods of hemostasis (arrest of jSKk^A^^MH^X'^t, HIFU 
bleeding) and pneumostasis (arrest mUJUMm^i^' i» ^ .        Transducer 
of air leaks) include the use of 
sutures and staples, biological and 
synthetic sealants, electrocautery, 
lasers, and ultrasonic harmonic 
scalpel [1-5], While each method 
offers some advantages, they all 
have some shortcomings, 
including persistent air leak, 
anaphylactic reaction and 
consideration of blood bom 
diseases,     low     tolerance     to 

FIGURE 1, The concept of treating a lung injury 
using High Intensity Focused Ultrasound. The white 
arrow is pointing to a gun-shot wound. HIFU 
application will cause hemostasis and pneumostasis at 
the injury site. 
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increased pressure, damage to healthy lung tissue, and additional procedures. Our 
previous results have shown that High Intensity Focused Ultrasound (HIFU) was 
effective and safe in achieving hemostasis in blood vessels, liver and spleen [6]. In 
this report we present our preliminary results on applying HIFU intraoperatively for 
treatment of bleeding and air leaks in the lung (Fig.l). 

MATERIALS AND METHODS 

Nine domestic pigs were used. All procedures were carried out according to the 
guidelines of the National Institutes of Health (NIH) for use of laboratory animals, and 
with the approval of the Institute of Animal Care and Use Committee (lACUC) of the 
University of Washington. The animals were anesthetized using Isoflurane. EKG, 
heart rate, blood pressure, and pedal reflex were monitored to evaluate anesthesia 
level. At the end of the study, the pigs were euthanized via injection of pentosol, 
6 grains/ml at 1 ml/lb animal weight, followed by a 20cc injection of concentrated 
KCl. 

A total of 70 incisions were produced in the lungs using a number 20 scalpel blade. 
The incisions were on average 2.5 cm long, as measured by the operator. The length 
of the incision was measured after treatment. The depth was measured from the depth 
of the scalpel blade in the tissue. Moderate bleeding and air leak (bubble formation at 
the incision site) started immediately. 

HIFU treatment started within 10 seconds of making the incision. The HIFU 
applicator was scanned at a rate of approximately 2 mm/s over the incision. The 
applicator was held at a 45° angle to the plane of the incision. Several passes over the 
incision were made if needed. HIFU application continued until hemostasis and 
pneumostasis was achieved, and confirmed visually. Hemostasis was defined as the 
complete arrest of bleeding, and 
pneumostasis was defined as the 
complete    sealing    of    air    leaks, 
determined from the lack of bubble , /      HIFU 
formation at the incision site.   HIFU Lung ^-\       /    Applicator 
was administered to all the bleeding 
sites using a 5.7 MHz transducer (f- 
number of 1.7), water-cooled titanium Incision 
coupled applicator, operating at 100% 
duty cycle [7]. The acoustic intensity 
at the focus was approximately 3000 
W/cm2.   Figure 2 shows a schematic     w-,-^,,r.i- -•   TU      .U J   r     i •    mni c oT..T^TT        ..     ■       ^      . FIGURE 2.   The method of applying HIFU for 
drawmg of HIFU application for the     treatment of a lung injurj'. 
treatment of lung. 

The lung tissue was harvested for histological analysis after the animal was 
euthanized. The tissue was fixed in 10% formalin, and after approximately a month, 
selected regions were excised and embedded in paraffin, and stained with hematoxylin 
and eosin (H & E) for general cellular structure visualization. 
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RESULTS 

Figure 3 shows the procedure and 
result of a representative lung incision, 
and HIFU treatment. The scalpel blade 
(Fig. 3A) made an incision that resulted 
in moderate bleeding and air leaks. 
While bleeding was observed visually, 
air leaks were detected by their 
bubbling action over the incision. 
Figure 3B shows bubbles on an incision 
during the treatment. HIFU treatment, 
requiring several passes over the 
incision frequently, resulted in 
production of brown color homogenate 
that is thought to be of blood and lung 
tissue (Fig. 3B). The homogenate was 
fluid-like, but viscous, and spread over 
the entire incision when formed. The 
effect of the homogenate for achieving 
hemostasis and pneumostasis was quite 
dramatic. Within 1-2 seconds of 
production of the homogenate, bleeding 
and air leaks were stopped, wherever 
the homogenate was deposited on the 
incision. The result was a hemostatic 
incision (Fig. 3C) that was dry with no 
air leaks. 

All 70 incisions were completely 
hemostatic and pneumostatic after the 
HIFU treatment. No rebleeding or air 
leaks occurred up to approximately 30 
minutes of observation period after the 
completion of the treatment. The 
average (± standard deviation) of HIFU 
duration time was 57 (+ 37) seconds. 
This result indicates that on average 
approximately 22,3 seconds of HIFU 
application was required for a 
centimeter of incision with a depth of 5 
mm. Figure 4 shows the distribution of 
hemostasis times for all 70 incisions. 
Over 95% of all incisions were 
hemostatic within 2 minutes of HIFU 
application. 

FIGURE 3. Procedure and result of HIFU 
application for treatment of lung incision. 
A) making the incision, B) HIFU treatment, and 
C) hemostatic incision. 

FIGURE 4. Distribution of hemostasis times. 
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FIGURE 5. Relationship between hemostasis 
time and volume of injur>'. 

Figure 5 shows a plot of HIFU treatment 
time as a function of volume of injury, which 
was calculated assuming a half ellipsoidal 
shape for all incisions. The incision length 
and depth were considered as long and short 
axes. The plot shows approximately linear 
relationship between the treatment time and 
the injury volume. A longer treatment time 
was required for larger incisions. 

Figure 6 shows the results of hisotological 
analysis of the lung tissue. Normal lung 
tissue is shown in Fig. 6A for reference, where patent, viable blood vessel (arrow), and 
open alveoli (arrowhead) are observed. Figure 6B shows HIFU-treated lung where a 
thrombosed blood vessel (arrow), and collapsed alveoli (arrowhead) are observed. 
Figure 6C also shows HIFU-treated lung where a collapsed airway (arrow), and the 
surrounding cartilage plate (arrowhead) are observed. Figure 6D is a high 
magnification light micrograph of a HIFU-treated incision showing fibrin deposition 
on the surface of the incision (arrow), and ruptured alveoli (arrowhead). 
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FIGURE 6. Histological Analysis of HIFU-Treated Lung Tissue. A) Normal lung tissue showing 
patent, viable blood vessel (arrow), and open alveoli (arrowhead). B) HIFU-treated lung showing a 
thrombosed blood vessel (arrow), and collapsed alveoli (arrowhead). C) HIFU-treated lung showing a 
collapsed airway (arrow), and the surrounding cartilage plate (arrowhead). D) High magnification 
micrograph of a HIFU-treated incision showing fibrin deposition on the surface of the incision (arrow), 
and ruptured alveoli (arrowhead). All magnification bars are 500 nm, except in "D" which is 100 \xm. 
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DISCUSSION 

The results show that intra-operative HIFU was effective for hemostasis and 
pneumostasis of lung incisions in pigs. The treatment was in a reasonable time of 
approximately 23 seconds for a centimeter of incision length. Thermal effects of 
HIFU, due to absorption of high intensity ultrasound by the lung tissue, are believed to 
play an important role in hemostasis and pneumostasis. Alveoli and airway collapse 
may be a direct of resuh of thermally-induced coagulative necrosis. High collagen 
content of bronchi is favorable for this mechanism, due to the high absorption 
coefficient of collagen. Mechanical effects of HIFU include acoustic cavitation and 
bulk fluid streaming. Acoustic cavitation may be responsible for tissue disruption, 
resuhing in the release of tissue factors that enhance the coagulation. Streaming was 
observed to push the blood away from the incision, providing a relatively dry field that 
is favorable for high energy deposition and absorption. Boiling of tissue and blood 
may also be involved, especially in the production of blood/tissue homogenate that 
was observed to be effective in achieving hemostasis and pneumostasis. Future 
studies will further investigate the biological and physical mechanisms responsible for 
the observed effect, as well as the long term safety and healing of HIFU treatment of 
the lung. 

Intra-operative HIFU may provide an effective method in various pulmonary 
surgery indications including bleb resections for pneumothorax, resection of 
pulmonary nodules, lung biopsies, decortication for empyema, and hemostasis and 
control of air leaks from lacerations due to trauma. 
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Abstract. This work describes the development of a non-invasive real-time technique to detect 
changes in tissue caused by tlie production of multiple lesions during a HIFU treatment 
sequence. It is based on estimation of relative changes in tissue properties derived froin 
backscattered RF data, such as speed of sound, density, absorption coefficient, backscaltering 
power, etc., as a function of HIFU exposure. The HIFU-induced changes were studied using a 
modified Sonablate® FIIFU device. It makes use of a confocal 4 MHz pulse-echo ultrasound 
imaging transducer coupled with a HIFU delivery' source on the same crjstal. During the HIFU 
exposure period, every 0.5s the dosage delivery was intemipted for a short time (<80ms) and RF 
echo signals were acquired using the confocal imaging transducer. Using thennocouples. the 
temperatures at several locations in tissue were measured to correlate with the changes in tissue 
parameters. The RF data were digitized using a 50 MHz, 12-bit A/D converter and used for real- 
time as well as off-line processing and analysis. Several time- and frequency-domain echo RF 
processing algorithms were developed and tested through in vitro chicken breast and in vivo 
canine prostate experiments to estimate changes in tissue parameters in real time. Among these, 
the time-domain algorithms showed better correlation to gross pathology of HIFU-induced 
lesions in tissue. Work is in progress to implement the algorithm-of-choice in the Sonablate® 
device for clinical applications in human prostate cancer treatments. 

INTRODUCTION 

Lesion detection enables users to monitor HIFU treatments non-invasiveiy and in 
real-time. It also enables them to obtain treatment feedback to determine whether the 
desired tissue location (e.g. a tumor) is being ablated sufficiently, and to make 
appropriate corrections if it is not (treatment control). Finally, lesion detection 
provides a quantitative tool to evaluate HIFU treatments after their completion. 

All ultrasound lesion detection techniques are based on the hypothesis that the 
backscattered RF ultrasound signal acquired from the focal zone of the HIFU 
transducer during treatment contains information which can be extracted using signal 
processing techniques to monitor and image (either directly or indirectly) the HIFU- 
induced lesion. Previous work in this area demonstrates that the backscattered RF 
signal does indeed contain information that potentially can be used for lesion 
detection, treatment control, and evaluation [I, 2, 3, 4, 5, 6]. 
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Most of this work has focused on detecting or imaging a single lesion. Clinically, 
however, the detection of multiple lesions is required, since all current clinical HIFU 
treatments treat large tissue volumes via the consecutive placement of multiple 
elementary lesions [7, 8, 9]. Extending single-lesion detection algorithms to multiple- 
lesion detection imposes new challenges: tissue properties change from one HIFU shot 
to the next, requiring adaptive or dynamic algorithms. The verification of the accuracy 
of such algorithms is also challenging, since individual lesions can merge to form a 
single contiguous lesion, some HIFU shots may not create the expected lesion, and 
ambiguities exist that are associated with detecting lesions created in locations where a 
lesion has already been created. 

Imaging ultrasound-based lesion detection as a visual treatment feedback (based on 
B-mode images) is already being used with some success in clinical applications of the 
Sonablate® system for the non-invasive treatment of benign prostatic hyperplasia 
(BPH) and localized prostate cancer (PC) [8]. Not all HIFU-created lesions are seen in 
B-mode images, however. A different approach for multiple lesion detection and 
visualization is required. This paper describes the development of non-invasive 
techniques to detect the relative changes in tissue caused by the production of multiple 
HIFU lesions during a prostate treatment sequence for automated treatment feedback, 
control and evaluation (based on the analysis of RF backscattered data), and their real- 
time implementation and in vivo testing in the Sonablate*500 HIFU system. 

MATERIALS AND METHODS 

To support the development of the multiple lesion detection algorithms, RF 
backscattered data was acquired with the imaging transducer of the Sonablate*500 
system, and stored for off-line processing. The imaging transducer (4MHz, 35% FBW 
Transmit/Receive Mode) is confocally aUgned with the HIFU therapy transducer 
enabling accurate imaging of the HIFU-generated lesions in the prostate, as shown in 
Figure 1. 

Focal Zone 

Probe Tip 

FIGURE 1, Confocal arrangement of the imaging transducer with the therapy transducer inside the 
transrectal probe tip enables accurate collection of RF ultrasound backscattered data lines (ID) which 
include the therapy transducer focal zone before, during, and after the HIFU lesion creation in the 
prostate. 
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RF backscattered data is sampled at 50 MHz (4096 points total, corresponding to an 
imaging depth of 61 mm), and always images a region containing the focal zone of the 
therapy transducer, located at 25, 30, 35, 40 or 45 mm for various focal-depth probes. 
ID signals from the tissue containing the focal zone are collected before, during, and 
after the creation of each HIFU lesion for each HIFU lesion (300 to 600 elementary 
lesions are required to ablate an entire prostate for typical HIFU prostate cancer 
treatments). To acquire interference-free RF backscattered data during the HIFU "ON" 
time, HIFU delivery is briefly interrupted for <80 ms. 32 individual RF signals are 
acquired and averaged to generate a single RF echo signal every 500 ms. Reference 
data is acquired for each lesion site once at the beginning of the treatment before any 
HIFU energy has been delivered to the tissue (Pre-Treatment Reference Line, at 
T=-oo), and then again before the particular site is treated (Pre-Lesion Reference Line, 
at T=0s). The data acquisition methodology followed for each lesion site is shown in 
Figure 2. 

I 

HIFU "ON" 

n 
HIFU "OFF" 

T=-oo    T=Os T=3s 

Is 

i; 

o -J 

2.S 

A'Lfnes acquired during 
brief (SOms) pauses In 
the HIFU "ON" Time: 
once every 500ms. 

(6 Total) 

A-Llnes acquired during 
the HIFU "OFF" Time: 

once every 500ms. 

(3 Total) 

T=9s 

lesion Overlay 
Display Is updated at 

tliese times: once 
every 500ms. 

FIGURE 2. Acquisition methodology followed to acquire RF backscattered data for each lesion site 
before, during, and after the lesion creation. Note: the RF backscattered data contains pre-focal. focal, 
and post-focal imaging data. The top trace shows the brief HIFU interruptions that enable the 
acquisition of interference-free imaging data (ID), indicated by the vertical solid bars on the bottom 
trace. 

Data was collected from in vitro turkey tissue to verify the data acquisition 
methodology and implementation in the Sonablate®500 HIFU system. Canine whole 
prostate HIFU ablation experiments (N=4) were performed to collect in vivo data. This 
data was processed both in real-time on the Sonablate®500 during the HIFU treatment 
to evaluate the lesion detection algorithm in a clinical setting, and stored for additional 
off-line analysis. During the in vivo evaluation, detection algorithm results were 
displayed as real-time color overlays on the B-mode images of the current treatment 
site acquired pre-treatment (see Figure 3), to indicate the estimated size and location 
of each lesion, both during and after the HIFU exposure. The dashed vertical bar in 
Figure 2 indicates when this lesion overlay update occurs. This allows the user to 
follow the actual lesion formation process. 
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LESION DETECTION ALGORITHMS 

Several multiple-lesion detection algorithms have been examined as part of this 
research, and are briefly described below. New candidates are constantly being 
evaluated against the stored in vivo data for their ability to detect HIFU-induced 
multiple lesions and Image tissue changes (either directly or indirectly), including 
wavelet approaches, adaptive filtering approaches (linear and/or non-linear), and 
template matching approaches. All algorithms use pre-lesion reference lines for 
calibration and/or normalization purposes. 

In all approaches, p(n,T) is the parameter indicative of the lesion displayed as a 
color overlay during the HIFU treatment, n is the index into the echo data (in depth, or 
"fast time"), and F is the index selecting the RF signal data lines (in treatment time, or 
"slow time"), Echofn.Tg) refers to the pre-lesion reference line, and echo(n,T) refers to 
the RF backscattered data acquired at time T (every 500 ms) for the current lesion site. 
For analysis and display, p(n,T) is computed for pre-focal, focal, and post-focal 
regions to localize the lesion in depth n, using windowed signal echo data (Blackman 
window, 1.5 to 3.5 mm long). T- iirreferences the previously acquired echo. 

Signal Energy 

This algorithm detects changes in echo ampHtude caused by treated tissue, vapor 
bubbles, or cavitation bubbles induced by the HIFU energy delivery. It is normalized 
by the pre-lesion reference line to detect changes resulting only from the HIFU 
delivery to the current site. 

pinjy- 
W      — w 

sipml reference C1) 

reference 

Es,g,„,=   £   echo{n,Tf        £„f«. =   E   echo{n,%f (2,3) 
windim'in) wmd&w(n) 

Tissue Displacement 

This algorithm detects changes in the displacement of the tissue due to the 
temperature-dependent speed of sound changes and the coefficient of thermal 
expansion of tissue due to the elevated tissue temperature induced by the HIFU energy 
delivery [4], It is normalized by detecting differential displacements only with respect 
to the previous echo line. 

p(n, T) = displacement[echo{n, T - AT), echo{n, f)] 0 j 

Signal Entropy 

This algorithm detects changes in the shape of the overall RF backscattered data 
caused by treated tissue, vapor bubbles, or cavitation bubbles induced by the HIFU 
energy delivery. It is normalized by the pre-lesion reference line to detect changes 
resulting only from the HIFU delivery to the current site. 
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In equations 6 and 7, pt indicates the probability that the symbol k is present in the 
echo window signal, and N = 2b -1, where b is the number of quantization bits [10]. 

Attenuation Slope 

This algorithm detects changes in the attenuation coefficient (slope) of the tissue 
due to the tissue temperature increases and the delivered HIFU dose [2,11]. It is 
normalized by the pre-lesion reference line to detect changes resulting only from the 
HIFU delivery to the current site: 

p{n, T) = slope at f^ of best line fit to AS (^^ 

^ - ^signal ~ ^reference 

S,^,,,=20log,,[\fftiecho(n,TM     S,,^,,,„,,=20\ogJ\fftiecho(n,T,))\]     (10,11) 

where/, is the center frequency of the imaging transducer. 

Attenuation Intercept 

This algorithm detects changes in the attenuation of the tissue due to the tissue 
temperature increases and the delivered HIFU dose [2,11]. It is normalized by the pre- 
lesion reference line to detect changes resulting only from the HIFU delivery to the 
current site: 

p{n, T) = intercept at f of best line fit to AS (12) 

where/c is the center frequency of the imaging transducer, and AS, Ssig„ni, and Srefirencc 
are as defined in equations 9, 10, and 11. 

RESULTS 

All algorithms were evaluated against the in vivo data. Thermometry data collected 
during the in vivo experiments recorded temperatures above 85°C at the exposure 
sites, indicating that thermal lesions were created with the selected treatment 
parameters (3s HIFU "ON", 6s HIFU "OFF" for each site, at 30-37W Total Acoustic 
Power typical). Histology and gross pathology examination of the treated prostates 
confirmed the creation of thermal lesions. It was not possible to determine from the 
histological samples if every HIFU shot created a lesion, since over time elementary 
lesions merged into a large contiguous lesion due to heat conduction. 

It was found (assuming a lesion was created for every HIFU exposure) that signal 
energy-based algorithms consistently outperformed all other algorithms investigated. 
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When properly calibrated, these algorithms track the lesion formation from the onset 
of the HIFU delivery and update the color screen overlay every 500 ms for real-time 
lesion formation visualization. Figure 3 shows the result of the signal energy-based 
detection algorithm overlaid on the B-mode image of the current treatment site 
(acquired as part of the HIFU treatment procedure at T=5s after each HIFU shot 
delivery for conventional visual treatment feedback) for a sequence of 6 multiple 
lesions created linearly one after the next in a dog prostate. 

Lesion 
Detection 
Overlay 

Canine 
Prostate 

Transrectal 
Probe Water 
Bolus/ 
Coupling 

Transducer 
Location 

Treatment 
Time 

"^ Indicator 

> 40 mm 

FIGURE 3. Real-time output of signal energy detection algorithm overlaid on the B-mode images of 
the current treatment site during a HIFU treatment of a dog prostate. 6 consecutive lesions are created 
with a 40 mm focal length HIFU transducer, from the prostate mid-section (top left image) to the 
bladder neck region (bottom right image). 

DISCUSSION AND CONCLUSIONS 

The results presented in this paper show that it is possible to implement a real-time 
detection algorithm that produces clinically useful results for HIFU treatment 
monitoring. Overlaying treatment feedback data on the conventional B-mode 
ultrasound images is an effective and intuitive way to present such infonnation to the 
user. Accurate and consistent acquiring, computing, and displaying this information is 
the first step for implementing automated HIFU treatment control. 

The results presented in this paper also show that developing and verifying 
algorithms to detect and image multiple lesions (such as those needed to ablate large 
tissue volumes via their superposition) give rise to additional problems and challenges 
not encoimtered in single-lesion imaging: (i) tissue properties change from one HIFU 
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shot to the next, (ii) individual lesions can merge to form a contiguous lesion, and (iii) 
ambiguities are created when one lesion is placed in a site already containing a lesion. 

In order to address (i) and (ii) above, all of the developed algorithms have focused 
on measuring a relative change in tissue properties, using pre-HIFU reference lines 
(acquired pre-treatment at T=-oo and pre-lesion at T=Os) for parameter normalization 
and calibration. It was found that for in vivo implementations, the pre-treatment 
reference echo line is not well suited for calibration purposes of the detection 
algorithm: it de-correlates with respect to the pre-lesion echo within several minutes 
into the treatment due to HIFU-induced tissue changes and small probe/patient 
motion. The pre-lesion reference echo line, on the other hand, is extremely useful (and 
possibly even required) for the normalization of the detection algorithm. Using it as a 
reference ensures that only tissue changes induced by the current HIFU shot are 
detected. 

Currently, out of all detection algorithms examined, the simple signal energy based 
detection algorithm has proven to be the most effective algorithm for non-invasively 
detecting (directly or indirectly) HIFU-induced lesions. 

Even though these results are encouraging, it is believed that none of the algorithms 
developed thus far directly image the complete production of the lesion, but detect 
indirect indications that a lesion has been created, such as the presence of cavitation or 
vapor bubbles, or temperature rises. For any algorithm to be considered a direct (single 
or multiple) lesion imaging algorithm, we believe that it must meet the following 
criteria: 

1. It must be able to localize the lesion in the tissue. 
2. It must be able to follow the lesion creation process (i.e. be able to accurately 

track lesion size changes during HIFU delivery). 
3. Its lesion size and shape estimates must agree with histo-pathological lesion 

size and shape estimates to a given tolerance. 
For any algorithm to be considered a direct multiple lesion imaging algorithm, we 

believe that it must meet all of the criteria defined above, and: 
4. Its lesion estimation methodology must be independent of the treatment time- 

history. 
The signal energy-based multiple lesion detection algorithm is effective for point 1, 

relatively effective for point 2, but not very effective for point 3 (see irregular 
estimates of lesion shapes in Figure 3). Normalization has allowed the algorithm to be 
somewhat effective for point 4, but current clinical results still show a reduction in the 
magnitude of the parameterp(>j,77 as a function of treatment time T. For these reasons, 
the signal energy algorithm (as well as the others examined so far) currently fall into 
the category of indirect multiple lesion detection algorithms. 

It is believed that the signal energy lesion detection algorithm is (at least partially) 
sensitive to cavitation and/or vapor bubbles. These are indirect lesion indicators, since 
their presence would indicate high intensities and temperatures that also create HIFU 
lesions, but do not necessarily outline the thermal lesion itself Experiments are 
currently planned to test this hypothesis by suppressing cavitation and vapor bubble 
formation during HIFU using overpressure. 

The pre-focal zone of the in vivo data was also analyzed to try to image purely 
thennal tissue changes not subject to possible cavitation or vapor bubbles, but still 
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subject to elevated temperatures as indirect indicators of tliermal HIFU lesions. The 
results of this analysis are as of yet inconclusive. It is believed, however, that a pre- 
focal data analysis can provide useful lesion information, and work continues in this 
area. 

Finally, the results also indicate that both direct and indirect lesion detection or 
lesion imaging methods can be clinically useful tools for the evaluation and control of 
HIFU treatments. Work continues on algorithm development, data acquisition 
methodologies, calibration, and implementation into the Sonablate* device for clinical 
applications in human prostate cancer treatments using HIFU. 
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Abstract. HIFU and radio frequency (RF) ablation are methods for treatment of cancerous lesions 
which create a coagulation necrosis killing the undesirable cells. A technique for real time monitor- 
ing of HIFU lesions would be a useful adjunct to this therapy. Sonoelastography is being investigated 
as a real time monitoring method. Fresh bovine liver was degassed and RF ablation was used to in- 
duce a coagulation necrosis in the liver. Three dimensional sonoelastography images were acquired. 
After imaging, lesions were dissected to document their size, shape and volume. 

Upon dissection the induced lesions were all found to be palpably hard, ellipsoidal in shape and of 
differing texture and color than the untreated tissue. The mean volume of the Jive lesions determined 
by fluid displacement was 4.7 cc. In the sonoelastography images each lesion appeared as a dark 
region surrounded by a field of bright green. The precise edge of each sonoelastography lesion was 
somewhat ambiguous, +/- a few mm. The mean sonoelastography volume for the tive lesions was 
found to be 87% of the volume determined by fluid displacement when only the lowest vibration 
amplitude region was taken to represent the lesion. Real time monitoring of thermal lesions can be 
accomplished in-vitro by making the .sonoelastography lesion equal to the desired treatment zone. 

INTRODUCTION 

High intensity focused ultrasound (HIFU) and radio frequency (RF) ablation are both 
used for non-invasive tissue ablation treatments. Often the objective is to create a coag- 
ulation necrosis lesion at the site of an existing and known malignant lesion. Real time 
monitoring of these lesions is a major challenge for the application of these methods in 
a clinical setting. Ultrasound B-mode imaging is often used for probe placement but the 
hyperechoic zones seen during treatment correspond only weakly with the extant of the 
tissue necrosis [1]. Computed tomography (CT) and magnetic resonance (MR) imaging 
can be used but their size, cost and relative immobility limit their usefulness [1]. 

Several approaches to this problem are under active investigation and capitalize either 
on the fact that tissue temperatures rise during the treatment process or that coagulation 
necrosis lesions have an elevated Young's modulus relative to the untreated tissue. 
Stafford et al. [2] used elastography to visualize thermally induced lesions in-vitro. A 
surgical laser was used to create thermal lesions in ovine kidney. Ela.stography images 
of the treated kidneys revealed reduced strain levels in the lesion area as confirined 
later by histology. In a subsequent study at the same institution Righetti et al. [3] used 
high intensity focused ultrasound to induce thermal lesions in canine livers. The strain 
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images showing the lesion location were validated by photographs of the dissected livers, 
Konofagou et al. [4] have proposed using ultrasound stimulated vibroacoustography [5] 
to monitoring tissue ablation. Since the ultrasound stimulated acoustic emission depends 
on the temperature it can be used for localized temperature detection. 

Sonoelastography has been previously proposed as a method of imaging the relative 
elastic properties of soft tissues [6], In this technique, low frequency shear waves (0 - 
1000 Hz) are propagated through tissue while Doppler vibration detection methods [7] 
are used to image the resulting vibration field. Under the correct boundary conditions [8, 
9], regions in the image with an elevated elastic (shear or Young's) modulus, will appear 
as regions of decreased .vibration indicating the location of the stiffer tissue. We have 
demonstrated this technique in phantoms containing hard lesions [10,11], 

In this paper we propose sonoelastography imaging as a method for the real-time 
imaging of coagulation necrosis lesions. RF ablation lesions are used as a model for 
coagulation necrosis lesions. We show that real-time sonoelastography images can ac- 
curately detect the location and size of these lesions. Details on how to implement this 
technique are provided. 

MATERIALS AND METHODS 

In this section details on the various materials used to validate real-time imaging of ther- 
mal lesions will be presented, including the liver specimens, embedding materials, RF 
ablation equipment, vibration sources and ultrasonic scanner. After this the experimen- 
tal set-up will be described along with methods used for specimen embedding, lesion 
creation, application of the vibration, three-dimensional 3D image acquisition, lesion 
dissection and lesion volume calculation from the sonoelastography images. 

Materials 

Whole fresh bovine liver was purchased from a local butcher (Wegmans Food Market, 
Pittsford, NY). The liver was immersed in a degassed 0.9% NaCl solution and stored at 
approximately 4" C for 24-36 hours. Tissue samples (« 10 x 10 x 6 cm) were cut and 
soaked in the degassed saline solution before sonoelastography imaging. This process 
avoided large bubbles in the tissue which would have an ill effect on image display. 

DIFCO^^ Technical Agar (Becton Dickinson, Sparks, MD) was used to create 2,25% 
agar molds embedding bovine liver samples. The mechanical characteristics of 2.25% 
agar molds were similar to the liver tissue at the vibration frequencies used, which was 
verified by prior research. 

Thermal lesions were induced in liver tissue samples using (RF) ablation. Figure 1 
shows aLeVeen^^ needle (RadioTherapeutics Corporation, Mountain View, California, 
USA) of 15 cm in length along with a centimeter scale. The umbrella-shaped tines are 
extended and a RF current which is generated by a RF ablation machine (RadioTher- 
apeutics Corporation, Mountain View, California, USA) passes through the needle tip 
to the target tissue. The current is returned by means of four attached grounding pads 
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FIGURE 1.    Needle used for the RF ablation process. 

connected back to the machine through electric cables. This equipment is used clinically 
in liver cancer therapy at our institution. 

A GE Logiq 700 (General Electric Medical Systems, Milwaukee, WI) ultrasound 
scanner was used to perform sonoelastography imaging. The scanner was specially 
modified so that the Doppler spectral variance of the vibrating tissue is mapped to 
the screen in color mode when the appropriate color map is selected. Huang et al. [7] 
have shown that the standard deviation of the power spectrum depends directly on the 
vibration amplitude of the tissue. In order to acquire three-dimensional images, a 7-MHz 
linear array transducer (739L GE Medical) was mounted and aligned in the holder of a 
motorized linear track. 

In preparation for imaging, the embedded specimens were placed on two thin parallel 
bars which were separated by 5 cm on center. The purpose of using the two parallel 
bars as a vibration source was twofold, to produce a uniform vibration and to focus 
and concentrate the shear wave production into a region of interest [12]. The twin bar 
assembly was in turn mounted on a 100 lb. (force) piston shaker (VTS Aurora, OH) 
which provided the low frequency vibration field required for the vibration imaging. 
The shaker was driven by an audio amplifier whose voltage output waveform could be 
precisely controlled by a frequency generator. A harmonic waveform generator (3511 A, 
Pragmatic Instruments, San Diego, CA) was used to provide multi-tone vibrations. 

Methods 

Figure 2 shows the experimental setup used for imaging RF ablation lesions. Two 
parallel bars were applied at the center of the bottom surface of the agar embedded 
specimen and low frequency multi-tone vibration was used to drive the shaker. The 
transducer was used to locate the lesions of interest in the phantom. The color Doppler 
mode of the modified GE Logiq 700 ultrasound system was used for image display. 

The proper mass of agar powder was weighed and added to the near boiling degassed 
HjO (2.5 liters), which was stirred when adding the agar until most of agar was dis- 
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FIGURE 2.   Experimental Set-up. 

solved. Then this solution was boiled again in a microwave. Deviation from this pro- 
cedure sometimes resulted in an agar mixture which did not gel properly. The solution 
was allowed to cool to « 7(FC, Then 1.7 liters of the solution was poured into a 2.5- 
liter ZiploJ" bowl-shaped container. Another smaller cylindrical container {^ 10 cm 
in diameter) was inserted into the solution to create a cavity 8 cm in depth in the center. 

After 2 hours in the refrigerator, the agar shell was created and the liver sample was 
put into the cavity. The remaining 0.8 liter agar gel was remelted and boiled. It was 
allowed to cool but not harden, and poured into the cavity to embed the liver sample 
completely. In this step, bubbles should be removed from the agar solution carefully. 
The whole mold was allowed to harden for an hour before the insertion of the LeVeerf^ 
needle. 

From the screen of the ultrasound scanner, we could control and adjust the depth and 
direction of the needle. The optimal insertion direction would be 45" between the needle 
and the mold surface. The insertion depth was about 5-6 cm beneath the mold surface. 
This RF ablation process heated the tissue, successfully making a lesion centered at the 
needle tip. The process required about 150 seconds for completion. 

In order to image the lesions using sonoelastography, the scanner was placed into 
color Doppler mode and the multi-tone vibration source was activated to drive the double 
bar assembly. Multi-tone signals were used to reduced the modal artifacts which occur 
during in-vitro imaging because of specular reflection of the shear waves off of the 
specimen holder boundaries [ 13]. On this scanner the estimated vibration field is mapped 
to a gray scale where high vibration is bright and lower vibrations are dark. By observing 
the location of the dark pixels, it was possible to located the stiffer tissue, which vibrates 
at a lower amplitude. The location of the lesions was also possible using the B-scan 
image which showed the needle track and gas bubbles from the ablation process. In 
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order to acquire 3D sonoelastography images, the linear tracic holding the transducer 
was activated so that the velocity of the motor was synchronized to the frame rate of the 
scanner so that images were acquired at a fixed spatial interval of 1 mm. The sequence of 
images was saved as a cine-loop of co-registered B-mode and sonoelastography images. 

After image capture the files were transferred from the scanner's hard drive to an 
image processing laboratory via a network connection. Both the two-dimensional (2D) 
and 3D sonoelastography images display areas of decreased vibration as dark gray or 
black. The sonoelastography images of the lesions were manually segmented using the 
ImageJ software package from NIH to calculate lesion area in each slice. The vibration 
deficit in each image was outlined and ImageJ was used to calculate the area . After 
outlining, the lesion was filled in and the sonoelastography image was converted to a 
binary image where the lesion was white and the background was black. The sequence of 
binary 2D renderings of the lesion was imported into IRIS Explorer, a 3D visualization 
package to create a 3D rendering of the lesion. Since images were acquired at 1 mm 
intervals the volume was estimated using a cylindrical approximation multiplying the 
thickness of the slice by the area of the lesion in each slice. 

After imaging, the lesion sizes were verified by removing them from the embedding 
agar and cutting away the soft untreated tissue from the hard thermal lesions. Their vol- 
umes were then measured by two methods. The typical shape of a thermal lesion was 
ellipsoidal and the texture and color of it are different from the surrounding nonnal 
tissue, which facilitated accurate determination of the thermal necrosis. Caliper mea- 
surements were applied to measure the three maximum axes of a dissected lesion, using 
an ellipsoidal geometrical model. The volume, V, of each lesion was calculated by the 
formula: 

4 
V =-nxyz, (1) 

where x, y and z are the half lengths of the three axes. 
The volume of each lesion was also determined by fluid displacement. In this method, 

a dissected lesion was placed into a water filled vessel whose displacement indicated the 
volume of the lesion. 

The vibration deficit in each (sonoelastography) image was an ellipsoidal-shaped 
dark area. The longest two axes were measured from the slices in which the dark area 
was largest compared to the others in the sequence. The third axis was determined by 
counting how many slices contained a deficit in vibration. This established the tumor 
size in the out of plane direction. The volume could then be estimated from the total 
thickness of all slices containing lesions and the lengths of the two principal in plane 
axes described above using equation 1. 

RESULTS 

Figure 3 shows a typical RF ablation lesion after it has been dissected. Measurements of 
five lesions are given in Table 1. The volume of each dissected lesion was determined by 
caliper measurements and fluid displacement. The lesion dimensions and image volumes 
of the same lesion were observed and calculated from the sonoelastography images. 
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FIGURE 3.   Dissected RF lesion. 

In the sonoelastography images each lesion appeared as a dark region surrounded by 
a bright field. In our experiments, only the darkest pixels were taken to represent the 
lesion. However, the exact edge of each sonoelastography lesion was somewhat unclear. 
If the largest possible regions were used in measurements, the dimensions and image 
volumes of the five lesions would be much larger than those of the dissected lesions. 
We found that the volume of each dissected lesion was between the sonoelastography 
volume with only the darkest pixels taken into account and that with the largest possible 
region. The sonoelastopaphy volumes for the five lesions were smaller than the volumes 
determined by fluid displacement. The mean percentage was 87%. In Table 1 the column 
marked Caliper Volume refers to the volume estimated from the caliper measurements 
using Equation 1, Caliper Msr, refers to caliper measurements on the dissected lesion. 
Fluid Vol gives the true volume determined by fluid displacement, Sono Axes are the 
lesion dimensions from the 3D sonoelastography images, Sono Volume Axes refers to 
the volume calculated using the axes measured in the sonoelastography images and Sono 
Volume refers to the lesion volume estimated by segmenting the 3D sonoelastography 
image set. 

Figure 4 shows three lesions imaged using sonoelastography. Shown from left to right 
are lesions 1, 2 and 3, The arrows mark the location of the thermal lesion in the image, 

TABLE 1,   Measurements on Five Lesions, 

Caliper 
Volume 

cm 

Caliper 
Msr 
cc 

Fluid 
Vol 
cc 

Sono 
Axes 
cm 

Sono 
Volume 
Axes cc 

Sono 
Volume 

cc 

1 4,8 3.0xl.9xL6 4.8 2.6x2.1x1.6 4.5 4.4 

2 4,2 2.5x2.0x1.6 4,2 2,3x2,2x1.5 4.0 3.8 

3 4.9 2,8x2,1x1,6 4.6 2.6x2.2x1,3 3,9 3.6 

4 4,6 2.6 X 2.1 X L6 4,4 2.5 x 2.1 X 1.5 4.1 3.9 

5 5.4 3,0x2,3x1.5 5.4 2,9x2,4x1,5 5.5 4.6 
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1 2 3 

FIGURE 4.   Three RF Lesions imaged using sonoelastography. 

Each of these images were taken in the plane of the ablating needle. It was from these 
images that the first and third numbers in column Sono Axes of Table 1 were measured. 
The second number in that column is the out of plane thickness of the lesion. 

Figure 5 shows co-registered B-mode and sonoelastography images of lesion 4, taken 
in the plane of the ablating needle. The needle is visible in the B-mode image (A) enter- 
ing the image in the middle left hand side and ending at the lesion. In the sonoelastogra- 
phy image the lesion is clearly visible as a dark region. The lesion boundary determined 
by the sonoelastography image has been superimposed on the B-mode image. 

Figure 6 shows a 3D sonoelastography rendering of lesion 3. Each image in the 
sequence of 2D sonoelastography images was segmented into tumor and background, 
then imported into IRIS Explorer and rendered as a 3D object. The field of view shown 
is contained with a bounding box of 2.8 x 2.1 x 1.6 cm. 

A B 

FIGURE 5.   Lesion 4 B-mode image (A) and sonoelastography image (B). 
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FIGURE 6.   3D Rendering of Lesion 3. 

DISCUSSION 

We have used RF ablation of healthy bovine calf liver as a model for coagulation necrosis 
lesions in general, and have shown that such lesions appear very clearly in sonoelastog- 
raphy lesions. In the cUnic the goal of RF ablation is to generate an coagulation lesion 
whose diameter is equal to or greater than that of the tumor. Since sonoelastography 
images the relative elastic properties of tissue, when imaging a tumor which is itself stiff 
the contrast between the thermal lesion and the tumor may not be as high as suggested 
in Figure 4, 

Our observation that the lesion boundaries in the sonoelastography images were 
somewhat ambiguous suggests two alternative explanations. First, it might be that the 
boundary between the normal tissue and thermal lesion is quite sharp and the ambiguity 
is a result of the vibration field at the boundary. Second, it might be that the variation 
in the tissue elastic modulus across the boundary itself varies slowly in the spatial 
dimension and the sonoelastography image is reflecting that variation in modulus. It 
seems reasonable to assume that the ablation in the tissue depends on the local density 
of RF current during the ablation process. Since current originates at the needle's tines 
and spreads out more or less spherically, it is safe to assume that the current flux density 
falls off with the radius, r, from the needle point as l/r^. ff the increase in local elastic 
modulus is proportional to the square of the current (i.e. energy flux) and the overall 
temperature-time history produced at a point, leading to heat denaturing of proteins, 
it could be that the boundaries themselves are more ambiguous than suggested by the 
photograph of a dissected lesion shown in Figure 3. Based on our prior work on imaging 
hard lesions in phantoms cited in the introduction, we find support for the second 
explanation, as phantom lesions show sharp boundaries whenever vibration artifacts 
were properly controlled. 
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SUMMARY AND CONCLUSIONS 

Sonoelastography imaging of thermal induced lesions in liver tissue has been verified. 
Two-dimensional sonoelastography images through the plane of the ablating needle 
showed deficits of vibration centered at the end of the needle track. From this it is con- 
cluded that sonoelastography effectively detects thermal lesions in soft tissue. Dissection 
of the thermal lesions verified that they were palpably harder than the surrounding tissue. 
The true size of the lesion can be accurately estimated from the 3D images. Sonoelas- 
tography may be useful as a means of real-time monitoring of thermal lesion formation. 
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Abstract, There are no published data on the effects of ribs on the high-intensity focused 
ultrasound (HIFUS) focal profile. Many targets lie in the ribcage's acoustic shadow. To ensure 
safe and effective treatment, it is important to know detail both of field changes and of local 
effects on overlying ribs. A series of hydrophone measurements were performed to map 
experimentally the focal profile of a 1.7 MHz focused bowl transducer, with absorbers or ribs in 
the HIFUS beampath. Results were compared with a theoretical model Lesions were created ex 
vivo to correspond with these plots, and rib surface temperature rises estimated. 

Experimental and modeled focal profiles agreed closely. Focal position was maintained, but 
profile and peak intensity varied markedly. Absorber and rib experiments both indicated that by 
directing the beam axis through an intercostal space, it should be possible to target a tumour 
lying beneath tlie ribcage. However, if the beam axis is directed at the rib itself at lesioning 
HIFUS doses, even though it remains possible to create targeted tissue damage behind flie rib, 
the temperature rise on the rib surface becomes unacceptably high as the rib position approaches 
the focal plane. These experiments also indicate that sensitive areas on the skin surface could be 
shielded by acoustic absorbers while maintaining the ability to create lesions. The theoretical 
model should allow prediction of the dose adjustments necessary in these circumstances. 

INTRODUCTION 

High-intensity focused ultrasound (HIFUS) is now in clinical use in many 
centres, where tumours are often being treated in target organs such as the liver or 
kidneys [1], The anatomical positions of these organs necessitate that the HIFUS beam 
passes either close to the costal margin, or even between ribs. The pubhshed literature 
reflects work that is currently ongoing on the complex issues involved to compensate 
for major obstacles such as the intact skull [2], but there are no publications relating to 
the impact that more commonly encountered obstructions such as ribs have on the 
size, shape or position of the HIFUS focus. It is also important to quantify the local 
effects that the HIFUS beam would have on the ribs themselves in order to ensure 
adequate treatment and to minimise inadvertent thermal damage. 

In some circumstances ribs are surgically removed prior to HIFUS treatment in 
order to provide an acoustic window, but this can give rise to problems when the scar 
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lies in tlie incident beampath, and skin bums may be encountered in subsequent 
treatment episodes. If tiie impact of absorbing obstructions can be reliably predicted, it 
should be possible to shield sensitive areas, thereby averting the risk of skin damage, 
without compromising treatment efficacy. 

AIMS 

The aims of these experiments were to assess the effects of HIFUS treatment 
when directed across the ribcage. The effects on the focal region and the local effects 
on the rib surface were evaluated. A theoretical model was developed to predict the 
focal profile in the presence of various configurations of absorbers or ribs, and the 
predictive value of the model was assessed. 

MATERIALS AND METHODS 

A 1.7 MHz focused bowl transducer, of 84 mm aperture and 150 mm focal length 
was used in all experiments, details of the system can be found elsewhere [3]. The 
focal profile was mapped using a PVDF membrane hydrophone at low exposure 
intensities. All lesioning experiments were conducted using core cylinders of fresh ox 
liver ex vivo, in a degassed water tank. 

Preliminary experiments were conducted using absorbing 'rib phantoms' made 
from sheets of Perspex-backed corrugated rubber matting. These absorbers were 
placed against the face of the transducer in symmetrical configurations designed to 
mimic ribs in the beam-path. Hydrophone plots were recorded using these 
configurations and any reduction in focal peak intensities noted. See Fig. 1. 
Subsequently, corresponding lesions were created in ox liver ex vivo, adjustments in 
exposure parameters having been made to compensate for the energy absorbed by the 
obstructions. 

FIGURE 1. (a) Photograph of experimental set-up for membrane hydrophone plots with absorbers 
against transducer face in degassed water tant;. (b) Photograph of position of absorbers relative to beam 
profile when 50% of beam area is obscured. 
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For the purposes of modelling, these absorbere were also placed at various 
distances from the focal plane, with a central aperture of 1,5 cm, and hydrophone plots 
were compared with theoretical values. 

In a second set of experiments, stripped ex vivo porcine ribs were held using a 
purpose-buih rib-holder in a degassed water bath, and placed in the HIFUS beam-path 
as shown in Fig, 2, Porcine ribs were placed with intercostal spaces of 1.5 cm in order 
to approximate the clinical scenario. In the series of rib experiments, the beam axis 
was centred either on the intercostal space, the rib edge, or the centre of the middle rib 
of three. For each of these axial arrangements, the plane of the front surface of the ribs 
was placed 4 cm, 7 cm, or 10 cm in front of the focus and hydrophone plots were 
made. 

...A;> 

FIGURE 2. (a) Photograph of porcine ribs in rib-holder, (b) Photograph of experimental set-up with for 
membrane hydrophone plots witli rib holder in HIFUS beam-path in degassed water tank. 

Lesioning experiments were repeated using these ribs, and once suitable 
parameters for the creation of lesions had been deduced from the hydrophone plots, 
the temperature on the rib surface was determined under these exposure conditions. In 
order to measure the temperature rise on the rib surface, a fine wire thermocouple was 
attached to the front surface of the rib, and slices of ox liver (of 1 cm thickness) were 
placed both in fi-ont of, and behind the rib. The transducer was then moved so that the 
position of the rib relative to the beam axis corresponded to each of the previous 
experiments in turn. 

In all experiments, the positions of the absorbers and of the ribs relative to one 
another and to the transducer were noted, A theoretical model was designed and these 
relationships were entered into the model. In this way, theoretical predictions of the 
focal profile were compared with experimental findings. 

RESULTS 

When the sheet absorbers were placed in the beampath, the hydrophone plots of 
the focal profile demonstrated that the position of the focus remained constant in spite 
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of increasing obstruction of the incident HIFUS beam. The relationship between the 
reduction in focal peak pressure amplitude, and the percentage of the beam area that 
was blocked by the absorbers, was approximately linear. The width of the focus 
increased as the peripheral absorption increased from 0 to 75% of the beam area as 
shown in Fig. 3. 

1         1         I         f         1 i 1 '3^_ 
-i^ No absorber 

— 25% of beam 
obstructed 

— 50% of beam 
obstructed 

— 75% of beam 
obstructed 

-*-2 sheet absorbers 
(symmetricalty 
arranged) 

Distance from maximum (mm) 

(a) 

Proportion of beam obstructed 
by absorbers (%) 

(b) 

FIGURE 3. (a) Low intensity trans-axial membrane hydrophone plots of focal region. Sheet absorbers 
were used to create varying degrees of beam obstruction as shown in Fig. 1(b). (b) Variation of FWMM 
(pressure) with beam obstruction. 

The plots of the focal peak from the absorber experiments were similar in profile 
to those seen when using ribs. Theoretical modeling also matched experimental results 
closely for the central peaks and the first side peaks. See Fig. 4 for sample plots. 
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1,5cm aperture, 
7cm in front of 
focus 

-2 ribs with 1.5cm 
intercostal space, 
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FIGURE 4. (a) Comparison of hydrophone plots using 2 sheet absorbers or 2 ribs placed at 7 cm in 
front of focus, (b) Comparison of hydrophone plot and theoretical model using two ribs, placed at 
10 cm in front of focus. In both (a) and (b) beam axis lies along the centre of the 1.5 cm 'intercostal 
space'. 

The hydrophone plots from the series of rib experiments demonstrated that, when 
directing the beam axis at the intercostal space, the 6dB focal width varied between 
2.5 mm and 4 mm, but that the position of the central peak was constant, and its 
amplitude remained constant until the ribs approached the focal plane. With the ribs at 
4 cm from the focal plane, the beam-width approximately equaled the intercostal 
dimensions, and so the peak pressure value approached the free field value. See Fig. 
5(a). 
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FIGURE 5. (a) Membrane hydrophone plot with 2 ribs in beam-path at various distances from focal 
plane. Beam axis on centre of 1.5 cm intercostal space, (b) Similar plot with 3 ribs (1.5 cm intercostal 
spaces, beam axis on rib edge. 

When the beam axis was directed at the rib edge, the focal profiles, shown in Fig 
5(b), were very similar to those when the axis was on the intercostal space except 
when the ribs approached the focal plane. When the ribs were positioned at 4 cm in 
front of the focal plane, the focal peak pressure amplitude remained similar to the rest 
of the plots, while the 6dB focal width had increased from 2.0 mm to 3.5 mm. 

Hydrophone plots were made when the axis of HIFUS beam was directed at the 
centre of the rib, the rib positions mapped carefully, and these configurations entered 
into the theoretical model. The experimental and theoretical results agreed closely in 
all cases as demonstrated in Fig. 6. When the plane of the ribs was at a distance of 
7 cm or 10 cm from the focal plane, the focal profiles were similar to those when the 
beam axis fell on the rib edge or intercostal space, but at 4 cm in front of the focal 
plane, the cential peak amplitude was markedly reduced, and its value approached that 
of the first side peaks. 

These plots were analysed, and in each case, the proportional reduction in peak 
focal intensity (as compared to the free field value) was calculated. A corresponding 
increase was made in the fransducer output for each set of experimental conditions, 
and lesions were created in ox liver ex vivo. It was possible to create lesions for all 
experimental configurations, but these lesions did not always conform to the familiar 
'cigar shape'. When the ribs were positioned at distances of 7 cm and 10 cm from the 
focal plane, it was possible to create ellipsoidal lesions predictably, of approximate 
dimensions 2 mm x 20 mm, at a depth of 2 cm in the liver. This was the case whatever 
the relationship between the rib and the beam axis. For these configurations, using 
iesioning' exposure parameters, the temperature rise on the rib surface did not exceed 
17° C. When the ribs were placed closer to the focal plane, at a distance of 4 cm, the 
appearance of the lesions was more interesting. 
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FIGURE 6. Membrane hydrophone plots compared to resuUs from the theoretical model when 3 ribs, 
with intercostal spaces of 1.5 cm, were placed in the HIFUS beam-path at (a) 4 cm, (b) 7 cm and (c) 
10 cm from the focal plane, with the beam axis directed at the centre of the middle rib. 

With the ribs placed at 4 cm in front of the focal plane, when the beam axis was 
directed at the centre of the intercostal space, a 'standard' 2 mm x 20 mm lesion could 
be created. See Fig. 7(a). If the beam axis fell on the rib edge, a lesion could be 
created after a single 2 second exposure (equivalent free field Isp=4.7kWcm'^), but at 
an angle to the beam axis. See Fig. 7(b). When a rib was positioned centrally on the 
beam axis, a single 5 second exposure (Isp=5.5 kWcm'^) led to the creation of a 
Y-shaped lesion. If the exposure time was reduced, it could be seen that the individual 
components of this 'Y' were created simultaneously, rather than through the lesion 
advancing towards the transducer. See Figs. 7(c) and (d). 
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Rib positions relative to incident HIFUS beam axes 

FIGURE 6. Photographs of individual lesions created in ox liver ex vivo. In all cases, ribs were placed 
at 4 cm from focal plane, and focal depth was at 2 cm from liver surface, (a) Beam axis central on 
1.5 cm intercostal space, Isp=2.1KW cm"^ 2 second exposure, (b) Beam axis on rib edge, Isp=4.7KWcm" 
', 2 second exposure, (c) Beam axis on centre of rib, Isp=5.5KWcm'^, 4 second exposure, (d) Beam axis 
on centre of rib, Isp=5.5KWcm'^ 5 second exposure. 

When the axis was on the intercostal space, the temperature rise on the rib surface 
was only 2(±0.2)° C, but when directed at the rib edge, the corresponding rib surface 
temperature rise was 34(±3)° C. This rose again to 47(±5)° C when the beam axis fell 
on the rib itself. 

DISCUSSION 

The hydrophone plots demonstrate that using a focused bowl transducer, a 
discrete focal region can still be mapped despite the presence of a variety of 
configurations of absorbers and ribs in the beampath. Furthermore, it has been shown 
that tlie position and profile of tliese focal regions can be predicted reliably using a 
theoretical model. 

When the exposure parameters are adjusted to compensate for absorption by such 
obstructions, it is possible to create lesions in ox liver ex vivo. If ribs are placed in the 
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incident beampath at a distance from the focal plane, it is again possible to achieve 
targeted tissue damage regardless of the relative positions of the ribs to the beam axis, 
and without causing unacceptable temperature rises on the rib surface. However, when 
these ribs approach the focal plane, more care must be taken to ensure predictable 
targeted lesions. If the beam axis is directed at the rib, unacceptable temperature rises 
are encountered on the rib surface, and tissue damage occurs simultaneously at the 
focus, and in a 'Y' shape in front of the focus. If the beam is centred on the rib edge, 
rib temperatures are again likely to cause local injury, and the pattern of tissue damage 
is asymmetrical about the beam axis. Only if the beam is directed at the intercostal 
space can predictable lesions be created at the focus, without causing damage to the 
adjacent ribs. 

The earlier experiments using absorbers show the possibility of creating targeted 
tissue damage even in the presence of obstructions in the beampath. This infers that it 
should be possible to use such absorbers in clinical application, to shield sensitive 
areas on the skin surface from the HIFUS beam. The necessary alterations in dose 
could then be calculated from the theoretical model. 

Many potential sources of experimental error are recognised in this series of 
experiments, most notably in the exact positioning of the ribs relative to the HIFUS 
beam axis, and in the estimation of any necessary dose modification. In clinical 
application, it is therefore clear that real time imaging is of prime importance. The two 
fontis of real-time imaging in current clinical use are ultrasound and MRI [1,4]. Of 
these, only ultrasound can accurately predict the relationship between the beam axis 
and the ribs, and prevent injury from excessive HIFUS irradiation of those ribs. 
Further investigation is warranted in this field. 
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Abstract. Mechanical forces in general and shear stress in particular are known to affect 
endothelial cell (EC) functioning and play a role in the formation of mature, muscular arterioles 
and arteries (arteriogenesis). Recent studies shows that shear stress regulate angiogenic receptors 
such as vascular endothelial growth factor receptors (VEGFR-1 and VEGRF-2) and angiopoietin 
receptors (Tie-1 and Tie-2), We study the in-vitro influence of low intensity therapeutic 
ultrasound (TUS, intensity IW/cm' and frequency 1.5 MHz) on Bovine Aortic Endothelial Cells 
(BAEC). VEGFR-2 expression increases after 30 and 60 min of iiradiation; VEGFR-l level 
decreases after 30 min of irradiation; Tie-1 shows a transient response to TUS - decreases at first 
and increases later; and Tie-2 starts increasing only after 60 min of iiradiation. The regulating 
effect of TUS on tlie above receptors is similar to the effect that steady shear stress order 10 
dynes/cm' has on BAEC when exposed in-vitro to laminar flow. The viability of the ultrasound 
treated EC is not reduced and no preferred orientation has been observed. There is no indication 
for unstable cavitational damage of jet formation. The results point to tlie possibility that random 
shear stresses are involved when TUS is applied to BAEC in-vitro. This may be attributed to 
stable cavitation and micro streaming that are induced by pulsating micro bubbles near the EC 
surface. The described influence of TUS on angiogenic mechanisms in BAEC in-vitro might 
have therapeutic effect on the cardiovascular system in-vivo and be used as a controlled, non- 
invasive stimulus for vascular regeneration. 

INTRODUCTION 

Our long-term goal is to utilize therapeutic ultrasound (TUS) as a stimulus for 
vascular regeneration. Cardiovascular disease is the major cause of morbidity and 
premature death in industrialized societies. Stimulation of new blood vessel growth 
under ischemic conditions is crucial in preventing large damage following major 
events such as acute infarction, and kidney or liver dysfunction. Endothelium - 
mediated formation of blood vessels is a multi-step process, occurring via one or more 
of several alternative pathways, among them: Vasculogenesis is the development in 
situ of vessels from angioblasts that happens in embiyos forming a primitive tubidar 
network. This network evolves into main blood vessels including aorta and major 
veins. Angiogenesis is the sprouting of new capillaries from existing network. 
Arteriogenesis is the formation of mature muscular large vessels (arterioles and 
proliferation of preexisting collateral arteries [1]. While blood vessel formation 
through angiogenesis occurs mainly in ischemic tissues, hemodynamic changes in the 
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vessel itself and biomechanical induced changes in the surrounding tissue govern 
arteriogenesis (e.g. Clark's observation in 1918 of preferred capillary sprouting from 
capillary with high flow [ 1 ]). 

Among the angiogenic factors that control formation and remodeling of blood 
vessels are protein ligands that modulate the activity of transmembrane tyrosine kinase 
receptors. Worth noting are Vascular Endothelial Growth Factors (VEGFs) and their 
receptor families (VEGFRs), Angiopeitins and their receptors, Basic Fibroblast 
Growth Factors (bFGF), Platelet Derived Growth Factor (PDGF), and Transforming 
Growth Factor p (TGF-P). 

VEGF Receptors 

The family of VEGF receptors is formed from three receptors of tyrosine kinases: 
VEGFR-1 (Flt-1), VEGFR-2 (Flk-2), and VEGFR-3 (Flt-4). VEGFR-1 and VEGFR-2 
are specific to vascular endothelium in their expression while VEGFR-3 is specific to 
lymphatic endothelium [2]. The receptor VEGFR-2 is involved in the induction of 
endothelial cells proliferation, migration, and in sprouting activity. It helps in 
promoting endothelial cells to form tubule-like structures. VEGFR-2 is critical for the 
earliest stages of vasculogenesis in vivo. Embryos lacking one or two alleles of 
VEGFR-2 died in early phases of development because vessels fail to develop [3]. 
Analysis of embryos with heterozygous gene disruption show that VEGFR-2 is 
involved not only in the very initial phases of vasculogenesis, but also in the later 
stages, in sprouting, and in other phases of angiogenesis, as well as in vessel survival 
[4,5]. Studies in mice lacking VEGFR-1 show that this receptor is antagonist to 
VEGFR-2 and those mice have excess formation of endothelial cells, which 
abnormally coalesce into disorganized tubules [6]. Mice engineered to express only a 
truncated form of VEGFR-1, without its kinase domain, appear normal, and this is 
consistent with the notion that the primary role of VEGFR-1 may be that of a decoy 
receptor [7]. 

Angiopoietin Receptors 

Similar to VEGF receptors, the angiopoietin receptors, Tie-1 and Tie-2, are specific 
for endothelial cells and are tyrosine kinase receptors. The entire four known 
angiopoietins bind to Tie-2, yet it is still unclear what binds to Tie-1. 

More understanding of the roles of Tie-2 came from the analysis of mice 
engineered to lack the relevant gene products [8, 9]. Unlike mouse embryos lacking 
VEGFR-2, embryos lacking Tie-2 develop a rather normal primary vasculature, but 
this vasculature fails in the normal future remodeling [10]. The most serious defects 
are in the heart, with problems in the association between the endocardium and 
underlying myocardium, in trabeculae formation, and also in the remodeling of 
vascular beds into large and small vessels [10]. In the ultrastructural analysis of these 
vascular beds and hearts it was observed that endothelial cells fail to associate with 
underlying support cells, [8]. This led to the conclusion that Tie-2 maybe involved in 
the integration process of endothelial cells with supporting cells. 
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The important roles of Tie-1 receptor came from studies done on mice tliat suffer 
target disruption on Tie-1 gene. Those mice died immediately after birth by extensive 
hemorrhage and defective microvessel integrity [11,9], This suggests that Tie-1 have 
an important role in maintenance of blood vessel integrity. The phenotypic analyses of 
the Tie-1 and Tie-2 null mutants suggest that these receptors have distinct roles in 
blood vessel development, with Tie-2 required at an earUer stage than Tie-1 [12], The 
cellular ftmctions of Tie-1 are still unknown, yet recently it was foimd that Tie-1 
physically interacts with Tie-2 in endothelial cells. This suggests that Tie-1 might 
participate in some aspects of Tie-2 signaling [13], 

MAXIMAL AND METHODS 

Primary bovine aortic endothelial cells (BAECs) were cultured at 3TC, 5% CO2 in 
a humidified incubator in a DME medium containing 10% CS, 2mM L-Glutamine, 
20 U/ml Penicillin, 20 ^ig/ml Streptomycin, 0,25 |Xg/ml Amphotericin B, and 50 |ig/ml 
Gentamycin. 

Ultrasound Treatment 

A sleeve guide filled with water was placed on a 1,5 MHz transducer with intensity 
of 1 Wcm'", continuous wave, and burst time of 2 msec. Its length was set to 12cm to 
avoid near field irregular conditions. A 60 mm diameter cell culture dish with cells 
was placed on top of the water column, allowing no air gap between the water and the 
bottom of the dish. Calibration of the ultrasonic intensity in the dish was done using a 
needle hydrophone. In our experiments the BAE cells were seeded in dishes and were 
grown to confluence. Prior to the experiments the cell culture medium was changed. 
The confluent BAE cells were irradiated for 5, 15, 30, and 60 min. During the 
irradiation period all the system was stored at 37° C, 5% CO2 in a humidified 
incubator. The temperature was tested with an 80TK Thermocouple module with 
sensor (Fluke) connected to 77 Multimeter (Fluke), 

Cell Testing 

Cells Extracts 

Immediately after the cells were exposed to TUS, they were washed two times. The 
cells at the boundaries of the dish, away from the center, were scraped and removed 
from the dishes. The rest of the cells were placed into a 15 ml washing buffer and 
were centriftiged for 10 min/ 2500 rpm, resuspended in a 1 ml washing buffer and 
centrifuged again for 1 min/13000 rpm. After this the cells were lysed in 10-30 p,l 
lyses buffer and centrifuged for 15 min/13000 rpm. The supernatant obtained was 
stored immediately at -70° C, 
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Western Blot Analysis And Immunohlotting 

Some 50-100 |xg of the cell extract protein were mixed with sample buffer, boiled 
for 5 min, centrifuged and stored on ice. The cell extract protein with the sample 
buffer was electrophoresed in SDS-8% polyacrylamide with running buffer (0.1% 
SDS, 25 mM Tris pH 8.3, 192 mM glycine) for 120 min at 80 mA. After this the gel 
was immersed in Towbin buffer and also the nitro-cellulose membrane. The Blotting 
was done with Towbin buffer for 120 to 150 min at 200 mA. 

The membranes were incubated for 60 min with a blocking solution (TBS ,5% Non- 
Fat Dry Milk 0.05% Tween 20) at room temperature. Then, the membranes were 
incubated for 120 min with VEGFR-1 or VEGFR-2 (Santa Cruz Biotechnology) 
antibodies (0.8 ng/ml) at room temperature or overnight at 4°C, and for Ih at room 
temperature with Tie-1 and Tie-2 (0.8 ng/ml) antibodies (Santa Cruz Biotechnology). 
After the incubation with the first antibody the membranes were washed three times 
for 10 min with TBS 0.05% Tween 20 and incubated again with the second antibody 
(A/G - Pierce, HRP- Protein, IL, USA) for 60 min. The membranes were washed 
2 times for 10 min with TBS 0.05% Tween 20 and once with TBS. The immune 
complexes were detected with a chemiluminescence detection system (LumiGlu, Cell 
Signaling, Harahan, LA, USA). After this the membranes were immediately exposed 
to autoradiographic films (Kodak) for different period of times. 

A CCD camera was used for the gel pictures. Band intensity was determined by a 
densitometer with the program Bio-Profile Imaging (Vilber Lourmant, France). All 
results were presented as mean (of at least three repeated experiments) ± SD. The 
results were checked by ANOVA two-tailed t-test. Significance was determined for 
p<0.05. 

Viability Tests 

For the viability tests we used a commercial XTT kit (Biological Industries, Kibutz 
Beit Haemek, Israel). The XTT kit is a colorimetric assay. The cells are incubated for 
4 h and absorbance was measured with a spectrophotometer at a wavelength of 
500 nm. In order to measure reference absorbance we used a wavelength of 650 nm. 
The results were expressed as OD (optical density). The negative control was the 
sham-radiated cells and cells stored in the incubator. 

Apoptotic cells were marked immediately after TUS irradiation and 24 h later by 
staining with fluorescent Hoechst 33258 dye in a final concentration of 1 ng/ml. The 
condensed chromatin of apoptotic (or dead) cells stained by this dye appears brighter 
than the chromatin of normal cells. The counting was performed using a Plan Fluor 
lOx objective and a UV filter for Hoechst 33258. The images where taken by CCD 
camera connected to an Olympus microscope. Each experiment was performed in 
duplicate. Data are expressed as percent of total cells/field ± SD. 
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RESULTS 

No significant changes were observed in BAECs viability after TUS irradiation (see 
Fig. 1). The results in Fig, 1 are expressed in units of optical density (O.D.) and 
percentage of total cells/field ± SD. 
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FIGURE 1, BAECs viability in response to TUS irradiation. 

The Response Of Angiogenic Receptors To TUS 

The four angiogenic receptors: VEGFR-1, VEGRF-2, Tie-1 and Tie-2 are important 
receptor in the formation process of new blood vessels and in blood vessel 
remodeling. In order to determine their response to TUS, confluent cultures of BAECs 
were exposed to various times intervals (5-60 min) of TUS irradiation and were 
compared with BAECs grown under static conditions (control). The effect of TUS was 
compared with laminar shear stress (LSS) of 10 dynes/cm^ (as obtained from reference 
[14] and other unpublished results from the group of Dr. N. Resnick). 
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FIGURE 2. The response of VEGFR-1 in BAEC to TUS, compared with the response to LSS. 

TUS, similar to LSS, down regulate the VEGFR-1 level (Fig. 2). This down 
regulation is better observed after a 30 min of ultrasound irradiation. TUS is similar to 
LSS in the way it up regulates the level of VEGFR-2 (Fig, 3). Relatively short 
intervals of TUS irradiation (15-30 min) are sufficient to increase the level of 
VEGFR-2, TUS has a complex influence on Tie-I level (Fig, 4), similar to LSS, It 
first down regulates the Tie-1 level and later, only after about 60 min of TUS exposure 
it up regulates the Tie-1 level. Relatively short intervals of TUS irradiation (5-30 min) 
are sufficient to decrease the level of Tie-1 and longer intervals are needed to increase 
the Tie-1 level. It seems that the up regulation of the TUS is to a lower level than the 
inifial value of Tie-1 level. In difference, LSS is capable of causing a net increase of 
Tie-I level relative to the initial value after 60 min of exposure. As shown in Fig. 5 
TUS, similar to LSS, up regulates the VEGFR-2 level. The increase in the level of 
Tie-2 is observed only after long exposure time to TUS of 60 min. 
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FIGURE 3. The response of VEGFR-2 in BAEC to TUS, compared with the response to LSS. 
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FIGURE 4. The response of Tie-1 in BAEC to TUS, compared with the response to LSS. 
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FIGURE 5. The response of Tie-2 in BAEC to TUS, compared with the response to LSS. 

DISCUSSION 

Mechanical forces (mainly shear stress), acting through the endothelium, have a 
role in initiating new blood vessel formation through a process of arteriogenesis [15]. 
Nevertheless, until now biomechanical forces were not considered as a vascular 
therapeutic tool. This study checks the possibility to use TUS as a modality to produce 
local, well controlled shear stress. The results are encouraging first because of the 
similarity between the in-vitro response of BAEC to TUS and LSS, and second 
because of the no changes in the viability of endothelial cells after exposure to TUS. It 
seems that low intensity TUS does not cause damage to the endothelial cells and does 
not affect their basic functioning. This type of non-destructive inechanical-like 
loading of cells was observed before when TUS induced in fish epidermis widened 
intercellular  spaces  between  cells  while  the  cells  seemed  intact  [16].  Those 
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intercellular spaces might have generated by localized shear stresses that act on the 
surface of the epidermis. 

The major question is what is the mechanism that works like a mild shear stress 
generator. This mechanism does not cause damage to the endothelial cells and still is 
capable of affecting angiogenic receptors. Endothelial cells need a certain shear for 
normal functioning, while increased levels of shear make the endothelial cells more 
involved in vascular genesis mechanisms. If TUS was fierce enough to cause 
membrane rupture, it would have reduced both viability and migration performance. 
One can assume that not too large values of shear were able to regulate molecular 
levels of receptors without causing any changes in the viability. 

Standing waves or wave interference cannot be correlated with the results obtained 
because their wavelength (about 500 |im, for 1,5 MHz and the velocity of 1500 m/s) is 
much higher than the typical dimension of a cell (about 10 (im). Because of such 
relatively high wavelength pressure amplitude variations are negligible over a distance 
of few micrometers and, therefore, no relative displacements and subsequent strains 
are expected between neighboring cells or even between cell and base. 

Some evidence appears to point to formation of transverse (shear) waves in the 
upper layers of the fish epidermis [16] as the mechanism responsible for similar shear 
stress on BAEC after TUS irradiation. Longitudinal waves can be transformed by 
mode changing into transverse waves when striking a plane interface obliquely. 
Transverse waves are likely to develop from longitudinal waves on transition between 
two media with different impedances, provided the incidence angle is not 0°. 
Impedance difference of few percent only, such as between blood and endothelial 
cells, is enough that significant amplitudes of transverse waves may be found at the 
interface between the two media. In our setup transveree waves at the endothelial cell 
layer maybe either transmitted through the plastic dish, or reflected from the dish 
walls and propagate as longitudinal waves until refracting at the cell surfaces. 

The shear stress like response of endothelial cells to TUS stimulation can be also 
attributed to steady oscillations of gas bubbles in liquid, very close to a rigid surface. 
The bubble oscillations induce on the surface oscillating shear stress together with a 
steady shear stress and micro streaming [17], Mathematical simulations show that 
significant shear stresses develop on the surface when the distance between the bubble 
and the surface is comparable in size to the bubble radius. In this case pressure 
amplitude of 20 kPa generate maximal steady shear stress of about 1000 Pa 
(10000 dyne/cm^) and maximal oscillatory shear stress of about 10 kPa (for 
comparison physiological shear acting on blood vessels walls is about 1000 times 
smaller). The effect of the shear stress is limited to a typical surface area comparable 
to the bubble size [17]. Both mechanisms, the "pulsating bubble near a rigid wall" and 
"the transverse waves at impedance transition" is very localized. 

CONCLUSIONS 

The described influence of TUS on angiogenic mechanisms in BAEC in-vitro 
might have therapeutic application in the cardiovascular system in-vivo and be used as 
a controlled, non-invasive stimulus for vascular regeneration. 
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Abstract. This work demonstrates the feasibility of using high intensity focused ultrasound 
(HIFU) for selective ablation of renal tissue through laparoscopic procedures. Two laparoscopic 
HIFU probe prototypes were developed and tested. 

Probe I: It is a hand-held probe with no integrated ultrasound imaging capability. It consists 
of two focused rectangular HIFU piezoceramic crystals mounted on a stainless steel tube for side 
and front firing configurations working at 4 and 5MHz respectively. During laparoscopic 
operation a separate video camera imaging channel is used for treatment monitoring. 

Probe 2: It is a computer-controlled probe with an integrated ultrasound imaging working in 
conjunction with the Sonablate® HIFU system. It consists of a 4MHz focused rectangular HIFU 
piezoceramic transducer confocally coupled with a circular central element used for real-time 
pulse-echo imaging. Precise bi-plane mechanical movements of the transducer enable it to treat 
targeted tissue volumes under ultrasound imaging guidance. 

Both prototypes were fully characterized for electrical impedances, acoustic fields, and total 
acoustic power outputs. They were then tested in an in vivo animal experimental study in which 
20 pigs were treated through both open and sterile laparoscopic HIFU surgery procedures. Gross 
pathology and histology results demonstrated the feasibility of the laparoscopic HIFU to 
generate selective homogenous well-delineated necrotic lesions in a lobe of the kidney. 
Specifically, when treating under real-time ultrasound imaging guidance (probe 2) the ablated 
tissue region agrees with the planed lesion size and position within ± 1mm. Moreover, it can be 
used as a hemostasis tool during standard partial nephrectomy to significantly reduce bleeding 
associate to these procedures. 

INTRODUCTION 

Nowadays, there is an increasing interest in laparoscopic techniques for performing 
different kinds of surgeries with significantly less morbidity and mortality [1,2]. 
Among others, the urology surgery community is also investigating several 
laparoscopic surgery techniques. Notable examples are cryoablation using extreme 
cold, radiofrequency ablation, and HIFU (high intensity focused ultrasound) ablation 
[3-5]. HIFU technology has demonstrated promising results in treating benign and 
malignant diseases in different organs including prostate, liver, kidney, breast, etc. 
[6-9]. Moreover, several recent studies have been demonstrated the ability of the 
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HIFU to control bleeding and to generate hemostasis (partial or total) in different 
tissues and vessels [10,11]. 

Renal cell carcinoma is the third most common cancer in urolo^ and is by far the 
most common malignant tumor of the kidney. After detection of the tumor, if the 
features are suggestive of malignancy or if it is growing rapidly, the patient is treated 
surgically with either partial or total nephrectomy depending on the size and location 
of the lesion and the preference of the physician. Since kidney is a highly vascularized 
organ, nephrectomy, as an invasive procedure, is usually associated with significant 
bleeding and high morbidity. 

In the current feasibility study, we extended the appUcation of the HIFU technology 
to laparoscopic surgery. To this end, two laparoscopic HIFU probe prototypes were 
developed and tested in porcine renal tissue treatments [12,13]. Results of the in vivo 
porcine studies demonstrated the feasibly of HIFU in selective ablation of renal 
carcmoma through well-delineated contiguous necrosed lesion extending from the 
kidney's pelvic system to the capsule. It was also demomtrated that laparoscopic 
HIFU could induce a circumferential disk-shaped necrotic tissue volume confined in a 
lobe of the kidney. This may be served as a hemostasis barrier prior to partial 
nephrectomy that leads to much less bleeding and lower morbidity. 

MATERIALS AND METHODS 

Probe 1: Hand-held Laparoscopic HIFU Probe 

A hand-held HIFU probe was developed to meet the main features required for 
sterile laparoscopic operations. The probe was built from a stainless steel tube with 11 
mm outer diameter and 38 cm length (Figure 1), The probe consists of two focused 
rectangular HIFU pieaielectric crystals for side and front firing configurations. The 
crystals were made from a special high-power piezoceramic material (KEZITE NOVA 
3B) capable of providing high acoustic powers required in HIFU applications 
(KERAMOS Inc., Indianapolis, IN), The parameters of the crystals are: 

Side firing crystal: Geometry = Truncated spherical concave, Radius of curvature = 
30 mm. Aperture dimensions = 30x8 mm. Center frequency = 4,0 MHz. 

Front firing crystal: Geometry = Truncated spherical concave, Radius of curvature 
= 10 mm. Aperture dimensions = 10x7 mm. Center frequency=5.0 MHz. 

During HIFU procedure, the transducer are covered by a latex sheath filled with 
curculating water and supported by a backing sleeve. The backing support sleeve (Fig. 
1-b), made from brass, has two fiinctions: (1) protection of the coupling latex sheath, 
and (2) providing acoustic windows to allow the latex sheath to distend in the desired 
planes only in front of the crystals, i.e. in direction of the HIFU beam propagation for 
both the side and front firing crystals. 

The laparoscopic HIFU probe was fully characterized by measuring its electrical 
impedance, acoustic field, and total acoustic power output. The probe was able to 
generate total acoustic power (TAP) levels of up to 35 W and 10 W for the side and 
front transducers respectively.  These, in turn, correspond to maximum tissue focal 
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FIGURE 1. (a) The hand-held laparoscopic HIFU probe and the piezoceramic crystals shown 
separately, (b) A close-up of the probe tip covered by the coupling latex sheath. 

intensities over 2000 W/cm^ and 4000 W/cm^ for the side and front transducers 
respectively. These intensity levels would be sufficient for tissue ablation through 
coagulation necrosis by rapid temperature rise (>90° C) and bubble activities initiated 
by superheating mechanisms. 

Figure 2 shows the temperature response simulations of the front and side 
transducers in the kidney tissue. The temperature maps are shown at the end of a 3-s 
HIFU exposure time at the typical TAP values given in the figures. A full 3D solution 
to the linear acoustic field coupled to the bioheat transfer equation (BHTE) was used 
to calculate the temperature response [14]. However, since the HIFU fields are highly 
nonlinear, these simulations may give an underestimation in the peak focal intensities 
and an overestimation in the focus dimensions. 

t = 3s TAP = XW      Intensity-IBOOW/crf        TfC) l = 3s        TAP = 8W        Intonsitj-aOOOW/cm'       TfC) 

V(mm) 
V (mm)      -2 

0    X(nim) 

FIGURE 2. Computer simulations of the temperature response in the kidney tissue for the side and 
front transducers. Exposure parameters are given in the figures. 

Experimental Setup 

Figure 3 shows the block diagram of the experimental setup to control the HIFU 
exposure from the hand-held laparoscopic probe. The overall operation is controlled 
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by a laptop computer. The control programs were written in Matlab and C. The 
operator controls the HIFU shots using a foot switch. Each time the foot switch was 
pressed, 5 HIFU shots were fired each of 2 s on time followed by 2 s off time. 

An active pump/chiller unit (SonaChill"^, Focus Surgery Inc., Indianapolis, IN) 
was used in conjunction with the laparoscopic probe to ensure continues circulation of 
cold water (-20° C) around the HIFU transducers. This allowed the application of 
high powers by increasing the efficiency of the transducer and reducing the risk of 
transducer overheating. 

f GPIB 

Foot Switch Laptop 
Computer 

Piiipdilicr 

RF 
Amplifier Function 

Gen, 

Water Channels Hand-held laparoscopic 
HIFIJ Probe 

FIGURE 3. Experimental setup used for the hand-held laparoscopic probe. 

Probe 2: Computer-controlled Laparoscopic HIFU Probe 

The computer-controlled laparoscopic HIFU probe assembly (Figure 4-a) was 
designed based on modifications to the standard Sonablate® transrectal probe (Focus 
Surgery Inc, Indianapolis, IN), While the electrical and mechanical components of the 
probe left unchanged, two major modifications were implemented into it, 
■ The probe tip was redesigned and buih from stainless steel to make h adaptable to 

laparoscopic surgery requirements by making it narrower and longer. 
■ A new dual-element piezoelectric transducer (4,0 MHz center frequency for both 

therapy and imaging, and 30-mm focal length) was built with a geometry that was 
adaptable to the new tip. In the new design, therefore, the therapy element of the 
transducer was made narrower while the imaging element remained unchanged, 
A supporting sleeve made from stainless steel is used to cover the probe tip (Figure 

4-b), Similar to the hand-held probe, the sleeve is used for protection of the latex 
sheath, and to provide a window to allow the latex sheath to distend in the desired 
plane only in front of the crystal. 

The probe should be used in conjunction with the Sonablate® HIFU device and the 
SonaChill™ active pump/chiller unit. The Sonablate® device was originally developed 
for computer-controlled image-guided HIFU treatment of prostate diseases including 
BPH (benign prostatic hyperplasia) and locaUzed prostate cancer (Figures 4-c and 
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4-d). Precise biplane mechanical movements of the transducer controlled by the 
Sonablate® device along with real-time ultrasound imaging during HIFU treatment 
and advanced treatment planning, make it a reliable and safe system for selective 
tissue ablation in order to treat solid tumors. Please refer to [15] for a more detailed 
description of the device. 

Dual-element 
Transducer 

FIGURE 4. (a) The computer-controlled laparoscopic HIFU probe and the supporting sleeve, (b) a 
close-up of the probe tip covered with the supporting sleeve and the water-filled latex sheath, (c) 
Sonablate® 200 HIFU device, and (d) Sonablate® 500 HIFU device. 

Figure 5 shows the specifications of the dual-element transducer used in the 
laparoscopic probe for image-guided HIFU therapy. The transducer consists of two 
confocal elements (piezoelectric crystals). The central circular elernent is used for 
real-time ultrasound imaging of the target zone in the pulse-echo mode and the outer 
element is used to deliver HIFU energy to generate coagulation necrosis in the focal 
region. 

The probe was fully characterized through a set of simulations and measurements 
similar to those performed for the hand-held laparoscopic probe. 

Imaging Element       ,„ 

Therapy 
Element 

30"™ 30 mm 
(a) (b) 

FIGURE 5. Dual-element laparoscopic transducer, (a) Top view, and (b) side view. 

IN VIVO ANIMAL STUDY 

Twenty female Yucatan pigs with weights ranging from 40 to 55 kg were used in 
this study. The right kidney was treated in all the pigs under protocols approved by the 
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"Animal Experimental Usage Committee", Indiana University School of Medicine, 
Indianapolis, IN, The animals were divided into 3 groups: 

■ Group 1 included 5 pigs, which were treated with the probe 1 (hand-held). The 
animals in this group were treated through sterile open and laparoscopic surgery 
procedures under a subacute 3-day survival study, 

■ Group 2 included 10 pigs, which were treated with the probe 2 (computer- 
controlled). The animals in this group were treated through sterile laparoscopic 
procedures under a subacute 3-day survival study, 

■ Group 3 included 5 pigs, which were treated with the probe 2, These animals 
were treated through sterile laparoscopic surgery procedures under a chronic 
15-day survival study. 

Table 1 below gives a summary of the protocols used for each group of animals. 

TABLE i. Summary of the protocols used for the in vivo porcine kidney experiments. 

Group No. of 
Animals 

Probe Type HIFLl Exposure 
Parameters 

Surgery 
Procedure 

Applications 

I 5 Hand- 
Held 

(Probe 1) 

• TAP = 30W 
• ON/OFF Times = 2/2 s 
• No. of Shots/Site = 5 

• 3 open surgery 
• 2 lap. surgery 
• Sterile 
• Subacute {3-day 

survival) 

• Feasibility 
• Hemostasis prior 

to partial 
nephrectomy 

2 10 Computer- 
controlled 
(Probe 2) 

• TAP = 28W 
• ON/OFF Times = 5/6 s 
• No. of Shots/Site =1 

• Lap. surgery 
• Sterile 
• Subacute (3-day 

survival) 

• Selective 
ablation of renal 
tissue 

3 3 Computer- 
controlled 
(Probe 2) 

• TAP = 28W 
• ON/OFF Times = 5/6 s 
• No. of Shots/Site =1 

• Lap. surgery 
• Sterile 
• Chronic (15-day 

survival) 

• Selective 
ablation of renal 
tissue 

All animals were treated under general anesthesia. Prior to surgery the animal 
received 1 g intravenous Cefazolin to prevent infection. Then it was anaesthetized 
with IM injection of Ketamine (100 mg/ml) and Xylazine (20 mg/ml) for induction 
followed by Sodium Pentothal (2,5% solution, 0,5 ml/lb) intubated and placed on 
isoflurane gas anesthesia throughout the procedure. For laparoscopic procedures, two 
laparoscopic trochars were inserted into the abdominal cavity to provide portals to 
introduce the HIFU probe as well as a separate video camera. The probe tip was then 
advanced under video camera guidance to the desired area close to the lower pole of 
the right kidney. Once the treatment was finished, the cannulas were removed and the 
openings in the abdominal wall were then closed with sutures and the animal returned 
to the cage when it recovered from anesthesia. 
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RESULTS 

Hand-held Laparoscopic HIFU Probe 

The hand-held laparoscopic probe was used to induce a cross-sectional disk-shaped 
necrotic lesion in the lower pole of the right kidney in the group 1 animals (n=5) 
through open and laparoscopic surgery procedures. During laparoscopic procedures, a 
separate laparoscopic video camera was used to guide the operator in positioning the 
probe. On autopsy (3-day post treatment) a coagulated area appeared as a whitish 
circumferential rim about 1 cm wide on the surface of the kidney (Figure 6-a). A 
drastic change in color of the lower pole was also observed within the circumferential 
HIFU lesion. This is believed to be due to the depletion of arterial blood supply 
resulting in gangrene of the lower pole. This indeed supports the hypothesis that the 
HIFU-induced lesion may act as hemostasis barrier which significantly blocks the 
blood flow to the lobe of the kidney. Both gross pathology and histology results 
revealed contiguous well-delineated necrotic disk-shape lesion extending from the 
kidney's pelvic system to the capsule (Figures 6-b and c). The average treatment time 
for a circumferencial lesion of about 30cc was approximately 45 minutes. 

FIGURE 6. (a) 3-day post treatment view of the circumferential HIFU lesion created in the kidney's 
lower pole, (b) Cut section of the kidney through a single lesion. The arrow shows direction of the 
HIFU beam, (c) Cut section of the kidney through a complete circumferential lesion to show the 
uniformity of the lesion extending from the pelvic system to the capsule. 

Computer-controlled Laparoscopic HIFU Probe 

Fifteen pigs, divided in two groups (subacute and chronic), were treated using the 
computer-controlled laparascopic HIFU probe. The entire operation was controlled by 
the Sonablate® 200 HIFU system. To obtain an adequate positioning, the kidney was 
imaged in the transverse and longitudinal planes under the Sonablate® 200 imaging. 
Then, through the Sonablate® 200 treatment planning, a target zone of dimensions 
2.0x 1.6x 1.5 cm^ were planned in the lower pole of the kidney. The overall treatment 
time to create a contiguous lesion of about 5cc was around 30 minutes. Gross 
pathology (Figure 7) and histology (Figure 8) examinations revealed well-delineated 
contiguous necrosed lesions with excellent agreement in location and size (within 
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± I mm) with the planned treatment zone. Moreover, Figure 8-b clearly demonstrates 
a very sharp demarcation of only a few cells wide (<20 cells) between the treated and 
the intact kidney tissue. 

FIGURE 7. Cut sections of the kidney through the necrotic lesions show the accuracy and uniformity 
of the selective lesioning achieved by the computer-controlled laparoscopic HIFU probe. 

Ijttact 
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FIGURE 8. Histology slices of the necrotic lesions, (a) H&E stained slice, (b) A magnified slice to 
show the boundary between the treated and intact regions of the kidney tissue. 

DISCUSSION AND CONCLUSIONS 
This study shows the feasibility of laparoscopic HIFU to create repeatable well- 

delineated selective necrotic lesions in a highly vascular organ such as kidney. In this 
technique the HIFU applicator comes in direct contact to the organ which leads to a 
more efficient delivery of the HIFU dosage. Specifically, it was shown that the 
delivery of the HIFU dosage under real-time ultrasound imaging guidance (probe 2) 
led to an accurate selective tissue ablation with an accuracy of ± 1 mm in lesion size 
and position. Moreover, when applied properly, the laparoscopic HIFU can be used as 
a hemostasis tool during standard partial nephrectomy to significantly reduce bleeding 
associate to these procedures. 

Acoustic field and temperature response measurements and simulations in the 
kidney tissue as well as the histo-pathologic examination of the lesions suggest that 
the tissue ablation was obtained through both thennal (coagulation necrosis) and non- 
thermal (bubble-related activities) mechanisms. Indeed, within the range of powers 
(TAP) we used in this study the temperature at the focal point may rise to above 90°C 
in less than a second. Moreover, the appearance of a hyperechoic region (usually 
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observed in the real-time ultrasound B-mode images during treatment) around the 
focus supports that cavitation/bubble activities may have a significant role in this 
mode of tissue ablation. 

Work is under progress to develop the next generation of the laparoscopic HIFU 
probe. This new design combines a HIFU source and a confocal phased array imaging 
transducer into a flexible hand-held laparoscopic probe. The phased array imaging 
allows for real-time monitoring of the target zone during HIFU treatment. Besides, a 
manually-controlled hinge design gives the flexibility in movement and positioning 
which is required during laparoscopic operations. 
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On 3-D Temperature Fluctuations During 
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Abstract, In this paper a 3-D bioheat transfer model based on three heat balance equations is 
applied to study the effects of the presence of unequal countercurrent vessels during high 
intensity focused ultrasound therapy. The simulations of this model using finite element methods 
were carried out with 50-300 pn diameter vessels in the tissue. Contribution from the vessel 
diameter, blood flow rate and blood perfusion rate were compared, and the influence on 
temperature distribution was estimated. The results show that it is possible to obtain therapeutic 
temperature values in the tissue with unequal blood vessels. Moreover, the model is able to give 
more precise information about the lesion volume of heated tissue. 

INTRODUCTION 

High intensity focused ultrasound (HIFU) has been used to cause tissue ablation for 
the local control of cancer and other diseases [1], Successfiil HIFU treatment of 
tumors requires understanding the attendant thermal processes in both tissue and blood 
vessels. Accordingly, it is essential for developers of HIFU to predict and measure the 
tissue thermal and vascular response to heating, especially in the vicinity of the 
100-500 Jim diameter countercurrent vessels of microcirculation [2]. So when the heat 
source is small and intense, as in the case of HIFU heating, the temperature 
nonimiformities near blood vessels are expected to be particularly significant. 

Most of the existing theoretical analyses of heat transfer in tissue have been based 
on the Penns bioheat transfer model [3]. Several different heat transfer models have 
been further developed to simulate the behavior in the tissue. The analytical models 
[4,5] for a single vessel have been developed, in which the effect of large vessels has 
been studied. In addition, other investigators [6-9] have performed numerical and 
experimental studies of single vessels and countercurrent vessel pairs. However, there 
is little information concerning thermal effects of the unequal countercurrent vessels 
under HIFU conditions, especially for transient and 3-D calculations. Such unequally 
paired vessels exist in tumors, and their thermal effects should be studied in particular. 

In this paper, a bioheat transfer model is applied to develop and depict the transient 
3-D temperature distribution within the heated tissue. Two cases were studied, one 

* Corresponding author. 
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corresponding to a primary artery and vein (100-300 urn diameter), and the other 
corresponding to a small artery and vein (50-100 nm diameter). Moreover, the thermal 
dose is predicted in tissue with countercurrent vessels during HIFU treatment. 

3-D BIOHEAT TRANSFER MODEL 

The dimensions of the overall tissue region for the 3-D bioheat transfer and unequal 
countercurrent vessel model are shown in Figure 1. The tissue dimensions are formed 
by a 2 mm diameter by 3 mm height cylinder, and the length of vessels in the tissue is 
Z, = 3 mm. 

a nay 
water 

\ 
i 
T 

biological 
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'-tissue 
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FIGURE 1. Schematic of an arter>'-vein pair and tissue configuration for HIFU treatment. 
The 3-D bioheat transfer corresponding to a clinical HIFU thermal treatment is 

modeled by three equations. Tissue and blood temperature are calculated using the 
following three coupled heat balance equations that comprise this 3-D system: 
artery: 

dT„ _     dT„    dTa    dT„ ^ 
Pb^b ^^T =" Pb<^b"a ■ (-^ + -^ + -^) - 'lay + ^ta + ^Ihif.a dt dx      dy      dz 

(1) 

vein: 

PbCb 
37v 
dt 

= PbCb^v ■ (-5- + ^- + -5-) + 9m. + Rtx -(oPbCb{Ty -Tt) + qhify 
dx      dy      dz 

(2) 

Pt^i -)-9M -9fv -(>}pbCb(Tt -Ta) + qmet + Ihif.t   (3) 

tissue: 

d' '^dx' dy' dz' 
where p, c, and k are the density, specific heat, and thermal conductivity, with the 
subscripts b and / referring respectively to blood and tissue domains; co is the blood 
perfusion rate; and u is blood velocity, with the subscripts a and v referring 
respectively to artery and vein. The heat source gf;,,/generated through HIFU is several 
hundred times larger than the metabolic heat source qmei, so the qmei term is ignored in 
the calculations. 

The term q^: represents the heat conduction between the countercurrent artery and 
vein; the term qia represents the heat flow between the artery and the tissue. The term 
q,v represents the heat flow between the vein and the tissue. 
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The heat flows between the countercurrent vessels and tissue are given by 

<lav=kbObiTa-T,), (4) 

<lta=k,o„(Tt-T„), (5) 

<itv=hOviTt-Ty), (6) 

where the parameters Oj, o„ and o^ are functions of the spacing between the 
vessels, the radii of vessels, and the Nusselt number used to describe the heat transfer 
between blood and surrounding tissue. 

For isolated blood vessels, the shape factor o„ and o^ are defined 

InL 

2nL 

, for I» r„; 

, for £»r„, 

(7) 

(8) /«(ro/r„) + 2fc, /AjNu -1/2 

where rg, r„ and r^ are the radii of the tissue cylinder, arteiy and vein vessels as 
shown in Figure 2, and Nu is the Nusselt number. 
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FIGURE 2. Unequal countercurrent vessel configuration considered in this study. 

For two parallel vessels, the shape factor o^ [10] is defined 

2nL n=- -,for L»l. (9) 
cosh-'((4|2-r|-r2)/2v,) 

where I is distance between artery and vein. The blood vessel parameters [11] used in 
this study are shown in Table 1. 

TABLE 1. Vascular parameters in the neighborhood of a single artery-vein pair. 
Blood vessels Diameter Blood veloc ty Vesse 1 eccentricity 

2r((iiii) H(CIII/S) iHfim) 
Primary artery 200 5 250 
Primary vein 300 6 200 
Small artery 50 2 150 
Small vein 100 3 100 
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Medium 

The term 9/,,/in Equations (1) - (3) is the rate of heat production per unit volume 
due to the ultrasonic field. It is assumed that the acoustic beam attenuation in tissue is 
primarily due to absorption 9/„yf,=48.3W/cm', and these losses reduce the amount of 
heat deposited in blood flow. During the simulation, the ultrasound power was 
uniformly deposited within the desired heating volume, and the absorption of 
ultrasound power by the blood is assumed to be 1/10 that of tissue [12]. The media 
thermal properties [13,14] used in the simulations are given in Table 2. 

TABLE 2.   Properties in the thermal model. 

conductivity Density SpeciHc heat       Pcrfusion rate 

k P c 10 
[W/m°C] [kg/m'] |J/kg°Cl [kg/m's] 

tissue 0.56 1060 3600 0.5-10 

blood 0.49 1055 4032 0 

Five boundary conditions are required to solve the system of equations given in 
(l)-(3). In the model, the boundary conditions for the artery and vein equations are 

Taf.t) = T„Q(t),      atz=0, (10) 

T,it) = T,(l),       atz = L, (11) 

and the transient thermal tissue boundary conditions are 

-k,-—^ = q",   at z = 0, and z = L, (12) 
az 

where k, is the conductivity of the tissue and q' is the heat flow. 
The boundary conditions at the vessel walls are Robin conditions, written as 

riT 
-k — = hi(Tk-T), (13) 

dn 

where n is a unit normal vector, hj = NuA:j/(2/";), 7j is the bulk temperature of the 
blood in the vessel, and T is the local temperature of the tissue. 

THERMAL DOSE 

A method of thermal dose estimation in cancer therapy has been developed to 
provide a quantitative relationship between temperature and time for the heating of 
tissue [15], and has been suggested for use in thermal ablation therapy [16]. For 
temperatures achieved in HIFU (generally above 43° C), the expression for thermal 
dose iTfij) can be written as: 

7>^='f 2(^(0-43)^,, (15) 
/=0 

where T(0 is the time-dependent temperature for an arbitrary tissue coordinate. The 
thermal collection of temperature maps and the Sapareto-Dewey method were used to 
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compute the thermal dose to the tissue. Using this infomiation, heating tissue to 43° C 
for 120 min is roughly equivalent to heating to 56° C for Is. In this work, this thermal 
dose is considered as the threshold for lesion formation. 

RESULTS AND DISCUSSION 

Figures 3 and 4 show the transient temperature at (u = 0.2 or 10 kg/m's in the case 
of the primary vessels. Figures 5 and 6 show the same information, but for the case of 
the small vessels. Figures 4 to 7 illustrate how the temperature increases during the 2 
seconds of heating and then decays after power is turned off The blood vessels act as 
a thermal sink, removing heat from the neighboring tissue. Heat conduction for the 
direction of flow into the blood tends to spatially shift the region of highest 
temperature in the direction of the flow. 

xts^ ^^s^QKii^»a>Tp«ntur*^; t=3i tesfSw *??>«««* fn 

FIGURE 3. Spatial temperature profiles at m = 0.2 kg/m^ s for 2 seconds of heating in tiie case of the 
primary vessels. 

t=& li«sji^ t«r(W*feB n> l>3f JKSii^ l^t^i^^m n) 

FIGURE 4, Spatial temperature profiles at» = 10 kg/m' s for 2 seconds of heating in the case of the 
primary vessels. 
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FIGURE 5. Spatial temperature profiles at co = 0.2 kg/m' s for 2 seconds of heating in the case of the 
small vessels. 

FIGURE 6. Spatial temperature profiles at o = 10 kg/m' s for 2 seconds of heating in the case of the 
small vessels. 

The maximum temperature of the blood reaches only about 67% of the maximum 
temperature of the tissue within the heated region. And the average blood temperatures 
in the artery and vein vessels are similar. During the heating simulation the maximum 
temperature rise of JTav= 2.3° C in the 50-100 \im vessels is less than the rise of 
3.3° C in the 100-300 |im vessels. Significant temperature fluctuations appear in the 
tissue near the artery and vein. 

-^ »t^0 3 v.ilh primari 
-C- w=lfl vMh primitry ve=;el 
-A- w=0 2 Vrilh 5mall VSESBI; 

-£r   w=10 with £01311 vei'-efs 

12      1.4       16      1.8        2       22      24      26      28        3 
Time 1%) 

FIGURE 7. Illustration of lesion volumes for simulated 2 seconds heating. 
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Comparing Figures 3 and 5 with Figures 4 and 6, rapid heating (2 seconds) induces 
almost the same peak temperature values, even when the perfiision rate was changed 
from 0.2 to 10 kg/m^s. The volume of thermal lesion is still effectively constant, as 
shown in Figure 7. And the maximum lesion volume in the tissue with primary vessels 
is a quarter greater than in the tissue with small vessels. Our results suggest that the 
rapid heating is effective in delivering the power energy to the desired treatment 
volume during HIFU treatment. 

This study also shows that it is necessaiy to use more flexible, higher resolution 
power deposition patterns to obtain desirable temperature distributions for HIFU and 
to obtain good treatments. Thus, careful treatment planning with optimized heating 
parameters is needed to obtain optimal power deposition patterns for different blood 
vessel patterns. 

ACKNOWLEDGMENTS 

This work was supported by the grant number 994419072 from the Shanghai 
Technological Development Foundation. 

REFERENCES 

1, Daum, D.R., and Hynynen, K., IEEE Tram. Ferrolect. Freq. Contr., 46,1254-1268 (1999). 
2. Lemons, D.E,, Weinbaum, S., and Jiji, L.M., Am. J. PhysioL, 253,128-135 (1987). 
3. Penns, H.H., J. Applied Physiology, 1,93-122 (1948), 
4. Chato, J.C., ASMS J. Biomech. Eng., 102,110-118 (1980). 
5, Huang, H.W., Chan, C.L., and Roemer, R.B., ASMEJ. Biomech. Eng., 116,208-212 (1994). 
6, Weinbaum, S., and Jiji, L.M., AShtEJ. Biomech. Eng., 107,131-139 (1985). 
7, Baish, J.W., ASMEJ. Biomech. Eng., 112,207-211 (1990). 
8, Wissler, E.H., ASMEJ. Biomech. Eng, 109, 226-233 (1987). 
9. Chamy, C.K., and Levin, R.L., ASMEJ Biomech. Eng, 111, 263-270 (1989). 
10. Incropera, P.P., and De Witt, D.P., Fundamentals of heat and mass transfer. Second 

edition, Wiley & Sons, New York, 1985, pp. 387-404. 
11. Weinbaum, S., Jiji, L.M., and Lemons, D.E., ASME J Biomech. Eng, 106, 321-330 

(1984). 
12. Duck, F.A., Physical properties of tissue, A Comprehensive Reference Book, London: 

Academic Press, 1990, pp. 13-37. 
13. Crezee, J., and Lagendijk, J.J.W., Phys. Med. BioL, 37,1321-1337 (1992). 
14, Goss, S.A., Frizzell, L.A., and Dunn, F., Ultrasound Med. Biol, 5,181-186 (1979). 
15, Sapareto, S,A„ and Dewq?, W.C, IntJRadiat Oncol Biol. Phys., 10,787-800 (1984). 
16, Vykhodtseva, N.L, HynjTien, K,, and Damianou, C, Ultrasound Med. Biol., 20, 987-1000 

(1994). 

217 



Rate Of Temperature Increase In Human 
Muscle During Ultrasound Treatments At 

Various Intensities And Frequencies 

'David O. Draper, EdD, ATC; ^Chris & Dawn Castel 

'Professor, Coordinator of Graduate Athletic Training^Sports Medicine: 
Brigham Young University, RB 120-C, Prove, UT, 84602 USA 

^Accelerated Care Plus, 958 Spice Islands Dr, Sparks, NV 89431 USA 

Abstract To achieve the thermal effects of ultrasound, the tissue temperature must be raised 
from 1 to >4° C depending on the desired outcome of the treatment. Prior to this research, there 
have been few in vivo studies that have measured rate of change in temperature during 1-MHz 
ultrasound treatments, and none have ever been performed with the 3-MHz frequency. Thus, 
much speculation exists regarding how long to administer an ultrasound treatment. We 
performed this study to plot the rate of temperature increase during ultrasound treatments 
delivered at various intensities and frequencies. We inserted two 23-gauge thermistors into each 
subjects' medial triceps surae at the following depths: 1 MHz at depths of 2.5 and 5.0 cm 
(12 subjects) and 3 MHz at depths of .8 and 1.6 cm (12 subjects). Each subject received a total of 
four 10-minute treatments, one each at .5, 1.0, 1.5, and 2.0 W/cm^, and temperature was 
measured every 30 seconds. No significant difference was found in the rate of heating at the two 
depths (p = .987) within the same frequency and dose levels. The 3-MHz frequency heated on 
average 3 times faster than the 1-MHz frequency at all doses tested (p < .001). On average, the 
rate of temperature increase per minute at the two depths of the 1-MHz frequency was: .04° C at 
.5 W/cm^; .16° C at 1.0 W/cm^ .33° C at 1.5 W/cm^ and .38° C at 2.0 W/cnil The rate of 
temperature increase per minute at the two depths of the 3-MHz frequency was: .3° C at .5 
W/cm^; .58° C at 1.0 W/cm^ .89° C at 1.5 W/cm^ and 1.4° C at 2.0 W/cml This research 
should enable clinicians to choose the correct parameters when using thermal ultrasound. 

INTRODUCTION 

In general, the effects of ultrasound are either thermal, nonthermal or a combination 
of both. Typically, the thennal effects [5,21,30] are performed for the treatment of 
pain [22,29,35,38,39], reduction of sub-acute and chronic inflammation and muscle 
spasm [3-6,19-21,30, and stretching of coUagenous tissue in joint and connective 
tissue contracture [7,19,27]. The low dose nonthermal ultrasound is used for 
stimulation of tissue repair [11-15], reduction of edema [21,31], and treatment of 
trigger points for pain management [31]. 

Apparently, specific temperature increases are required to achieve beneficial effects 
in tissue. Based on previous studies by Lehman [24] and Lehman et a! [25,26], where 
the baseline muscle temperature was 36-37° C, an increase of 1° C (mild heating) 
accelerates metabolic rate in tissue. An increase of 2-3° C (moderate heating) reduces 
muscle spasm, pain, and chronic inflammation, and increases blood flow. Vigorous 
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heat (>4°C) affects visco elastic properties of collagen and inhibits sympathetic ac- 
tivity. 

Prior to this investigation, there had been no human in vivo studies that compared 
heating rates of 1 MHz and 3 MHz continuous ultrasound. Thus, clinicians not only 
resorted to trial and error regarding how long to administer an ultrasound treatment, 
but they often used the same treatment time for both frequencies. We initiated this 
study to plot the rate of temperature increase in human muscle during ultrasound 
treatments at various intensities and frequencies in an attempt to take the guesswork 
out of ultrasound treatment dosage. 

METHODS 

Subjects 

Prior to any data collection, this study was approved by the Institutional Review 
Board at Brigham Young University. Twenty-four college students, with a mean age 
of 22 ± 1.4 years, volunteered to participate and gave informed consent. Twelve 
subjects were used for the 1 MHz data collection and 12 subjects participated in the 
3 MHz data collection. The left triceps surae muscle of each subject was free from 
ecchymosis, infection, swelling, or injury during the previous 6 months. Although 
adipose tissue does not appear to prevent ulttasound from being absorbed [10], we 
selected subjects with little adipose tissue in the lower leg. 

Instruments 

The ultrasound unit we employed was the Omnisound 3000™ (formerly. Physio 
Technology Inc., Topeka, KS; now Accelerated Care Plus, Sparks, NV). The 
transducer surface area was 5 cm^ and housed a lead zirconate titanate crystal. The 
effective radiating area of the crystal was 4.1 cm^ with a beam nonuniformity ratio 
(BNR) of 1.8:1. The ultrasound device was new, and we calibrated it prior to our 
study with a digital power meter (Model DT-IO, Ohmic Instruments Inc., St, Micheals, 
MD) in 25° C degassed water. Both frequencies of the applicator were scanned for 
beam nonunifonnity ratio and effective radiating area using a computerized scanning 
acoustic hydrophone. 

To record the temperature of the muscle, we used 23-gauge thermistor needles 
(Phystek MT-23/5, Physitemp Instruments, Clifton, NJ). We affixed the thermistors to 
a monitor (Bailey Instruments BAT-10, Physitemp Instruments, Clifton, NJ) that 
displayed the temperature in degrees Celsius. We used Ultra Phonic^^ (Pharmaceu- 
tical Innovations, Inc., Newark, NJ) ultrasound transmission gel at room temperature 
(25° C) in order to replicate the clinical setting. 

Procedures 

We shaved and thoroughly cleansed a ID-cm diameter area on the left medial 
triceps surae muscle. While the subject was lying prone, the examiner used a caliper to 
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plot the depth that each thermistor was to be inserted. For the 3-MHz application, two 
1-cc injections of 1% lidocaine© (Xylocaine) were administered subcutaneously to 
anesthetize the area. 

The thermistors were inserted into the center of the left medial triceps surae muscle 
belly, one at a depth of .8 cm and the other 1.6 cm deep. We placed a template, cut at 
precisely two times the size of the effective radiating area (ERA) of the ultrasound 
applicator, onto the skin overlying the muscle belly. This served to restrict all 
treatments to the same size surface area. We gas sterilized the thermistors in an 
autoclave for 30 minutes prior to the study and after each use. 

The procedures for the I-MHz application 
were identical to the 3-MHz procedure except 
that the thermistors for the lower frequency 
were inserted at depths of 2.5 and 5 cm. After 
we implanted the thermistors and connected 
them to the monitor, we waited for the tissue 
temperature to stabilize and then recorded this 
as the tissue temperature baseline (average time 
to baseline approximately 3 minutes).    The 

 ^„. ,„ ,     ,.    . subjects   were   lying   prone   for  all   of the 
FIGURE 1. Ultrasound application. ,     :       ,       j   ,/ j     i i-  j .   .u treatments and ultrasound gel was applied to the 

treatment area. We then applied continuous ultrasound to the posterior aspect of the 
triceps surae muscle perpendicular to the tips of the thermistor needles (Fig. 1). In all, 
each subject received four ultrasound applications given in random order at .5, 1.0, 
1.5, and 2.0 W/cm^. During this procedure, the sound applicator was moved back and 
forth within the template at approximately 4 cm/sec as proposed by other researchers 
[5,34]. During each application, we recorded temperature every 30 seconds. The 
treatments lasted for 10 minutes or until the rate of heating was uncomfortable. At the 
end of each ultrasound application, we waited for the temperature to return to its 
original baseline before starting the next application. At the completion of four 
applications for each subject, we removed the thermistors, cleansed the area with 70% 
isopropyl alcohol, and applied a bandage to the injection sites.    A three-factor 
ANOVA (2X4X2) was used to test for a difference in mean temperatures obtained. 
This was compared with each depth (two levels), dose (four levels), and frequency 
(two levels) over time. Alpha was set at the .01 level. 

Results 

The Table shows the mean muscle temperature increase per minute at all doses 
tested. At the 3-MHz frequency, at doses of 1.5 W/cm^ and 2.0 W/cm^, the rate of 
temperature increase was so rapid that some subjects were not able to complete the 
full 10-minute treatment due to discomfort. For the 1.5 and 2.0 intensities, an average 
rate of temperature increase at 6 minutes and 3 minutes, respectively, was used to 
compute means and standard deviations. 
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TABLE 1. 
MHz W/cm^ Depth (cm) X SD 

1 .5 2.5 .04 .054 

3 .5 .8 .30 .135 

1 .5 5.0 .06 .035 

3 .5 1.6 .31 .132 

1 1.0 2.5 .16 .072 

3 1.0 .8 .58 .242 

1 1.0 5.0 .16 .059 

3 1.0 1.6 .58 .229 

1 1.5 2.5 .34 .007 

3 1.5 .8 .82 .276 

1 1.5 5.0 .31 .115 

3 1.5 1.6 .96 .242 

1 2.0 2.5 .40 .084 

3 2.0 .8 1.5 .354 

1 2.0 5.0 .34 .018 

3 2.0 1.6 1.3 .602 

Tissue Temperature Rise Compared At The Two Depths Among Same 
Dosage And Frequency 

No significant difference was found in tlie maximum temperature increase at 3MHz 
between the two depths at all intensities tested [F(l,l 1) = 3.60, p = .084]. Average 
temperatures reached at the two tissue depths of each dose at the end of the 1-MHz 
treatment were also recorded. No significant difference was found in the maximum 
temperature increase at IMHz between the two depths [F(l,ll) = .00, p = .987], The 
temperatures at the deep layer for both frequencies were compared and 3 MHz 
heated about three times greater than 1 MHz at all doses (p < .001). 

Rate Of Heating During 1-MHz Ultrasound 

We evaluated ultrasound doses of ,5,1.0,1.5, and 2.0 W/cm^. The rate of heating of 
the four intensities was compared, and a significant difference was found between 
each [F(3, 33) = 131.57, p < .001], No interaction between intensity and depth was 
found [F(3,33) = 1.04, p = .389], On average, the tissue temperature rate and rise of 
each subject, recorded at 30-second intervals, was somewhat consistent at dose levels 
of 1.0, 1.5, and 2.0 W/cm^. The rate of temperature rise at .5 W/cm^ heated at only 
25% of the rate that 1.0 W/cm^ heated; therefore, for significant thermal effects, we 
feel that the .5 W/cm^ dose is insufficient. 
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FIGURE 3. Rate of heating of 1 MHz (deep probe). 

Rate of Heating During 3-MHz Ultrasound 

We evaluated doses of .5, 1.0, 1.5, and 2.0 W/cm^. The rate of heating of the four 
intensities was compared, and a significant difference was found between each 
[F(3,33) _ 41.59, p < .001]. No interaction between intensity and depth was found 
[F(3,33) = .53, p = .662]. The rate of increase per minute at each dosage was: .3° C at 
.5 W/cm^ .58° C at 1.0 W/cm^; .89° C at 1.5 W/cm^ and 1.4° C at 2.0 W/cml 
Basically, the rate of temperature rise at .5 W/cm^ should be half that of 1.0 W/cm^; it 
was very close (51%). The 1.5 W/cm^ dose should be 50% faster than 1.0 W/cm^ it 
also came within 1% (51%). Finally, 2.0 W/cm^ should heat twice as fast as 1.0 W/cm^ 
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and 25% faster than 1.5 W/cm^. In our study, 2.0 W/cm^ heated tissues 2.4 times faster 
than 1.0 W/cm^ and 43% faster than 1.5 W/cm^, Therefore, on the average, the tissue 
temperature rate and rise of each subject, recorded at 30-second intervals, was fairly 
consistent and predictable at all dose levels measured. Note that it took slightly less 
than 3 minutes at 2.0 W/cm^ to reach a temperature of 4° C for a surface area of 
2 ERA, regardless of tissue depth. 
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FIGURE 4. Rate of heating of 3 MHz (shallow probe). 
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FIGURE 5. Rate of heating of 3 MHz (deep probe). 
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DISCUSSION 

If the treatment goal with therapeutic ultrasound is to raise tissue temperature, 
failure to achieve the desired temperature will affect the outcome of therapy since the 
effects are specific to the tissue temperature elevation [16,23]. Thus, the technique of 
applying ultrasound should be taken more seriously than is currently practiced. In 
order to increase tissue temperature and to achieve repeatable thermal effects in tissue, 
careful attention to specific parameters is mandatory. Unfortunately, in current clinical 
practice, little attention is given to factors such as: 1) the size of the treatment area; 2) 
the depth of the target tissue; 3) desired temperature increase; and 4) output intensity 
over time. Each of these factors is critical to achieving a repeatable temperature 
increase in the tissue. This study was designed to control for the above factors and 
evaluated the specific temperature increases which can be achieved at various dosage 
levels and frequencies. 

Size Of The Treatment Area 

The literature contains little information regarding the appropriate treatment size. 
We have frequently observed clinicians treating an entire low back with ultrasound. 
We believe that ultrasound should not be used to heat large areas. We base this on the 
fact that our experiment used 2 ERA and, according to our results, treating a large area 
will dilute the dose so that the thermal effects will be minimal. Therefore, the thermal 
goal of the treatment is negated. The application technique should be limited to an area 
twice the size of the ERA of the transducer [34]. If a slightly larger area than this 
needs treatment, a possible solution is to break the total area into sections that are 
twice the ERA of the transducer and treat one area at a time or use short-wave 
diathermy [8,9,18,32]. 

Appropriate Frequency 

Another misconception regarding therapeutic ultrasound has to do with the depth of 
the target tissue. Some feel that the higher the intensity, the deeper the penetration; 
therefore, they advocate dosages >1.5 W/cm^ for deep tissues and <1.0 W/cm^ for 
superficial treatments [33]. It is, however, the frequency of the uUrasound beam that 
determines the depth of penetration [17,33]. Typically, 1-MHz ultrasound in the 
continuous mode is used for heating tissues 2.5-5 cm deep, whereas 3 MHz is used to 
heat tissues <2.5 cm deep. We have observed several clinicians treating the patellar, 
Achilles, and peroneal tendons and medial and lateral epicondylitis with the 1-MHz 
mode. At this depth, much of the sound reflects off of bone, causing periosteal pain, so 
the clinician often responds by turning down the intensity. If the 3-MHz frequency 
was used, more of the sound energy would be absorbed in these superficial tendons 
with little energy reaching the bone [14,30]. Hence, a higher intensity can be used in 
the 3-MHz mode to bring about the desired temperature increase. 

The depth of ultrasound penetration is described in terms of the half-value layer or 
the depth by which 50% of the ultrasound beam is absorbed in tissue [36]. In the 
muscle tissue model used for this study, this was deemed to be 2.5 cm for the triceps 
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surae muscle at 1 MHz and .8 cm for the same muscle at 3 MHz, Temperature effects 
would be expected to be highest at the half-value layer and less at greater depths. The- 
oretical predictions would suggest that at twice the half-value layer depth, the thermal 
effect would be significantly attenuated. 

An interesting aspect of our investigation was the small differences in the heating 
effects at the half-value and two times the half-value layers. At 1 MHz, Lehman et al 
[26] indicate that the thermal effect of ultrasound peaks in the human thigh at approxi- 
mately 1 cm above the bone due to reflection of the ultrasound beam from the bone 
summating with the incoming ultrasound beam. In this respect, our data were 
consistent with prior investigations as the 5-cm depth in the triceps surae muscle was 
generally within 1 cm from the bone for the subjects investigated. Therefore, this 
relative closeness of our deep probe to the reflection point may explain why the 
temperature was not significantly reduced compared with the shallow probe, which 
theoretically should be the optimal heating region. 

At 3 MHz, the reason for the lack of differentiation of temperature effect at the two 
measured levels may be described by the likely heat conduction of the tissue at the 
close proximity of the two depths studied. It is possible that if we were to place a 
probe even deeper than 1.6 cm, the temperature rate would still not decUne. The depth 
limit at which 3 MHz will effectively heat tissue has not been studied. A future 
investigation could address this issue by inserting probes at a 2-, 3-, or 4-cm depth and 
measure heating via 3-MHz ultrasound. 

Desired Tissue Temperature Increase 

The frequency at which ultrasound is delivered to the tissue has a distinct effect on 
the rate of temperature increase. At 3 MHz, the heating rate is predicted to be three 
times faster, since the ener^ is absorbed at three times the rate of 1 MHz. Our study 
supports this premise from measurements taken by the deep probes. However, at the 
half-value layer, the rate of heating at each 3 MHz intensity was over three times that 
of the respective 1 MHz intensity. This might be why cUnicians report faster thermal 
effects or an apparent heating of the applicator with 3-MHz ultrasound. In actual fact, 
the surface tissue is heated, but the patient may perceive that the ultrasound transducer 
is getting hot. 

Output Intensity Over Time 

We have shown from this study that tissue temperature increase is also dependent 
upon the intensity and time of sonation. The longer the treatment lasted, the higher the 
resultant temperature, and the higher the intensity, the greater the temperature 
increase. However, our rate of heating was less than that predicted by other 
researchers [37], Why did our results not track the predicted models? These theoretical 
calculations do not take into account the effects of blood flow-induced cooling and 
tissue thermal conduction that would further reduce thermal efficacy. Baker and Bell 
[2] and Ter Harr [37] acknowledged that the effects of blood flow and thennal con- 
duction on tissue cooling are not well characterized. From our data, it is clear that a 
base threshold ultrasound intensity is required to overcome cool-down, based on tissue 
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heat conduction and vascular heat dissipation. These factors act to reduce the lieating 
effects of the ultrasound dosage and may also prevent a linear relationship of intensity 
to treatment time at low dosage levels. In fact, from our data regarding delivery of 1 
MHz at an intensity of 1.0 W/cm^, the variance was greater than a 65% reduction of 
heating effect based on the theoretically predicted heat transfer function. This requires 
a marked increase in dosage intensity and treatment time required to achieve specific 
thermal effects in tissue. Therefore, the prescribed treatment times to reach predicted 
heating rates as suggested in the literature are incorrect. 

From this study, we have been able to predict tissue temperature rise at 1 and 3 
MHz at doses of .5, 1.0, 1.5, and 2.0 W/cm^. However, when we compared the data 
from subject to subject, the tissue temperature rise was more predictable at some doses 
and not as predictable at others. This might be due to our method of collecting the 
data. Typically, each subject received all four ultrasound applications in one exper- 
imental session. For example, a subject would receive a 10-minute application at .5 
W/cm^, wait until the temperature returned to baseline (around 20-30 minutes), and 
then receive a 10-minute treatment at 1 W/cm^ and so on until all four applications 
were randomly administered. These fluctuations in tissue temperature may have 
affected subsequent treatments, so that the tissue temperature rise was not as 
predictable as the first treatment. For future study, we suggest that each subject only 
be given one or two random applications on a given day. This may eliminate any 
effects, positive or negative, of the preceding application, thus, establishing more 
predictable and reproducible data. 

All Ultrasound Machines Are Not The Same 

It is important to note that these heating rates may not be possible with all 
ultrasound units. We have tested several different machines that do not produce as 
high of temperatures as the Omnisound 3000C. Our results, therefore, are limited to 
the Omnisound 3000C. Also, since this original study was performed, we have 
collected data on nearly 100 other subjects. Based upon these data we have 
developed the following formulae for muscle heating via continuous ultrasound: 
1 MHz heats at a rate of .2° C/min/W/cm^; 3 MHz heats at a rate of 
.6° C/min/W/cm\ Thus, if 1 MHz were delivered at l.OW/cm^ (2 ERA) it 
would raise deep tissue temperature (2-5 cm) 2° C in 10 mins (3° C at 1.5W/cm^). 
If 3 MHz were delivered at l.OW/cm (2 ERA) it would heat superficial 
muscle temperature (<2 cm) 6° C in 10 mins (9° C at 1.5W/cm^). 

CONCLUSION 

Prior investigations indicate that the therapeutic effect of thermally applied 
ultrasound relies on specific temperature elevations in the tissue. It is clear that the 
empirical approach of using 1.5 W/cm^ of ultrasound output over a non-defined area 
for a 5-minute treatment is not acceptable if consistent thennal results are to be 
obtained [2,28]. Our data question many aspects of ultrasound efficacy based on 
current practice techniques. If the average treatment goal is not thermal, based on 
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dosage and application technique, we can only speculate that the results obtained with 
the modality are primarily obtained through the nonthermal effects of ultrasound, such 
as acoustic streaming, cavitation, and micro massage [15]. If thermal effects are to be 
achieved and are intended, then careful attention must be given to dosage. Treatment 
time should be based on results from this study, which will provide more predictable 
increases in tissue temperature. 

In summary, therapeutic ultrasound in the continuous mode increases tissue 
temperature when properly applied with specific dosage guidelines. Appropriate 
attention to treatment time, intensity, area, and ultrasound frequency is critical if spe- 
cific thermal effects are to be predictably obtained in tissue. 

Reprinted from [Draper, D.O., Castel, J.C, Castel, D., "Rate of temperature 
increase in human muscle during 1 MHZ and 3 MHZ continuous ultrasound," 
JOrthop Sports Phys ner., 11, 142-150 (1995),], with permission of the Orthopaedic 
and Sports Sections of the American Physical Therapy Association. 
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Abstract Objectives: In extracorporal HIFU treatment skin bums may occur depending on the 
acoustic intensity and tlie duration of tlie pulses. This study aims at establisliing an experimental 
relationship between the occurrence of skin bums and the acoustic intensity at the skin level. 
Methods: The pig model was used for this study because its skin is similar to human's. Single 
HIFU pulses were applied through 19 pig skin sites (10 pigs) allowing enough time between the 
pulses for tlie skin to cool. The duration of the pulses was gradually increased until a first 
occurrence of skin damage was observed. The experiment was repeated for several values of 
acoustic intensities ranging from 9 to 177 W/cm2. 
Results: At the skin level, the maximum tolerable energy density level of single HIFU pulses 
decreases with tlie square root of the acoustic intensity. The skin tolerance may vary by a factor 
of 3 among animals. 
Conclusion: The maximum energy and intensity that skin can support without damage was 
experimentally detemiined. At lower intensity more acoustic energy can be applied through the 
skin tlian at higher intensities. 
Key Words: High intensity focused ultrasound. Skin bums. 

INTRODUCTION 

In clinical practice, the destmction of the target tissue by High Intensity Focused 
Ultrasound (HIFU) must occur in rapidly [1]. Unfortunately part of the acoustic 
energy is absorbed by the tissue interface, e.g. the skin. To avoid undesirable bums, 
resting pauses must be allowed between the pulses and those have an unfavorable 
effect on the duration of the treatment. The aim of this study was to estimate the 
maximum amount of energy that the skin can support without burning so as to 
maximize ultrasound exposure. 

MATERIAL AND METHOD 

The HIFU Device (Edap, France) 

The treatment head (Edap, France) contained 160 flat round ceramics. The 
ultrasonic frequency was 1 MHz and the acoustic power, measured with an acoustic 
force balance, was adjustable between 50 and 6000 Watts, The treatment head was 
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mobile with a millimeter precision. In the treatment head, the coupling liquid was 
maintained at a constant 15° C temperature. The target volume was imaged with an 
ultrasound probe located in the center of the treatment head. 

The ultrasound was coupled to the skin via a flexible, non extensible bag filled with 
coupling liquid. 

The Animal Model 

Female Large White x Land Race pigs (body weight between 50 to 70 kg) were 
used for this study. During HIFU treatments, the pigs were anaesthetized. The 
premedication associated a carazol (0.15 mg) and an atropine (0.5 mg) intramuscular 
injection. After catheterism of an ear vein, the anesthesia was induced with 
intravenous thiopental (10 mg/kg) and vecuronium bromide (12 mg). The animals 
were intubated under direct vision with an endotracheal tube. Anesthesia was 
maintained with intravenous thiopental. 

The pigs were fixed to the table and placed on the right side to treat the left kidney 
or on their back to treat the bladder (Figure 1). Prior to locating, the skin over the 
target was cleaned and shaved. The acoustic coupling between the treatment head and 
the skin was ensured by an acoustic gel (KY Lubrificating Jelly / Johnson & Johnson). 

FIGURE 1. Experimental set-up. 

Ultrasonic Application 

In a first trial {single pulse study), single HIFU pulses were applied through 19 pig 
skin sites (10 pigs) facing the left kidney, the liver or the bladder. The duration of the 
pulses, and consequently their energy, was gradually increased in 20% steps until a 
first occurrence of a white burning spot was observed (Figure 2). This aspect 
corresponds to an irreversible skin lesion, which would still be present at 3 days post 
treatment. The energy corresponding to the first bum was considered maximum. 
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FIGURE 2, Remaining erythema at Day 3,16 shots @ .9s duration, 
50s waiting, 21d/shot, 55J/cni%hot. Site facing left kidney. 

The experiment was repeated for several values of acoustic intensities ranging from 
9 to 177 W/cm2. Waiting time between the pulses (30 sec to 5 min) was sufficient for 
the skin to cool. 

In another development (multiple pulse studies), the state of the skin (i.e. burned or 
not) was recorded after 166 extracorporal HIFU experimental treatments, where the 
primary aim was to obtain lesions at the focus. In those treatments, repeated pulses 
were applied in a wide variety of power and time regimes. 

RESULTS 

Single Pulse Study 

Figure 3 represents the maximum energy Emax tolerated by the skin during a single 
exposure vs. the acoustic intensity at the skin level Icut. The energy is lower when the 
acoustic intensity is higher. Below 9 W/cm^ no skin bum was observed. 

For a same value of acoustic intensity, the maximum tolerable energy varied by as 
much as 58% from one animal to the other. 

Using a best fit algorithm, it appeared that the relationship between the acoustic 
intensity at the skin level and the maximum pulse energy may be approximated by the 
experimental relationship: Emax = 900/ Vicut where Emax is in J/cm^ and Icut in 
W/cm^ 
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Multiple Pulse Studies 

The mean skin intensity <Imax> averages the instantaneous slcin intensity over the 
pulse duration and the waiting time between the pulses. When pulses are repeated, as 
in the case with most HIFU treatment, <Imax> also decreases with the square root of 
the skin intensity, as shown in Figure 4. The experimental relationship becomes: 
<Imax> = 6/ Vlcut where <Imax> and Icut are in W/cm^ 
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CONCLUSION 

The maximum energy and intensity that skin can support without damage was 
determined experimentally. At lower intensities more acoustic energy can be applied 
through the skin than at higher intensities. 
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Abstract. Methods for evaluating mechanical integrity of in vivo bone were proposed; 1) an 
evaluation technique of 2-D bone area fraction (S, bone area fraction between bone and bone 
marrow) using the transit velocity of ultrasound through bone, and 2) a visualization technique 
of trabecular architecture of spongy bone using ultrasound A-mode signals. The evaluation 
technique of 2-D bone area fraction is based on the bone length fraction calculated from the 
difference in the sound speed traveling through cancellous bone. The results showed that there is 
a good relationship between the BMD (bone mineral density) by DXA (dual energy x-ray 
absorptiometry) and the bone area fraction by the ultrasound testing. The 2-D visualization 
technique is capable to create the image size of-10 mm depths from the surface of cortical bone. 
We believe that those results are informative to diagnose osteoporosis. 

INTRODUCTION 

With more people than ever reaching greater age, clinicians, as well as scientists 
and family doctors, have developed an increasing interest in osteoporosis, which is 
defined as the clinical manifestation of the atrophy of bone. Bone atrophy is defined as 
a reduction of the bone mass per space unit of bone tissue. In most cases, a fracture of 
a vertebral body is found, which would result in long-term bed care. Both compact and 
cancellous bone mass are decreased in the postmenopausal decade, but the reduction 
of trabecular bone is more pronounced than compact bone. One of the biggest 
difficulties facing the medical profession today in the area of osteoporosis is the 
absence of any accurate way of diagnosing bone loss before the bone actually breaks, 
so that preventive strategies can be adopted. As the bone becomes less dense, its 
mechanical properties alter [1] and it is more likely to fracture. Expensive machines 
called DXA (Dual Energy X-ray Absorptiometry) densitometers can scan bones to 
give an accurate reading of bone density, but this is harmful due to X-ray exposure 
and is not available to assess mechanical integrity of bone. 

Because osteoporotic changes appear initially in the cancellous bone and it is only 
at an advanced stage that cortical thinning is detected [2], we must develop methods to 
inexpensively and non-invasively assess the mechanical integrity of m vivo bone tissue 
of an individual as well as understand bone density which can directly relate to 
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fracture incidence trabecular density and orientation, and architecture-related strength 
of cancellous bone [3-5]. Ultrasound methods have long been considered to have 
potential value for the assessment of bone fragility on the theoretical basis that its 
propagation velocity is influenced both by bone density and by material elasticity 
along the travel path [6-10]. 

In the present report, we propose two methods for evaluating mechanical integrity 
of/« vivo bone, 1) an evaluation technique of 2-D bone area fraction (S, bone area 
fraction between bone and bone marrow) using the transit velocity in bone, and 2) a 
visualization technique of trabecular architecture using A-mode signals from 
conventional ultrasound instrument for soft tissue, which permits to diagnose 
osteoporosis. 

EXPEMMENTAL METHOD 

Estimation Of Bone Area Fraction And 
Bone Mineral Density (BMD) For In Vivo Heel Bone 

Heel bone shows almost spongy shaped structure; we consider its bone material 
consists of bone substance (solid) and bone marrow (liquid paste). Ultrasound wave 
propagates at a faster rate in a solid than in a liquid. Thus, wave velocity reflects bone 
density and its architecture. If the wave frequency is ignored, this can be easily 
understood that the total distance (b) propagated through bone substances can be 
calculated by the following equation (Figure 1), 

b=(t2-t,)/[(l/V2)-(l/V,)], (1) 
where Vi is the propagation velocity m bone marrow; 1530m/s, V2 is the velocity in 
bone substance; 2986 m/s, t2 is the time of travel for an ultrasound pulse through the 
bone specimen with length L, and ti is the time propagated through the specimen 
(length L) which consists of bone marrow; 

ti=L/V,=L/1530. (2) 

Bone specimen with 

FIGURE 1. a) Measurement of bone 
area fraction. 
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b) A solid-liquid model for spongy bone. 

Therefore, the bone substance length ratio (C) can be calculated by the equation 
C=b/L. By measuring two directions (x and y; Cx, Cy, respectively) of the specimen. 
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the bone area fraction (S) can be estimated from their product, i.e., S=CxCy. For 
isotropic architecture, it is Cx =Cy, i.e., S=(Cx)^. 

To validate the bone area fraction measurement technique using Eq. (1), eight cubic 
bone specimens (18x15x20 mm, approximately) were prepared from some fresh 
bovine bones (tibia). The cubic specimens contained bone marrow. The size of the 
specimen was determined considering orientation of structure, and bone density to 
have equivalent morphological parameters in the specimen. The shape of trabecular 
bone was obtained for pattern analysis (bone length ratio and cross sectional area) by 
stamping the specimen (without marrow) after ultrasound testing. The pattern was fed 
into a computer using an image processor. A pair of 2.25 MHz transducers, 12 mm 
diameter, was used. Although the wavelength corresponding to a frequency of 2.25 
MHz (?t/2=0.42~0.55 mm when V= 1800-2500 m/s: average speed in the heel bone) is 
longer than the size of the trabecula (~3 mm), the frequency was at a higher limit for 
measuring in vivo properties of human bones including the kneecap and heel bone. 
The relationship between the bone area fractions by an image processor and by the 
ultrasonic technique was then examined, since the total bone size (b) calculating from 
Eq. (1) is dependent on the frequency of the transducer used. This is the method 
proposed here for estimating in vivo bone mass using the empirical relationship based 
on the laboratory specimens. The transit time was measured from the first wave front 
of the input pulse to that of the output signal because the transmitted wave is generally 
distorted due to the complicated architecture of the trabeculae. Five measurement 
trials were carried out and averaged for each testing. 

Since BMD is the most widely used to diagnose osteoporosis, we also examined the 
relationship between BMD and the bone area fraction S. Furthermore, forty Japanese 
females aged 21 to 75 years were measured by DXA (Dual X-ray Absorptiometry, 
Hologic QDR-2000) and the ultrasound testing for heel {calcaneus), and spine antero 
posterior (vertebrae lumbar, L2-4-AP). In the in vivo test, the width of the bone and 
soft tissue and the 2-D bone area fraction were measured using the reflected and 
transmitted signals, respectively. 

Visualization Of Spongy Architecture 

To develop a new visualization technique for micro architecture of the cancellous 
bone, a traditional ultrasound instrument is altered so that A-mode signal, which is 
utilized as a scan line for the creation of an image, can be extracted from it. The scan 
line interval of this extracted A-mode signal is 0.2mm, and this signal is sent to the 
oscilloscope and digitalized by the software, WaveStar, which was converted into a 
new image. In this experiment, a medical ultrasound instrument with a probe of 7.5 
MHz frequency (Medison, SA-600) was used. Two kinds of specimens were used, 
ceramic foam specimen which is similar to spongy architecture and bone specimen 
machined from fresh bovine tibia. The experiment was performed in the water 
environment to ensure the transmission and receiving of ultrasound between the 
specimen and a probe. Figure 2 shows the visualizing system used in this study. The 
shape visualized is average 2-D architecture because the size of a transducer element 
was 0.4 X 5.0 mm. We make a new artificial signal between the elements by 
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interpolation process, thus the signal of 0.2 mm interval can be used for creating shape 
of the bone. 

Jjte 

l^a'aoBsl CoH^yteir 
CftispUuiaa Mode) 
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FIGURE 2. Visualizing system for spongy 
architecture. 
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FIGURE 3. Curve fitting to the reflected 
signal (upper), and tlireshold curve to 
distinguish bone or not. 

Data processing Of A-Mode Signal To Structure 

Ultrasound A-mode signal is utilized for visualizing trabecular architecture. This 
visualizing procedure can be established by finding a method to distinguish between 
bone and bone marrow. In this study, we performed A-mode signal data processing by 
the following procedure. 

1) The data of convex point in the A-mode signal is extracted, and these are 
regarded as pixels constituting a spongy image. Yet, sometimes some of pixels not 
corresponding to bone is extracted by this method. 

2) These extracted data is approximated for the bone specimen by a decay index 
curve expressed by equation (3), where A, Ao, a, and x represent echo intensity, initial 
value of echo, attenuation factor, and distance, respectively. 

A = Aoexp(-ax) . (3) 
3) Assuming the curve T given by the equation (3) and the threshold value k, 

T = kAoexp(-ax) , (4) 
if the data of A-mode signal obtained in procedure 1) is larger than this threshold 
value (T), it is regarded as a pixel of bone image, and the rests are the pixels of bone 
marrow including the resuh of procedure 1). 

Determination Of Threshold Value, k 

To distinguish between bone and bone marrow, fifty of A-mode signals were 
arrayed and converted into an image. It corresponds to an image with the size of 
10 mm width. And the depth of-10 mm from the bone surface is visualized due to 
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avoid the influence of reflected signals. The shape of structure and the density of bone 
vary according to the threshold value. The threshold value is determined through the 
comparison of it with the bone area fraction of the specimen created, where the 
threshold value fluctuates according to Ao in equation (3). Since the ultrasound speed 
traveling through bone is -3000 m/s, which is twice as fast as that in bone marrow, 
1500 m/s, the size of pixel of created bone image is twice as large as that of bone 
marrow in the ultrasound direction. That is, the pixel size for creating architecture was 
0.2 (width) X 0.15 (depth) mm for bone marrow and 0.2x0.3mm for bone substance 
due to the difference of wave speeds. 

RESULTS AND DISCUSSION 

Estimation Of Bone Area Fraction And 
BMD For In Vivo Heel Bone 

Figure 4 shows the relationship between the bone length ratios by ultrasound 
inspection (Cu) and the image processor (Ci), which suggests that a nonlinear relation 
probably exists due to the complicated architecture (shape of trabecular) in the bone. 
Therefore, the real bone length ratio (Ci; Ci-x or Ci-y), can be calculated using the 
empirical relationship of the following equation, 

Ci = 0.0784tan( 162 Cu - 80.6) + 0.474 , (5) 
where Cu is calculated from the Eq. (I). 

AO-plate 

r, 1.0 
B specimen with marrow 

!.25MHz 

f., Ci=0.0784tan(162 Cu-80.6)+0.474 

R'=0.920 

'   ■   I ■   ■   ■ 
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Bone length ratio (bit) by ultrasound, Cu 

FIGURE 4. Relationship between Cu and Ci for bone. 
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Figure 5 shows the relationship between BMD by DXA and the area fraction by 
the present ultrasound testing. This relation allows estimating BMD of the spine 
and the result can be directly used to diagnose osteoporosis, that is the following 
equations: 

BMD(g/cm^) = 0.0167S for heel bone   (r = 0,83)      (6a) 

BMD (g/cm^) = 0.02548 +0.12 for the spine (r = 0.77) (6b) 
where S is bone area fraction (percent). On the basis of these results, we have 
developed a new commercial instrument to measure bone area fraction. 

■s S a  « 

5S 

Is 
a 

si 

1.6 

1,4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

Forty Japanese females 21 to 75 years old 
_   15  r-i o 

^■■1     Spine antero pogterlor (L2.4.AP) 
' "   /^BMD(spIne)=0.0254S 

A>o +0.123, (r=0,77) 
^o  8 

S3 mm 
scan area= 

X. 

20x20 mm       p^jjE)^     ^ 

Heel bone (caleaneos) 

BMD(heel)=0.M67S 
(r=(».83) 

0 10        20        30        40        50        60        70 80 

2-D bone area traction of heel bone ,S (%) 
by ultrasonic test 

FIGURE 5. Relationship between BMD by DXA and area fraction of heel bone. 

Visualization Of Trabecular Architecture Of 
Ceramic And Bone Specimens 

Figure 6 shows the images of ceramic foam specimen, which is structured similar to 
cancellous bone, created by varying the threshold value. Since the ultrasound speed in 
the ceramics is 4000 ~ 5000 m/s, which is 3-fold faster than that in water, the pixel of 
bone material is extended in the direction of ultrasound by 3-fold. Comparing the 
fraction areas, the specimen and some created images, the threshold value k is suitable 
as k = 1.16. Through the same manner described above, the image of a bovine 
cancellous bone specimen is created as shown in Figure 7, the threshold value k is 
suitable as k = 0.94 ~ 0,96. Four kinds of bone specimens were visualized and some 
coefficients in Eq. (4) for creating spongy architecture are summarized in Table 1, 
Through the results, it appears that smaller size of the pixel for creating the 
architecture of bone should be used by applying higher frequency transducer revised 
because the real size of trabecular is about 0.1 ~ 0.8 mm. 
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FIGURE 6. Visualized images with some k values for bone specimen. 

bone specimen —^j 

Picture by the conventional method 27% k=0.98   26% k^^lO 

FIGURE 7. Visualized images with some k values for ceramic specimen. 

TABLE 1. Summary of coefficients in Eq. (4) for creating spongy architecture. 

k 

Ao 

a 

Bone Specimen Ceramic Foam 

-0.96 -1.16 

4-7 3-5 

0.15-0.4 0.02-0.06 

CONCLUSIONS 

In this report, two methods for evaluating mechanical integrity of in vivo bone were 
proposed: 1) an estimation technique of 2-D bone area fraction (S, bone area fraction 
between bone and bone marrow) using transit velocity of ultrasound through bone, and 
2) a visualization technique of trabecular architecture using ultrasound A-mode 
signals. The former is focused on a screening inspection of bone using a pair of the 
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single transducer of 2,25 MHz. and the latter is focused on a thorough inspection using 
a linear-arrayed transducer. The results showed that there is a good relationship 
between the BMD (bone mineral density) by DXA (dual energy x-ray absorptiometry) 
and the bone area fraction by ultrasound testing. And the 2-D micro architecture is 
visualized using ultrasound A-mode signals. The pixel size for creating architecture 
was 0,2 (width) x 0,15 (depth) mm for bone marrow and 0,2x0,3 mm for bone 
substance due to the difference of wave speeds. The 2-D visualization technique is 
capable to create the image size of-10 mm depths from the surface of cortical bone. 
We believe that those results are informative to diagnose osteoporosis The results 
indicated that smaller size of the pixel for creating bone architecture should be used by 
applying higher frequency transducer revised because the real size of trabecular is 
about 0.1-0,8 mm. 
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HIFU-Induced Heating In Vascularized 
Phantoms: A Quantitative Comparison Of 

Theory And Experiment 
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Abstract. High intensity focused ultrasound (HIFU) can be used to control bleeding, both from 
individual blood vessels as well as from gross damage to the capillary bed. The presence of 
vascularity can limit one's ability to elevate the temperature of blood vessels owing to 
convective heat transport. In an effort to better understand the heating process in tissues with 
vascular structure we have developed a numerical simulation that couples models for ultrasound 
propagation, acoustic streaming, ultrasound heating and blood cooling in Newtonian viscous 
media. The 3-D simulation allows for the study of complicated biological structures and 
insonation geometries. We have also undertaken a series of in vitro experiments employing non- 
uniform flow-through tissue phantoms and designed to provide a ground truth verification of the 
model predictions. The calculated and measured results were compared over a range of values 
for insonation pressure, insonation time, and flow rate; we show excellent agreement between 
predictions and measurements. [Work supported by DARPA and the U.S. Army.] 

INTRODUCTION 

The use of high intensity focused ultrasound to effect medical therapy is a relatively 
new treatment modality that is flush with possibility and promise. The manner in 
which one applies the acoustic energy determines, to a large extent, the nature and 
spatial extent of the biological effect. A broad spectrum of therapy is achievable, 
ranging from gentle heating of tumors to violent tissue ablation, from drug delivery 
through sonoporation to kidney stone comminution. A barrier to safe and efficacious 
HIFU therapy involves targeting and treatment planning: is the sound energy going to 
the right spot and in the correct dosage? To address this, one needs an accurate model 
that, in the context of HIFU therapy, includes multiple physical effects: nonlinear 
sound propagation, arbitrary media inhomogeneity, thermal transport phenomena, 
convective transport phenomena (i.e. blood flow) and other second order effects as 
needed (acoustic streaming, acoustic radiation stress, cavitation, etc.). 

The years have seen numerous studies devoted to modeling tissue heating from 
ultrasound exposure, starting with the pioneering works of Frey [1], Lele [2], and 
Parker [3,4], the latter of whom derived approximate analytical expressions for the 
temperature rise in a 3D conducting medium. Most published methods are limited to 
simple situations for which analytical solutions exist and the use of cylindrical 
geometries suffice. Pond [5] broke down the heating volume into a series of cylinders 
that he used as elemental heat sources.  Robinson and Lele [6] assumed cylindrical 
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heat deposition pattern and produced analytical expressions for the temperature 
distributions as a function of time. Muir and Carstensen [7] modeled both focused and 
unfocused ultrasound heat deposition yielding analytical expressions that incorporated 
nonlinear effects. Several investigators [8-11] addressed the proper computation of 
heat generation during ultrasound exposure. Lizzi et al. [12,13] developed both 
analytical and numerical solutions to the Pennes bioheat transfer equation [14] in the 
context of glaucoma treatment. Hill et al. [15] and later Wu and Du [16] developed 
general analytical models based on a Gaussian approximation to the beam shape. 

Owing to the complexity of the propagation medium, accurate predictions of HMJ- 
induced temperature rise require numerical modeling. Kolios et al. [17] employed a 
finite difference method to model perftised tissues in 2-D cylindrical coordinates. 
Curra et al. [18] used a 2-D finite difference implementation to investigate the 
importance of nonlinear effects on wave propagation and heat generation in perfused 
liver models. Fan and Hynynen [19] investigated focused ultr^ound surgery (FUS) 
by phased arrays using a 3-D finite difference model. Wan et al. [20] used a matrix 
relaxation method to investigate critical parameters goveming the performance of their 
phased-array system and Meaney et al. [21] computed 3-D heat deposition patterns 
assuming a linear propagation model. Most recently, Krasovitski and Kimmel [22] 
presented a 3-D simulation of the temperature field in and around a blood vessel for a 
simplified geometry. The literature on modeling of ultrasound-induced tissue heating 
is extensive and this brief summary neglects several important contributions. Readere 
are directed to the review by Huang [23] for a comprehensive survey. 

In this paper, we describe a finite difference time domain implementation of the 
basic goveming equations for sound propagation and bioheat transfer in the presence 
of blood flow and acoustic streaming. (Other second-order effects will be 
mcoiporated in future work.) The simulation is 2-D in pressure and 3-D in all thermal 
and flow quantities. Performance is assessed through a quantitative comparison with 
experiments run in uniform and vascularized gel phantoms. These phantoms are 
characterized a priori and instrumented to facilitate measurement of acoustic pressure 
and temperature in space and time. The comparison with model predictions proceeds 
without reliance on fitting parameters. Below we describe in brief the theoretical 
model, numerical implementation and subsequent experimental validafion. Additional 
details describing all facets of the work are presented in [23], 

GOVERNING EQUATIONS & NUMERICAL MODEL 

We model nonlinear sound propagation in a non-uniform viscothermal medium 
with the Westervelt equation, modified by the addition of a loss term, which accounts 
for the effects of diffraction, absorption, inhomogeneity, and nonlinearity [24]: 

P c  a     pc   a 

Here c is the sound speed, p is the density, ^is the acoustic diffusivity, and fi=\+B/2A 
is the coefficient of nonlinearity with BfA being the nonlinear parameter of the 
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medium. Our time domain simulation assumes a classical thermoviscous medium in 
which the absorption increases as the frequency squared, though for tissues the power 
law for absorption is closer to/'. This might introduce error in the case of strongly 
nonlinear waves. However, the current model allows for detailed investigation of 
spatial and temporal characteristics of the energy deposition and heating in an 
arbitrary medium using either pulsed or contirnious ultrasound. 

Since heating is approximately second order in the pressure field, we invoke a Bom 
approximation and assume a priori that the sound beam generated by our axis- 
symmetric HIFU transducer will be unaffected by inhomogeneities in the propagation 
path. A 2-D cylindrical representation is thus adequate to compute the acoustic 
pressure and intensity fields, a fact that greatly reduces the computation time required 
for each simulation. This assumption is motivated by practical considerations and 
recognizes the fact that the acoustic contrast of various structures in tissue is small 
(bone and lung being notable exceptions). See Huang [23] for a detailed discussion. 

Finally, in order to couple the pressure field model to the temperature field model 
(described below) we need to quantify the thermal energy deposition associated with 
the absorption of the ultrasonic wave. To do this we employ the following expression 
from Pierce [25] for the spatially-dependent ultrasonic power deposition per unit 
volume: 

where a^j refers to the local absorption coefficient of the medium, / is the local 
acoustic intensity, and the brackets denote time average over one acoustic cycle. 

We seek to model thermal transport in perfused tissue containing one or more 
larger blood vessels. The widely used Pennes bioheat transfer equation, BHTE [14], is 
a relatively simple modification of the heat conduction equation. The temperature 
field in the perfused tissue and flowing blood domains can be expressed as 

oT 2 
p,C,—:- = K,'VT-Wi,Ci,(T-T^) + q {tissue domain),        (3) 

at 

pi,Ch^ = K^'Vh-pi,Ci,(ii-VT) + q (blood domain),        (4) 
ot 

where p, C, and K are the density, specific heat and thermal conductivity with the 
subscripts t and b referring to tissue and blood domain, T^ refers to the temperature at 
large distances from the focus, w^ is the perfusion rate (zero for our experiments) and 
M is the blood flow velocity. The blood flow field has two components: a fully 
developed parabolic flow plus an acoustic streaming flow. Thus, the total blood flow 
velocity field is written as 

-HH,,   =2{/r 

2 

1-:^ + M„, , (5) 
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where u^ represents parabolic Pouiseille flow and %„ is acoustic streaming, £/„ is 
the average velocity of the Pouiseille flow, r is the distance to the flow axis, and r^ is 
the radius of the vessel. 

There is a considerable body of literature that develops the theoretical basis of 
acoustic streaming. The fluid motion is described by the continuity and Navier-Stokes 
equations applied to a viscous incompressible fluid [26]. The driving force of the 
streaming derives fem the acoustic field and is manifested m a momentum transfer 
fi-om sound waves to fluid motion that is spatially distributed in the beam. Much of 
the early work (Eckart [27] and others) assumed continuous plane waves and a 
second-order approximation, which is unsuitable for HBFU beams. We employ a 
model that follows from the work of Kamakura et al. [28,29] in which we begin with 
the continuity equation and the Navier-Stokes equation for a viscous incompressible 
fluid. The representation for the acoustic stress is accurate to second order and the 
formulation includes full hydrodynamic nonlinearity. We consider only the axial 
component of the acoustic particle velocity field, which we obtain from the pressure 
solution (Eq. 1) using a linear impedance relationship. The details of the model are 
not presented here. Rather, the reader is referred to Huang [23] for more information. 

Unlike the pressure field, 3-D solutions for the BHTE and streaming equations are 
readily obtained for the time step required for the latter is considerably larger than the 
former. Coding is thus fully 3-D, a feature which allows us to consider a host on 
insonation geometries in media with arbitrary variability, subject to the Bom 
approximation alluded to above. 

Numerical Implementation 

Determining the temperature rise due to acoustic absorption proceeds as a three- 
step process 

1. Solve for the 2-D axisymmetric, steady-state pressure in the medium (Eq. 1) 
based on the known parameters for the acoustic source, the propagation 
geometry, and material properties. The rate of ultrasonic energy deposition per 
unit volume q (Eq, 2) and the driving force for acoustic streaming F (see Ref, 
23) are calculated. 

2. Incorporate the driving force F in the flow equations [23] and solve for 5,,^, 
the 3-D time-dependent acoustic streaming field in blood domain. 

3. The specified blood flow characteristics, the energy deposition term, and the 
streaming velocity field are then fed into the BHTE model, Eqs, 3-5, yielding 
the 3-D time-dependent temperature field computation. The model supports a 
time-varying blood flow velocity, 

A finite-difference-time-domain (FDTD) simulation is used to calculate the acoustic 
pressure, the acoustic streaming and the temperature. The FDTD method relies on 
discrete differences in place of partial derivatives in the model equations by dividing 
the spatial and time domains into discrete spatial grid points and discrete time steps 
[30], We employ an explicit method where only known values from past time steps are 
required. The initial condition is the pressure at the surface of the focused bowl sound 
source and absorbing boundary conditions are employed at the edges of the 
computational domain.   The time step for die acoustic and the BHTE/streaming 
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calculations are 0.01 microseconds and (typically) 0.5 milliseconds respectively. (The 
time step in the BHTE calculations was adaptive.) Grid point spacing was typically 
0.1 mm. Additional details regarding the coding and implementation of the model is 
provided in Huang [23]. 

HEFU 
Transducer 

Instrumented 
Tissue Phantom 

Immersed in filtered, degassed, 
and deionized water 

Flow 

Needle Hydrophone 

Computer for Data 
Acquisition and Control 

Thermocouple Signal 
Conditioning W 

FIGURE 1. Schematic diagram of the apparatus. The HIFU transducer has a hole in the center through 
which we feed the simulated vascular flow 

VALIDATION BY COMPARISON WITH EXPERIMENTS 

A schematic of the measurement apparatus is shown in Fig. 1. The acoustic source 
and tissue phantom are immersed in fdtered, deionized, and degassed water contained 
in a 58-cm long, 43-cm wide and 46-cm high acrylic tank, which is open to the 
atmosphere. A three-dimensional computer-controlled positioning system (not shown) 
is used to move the transducer along the beam axis and in both orthogonal directions. 
We employ an axially symmetric tissue phantom (10.72-cm dia., and 8-cm length) in 
which the flow is in a straight "vessel" which is aligned collinearly with the acoustic 
axis or radially displaced from the axis of the beam of sound. "Blood" flow is created 
by gravity feed, and a flow control and monitor system is used to vary and stabilize the 
flow rate. Imbedded thermocouples (type E, bare junction, 125 \im diameter, response 
time less than 40 ms, Omega Engineering Inc., Stamford, CT) monitor the temperature 
in the flow (central focus, upstream and downstream, and near wall) and in the outer 
"tissue" (near wall and further away). A calibrated needle hydrophone is embedded in 
the phantom for in situ pressure measurements and position calibration. The 
hydrophone vohage is sampled using a digital oscilloscope. The function generator, 
the oscilloscope and the processed thermocouple output are fed into to a computer so 
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that we can control the source level, capture the in situ pressure, and monitor the 
temperature field. Temperature values are digitized (AT-MIO-16E-1, 12-bit 
resolution, 1.25 MS/s maximum sampling rate. National Instruments, Austin, TX) at 1 
msec intervals and displayed as a 20-point moving average. 

Our acoustic source is a smgle-element, spherically focused, piezoceramic 
transducer (Sonic Concepts, Woodinville, WA), with a 20 mm-dia. hole in the center, 
a focal length of 62.64 mm, an aperture of 70.0 mm and a center frequency of 1 MHz. 
It was calibrated in water using a PVDF membrane hydrophone. 

TABLE 1. Measured Material Properties for the Phantom & the Blood Simulant  
Physical Property ^ar Tissue Phantom Blood Simulant 
Density (k^m')                                         1045 (I(X)0-1!(») 1108 (1052-1064) 
Soundspeed (m/sec)                                 1551 (1450-16«)) 1704(1540-1590) 
Attenuation (Np/m-MHz)                        10.17(4.03-17.27) 1.32(1.32-1.84) 
Specific Heat (J/kg-«C)                            3710 (36(X)-3890) 3450(3600-3840) 
Thermal Conductivity (W/m-«C)               0.59 (0.45-0.56) 0.45 (0.48-0.53) 
Viscosity (kg/s-m) O.TOS? (.0035-.0045) 

The agar-based phantom material is a mixture of water, agar, graphite powder (acts 
as a scatterer), methyl paraben (acts as a preservative), and 1-propanol (acts as sound 
speed tuning). (See Ref. 23 for a detailed recipe.). The most appealing feature of the 
agar-based phantoms is that the sound speed and attenuation can be varied by altering 
the phantom recipe. The sound speed can be changed by varying the percentage of 
l-propanol, the attenuation can be reduced by using less graphite powder, and both 
have a nearly linear dependence on the weight percentage [31]. Our blood mimicking 
fluid employs a suspension of cellulose powder (MN301, Matherey and Nagel, Duren, 
Germany) in a glycerin/water mixture. This cellulose powder has particle sizes of 
2-20 Jim. A suspension containing 0.8 g/L in a glycerin/water mixture of ratio 9:10 at 
room temperature has the same dynamic viscosity (4 cP) as whole blood at body 
temperature [32]. The advantage of this suspension is that cellulose powder is water 
wettable, and no surfactant is thus needed. Therefore, this suspension is easy to 
prepare and degas. The measured [see Ref. 23] acoustical and thermal properties of 
the phantom and blood simulant are provided in Table 1. The quantities in parenthesis 
correspond to "typical" literature values for human tissue and blood [33], 

Computed And JVIe^ured Pressure Fields In Water And Phantom 

Figure 2 shows pressure profiles along acoustic axis, and as a ftmction of the radial 
distance from the acoustic axis (in the focal plane); solid lines and open circles 
correspond to predictions and measurements respectively. These results were obtained 
m water at 30»C using a PVDF membrane hydrophone. The pressures shown are all 
peak negative quantities normalized to the focal pressure, 0.40 MPa. Except maybe 
for the peripheral regions of the field (where the measurement signal to noise ratio is 
poor) we see that our model is able to predict all the detail structure and good 
agreement is found in the focal region and along the side lobes in the focal plane. 
Since power deposition is quadratic in the pressure, it is in the high-pressure regions in 
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and near the focus where all the significant heating will take place and the low-signal 
deviations between measurement and model are not deemed significant. 

I 
I 

z 

-4       -3       -2      -1        D        1        2        3        4        9       6 

Radial Distance (mm) 

FIGURE 2. Measured and computed pressure profiles in water at 1 MHz and 0.4 MPa peak negative 
focal pressure. 

Although a whole field pressure field measurement cannot be done in the phantom, 
we can nevertheless compare predicted and measured (in situ) focal pressures. Figure 
3 shows the measured (circles) and computed (solid line) peak negative pressure at the 
focus as a function of source pressure (peak negative pressure at the face of the 
transducer). The source pressure was obtained from the acoustic pressure calibration 
method described in Ref. [23] and the measurements were obtained with a calibrated 
needle hydrophone. We show good agreement between the measured and predicted 
values; all deviations are less than 5% (0.4 dB). 

FIGURE 3. A comparison of the 
measured (circles) and predicted 
(solid line) peak negative pressure at 
the focus in phantom as a function of 
source the pressure. The measurement 
precision is estimated to be better than 
1.5% and is too small to display on 
this scale 

0.6 

0.5 

0.4 

Z 0.2 

0.1 

"■ 

o   Measurement ^ 

-^ 

0.005 0.01 
Source Pressure (MPa) 

0.015 0.02 

Computed And Measured Temperature Fields 
In A Uniform Pliantom 

As an initial test of the BHTE model, experiment we constructed a phantom with 
no vascularity and measured the focal temperature as a function of time. Results are 
given in Fig. 4; note the characteristic heating and cooling curves, however, there is a 
Psignificant difference between the measured (a) and calculated (c) responses. This is 
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due to the well-know thermocouple artifact effect, which is caused by enhanced 
heating in the viscous boundary layer adjacent to the thermocouple surface [34]. We 
are able to independently measure this effect in a low-absorbing material in the 
absence of streaming using a procedure described in [23]. The measured 
thermocouple artifact is given by (d), and when one corrects the calculation to account 
for this artifactual heating (b), the agreement between model and measurement is quite 
good. We stress that the art-factual heating was measured independently - we do not 
employ any fitting parameters. 

FIGURE 4. A comparison of 
the measured and simulated 
focal temperature in a uniform 
phantom. The TC artifact was 
independently measured in a 
separate experiment. The fre- 
quency, focal pressure, and 
exposure time was 1 MHz, 
1.11 MPa and 1 second. 

Next we equip the tissue phantom with a 2.6-nmi diameter vessel positioned 
parallel to the acoustic axis (Fig. 1). A thermocouple is imbedded in the phantom 
material, 0.4 mm from the vessel wall and in the focal plane of the transducer. The 
acoustic focus is entrained on the vessel wall, immediately adjacent to the 
thermocouple. The objective is to assess the contributions of convective cooling as 
well as to validate the code when used to model non-axisymmetric configurations. 

Figure 5 shows the computed and measured temperature response for insonation 
times of 1,3 and 5 seconds and for imposed mean flow velocities of 0 cm/sec and 1.87 
cm/sec. The frequency and pean negative focal pressure are 1 MHz and 1.45 MPa 
respectively. Note the incre^e in peak temperature with insonation time, and the 
slight decrease in peak temperature with imposed flow. It appears that convective heat 
transfer has minimal impact on the temperature elevation in the phantom for these 
time scales. Note also the excellent agreement between the measured and computed 
temperature profiles. (The usual thermocouple artifact correction was applied to the 
calculation.) These results offer strong evidence of both the accuracy and precision of 
the model, even when applied to no-axisymmetric insonation arrangements. 
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FIGURE 5. Measured and predicted temperature rise versus time 0.4 mm from the focus for differing 
insonation times and imposed flow velocities. Dark line - data; light line - prediction. 

SUMMARY AND CONCLUSIONS 

A finite difference time domain code was developed to predict HIFU-induced 
pressure and temperature fields in absorbing media with arbitrary variability. The 
pressure model is 2-D axisymmetric and the temperature field model is 3-D. 3-D 
acoustic streaming is included in the simulation as needed (shown to be important for 
larger vessels, see Ref. [23]). Simulation performance was demonstrated by a 
quantitative comparison with experimental results obtained using an instrumented agar 
& graphite phantom equipped with a linear wall-less flow channel designed to 
simulate the convective cooling effects of a large blood vessel. Good agreement was 
demonstrated between simulations and measurements once the thermocouple artifact 
is accounted for. Additional simulation results that focus on the role of acoustic 
streaming are not shown due to space limitations. 

Ongoing work is focusing on the application of the model to biologically relevant 
scenarios. The primary advantage of the model is that it supports relatively fast 3-D 
temperature simulations and, for that reason, can handle complex insonation 
geometries. Limitations include the Bom approximation in the forward propagated 
pressure field (no high-contrast interfaces allowed) and viscothermal absorption. This 
latter assumption is not deemed critical, for highly shocked waveforms will likely 
require peak rarefaction pressures that exceed the cavitation nucleation threshold, at 
which point most any simulation of the BHTE is going to fail unless bubble enhanced 
heating in included as a source terms in Eqs. 3 and 4 [35]. 
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Visual Anatomic Guidance For Medical 
Ultrasound Image Acquisition 

Florence H. Sheehan MD, Jennifer Dorosz MD, Edward L. Bolson MS 

Cardiovascular Research and Training Center, Universilv of Washington, 
Seattle, WA 98195-6422, USA 

Abstract. We developed a visual display to assist minimally trained persons acquire medical 
ultrasound images by displaying the spatial location and orientation of the current image relative 
to previously acquired scout images in real time. Using visual guidance yielded more accurate 
measurements of heart volume. This visual guidance system uses 3D echo technology to 
Improve the accuracy of quantitative ultrasound imaging. 

INTRODUCTION 

Ultrasound is the ideal imaging modality for the battlefield and for rural 
communities because it is portable, battery-powered, risk-free, inexpensive, and 
therapeutic as well as diagnostic. However the training of the medical personnel may 
be limited, thus greatly reducing the effectiveness with which ultrasound can be 
deployed. Even experienced diagnostic sonographers commit substantial errors in 
obtaining complete visualization of a targeted organ and/or in acquiring images in the 
anatomically correct plane. This is because imaging is performed in a semi-blinded 
manner: the sonographer's only clue to the position of the current image plane is the 
target organ's appearance in the current image. 

Visual anatomic guidance is a method to give the examiner additional information 
concerning the location and orientation of the image currently being recorded relative 
to the anatomy of the target organ. This anatomic information is provided in a real- 
time graphic display that the examiner can monitor in addition to the ultrasound screen 
while manipulating the ultrasound transducer. Visual guidance can reduce error in 
positioning and orienting the transducer while imaging. This paper reports a visual 
guidance system that we recently completed for NASA to assist flight personnel 
acquire ultrasound images on each other aboard the International Space Station. In this 
system, we implemented three methods for visual guidance and tested their efficacy in 
assisting a medicine resident image the right ventricle of the heart. 

METHODS 

Visual guidance uses technology developed for three dimensional (3D) echo. This 
technology includes hardware to track the position and orientation of the ultrasound 
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transducer in space during scanning, and software for integrating the tracking data 
with the images and for quantitative analysis of the images. 

Method For 3D Echo Imaging And Image Analysis 

Image Acquisition 

Imaging can be perfonned using any commercial ultrasound machine. Four to six 
scans are acquired freehand in 6-10 sec periods of held end-expiration. The duration 
and number of scans are adjusted for each patient's breath holding ability and image 
quality. The patient is instructed not to move during imaging or between scans, and to 
suspend respiration at the same level of expiration during each scan. 

Magnetic Field Tracking System 

A magnetic field system (Flock of Birds, Ascension Technology Corp,, Burlington, 
VT) is used to track the ultrasound scanhead. The system consists of a magnetic field 
transmitter, a receiver, and electronic circuitry that interfaces with a computer. The 
transmitter sequentially generates three orthogonal magnetic fields that are sensed by 
the receiver and used to compute the receiver's position (x, y, z) and orientation 
(azimuth, elevation, roll) in space with respect to the origin of the transmitter'. Images 
are digitized directly using a fiamegrabber (Mutech, Billerica, MA) under the control 
of a personal computer running custom software. Images are registered with position 
data, hemodynamic parameters, and scaiming parameters such as image depttf. The 
use of a magnetic field system permits freehand scanning from whatever combination 
of acoustic windows provides optimal image quality. However the sensitivity of the 
Flock of Birds to ferromagnetic interference necessitated imaging all patients on 
special beds. More recently we have used an immune tracking system (Intemav Inc., 
Essex Junction, VT) that permits 3D echo can imaging on a hospital bed. 

Image Analysis 

The images at end diastole and end systole are selected and the median systolic 
interval is applied to all imaging planes. The bordere of the right ventricle and of 
anatomic features are manually traced in multiple planes and views, fitted using spline 
curves, and converted to x, y, z coordinates using probe position and orientation data, 
3D visualization allows each border to be compared immediately with previously 
traced borders to verify image plane registration and border tracing consistency'. To 
reconstruct the right ventricular endocardium, a piecewise smooth subdivision surface 
is fit to 3D points sampled from the traced borders'*. Right ventricular volume is 
calculated at end diastole and end systole by summing the volumes of tetrahedra 
formed from a point to each triangular tile on the reconstructed surfaced The volumes 
determined from this procedure were considered to be the patients' true volumes. 
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Method for Visual Anatomic Guidance 

Line of Intersection 

The first method is visualization of the current image's location as a line of 
intersection on a scout image (Fig. 1). The goal is to store a "scout image" in an initial 
view and use it to guide the imaging of the next scout image in a view orthogonal to 
the scout. Then, as the user continues to manipulate the transducer, the position of the 
current image is displayed as a line of intersection on each scout image^. 

FIGURE 1. Scout image with line indicating intersection with current image plane. 

Intersecting Planes 

The second method for visual guidance displays the current image plane relative to 
the scout images in 3D space (Fig. 2). It provides more anatomic assistance in image 

FIGURE 2. Displaying the current image plane as a pale translucent plane facilitates appreciation of 
its position and orientation relative to the scout image. 
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plane positioning because the 3D presentation maltes it possible to verify not only the 
position but also the orientation of tlie current image in the 3"" or out-of-plane 
dimension relative to the target organ. 

3D Surface 

To provide even more anatomic guidance we developed a method for displaying 
where the current image plane intersects a 3D reconstruction of the surface of the 
target organ (Fig. 3). The advantage of this approach is that the current image does not 
compete with the scout image for visibility. Instead its position and orientation relative 
to the heart are clearly visible. 

The 3D surface can be rapidly estimated using a catalog-based method^. This 
method provides assistance if the user has acquired several images, but wishes to 
optimize the position of the views. To obtain the surface, the user traces 5-15 points on 
the unages at anatomic landmarks such as at valve orifices, the apex of the right 
ventricle, and along the endocardial surface. The traced points are used to estimate the 
patient's right ventricle by computing a weighted sum of 3D surfaces from a catalog. 
The weights are determined by an optimization routine, which minimizes the distance 
from the user points to the surface*', The catalog contains reconstructions of the same 
organ that were generated using the piecewise smooth subdivision method, and that 
were derived from both normal subjects and patients with a variety of diagnoses. At 
the time of the present study, however, the catalog contained only 12 right ventricular 
surfaces. 

FIGURE 3. A 3D reconstruction of the ventricle is displayed as a triangulated mesh. Here the scout 
image intersects the mesh in a short axis cut, but the current image plane is so far posterior that it does 
not appear to be touching tlie heart. 
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Evaluation of Visual Guidance 

Study Protocol 

To test the effectiveness of visual guidance in assisting imaging of the heart, we 
compared the accuracy of right ventricular volume determined with and without 
guidance by both untrained and trained users. Since anatomically correct image plane 
positioning should affect this analysis from 2D methods more than 3D, the test 
involved identification of the apical four chamber view. Right ventricular area and 
long axis length were then computed from this view for use in determining volume by 
the pyramidal method '°. 

A medicine resident who had received no prior training in ultrasound imaging, and 
a registered diagnostic medical sonographer served as the untrained and trained users 
of visual guidance. They each imaged the right ventricle in five normal subjects with 
and without guidance. To determine its true volume the sonographer also acquired a 
full 3D echo study. 

Patient Population 

The study comprised normal volunteers and patients with heart failure, invited to 
participate if they had image quality adequate for quantitative analysis, no history of 
valvular heart disease, sinus rhythm, and no implanted cardiac devices. All subjects 
gave informed consent. The protocol was approved by the Human Subjects Review 
Committee at the University of Washington. 

RESULTS 

Imaging Interface 

The guidance system accelerated the rate at which the medicine resident learned to 
perform scanning by helping her to relate the image to the anatomy. The heart has a 
complex 3D structure; learning how to manipulate the transducer, to interpret what 
one is seeing on the images, and where the desired image planes for standard views 
are located and oriented can be very confusing to the novice. The ability to visualize 
the current image plane's location relative to the mesh reconstruction proved most 
useful early on to the untrained user. Surprisingly the line of intersection display was 
consistently used and indeed was never turned off. We added a new feature - 
computation of the angle between the current plane and each scout to help the users 
find orthogonal views. 

Another difficulty in cardiac imaging is that the parastemal and apical acoustic 
windows limit the freedom of the sonographer to search for optimal image quality. 
Our experienced sonographer found that the guidance system forced her to move the 
transducer more laterally than expected for the apical views; when displayed relative 
to the scout images it was obvious that her unguided views tended to be foreshortened. 
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Volume Accuracy 

With calculation of right ventricular volume using a monoplane pyramidal method, 
the guidance gave our inexperienced physician an error comparable to the results 
achieved by our experienced, trained sonographer (Table), and comparable to the 
16.3% error previously reported using the best 2D method, a biplane pyramidal 
approach'". 

 Table. Error in Determining Right Ventricular End Diastolic Volume* in 5 Subjects.  
Inexperienced Sonographer 

Method of Determining Right Unguided    Guided llnguided      Guided 
Ventricular Volume 

Monoplane Pyramidal 33.1 17.0 17.7 18.8 

* The mean error is presented as a percent of true volume for comparison with the published study'" 
because the latter was performed in pediatric patients and the present study was in adults 

DISCUSSION 

King et al reported a decade ago that a simple guidance system displaying the 
current image plane's position as a line-of-intersection with a previously acquired 
image improved the success with which experienced sonographers achieved optimal 
image plane position from 32% to 88%, The success at obtaining optimal image plane 
angle was also improved, from 48% of studies to 92%*, The results of the present 
study suggest that visual guidance can assist not only experienced sonographers but 
also inexperienced users in diagnostic medical ultrasound imaging. The fact that this 
assistance was obtained with the right ventricle is particularly pertinent, because 
imaging the right ventricle is difficult due to its position behind the sternum, providing 
limited acoustic access. 

There are many potential applications of visual anatomic guidance. The first is 
assisting personnel with limited training and/or experience in acquiring medical 
ultrasound images of diagnostic quality. The system was initially developed for 
NASA, but other regions remote from health care such as the battlespaee and rural 
communities may also benefit. We recommend enhancing the capability of visual 
guidance by enabling experts in a telemedicine facility to review the images live as 
they are acquired, and to provide directions to the examiner via the visual interface. 
Such expert guidance would increase the range of application of medical ultrasound 
while simultaneously improving the quality of health care in underserved populations. 
The visual interface that we have designed provides the ideal means of communicating 
expert instructions on transducer manipulation to obtain any additional views that may 
be desired. Indeed because the interface is visual and non-verbal means that assistance 
may be rendered even where language differences would pose difficulty under normal 
circumstances. 

Ultrasound is not just for diagnosis; it also has therapeutic applications. The visual 
guidance tools that have facilitated image acquisition could also be applied to guide 
the administration of HIFU for hemostasis in casualties and other trauma victims. 
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Doppler guidance has been shown to increase the speed of hemostasis using HIFU by 
directing the beam to its most effective orientation  . 

We envision that visual anatomic guidance can also form the technology for an 
educational tool to assist in the training of ultrasound technicians, physicians, military 
medical personnel, and rural healthcare providers. Indeed the guidance system could 
be applied to mimic scanning on a dummy, to display cut planes through stored 3D 
image data sets as if the trainee were studying a live subject. This type of educational 
module could be applied to improve the uniformity of medical training as well as 
provide standardized test sets that enable objective evaluation of skills and 
proficiency. 

In summary, we have developed a software system to provide visual anatomic 
guidance in acquiring medical ultrasound images. The system has assisted an 
untrained observer to acquire images of the right ventricle in anatomically well 
positioned planes, as evidenced by the accuracy of volume determination. The system 
has many potential applications in health care and medical education. 
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Abstract. The feasibility of real-time 2D temperature estimation from pulse-echo diagnostic 
ultrasound data has been demonstrated by Simon et al (IEEE Trans Ultrason Ferroelec Freq 
Contr, 45, 1998) [1]. This method is based upon the measure of change in backscattered RF- 
echo due to themially local changes in the speed of sound and thermal expansion. However it 
has been shown that ripple artifacts due to the tliermo-acoustic lens effect severely corrupts the 
temperature estimates behind the heated region. We propose a new technique of imaging to 
improve the temperature estimation behind the heated region. We replace the classical 
beamfomiing in the transmit mode by a set of N compounded plane wave illuminations on 
several subapertures. After estimation of the axial displacement between emissions of identically 
tilted plane waves, the N two-dimensional temperature maps are averaged, improving the 
temperature estimation behind the heated region. Experiments have been conducted in a tissue- 
mimicking, gelatin-based phantom. 

INTRODUCTION 

In order that high intensity focused ultrasound (HIFU) may be used clinically, it is 
important to improve monitoring methods of tlie treatment. A number of thermal 
imaging techniques have been suggested and investigated such as magnetic resonance 
imaging [2,3], or impedance tomography, but an ultrasonic system would be of great 
interest, because of its ability to provide real-time temperature estimates, its portability 
and its low costs. Several uhrasonic methods have been proposed to estimate the 
temperature changes in tissue, including changes in the backscattered power [4], 
frequency dependent attenuation [5], or the combination of tlie change in speed of 
sound and thermal expansion [1]. Simon et al proposed a 2D temperature estimation 
based on tracking the echo shift in the time domain and differentiating the time shifts 
estimates on the axial direction to obtain a temperature profile. However this method 
has not been successfully used to measure temperature changes larger than a few 
degrees. Due to the thermo-acoustic effect [1,6,7], sharp lateral gradients in the 
temperature distribution introduce ripple on the estimates of the echo shifts, which 
corrupts severely the temperature estimates behind the heated region, C, Simon et al 
suggested to introduce spatial filters to get rid of these artifacts. However, the spatial 
fi-equency dependence of the ripples and of the temperature focus are of the same kind 
and are almost impossible to discriminate. We propose here a new technique allowing 
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to improve the temperature estimates. This method is based on compounding 
principles. The application of these compounding principles to real-time ultrasound 
imaging is not new [8,9] and according to the substantial increasing of computational 
power on modem devices, real time compounding was even recently implemented 
with success on commercial Philips ultrasound systems [10]. We propose here to 
apply this compounding technique to the ultrasound based temperature estimation 
process. 

TEMPERATURE ESTIMATION 

The time-shifts in the RF echo signals are caused primarily by changes in the speed 
of sound due to the ultrasonic heating that introduce apparent shifts in the scatterer 
positions. Physical shifts are also introduced by the thermal expansion of tissue when 
heating. Simon et al. [1] have derived an expression for the change of temperature 
AT(z) along the beam axis, taking into account the speed of sound variations and 
thermal expansion of tissue : 

Ar(z)=^Mf) (,) 
2 dz 

where t(z) is the time-shift estimated at depth z, co the initial speed of sound in the 
medium, k = \/ia-fi) is a material dependent parameter that can be experimentally 
determined, a is the linear coefficient of thermal expansion andyQ the coefficient 
related to the change in the speed of sound with temperature. In soft tissues typical 
values arey5 ~ 1.10'^° C' and a ~ 1.10""° C"'. 

The time-shifts are estimated by calculating ID cross-correlation between 
successive speckles images. In this imaging process time-shifts are accumulated along 
the beam axis. Therefore the term dt{z)ldz in (1) corresponds to an apparent 
stretching in the echo signal due to the thermal effect. 

Sharp temperature gradients appear during heating, and the heated region acts like 
an aberrator [6] [7], due to the thermo-acoutic lens effect. As the receiver beamforming 
algorithm of the imaging system assumes the speed of sound to be constant, it does not 
compensate for the aberration. Then, when estimating the time-shift, it leads to a 
decorrelation effect, and ripple artifacts appear in temperature estimates. 

COMPOUND IMAGING 

In order to improve the temperature estimation behind the heated region, we 
propose to illuminate successively the medium with ultrasonic plane waves 
transmitted at different angles. We used a set of N compounded plane wave 
illuminations with overlapping transmitting subapertures, instead of a conventional 
beamforming in the transmit mode. Thus, there is no focusing in the transmit mode. 
This choice was initially made due primarily to the memory limitations of our 
laboratory imaging system. However, using classical compounding with transmit and 
receive focusing would also be conceivable. 
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FIGURE 1. Spatial compound image formation. 

We are currently limited to a maximum of 31 compound angles. The use of limited 
transmitting subapertures reduces the region which can contribute to the received 
ultrasonic echo (Fig L), This approach offere significant benefit when transmitting 
plane waves. As our current system is not able to achieve the receive beamforming in 
real time, all backscattered echoes are stored in memory during the complete heating 
process and the beamformation on receive is achieved only in a post-treatment step 
after the experiment. Thus, the RF data acquisition is real time but the image 
processing is achieved off-line. While real-time imaging is a future goal, the primary 
goal of these current investigations however, is to demonstrate the usefulness of 
compound imaging for temperature estimation. Though the real time implementation 
of such a technique is fully conceivable, it was not achieved by our system. 

In the off-line receive beamforming process, the focal spot is titled with the same 
angle than the emission angle. We then capture N speckle images corresponding to the 
same temperature map, but for each compound angle the time-shifts are accumulated 
in a different direction. The temperature estimates are deduced by correlating and 
spatially differentiating along the axial direction. An angle correction is included by 
multiplying by a cos(6) factor. Once the temperature has been estimated after 
derivation of the time shift estimates for each compound angle, the temperature 
estimates are averaged by a correlation-value weighting: 

1        ^ 
< T(x,z) >= — lc„T„(x,z) (2) 

n=l 

where r„(x,z)   is the temperature estimate from the n illumination, c„(x,z)   its 
corresponding correlation value, and < T(x,z) > is the averaged temperature estimate. 
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FIGURE 2. Sequence of successive compounded plane waves illuminations (N=3). The imaging array 
is located at the image top and the heating beam is crossing the image plane according to the setup 
presented in Fig.3. Transmitted plane waves and temperature estimates for these three different 
emission angles are shown. 

REAL-TIME ACQUISITIONS 

The therapeutic system is a 56 elements piezocomposite spherical annular array 
(1.5 MHz, lOOmrn diameter, 70 mm focus, 14 annuli). The -6 dB dimension of the 
therapeutic focus is 1.2 x 1.2 x 7.5 mm^. The intensity applied at focus in these 
experiments was varied between 45 and 200 W.cm'^. The tissue-mimicking phantom 
consists of an 8% gelatin gel solution containing 2% agar powder to serve as 
ultrasonic scatterers. Its thermal and acoustical properties are very similar to those of 
soft tissues. We determined experimentally the material dependent parameter k = - 
980° C. Several thermocouples sensors are placed within the phantom to obtain a 
reference temperature. 

HIFU 
Focal Region 

Linear Imaging 
Array 

Therapy Probe 
(Spherical Annular Array)   I' 

Tissue or 
Phantom 

FIGURE 3. Combined imaging/therapy ultrasound system. 
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In order to compare the compound technique with the results that should be 
obtained with a classical scanner, we used an HDI 1000 imaging system (Philips ATL, 
Bothell, WA) that allowed us to record classical beamformed data during the heating 
process. We achieved the same experiment with our imaging system for compound 
imaging as we can fully program its transmit emission sequence (the specifications of 
this system are given in reference [11]). For comparison purposes, the same linear 
phased array 4-7 MHz could be used with the two imaging systems. Figure 4 presents 
the temperature estimates performed with the conventional imaging system, and the 
compound imaging system. One can cleariy see the improvement of the temperature 
estimates behind the focus. 

a) 20 H, —^ 
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FIGURE 4. 2D Temperature estimates, a) Conventional imaging, b) Compound imaging with N=16 
compounded plane wave (-15°<e<15°, 2° step). Note that 20mm for axial direction corresponds to 
distance from face of linear array. The intensity applied at focus is 150 W.cm'. 

We have also investigated the dependence of the ripple artifact behind the heated 
region as the number of compounded plane wave angles and subapertures size are 
varied. Figure 5. shows how the variance of the ripple artifacts behind the heated 
region decreases as the number of plane wave increases. The step of the plane wave 
angles is 1°, and the range of the whole set of 31 angles is [-15°; 15°]. A low variance 
represents a good estimate as the region behind the heated spot should have a 
relatively uniform distribution. We have also determined that there is a little 
improvement in the reduction of ripple artifact using more than 5 subapertures 
(approximately 25 transducer elements). 
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FIGURE 5. Variance of temperature estimation in tiie ripple artifact as a function of the number of 
angles witii 1° step. Total angle range of the whole set of 31 angles is [-15°;15°]. The variance was 
determined from a rectangular region-of-interest of 15mm by 15mm directed behind the heated region. 

SUMMARY AND CONCLUSION 

The use of spatially-compounded plane waves with transmitting subapertures 
permits significant improvement in the accuracy of the temperature estimation, 
reducing the ripple artifacts due to the thermo-acoustic lens effect. It was shown that a 
small number of emitting waves (relative to conventional imaging) is sufficient to 
reduce significantly the variance of the ripple artifacts in the temperature estimates. 
The plane waves are recursively emitted every 0.2 ms, which allows to reach very 
high frame rates. Furthermore, the same compound technique could also be achieved 
in real time with both transmit and receive focusing. The cross-correlation algorithm 
used to estimate the time-shifts could be rapidly computed, allowing to perform real- 
time conected temperature estimation. However motion artifacts during in vivo 
measurements, especially those related to respiration, have to be considered. Several 
techniques have been proposed to correct these decorrelation effects [12] that could be 
combined with this compounding process. 
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3. SIMULATION AND MONITORING 



Radiation-Force Motion Technique For 
Monitoring HIFU Exposures 

Frederic L. Lizzi, Cheri X. Deng, Robert Muratore, Jeffrey A. Ketterling, 
S, Kaisar Alam, and Samuel Mikaelian 

Riverside Research Institute 
156 William Street, New York, NY 10038 

Abstract. Motion induced by acoustic radiation force is being investigated for aiming higli- 
intensity focused ultrasound (HIFU) beams and evaluating themial lesion production. Radiation 
force is exerted by a 1-5 ms exposure from the HIFU therapy transducer (4.5 MHz). The 
duration and intensity of this "push" pulse are selected to induce local tissue motion without 
producing damage. A co-linear diagnostic transducer (7.5 MHz) is used to digitally acquire pre- 
push M-mode data that documents the initial positions of tissue constituents. M-mode data are 
also acquired immediately following the push pulse, and cross-coirelation algorithms are used to 
quantify the magnitude and time-course of tissue displacement. The HIFU transducer then 
delivera a high-intensity pulse designed to produce a focal thermal lesion. M-mode observations 
and push-pulse procedures are then repeated to detect alterations in tissue motion that occur 
because of the altered elastic properties in lesioned tissue. A laboratory system with digital 
control and data acquisition has been implemented to evaluate this technique. Measurable local 
displacements (e.g., 50 jim) were readily produced in in-vitro liver specimens without tissue 
damage, and results indicate a potential for detecting lesions that may not be evident with B- 
mode examinations. Acoustical, mechanical, and signal-processing simulation studies have been 
conducted to evaluate several important topics for the design of a system to be used in in-vivo 
experiments. These topics include exposure parametera, HIFU and diagnostic beam widths, and 
signal-processing algorithms. Supported in part by CA84588 awarded by the National Cancer 
Institute and the National Heart, Lung and Blood Institute. 

INTRODUCTION 

The past few years have witnessed a resurgence of interest in employing intense 
focused ultrasound beams for non-invasive treatment of disease. Many applications 
involve the induction of thermal necrosis to treat tumors in, for example, the liver and 
breast [1,2], A sequence of treatment sites is employed to rapidly elevate temperatures 
to tumoricidal levels, before uncertainties are introduced by blood flow cooling. 

In these applications, monitoring of induced effects is of primary importance. At 
very large exposure levels, severe lesions are produced with the formation of small gas 
bodies, due to vaporization, degassing, or cavitation [3]. Such lesions are readily 
detected with conventional ultrasonic imaging. However, severe lesions are not 
desired in most applications, because they interfere with propagation of the therapy 
beam, limiting areas that can be treated at distal sites in the tumor. 

Milder lesions, involving thermal necrosis, can be produced at smaller exposure 
levels. These are preferred for most applications but, imfortunately, they are not well 
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visualized with conventional ultrasound. A variety of techniques have been explored 
to detect these lesions. For example, ultrasonic techniques have been designed to 
detect the increased acoustic attenuation that has been in such lesions. [4] Off-line 
elastography has been used to detect stiffness increases associated with thermal 
lesions [5]. A dual-beam technique has also been investigated to detect the increased 
stiffness of such lesions by evaluating stimulated acoustic emission [6]. 

As part of a larger program, our laboratories have been examining a non-invasive 
method to detect lesions by comparing evaluations of tissue stiffness before and after 
therapy exposures. As in the diagnostic-ultrasound method described by Nightingale 
et al, [7] we employ radiation pressure to induce internal tissue motion, and 
characterize induced displacements with pulse-echo correlation algorithms. However, 
our system is designed specifically for therapy applications: it uses the therapy 
transducer to generate displacement, and it measures displacement with a separate 
diagnostic transducer, usually employed for aiming the therapy beam. 

This report briefly describes the principle of operation of our technique, presents 
initial simulation and experimental results, and identifies several issues that must be 
clarified for reliable, practical use of the method to monitor lesion production. 

PRINCIPLES OF OPERATION 

The principle-of-operation of our technique is illustrated in Fig. 1. The current 
transducer assembly comprises a PZT spherical-cap therapeutic transducer with a 
focal length of 90 mm and an outer diameter of either 40 or 80 mm. This high- 
intensity transducer is usually operated at its third harmonic, 4.5 MHz. As in our 
previous reports [8], the therapy transducer has a central 20-mm aperture that houses a 
colinear focused diagnostic transducer (7.5 MHz center frequency). This broadband 
transducer has a 60-mm focal length and a 12.5-mm diameter; in previous 
applications, it was used to position the focus of the therapy transducer within the 
target tissue. 

High Intensity Transducer 

Diagnostic Transducer 
FIGURE 1. Schematic of transducer configuration. 
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In the current radiation-force techniques, a sequence of produces is used to assess 
tissue stiffness. First, radio-frequency (RF) echo signals from the target tissue me 
digitally acquired with the diagnostic transducer. This A-mode signal is digitally 
stored to effectively document the initial position of tissue scatterers along the 
transducer's propagation axis. 

Then, the therapy transducer delivers a relatively short (e.g., 1 ms) "push" pulse, 
which produces a corresponding radiation force in the tissue. The force induces tissue 
displacements that depend on the spatial intensity distribution of the beam, tissue 
elastic properties (Young's modulus and Poisson's ratio), and exposure time. 

Immediately after this pulse, the diagnostic transducer is again excited to acquire a 
temporal sequence of RF data used to evaluate tissue displacement and return to initial 
positions. These evaluations are based on cross-correlation algorithms that compare 
the initial pre-push RF echoes to corresponding post-push RF data [9]. 

In monitoring lesion production, the above sequence of procedures is executed 
immediately prior to therapy in order to establish the properties of imtreated tissue. 
The therapy transducer then delivers a high-intensity pulse with a longer duration 
(1-5 s), designed to produce a thermal lesion. The sequence of radiation-force steps is 
then repeated to characterize stiffness changes induced by the therapy exposures; the 
size and location of these changes are used for monitoring induced lesions. 

EXPERIMENTAL SYSTEM AND ILLUSTRATIVE RESULTS 

The procedures described above have been implemented by interfacing the 
transducer assembly of Fig. 1 with an initial laboratory control and exposure system. 
The system computer controls and synchronizes all operations using custom 
LabVIEW software. It triggers a Panametrics 5400 pulser/receiver to obtain 
diagnostic echo signals and an Acquiris DP-llD board to digitize RF echo data. 
Typically, 8-bit digitization is performed at a sampling rate of 500 MHz. The 
computer also controls push and therapy exposures by means of a programmed signal 
generator (Agilent 33250A) connected to the therapy transducer via an ENI power 
amplifier. Acquired RF data are currently processed off-line using cross-correlation 
algorithms. 

This system has been calibrated and employed in initial in-vitro experiments to 
determine whether it provides the required sensitivity and reliability to induce and 
measure motion in normal tissue and to detect alterations induced by thermal-necrosis 
lesions. 

The results in Fig. 2 show preliminary data obtained in in-vitro liver. To generate 
the push pulse, the therapy transducer (40-mm diameter) was operated at 4.5 MHz 
with a free-field focal-point intensity of 3.7 kW/cm^; a 5-ms push pulse, focused 1-cm 
below the tissue surface, was employed. The subsequent treatment exposure was 
generated with the same transducer using a 1-s exposure. In both untreated and treated 
cases, RF data were acquired immediately before and after the push pulse. 

The results of Fig. 2 show displacement estimates at the focal point of the therapy 
transducer; motion was successfully produced and measured in both untreated (no 
lesion) and treated cases. The peak motion in the untreated case was near 15 |im, and 
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motion returned to its initial position within about 2 ms. After lesion production, the 
induced peak motion was decreased by 6 fim to 60% of its pretreatment value; as 
discussed below, this is consistent with increased lesion stiffness. 
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\ 
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^^^" 

0 12 3 4 

Time after push (ms) 

FIGURE 2. Measured focal-point displacements in in-vitro liver specimens following 5-ms push pulse 
(not indicated) prior to 0 on time axis. 

DESIGN TOPICS AND APPROACHES 

The preceding sections summarized the principles and feasibility of the radiation- 
force technique for monitoring thermal-necrosis lesions. However, a number of key 
design issues must be addressed if the full potential of this method is to be realized. 
The parameters selected for the push exposure are of primary importance; these pulses 
must induce motion without producing collateral thermal changes. Key design issues 
relate to the role of the push beamwidth in determining the spatial extent and time 
course of tissue motion. The properties of the diagnostic transducer are also of central 
importance; in particular, it is important to understand how the bandwidth and the 
beamwidth of the diagnostic transducer influence the ability to obtain precise 
estimates of small displacements that are confined to narrow spatial regions. 

To address these and other issues, we have implemented a comprehensive array of 
simulation algorithms that emulate all of the key exposure and estimation procedures 
involved in the radiation-force technique. The following sections provide a summary 
overview of these simulations and present illustrations of initial results that are 
relevant for system design. 

Synopsis Of Simulations 

The simulations we employ are schematically diagrammed in Fig. 3. The free-field 
beam patterns of therapy and push beams are calculated using numerical integration 
procedures to evaluate the Rayleigh-Sommerfield diffraction equation. These beams 
are then "aimed" at target tissues using relevant attenuation coefficients to calculate 
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in-situ intensity fields. A pair of custom simulation packages is then employed to 
calculate the heat and mechanical effects of these in-situ beams. Temperature is 
calculated by determining absorbed doses and numerically evaluating the bioheat 
equation; these thermal simulations follow methods described in [10] except that we 
now evaluate the bioheat equation using flexible finite-difference algorithms. Induced 
tissue motion is calculated from in-situ intensities I(x) by computing the mechanical 
force ftmction al(x)/c where a is the local absorption coefficient and c is the velocity 
of propagation; finite-difference methods are then used to evaluate the equations of 
motion in elastic media using the above force fimction. Currently, we treat only 
beams and tissues that exhibit radial symmetry about the beam's central axis. 

Motion sensing is simulated using Field II. Tissues are modeled as randomly 
situated point scatterers. The diagnostic beam is then modeled using transducer 
parameters with pulse characteristics (7.5-MHz center frequency; 3-MHz bandwidth) 
representative of those measured for our experimental system. First, pre-push A-mode 
RF signals are calculated. Then, the point scatterers are effectively repositioned 
according to the axial and lateral displacements computed in our radiation-force 
simulations, and the corresponding post-push RF echoes are recomputed. 
Displacement estimates are then simulated by analyzing these RF echo signals with 
the same cross-correlation procedures used with our experimental system. 

lesion Th ainal 
Simulations 

Free Field 
Beam 

In-SiAi 
Beam 

—► 

Radiation Force 
Simulatioi^ 

push 

1 f 

Diagnostic 
Beam 

RF echo 
Simu lations 

FIGURE 3, Overview of simulations for radiation-force displacement teclmique. 

Illustrative Simulation Results 

Figure 4 shows simulation results for the axial displacement induced by the 80-mm 
diameter therapy transducer using a 5-ms pulse and a free-field focal-point intensity of 
1 kW/cm^. The central displacements (along the beam's center line) are shown for 
two cases. The solid curve represents results for a 3-cm liver specimen with a 
Yoimg's modulus of 1.2 kPa, an attenuation coefficient of 0.5 dB/cm-MHz, and an 
absorption coefficient of 0.375 dB/cm-MHz. As in all cases, the distal surface of the 
specimen was treated as a fixed surface. The transducer was focused on the center of 
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the specimen and the plot shows displacement at the end of the 5-ms pulse. The 
dashed curve in Fig. 4 are results when a simulated ellipsoidal lesion was included in 
the center of the above liver specimen; the lesion's axial length was 8 mm and its 
diameter was 2 mm. The lesion's acoustic properties were set to equal those of liver, 
but its Young's modulus was increased to 6 kPa. In both cases Poisson's ratio was 
equal to 0.495 and the transducer was focused at the center of the specimen. 
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Simulation results for displacements along axis of 80-mm transducer focused at 90-mm FIGURE 4. 
depth. 

The axial displacement in the normal case is seen to exhibit a maximum near 
37.5 ^,m at the focal point (90-mm) of the push beam. The second case shows lowered 
displacement in the lesion. At the focal point, the displacement is lowered to about 
10|im. 

Figure 5 plots results corresponding to those of Fig. 4 but pertain to a 5-ms push 
exposure generated by the 40-mm diameter therapy transducer at a free-field focal- 
point intensity of 345 W/cm^. Again, motion in the normal tissue (solid curve) is 
larger than that observed for the lesion case (dashed curve). 

Figure 6 plots the time course of displacement at the center of the specimen (focal 
point of the push beam) for the normal (solid) and lesion (dashed) cases using the 40- 
mm transducer (as in Fig. 5). During the push pulse, these are seen to be quasi linear. 
The corresponding temperature rise is plotted in Fig. 6b. It also shows a linear rise 
with a peak that is less than 0.1° C. A very slow recovery towards ambient 
temperature occurs following the pulse. 

Simulations of RF data and cross-correlation displacement estimates were 
conducted for the above cases. For the narrow-beam 80-mm transducer, the estimated 
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focal-point displacement in normal liver was 20% lower than the results of Fig. 4. The 
lesion results were within 10% of the focal point displacement shown in Fig. 4. 

For the broad-beam 40-mm transducer, the displacement estimates were within 5% 
for both normal and lesion cases shown in Fig, 5. 

Further theoretical analysis has shown that the disparity in displacement estimates 
is due to the beamwidth B of the diagnostic transducer compared to the lateral width 
W of the induced displacement (assumed to be a Gaussian function of off-axis 
distance). For example, when the ratio W/B is two, the estimated displacement is only 
about 20% of its axial value. 

85 90 95 100 ire 
depth (mm) 

FIGURE 5.  Simulation results for displacements along central axis of 40-nm transducer focused at 
90-nini depth. 

SO 1                !                1 

A 
1      

|40 - 

ac
em

en
t 

to
   

   
   

  u
> 

o
   

   
   

o
 

/     /    ■ /     / 
/    / 

\ 

a, 
m 

S   10 

0 

/    / /   / 
/ / 
/ / / / // 

1'     1      1      1 

0 10 

Time (ms) Time (ms) 
FIGURE 6.   Computed displacements (left) and temperature rise (right) at focal point of 40-nim 
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DISCUSSION 

Our initial experimental and simulation results support the feasibility of using the 
radiation-force displacement method for monitoring thermal lesions produced by 
intense ultrasound. 

The results in this report illustrate several conclusions consistent with our broader 
on-going studies. They indicate detectable motion can be produced with short (ms) 
pulses at intensities that produce low temperature rises. They also show that while 
temperature rises are small, their slow recovery times may limit the repetition of push 
pulses that can be tolerated without significant thermal changes in propagation speeds. 

Other of our results indicate that the width of the push beam exerts an influence on 
the rise-times of induced displacements. Narrow beams produce short displacement 
rise-times compared to broad beams. This beamwidth also affects the accuracy of 
displacement estimates made with the diagnostic transducer. If the push beam is much 
narrower than the diagnostic beam, the narrow displacement pattern can lead to 
significant underestimation of peak displacement values. 

We are currently pursuing these studies to develop a system specifically designed to 
incorporate this lesion-monitoring concept. Towards this goal, we are expanding our 
simulations and experimental studies and have initiated in-vivo liver experiments. 
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Abstract Ultrasound can safely penetrate deeply into soft tissue. Several programs ate currently 
underway to exploit this ability for pniposes of noninvasive therapies and surgery. In this work, we 
describe the effects of high intensity focused ultrasound (HIFU) transducers in producing necrotic 
regions in tissue as predicted by a comprehensive acoustic and thermal numerical model. We focus 
our attention to optimize lesion generation as correlated to three main parameters: 1) total acoustic 
power applied per unit time (or total treatment time), 2) transducer's /-number, and 3) transducer's 
operational center frequency. These parameters are directly correlated to the amount of acoustic 
nonlinearity and generation of higher harmonics in the signal, as well as with augmented power 
absorption by the medium; both of which are flindamental parametera in determining the shape 
and size outcome of the HIFU-generated lesion. Optimization is ranked in terms of greatest treated 
volume per minimum treatment time by well-controlled, noninteracting adjacent lesions. Results 
are reported in the form of a three-dimensional parameter space whose points coordinates indicate 
the best possible treatment protocol for the specified parameters. 

INTRODUCTION 

Since the pioneering work of Fry [1], numerous in vitro and in vivo experimental 
studies have investigated the effects of high intensity focused ultrasound (HIFU) on soft 
tissues (see [2] and the citations therein). Conceptually, soft tissue absorbs a portion of 
the acoustic energy, which results in a heating of the tissue. The rate of heating and 
the temperature in the tissue are largest in the vicinity of steep gradients in the acoustic 
intensity. Hence, the heating is localized near and at the focus of a focused acoustic 
source. Under certam conditions, this heating causes coagulative necrosis of the tissue, 
and the volume of necrotic tissue is often referred to as a "thermal lesion," 

Many researchers have previously discussed theoretical and numerical simulations of 
nonlinear wave propagation in a biological medium and the formation of thermal lesions 
[3,4,5]. Within the last few years computational facilities have permitted the simulation 
of HIFU in a heterogeneous biological media. Curra has developed a theoretical model 
linking a full-wave nonlinear acoustic wave model with a bio-heat transfer equation 
(BHTE) [6]. This model is briefly described below. 

275 



MODEL EQUATION AND NUMERICAL METHOD 

The equations that describe nonlinear acoustics are a full-wave model, which includes 
quadratic nonlinearity and relaxation processes. The model equations were derived by 
Curra [6] and may be written as 

dp      1 
dt         K^ 

1 + 

dt            T; \^ 

l + ipi K^p + J^Si Vv 
PffKoo K„ ,=1 V ^/       '^i 

(1) 

(2) 

(3) 

Equation (1) is Euler's equation for an ideal inviscid fluid where p and v are the fluctu- 
ations of the pressure and particle velocity about their equilibrium values. The ambient 
density is PQ and it may have spatial dependence. The viscous terms for a Newtonian 
fluid that usually appear in a momentum equation have been dropped because atten- 
tion in biological media does not exhibit the frequency-squared power law. Equation (2) 
combines the continuity of mass and a Taylor series expansion of the equation of state 
for the medium. In the derivation leading to Eq. (2), the product of the compressibility 
of the fluid, K, and acoustic pressure, p, has been replaced by a time convolution opera- 
tion [7], i.e., Kp -^K-kp. The time convolution operation can be numerically expensive, 
so the model is further reduced by the introduction of A^ independent state variables [8]. 
The evolution equation for the fth state variable, 5,, is given in Eq. (3). Attenuation is de- 
scribed by relaxation processes such that T, and /sT, are the relaxation time and compress- 
ibility for the ith process. Finally, Koo and ^ = 1+B/2A are the frozen compressibility 
of the fluid and the coefficient of nonlinearity (B/A is the parameter of nonlinearity). 

The formation of a thermal lesion is modeled by the bio-heat transfer equation, 
originally developed by Pennes [9], and the thermal dose [10]. Expressions for the BHTE 
and thermal dose are 

dT 
PoCp-^ = V • {KjW) - wCp{T - r„) - p^CpV^ -WT + Q + Qn 

TD,, = j'&'-''^'U, 

(4) 

(5) 

where p^ is again the ambient density of the tissue and T is the temperature. The ther- 
mal conductivity and specific heat at constant pressure are Kj and Cp. The second term 
on the right-hand side of Eq. (4) accounts for the loss of heat via perfusion of the tis- 
sue. The perfusion constant for a given tissue is w and Too is the background temper- 
ature. Physically, the blood-filled capillary bed and surrounding tissue are assumed to 
instantaneously equilibrate. The third term accounts for advection in large blood vessel 
(if present) where the blood is moving with a velocity of v^. The final two terms are 
sources of heat due to the acoustic field, Q, and metabolic processes, Qm- Metabolic 
heat sources are usually negligible in comparison to the HIFU induced source and hence 
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Qm is dropped from Eq. (4). The HIFU source is 

fi = -VI (6) 

where I = (pv) is the time-averaged acoustic intensity vector. Once the temperature has 
been obtained from Eq, (4), the thermal dose is computed via Eq, (5), where C — 0.25 
for r < 43° C and C = 0.5 for T > 43° C. Equation (5) provides a measure of the 
temperature exposure of the tissue, and necrosis occurs at a thermal dose exceeding 120 
minutes at 43° C. 

The numerical solution of Eqs. (1H3) unplements three algorithms, Fu^t, the spatial 
derivatives are computed via a FFT-based pseudospectral method (PSM) [11], Standard 
radix-2 or prime number FFT algorithms provide rapid computation and the spatial 
derivatives are approximated with a very high order of accuracy. One disadvantage of 
the PSM is a signal leaving one edge of a computational domain re-enters the domain at 
the other edge. The perfectly matched layer (PML) algorithm [12,13] is a generalized 
absorbing boundary condition, which virtually eliminates the wrap around of a signal 
at any angle of incidence with the boundary. Our PML algorithm is based on the 
recent work of Chew et al. [14], The final algorithm involves the computation of tiie 
temporal partial derivatives on the left-hand sides of Eqs. (1H3) via a fourth-order 
Adam-Bashford (AB4) method on a staggered time grid [15], The algorithm proposed 
by Ghist et al. yields a domain of stability domain 3 time larger and a error estimate nine 
times smaller than a standard AB4 method. 

The characteristic time and length scales of thermal diffusion are much larger than 
those of the nonlinear acoustic process, which suggests standard numerical methods are 
applicable. A second-order explicit finite difference (FD) algorithm was implemented 
for the spatial derivatives in Eq. (4). This FD algorithm was much faster than the FFT- 
based derivatives of the PSM. The partial time derivative is computed via a third-order 
Adam-Bashford algorithm, 

A final detail of the numerical implementation involves the relaxation time and com- 
pressibility for the ith relaxation process. The available data on absorption of ultrasound 
in biological media are typically expressed as frequency-power law attenuation coefli- 
cients, a = alf/f^f where /„ is a convenient reference frequency. Table 4.16 in Duck 
[16] Hsts the a and b coefficients for several tissue types over specified frequency ranges, 
Nachman et al. [17] have obtained expressions for the frequency-dependent phase ve- 
locity and attenuation coefficient within a relaxing medium, which can be written as 

c2(e>) = t2/Po)  

a\m) = (2/Po)©2{[/2(o,)+/|(fl,)]i/2-/,(e,)}, (g) 

where 
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Two relaxation processes were sufficient for the frequency range of our study. Equation 
(8) was introduced into a constrained nonlinear least squares algorithm to determine the 
T,- and Kj. The constraints were c{o}) = Cg, a{(o) = OQ, and x > 0 such that CQ and OQ are 
the phase velocity and attenuation at /Q and x is a 2}V-dimensional vector of tlr r,- and 
Ki coefficients. 

RESULTS 

The parameter space investigation of the formation of thermal lesions in noninvasive 
HIFU applications requires a selection of a set parameters. In our study, we concentrated 
on the frequency, exposure rate (acoustic power applied per unit time), and the /-number 
of the transducer because these parameters can be precisely controlled in an experimen- 
tal or clinical setting. Variations in the material parameters were not considered in this 
study because we were interested in design criteria for a HIFU device. Once the param- 
eters for a HIFU device have been selected, then a parameter space study in variations of 
the tissue parameters would be appropriate. That is, for a given HIFU device, variations 
in the tissue will provide the statistical variations in the formation of a thermal lesion 
(e.g., volume and displacement from the designed focus). 

The HIFU source was modeled as a spherically focused, cylindrical traducer with a 
diameter of 20 mm. The /-number, the ratio of focal length to diameter, was set to 1, 
1.5, and 2, which correspond to a geometric focus of 20, 30, and 40 mm, respectively. 
The frequency was set to 3, 4, and 5 MHz in the simulations. The applied acoustic 
power is proportional to the amplitude of the pressure at the transducer. Simulations 
were performed with /JQ — 125, 250, and 500 kPa. These pressure amplitudes and an /- 
number of one yield peak time-averaged intensities of approximately 200,825, and 4100 
W/cm^, which span the range of values reported in the literature [2]. The last parameter 
investigated the duty cycle of an exposure condition for a fixed total acoustic power. 

All simulations were conducted in a horizontally stratified biological medium. The 
propagation path includes a short (h = 6 mm) water stand-off, a layer of skin (3 mm), a 
layer of fat (7 mm) and muscle. The computation domain was truncated at a total depth of 
50 mm from the HIFU source. Table 1 summarizes the material parameters assumed for 
each medium [16]. Of the parameters listed, the attenuation coefficient for skin indicates 
that skin will readily absorb acoustic energy and hence it may be susceptible to burning 
(depending on the HIFU exposure). 

Figure 1 depicts the results of several numerical simulations. The time-averaged in- 
tensity is shown in Figs. l(a)-(c) and the corresponding heat rated, given by Eq. (6), is 
shown in Figs. l(d)-(f). The vertical lines indicate the interfaces that separate adjacent 
tissues. Each panel depicts the results of nine different simulations, (i.e., the combina- 
tions of three frequencies and three /-numbers). Clearly, the peak values in I and Q are 
achieved with an /-number of one. This implies that a thermal lesion can be created by 
a HIFU device with an smaller /-number with a shorter exposure time than by a de- 
vice with a larger /-number at an equivalent exposure time. As expected, the full-width 
at half-maximum is much smaller for the HIFU devices with smaller /-numbers. In 
Figs. l(a)-(c), peaks in I and Q for the 5 MHz signal exceed the peaks for 4 MHz, which 
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TABLE 1.   Material parameters for the media in the path 
of propagation from the transducer to the focus. 

Medium % Po B/A «%• b h 
m/s kg/m' Np/m mm 

water 1500 ICXX) 5,17 0.02 2.0 6 
skin 15«) 1100 7.87 28.0 1.0 3 
fat 1430 928 10.0 7,0 1.1 7 
muscle 1570 1040 7.5 6.4 1.0 34 

* Reference frequency of/p = 1 MHz. 

exceed the peaks at 3 MHz, This is a consequent of the relatively short distance and the 
frequency-dependent attenuation cwfficient. For deeper penetration the predicted I and 
Q are comparable for the three frequencies. 

Figure 2 shows the temperature along the acoustical axis of a transducer with a 
/o = 3 MHz signal, an /-number of one, and p^ = 500 kPa, In the left panel, the HIFU 
was applied for 1 second and the temperature evolution, via Eq. (4), was tracked for 
four seconds. The right panel shows a total exposure of 1 second, but flie exposure 
was done with a 25% duty-cycle (i.e., 0.25 s "on" tune versus a 0.75 s "off' tune). 
Hence, the total appUed acoustic power is the same in e^h panel. A comparison of the 
images ctoly shows a significant increase in the temperature in the skin layer and an 
accumulation of heat at the interface separating the fat and muscle layers. The thermal 
dose, Rj. (5), predicts that a thennal lesion will occur in the skin and to a lesser degree 
at the fat-muscle intertme (not shown) while no lesions occur at these locations under 
the exposure conditions of the right panel. The thermal dose also predicts an ellipsoidal 
thermal lesion at the focus with an approximate axial length of 6 mm and width of 2 
mm for the right panel conditions. Under the exposure conditions of the left panel, the 
thermal lesion at the focus is no longer eUipsoidal; rather the lesion is starting to advance 
towards the HIFU source with ite proximal end flattening to give a bullet-shaped cross- 
sectional area. 
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FIGURE 1. The time-averaged intensity (left) and heat rate (right column). The pressure 
amplitude at the source were p^ = 125 kPa for (a) and (d), PQ = 250 kPa for (b) and (e), and 
Po = 500 for (c) and (f). 
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FIGURE 2. Axial temperature under two exposure conditions. Left panel: The acoustic field 
is on for 1 second. Right panel: The acoustic field is on for a total time of 1 second but with a 
25% duty cycle. 
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CONCLUSION 

For the ultrasound exposure conditions studied here, two scenarios were found to 
produce a thermal lesions while minimizing the heating of collateral tissues. For ap- 
plications close to sensitive areas (e.g., the skin), we found that a HIFU device should 
possess a small aperture, high power, and a higher frequency (/ > 5 MHz). Addition- 
ally, the exposure should consist of short "on" times and longer "off" times to produce 
more thermal lesion per unit volume. For applications that require penetration to deeper 
tissues, this study showed a large aperture, medium power, and a lower frequency (/ < 5 
MHz) were satisfactory in the creation of a thermal lesion. He exposure also required 
relatively longer "on"/"off" times, which produced less lesion per unit volume. In either 
application, it was determined that a low /-number was essential to produce a thermal 
lesion while minimizing deposition of heat at unwanted locations. Finally, we conjec- 
ture that the ideal HIFU source is an array, which permits control of the /-number by 
manipulating the amplitude and phase of the signal applied to each element. 
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Nonlinear Methods For Visualization Of 
HIFU-Induced Lesions 
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Abstract. Nonlinear ultrasonic imaging methods (like pulse inversion [1] and quadratic imaging 
based second-order Volterra filter [2]) are used in visualization of lesion formation in freshly excised 
tissue. Both of these methods are more sensitive to nonlinear echoes (e.g., due to micro-bubbles) 
than standard B-mode imaging. While all three methods typically show increased echogenicity at 
the lesion location, the nonlinear methods exhibit more localized echo enhancement than B-mode 
imaging. Therefore, nonlinear methods are better suited to lesion mapping for purposes of image 
guidance. Quadratic images have the added advantage of a significant increase in image dynamic 
range and noise reduction (a major limitation of pulse inversion imaging). The results shown in 
this report continue to support the hypothesis that micro-bubbles play an important role of lesion 
formation. Furthermore, the presence of microbubbles provides significant opportunity for mapping 
the treated tissue and potentially characterizing the nature of damage. 

INTRODUCTION 

We have used a dual-mode array described in [3] to form HIFU-induced thermal lesions 
in freshly excised degassed tissue under a variety oi normal exposure and over exposure 
conditions. Single-transmit focus images were collected for over 100 lesions before and 
after lesion formation. These images have consistently shown 5 - 7 dB enhancement in 
the echogenicity from the lesion location in the standard echographic images. These re- 
sults were much more consistent than the reported "flashes" on the B-scan images when 
diagnostic ultrasound systems are used to monitor HIFU lesion formation. Motivated by 
the excellent investigation by P. P. Lele reported in [4], we hypothesized that this change 
in echogenicity is due to stable microbubbles that can occur even at low insonation lev- 
els. Lele found that subharmonic emission due to microbubbles showed a monotonic 
increase with intensity from 150 mW/cm^ to 1500 W/cm^ without a distinct threshold 
for emission (measurements done in vitro and in vivo at 2.7 and 1.8 MHz). The consis- 
tency of the increase in echogenicity at the lesion may be explained by the fact that the 
microbubbles may already be resonant at the imaging frequency (same as the therapeutic 
HIFU beam when the dual-mode array is is used), perhaps a result of rectified diffusion. 

The standard echographic images at the fundamental, however, offer limited contrast 
enhancement due to the speckle phenomenon. Therefore, they could not provide a 
reliable method for mapping the boundaries of HIFU-induced lesions. This lead us to 
try to exploit the nonlinear nature of the microbubbles to enhance the visualization and 
mapping of thermal lesions. The idea was that, if microbubbles are indeed present at 
the lesion location, they will generate nonlinear echoes that may be better suited for 
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mapping. We have initially investigated second harmonic (SH) imaging as a means of 
enhancing the lesion contrast for improving the visualization of these images. SH images 
of thermal lesions have shown incre^e in the contrast on the order of 22 - 25 dB, but with 
decre^ed dynamic range of the resulting images [3]. A post-beamforming nonlinear 
compounding algorithm was shown to improve the contrast in lesion echogenicity to 
30 - 35 dB without loss in dynamic range [5]. This was achieved by compounding 
the fundamental and the SH images using spatial compounding functions based on 
the receive beamforming characteristics of the dual-mode array at the fundamental 
and the SH frequencies. In this paper, we use a commercial imaging scanner with 
modifications to allow pulse inversion imaging in addition to standard B-mode imaging 
for the visualization of freshly excised tissue before, during, and after the formation of 
HIFU lesions. 

NONLINEAR IMAGING METHODS 

Pulse Inverelon Imaging 

This method was recently introduced by Bums and coworkers [6] for enhancing 
contrast echoes in contrast-assisted pulse-echo imaging. The basic implementation of 
this method entails the use of two pulses per image line. These pulses are carefiiUy 
designed such that, pjC^) = -Piit - T£), where T^ is some appropriate delay (on the 
order of the pulse-echo time from the maximum depth of interest). Summing the echoes 
resulting from the two pulses eliminates the odd-harmonic components from the echo 
signal (including the fundamental) while doubling the even-harmonic (mostly second) 
components. This method currently represents the leading approach for confrast-agent 
imaging, especially with low concentration and/or very low transmit signals to minimize 
the generation of tissue nonlinearity. 

Quadratic Imaging Based On SVF 

We have recently developed a new nonlinear imaging system based on the SVF [2]. 
This has a number of advantages when compared to PI imaging (e.g. requires only a 
single pulse per line and increased dynamic range). 

Second-Order Volterra Model 

Results from [2] have shown the validity of a second-order Volterra filer as a model 
for pulse-echo ultrasound imaging data fix)m tissue mimicking media. In this section, the 
decomposition of received echo, i.e., output sequences only, into linear and quadratic 
components by using least-squares approach of second-order Volterra model will be 
considered and the detail of algorithm implementation to pulse-echo ulttasound imaging 
will be stated. 
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Signal Separation Model 

The algorithm described in this section is adapted from [7]. The response of a quadrat- 
ically nonlinear system, y{n + I), can be predicted by a second-order Volterra model of 
past m values as follows: 

y{n + l)   =   yi^{n+l)+yQ{n+l) 
m-\ m-lm-1 

(=0 j=0 k=j 

where h^{i) is linear filter coefficients, hgijfk) represents quadratic filter coefficients 
and e(n) is a modelling error and/or a measurement noise which is assumed to be an 
independent, identically distributed(i.i.d) random variable with zero mean. That is, if 
the model coefficients are known, the echo signal can be decomposed into linear and 
quadratic components. The latter can be expected to better represent the quadratic re- 
sponse of the system than, say, the second harmonic component. The model coefficients 
can be obtained by setting the linear and quadratic prediction problem in Equation 1 
to form a set of linear equations. Recognizing that the output is linear in terms of the 
(unknown) model coefficients, one obtains a matrix equation of the form: 

f=Gh-fe, (2) 

where the vector f, the matrix G and the error vector e are 

f   =  \y{n+l),y{n + 2),...,y{n + L)V 

e    =  [e{n),e{n+\),...,e{n + L-l)]'^. 

where the data vector, y, is given by: 

y{n)^\y{n),y{n-\),y{n-2),...,y{n-m+l), 
y'{n),yi")y{n-l),...,yHn-m+l)f 

and the filter coefficient vector, h, is given by: 

h=[M0).''L(l),M2).-",M'«-l), 
/,g(0,0),yO,l),...,/je(/n-l,m-l)r. 

The details of the solution for the coefficients of the SVF model can be found in 
[8]. Briefly, a minimum-norm least-squares solution of (2) is obtained using truncated 
singular value decomposition, TSVD. To assess the performance of the signal separation 
model in enhancing the lesion visualization, we compute the contrast-to-tissue ratio: 

^"='°'-'»(!it!l) 
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'^^^^ IIVQCWZ *"** lly^rlla 8"* ^^^ h noi™s of the quadratic components from the lesion 
nd normal tissue regions, respectively. These regions are easily identified under various 

where 
and 
imaging conditions. For instance, for the application described in this paper, the contrast 
region is the expected location of the thermal lesion (often visible on the standard 
echographic image). 

Implementation 
The coefficients of the linear and quadratic components of the SVF model are obtained 

from the beamformed RF data. The implementation steps are as follows: 

1, Using the standard echographic image, select a beamformed RF data segment from 
the expected lesion location, 

2, Form the linear systems of equations according to (2), 
3, Define contrast region (within the lesion) and normal tissue region for the compu- 

tation of the mean-square eiror MSE and CTR. 
4, Solve systems of linear equations by using TSVD regularization method. 
5, Apply second-order Volterra filter to the beamformed RF data throughout the pulse- 

echo ultrasound image, 
6, The quadratic component from the SVF can be displayed as a separate image or 

appropriately compounded with the linear component. 

EXPERIMENTAL SETUP 
Figure 1 shows a simple arrangement for the formation of HEFU lesions in freshly 
excised and degassed porcine livere samples. The therapy transducer is a 1.5 MHz 
single-element spherical-shell transducer with a radius of curvature equal to its diameter 
and equal to 63,5 mm (Etalon, Lizton, Indiana). The transducer is fixed to the back of 
a small tank as shown and driven by a power amplifier (ENI, Rochester, NY) and a 
programmable function generator. This assembly can be used in generating a variety of 
amplitude-modulated HIFU bursts from tens of milUseconds to several seconds long and 
intensities up to 3000 W/cm^ (conservative estimate). 

Real-time imaging is performed using a modified Technos MP system from ES AOTE, 
Genoa, Italy. The system is modified to allow imaging in pulse inversion mode in 
addition to normal B-mode imaging. In addition, a hardware module for capturing high- 
quaUty beamformed RF data allows us to capture and upload up to 60 seconds of full 
frame data with a specified frame rate, A CA 421 convex probe was used in acquiring 
image data for this paper. Image data was acquired in pulse inversion (PI) mode with 
a 2-cycle transmit pulse centered at 1,57 MHz. The imaging transducer was aligned so 
that the image plane hx-z plane (to allow imaging the lesion along the axis of the 
therapy transducer. 
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Therapy Transducer (Thx Tx) 
Imaging Transducer (Ix Tx) 

Acoustic Window 

FIGURE 1. Experiment setup used for formation of HIFU lesions using a single-element transducer 
attached to the of the tank with an imaging probe monitoring a cross section of the lesion through an 
acoustic window. 

RESULTS AND DISCUSSION 
The experimental setup shown in Figure 1 was used in obtaining images of CA: vivo tissue 
samples before, during and after thermal lesion formation with the spherical therapy 
transducer. This setup was designed to allow comparisons with our a dual-mode 64- 
element ultrasound phased array operating at 1 MHz described in [3]. Results shown in 
[3] confirmed that echoes from the lesion location exhibited increased levels of second 
harmonic generation even at normal exposure conditions. In this paper, we show imaging 
results from a single-shot slightly overexposure condition of a 5 second pulse at 1800 
W/cm^. This exposure typically produces a cigar-shaped lesion with average length of 
10 mm and slight widening of the lateral extent of the lesion at the base (nearer to the 
therapeutic transducer). This is part of a study for characterization of different imaging 
modes at a full range of exposure conditions. 

Figure 2 shows the RF data along a line through the lesion before lesion formation 
(upper left). The figure also shows spectrograms of the RF data (showing the frequency 
content of the RF echoes, lower left). Echoes from the tissue sample begin at depth 135 
mm. The results show that the echoes before lesion formation cover the bandwidth of the 
CA4121 probe (fundamental at 1.57 MHz and some 2nd harmonic). This is confirmed 
by the corresponding PI data shown on the right hand side, which shows the second 
harmonic data just above the noise level. 

On the other hand, the spectrogram of the RF data shown in Figure 3 from the same 
direction after lesion formation show strong fundamental and 2nd harmonic components 
at the lesion location (145 mm). This is also very clear in the PI data which shows a 
strong 2nd harmonic at the same location. In addition, the PI data consistently showed 
a significant component at 2.2 MHz (believed to be an ultra harmonic component). 
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Analysis of the 2nd harmonic and ultrahannonic components have revealed different 
(but consistent) transient behavior after lesion formation. These observations will be 
discussed in more detail in a fiiture report. 

Figure 4 shows 50 dB B-mode and PI images before (LHS pair) and immediately 
after lesion formation. Both imaging modes show enhanced echogenicity at the lesion 
location at an axial distance of 145 mm fi-om the imaging transducer. The PI image 
shows a smaller size hyperechoic region with lateral extent of about 9 mm compared to 
12 mm in the B-mode image. The actual lesion size determined by visual examination 
was 8 mm. This result is typical, i.e. the PI data gives a more accurate map of the lesion 
than B-mode data. 

Using a beamformed echo data segment from the tissue region shown in Figure 2, the 
coefficients of linear and quadratic components of the SVF were estimated as described 
in Section . The quadratic components of the beamformed RF data were filtered out at 
all pixel locations. The images before and unmediately after lesion formation are shown 
in Figure 5 at 90 dB dynamic range. One can see the speckle components conspicuous 
in the standard echo images is peatly reduced. This level of enhancement is typical and 
has been observed consistently in over 1(X) experiments similar to the one described in 
[3]. The reader can appreciate that the lesion boundaries are well defined in both the 
axial and lateral directions. With the significant incre^e in dynamic range, one can see 
that both detection and mapping of thermal lesions is significantly facilitated by the use 
of the quadratic filter based on the SVF model. 

RF 

 H  
niii' ,,■ i- 

Ifff ,L.,   " ; 
ii"j""'" »* 

120 i^o leo ISO 

FIGURE 2.   RF data and spectrograms from normal B-mode (left) and pulse inversion (right) before 
lesion formation. 

CONCLUSIONS 
Experimental results fix»m ex vivo tissue samples provide compelling evidence that 
thermal lesions exhibit nonlinear behavior as a propagation medium. Nonlinear imaging 
methods were used to separate the linear and nonlinear components in the beamformed 
RF echo data. PI images confirmed the presence of strong 2nd harmonic component in 
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FIGURE 3. RF data and spectrograms from normal B-mode (left) and pulse inversion (right) 
immediately after lesion formation. 
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FIGURE 4. B-mode and pulse inversion images before (left pair) and immediately after (right pair) 
formation of lesion (50 dB dynamic range). 

echoes from lesion location. The quadratic component images (obtained through SVF) 
show significant enhancement in lesion visualization due to: 

1. They directly exploit the nonlinear nature of freshly formed thermal lesion 
(possibly due to formation of microbubbles). 

2. (Quadratic component combines both low frequency (close to dc) and harmonic 
frequency in forming nonlinear echoes. This simultaneously reduces speckle and 
beamforming artifacts without loss in spatial resolution. 

3. The quadratic kernel of the SVF rejects the additive white Gaussian noise 
components which significantly improves the SNR of the imaging system and 
enhances the visualization of low echogenicity regions in the image. 

We are currently conducting an experimental study to compare detection and mapping 
results using the three imaging methods for a full range of dose levels from 
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FIGURE S. Quadratic images before (left) and immediately after (right) formation of lesion (90 dB 
dynamic range). 

underexposure to overexposure. Preliminary data indicate that nonlinear imaging 
methods produce superior results compared to standard B-mode imaging. 
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Abstract. The behavior of a microbubble cloud in an ultrasound field shows multiple scale 
structures in time and space. The bubble size is the micro-scale, the distance between the 
bubbles is the meso-scale and the characteristic length in bubbly liquid, such as wavelength, is 
the macro-scale. It is essential to analyze the phenomena combining these scales reasonably. In 
this investigation the behavior of the bubble cloud in a focused ultrasound is simulated 
numerically taking the micro and meso-scale phenomena into account. An inward propagating 
shock wave is formed during the collapse of the bubble cloud, and the shock wave is focused at 
the cloud center. These phenomena generate violent bubble collapses. The bubble collapses emit 
high-pressure peaks, which are several hundred times larger than that of a single bubble collapse. 
These results are utilized for the lithotripsy of kidney stones in vitro. Two kinds of ultrasounds 
are focused on the stone. Cavitation bubble cloud is formed by the high frequency ultrasound at 
the front part of the stone and then, collapsed violently by the low frequency ultrasound field. 
The artificial and natural kidney stones are broken into tiny fragments efficiently. 

INTRODUCTION 

Ultrasound is widely applied in the clinical field today, such as ultrasonography [1], 
Extracorporeal Shock Wave Lithotripsy (ESWL), High Intensity Focused Ultrasound 
(HIFU) [2], sonodynamic therapy [3] and so on. Some of them have close relation to 
the dynamic behavior of microbubbles. In ultrasound imaging, microbubbles are used 
as contrast agents. In ESWL, the focusing of the shock wave causes cavitation and the 
impact pressure with bubble collapse damages not only the stone but also the 
surrounding body tissues. It has been reported that cavitation makes serious traumas 
to the human body tissues and its occurrence disturbs the propagation of ultrasound by 
scattering and absorbing the ultrasound energy [4]. On the contrary, the cavitation can 
be used as an energy transducer if it is well controlled. To utilize its energy 
efficiently, it is needed to understand its behavior under the ultrasound field. 

In this paper, the dynamics of bubble clouds is discussed. Using the set of 
governing equations for the spherical bubble cloud, where the internal phenomena of 
each bubble and the compressibility of the liquid are taken into account, the bubble 
cloud motions in an ultrasound field are analyzed in detail. The numerical simulation 
and the experimental observation of the cavitation cloud using an ultra high-speed 
camera are exhibited. From these results, methods are developed to control and utilize 
the cavitation phenomena for lithotripsy. The experimental results show that the 
artificial and natural kidney stones are broken into tiny fragments efficiently. 
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BUBBLE CLOUD DYNAMICS 

In considering medical applications of ultrasound, it is important to discuss the 
acoustic cavitation that is induced by the focused ultrasound field. In this section, the 
dynamic behavior of a microbubble cloud resulting from the volumetric change of the 
bubbles is simulated numerically. A spherical bubble cloud model [5] is employed to 
simulate the cloud cavitation behavior. Inwardly propagating shock wave, which 
results in a precursor wave, is formed during the collapse of the bubble cloud and it is 
focused in the cloud center. This produces violent bubble collapses in the central area 
and emits high pressure peaks from the bubbles. 

Bubble Cloud Model 

Figure 1 shows the schematic diagram of the bubble cloud model [5]. The 
simulation domain of the spherical bubble cloud is divided into three regions: (1) the 
outside of bubble cloud, which is the single-phase liquid region, (2) the inside of the 
bubble cloud, which is bubbly liquid, and (3) the inside of each bubble. Three sets of 
governing equations consisting of the equation of motion of the bubble cloud wall, the 
equations for bubbly liquid and the equations for bubble motion are formulated. To 
calculate the bubble cloud motion, Keller equation [6] is employed. To estimate the 
pressure within the bubble cloud, the pressure wave phenomena are examined by 
solving the set of equations formulated under the following assumptions: (1) Bubble 
cloud maintains a spherical shape. (2) Bubbly liquid inside the cloud is treated as a 
continuum fluid, whose mass and momentum are assumed to be equal to those of the 
liquid phase, since the mass per unit volume of the gas phase is much smaller than that 
of liquid phase, (3) Bubbles move with the surrounding liquid. Bubbles are small so 
that the slip between the bubble and the liquid can be neglected. (4) Coalescence and 
fragmentation of bubbles in the cloud are ignored. (5) Viscosity of the bubbly mixture 
is ignored in the bubble cloud because it has little influence on the wave phenomena. 
(6) The mass and momentum of gas phase are neglected in estimating those of the 
bubbly liquid, because they are much smaller than those of liquid phase due to low 
void fraction. (7) A bubble is assumed to be located at the center of the cloud to avoid 
the singularity therein. Each bubble motion is calculated using the numerical model 
[5], which is proposed by Matsumoto and modified by Shimada for the bubble cloud 
model. It takes into account the internal thermal phenomena of each bubble as well. 
To analyze the collapsing phenomena of the bubble cloud precisely, the internal 
thermal phenomena of each bubble and the liquid compressibility should be taken into 
account. The wall motion of the each bubble is described by the Fujikawa & 
Akamatsu equation [7]. The state of the liquid is estimated by the Tait equation. 

Pressure Focusing In The Center Of Bubble Cloud 

Figure 2 shows the time history of the pressure distribution in the bubble cloud for 
the case where the bubble radius is 20jim, the cloud radius is 5mm and the void 
fraction in the cloud is 0.1% as initial conditions. When the surrounding pressure 
increases, pressure waves propagate inward from the cloud boundary to the cloud 
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center. Kedrinskii [8] observed the precursor ahead of the shock wave propagating in 
the bubbly Hquid in the case of the large pressure ratio. Present result also shows the 
precursor ahead of the shock wave. At the center of the cloud, the large oscillations 
are produced by the interaction between the shock wave and the precursor. The high 
peak pressure is observed at the cloud center because of shock wave focusing. 
Pressure waves propagating with higher velocities than that of the shock wave are 
observed ahead and behind the shock wave. This is because the high frequency 
pressure wave emitted from a collapsing and rebounding bubble behind the shock 
wave propagates with the sound velocity of the liquid [9]. 

Spherical 
bubble cloud 

Water 

'J Wt- cloud radius 

Rh bubble radius 
029 

Tirre (ms) 

FIGURE 1. Concept of bubble cloud model. FIGURE 2. Time histor>' of the pressure 
distribution in the cloud: Initial void fraction is 
0.1%, initial bubble radius is 20|.lm and initial 
cloud radius is 5mm. The surrounding 
pressure decreases from 50kPa to lOkPa and 
then increases to 50kPa. 

Bubble Cloud Behavior In The Ultrasound Field 

The acoustic cavitation induced by an ultrasound field is considered to be much 
dependent on the ultrasound frequency. In medical applications, the typical frequency 
of ultrasound is around 0.5-5 MHz. When the ultrasound frequency is 4 MHz, the 
wavelength is about 0.4mm in water or in the human body. The focal region is 
considered to be around 2-4 times of the wavelength. In this simulation we assume 
that the region of acoustic cavitation is 0.75mm in radius, and the radius of each 
bubble in the bubble cloud is 1.0(i,m initially, with natural frequency about 4 MHz. 
The simulation condition is shown in Table 1. 

Figure 3 shows the time histories of the ambient pressure at the center of the cloud 
and the radius of the center bubble when the bubble cloud is exposed to the ultrasound 
field. Figure 3 (a) and (b) show the results when the ultrasound frequency is 110 kHz. 
Figure 3 (c) and (d) show those of 2 MHz. When the bubble cloud oscillates 
resonantly (Figure 3 (a) and (b)), the center bubble collapses violently and the ambient 
pressure becomes larger than 20 MPa. However, in the case where the ultrasound 
frequency is higher (Figure 3 (c) and (d)) than the resonant one of the bubble cloud, no 
shock wave appears in the cloud.  In this case, the pressure fluctuation amplitude is 
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less than the amplitude of the ultrasound field. This means that almost all of the 
acoustic energy of ultrasound is scattered, when the ultrasound frequency is higher 
than the resonant frequency of the bubble cloud. 

Figure 4 shows the frequency response of the bubble cloud from 1 kHz to 10 MHz, 
in the case where the initial cloud radius is 0.75mm and the initial bubble radius is 
1.0|im. The maximum pressure inside the bubble at the center of the cloud is shown. 
The resonant frequency of the bubble cloud is about 110 kHz, which is less than the 
natural frequency of the cloud, which is 163 kHz, The variation of the bubble cloud 
radius is very small in comparison with that of a single bubble. The increase of the 
amplitude of the ambient acoustic pressure has little influence on the volumetric 
oscillation of the bubble cloud because the initial void fraction is very small [10], On 
the contrary, the pressure inside the bubble at the cloud center reaches approximately 
500 MPa in the case where the surrounding acoustic frequency is the resonant one and 
the amplitude is lOOkPa, This is very different from the case of a single bubble. 

Figure 4 also shows that the frequency response of the bubble cloud is very much 
dependent on the amplitude of the surrounding ultrasound pressure. When the 
amplitude is lOkPa, the maximum pressure inside the bubble at the center is very 
small. In the case of 50kPa, although the maximum pressure reaches up to 2 MPa, the 
range of the resonant frequency where the pressure exceeds a few atmospheric 
pressures is very narrow (which is less than 100 kHz), However, in the case of 
lOOkPa, the range of resonant frequency becomes broad. The frequency range where 
the maximum pressure exceeds 10 MPa becomes from 50 to 300 kHz. These results 
show that it is possible to control the collapsing phenomenon of cavitation bubbles in 
the ultrasound field. They suggest that cloud cavitation, which is formed by high 
frequency ultrasound, can be efficiently collapsed by low frequency ultrasound (about 
0,1 times of higher frequency). The size of the bubble cloud and those of the bubbles 
in it are detennined by the frequency of the exciting ultrasound. If the frequencies are 
selected carefiilly, it is technically possible to concentrate the high energy in restricted 
areas in the media such as water or human body. 

Figure 5 shows the comparison of bubble behavior in the cloud center when the 
positive precedence wave and the negative precedence wave are applied in the lower 
frequency of the ultrasound. When the positive wave proceeds, the bubble cloud does 
not collapse at the first positive part. Then, after it stores the energy, it collapses with 
higher amplitude of the ambient pressure than the case when the negative wave 
proceeds. 

TABLE 1, Calculation Conditions,  
Parameter Value 

Initial Cloud Radius, Rco 0.75 [mm] 
Initial Bubble Radius, R^o 1.0 [|lm] 
Initial Void Fraction, a,, 0.1 [%] 

Ambient Ultrasound Pressure, p„ 101.3 [kPa] 
Temperature, T, 293 [K] 

Amplitude of Ambient Pressure, ^ 10, 50,100 [kPa] 
Range of Frequency 1 [kHz]~10 [MHz] 

Natural Frequency of a Single Bubble 3.85[MHz] 
 Natural Frequency of Bubble Cloud 163 [kHz] 

293 



0? 

15 
 ■  

1.0 

05 

^—^/ 

FIGURE 3. Time history of tlie center bubble oscillation (Rc=0): (a) Frequency 110 kHz. ambient 
pressure, (b) Frequency 110 kHz, center bubble radius, (c) Frequency 2 MHz, ambient pressure, 
(d) Frequency 2 MHz, center bubble radius. 
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FIGURE 4. Response curve of bubble cloud: Maximum internal pressure of the center bubble. 
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of the center bubble: Frequency is 100 kHz (a) Positive precedence wave, (b) Negative precedence 
wave. 
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OBSERVATION OF CLOUD CAVITATION 

In this section, the observed results of cloud cavitation in the focused ultrasoimd 
field are discussed. Figure 6 shows the experimental set-up. The concave PZT 
ceramics diaphragms that have the natural frequencies of 1.0 MHz and 500 kHz are 
used as the ultrasound transducer. They transmit higher amplitude of ultrasound 
fi-equencies (2n+l) times of the fundamental frequencies than the other frequencies. 

The artificial stone, which is used as the crushing test of ESWL machine, is fixed at 
the focal point. The cavitation phenomena at the focal point of the ultrasound field are 
recorded by the ultra high-speed camera (IMACON200, DRS Hadland), This camera 
has the ability to take 16 fi-ames with 5ns in exposure time and 5ns m the minimum 
fi*ame interval. 

Figures 7 and 8 are the photographs of the cavitation around the stone. Figure 7 is 
the photograph of the focal region when the continuous ultrasound wave is focused. 
The cloud cavitation makes the bubble sheet over the artificial stone. The ultrasound 
energy is scattered at the surface of the cloud cavitation and the cavitation makes no 
damage to the stone. Figure 8 (a) shows the photographs of the time history of the 
cavitation bubbles when the 100 sinusoidal waves, whose frequency is 534 kHz, are 
focused. The cavitation region is about 3mm in width and large cavitation bubbles are 
observed. Figure 8 (b) shows the time history of the cloud cavitation when the focal 
acoustic frequency is 3,24 MHz. The region of the cloud cavitation is less than 1mm 
in diameter. 

Figure 9 shows the controlled cavitation cloud around the stone. First, the high 
frequency ultrasound (3.815 MHz) is focused and small sized cloud cavitation is 
formed on the stone, then lower fi«quency ultrasound (545 kHz) is immediately 
focused. The cloud cavitation shrinks volumetrically at the sixth, tenth and thirteenth 
flames. It expands at the eighth and twelfth fi-ames. Its volumetric oscillation has the 
frequency of about 500 kHz, which is the same order of the low frequency ultrasound. 
Thus, the violent collapse of the cloud cavitation is formed near the stone surface. 

1 •*■,(*• 

/ 

sShadeoffhe 
f ftjoused ultesoiind 

FIGURE 6, Summary of the experimental set-up. FIGURE 7. Photograph of cloud cavitation: 
The ultrasound is continuous and sinusoidal, 
frequency is 1.08 MHz and exposure time is 
5 ns. 
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FIGURE 8.    Photographs of cloud cavitation: Frame rate 100 kHz, (a) UUrasound frequency is 
534 kF^z, (b) 3.24 MHz. 

FIGURE 9. Photographs of cloud cavitation: Frame rate 2 MHz. Ultrasound frequency changes from 
3.815 MHz to 545 kHz between the third frame and the fourth frame. 

EXPERIMENT OF STONE CRUSHING 

Based on the numerical simulation and the observation of the bubble cloud in the 
ultrasound field, the method of controlling cavitation collapse with high pressure in 
the restricted area is developed. Figure 10 shows the schematic diagram of the control 
method of the cloud cavitation. First, the cavitation nuclei, which consist of small 
bubbles, are formed by the high frequency ultrasound focused on the stone and cloud 
cavitation is concentrated near the surface of the stone. The reflection of the 
ultrasound at the solid surface amplifies the intensity almost twice. Next, the low 
frequency and high power ultrasound is exposed. The cloud cavitation oscillates when 
immediately exposed to low frequency ultrasound and the bubbles near the surface 
collapse violently. 

Using this method, we conduct the crushing experiment of the stones. Figure 11 
shows the broken model stones, which are used globally for the test of the ESWL, 
after the irradiation of focused ultrasound for 10 minutes. The model stone is made of 
activated aluminum. Figure 11 (a) shows the stone, which is crushed by the focused 
ultrasound combining the high frequency wave and the low frequency one. Figure 11 
(b) shows the stone, crushed by the waveform when a delay of 50|is interval occurs 
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between the high and low frequency waves. This waveform results that the cavitation 
bubbles formed by the high frequency wave disappear during the interval so that 
violent collapse of cloud cavitation bubbles by the low frequency wave does not 
occur. Although the total ultrasound energies are the same in the case (a) and case (b), 
a deep hole about 1mm in diameter is observed at the center of the stone in Figure 11 
(a). The cavitation erosion makes this hole. On the other hand, the stone in Figure 11 
(b) does not have such a hole. The region of the center hole has the same scale of the 
focus region of the high frequency ultrasound (3.815 MHz). These results evidently 
indicate that the violent collapse of cloud cavitation can be induced in the restricted 
area by this method. 

Finally, we conduct crushing experiment using the natural kidney stones. Figure 12 
(a) shows the calcium oxalate stone fragments after the crushing test using the method 
shown in Figure 10. Figure 12 (b) shows the picture of a cystine stone after the 
crushing test. By using this method, the calciimi oxalate stone is broken into very tiny 
fragments compared with the fragments by the present ESWL machine. Also the 
cystine stone, which is the hardest stone to break, is chipped away in tiny fragments. 

High frequency 
focused ultrasound 

'■ "tone 
Cavitation 

Low frequency 
tocused ultrasound 

e 5 
Center bubtsle violently collapses      Shods vavt propagates 

IrwanJ fte hemispttencal bubble cloud 

r>. 

f 
BubbSe ctoud 

FIGURE 10, Mechanism of the control of cavitation phenomena. 

FIGURE 11. Result of the artificial stone crushing tests: (a) with the control of cavitation, (b) without 
the control of cavitation. 
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FIGURE 12.  Result of the natural kidney stone crushing tests;  (a) Calcium oxalate stone fragments 
after the experiment, (b) Cystine stone after the experiment. 

CONCLUDING REMARKS 

A Set of governing equations for the motion of a spherical bubble cloud is 
formulated taking into account the internal phenomena of each bubble and the 
compressibility of the liquid. The pressure wave phenomena in a bubble cloud are 
simulated numerically in the ultrasound field. Inwardly propagating shock wave is 
formed during the collapse of the bubble cloud and it is focused in the cloud center. 
This creates the violent bubble collapse, with pressures more than several hundred 
times larger than that of a single bubble collapse. The numerical results reveal that the 
pressure waves emitted from bubbles in the cloud center area are amplified very much 
when the surrounding pressure oscillates in the resonant frequency of the cloud. The 
maximum pressure emitted from the bubble at the cloud center becomes much higher 
than that of a single bubble and high frequency pressure oscillation is observed in the 
central region. However, the maximum pressure of the cloud remains much lower 
than that of a single bubble when the applied ultrasound frequency coincides with the 
natural frequency of a single bubble. The response curve of the emitted pressure from 
the bubble in the center of the cloud is broadened with the ultrasound amplitude. 

The cavitation behavior in the focused ultrasound field is observed by an ultra high- 
speed camera. The results reveal that the cloud cavitation can be generated in the 
restricted area by the high frequency ultrasound, and the cloud cavitation oscillates 
volumetrically by the successive low frequency ultrasound. In a continuous 
ultrasound field, the cloud cavitation covers the object at the focal area, and it does not 
transmit the energy into the cavitating cloud. 

From the nuinerical simulation and the observation of cavitation, a method to 
induce the violent cavitation bubble collapse in the restricted area is proposed. That 
is, (1) High frequency focused ultrasound generates cloud cavitation in the narrow 
area. (2) Low frequency focused ultrasound; with wavelength exceeding the diameter 
of the bubble cloud, leads to resonantly oscillating cloud cavitation. (3) The bubble 
cloud efficiently collapses. By using this method, the artificial kidney stone is broken 
into tiny fragments efficiently.   The natural kidney stones are also broken provided 
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that the ultrasound power is much less than the present ESWL machine. The break-up 
fragments are tiny enough to pass through the urethra without any pain. 
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Evaluation Of kHz-Frequency Surgical Devices 
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Abstract. Use of kHz-frequency devices for surgical procedures is a weli-icnown medical 
application of ultrasound energy. In these systems a piezo-ceramic stack in the device handle 
generates an ultrasound signal that is guided tlirough a stepped titanium horn. The distal half- 
wavelength of the titanium rod is used to clamp tissue by using a passive, non-vibrating jaw. It is 
hypothesized that the vibrational energy at the end-effector of this device is primarily converted 
to heat, leading to tissue coagulation and cutting. A basic model will be presented to better 
understand the distribution of heat resulting from mechanical energy being input in the system in 
this clamp-like configuration. Experimental results validating some of the theoretical predictions 
for temperature profiles will be presented. 

INTRODUCTION 

Ultrasound devices operating at kHz frequencies are currently being successfully 
used in various surgical procedures to cut and coagulate tissue using a single 
instrument. This tissue effect is hypothesized to result from frictional heat generated 
between the vibrating blade and the tissue. 

Further optimization of these surgical devices is anticipated to achieve better 
cutting speed and tissue coagulation. One of the significant factors that controls 
instrument performance is the heat generated at the tip of the blade, and the 
temperature reached at the blade-tissue interface. The methods used to develop such 
devices and assess temperatures are solely based on experiments and empirical design. 
Such an approach is costly and time consuming. 

Hence, computer simulation to model the functionality of kHz-frequency surgical 
devices can provide an appropriate means to evaluate and predict the heat generated 
and temperature distribution. Simulation can predict temperatures of parts like the 
interface between tissue and the blade that are hard to reach experimentally. This 
approach provides flexibility in changing design parameters easily and test out novel 
physical constructs. 

The objective of this research is to develop a thermal analytical method to predict 
the temperature of the blade-tissue-blade construct and to use the method to better 
design and optimize kHz-frequency surgical devices. 

This paper is divided into four sections. The thermal model is described in the first 
section. The governing thermal equations involved in the model are described in the 
second section. Validation of the model with experimental results is presented in the 
third section. Discussion and conclusions are presented in the last section. 
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THERMAL MODEL 

The cutting edges of the clamp-like device consist of two blades: the Titanium 
blade and the Teflon/Stainless Steel blade (Figure. 1). The latter is a stationery blade 
and helps in clamping the tissue. 

The heat is generated at the titanium tissue interface. The direction of the heat flux 
is downwards (+x-direction) from the titanium to the tissue (Figure. 2). The problem 
is divided into three one-dimensional problems. The thermal equations are attained 
for each direction then combined to form the general solution [2,3]. 

Stainless Steel ■ 

FIGURE 1. The blade - tissue - blade construct. 

Assumptions 

1. All the heat coefficients are constant (i.e. p (density), Cp (specific heat), & k 
(conductivity)). 

2. The initial temperature and the ambient temperature are constants. 
3. There are no internal resistances at the interfaces between the layers (i.e. the 

temperatures are identical) 
4. There is no heat generation within the materials (i.e. no internal reactions 

between atoms that cause heat generation). 

THERMAL EQUATIONS 

The governing differential equations, in the x-direction, are 

= -J-   0<x<a   ,t>0 
9x^    a, dt 

ar,    i_ dr.. 

h dx^    a, dt 
-= zr-   a<x<b   ,t>0 

a^ at 

3^- = rf    b<X<d    ,t>0 
ax     a, dt 

(1) 

(2) 

(3) 
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(4) |^ = -L^   d<x<L.    ,t>0 
dx      a 4  dt 

where a, b, c, Lx are the thickness shown in figure 2, and t is the time to cut the tissue, 
and a is the thermal diffusivity (a=k/pCp). 

h{T-TJ = -k 
dT 

q(heat flux input) 

Stainless Steel 
at 

FIGURE 2. The boundary conditions of the blade - tissue - blade construct. 

The solution is divided into a steady state solution and a transient solution.  Both 
are solved separately and the solutions are added up at the end. 

Thus, the general form will be, 

6jix,t) = y,j(x,t) + (/ij(x) 

The differential equations for the transient part are, 

8Vy _]d¥j 

(5) 

and for the steady part, 
dx^      a   dt 

8V, 
dx' 

= 0 

Therefore, the solution, in the x-direction, will have the fonn 

0j{x,t) = (pj{x) + f^A„Xj„{x,t)e~''''''"' 

where 
(PM) = CJX + DJ 

X^ = Aj„ sin Xj„x + Bj„ cos ?.j„x 

and An, is the weighting coefficient. 

(6) 

(7) 

(8) 

(9) 
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The governing differential equation, in the y-direction, is 

|L = ±f   o.y.L,    ,,>0 
dy      a   dt ^ 

(10) 

where, Ly is half the width of the blades. 
Therefore the solution, in the y-direction, can be expressed in non-dimensional 

form as. 

^ = J^B„cosA„y (11) 

where B,, are the coefficients for the n-eigenvalues. 
The analysis in the z - direction, is similar, to the analysis in the y - direction. 
Therefore the temperature distribution as a function of x, y, z and t (time) can be 

expressed as. 

^lotal -6,,,* 6^,,* fig,,, 

"mat ~ 

T {amhieni) 

T -T ilnhiat)      ^ {ambient) 

T     -T ly,l) (amUmt) 

T        —T {inttial)      ^(omMent)   j 

^(M) (amhient) 

Consequently, the absolute temperatures are expressed as. 

T       —T '■(Inilial)      ^ (amUent)   , 

^t^i^t — 

T —T ■* {]c,y,zA (amhienf) 

(12) 

(13) 
{mitia!)     iamhient) 

Water Vaporization 

Empirical formulas are used to express the heat transfer coefficient (h) during water 
vaporization [1]. It has been suggested that the total heat transfer coefficient be 
calculated as, 

3 
h = ^com. +-A™,:h^ < h^^ (14) 

Equation (14) shows that during vaporization the heat transfer coefficient consists of a 
convection term and a radiation term. 

Heat Loss 

Significant heat losses exist due to the extended length of the Titanium blade in the 
z-direction and the tissue in the y-direction. The amount of heat losses are estimated 
as described in [1]. 

Heat Flux Input 

The value of heat flux or power delivered to the tissue is required as input in the 
thermal model. The heat flux delivered to the tissue is assumed to be the difference 
between the power input from the generator when the device is loaded and unloaded. 
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Thus, 
Heat flux = electrical power input when loaded with tissue - electrical 
power input when unloaded 

The electrical power is expressed as P(electrical) = I(rms) * V(rms) cos (phase 
angle), where I is electric current and V is the voltage. 

RESULTS 

Several tests have been conducted to measure the temperature of these devices 
using IR camera and thermocouples. Two different sizes of titanium blades were 
tested: 0.07 in and 0.085 in diameters. The 0.07 in blade had higher temperature than 
the 0.085 in blade. The average peak temperature for the 0.07 in blade was 284° C 
where the average peak temperature for the 0.085 in blade was 214° C. The thermal 
model predicted a peak temperature of 245° C for the 0.07 in blade (Figures 5, 6) and 
200° C for the 0.085 in blade (Figures 3,4). 

Additionally, a 3D finite element model has been developed and predicted peak 
temperatures of 257° C and 192° C for the 0.07 in blade and 0.085 in blade, 
respectively. 

Temperature of mWdle sedlon at the Interface between Tltartumand tfesiie for different times 

Tissue Thickness 

0:S 1 1.5 2 2.5 3 3.5 4 4,5 
x-dlrectiort distance across the blade tissue blade interface (rrrm) 

xlO 

FIGURE 3. Temperature distribution of the 0.085 in blade across the blade - tissue - blade construct. 

304 



220 

an 

180 

160 

•140 

I  120 

- too 

80 

Tsm^sture or the top surfsse of the tBwe at afferent Iteies 
"T r~ 

OytMcle ttie cutting 
zone 

I 
I 

4? 
20 

SJSiiortcls 

Bsecontla 

4.see«id» 

Irtsiae'the 
Sutllhg johe 

2 eeconds 

OiilSde the clrtthj 
20he 

-S -4 -3        -2 -I 0 1 2 3 4 S 
Mstanee along the tissue {i(-diretflon)<rom) 

FIGURE 4, Temperature distribution of the 0.085 in blade along the tissue. 

Temperatott of niM* sectta at the Werfaa l»l*e»t IBerium 3nd t'ssqe for differmt fces 

fll 1 L- 
0 05 1 1.^ 2 fe,S 3 3,5 4 45 S 

K-ei-ectronditaTce56to«sth«btatetlssoetiMelnter1teft<miin) -j 

FIGURE 5. Temperature distribution of the 0.07 in blade across tlie blade - tissue - blade construct. 
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FIGURE 6. Temperature distribution of the 0.07 in blade along the tissue. 

CONCLUSION 

The thermal model provides understanding of the thermal behavior of kHz- 
frequency ultrasound devices. It can be used as a quick assessment of the temperature 
distribution and heat generated in the blades and the tissue. 

The results show good agreement between the thermal model, finite element results 
and experimental outcome. The results show that the tetnperature of the smaller blade 
is higher. However, the difference in temperature results is attributed to the difference 
in geoiTietry of the Titaniuin blade between the model and the experiment. The 
thermal model considered a rectangular cross section to match the geometry of the 
tissue, Teflon and Stainless Steel blades. In reality, the Titanium blade has a circular 
cross section while the Teflon and Stainless steel blades have rectangular cross 
section. Furthermore, placing the thermocouples between the blade and the tissue 
caused extra heat generated due to friction between the blade and the thermocouple, 
which lead to higher temperature results. 
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Abstract, As the use of high intensity focused ultrasound (HIFUS) increases, it becomes 
increasingly important to develop common consensus as to how exposures and clinical 
treatments are described. A regime for tissue ablation may be quantified in a number of 
different ways. Details of the ultrasound therapy source and of the acoustic field it produces 
either in water or in tissue are required to describe the "exposure" of the targeted tissue volume. 
In addition, a description of tlie mode of energy delivery, whether as single "shots" or in 
"scanned tracks" is needed. Dose is a concept used to relate the "exposure" to effects produced 
in tissue. In HIFUS dose has most usually been expressed in terms of tliermal dose. Clinically, 
the parameters of most interest are the dimensions and positioning accuracy of the ablation 
achieved, and practically the volume ablated per unit time may be important. Uhimately a target 
tissue response such as complete ablation (CA) or incomplete ablation (lA) may prove more 
usefiil. 

INTRODUCTION 

In radiotherapy treatments, a clear distinction is made between "exposure" and 
"dose", with exposure describing the ionising radiation incident on the tissue, and 
"dose" being a concept that takes into account the effects tissue has on the incident 
field, and is therefore a useful predictor of tissue response. Historically, for 
ultrasound, exposure and dose have been used interchangeably, particularly in 
diagnostic applications. Ultrasonic fields are generally characterised imder "free 
field" conditions in water. Some attempt is made to allow for the effects introduced 
by tissue by using in situ intensity values, which take into account the energy lost from 
the beam by transit through tissues overlying the volume of interest, 

HIFUS presents different challenges to dosimetry than diagnostic ultrasound. It is 
important to form a consensus on this topic for a number of reasons. As the field 
develops, it becomes more important that the acoustic fields and energy delivery 
modes are properly described in order that findings can be compared, and where 
appropriate, reproduced. In addition, once pafient trials become more commonplace, 
good communication between clinical colleagues becomes essential, and it may be 
most appropriate to compare ablation rates and tissue response. Here, a simple 
statement of the treatment parameters needed to ablate a given volume would be most 
useful. 
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DOSIMETRIC CONSIDERATIONS 

Exposure 

Requirements for description of tiie ultrasonic exposure to tissue stem from a need 
to understand the mechanisms for tissue destruction. Where purely thermal ablation is 
sought, the acoustic parameters of interest for determining the temperature rise are the 
acoustic power, peak intensity, acoustic frequency, the timing of the energy delivery 
and the beam dimensions. Where cavitation occurs, the peak negative pressure 
amplitude is also of interest. 

Transducer Characteristics 

In general, transducers used for HIFUS are either plane transducers combined with 
lenses or reflectors, or are focused bowls driven as single elements or as phased 
arrays. Whatever the configuration, the source and the acoustic field it produces can 
be characterised in a number of ways. The transducer diameter, effective radius of 
curvature, focal length and fundamental frequency should be given. Other parameters 
that are sometimes quoted are the F-number, active area and aperture angle. 

Beam Characteristics 

Complete acoustic field characterisation comprises two parts. The total power 
emitted at the transducer face can be measured using a radiation pressure balance 
technique. The beam profile is most readily measured by mapping the pressure 
distribution using a hydrophone. This is mainly perfonued at low pressure amplitudes 
to minimise the non-linear propagation effects that arise in water at high pressures and 
to avoid damage to the hydrophone from acoustic cavitation. 

Hydrophone measurements allow an estimate of the free field spatial peak intensity 
at the levels used for ablation. They also allow determination of the full width of the 
pressure (and hence intensity) profile at half its peak intensity in both axial and radial 
directions (beam half widths). 

Using the spatial peak intensity value, Isp, it is possible to estimate the peak 
intensity within a target tissue volume (peak intensity in situ), \msmi, if the attenuation 
coefficients, a, of the overlying tissue (of thickness x) are known. 

hn situ ~ to 6 

where lo is the focal peak intensity measured in water. 
When a sharply focused ultrasonic beam travels through tissue in conditions for 

which finite amplitude effects are important, there is transfer of energy from the 
fundamental frequency to harmonics, which leads to changes in beam shape and the 
effective absorption coefficient. In an attempt to define a dosimetric parameter that 
minimises this problem. Hill et al [I] have proposed ISAL - the acoustic intensity 
spatially averaged over the area enclosed by the half maximum pressure contour as 
detennined under linear conditions. In order to derive ISAL, it is necessary to measure 
acoustic power at the levels used for ultrasound surgery, and to map the pressure 
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profile under low amplitude conditions using a hydrophone with high spatial 
resolution, (which does not need to be calibrated), ISAL can be shown to be 0.557 Isp. 

It has been shown that before thermal diffusion dominates, or boiling or cavitation 
occur, the lesion diameter is close to the full width half maximum pressure. ISAL 
appears to be an appropriate parameter for predicting the temperature achieved at the 
lesion boundary. 

Energy Delivery Mode 

In order to obtain volume ablation, energy is delivered in one of two ways. In one 
regime, successive contiguous exposures are made with the transducer being held 
stationary during each "shot". A "shot" may last 1-5$ and a time interval typically of 
1 minute is left between successive exposures to allow overlying tissues to cool [2], 
In the other commonly used regime, the transducer is scanned in some fashion 
(usually linearly) through the tissue while the sound is on. This method speeds up the 
rate of ablation of volumes at depth, but increases the ultrasound exposure to skin, 

A description of the delivery mode necessitates detailing the exposure time per 
"shot" and the time delay and spatial separation between them for the "shot" by "shot" 
regime, or the scanning speed, track length and number of passes over each track for 
the moving transducer technique. 

Dose 

As discussed above, HIFUS tissue destruction is obtained predominantly by a 
thermal mechanism, but acoustic cavitation can also contribute, and these mechanisms 
are interdependent. There is no dosimetric parameter for acoustic cavitation although 
the integral of the subharmonic signal during exposure has been shown to be a good 
predictor of cell survival in vitro [3]. This approach would probably not be 
appropriate in vhm where cytotoxic temperatures are also occurring. 

The field of hyperthermia has used the concept of thermal dose with some success. 
As is well known, the toxic effect of high temperatures on cells depends both on the 
temperature achieved, and the time for which it is maintained. The relationship 
between the times (tj and ta) needed at two different temperatures (Ti and T2) to 
obtain the same biological effect has been described by Overgaard & Suit [4] as 

t2=t,R^^'''^'^ (1) 

where R is a constant found to be 0,25 for temperatures below 43° C and 0,5 for those 
above, 

Sapareto and Dewey [5] have suggested a technique whereby as the temperature 
varies, numerical integration is used to calculate the equivalent time that would give 
the same biological effect at a constant chosen reference temperature. In hyperthermia 
a standard reference temperature of 43° C is used. The thermal dose is then defined 
as the equivalent time at 43° C, Ui, where 

f43=5:^<'">Ar (2) 

where T is the average temperature during the time interval At. 
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Various authors have suggested that t43 = 240 minutes is a suitable threshold for 
tissue necrosis in HIFUS [6,7]. Damianou et al [7] have shown that in fact this value 
varies for different tissue types. It has been shown that for a l-2s lesion, the 
temperature at the boundary is approximately 56° C [1,8]. Using the above 
formulation (eqn 1.) t43 = 240 minutes is equivalent to a time at 56° C of 1.7s. It 
would seem more rational to use 56° C as the reference temperature for HIFUS where 
exposure times are typically seconds rather than minutes. 

TABLE 1. Thermal dose for different tissue types [7]. 

Tissue t43(niin) t56(s) 

Muscle 120-240 0.8-1.7 

Brain 30-100 0.2-0.7 

Liver 45-60 0.3-0.4 

Skin 120 0.8 

Kidney 250 1.8 
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FIGURE L   Graph showing relationship between lesion volume and exposure time for different 
acoustic powers. 

Tissue Effects 

Assessment of ablation success in the laboratory is made in terms of the volume of 
tissue necrosed and its position relative to that targeted. A clinically useful lesion for 
the "shot" by "shot" approach is one that follows the shape predicted by the free field 
focal volume and which falls in the expected position across the focal plane. For the 
scanned track, the volume should have the axial dimensions of a single exposure, and 
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extend the Ml scanned length. For a single lesion, the volume increases with 
exposure time if all other parameters remain constant (Fig. 1). The thickness of the 
scanned slice may vary from the radial extent of a single lesion to several times this 
value, depending on the number of times the track path is scanned (see Figure 2). A 
parameter that is predictive of the volume ablated under given exposure conditions 
would be useful for treatment planning. A number of different parameters may be 
explored here. The energy needed to create a given volume is useful for determining 
the exposure parameters (Fig.3), whereas the volume ablated per unit time (Fig 4.) 
may be of more interest to the clinician. 

TMctaTesstrfteck 

No. rf passes 
FIGURE 2,  Graph showing relationship between thickness of tissue volume ablated and number of 
passes over the same track for a fixed acoustic power and scan speed (230 W; 4 mm/s; 35 mm track). 
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Rate of volume ablation vs number of passes 

No. of passes 

FIGURE 4. Graph showing rate of volume ablation as a function of the number of passes over the 
same track (230 W; 4 mm/s; 35 mm tract: length). 

Clinical Effects 

Conventionally in chemo- or radiotherapy, response to treatment is graded in terms 
of complete response (CR), partial response (PR) or no response (NR). These terms 
seem inappropriate for HIFUS. Here tissue response and targeting success may be 
better described using terms such as complete ablation (CA), incomplete ablation (lA), 
no ablation (NA) where complete ablation infers 100% of the targeted tissue (tumour 
plus normal tissue margin where appropriate) being destroyed at the time of treatment. 
Tumour tissue does not respond to thermal ablation in the saine way as it does to other 
treatment modalities. Initially, the tumour volume, as assessed by "anatomical" 
imaging methods such as MRI, CT or ultrasound, may increase in response to the 
thermal insult. Resorption of the ablated volume is slow, and verification of HIFUS 
ablation during the first 4 weeks following treatment is best done using functional 
imaging techniques such as contrast enhanced MRI or CT, Doppler ultrasound, DSA, 
PET or SPECT. 

DISCUSSION 

The aim of dosimetry is two-fold. Firstly, it should give a meaningful description 
of the acoustic exposure to tissue, and from that allow prediction of the ablative effects 
that may be achieved. In describing the acoustic field it is relatively easy to define a 
minimum set of parameters that should be declared. These are: transducer diameter, 
focal length and frequency, axial and radial beam half widths, acoustic power and 
IsAL- From these, comparisons of different sources can be made. ISAI has been chosen 
in preference to Isp as it is easier to measure with confidence in non-linear fields, it 
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bears a close relationship to tlie lesion extent, and allows direct calculation of ISP from 
tlie relationship ISAL= 0.557Isp. 

Prediction of the volume that will be ablated from a given set of exposure 
parameters is more problematical. Tissue factors such as temperature, homogeneity 
and vascular status play an important part in the success of lesion creation. It is 
therefore still important that HIFUS treatments be monitored as they are carried out, 
using either diagnostic ultrasound techniques or magnetic resonance imaging. 

This discussion has centred on dosimetry of HIFUS for the purpose of describing 
ablation. Another important factor in clinical treatments will be dose limiting effects. 
The primaiy site for damage is the skin. Skin dosimetry is therefore an essential 
component of treatment planning about which very little is as yet known, although it is 
generally recognised that treatment through overlying scars can lead to bums. 

CONCLUSIONS 

Informative dosimetry is an important aspect of understanding HIFUS and in 
performing successful treatments. It is therefore important that some common ground 
is reached between the different groups and disciplines involved. A minimum set of 
"exposure" parameters has been suggested for the reporting of HIFUS treatments and 
studies. 
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Abstract.  Objectives:  To study the immediate tissue effects of High hitensity Focused 
Ultrasound (HIFU) with electronic scanning and to determine acoustic treatment parameters on 
two perfused organ models. 
Method: 17 livers and 23 kidneys, taken from 17 pigs, were perfused and treated by HIFU. The 
macroscopic and histological appearance of the lesions induced by focal scanning ranging from 
3x3 mm to 10 x 10 mm, focal acoustic intensities ranging from 1,700 to 17,000 W/cm2 and 
pulse energy increasing by 20% steps were studied. 
Results: Focal intensities lower than 3,600 W/cm2 allowed homogeneous " coagulation " of the 
tissues. Over 3,600 W/cm2, the tissues were heterogeneously lacerated when using electronic 
scanning. For equivalent scanning, the destruction of renal parenchyma required more energy 
than the destruction of hepatic parenchyma. The energy required for destruction of a tissue 
volume was inversely proportional to the scanned volume and the focal intensity. 
Conclusion: Electronic scanning provides an energy gain in HIFU. Focal intensity can change 
the homogeneity and the precision of the focal destruction. The choice of focal intensity will 
depend on the treatment objectives. 
Key-Words: HIFU, Extracorporal Circulation, Electronic scanning. 

INTRODUCTION 

The objective of High Intensity Focused Ultrasound (HIFU) is to induce rapid, 
irreversible and selective destruction of deep benign or malignant tumors [1]. In most 
systems, only a small volume is destroyed with each ultrasound pulse due to the 
highly focused nature of the ultrasound beam. Electronic scanning allows this volume 
to be increased as desired. Various studies [2,3] have demonstrated the potential value 
of this new technique to increase the rate of treatment of large tumors. The aim of this 
study was to verify this hypothesis in vitro on two different perfused organ models. 

MATERIAL AND METHOD 

The HIFU Device (Edap, France) 

The treatment head is composed of 160 flat piezoelectric ceramics arranged within 
a 320 mm radius spherical dish and operating at 1 MHz. The focal point has an ovoid 
shape, 2 mm in diameter and 10 mm long (Figure 1). The ceramics can be excited with 
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various power levels, allowing adjustment of the peak acoustic power between 150 
and 6200 W. 

target 

320 mm 

Ultrasound 
scanner 

w / 
1 

1 Wy ̂  

Scanner probe 

Power 
generator 

Spherical dish 

FIGURE 1. Schematics of tlie treatment head and of the motion of the focus. 

Each ceramic in this new treatment head can be activated asynchronously and 
independently. By adjusting the relative phases very rapid electronic movement of the 
focal point within the target volume can be obtained, without any mechanical 
movement of the treatment head. 

The volume scanned during each ultrasound pulse is a cube with dimensions 
ranging from 3 x 3 x 10 mm to 15 x 15 x 10 mm. Larger volumes can be treated by 
mechanical displacement of the treatment head. 

Ultrasonic detection of the target volume is ensured by a real time ultrasonic probe 
(3.5 MHz, 120° scanning angle, with a fixed focal length of 80 mm) located in the 
center of the treatment head. 

Perfusion Circuit 

The perfusion circuit (Figure 2) consisted of a reservoir with filter Minimax 1316 
(Medtronic France SA, Rueil Malmaison, France), two Stockert monoblock peristaltic 
pumps ensuring precise control of blood flow rates, an oxygenator with a heat 
exchanger Minimax Plus 3381 (Medtronic France SA, Rueil Malmaison, France) 
mounted on the arterial line, a non sterile experimentation circuit especially designed 
for this study and comprising a DIDECO D624 pediatric bubble trap mounted on the 
venous line (Sofracob SA, Reventin-Vaugris, France), The heat exchanger was 
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supplied with water heated on a Gambro HYP 10-200 hot blocic. The temperature of 
perfused blood, maintained at 37° C, was controlled by a YSI tele-thermometer 
(Simpson Electric Co., USA) connected to the heat exchanger. Oxygenation of arterial 
blood, verified before and at the end of the experimentation, maintained as close as 
possible to physiological values (Pa02 between 80 and 1 GO mm Hg, PaC02 between 
35 and 45 mm Hg, Sa02 between 80% and 100%, pH around 7.40), was ensured by a 
SECHRIST air-oxygen mixer connected to the laboratory's wall supply. 

Method 

17 livers and 23 kidneys of 17 female Large White x Land Race pigs were removed 
under anesthesia, according to a surgical procedure. The kidneys were removed first, 
cannulated, perfused and stored in Euro-Collins solution at 4° C until treatment. The 
common bile duct and hepatic vessels were immediately cannulated and connected, 
within fifteen minutes, to the perfusion circuit composed of heparinised blood taken 
from the animal before sacrifice. 

During the experimentation, the organs were maintained in an ultrasound- 
transparent tank connected to the treatment head (Figure 3). The flow rates of the 
hepatic artery (between 245 and 320 ml/min) and of the portal vein (between 430 and 
560 ml/min) were determined as a function of the animal's weight. The renal artery 
blood flow rate was systematically set at 150 ml/min. 

The focal acoustic intensity I was varied by modifying the electrical power supply 
to the ceramics. For each scanning dimension, dx, and each value of focal intensity, 1, 
the pulse duration and consequently the focal energy EcF was gradually increased by 
20% steps until homogeneous volumes of destruction, of adequate dimensions, were 
obtained. Altogether, 144 hepatic lesions and 90 renal lesions were created. 

After treatment, the organs were fixed in 10% formaldehyde solution. The volumes 
destroyed were measured. Their shape, macroscopic and histological appearance, 
examined by light microscopy, were described. The standard stain used was 
Haematein-Eosin-Saffron. The lesions were then classified according to their size and 
homogeneity. 

RESULTS 

Focal Energy According To Focal Acoustic Intensity I 

EcFm, expressed in kJ/cm2, is the mean focal energy per unit of surface area 
scanned, necessary to obtain adequate dimensions of tissue destruction (Table 1 and 
Figure 4). For equivalent scanning, EcFm is inversely proportional to focal acoustic 
intensity I. For equivalent intensity and scanning, destruction of renal parenchyma 
requires more energy than destruction of hepatic parenchyma. 
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FIGURE 2. Experimental perfiision circuits for isolated perfused liver and kidney. 
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FIGURE 3. Tiie perfused organ is immersed in a tank, itself located over the treatment head. 

TABLE 1. Hepatic and renal treatment parameters for various values of focal intensity (I) and focal 
scanning dimensions (dx). 

FOCAL 
INTENSITY 

(W/cm2) 
MEAN FOCAL ENERGY EcFm 

(k.I/cm2) 
Kidney 

dx: 2mm 
kidney 

dx: 5mm 
Liver 

Dx: 2mm 
liver 

dx: 3mm 
liver 

dx: 5mni 
liver 

dx: 10mm 

1700 16.6 15.8 15.2 12.1 

2180 22.6 
3870 7,7 4.9 4,5 

5020 7,3 
6580 7,6 6,8 3.3 3.3 

8520 9,45 6,1 
12960 3,6 
13650 3,33 3,3 1,9 1,4 

17040 4,59 3,2 
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FIGURE 4. Hepatic and renal treatment parameters for various values of focal intensity (I). 
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Focal Ener^ vs. Size Of Scanning 

On the hepatic and renal model, for equivalent intensity, the ener^ necessary to 
produce lesiom EcFm diminishes when the size of scanning increases. This ener^ 
gain due to scanning increases with focal intensity. 

Influence Of Focal Acoustic Intensity On Tissue Destruction 

At low focal mtensity (I = 1,700 W/cm2 for the liver / I = 2,200 W/cm2 for the 
kidney), no alteration of tissue echogenicity after treatment was observed. The tissues 
did not present any macroscopic or microscopic structural modifications. The whitish 
lesions had a homogeneous, oval shape, regardless of the scanning dimensions used. 
Tissues appeared to be " coagulated " (Figure 5). 

FIGURE 5: Juxtaposition of " thermal" lesions in perfused isolated liver (macroscopic and 
microscopic images). 
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At higher intensity (I > 3,600 W/cm2 for the liver and kidney), all of the focal 
lesions commenced at a satisfactory depth, but had a conical shape when focal 
scanning was used. They all resulted in hyperechogenicity of the tissue after treatment. 
The tissues were always histologically lacerated and more severely destroyed in the 
proximal part of the focal spot (Figure 6). 

FIGURE 6. Juxtaposition of high intensity lesions in perfused isolated liver (macroscopic and 
microscopic images). 

DISCUSSION 

Depending on the intensity and frequency of the acoustic beams, the mechanism of 
tissue destruction is thermal or by cavitation. At low intensity, thermal effect is 
obtained, but treatment time is longer than at high intensity where tissue destruction 
occurs mainly by cavitation. 

This model allowed the selection of precise acoustic parameters. The absence of 
intervening tissues ensured that all the emitted acoustic energy precisely reached the 
target. Since the tissue was perfused in this model, the heat sink effect of blood 
perfusion was taken into account. This is particularly important in the case of low 
intensity - longer time sonifications. 

The results of the experimentation finally confirmed the energetic advantage of 
electronic scanning for tissue destruction at the focal point. The energy required for 
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destruction of a hepatic or renal volume is inversely proportional to the scanned 
volume and the focal acoustic intensity. Energy gain was relatively low at moderate 
intensities (about 1700 W), but reached 2 with 6500 W power and scanning size about 
4 times the focal spot. 

However, the focal acoustic intensity determines the mechanism, shape and 
homogeneity of tissue destruction. Low intensity lesions, without mechanical damage, 
are homogeneous and oval shape. With high intensities, lesions start at the same plane 
and seem to grow towards the transducer. The appearance of gas cavities trapped in 
the tissues, due to tissue boiling or cavitation, may be responsive of this phenomena 
[4], because the cavities increase the ultrasound absorption. 

It is important to take this concept into account, as, in anticancer therapy, tissues 
must be destroyed as homogeneously as possible. On the other side, cavitation could 
also increase the risk of metastases [5], contrary to thermal tissue destruction [6]. For 
the treatment of maUgnant tumors, low focal intensity therefore appears to be 
necessary. 

In other indications, the homogeneity of tissue destruction is not a sine qua non 
condition. In benign tumors or hyperplasia, the objective of treatment is to decrease a 
volume [7]. In superficial bladder tumors, treatment is designed to "resect" the tumour 
extracorporeally [8,9]. The choice of a high focal intensity should then allow 
immediate mechanical destruction of the tissues and should be energetically more 
advantageous. 

CONCLUSIONS 

These experiments showed that electronic scanning provides an energy gain 
directly proportional to the scanning dimensions and focal intensity. Focal intensity 
can modify the quality and precision of ultrasound destruction. Thus, electronic 
scanning in Extracorporal High Intensity Focused Ultrasound offers more flexibility in 
selecting treatment options, with focal intensity chosen to meet specific treatment 
objectives. 
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Abstract. Management of cardiac arrhythmias aiid potential revascularization of the 
myocardium in patients with ischemic heart disease might be possible with therapeutic 
ultrasound. For example, lesion fomiation in the ventricular wall can disrupt arrhytliniias. 
Damage to the endocardium or other areas of the ventricle may promote revascularization of the 
cardiac tissue. In order to guide these therapies, a taxonomy of ultrasound lesions was compiled. 
High-intensity focused ultrasound (HIFU) %¥as used to create lesions in canine left and right 
ventricular cardiac tissue ex vivo. Sectioning, trichromic staining and photomicrography revealed 
denatured proteins in areas exposed to lower intensity ultrasound and mechanical damage 
surrounded by a "halo" of denatured protein in areas exposed to higher intensity ultrasound. 
Control of conventional beam parameters including focal region diameter and depth allowed the 
formation of intramyocardial lesions without involvement of the myocardial surfaces. This is 
potentially important because it avoids tlie formation of blood clots associated with damage to 
the inner surface of the heart. In addition, unique beam parameters including radial asymmetry 
via the use of annular array and linear strip-electrode spherical-cap tlierapy transducers produced 
"custom" lesion shapes corresponding to beam focal-region shapes, as revealed by 
photomicrographs. 

INTRODUCTION 

Sustained ventricular tachycardia is a grave instance of cardiac arrhythmia. 
Blockages in coronary arteries produce a ventricular "dead zone" surrounded by 
ischemic tissue. The electrical impulses that regulate contraction travel more slowly in 
ischemic than in healthy regions. The transit time through an ischemia can be greater 
than the refractory period of the muscle fibers, but much less than the period required 
to efficiently pump blood. The result is an extremely rapid heart rate and a severe drop 
in blood pressure [1], 

Therapies to reduce recurrence include those aimed at blocking the electrical 
current through the ischemic region by forming a lesion, and those aimed at 
decreasing the electrical impulse transit time by promoting healing through re- 
established blood flow (revascularization). 

Lesion-forming therapies often utilize radio-frequency (RF) ablation. We have 
investigated the use of high-intensity focused ultrasound (HIFU) as an alternative 
means of lesion formation, or ablation [2]. HIFU is potentially safer (minimizing 
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endocardial damage and associated clot formation), less invasive (avoiding 
catheterization) and more accurate (being guided ultrasonically). 

At the cellular level, revascularization therapies include lasers, which require 
catheterization. HIFU can potentially operate from outside the heart, and might offer 
the ability to tune revascularization attempts to the proper depth in tissue, including 
the endocardial surface [3,4]. 

Thus, an understanding of HIFU in cardiac tissue will provide a basis for its 
potential use as a lesion-forming tool and a cardiac revascularization tool, among other 
uses [5]. 

We have made a variety of HIFU lesions in canine cardiac tissue ex vivo, and in a 
simple model tissue (chicken breast). We have performed extensive computer 
simulations of the lesion formation process. All approaches are qualitatively 
consistent. We have begun to look at nonlinear effects that we hope will produce 
quantitative consistency. 

METHODS 

Canine Cardiac Lesions 

Hearts were harvested from mongrel dogs recently sacrificed for other purposes. 
Strips of ventricular and atrial tissue were degassed in normal phosphate-buffered 
saline and insonified with various transducers to form lesions. 

Cardiac lesions were made with Sonocare model CST-100 ultrasound therapy 
systems [6] which feature 80 mm diameter, 90 mm focal length spherical-cap PZT-4 
transducers, excited at 4.67 and 4.75 MHz, with acoustic power ranging from 22 to 
60 W, for durations from 1 to 10 seconds; and with a strip-electrode transducer of the 
same size (see Simulations, below) excited at 4.65 MHz, with acoustic power ranging 
from 10 to 30 W, for durations from 0.1 to 5 seconds. Ambient temperature for all 
lesions was room temperature, about 22° C. Power was measured with the radiation 
force technique. Additional characterization of the transducers was made with 0.2 mm 
diameter PVDF hydrophones. 

Lesioned regions were excised, placed in normal buffered 10% formalin, sectioned, 
stained with Masson's trichrome stain, mounted and photographed. 

Model (Chicken) Lesions 

Supermarket chicken breasts were brought to room temperature, degassed in 
nonnal phosphate-buffered saline, and insonified with various transducers to form 
lesions. 

Chicken lesions were made with Sonocare model CST-100 ultrasound therapy 
systems (see Canine Cardiac Lesions, above), excited at 4.67 MHz, with acoustic 
power ranging from 22 to 60 W, for durations from 1 to 5 seconds. 

Lesioned regions were exposed by scalpel and photographed. 
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Computer Simulations 

Three transducer designs were considered. Each transducer is of identical physical 
design: spherical-cap PZT-4 with a diameter of 80 mm and a focal length of 90 mm. 
The front of each is electrically identical, with a single common electrode formed by 
the plated concave surface. The rear differs in the number and size of electrodes: one 
transducer has a single, full-surface rear element, one has muhiple wide linear strips, 
of which the outer two, 20 mm wide, were excited [7], and one has multiple narrow 
linear strips, of which the outer two, 10 mm wide, were excited. Each transducer was 
modeled linearly. Frequency was set to 4.5 MHz, focal point intensity was set to 
5 kW/cm^, and exposure duration was set to 1 second. 

Beam Pressure 

Standard diffraction integrals [8] were evaluated numerically to determine the 
three-dimensional beam pressure profile. 

Absorbed energy 

The computation for absorbed energy used representative attenuation and 
absorption coefficients (attenuation = 0.5 dBMHz''cm"', absorption = 75% 
attenuation) [9], The tissue sample was set to 1 cm thick, with the beam focused in the 
middle. 

Temperature 

The bio-heat transfer equation [9,10] was evaluated to determine the three- 
dimensional temperature distribution as a function of time. 

Lesions 

The thermal dose integral was used to compute the equivalent time of exposure at 
43" C. Lesions were determined at points where the dose was greater than or equal to 
240 minutes [11]. 

RESULTS 

Canine Cardiac Lesions 

Lesions of distinct types were obtained. Protein-denaturing lesions, PDLs, (gently 
produced thermal lesions in which mechanical effects are minimized) can be 
distinguished from "bubbly" lesions (Fig. 1). A magnified image of a bubbly lesion 
shows a large vacuole within a myocyte. Transmural lesions can be distinguished from 
and intramural lesions in ventricular tissue (Fig. 2). Also, lesions could be formed by 
placing the transducer on the endocardial side and aiming at the epicardial side, and by 
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placing the transducer at the epicardial side and aiming at the endocardial side. 
Finally, the length of 19 measured lesions tended to increase with acoustic power, as 
shown in the dose-response curve in Fig. 3. 

^%^ f 

^j^Km 

FIGURE 1. Photomicrographs show protein-denaturing lesion (PDL) (left), bubbly lesion (center), and 
myocyte vacuole (right) in canine ventricular myocardium. Slices were stained with Masson's 
trichrome stain, and scanned images were globally color-enhanced in Photoshop. Let\ and center 
images are approximately 0.8 cm high, with transducer located endocardially. Notice the halo of 
protein-denatured tissue around the bubbly lesion. Lesions were produced near 4.7 MHz. at 
approximately 30 W. The myocyte vacuole. near the center of the right image, appears to be a thermally 
produced bubble within the cell membrane. 
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FIGURE 2. Photomicrographs show a transmural lesion (left) and an intramural lesion (right) in 
canine ventricle. Slices were stained with Masson's trichrome stain, and scanned images were globally 
color-enhanced in Photoshop. Images are approximately 1 centimeter high. Transducer was located on 
endocardial (top) side. Transmural lesion was made with a fuU-apcrturc transducer at 4.67 MHz, with 
acoustic power equal to 29 W for 3 seconds. Intramural lesion was made with a full-aperture transducer 
at 4.67 MHz, with acoustic power equal to 46 W for 1 second. 
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FIGURE 3. Dose-Response curve for 19 canine cardiac ventricular lesions made with fall-aperture 
80 ram diameter, 90 mm focal length spherical-cap transducers operated near 4.7 MHz. Lesion length 
was measured axially. Line was regression-fit. 

Model (Chicken) Lesions 

Chicken lesions were obtained that were similar to the cardiac lesions. The chicken 
lesions (Fig. 4) followed the simulation predictions (Fig. 5), with the strip-electrode 
transducer producing wider and less transversely symmetrical lesions than the full- 
aperture transducer. 

5s 

1 Gs 

0 75 s 

„ffili:m:;-rn-- 
FIGURE 4. HIFU lesions in chicken breast were made with Ml aperture transducer at 4.67 MHz, 
29 W, 1 second (left) and 20 mm strip-electrode transducer at 4.75 MHz, 25 W, various exposure times 
(right). Right sample was insonified from the opposite surface. Rulings are in millimeters. Strip- 
electrode lesions are wider than fall-aperture lesions, consistent with simulations (see Fig. 5). 
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Computer Simulations 

The beam pressure profiles, temperature fields produced in representative tissue by 
the incident beam, and resulting lesions vary dramatically and systematically as the 
aperture of the spherical-cap transducer is reduced to narrow parallel strips (Fig. 5). 
The strip-electrode transducers produce transverse asymmetry. 

full aperture 20 mm strips 10 mm strips full aperture 20 mm strips 10 mm strips 
pressure W  - -::■,,■:.: pressure • 

temperature temperature 

lesion 

♦ 

• 

FIGURE 5. Normalized pressure profile, normalized temperature field, and lesion extent as calculated 
in 1 cm of tissue with attenuation = 0.5 dBMHz"'cm"', absorption = 75% attenuation. Full aperture is 80 
mm diameter, 90 mm focal length PZT-4 spherical-cap transducer focused 5 mm into tissue, at 
4.5 MHz, 5 kW/cm^ focal point intensity for 1 second. 20 mm strips and 10 mm strips are outer strips of 
strip-electrode transducers, otherwise identical to full aperture transducer. Lefl set of images shows 
broader transverse-axial plane. Beam enters sample from left. Right set of images shows focal plane. 
Transverse asymitietry is clearly evident in these simulations. 

DISCUSSION 

Our suite of computer simulations was able to suggest appropriate doses for the 
formation of lesions and to predict the variation in lesion width with transducer design 
in the chicken and cardiac tissues. Furthermore, it demonstrates that a new transducer 
similar to our existing 20 millimeter-strip-electrode transducer, but with narrower 
10 millimeter strips, will produce an even wider, less symmetric beam, useful for 
quickly "painting" lesions in tissue. 

We were able to form protein-denaturing lesions (PDLs) and bubbly lesions 
endocardially, epicardially, transmurally, and intramurally. 

Producing a wide variety of ex vivo ventricular lesions with an exposure of less than 
1 second is no guarantee that in vivo ventricular HIFU will be easy. Nonetheless, 
Williams et al. [12] have been successful in producing atrial HIFU lesions in live, 
open-chest dogs. 

With a fine-grained striated structure and thickness of between 1 and 2 cm, chicken 
breasts serve as a convenient model of the myocardium. 

328 



Finally, we note that we have seen several higher harmonics in a hydrophone 
characterization of our long water path transducers, suggesting that nonlinear effects 
might play a role in accurate determination of delivered dose [13,14], 
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Abstract. In order to develop treatment protocols for High Intensity Focused Ultrasound (HIFU) 
therapy it is necessary both to make quantitative comparisons between numerical simulations 
and experimental results, and also to develop appropriate means to parameterize the therapeutic 
dose. We have developed an experimental apparatus and analytical procedure that enables us to 
create reproducible HIFU lesions in vitro, measure their properties, and investigate the 
associated bioeffects. Our method consists of 1) measurement of bulk sound speed and 
attenuation, 2) computer-controlled delivery of HIFU, 3) precise tissue sectioning and image 
capture, and 4) computer-aided optical analysis to quantify and reconstruct lesion geometries in 
3-D. The test chamber accommodates a sample of dimensions 45x45x65 mm'; tissue samples 
are degassed in phosphate buffered saline (PBS) and warmed to 37°C in a test tank filled with 
degassed PBS. Specially-designed positioning stands provide the means to establish accurate 
registration using either a needle hydrophone or HIFU transducer transmit/receive signals. Dose 
parameters and position are pre-programmed using software developed with LabView. After 
HIFU exposure the tissue sample and chamber are frozen for approximately 1.5 hours to 
facilitate slicing. A threaded push-rod allows precise slicing of 1.27 mm thick sections, which 
are captured with a digital camera and downloaded to a PC. Image reconstruction software was 
developed using Matlab. Dose response data from initial experiments with freshly excised 
bovine liver demonstrate the utility and repeatability of the technique. 

INTRODUCTION 

The dose response of High Intensity Focused Ultrasound (HIFU) is becoming an 
important consideration as treatment applications in cancer and hemostasis progress 
toward clinical evaluation and use. Of growing interest is the ability to compare 
experimental data with theoretical predictions in order to develop treatment protocols 
and therapy planning systems. This paper describes an apparatus and method for 
creating reproducible HIFU lesions in vitro, quantifying lesion characteristics, and 
evaluating various dose response parameters. 
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MATERIALS AND METHODS 

Tissue Preparation 

Initial dose response studies were performed using freshly excised bovine liver 
obtained from a local slaughterhouse on the day of the experiments. Samples were cut 
to fit the test chamber (45 mm by 45 mm by 55 mm) and degassed in chilled 
phosphate buffered saline (PBS) for a minimum of 30 minutes. Samples were then 
warmed for approximately 45 minutes in order to reach a temperature of 37 °C prior to 
treatment with HIFU. 

Test Tank And Positioning 

The experimental setup is shown in Figure 1, A plexiglass test tank was filled with 
degassed PBS and heated to 37 °C. The tank was continuously degassed using a 
custom-built, vacuum-membrane degassing system. Each HIFU transducer (all were 
manufactured by Sonic Concepts, Inc. of Woodinville, WA USA) was mounted to a 3- 
axis positioning system and interfaced to a rc using LabView software. An HP 
33120 function generator and ENI A150 amplifier were used to provide signal 
conditioning; a Lecroy oscilloscope was used to monitor signals and establish 
registration. Tissue samples were placed in a specially-designed aluminum tissue 
chamber, three windows in the chamber allow for HIFU treatment, bulk property 
measurement and ultrasound imaging. A special registration base for the chamber 
allowed for precise registration of HIFU treatment. 

lmagt»% probe 

Bulk pro|ferty ttinsdy&r 

HIFU Transducer 

Tissue chamber 

FIGURE 1. Test tank and instrument setup for HIFU dose response experiments. 
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Transducer Registration 

The transducer face was first registered to the plane perpendicular to the axis by 
snugging the element face against the delrin base as shown in Figure 2(a) and securing 
the delrin transducer holder to the positioner rod. Figure 2(b) shows the test chamber 
equipped with a special registration footing. Four needles mounted in the footing 
allow for precise across- and along-axis positioning of the HIFU focus within the 
tissue sample. For these experiments, a transmit/receive switch was connected to the 
HIFU transducer, and the acoustic signal was observed on the oscilloscope. The 3- 
axis positioner was adjusted by hand until the acoustic reflection off the first needle 
was maximized in the vertical, horizontal and axial directions. This position was then 
stored in the positioner control software as the reference position, or origin. As an 
alternative to the transmit/receive method, the transducer may also be registered using 
a needle hydrophone which attaches to the delrin chamber base. 

FIGURE 2.  (a) Aligning transducer face with tissue chamber base, (b) Tissue chamber with needle 
registration footing. 

BULK PROPERTY MEASUREMENT 

Figure 3 shows the "acoustic calipers" used to acquire tissue sound speed and 
acoustic attenuation data. A pair of transducers was mounted on a set of digital 
calipers to enable precise measurement of the transmission path length. The broadband 
acoustic signal was transmitted first through a water path (reference signal) and then 
through the tissue; the received reference and tissue signals were acquired, averaged 
and compared in order to recover sound speed and attenuation as detailed in [1]. 
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FIGURE 3. "Acoustic Calipers" used to deteitnine tissue bulk properties. 

Treatment Protocols 

HIFU positioning and dose parametere were computer-controlled using Lab View 
software. Two protocols, one for creating point lesions and one for creating scanned 
lesions, were developed for dose response studies. Figure 4(a) shows the laydown 
pattern programmed in Labview. A total of 9 lesions were formed on 8 mm centers in 
a single tissue sample; three lesions each were created for CW exposure times of 1, 2 
and 4 s while holding the input electrical power constant. Exposure time was 
programmed from shortest to longest to reduce thermal buildup during treatment. A 
slice from near the focus of a tissue sample treated with 5 MHz HIFU at 20 W input 
electrical power is shown in Figure 4(b) and demonstrates the reproducibility of 
lesions within a single sample. 

The scanned lesion laydown pattern is shown in Figure 4(c). A total of 8 tracks of 
15 mm length were programmed. Scan direction was from center to edge, with 10 mm 
horizontal and 8 mm vertical separation between tracks. Results from a slice near the 
focus treated with 3.5 MHz HIFU with 30 W input electrical power and scan rates 
from 2 mm/s to 5.33 mm/s are shown in Figure 4(d). Note that due to the short 
standoff distance, shadowing of the transducer field by the tissue chamber reduced the 
amount of energy delivered in the top pair of scans (choice of geometry is ttansducer 
dependent and should be made carefully). The pair of tracks above the bottom row 
were made at the same scan rate of 2.67 mm/s; these demonstrate the reproducibility 
of scanned lesions within a single tissue sample. However, the tracks also illusfrate 
that, while general lesion dimensions can be reproduced, lesion thickness along the 
track varies. 
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FIGURE 4. Treatment protocols: (a) laydown pattern for point lesions, (b) slice through tissue sample 
near focus showing results in bovine liver for a 5 MHz transducer at 20W electrical power, (c) lay- 
down pattern for scanned lesions, (d) results near focus in bovine liver tissue for 3.5 MHz, 30 W input 
electrical power. Note that the top pair of tracks did not receive full treatment due to transducer field 
shadowing. 

Tissue Sectioning And Lesion Image Capture 

In order to ensure optimal sectioning, tissue samples were frozen to -10 °C for a 
minimum of 1 hour prior to slicing. This ensured sufficient stiffness was achieved to 
facilitate slicing while minimizing the amount of tissue expansion. The sectioning 
setup using a specially-modified deli-slicer is shown in Figure 5(a). A threaded 
pushrod was mounted into the back of the chamber, as shown in Figure 5(b), until it 
snugged against a square delrin push-pad behind the tissue block. The chamber was 
then placed in a custom slider box, which was set into grooved runners on the slicer 
assembly. The tissue sample was advanced until the tissue face was even with the 
plane of the slicer blade; the tissue surface was then photographed with a digital 
camera. The pushrod was rotated 360°, advancing the tissue 1.27 mm as shown in 
Figure 5(c). The excess tissue was cut away, and the newly exposed face was 
photographed. The process was repeated until no lesions were observed for at least 
three consecutive slices. Image files were then downloaded to computer further 
processing. 
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(a) 

Slicer blade 

Tissue sample changer 
with push-rod in slider 
box 

FIGURE 5. Set-up for tissue sectioning and image capture, (a) drawing showing tissue chamber with 
push-rod in slicer mounted in specially-designed slider box. The exposed face is captured on a digital 
camera, (b) overhead photo of setup, (c) photo showing exposed tissue face. 

RESULTS 

Tissue Bulk Properties 

Sound speed and acoustic attenuation measurements in freshly excised bovine liver 
tissues are presented in Figures 6(a) and (b), respectively. Data were collected from 
33 different tissue samples taken from 10 different bovine livers. Sound speed varied 
from 1577 to 1606 m/s, with an overall mean of 1589.1 and STD of 8.2, while 
attenuation varied from 0.4 to 1.48 dB/cm/MIfe with an overall mean of 
0.76 dB/cm/MHz and STD of 0.25. Such variability can be expected in liver given its 
inhomogeneity; the results agree well with those reported in the literature [2], 
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FIGURE 6. (a) sound speed and (b) acoustic attenuation of freshly excised bovine liver measured 
using acoustic calipers. 

Image Processing And Lesion Reconstruction 

Point Lesion Data 

Point lesion image processing and 3-D reconstruction routines were implemented 
using Matlab software witli the Image Processing Toolkit. RGB slice images were 
first converted to grayscale; an example is shown in Figure 7(a). The mean 
background was computed and subtracted to reduce noise. Morphological processing 
was then used to produce binary slice images; an example is shown in Figure 7(b). 
Individual lesions were selected from the binary slice data and 3-D reconstructions 
were produced. Figure 8 shows 3-D reconstructions for Is, 2s and 4 s exposures with 
a 5 MHz transducer at 30 W input electrical power. The transducer focal length was 
35 mm; the focus was set to a tissue depth of 15 mm. Note that as exposure time 
increased lesion shape transitioned from elliptical to tadpole and the energy was 
deposited increasingly prefocally. These observations are consistent with results 
previously reported [3]. 
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FIGURE 7. Example of point lesion slice image processing for a 2 MHz transducer using the 
taydown pattern shown In Figure 4 (a) above: (a) gray scale image of slice through treated liver 
tissue, (b) moiphologically processed binary image of the same tissue slice. Individual lesions are 
selected for 3-D reconstruction; image processing parameters can be adjusted to optimize image 
morphology. 

5 MHz; 35 mm Focal Length; 30 W electrical power; Efficiency 66%; 
Focus set at 15 mm tissue depth in excised bovine liver 

FIGURE 8. Point lesion 3-D reconstruction for 1,2 and 4 s exposures. 
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In addition to 3-D reconstruction, lesion characteristics including maximum 
diameter, length and distance from transducer to lesion start can be collected and 
averaged to study the dose response. Figure 9 presents averaged lesion dimensions 
for the 5 MHz, 30 W input electrical power case. Of the parameters measured, only 
lesion diameter is observed to vary linearly with exposure duration. 
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Expowi* Kirallon (s) 

FIGURE 9. Lesion characteristics plotted as a function of exposure duration for a 5 MHz transducer 
and 30 W input electrical power. 

Scanned Lesion Data 

Image processing techniques applied to the scanned lesion data were similar to 
those applied to the point lesion data. Figure 10(a) presents a gray-scale image of a 
typical slice through tissue treated with scanned HlFlJ; Figure 10(b) presents the 
morphologically processed binary image of the slice. In the scanned case, 3-D 
reconstructions are less useful; of greater interest are the statistics related to the 
variability of the lesion along the scan path. In particular, the binary image data can 
be processed to obtain instantaneous lesion thickness across the scan; averaging the 
data yields lesion thickness (equivalent to point lesion diameter) mean and standard 
deviation. Figure 11 presents lesion statistics obtained for a 3.5 MHz case; along-scan 
instantaneous and mean lesion thickness are show in Figure 11(a), while mean lesion 
thickness versus axial depth is shown in Figure 11(b). Note that the scanned lesion is 
centered post-focally; additional samples must be processed, however, before this can 
be considered a trend. 
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FIGURE 10. Example of scanned lesion slice image processing for a sample treated with a 3,5 MHz 
HIFU transducer using the laydown pattern shown in Figure 4(c). (a) gray scale image, 
(b) morphologically processed binary image. 
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FIGURE 11. Scanned lesion characteristics, (a) Across-track lesion instantaneous and mean 
thickness obtained from a slice near the transducer focus, (b) Lesion mean radial thickness 
versus axial depth. 
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CONCLUSIONS 

The apparatus and method presented above demonstrate that reproducible point and 
scanned lesions can be created in vitro and their characteristics assessed. The resulting 
data can be used to study HIFU dose response in a variety of tissues. Dose response 
analysis for a series of experiments in bovine liver are discussed in detail in the 
accompanying proceedings paper by Kaczkowski et al. beginning on page 339. 

ACKNOWLEDGMENTS 

This publication was made possible through support provided by the U.S. Army 
Medical Research Acquisition Activity under terms of Agreement No. DAMD17-00- 
2-0063. The opinions expressed herein are those of the author(s) and do not 
necessarily reflect the views of U.S. Army Medical Research Acquisition Activity, 
820 Chandler Street, Fort Detrick, MD 21702-5014. 

This publication was also made possible through support from the Office of Naval 
Research, Code 341, via BOA N00014-01-G-0460 (order 0003). 

REFERENCES 

1. Keshavarzi, A., Vaezy, S., Kaczkowski, P. J., Keilman, G., Martin, R., Chi, E. Y., Garcia, 
R., and Fujimoto, V., /. Ultrasound Med., 20 (5), 473-480 (2001). 

2. Duck, F. A., Physical Properties of Tissue, New York. Academic Press, 1990, pp. 79-116. 
3. Watkin, N. A., ter Haar, G. R., and Rivens, I., Ultrasound in Med. & Biol., 22 (4), 483-491 

(1996). 

340 



In Vitro Examination Of Non-linear Heat 
Deposition In HIFU Lesion Formation 

Peter Kaczkowski', Marilee Andrew', Andrew Brayman', Steve Kargl', 
Bryan Cunitz', Cyril Lafon^, Vera Khokhlova^ and Lawrence Cram' 

'Center for Industrial A Medical Ultrasound, Applied Physics iMboratory, University ofWasMngton. 
Box 355640,1013 NE 4(f St. Seattle WA 98105-6698 

^INSERM Unite 556,151, Corns Albert Thomas 69003 Lyon, France 
'Department of Acoustics, Faculty of Physics, Moscow State University, Moscow 119992 Russia 

Abstract. Numerical simulations of HIFU lesion formation in tissue indicate tliat under some 
conditions, acoustic non-linearity should result in substantially higher heating rates in a narrow 
axial region within the fundamental focal zone. Surprisingly, these models indicate that in the 
absence of cavitation, non-linear "enhancement" does not appear to increase the overall size of a 
lesion over that predicted by linear models. However, the highly localized heating can lead very 
rapidly to boiling cavitation and substantial changes in local attenuation [1]. In older to examine 
this regime in tissue, carefully controlled experiments are conducted in which mode! input 
parameters and lesion shapes are measured. Static HIFU-induced lesions, in which the 
transducer is spatially fixed with respect to the target tissue, were created using frequencies of 2, 
3.5,5, 7.5 and 10 MHz, and using a range of exposures for which the linear dose, defined by the 
product Dose = Intensity x Exposure_Time was held constant. Resulting lesions were measured 
by photographing successive 1.27 mm thick transverse slices of the tissue sample, and 
reconstracted on a computer for quantitative comparison. Differences in shape and size appear to 
be generally explained by boiling cavitation, inferred from our observations of results in gel 
phantoms and tissues, and through numerical modeling (ad hoc creation of gas voids in a 
nonlinear acoustic model, [2]). In primarily thermal lesions created near the boiling threshold, a 
small pinhole void is often visible on the acoustic axis, indicating the lilcelihood that boiling was 
initiated there. Scanned lesion formation, in which the HIFU source is continuously moved 
transverse to the acoustic axis, is examined using a transparent tissue-mimicking phantom to 
elucidate the initiation of boiling. Scanning or "painting" lesions using this highly non-linear 
regime should prove to l» an efficient method of depositing highly targeted heat in a large 
volume of tissue. 

INTRODUCTION 

High intensity focused ultrasound (HIFU) is gaining importance m a new 
therapeutic tool for applications in tissue ablation [3,4] and hemostasis [5,6], 
Treatment protocols take selective advantage of HMJ's thermal (e.g. heatmg-induced 
protein denaturization) and mechanical (e.g. cavitation-induced emulsification) 
bioeffects. However, precise control over these effects (e.g. lesion size & location), 
within the treatment area is difficult to achieve because the observed bioeffects appear 
to be sensitive to local conditions near the focal region [7-9] as well as to the acoustic 
and thermal properties along the intervening acoustic path [10,11]. 
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Developing accurate numerical models for individual patients thus requires detailed 
information such as tissue geometry, thermal and acoustic parameters, and perfusion 
rates. Such modeling is becoming increasingly important as HIFU moves toward 
more non-invasive implementations, and will be integral in the development of HIFU 
therapy planning systems. Two important investigations arise from this need for 
treatment planning: 1) determining useful ways to correlate HIFU exposure with the 
resulting bioeffect(s) - that is, categorize the HIFU dose response, and 2) 
benchmarking numerical bio-acoustic models against precisely controlled experiments 
to assess, and in turn improve, model accuracy. 

We are engaged in such long-term investigations and are particularly interested in 
exploring the role of acoustic non-linearity in HIFU lesion formation. The apparatus 
and method for acquiring in vitro experimental data using freshly excised bovine liver 
was described in the previous paper (Andrew et al.). In this paper we summarize the 
dose response methodology and data that we have collected as of June 2002. Our 
preliminary results indicate that non-linear heat deposition may produce enhanced 
local heating as has been previously observed in gel phantoms [1], and at lower 
temperatures than might be expected [2]. Our results also illustrate the variability of 
the bioeffect due to tissue inhomogeneity near the focal zone and along the acoustic 
path. We present a glossary of terms and acoustic regime properties that we find useful 
to standardize. We also offer photographic examples of the dose response data we 
have collected. 

DEFINITIONS 

Dose is defined by Merriam Webster's Dictionary as the "quantity of radiation 
delivered or absorbed" at any given site. This quantity, representing the real energy 
absorbed at every point, depends on system settings and on a great number of tissue 
parameters that are essentially unknowable. Clearly, the dose is a statistical quantity, 
but it is a unique deterministic quantity for any given case. To determine what value it 
has, however, requires careful in situ measurement: this is the meaning of dosimetry, 
namely, "measurement of the dose". We distinguish between predicted dose 
(theoretical, planned, modeled, simulated, intended) and measured dose (that is, 
actual, experimental, in situ). Because of its inherently statistical nature, the dose is 
often simply described by its mean value, but regrettably the reference to this 
"average" is often omitted along with any quantification of the variance and higher 
order moments, and of the underlying probability distribution. 

Exposure, by contrast, is the energetic "input" to the body, and does not usually 
take into account the local conditions that lead to absorption at a particular site. 
Practical units for the exposure vary widely as there is no accepted HIFU standard (see 
the paper by ter Haar on page 305). The exposure can be simply related to settings on 
the instrument (for example, electrical Watts out of the amplifier), or to the expected 
value of the intensity field at the focus for a particular propagation path (e.g., the 
acoustic field in the treatment zone, as measured in water, or inferred from such 
measurements and a simple model for the tissue). Even then, there are many different 
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ways in which power in the treatment zone is reported, often making direct 
comparisons across publications very difficult. 

In summary, we use the term dose to refer to actual energy absorbed, and use the 
term exposure to describe the applied acoustic field. Both quantities vary spatially, 
and thus we find it convenient to measure HIFU system power electrically and relate 
those global exposure readings to power in the focal zone through an acoustic model, 
thus effectively 'derating' the power incident on the tissue surface by the attenuation 
of the tissue path. We have not yet confirmed these values with in situ hydrophone 
me^urements, but have made bulk attenuation measurements for each tissue sample 
using a pair of transducers dedicated to this purpose, and use this value in modeling. 

The dose response of tissues to HIFU exposure relates the bioeffect to the dose, 
usually in terms (units) related to the efficacy of therapy for a particular clinical 
objective. In this work, we quantify the thermal denaturation of tissue by measuring 
and delineating the discoloration of the sample using digital photography. Other 
studies have interpreted the discoloration in terms of histological changes (typically as 
coagulative necrosis) but we do not address the nature of the damage and assume that 
any error in estimating the spatial extent of acute necrosis using color alone is small. 

We also find it helpful to describe different acoustic regimes that lead to formation 
of HIFU-induced lesions. Here, we enumerate the characteristics we feel identify and 
qualitatively distinguish acoustic regimes by the underlying physical mechanisms at 
play, and the characteristics of the lesions they create. 

A. Linear Regime 
• Acoustic field is accurately modeled using the linear wave equation. 
• Negligible harmonic generation, 
• Negligible cavitation. 
• Heat soince given by Q = 2aZ 
• Lesion is smooth and symmetrical, and looks like the intensity beam 

pattern; well modeled by the basic bioheat equation, 
• Lesions are 'cigar-' or 'grain-of-rice' shaped. 
• AKA: "purely thermal", "linear", "PDL" (protein-denatured lesion). 

B. Non-Linear Acoustic Regime 
• Non-linear acoustic model required (e,g,, KZK, FD or FE codes). 
• Harmonic generation occure with propagation. 
• Steepened & possibly "shocked" and asymmetric pressure waveforms. 
• Increased heat deposition (compared to the linear estimate) -* "non-linear 

attenuation" is a term describing the combined effect of increased 
attenuation of higher harmonics. 

• No cavitation is assumed: bubbles are absent, 
• Heat source is harmonic content dependent: 0 = 2 a(/) M.f). 
• Heating is axially symmetrical, but no longer looks quite like Intensity 

beam pattern (sharper on axis). 
• Lesion is smooth and symmetrical, and indistinguishable from a 'linear 

regime' lesion. 
• Non-Linear Heating near axis can be huge! 
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C. Acoustic Cavitation regime - below the vapor phase transition 
• "More" non-linearity than in B above. 
• Bubbles grow only at nucleation sites: i.e., if no nuclei, then no bubbles form. 
• Bubbles grow by rectified diffusion, up to several microns at which point thej 

are likely to get destroyed and may reform as a multitude of small bubbles. 
• Bubbles change local acoustic medium bulk properties significantly, by 

lowering the sound speed (higher compressibility) and increasing the 
attenuation. 

• Complicated and significant harmonic generation / bubble cloud scattering. 
• Greatly increased heat deposition. 
• Need for a good theoretical model for an "effective medium" representation o1 

a HIFU-induced cloud of bubbles in tissue: c, p, a, and non-linearity 
parameters. 

• Heating pattern (and the resulting lesion) generally progresses back toward 
transducer. 

• Lesion no longer symmetrical; can take on "tadpole" or "carrot" or "conical" 
shape, where the larger end is toward the transducer [12]. 

• Still difficult to model, consistently observable: "stochastically reproducible.' 
D. Boiling Cavitation Regime 

• Vapor (water) bubbles form suddenly, often under superheated conditions; 
"popcorn" audible sound often detectable, stops as soon as HIFU is turned off 

• With continued HIFU vapor bubbles grow rapidly - to as much as 100s of 
microns in size - and change local acoustic medium properties dramatically. 

• Complicated harmonic generation / bubble scattering. 
• Greatly increased heat deposition. 
• Recent theoretical models for "effective" heat source from a "cloud" of 

rapidly evolving bubbles need examination. 
• Heating pattern is much more random than in acoustic cavitation regime & 

generally progresses back toward transducer, but can also produce off-axis 
lesions. 

• Lesions have distinct voids in them visible to the naked eye and under 
magnification, either long "needle holes" on axis, or cavities distributed 
throughout the lesion. 

• Very difficult to model due to large variance in results, but experimentally 
consistent: "stochastically reproducible." 

MODELING: LINEAR VERSUS NONLINEAR REGIMES 

Several authors have noted the possibility of enhanced absorption of nonlinearly 
propagating acoustic waves [13-15]. The following considerations arise in 
contemplating the importance of non-linearity, that must ultimately be explored 
numerically and experimentally: 
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1. The nonlinear heating rate can be much higher flian that of the pure linear 
estimate (fundamental fiequency alone). 

2. Harmonics are continuously generated along the propagation path, and they 
represent a small part of the total energy in the beam (typically a few percent). 

3. Geometry of haimonics is such that higher frequencies focus more tightly 
(aperture "contains" more wavelengths for higher frequencies). 

4. Non-linear heating (due to harmonics alone) is localized to an interior subset of 
the focal region (as defined for the fandamental frequency). 

5. Harmonics are attenuated more rapidly over the path than the fimdamental, 
because the attenuation increases nearly proportionally to frequency, 

6. Modeling is required to sort out fee quantitative importance of competing 
effects for different HIFU system parametere. 

Using the KZK model [16], the lesulte in Figure 1 are obtamed, indicating the 
difference in heating rate due to convereion of energy into harmonics of the emitted 
wave. However, the overall effect on lesion formation could be expected to be small, 
since little total energy is converted to harmonics at HIFU intensities m tissue. Indeed, 
the models suggest that for typical HIFU parameters, the calculated position of the 60 
degree contour of temperature is very sinular for linear and non-linear models. 
Comequently, the location of the (visible) lesion boundary is not sensitive to the 
degree of non-linearity in the acoustic propagation. (Recall that lesion boundary might 
appmmh that of ~ &i° contour because thermal dose at 57"^ C is about 2 s, and even a 
very short time of exposure at 60° is almost always enough to produce a lesion.) This 
numerical result, for non-cavitating regimes, is illustrated in Figure 2. 

M„    imiENSITY AT FOCAL PLANE Z=F 

Nonlinear 
ropagation 

-0.04   -0.02   0.00   0.02   0.04 
R-r/a^ 

402     0.i)0 '  m 

F^re 1. Tratisveree intensity profiles (upper) 
and heat deposition rates (lower) for linear and 
non-linear acoustic models, with /, = 1500 
W/cm*. 

Hie up^r plot indicates that the nem--axls 
intensUy value is somewhat higlier for 
propagation modeled including non-linear 
contributions than for the linear (fimdamental 
alone) calculation. This modest increase is due 
primarily to harmonic content: higher 
frequencies will focus more tightly than the 
fundamental, thereby ftnther concentrating the 
beamener^. 

More dramatic is the difference in heating rates 
between the linear and non-linear calculations 
Oower plot). The nearly linear increase of the 
attenuation as a ftmction of frequency leads to a 
much greater proportion of beam energy being 
converted to heat for the higher harmonics. 

B-rMo 
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Figure 2. Spatial distributions of 
temperature in liver after 0.8 seconds, 
with /,= 1500 W/cm^ exposure. 

The r = 60° C contour (approximately in 
the middle of the green band) indicates 
the approximate extent of necrosed 
tissue, and in both models the boundary 
is similar. This result implies that non- 
linear heat deposition would not be 
easily observable simply using overall 
lesion size. 

Under such conditions, the effects of acoustic non-linearity would be difficult to 
observe by lesion size estimation, and would hardly matter in the design of treatment 
protocols. This result also implies that the use of simple linear models would be 
adequate. However, propagation effects alone do not explain the sudden and rapid 
movement of the lesion boundary toward the HlMJ source observed by many authors. 

If the production of bubbles is considered, non-linear heat deposition can make a 
significant impact precisely because it is so spatially concentrated. Under our typical 
HIFU exposure conditions, axial temperatures do rise very quickly and readily reach 
70° C or more before the time that the linearly predicted lesion boundary has reached 
the dimensions of the 6 dB focal zone contour (the latter represents a reasonable 
dosimetric end point for a static lesion). Such relatively high temperatures on axis, 
combined with the very low (negative half-cycle) pressure in the focal zone due to the 
intense field there, may produce cavitation, either due to simple phase change of water 
(boiling cavitation) or to the extraction of dissolved gases from blood and tissue 
(acoustic cavitation). Cavitation should initiate preferentially on the acoustic axis 
where the combination of heating and low negative pressure is maximal (unless a large 
number of gaseous nuclei exist nearby). 

In gel phantoms, the appearance of bubbles during HMJ is sudden and it radically 
changes the local acoustic characteristics of tissue in such a way as to convert acoustic 
energy to heat more efficiently [1]. This positive feedback mechanism does lead to an 
extremely rapid increase in heating along the path between the bubbles and the 
transducer, and is the dominant hypothesis for lesions growing preferentially toward 
the transducer once this regime is initiated [12]. Because the appearance of bubbles so 
fundamentally changes the medium's acoustic properties, the relatively small region 
over which non-linearities play a role nevertheless makes a big difference in the 
efficiency of HIFU energy conversion. We see evidence of this process in our 
experiments as described in the following section. 
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EXPERIMENTAL RESULTS 

Studies In Gel Phantoms 

We have exposed our BSA-loaded acrylamide gel phantoms to a range of static 
HMJ field intensities and filmed the process using a video camera. Two time lapse 
sequences appear in the figure below. The top row illustrates a typical 'linear regime' 
sequence (with elapsed time increasing fi-om left to right), in which the lesion appears, 
grows monotonicaOy with HIFU exposure and then dissipates as the gel cools due to 
significant reversibility of the opacification process. The bottom row is an example of 
a boiling cavitation sequence in which the lesion grows in a regular manner until the 
first bubble forms, after which the bubbles appear and disappear chaotically. After 
HIFU is turned off, bubble formation halts and the lesion relaxes to a final equilibrium 
state that typically proves to be more opaque than in the 'linear' cases. This as an 
indication that the appearance of bubbles has indeed greatly increased the amount of 
heat deposited, even though the exposure was almost identical. Note the small 
increase in drive signal: linear: 154 mV; boiling: 158 mV. We consistently observed 
very shaip demarcation between no cavitation and cavitation regimes. (The signal 
voltage applied to the input of the power amplifier is linearly related to high power 
electrical drive voltage and HIFU amplitude,). 

drive = 154 mV (little or no cavitation — linear regime 

drive = 158 mV 
(obvious appearance of bubbles as bright spots that come and go — boiling cavitation regime) 

Figure 3. Transverse view of the focal zone in gel. A video camera was used to observe the temporal 
evolution of HIFU lesions in a protein-loaded acrylamide gel. These frames are extracted from the 
video: approximate elapsed time is two seconds, with time increasing from left to right. 
Top panels;. Bottom panels:. 

Preferential boiling near the beam axis is observed consistently, and the collapse 
and resurgence of bubbles is hypothesized to be due to the effectiveness of shielding 
of the field once a bubble has appeared, allowing the vapor to cool enough to 
condense again. We observe end-points in tissue that appear to be consistent with our 
observations in gel. 

In Vitro Point Lesions In Bovine Liver 

We have observed the formation of cavitation-induced voids and tissue 
emulsification in the centers of static lesions (in which the transducer does not move 
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with respect to the tissue) in preliminary dose response studies. We observe end-points 
in tissue that appear to be consistent with our observations in gel (see Figure 4). 

Bubbly Lesions Boiling Cavitation on Axis 

Figure 4. Evidence of bubbles in tissue, for static HIFU-induced lesions. 
Left: Cavitation and boiling regimes (mixed). Transverse sections of point lesions at three different 
exposure levels, in bovine liver, in which lesions have grown toward the transducer (out of the page) and 
'bloomed' in the transverse dimension. 
Right: Onset of boiling cavitation on-axis: Transverse sections of lesions that exhibit axial cavities, 
hypothetically formed by vapor bubbles on or near the acoustic axis. 

In Vitro Scanned Lesions In Bovine Liver 

Scanning protocols allow additional control over the delivery of HIFU energy, and 
they provide a new opportunity to investigate nonlinear enhancement. We hypothesize 
that the initial appearance of large vapor bubbles may be rapid, but further heat 
deposition is prevented by shielding. Moving the location of the focal zone would 
permit continued rapid heating in a controlled manner. Experiments conducted 
wherein the HIFU transducer is translated at a uniform velocity along a linear track led 
to the lesion tracks imaged in Figure 5. 

20 W 30W 40W SOW 60W 

Scan rates scaled such that I/v = cst mm/s 

Figure S. Linear lesion traclis in bovine liver. Five different exposure power values (20, 30, 40, 50 
and 60 W), and 5 different transducer velocities (3, 4, 5, 6, and 7 mm/s in a direction transverse to the 
beam axis) were used to examine the response of tissue to scanning protocols. Each frame consists of 6 
tracks, with velocities the same in each frame, but with the speeds indicated on the rightmost frame. All 
images are taken from the depth slice at focal maximum. The top and bottom center tracks in each 
frame were made at the same scan rate (4 mm/s) to verifv the repeatability of the technique. 
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Clearly visible is the random nature of the bioeffects given uniform exposure 
conditions. Track deflections and lesion "fades" are likely due to distortions in the 
HMJ beam due to the acoustic path. Distinct gaps are recognized as vessels (water 
filled) and other biological structures, and in the case of the 60W input power 
exposures there is clear evidence of cavitation. We will examine the data to obtain 
statistical descriptions of the bioeffect m a step toward building stoch^tic models for 
dose response. Figure 6 illustrates the result of quantification of the lesion width along 
the track using image processing, and the compilation of that data for several depths 
within the focal zone. 

Realistic scanning protocols will require complex, application-dependent 
trajectories. Tumor treatment, for example, will depend on tumor geometry and 
acoustic window, while blunt trauma hemostasis protocols might require scanning of 
multiply-located lines, planes and/or points. In addition, all such complex trajectories 
will be subject to tradeoffs in the therapy delivery control parametere that depend on 
system capabilities and treatment planning algorithms. To investigate a simple 
extension of the linear scan, perhaps useful for treating spheroidal tumors or 
cauterizing a volume, we developed a circular scanning protocol. We explored similar 
tradeoffs between exposure power and translational velocity along track, as well as the 
inter-track spacing. Given the experience gathered in preliminary scans, we studied the 
role of accumulated heat on lesion width. Of particular interest is the accumulation of 
heat that occure in an interior region as circular tracks are placed in a sequence of 
decreasing radius (we did not use spiral scans because of the difficulty of 
programming the motion stage). 

U^eeOtpttpuji'i 

Figure 6. Lesion width along track (left), and lesion width as a function of axial distance from the 
transducer (right). Image processing using color value thresholding leads to the plots above. The values 
are obtained from the observed track; different insults are obtained along the planned track. 

The images of transveree slices in Figure 7 illustrate the results of just such 
experiments. It is easy to see how scaimed tracks provide a wealth of information on 
lesion size and character from a single tissue sample, and how treatment protocols can 
benefit from the rapidity with which HIFU-induced thermal ablative therapy can be 
conducted using moving transducers. 
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Figure 7. Examples of circular scans in excised bovine liver tissue: (a) shows different scan rates for a 
single input power of 50 W. (b) shows constant scan rate (2 mm/s) and power (50 W), stepped from 
outside toward the center at constant decrements of radial distance of 2 mm. Note that heat is beginning to 
build in the center and causes tissue denaturation without focal exposure, (c) constant scan rate 
(2.7 mm/s), and results in less thermal buildup and resulting denaturation in the center, (d) 50W, 
2.7 mm/s, 1 mm radial decrement; a total of 8 tracks were made, moving about half-way toward the 
center, and the entire central area has been denatured. 

DISCUSSION AND CONCLUSIONS 

Our results indicate that non-linear heat deposition likely spurs the development of 
water vapor bubbles by boiling. Non-linear heating is due to absorption of higher 
harmonics of the field generated only by acoustic propagation (here through tissue) 
and has greatest effect on axis in the focal zone. Boiling provokes an extremely 
sudden (highly non-linear) increase in local heating as elucidated by Holt and Roy in 
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gel [1]. It appears that such boiling cavitation happens below 100° C, because the 
large negative pressures in the focal region lower the boiling point significantly. The 
extremely small spatial extent of the effect makes it veiy difficult to measure directly. 

Our investigation of the bio-response associated witii HIFU exposures that heat to 
temperatures near the boiling cavitation threshold indicates that local dose in tissue 
can fluctuate significantly for a constant exposure setting. This fluctuation has two 
important components that stem fix)m the natural heterogeneity of tissue: variable 
absorption in the focal zone, and variable acoustic power at the focus due to scattering 
along the acoustic path, A good therapy planning system must consider the random 
nature of the local dose resulting fi»m a constant applied exposure, and a stochastic 
model for bioeffect should be an integral part of HIFU therapy planning and real-time 
control. 

Nonlinear (propagation) effects may be avoided or enhanced by adjusting the HIFU 
source parameters (under the constraints of device aperture and acoustic window). 
Bubble creation can be tailored with some control; lower intensities would permit 
'stable cavitation', while boiling is initiated with high focal intensities. Non-linear 
heating is itself enhanced by a combination of high focal gain and high initial power. 

Scanning the HIFU transducer has many advantages: treatment is faster, because it 
allows optimal use of the non-linear regime which is hampered in static configurations 
by vapor bubble shielding. Motion leads to more consistent bioeffect, since vapor 
bubbles lead to relatively uncontrolled lesion formation. Nevertheless, sources of 
randomness and uncertainty still exist. We believe that there is a need for stochastic 
models to better characterize dose response in a heterogeneous, random medium in 
which many parameters will not be known. 
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Abstract. This paper will introduce the work we have done on therapeutic ultrasound technology 
for tumor therapy since the 1970s. Our first uhrasound applicator for hyperthermia was 
developed in 1984, which was a single-element machine. From 1984 to 1997, we successively 
developed several multiple-element ultrasound machines whose probes were 2x2 or 3x3 planar 
transducer arrays. They had been successfully applied in the clinic for tumor hyperthermia. We 
have also been devoted to research on high-intensity focused ultrasound (HIFU) applications for 
tumor therapy since tlie middle of 1980s. After a large amount of in vitro and in vivo 
experiments, we've found that HIFU has many merits when used for tumor ablation and can be 
an effective method for tumor treatment. In 2001, we successfully built a double-focusing HIFU 
system for tumor therapy, whose probe consists of six self-focusing transducers where all the 
foci of the transducers aim at the same point. Each element is independently controllable. The 
ultrasound frequency is 1 MHz, and the ultrasound intensity is above 3000 W/cm^at a focal area, 
which is 3 mm>!3 mmxg mm. The system has been used in three hospitals in China for clinical 
experiments. More than 157 patients with tumors or cancerous diseases have been treated and 
good curative effect has been achieved. 

INTRODUCTION 

Due to its excellent focusing and penetration abilities, ultrasound has been used for 
hyperthermia for a long time. Generally, heating techniques can be categorized as 
conventional hyperthermia or high temperature hyperthermia according to the 
temperature in target regions. Conventional ultrasound hyperthermia is usually used as 
an adjuvant to radiotherapy or chemotherapy, and elevates target regions to 
temperatures in the 41-45° C range. The biological rationale is twofold: hyperthermia 
is directly cytotoxic, especially in deprived microenvironments with low blood supply, 
hypoxia, and low pH, such as are commonly encountered in portions of a malignant 
tumor; and hyperthermia is a "sensitizer" that can increase damage induced by 
radiotherapy and chemotherapy and prevent subsequent repair. In high temperature 
hyperthermia, temperatures of the target regions will be elevated above 50° C by high 
intensity focused ultrasound. It can be used alone to selectively destroy or permanently 
alter tissue regions. 
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We began research on ultrasound technology for tumor treatment in the late 1970s. 
From conventional hyperthermia to high temperature hyperthermia, we have designed 
and constructed several systems for tumor therapy. In this paper, we will introduce the 
work we have done. 

CONVENTIONAL HYPERTHERMIA 

Our first ultrasound applicator was built in 1984 and consisted of a single-element 
therapeutic ultrasound applicator, shown in Fig. 1. It was also the first such applicator 

FIGURE 1. Single-elemental ultrasound applicator built in 1984. 

in China at that time. This applicator can heat a 5 cmx5 cmx5 cm area to the 
temperature range of 42-44° C. To achieve the optimal therapeutic effect, we designed 
several different applicators to match the ultrasound field with the target tissue area. In 
1992, we built a multi-element ultrasound applicator shown in Fig. 2. The main probe 
is a 3x3 planar transducer array. Electrical scanning was used to achieve the 
uniformity of the temperature distribution. An improved multi-element ultrasound 
applicator was buiU in 1997, as is shown in Fig. 3. 

FIGURE. 2. Multi-element ultrasound 
applicator built in 1992. 

FIGURE 3. Improved multi-element 
ultrasound applicator built in 1997. 

HIGH TEMPERATURE HYPERTHERMIA 

High intensity focused ultrasound can be used to selectively destroy tissue deep 
within human body non-invasively. Because the energy can be concentrated precisely, 
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the boundaries of the coagulated volume are sharply demarcated, and damage to the 
overlying or surrounding tissue is avoided. Typically, ultrasound intensities at the 
focus range from 1-10 kilowatts/cml Such high intensities will result in instantaneous 
tissue coagulation. In 2001, we built the HIFUNIT-9000 Ablation Knife, as is shown 
in Fig. 4. Up until now, we have completed more than 60 clinical experiments and 
found very good results. 

Main pro 

Compute 
control 

Treatment 

Power amplifier 

B-Scanner 

FIGURE 4. fflFUNIT.9000 Ultrasound Ablation Knife. 

The main applicator of the HIFUNIT-9000 Ablation Knife consists of a B-scanner 
probe and an array of six self-focusing transducers. Each transducer is of concave 
aperture, with a diameter of 60 mm, which can produce a focus at 157 mm. Each 
transducer is controlled independently, and operates at 1 MHz. The electrical input for 
each transducer can be adjusted continuously within the range of 0-100 W. The 
maximum acoustic output of a single transducer is 68 W. The transducers are equally 
distributed on a concave surface and geometrically aim to the same focus of size 
3x3x8 cm^. When all transducers are switched on and all inputs are set at Ml, the 
acoustic power will exceed 3000 W/cml The B-scanner probe is placed in the center 
of the applicator, and can diagnose and localize the tumor within the human body as 
well as monitor the treatment process. A sketch of the main probe is shown in Fig. 5. 

B-Scanner probe 

Degassed water 

Plastic membrane 

Target area 

Self-focusing 
transducer 

FIGURE 5. Sketch of the main probe of the fflFUNIT 9000. It consists of six self-focusing 
transducers and a B-scanner probe. 
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The applicator of the HIFUNIT9000 has two advantages. First, it is especially 
designed to enable the patients to lie in the supine, rather than the prone, position, 
which makes them feel relatively comfortable. This is especially important to those 
patients who have been very weak. Second, the probe has great flexibility in 
movement. It can move 0-100 mm in the x,- y-, and z-directions, and can also rotate in 
the range of 0-30° around the x-axis and 0-20° around the y-axis. Combined with the 
movement of the treatment bed (0-240 mm in the x-axis, 0-1200 mm in the y-axis, and 
0-300 mm in the z-axis), the main probe can reach any part of the human body with 
ease, which means the machine can be used to eliminate tumors wherever the B- 
scanner can detect them. 

Operation of the HIFUNIT 9000 is very convenient. First, doctors use the B- 
Scanner to localize the tumor. Once the doctors set up the tumor area and determine 
the exposure dosage, the treatment process is automatically executed by computer- 
control. The dosage is determined by four factors: the number of transducers used, the 
power of each transducer, the exposure time, and the interval time of each exposure. 
Usually the exposure time is 0.1 with a 0.2 s interval. Mechanical scanning is adopted 
to cover the entire tumor area. During the therapy, doctors can change the dosage 
according to patients' responses. For example, if a patient feels too much pain, the 
power can be reduced and exposure times increased. 

The treatment is safe for patients. Most patients don't need to be anaesthetized and 
others only need local anaesthetic. They can talk with doctors about what they are 
feeling at any time during the therapy. And the B-Scanner can also monitor the 
treatment process in real time, because images are changing due to changes in US 
attenuation or in the stiffness of the tissue during therapy. 

To evaluate the efficiency, we classified pain into four levels. Level zero: no pain at 
all; level one: slight bearable pain, but need no analgesic; level two: twinge, has some 
influence on sleep and requires analgesic; level three: have great pain that influences 
sleep seriously and requires anesthetics. If the pain degree of a patient has dropped 
more than two levels, we define it as evidently effective; if the pain degree of a patient 
has reduced one level, we define it as effective; and otherwise there is no effect. 

In all the patients who accepted the treatment and have reported to us, 87 patients 
had pain, among which 24 at level one, 39 at level two, and 24 at level three. After the 
treatment, 43 were classified as evidently effective, 41 as effective, and 3 had no 
effect. Data for relief after treatment are shown in Table 1. 

TABLE 1. 

Symptom Cases 
Relief cases 

Evidently effective Effective No effect 

Pain 87 43 41 3 

Bellyache 21 12 7 2 

Anus distension 27 0 24 3 

Frequent urine 16 16 0 0 

Blood urine 17 17 0 0 

Blood feces 1 1 0 0 
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After treatment, tumor tissue histology analysis was done in 19 patients. The 
histological results indicated that all tissues in the tumor area were coagulatively 
necrosed. Shown in Fig. 5 are the histological pictures of a mammary tumor after 
treatment. Pictures shown in Fig. 6 are the histological pictures of a recurrent 
transferred rectum tumor after treatment. 

0- y*^^ 

FIGURE 5. Histological analysis of a mammary tumor after treatment, (a) Necrosis of the tissue 
accompanied by cell inflammatoty response. Tumor tissue structure is greatly destroyed, (b) Remains 
of tiie necrosed capillary wall is seen in the middle, with surrounding stracture inflanmiatory. 

FIGURE 6. Jejunum mucosa glands are destroyed; no clear cell boundary can be seen, accompanied 
by formation of capillary thrombus. 

From the information about patients who have accepted treatment, we believe the 
HIFUNIT-9000 can effectively eliminate tumors in the abdomen, pelvis and limbs, and 
superficial tumors. Generally, it can be used to treat tumors wherever the B-scanner 
can detect them. 

ACKNOWLEDGMENTS 

We sincerely acknowledge the following personnel and institutes: 
• Faculty, staff and students of the Shanghai Jiao Tong University 
• All staff of Shanghai A&S Science Technique Development Co,, Ltd, China 
• Shanghai Hua Shan Hospital, China 
• The Eighty First Tumor Center, Nanjing, China 
• The Second Affiliate Hospital of ZhengZhou University, China 
• Hunnan Tumor Hospital, China 

And we especially thank Professor Lawrence Crum and Professor Shahram Vaezy 
for their valued opinions for our work. 

357 



REFERENCES 

1. Rivens, I.H., Clarke, R.L., and ter Haar, G.R., IEEE Transaction on Ultrasonics, Ferroelectrics and 
Frequency Control, 43, (6), (1996). 

2. Diederich, C.J., and Hynynen, K., Ultrasound in Med. * Biol, 25 (6), 371-887 (1999). 
3. Nyborg, W.L., Ultrasound in Med & Biol., 27 (3), 301-333 (2001). 
4. Shiyan, L., and Ruiying, L., Modern Tumor Hyperthermia: Theories. Methods and Clinic, China, 

Xueyuan Publisher, 1997, pp. 12-34. 

358 



Water Cooled Intraoperative HIFU Applicators 
With Frequency Tracking 

Roy W. Martin''^**, Shahram Vaezy''^, Carol Comejo^, 
Jerry Jurkovich^ 

Universit}' of Washington, Center for Industrial and Medical Ultrasound', and Departments of 
Surger^, Anesthesiology' and Bioengineering^, Seattle, Washington, USA 

Abstract. HIFU applicators with solid cone coupling offer a new method of producing 
hemostasis in trauma. Water-cooled applicators of two tip styles, which operate at 5.7 MHz, 
were fabricated and tested in vitro and in vivo. These applicators were found to be highly 
resonant (Q of 327). The resonant frequency was discovered to shift -0.6 KHz /° C increase in 
the cone temperature depending on the applicator. A frequency tracking circuit was developed to 
maintain the excitation on peak resonance as the applicators warmed with use. Standing wave 
ratios were thus sustained below 1.6 for applied electrical power levels up to 150 Watts. A 
maximum of -15 KHz shift occurred in use. Acute in vivo studies were conducted with 
anesthetized juvenile swine. Trauma models included: blunt trauma by a high velocity impact to 
the chest and surgical punctures, incisions and transections of blood vessels, liver lobes and 
spleen. The general findings were that there is no smoke generated or charring of the tissue, no 
interference in the ECG, volume and surface cauterization can be performed, cauterization can 
be performed in the face of profuse bleeding and hemostasis is achieved in all organs and 
vessels. In blunt trauma injuries large liver fractures were treated and rendered hemostatic with 
an average of 15 minutes of HIFU treatment and a 54 minute surgery. Almost all tlie treated sites 
were found hemostatic after reopening the surgical site after an average of 3.6 hours of 
abdominal closure. Large veins (greater than 3 mm in diameter) posed problems and required the 
aid of sutures to stem bleeding. On the average the amount of fluid found in the abdomen per 
weight of die animal was much less than reported in the literature with a similar injury and 
observation protocol but different treatment modality. We have found some build up of clotted 
blood on the more pointed applicator, which must be periodically removed. The frequency 
tracking technique worked well—^no fading of acoustic power level was found during 
procedures, a problem previously encountered. 

INTRODUCTION 

We have demonstrated the potential of HIFU in the surgical environment for 
producing hemostasis in a number of studies [1-7], Most of this early work was 
performed using a single transducer element with a concave spherically focusing 
piezoelectric element [2-5]. Attached to the transducer was a conical shell that was 
filled with water and truncated proximal to the focal point of the transducer (Figure 
lA). The shell was sealed with an acoustic transparent membrane to maintain the 
fluid in the shell and also provide an acoustic window for the ultrasound to pass 
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through. This trancated tip was then placed against the hemorrhaging tissue or blood 
and the ultrasound passed through it to the focal site. Intensities of 2000 W/cm'^ were 
generally produced at the focus. The major mechanism for producing hemostasis was 
found to be tissue heating and coagulative necrosis. Streaming, radiation pressure and 
cavitation also plays a role. In solid organs such the liver, spleen and more recently 
the lung [8] the creation of a blood and tissue emulsion has been found to be very 
important. This emulsion if left undisturbed quickly hardens and provides a seal over 
injured parenchyma. 

The use of water filled cones for coupling the ultrasound from the transducer to the 
tissue is technically simple but it poses problems from a practical method in the 
operating room. We found it was necessary to change membranes several times during 
a study because holes developed in them. This required refilling the cone with water 
and removing all bubbles each time the membrane was changed. The distraction and 
time to accomplish this in human surgery is unacceptable let alone the problem of 
maintaining sterility while accomplishing this task. We therefore investigated other 
coupling methods that would be more practical in the operating room. Solid material 
was considered and a prototype aluminum coupler was developed [9]. A spherical 
concave piezoelectric element was bonded to a matching convex surface at the base of 

Conical \ 
Shell -► 

Removable^ 
Membrane Covers 
Truncated Tip 

A.    When In Use 

Conical Shell 
Truncated 

—S.7MHZ 

-- 9.6 MHz 

Spherically Focusing 
Piezoelectric Element 

Epoxy Bonding 

Solid 

Truncated with 
Spherical Surface 

B. 

FIGURE 1. A. An applicator with an acrylic 
conical shell for a coupler. The coupler is 
filled with water to transmit the ultrasound. B. 
The technique in which a solid cone applicator 
is made. C. Three applicators fabricated with 
aluminum for the solid cones. The radius of 
curvature of the piezoelectric element for the 
5.7 MHz applicator is larger than for the 
9.6 JVIHz resulting in a longer coupler. 
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the conical shaped apphcator (Figure IB), The outer dimensions of the cone were 
made larger than the natural focusing beam pattern to avoid the longitudinal waves 
from encountering the boundary and being converted to shear waves. Avoiding shear 
waves is important. The slower speed that they propagate with respect to longitudinal 
waves in solids can interfere with the phase coherence of waves arriving at the tip of 
the applicator. Lack of coherence diminishes the efficiency of an applicator. A number 
of applicators were fabricated (Figure IC.) and tested in vitro and in vivo. Based on 
these results a second generation of applicators was developed as well as a custom 
electronic drive and cooling system. This has then been employed in a number of 
animal studies and is presented here. 

APPLICATORS AND DRIVE SYSTEM 

Two problems were found with the early aluminum applicators. First, we found the 
tip tended to erode with use due the softness of aluminum and the presence of 
cavitation adjacent to the tip, and second we had a high failure rate of the devices. 
Changing the tip material to titanium solved the first problem. Titanium has high 
tensile strength, good heat conduction, and although it is heavier than aluminum, it is 
lighter than many other metals. We have found no erosion with this material. 

The second problem has been more compUcated with several contributing factors. 
First, we discovered the piezoelectric to cone bonding material initially used could not 
tolerate a very high temperature. Consequently, a heat cured epoxy was identified that 
could withstand temperatures up to 200° C. A curing fixture was developed and used 
that applied and maintained high pressure on the piezoelectric element forcing it 
against the base of the cone during heat curing. This technique provided bonds that 
didn't fail at elevated temperature. Nevertheless, since the efficiency of the electrical 
to acoustic conversion was between 50%-60%, depending on the device, a lot of heat 
was generated in the applicator and would eventually affect the piezoelectric material 
and the units would deteriorate. Water cooling was then introduced into the design and 
that made major improvements in the life of the units and allowed us to run them at 
much higher power. We then discovered that the resonant frequency would shift down 
in frequency as the units were used. We realized that since the applicators are very 
resonant (Q ~ 327), a small shift in frequency produced a considerable mismatch 
between the transmitter and the transducer, and that further decreased the efficiency of 
the system. Thus more power had to be applied for the same acoustic output power 
which added further to heating the applicator. We found even with the water cooling 
the appUcators would warm with heavy use, enough to produce about a 20 KHz 
frequency shift. An example of frequency change occurring in one applicator is given 
in Figure 2. 

The cause of the shift was determined to be due to the speed of propagation in the 
titanium decreasing as the temperature increased. This affects the resonance because 
the high Q results fi-om energy reflecting back forth along the body of the cone 
between the tip and the piezoelectric element. Therefore the speed of sound in the 
body of the cone plays an important role in establishing the resonant frequency. 
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5.688750 MHz 5.712000 MHz 
FIGURE 2. Impedance (magnitude and phase) plot of an applicator at two temperatures. Note the peak 
magnitude shifts a -23.250 KHz for a 38° C increase in temperature (0.611 KHz/° C). 

There are multi-resonating frequencies that result in the applicator with spacing 
between them related to the length of the cone and the speed of propagation. The most 
efficient resonant mode is when the resonance of the applicator falls on the center of 
the natural resonance of the piezoelectric element. Efficient operation then required a 
transmitter that operates at this frequency and could track the frequency change that 
occurs with temperature change in the cone maintaining the excitation continually at 
optimal resonance point. 

We consequently developed such an excitation system. This was accomplished by 
incorporating a directional coupler between the transmitter and the transducer. The 
reflected voltage from the coupler was then mixed against the excitation frequency. A 
signal was thus obtained that increased in amplitude as the reflected voltage increased 
(due to the excitation frequency being increasingly off resonance). Further, the 
polarity of the signal was related to whether the excitation frequency was above or 
below resonance. This signal was used to control a digital frequency generator 
stepping it down or up in 100 Hz steps as needed in order to minimize the signal and 
track the frequency. The resulting system maintained the standing wave ratios below 
1.6 for applied power up to 150 Watts. By preserving the excitation on resonance the 
applicator was more efficient, and a maximum of-15 KHz shift was recorded during 
in vivo use. This change resulted from about a +17° C temperature rise in the water 
cooled applicator. 

A dual channel excitation and cooling system was built (Figure 3A.) in order to 
allow two applicators to be used simultaneously or to allow the surgeon to change 
quickly between two types of applicators, using the one most desirable for a particular 
bleeding situation (Figure 3A). The cooling part of the system allows pumping 
cooling fluid through each applicator at a flow rate of 630 ml/min each. The system 
can deliver 220 Watts to each channel (50 ohm load at 5.5 MHz) under continuous 
use. Since the system is still a prototype it was mounted on a cart to allow it to be 
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easily moved to different investigative sites. Two titanium applicator styles have been 
used in a variety of animal investigations (Figure 3B &C). 

./" 

iiiiiii Titil'iamS^ 

JF"   ^ 

Figure 3. A. The electronic and cooling system for two channels. B. Water-cooled titanium HIFU 
applicator (5.7 MHz). The piezoelectric element Is 2.54 cm in diameter with a spherical curvature with 
a radius of curvature of 6.35 cm at f/# 2.5. The cone is truncated so the applicator focuses at a distance 
of 1.3 cm from the tip. C. An applicator similar to B, but the tip is truncated closer to the natural focus 
of tlie spherical piezoelectric element. The focus centers at 5 mm from the tip. 

IN VIVO ANIMAL HEMORRAGE STUDIES 

Numerous studies have been conducted with our solid cone applicators but a recent 
one involved investigating HIFU therapy for blunt trauma. In this investigation 11 
juvenile swine (31,7 ± 4.1 kg) were studied along the guidelines approved by National 
Institutes of Health for laboratory animals and a protocol approved by the University 
of Washington's Animal Care and Use Committee. The animals were anesthetized and 
then received a blunt impact to the abdomen over the area of the liver utilizing a nail 
driving gun impacting on a 5 cm diameter and 1.3 cm thick aluminum disk placed on 
the skin. This blow resulted in a variety of injuries to the liver varying from trauma 
level II to III. It was observed that these injuries were similar to those that people 
receive with accidents that produce blunt abdominal traimia. The animals were 
maintained anesthetized during laparotomy, the injured liver was exposed, and HIFU 
was administered to all the bleeding sites using a 5.7 MHz water-cooled titanium 
coupled applicator. Electrical power levels were applied up to 150 W continuous to 
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the applicator. On the average 15 minutes of HIFU exposure time was used for each 
animal but that depended considerably on the extent of the injury. When all the 
bleeding sites that were found had been treated to the level to achieve hemostasis, all 
fluid was suctioned from the abdomen, and the animal was closed. The average 
surgery time was 54 + 23 minutes. The animals then were kept anesthetized, fluid was 
given intravenously to try to maintain blood pressures, and the animals were given 
heparin throughout to try to model a state of coagulopathy as is often encountered in 
blunt trauma patients. At 3.6 + 0.4 hours the animals were reopened and the injury 
and treated sites were inspected for bleeding. Any new fluid that had accumulated 
during that period was aspirated and measured. On the average 8.6 + 6.2 ml/kg was 
found. This was less than that reported by Cohn, et al. [10] in a study of 14 pigs 
insulted similarly. Seven of their animals were treated with normal surgical approach, 
which included packing the bleeding site before closing. The other 7 were treated in a 
similar manner except, instead of packing, fibrin glue was used. They reopened the 
animals at about 1.5 hours and recovered on the average 51 ml/kg for those packed 
and 17.6 ml/kg for those who received fibrin glue. Although their protocol was similar 
to ours it was not identical in several areas. We therefore cannot make an absolute 
comparison but it appears that our HIFU approach did perfonn well when contrasted 
with their study. Perhaps the most positive finding was that in almost all cases the 
treated sites were still hemostatic at the time of reopening. Nevertheless, we found we 
had missed some bleeding sites in some of our initial laparotomies and one of our 
animals died at 2.6 hours. All the other animals had viable vital signs at the time of 
reopening. The biggest problem found with the HIFU method (as with other 
techniques) was when large veins (greater than 3 mm diameter) were ruptured. They 
required suturing in addition to HIFU but that was not always completely satisfactory. 
It was discovered in the animal that died that a large vein of about 1 cm in diameter 
had ruptured but was hidden by the gall bladder. 

SUMMARY 

Overall the water-cooled applicators when operated with frequency tracking 
performed very well. The frequency tracking maintained standing wave ratios below 
1.6 with power of up to 150 Watts applied. There was no smoking generated or 
charring from the HIFU technique, hemostasis could be achieved with blood in the 
fracture, surface and volume cauterization was produced, and there was no 
interference with the ECG. However, large veins required the assistance of sutures or 
other means. The applicator shown in Figure 2B worked the best for large fractures. 
The other applicator tended to have dried or clotted blood build up on it which 
required removing by an abrasive action. The applicators tolerated gas sterilization 
with no problems developing. One applicator was used over 1. 7 hours in the study. 
The unit and applicators were also used successfully in another study in treating pig 
lungs that is reported in this proceeding [8]. 
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Abstract. Intraductal thermal surgery has been shown to be a useful therapeutic option when 
external ultrasound applicators cannot be used as their beam may not reach the target site. In this 
study the feasibility of developing a cylindrical array (10-mm O.D.) for the treatment of 
oesophageal tumours was evaluated. If plane transducers are used the ultrasound beam has to be 
rotated in order to generate a sufficiently large volume of necrosis. Furthermore, rotating 
intraductal applicators and controlling their shooting direction present technical difficulties. To 
solve this problem, the feasibility of an array has been evaluated using a 10-mm cylindrical 
prototype, which is composed of 16 transducers working at 4.55 MHz and arranged on a quarter 
of the cylinder. In order to treat depth sector-based or circular area, plane waves were generated 
by exciting eight successive elements of the array with appropriate excitation delay times. The 
shot direction was changed by exciting a different set of eight elements, thereby electronically 
rotating the ultrasound beam through the tissues. Ex vivo experiments were carried out on pig 
liver and permit to generated three reproducible well-defined lesions up to 15-mm, separated 
from each other by a 22.4° angle. In all sets of experiments, the sonication time and the intensity 
were 20 seconds and 17 W/cm' respectively. This work was support by a grant from the French 
ministry of industry (N° CNC02F). 

INTRODUCTION 

A large proportion of digestive tumours develop initially inside the circumference 
of the lumen. This is the case for many oesophageal tumours. Results obtained by 
surgery or the use of systemic methods (radiotherapy or chemotherapy) does not allow 
us to envisage curative prospects. Local destruction by physical means is one of the 
research themes which, it is hoped, will lead to therapeutic progress. For this reason, 
endoscopic techniques to clear the oesophagus ducts are routine. Of these methods, 
laser photocoagulation [1,2] is often used, but it is relatively expensive and demanding 
because tissue destruction is superficial and several sessions are generally needed to 
achieve symptomatic improvement. In the past, high intensity ultrasound has proved to 
be highly efficient, both experimentally and clinically, in inducing homogeneous and 
reproducible tumour destruction by thermal coagulation necrosis [3,4,5]. In the case of 
oesophageal cancers, one of the problems is to be able to treat a tumoral volume which 
is sometimes sector-based and extends to variables depths. To solve this problem, 
Melo de Lima [6] reconsidered the idea of plane rotating transducers [7], already 
applied to biliary ducts [8]. This solution provides deep coagulation necrosis (up to 
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10 mm) on a short time scale (around 10 seconds). This system requires mechanical 
rotation of the shaft of the apphcator to treat large volumes so that successive shots 
cannot follow on rapidly, as already noted by many authors [9,10,11]. If the active part 
consists of several transducers, the form and intensity of the pressure field created can 
be controlled electronically by modulating the amplitude and phase applied to each 
element. The location of the heat point can then be moved without the need for 
mechanical movement. Several layouts have been suggested. Applicators with linear- 
mounted elements are rare, because they do not completely dispense with the need for 
mechanical movement [12]. Elements disposed on the concave surface of a focused 
applicator combine electronic and geometric focusing [13,14,15]. Since it is possible 
to create several focal points simultaneously, the time take for a complete treatment is 
also greatly reduced [16,17]. 
To solve the problems of treating oesophageal tumours, we suggest the use of a 
cylindrical phased array ultrasound applicator, 10 mm in diameter, consisting of 64 
transducer elements, operating at 4.55 MHz, disposed around the entire periphery of 
the cylinder. In this configuration, the ultrasound field is naturally divergent. To 
produce plane propagation, eight consecutive elements are excited with the 
appropriate delay times. Mechanical movement of the applicator is replaced by 
electronic rotation of the ultrasound beam using eight other elements to change the 
shot direction. This method guarantees more accurate shooting angles, and sonication 
sequences which are not dependent on mechanical constraints. 
The aim of this work is to study the feasibility of a 64-element applicator using a 
prototype consisting of 16 transducers disposed over a quarter of the cylinder. 
Coagulation necroses were produced on pig's liver. Initially, elementary lesions were 
formed by generating, with the array, a plane wave to ensure that appropriate delay 
times collimate the ultrasound beam so that it is comparable with a lesion generated by 
a plane source. By rotating the beam electronically, we studied the correspondence 
between the position of the lesion and the three groups of transducers with an angular 
distance of 22.4° between them, which were used to induce these lesions. Then, 
choosing a finer angular step (6°), contiguous lesions were induced to ensure that all 
the region of interest was treated. Finally, the acoustic intensity was modulated during 
a series of 9 ultrasonic shots to generate a lesion, the depth of which varied according 
to the angular position. 

MATERIALS 

The prototype applicator consisted of a biocompatible silicone tube 12 mm in 
diameter with a 1.5 mm thick wall ending with two 15 mm diameter brass sleeves 
which mechanically hold the active part, a 10.6 mm diameter cylinder. This sector- 
based phased array is composed of 16 plane transducer elements 70 ^m apart. Each is 
390 (im thick and works at a frequency of 4.55 MHz. Their dimensions are 
0.45x15 mm^ and they are disposed over 90°. RF connections were made via a 
miniature coaxial cable 150 cm long, 50Q, with a 0.52 mm OD. The outer ground 
conductor was connected to the external face of the transducers. The aft wave is 
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dissipated in a hollow rigid cylindrical backing which gives the active part its 
mechanical rigidity. The transducer elements are cooled by a continuous flow of 
degassed water which circulates along the front of the transducers, then goes inside the 
backing. The cooling circuit water, maintained at 25°C, is driven by a Masterflex 
peristaltic pump (Cole Panner Instrument Co., Chicago, USA) at a speed of 
0.21 L/min. maintaining the temperature of the transducer elements at about 45° C 
during sonication. The cooling circuit water also provides ultrasonic coupling between 
the transducer and the target tissues, so that, if necessary, the depth of treatment can be 
increased by moving the maximum temperature zone further away from the front of 
the transducer. The active part of the applicator is covered by a 65-^m thick latex 
balloon attached with 4/0 polydioxanone (PDS) suture thread (Ethnor, Neuilly, 
France) and covered by watertight seal. This envelope produced 9% of the ultrasonic 
pressure loss. A tube (1 mm OD) over the whole length of the applicator, holds a 
guide wire which, during future use in vivo, will first be inserted into the oesophagus 
to guide the probe to the treatment zone. Electricity was provided by 16 AHF 855 
power amplifiers (Adece, Artannes, France) which put into sinusoidal form the TTL 
signals generated by a 50 channels pattern generator (PG1050 Acute, Hsin Chuang 
City, Taiwan). Sixteen channels of the generator were used in this study. The delay 
can be adjusted for each channel with a resolution of 10 nanoseconds. 0-1OV digital- 
analog output cards are used to adjust the gain on each amplifier. Input cards capture 
analog voltages (delivered by the amplifiers) directly proportional to the direct and 
reflected power. A Pentium 4 PC controls the input-output cards and the generator. An 
I/O card management program developed under Dynamic C is used to capture and 
store the values of gain and power provided during each ultrasonic shot. A significant 
increase in reflected power indicates a problem (vaporization of cooling water, 
incorrect acoustic coupling between the transducer and the target tissues, formation of 
bubbles or accidental heating of the transducer) which can damage the active part of 
the applicator. This is why, if reflected power is 10% more than incident power the 
program returns a null value to all amplification gains. 

Coaxial cables 
Active part 15 mm ,       10 mm 

Guide wire 

Water exit 

FIGURE 1. Schematic drawing of our cylindrical ultrasound phased array. 

METHODS 

Trials were performed ex vivo on a total of 18 samples of butcher's pig's liver. 
Before the experiment, each sample of liver was degassed in a vacuum (0.7 bars for 
30 min) to remove microbubbles initially present in the tissue. During the tests, each 
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sample was immersed in a tank of degassed water maintained at 37° C. A 
thermocouple was inserted in each sample to ensure that the temperature was close to 
37° C before starting the shots. The ultrasound applicator, inserted in the middle of a 
rectangular parallelepiped of liver (100x100x30 mm^), was attached to a PVC support 
to prevent any movement (Figure 2). This experimental protocol using pig's liver was 
the same for all three studies described below. 
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Figure 2. Experimental system and electrical equipment for the ex vivo experiments 

The lesion generated by 8 elements excited to collimated the beam were compared 
with lesions induced by a plane transducer [8]. The delays applied to elements 1 to 7 
were 10, 110, 180, 210, 200, 170, and 100 nanoseconds respectively, element 8 being 
used as reference. The eight elements delivered an acoustic intensity of 17 W/cm^ 
during 20 seconds. To show that it is possible to rotate the ultrasonic beam 
electronically, a series of three separate lesions, 22.4° apart, were produced. Each 
elementary lesion was obtained by exciting three groups of eight transducers 
successively. During each shot, the active elements delivered an acoustic intensity of 
17 W/cm^ for 20 seconds. To obtain the separate lesions, the pause duration was set to 
one minute. Elements 1 to 8, 5 to 12 and 9 to 16 were used during shots one, two and 
three respectively. During examination of the necroses obtained, the angular distance 
between each lesion was measured by tracing three lines joining the centre of the 
applicator and the middle of the lesions to ensure that electronic rotation wad 
accurately transmitted. During the second ex vivo study, contiguous lesions were 
produced by 9 successive ultrasound shots. As before, plane waves were recreated 
from 8 elements for each shot. Acoustic intensity and sonication time were also the 
same, 17 W/cm^ and 20 seconds respectively. For each new ultrasound shot, we used 8 
elements displaced by one transducer with respect to the previous shot, corresponding 
to the finest possible angular distance (5.6°). The time between two consecutive shots 
was 10 seconds. Using the same procedure, lesions were induced by modulating the 
acoustic intensity of the shots. As before, 9 ultrasonic shots, offset by an angle of 5.6°, 
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were realised successively every 10 seconds. Sonication time was 20 seconds for each 
shot. The first three lesions were produced using an acoustic intensity of 12 W/cm^ 
the next three at an intensity of 17 W/cm^ and the last three at an intensity of 
12 W/cm^. Using the same protocol, we also produced lesions through 4 successive 
shots, every 10 second, at an intensity of 12 W/cm^ during 20 seconds, then 5 shots 
every 10 seconds were performed at 17 W/cm^ during 20 seconds. In this study we 
restricted ourselves to a power of 17 W/cm^ to avoid damaging the transducers 
Liver samples were frozen just after treatment to make the lesion easier to cut and 
examine. When the tissue temperature was close to -6°C, the tissues were sliced along 
a plane perpendicular to the acoustic axis, at mid-height from the transducer. The 
coagulation necroses were inspected macroscopically at the end of the experiment. 
The distinction between the surrounding non treated tissues can clearly be seen in a 
medium like pig liver; the lesion has an off-white colour, sometimes dark at the most 
heated points, similar to that of cooked liver. 

RESULTS 

All the coagulation necroses obtained were distinct and reproducible. The 
cross-sections made perpendicular to the applicator axis were used to measure the 
depth and width of the lesions. Figure 3a shows 7 lesions induced by a 5.1 MHz plane 
applicator at an ultrasound intensity of 19 W/cm^ during 20 seconds. The necrosis 
reached a depth of 20 mm from the applicator surface. Figure 3b shows an elementary 
lesion induced by 8 elements of the array generating a plane wave. Ultrasound 
intensity was set to 17 W/cm^ during 20 seconds. The lesion reached a depth of 15 mm 
from the applicator surface. Figure 3c shows the three basic lesions produced by 
electronic rotation of the ultrasonic beam. Each lesion is 14±1 mm deep and 5±1 mm 
wide. The angle between lesions one and two is 26°. The angular difference between 
lesions two and three is 24°. Considering the positioning and size of the transducers, 
the theoretical difference between two consecutive lesions produced using hit 
experimental protocol was 22.4°. Angular differences were thus respected at ±5° 
which corresponds approximately to measurement uncertainty. The average acoustic 
intensities emitted by each element of the array during this experiment were 17.0, 16.5 
and 17.1 W/cm^ for shots one, two and three respectively. Figure 3d shows a 
continuous coagulation necrosis, 19 mm deep and occupying a sector of 90°. The 
average acoustic intensity emitted by the elements during all the shots generating this 
lesion was 16.6 W/cm^. A dark area corresponding to the part of the tissue which was 
strongly heated is visible in the center of the necrosis. Figure 3e shows the lesion 
obtained by modulating the power emitted according to the angular position. Average 
acoustic intensities were 11.8 W/cm^ 17.2 and 12.3 W/cm^ for shots 1-3, 4-6 and 7-9 
respectively. As before, the zones in the centre of the lesion are brown. Figure 3f 
shows a lesion also obtained by modulating the power emitted according to the 
angular position. Average acoustic intensities were 12.0 W/cm^ and 17.3 W/cm^ for 
shots 1 -4 and 5-9 respectively. A brown area is visible in the centre of the lesion. The 
lesions shown in Figures 6 and 7 are 5+2 mm and 15±1 mm deep for tissues exposed 
to intensities of 12 and 17 W/cm^ respectively. 
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(e) (f) 
FIGURE 3. (a) 7 lesions induced by a 5.1 MHz plane applicator at an ultrasound intensity of 19 W/cm* 
during 20 seconds, (b) Elementary lesion induced by 8 elements of the array generating a plane wave. 
Ultrasound intensity: 17 W/cm= during 20 seconds, (c) Three elementary lesions obtained by 22.4° 
rotation of the beam. Intensity fixed at 17 W/arf for 20 seconds; one minute pause between each shot, 
(d) 9 ultrasound shots every 10 seconds. Angular step 5.6°. hitensity and exposure time were set at 
17 W/cm' and 20 seconds respectively, (e) 9 ultrasound shots every 10 seconds. Angular step 5.6°. 
Shots 1-3 and 7-9: 12 W/cm= for 20 seconds. Shots 4-6: 17 W/cm= for 20 seconds, (f) 9 ultrasound shots 
every 10 seconds. Angular step 5.6°. Shots 1-4: 12 W/cm= for 20 seconds. Shots 5-9: 17 W/cnf for 20 
seconds. 
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DISCUSSION 

All the lesions obtained ex vivo are clear and reproducible. When eight consecutive 
elements of the array are excited with a phase law permitting the recreation of a plane 
wave, the coagulation necroses obtained are in the form of a flame. For shooting times 
of 20 seconds at acoustic intensities of 17 W/cm^ the depth of treatment observed is, 
on average, 16±2 mm. This lesion geometry is that routinely observed when using a 
plane transducer as is the depth of the necrosis as shown in Figure 3a^. The height of 
the lesions is essentially the same as that of the transducer, as has always been the case 
when using plane transducers^. Electronically rotating the beam in the tissues has 
produced a series of deep lesions. When the waiting time between each ultrasound 
shot is long (1 minute), the lesions are all separate. It is then easy to measure the 
angular distance between two consecutive lesions. The angular value expected (22.4°) 
according to the geometry and size of the active part is relatively close to the 
experimental results (24±2°) which confirms the possibility of generating precise 
electronically rotating plane waves (Figure 3c). So that there is no untreated area 
during sonication of a tumoral mass, we have also shown that a fine angular step (6°) 
can be used to obtain continuous necroses. These are logically deeper than basic 
lesions (19 mm instead of 17 mm) because with a short pause (10 seconds) each lesion 
benefits from the heat generated by the previous ultrasound shot. When two successive 
shots are displaced by one transducer, the central elements are also most often used, so 
that the tissues opposite these transducers receive a greater thermal dose, generating 
the brown areas observed in Figures 3b, c and d. The sectoral aspect and variable 
extension in depth of oesophageal tumours pose major problems in treatment by 
physical means. These difficulties can be solved using this approach which combines 
electronic rotation and modulation of acoustic intensity of shots according to the 
angular position. The minimum angular step in our applicator also means that healthy 
tissue immediately adjacent to the cancerous area can be preserved when a sector- 
based tumour is being treated. 

CONCLUSION 

This work enabled us to study and develop a prototype circular array of 16 
elements. We have shown that an appropriate phase law can be used to recreate a 
plane wave with a directivity comparable to that generated by a plane transducer. In 
addition, the elementary lesions obtained are the same as those generated by a plane 
applicator, both in terms of depth of treatment and necrosis geometry. It was also 
shown that the electronic apparatus controlling the transducers provides electronic 
rotation of the ultrasonic beam which complies with the array geometry and ensures a 
precise control of the deposit power. The principle of a plane rotating beam permit to 
adjust the treatment depth according to the angular position. 
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200 Elements Fully Programmable Random 
Sparse Array For Brain Therapy: Simulations 

And First Ex Vivo Experiments 

M. Pemot, J-F. Aubry, C. Dorme, M. Tanter and M. Fink 

Laboratoire Ondes et Acoiistique,ESPCl, France, Paris 75005. 

Abstract. A fully programmable random sparse array has been specially designed and 
built for noninvasive transskull brain tiierapy. Due to the strong increase of sound 
absorption of the skull with frequency, the frequency of the transducers has been set to 
1 MHz. In order to correct the phase and amplitude distortion induced by the skull, the 
active element size has to be smaller than the correlation length of the skull 
(approximately 1 cm at 1 MHz). Moreover, the element size has to be small enough to 
permit beam steering in a sufficiently large volume. The array is made of 200 high 
power transducers (Imasonic, Besan9on, France) with a 0.5 cm^ active area, enabling us 
to obtain 300 bars at focus. In order to optimize the focus, several transducers 
distributions on a spherical surface have been simulated (hexagonal, annular, and semi- 
random distribution). Secondary lobes were significantly reduced by using a semi- 
random array. Furthermore, simulations and experiments showed the capability of the 
random array to electronically move the focal spot in the vicinity of the geometrical 
focus (up to +/- 15 mm at 140 mm depth). The semi-random array has been assembled. 
A good agreement between simulated and experimental focusing patterns is shown. 260 
bars have been measured at focus and ex vivo experiments are under investigation. 

INTRODUCTION 

The feasibility of the practical clinical realization of noninvasive surgery using 
High Intensity Focused Ultrasound in order to bum tumors has been demonstrated [1] 
and is today widely studied [2,3,4,5,6]. However ultrasonic brain tumor hyperthermia 
remains limited due to the strong aberrations and absorption induced by the skull. In 
order to build an array that can correct for these aberrations, a number of design 
considerations have been discussed [2] and a first prototype was recently developed by 
Clement et al [3]. During the last two years, a prototype devoted to brain IIIFU has 
also been designed and built in our lab. As suggested by clement and Hynynen, we 
used a F/D number lower than one in order to reach the maximum antenna gain. This 
new system is working at a higher frequency (1 MHz) than the one built by Hynynen's 
team. An higher frequency improves resolution and increases the cavitation threshold 
but also increases the overheating of the skull surface and the aberrations induced by 
the skull on the beam pattern. First ex-vivo experiments are under investigation. 
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ARRAY DESIGN AND SPECIFICATIONS 

A 1 MHz driving frequency was chosen for the array. This operating frequency has 
been chosen by considering several factors: The F/D aperture of the array, the focal 
spot size, the absorption coefficient, the cavitadon threshold and finally the electrical 
matching of the transducers (linked to ration between the size of the transducer and the 
wavelength). On the one side, at low frequencies, the absorption coefficient is smaller 
and necrosis is harder to reach. Moreover, cavitation occurs sooner as the cavitation 
threshold decreases with frequency. On the other side, it is obvious that a higher 
frequency can achieve a more localized focus, but above 1.3 MHz the absorption and 
scattering loss of the skull increase very rapidly, and a high fraction of the wave 
energy is absorbed by the skull [8]. Moreover, at high frequency, the constraints 
imposed by steering abilities and electrical matching are incompatible with a 
reasonable number of transducers, as ones has to maximize the array aperture to avoid 
skin and skull heating. 
Several transducers spatial repartitions have been investigated in order to minimize the 
secondary lobes and optimize the beam steering capabilities of the system. Thus, in 
order to optimize the number of transducers and their size, several considerations have 
been taken into account. The array must be able to focus at its geometric center, 
correcting the aberrations induced by the skull, which means that the active element size 
has to be smaller than the correlation length of the skull (~ 10 mm at 1 MHz). Moreover the 
array must be large enough to distribute energy evenly across the skull bone in order 
to avoid undesired skull heating. A 140 mm geometrical focus and 180 mm array 
diameter were chosen in decrease at best the F/D ratio [clement]. Finally, the number 
of transducers must also be sufficient to deliver therapeutic power level at focus. The 
acoustic power required in ablation operating regime is typically 1500 W.cm"^ at 
1 MHz, which corresponds to a overpressure of 70 bars at focus when passing through 
the skull. Considering the absorption of soft tissues (0.7 dB.cm"^), and the absorption 
induced by the skull (an average loss of 11 dB), the pressure obtained at focus in water 
without the skull must be approximately 400 bars. All transducers of the array have 
been characterized individually. Each transducer was linked to its 50 Ohms electrical 
matching and reached a 60 % efficiency. The electrical power delivered by each of the 
200 electrical channels is 18 Watts. Consequently, each transducer can generate 2 bars 
at focus (140 mm) in water during 5 seconds. Therefore the array will be composed of 
approximately 200 elements. 

SIMULATIONS 

The performance of several transducers distributions, as hexagonal, concentric 
shifted rings and quasi-random, was investigated (Fig. 1), For each array the 3D 
acoustic field was calculated by using the impulse diffraction code SIMULFA 
developed by D. Cassereau. The different sparse phased arrays have the characteristics 
previously described. According to Oavrilov et al. [9], the sparseness (52%) was 
within the limited range 40 to 70 %, allowing beneficial effects of randomization. In 
order to assess the performance of the different arrays we calculated the acoustic field 
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when focusing at geometrical focus, and finding the maximum intensity in grating 
lobes. 
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FIGURE 1. Hexagonal and quasi-random transducers distributions. 
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FIGURE 2. Acoustic field in tlie focal plane for the hexagonal (left) and quasi-random (right) arrays. 

Figure 2 shows the intensity distributions in the focal plane for the hexagonal and 
quasi-random arrays. Grating lobe levels associated with an aperiodic distribution 
(concentric shifted rings and quasi-random arrays) are 10 to 12 dB less than those 
associated with periodic element spacing (hexagonal array). The concentric rings and 
quasi-random arrays have quite similar performance in the focal plane, the maximum 
grating lobe level is lower than -20 dB. However the quasi-random array has better 
performance in the near field: on the acoustical axis the pressure amplitude of the 
quasi-random array was found 10 dB lower than the one of the concentric rings array, 
see Fig 3 (and Fig. 7b for the experimental validation). 

We have also investigated the increase of the grating lobes level when 
electronically shifting the focus in the lateral direction. Figure 4 shows the intensity 
distributions in the focal plane for the concentric rings array when the focus is shifted 
from 0 to 20 mm off the acoustical axis. 
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FIGURE 3. Simulated Intensity versus deptli for the concentric ring and quasi random arrays. 

FIGURE 4. Intensity distribution for the concentric ring array, with the focus steered a) 0 mm, 
b) 5 mm, c) 10 mm, d) 20 mm in the y lateral direction. 

The intensity distribution was deemed acceptable if the maximum intensity in the 
grating lobes were at least 10 dB lower than that in the main lobe, which is the 
commonly accepted level for safe delivery of treatment [10]. The steering range was 
very poor with the hexagonal distribution (+ 3mm), but quite good with the aperiodic 
distributions (+ 15 mm), see Fig 5. The grating lobes remain below -6dB up to a 
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20 mm steering distance. Consequently, tlie quasi-random distribution was finally 
chosen as it gives the lowest level of grating lobes in the focal plane as well as in the 
near field and it presents good steering capabilities. 

10 

-Concentric 
-Hexagonal 
■Quasi random 

Steering distance (mm) 

FIGURE 5. Intensity of the maximum grating lobe as a function of the steering distance from the 
geometrical focus. Three distributions are studied: Concentric shifted rings, hexagonal distribution and 
quasi random distribution. 

EXPERIMENTS 

The quasi-random sparse array previously designed was constructed. The 197 high 
power piezocomposite transducers (8 mm diameter, 0.5 cm^ active area, Imasonic) 
were mounted in a sealed spherically curved holder made of a mixture of Ureol 6414B 
and Ureol 5075 A (Vantico Ltd). This material was selected for its thermal, 
mechanical and acoustical properties. Each transducer element was individually 
matched to the 50 Q output impedance of the generator. The matching boxes were 
placed in a PVC box totally water proof, Fig. 6. The coaxial lines from the matching 
boxes were connected to a 197-channel driving system. Each channel could provide 18 
electrical Watts. A computer was used to control the operation of the 197-channel 
driving system. The pressure was measured in water with a Golden Lipstick calibrated 
hydrophone (SEA, Soquel, CA), at low power. At focus, we measured an average 
value of L8 bars contribution for each transducer. 

We also scanned the acoustic field by moving the hydrophone in the x, y and z 
directions. The experimental fields are very close to the one obtained with the 
simulation; see Fig. 7.a and 7.b. The -6dB dimension of the focus is 
L5xl.5xl0.5 mm^, and the grating lobes are lower than -20 dB. 

378 



(b) 

FIGURE 6. (a) 200 elements sparse array prototype and the electronic system. The waterproof 
rectangle contains the 200 electrical matching boxes, (b) Quasi random distribution of transducers 
embedded in spherical shaped Ureol. 
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FIGURE 7. (a) Experimental scan of the intensity distribution for the quasi-random array in the focal 
plane (XY plane). This beam pattern was found to be in good agreement with the numerical simulation 
in Fig. 2b. The amplitude is in a dB scale between 0 and -30 dB. (b) Experimental scan of the intensity 
distribution in tlie XZ plane. The amplitude is in a dB scale between 0 and -30 dB. 

In a next step, a skull and a piece of cow liver were insetted in water between the 
hydroplione and the array. The water tank temperattire was 25° C. A time reversal 
process combined with amplitude compensation was performed in liver at the 
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geometric center of the array in order to correct for phase and amplitude aberrations 
induced by the bone on the ultrasonic beam [4]. The resulting intensity field was 
scanned in the focal plane. It is shown in figure 9 and compared with the field 
obtained without any aberration corrections. The uncorrected beam is strongly 
degraded by the skull. The focal spot is not at the desired location and is widely spread 
in comparison with the corrected one. Moreover, an important point is that the 
pressure amplitude at focus of the corrected beam (70 Bars) is 2.25 times higher than 
the pressure amplitude of the uncorrected one. Consequently, it results in a 5 times 
higher heat deposit. 

Y(mm) X(mm) 
(a) 

Y(mm) 
(b) 

Figure 9. Experimental distribution of the normalized intensity in the focal plane (a) without 
aberrations corrections and (b) with corrections. Black lines correspond to -3 dB, -6 dB and -9 dB. 

In order to check experimentally the heating pattern and the steering capabilities 
obtained through the skull a plexiglas slice (10 mm width) was placed behind the skull 
so that its first interface is located in the focal plane of the system. A 2 seconds 
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insonification was achieved and induced a burning at the plexiglas interface. The 
emission signals were then tilted electronically in order to focus at 7.5 mm in the four 
cardinal directions. As one can notice in figure 10, the targets are clearly defined, the 
"plexiglas necrosis" size is about 1,5 mm diameter. The impact is more important at 
the geometrical center of the system as the focal pressure amplitude decreases when 
tilting the beam. 

FIGURE 10. Impacts induced in a slice of plexiglas located in the focal plane (Z = 140 mm) through 
tlie slcull. The impact size is about 2 mm. Aberration corrections were achieved at center by using an 
hydrophone and next impacts were achieved by tilting electronically the beam. 

FIGURE 11. Lesions induced in liver through the skull. The target is located at depth Z = 140 mm 
from the array. Lesion size is about 2 mm diameter for the center spot, 4mm for the one below, 2mm for 
tlie right one. The spatial pitch between each lesion is 7.5 mm. Aberration corrections were achieved at 
center by using an implanted hydrophone and next impacts were achieved by tilting electronically the 
beam. Distance between horizontal necrosis Is 7.5 mm. Distance between between vertical necrosis is 
about 9 mm as the liver slice was involuntarily stretched during the cut slice by slice. 
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The same kind of experiments were conducted in liver samples. An implanted 
hydrophone allows first to correct the skull aberrations for one location. The beam is 
then electronically tilted 7.5 mm away from the initial focus in the four cardinal 
directions. Two high intensity focused beams of duration 7s (with a waiting time of 10 
s between each shot) were first emitted at the initial hydrophone location in the liver 
sample, see Fig. 11. The necrosis size is about 3 mm diameter. Then, the same 
procedure was used when tilting electronically the beam 7.5 mm up and 7.5 mm to the 
left. Fig. 11. As one can notice, the necrosis is smaller according to the intensity 
decrease regarding to the tilting angle. In order to increase the thermal dose for the 
next tilting angles, four shots were used for the right target and six shots were used for 
the last focus (down). The necrosis size increases with the thermal dose. The thermal 
dose allowed to predict the size of the necrosis which is in good agreement with the 
measurements. 

Finally, the overheating induced at the skull surface was checked in several 
locations on the outer table for a 10s insonification at maximum power with a 50 % 
duty cycle. An average 2.5° C temperature increase (from the initial 25° C temperature 
of the water tank) was found without any watercooling system. Figure 12 shows the 
temperature elevation for a given thermocouple location. 

20 30 40 50 60 
time (s) 

FIGURE 12. Temperature elevation on tiic skull surface for a 10s insonification at maximum power of 
the system with a 50% duty cycle. Average overheating was found to be about 2.5° C without any 
watercooling system. 

SUMMARY AND CONCLUSIONS 

A 200 elements sparse array was designed and built for brain H.I.F.U. It 
capabilities in terms of aperture, working frequency, electrical matching and electronic 
steering were optimized. Each transducer is linked to its own Emission/Reception 
electronic channel. After correction of skull aberrations using the time-reversal 
process achieved with an implantable hydrophone, overpressures of about 70 Bars are 
reached through the particular skull we used in experiment. A large number of ex-vivo 
experiments of H.I.F.U. through the skull bone were finally performed on liver pieces. 
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The steering capabilities of the system were also demonstrated on several liver 
samples. Further works will be investigated in vivo on 20 sheep. 
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Abstract. Several groups have examined the design of ultrasound phased arrays for transrectal 
treatment of the prostate. An effective design must utilize the entire aperture of the array and 
maintain relatively low grating lobe intensities, ideally while minimizing the number of elements 
and associated phasing circuitry. In this continuation of our studies to design an array that meets 
these requirements we examined theoretically a new approach to the design of a cylindrical 
array. Previous designs have subdivided tlie cylindrical aperture into several columns of 
elements oriented along the array length, each with the same center-to-center spacing between 
adjacent elements. Columns of elements are paired, with the same phasing applied to each of the 
two corresponding elements within a pair, due to symmetry that applies when focus formation 
and scanning are limited to a plane bisecting the array in the lengthwise direction. Here we 
report the results obtained for a novel array where the center-to-center spacing is different for 
different column pairs. This results in a different location for the grating lobes associated with 
each column pair, which then no longer reinforce each other. When performance was examined 
by determining the ratio of the peak focal intensity relative to the maximum intensity of 
unwanted lobes, G, this array design performed much better than previous designs that we have 
examined. It was possible to achieve values for G that stayed above 7 when steering the focus 
15 mm in either depth or lengthwise directions from its unsteered location. 

INTRODUCTION 

Two diseases of the prostate, benign prostatic hyperplasia (BPH) and prostate 
cancer (PC), increasingly afflict our aging male population. Benign prostatic 
hyperplasia is a nonmalignant enlargement of the prostate that may result in difficulty 
and discomfort during urination. Fifty percent of all men over the age of 55 suffer 
from prostate enlargement, and histological evidence of BPH is found in almost all 
men if they live long enough [1]. Due to its prevalence, treatinent costs for BPH 
represent a substantial portion of the total health expenditures in many countries [2]. 

Occurrence of prostatic cancer is second to skin cancer in men. It is also the second 
leading cause of cancer death in American men. In the year 2002, it is estimated that 
there will be 189,000 new cases and 30,200 deaths due to prostate cancer. Current 
treatment options include surgery, drugs, and radiotherapy. These treatments can be 
fairly expensive and are associated with a high incidence of impotence and urinary 
incontinence, as well as the risks associated with surgical procedures [3].    Since none 
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of these treatment options are ideal, alternative therapies are currently being sousht 
[2,3], 

In recent years, there has been a rise in interest in the use of high intensity focused 
ultrasound (HIFU) for thermal therapy of the prostate [4,5], It can produce well- 
defined regions of thennal necrosis within tissue when applied in a minimally invasive 
manner, without damaging surrounding and overlying tissue. Local prostate cancer 
can be controlled with low morbidity, and symptomatic relief of BPH can be provided. 
It has been shown that HIFU does not enhance metastatic spread of cancer, avoids 
damage to the rectal wall, and treatment can be repeated for recurrent cancers, unlike 
radiotherapy. 

In the treatment of prostatic disease, ultrasound is applied transrectally. This 
approach minimizes intervening tissue, which allows the use of higher frequencies 
with a larger absorption coefficient and more efficient heating of the treatment region. 
Transrectal treatment limits the size of the acoustic aperture that can be used, but the 
aperture has been shown to be adequate [4,5]. The thermal sink provided by the 
cooled coupling fluid surrounding the transducer provides protection for the rectal 
wall. 

Current devices used for HIFU treatment of the prostate use a spherically curved 
transducer with a fixed focal length. With these systems the focal region is scanned to 
treat a large volume of tissue by mechanical movement of the transducer. While this 
mechanical scanning has worked quite successfully [4,5], it is necessary to replace the 
transducer with one of a different focal length in order to vary the treatment depth. 

Several groups have investigated the use of phased arrays to decrease the reliance 
on mechanical scanning of the transducer, reduce the overall treatment time, and 
eliminate the need to change transducers. Whereas for some HIFU applications 
sparsely fdled arrays of random distributed elements can be used to decrease grating 
lobe intensities [6,7], that approach is not possible for transrectal probes as virtually 
the entire aperture must be used. Thus, other approaches have been examined. For 
example, it has been shown that the peak intensity of unwanted grating lobes in the 
field could be decreased by random placement of elements with two different widths 
within the array [8]. This randomization of element sizes interrupts the regular center- 
to-center spacing between elements, which significantly decreases constructive 
interference outside of the intended focal region. However, this approach makes array 
fabrication more difficult and results in output impedance mismatches between 
elements, which need to be taken into account. 

Previously we examined the effect of array geometry on performance. Studies 
were conducted on spherical segment, cylindrical, and curved cylindrical arrays to 
determine their ability to steer in depth and along die length of the prostate [9]. In tills 
study we continue our investigation of the design of phased array transducers that will 
provide steering in both deptii and along the length of the prostate. The goal is to 
design an array that will provide an acceptable acoustic field, with grating lobes that 
are acceptably low intensity, while minimizing the number of elements in the array. 
Herein we report a new approach to decreasing the grating lobes while maintaining a 
reasonable number of elements. 
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ARRAY CONFIGURATION 

The phased array configuration examined in this study was a cylindrical array 
which was chosen on the basis of simplicity of design (and therefore ease of 
manufacture) and superior performance when steered in the y direction (see Fig. 1). 
The focus of the array was scanned in two dimensions, along the prostate (or y 
direction) and in depth (or the z direction). It is well known that for such an array 
grating lobes occur primarily at intervals along the y direction and that their positions 
are directly dependent upon the center-to-center spacing of the transducer elements. 
The angular position of the first (strongest) grating lobe in the far field of a one- 
dimensional linear array is given by the inverse sine of the ratio X/d, where X is the 
wavelength and d is the center-to-center spacing of the elements. The actual angular 
location of the first grating lobe associated with a cylindrical array is slightly different 
from that for the linear array, but shows a similar dependence upon d and good 
agreement for d/X > 3. 

: (0,-15,0) x' 

:;x: (0,0,-15):: 

Transducer ■:    • Interclcment ■ ■ 
: :■  Elements   ''^■:'\';      Gaps 

1(22 mm)   "yY\" /^ 

35 mm 

Radius of 
Curvature 
(45 mm) 

,Widtli (22 mm) WATER 

10 mm 

Subdivisions 
Lengtii 

FIGURE 1.   Diagram of cylindrical transrectal HIFU applicator, water standoff, tissue, and relevant 
coordinates. 

In order to obtain reasonable grating lobe levels when steering a cylindrical array in 
the z direction it is necessary to divide the array into several columns of elements 
[9,10]. These columns are symmetric about a line bisecting the array along its length. 
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Thus, the array columns can be defined as pairs such that corresponding elements 
within the pair will each have the same phase for steering and may be connected in 
parallel to minimize the number of electrical lines in the cable and associated 
amplifiers. The configuration examined in this study employed a different center-to- 
center spacing of the elements (a different element width) for each column pair, as 
shown in Fig, 2, Each element width for this multiwidth cylindrical array applied to a 
pair of columns symmetrically positioned relative to the y axis, e,g, columns 2A and 
2B in Fig. 2, Therefore, each of the paired columns generated grating lobes at 
different locations in the field. Thus, the array could be designed so that grating lobes 
produced by different column pairs did not overlap spatially, while the steered foci of 
each pair of columns still interfered constructively. Note that the column width was 
adjusted to maintain a constant surface area for all elements and therefore each 
element exhibits approximately the same impedance. 

METHODS 

Pressure fields were calculated using the point radiator method [11], which divides 
the active surface area of the elements into subelements each small enough (one tenth 
of a wavelength) to produce an acoustic field approximating that of a point source. 
The total pressure at a given point in the field was calculated as the sum of the 
complex pressures contributed by each subelement, taking into account the relative 
phase of the signal applied to the transducer element to which the subelement belongs. 
Thus the total acoustic pressure at the point (x, y, z) is given by 

/tJckU M                   g-lawRw+aTRT+Jk(Rw+RT)] 
p(x,y,z)sj^     ° £  (1) 

■^^       array surface "^Tot 

where the summation is over the entire active surface of the array, p is the density and 
c is the speed of sound of the medium (taken as 1,000 kg/m' and 1,500 m/s, 
respectively, for both water and tissue), k is tiie acoustic propagation constant (from 
k=2jt/^, where % is the wavelength), UQ is the velocity amplitude of the surface of the 
source (calculated from Uo=(2Io/pc)"^, where IQ = 10,000 W/m^), AA is the area of the 
subelement, a^y is the attenuation coefficient in water (taken as zero), R^ is tiie 
distance that the beam traveled through water, a^ is the attenuation coefficient in 
tissue (taken as 32.24m"'), Rj is the distance that the beam traveled through tissue, and 
Rxot = Rw + RT is the total distance that the beam traveled along the straight line from 
the source subelement to the field point. All simulations were carried out at a 
frequency of 4 MHz and the spacing between elements was maintained as half a 
wavelength. 

For a given array configuration, the pressure field was calculated for the focus 
steered to the anticipated extremes of the treatment region, -15 mm in the y 
(lengthwise) or z (depth) directions, as well as at the geometric center of the array, 
45 mm fi-om the array surface which was defined as the origin of the coordinate 
system, see Fig, 1, Array performance was assessed by first calculating the acoustic 
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intensity at eacli field point, using the equation I = p /2pc, and then finding G, the ratio 
of intensity at the focus, Ifocus, to the intensity of the largest unwanted lobe, Imax.umvanted- 
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Figure 2. Front face of multiwidth cylindrical transrectal HIFU applicator. 

RESULTS 

The calculated intensity profile in the y-z plane is shown for two cylindrical 
transducers with six columns of elements (three column pairs) steered to (0,0,-15) inm, 
in Fig. 3. The left panel of Figure 3 shows results for an array with a common element 
width for all columns. This differs significantly from the field shown in the right 
panel calculated for a multiwidth array (different element width for each of the three 
column pairs) with the same number of total element pairs. Note that, in contrast to 
the left panel, the three non-overlapping sets of grating lobes in the right panel have 
intensities that are very small relative to the focal intensity, and thus are barely visible 
on the linear scale used. 

The performance of several different multiwidth arrays was evaluated by 
determining the value of G when they were focused at the three positions shown in 
Fig. 1. The lengths of the arrays examined were 40, 50, and 60 mm, and the number 
of column pairs was two, three or four. The results consistently showed better 
performance by a factor of two to three at all three focal positions.   When the total 
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number of element pairs was only 200 it was possible to obtain G values of at least 
seven. 

The shortest arrays seemed to perform best when comparing G versus the total 
number of element pairs. However, using a sliding subaperture (i.e., a segment of the 
total array) of a longer array could provide some significant advantages for steering in 
the y direction. Arrays with two column pairs generally performed best, on a per 
element basis, at the two focal positions (0,0,0) and (0,-15,0) mm, whereas the four- 
column-pair arrays performed best with the focus at (0,0,-15) mm. The three-column- 
pair array appeared to provide the best overall performance when all steering locations 
were considered. 

10   20   30   40   SO   SO    70   80 
Ineenslt?   CWem2^ 10 20 30 40  SQ   60 ?0 80 90 100 

Istenslty  iWcitil) 

FIGURE 3. Plots of the intensity profile in ttie z-y plane for a cylindrical array with the same element 
width for all column pairs (left) and for different element widths (right) for each of the three column 
pairs. 

CONCLUSION 

It is apparent that, in all cases, the various multiwidth arrays outperform 
significantly their single element-width counterparts for a given number of element 
pairs. The multiwidth array appear to be a promising candidate for HIFU of the 
prostate. 
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Abstract. The objective of this study was to design, manufacture and test a prototype device 
intended for unage-guided high intensity focused ultrasound (HIFU) treatment of uterine 
tibroids. Tests using tissue mimicking phantom and a sheep model were performed Ergonomics 
and imagmg capabilities were evaluated in human volunteers. The device consisted of a 
transvagmal HIFU applicator (3.6 MHz) integrated with an abdominal ultrasound image probe 
The applicator used a 25.4 mm diameter transducer affixed to an aluminum lens (fixed focal 
tength 40 inm). The half-pressure maximum focal dimensions were 11 mm by 1.2 mm A water- 
fllled condom covering the applicator ensured sterility, and provided acoustic coupling, cooling 
and controlling of treatment location. Coagulative necrosis lesions (ISATA 1400 - 1700 W/cm2 
duration 5 s) fonned in tissue mimicking phantom had lengths of 13.3 ± 0.9 mm and widths of 
1.5 ± 0.8 mm. Lesions formed in vivo in sheep uterus (ISATA 1000 - 2000 W/cm2 duration 3 - 
10 s) appeared as hyperechoic spots on the ultrasound image. Histological analysis shelved 
HIFU disrupted smooth muscle tissue and damaged glandular structure. Testing in six human 
volunteers (age 23 - 49 yeare, body mass index 20.4 - 29.9) demonstrated that the device had 
potential to treat fibroids located in the cervix and mid-uterus (average distance of 22.3 mm and 
34.6 mm respectively), and in the fiindus within 40 mm. No discomfort was experienced by 
volunteere. These results show ultrasound image-guided transvaginal HIFU has potential to 
provide a non-mvasive treatment for uterine fibroids. 

INTRODUCTION 

We report on the in vitro and in vivo testing of an ultrasound image-guided Hieli 
Intensity Focused Ultrasound (HIFU) device designed for treating uterine fibroids 
HIFU has become a precise, minimally-invasive treatment modality for benign and 
malignant tumours. Uterine fibroids, or leiomyoma, are benign tumours of the uterus 
that affect 25% of all women of reproductive age [1-3]. Symptoms may include 
abnormal bleeding, pelvic pain, and reproductive complications. Fibroids are the most 
common indication for hysterectomy (removal of the uterus), a procedure not suitable 
for women who wish to retain reproductive potential. By using HIFU to ablate uterine 
fibroids, the uterus can be retained. A previous study in our lab has also shown that 
HIFU was effective m treating uterine leiomyoma in nude mice [4]. Within 3 months 
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of treatment, tumour reductions of 90% were observed and tumour recurrence (a 
common result of alternative fibroid treatment methods such as myomectomy and 
drug therapy [5,6]) after complete treatment was not noticed. A device that combines 
a transvaginal HIFU applicator and an abdominal image probe has been developed. 
We hypothesize that this device can potentially be used for precise image-guided 
treatment of the uterus and describe experiments that lead to the confirmation of this 
hypothesis. 

MATERIALS AND METHODS 

Device Overview 

The prototype device, depicted in Figure 1 and described in detail elsewhere [7], 
combined a custom built transvaginal HIFU treatment applicator with a commercially 
available abdominal ultrasound image probe (the Sonosite C60 4-2 MHz probe was 
used for the experiments reported in this article). The image probe was aligned such 
that the focus of the HIFU applicator was in the image plane allowing for visualization 
of the applicator and focal region. The HIFU applicator, designed to fit inside the 
vagina, operated at a center frequency of 3.6 MHz, an electrical impedance matched 
efficiency of 58%, and had an aperture size of 25.4 mm (diameter) and a fixed focal 
length of 40 mm (F-number = 1.57). The -6 dB focal dimensions measured using a 
PVDF needle hydrophone (active diameter of 0.5 mm) were 11 mm (axial) by 1.2 mm 
(lateral). The HIFU applicator was powered using a RF amplifier and the source 
signal was generated using a waveform generator, which was used to control the 
frequency, duty cycle and amplitude. Real-time visualization of the HIFU treatment 
was enabled using a pulse-synchronization method [8], controlled with a notebook 
computer. The HIFU applicator was operated at a 50% duty cycle. A latex condom 
was attached to the HIFU applicator and water channels machined into the transducer 
housing allowed the condom to be filled with degassed water during treatment. This 
water-filled condom serves three functions: acoustic coupling from the transducer to 
the site of treatment, a variable stand-off when the amount of water is adjusted, and 
transducer and treatment area cooling using a custom built water circulation system. 

FIGURE 1. The prototype device is 
shown with tiie transvaginal HIFU 
applicator and abdominal ultrasound 
image probe aligned such that the 
HIFU focus is within the image 
plane. 

Tubing enables water 
circulation in an attached 

condom (not sliown) 
Transvaginal HIFU \ 
applicator HIFU focus 
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In Vitro Testing 

The device was used to perform image-guided HIFU treatment of a tissue 
mimicking phantom [9]. The optically transparent phantom consisted of 
polyacrylamide and bovine serum albumin, a thermally indicative protein that causes 
the phantom to turn opaque upon onset of HIFU treatment. The speed of sound and 
attenuation of the phantom were 1544 m/s and 0.012 NP/cm/MHz respectively. The 
device and phantom were suspended in distilled degassed water. Ten treatments of 
each of the following scenarios were perfonned: (a) the transducer was directly on the 
phantom surface, (b) the transducer was 1,2 cm away from the phantom surface 
separated by a water filled condom, and (c) the transducer was 1.2 cm away from the 
phantom surface without condom separation. Lesions were produced using 46 W of 
acoustic power for 5 seconds at 50% duty cycle. This corresponded to focal intensities 
of 1407 W/cm^ with the transducer on the surface of the gel and 1587 W/cm^ with the 
transducer and gel separated by 1,2 cm of water. Lesion dimensions were measured 
using digital photographs taken of the phantom immediately after the 5 second 
treatment. 

An experiment was also performed to determine the transducer temperature during 
a simulated treatment scenario in 37°C water. The thermal data from an internally 
moimted thermocouple was recorded for a 10-cycle treatment where, in each cycle, 
HIFU (IsATA ~ 1900 W/cm^) was on for 3 seconds and off for 7 seconds. 

In Vivo And Ergonomics Testing 

The device was used in vivo in a sheep model to examine imaging and lesion 
forming capabilities, and to study the effects of HIFU treatment on uterus in situ. A 
female sheep, approximately 1 year of age and 85 kg, was used. The animal was 
sedated intramuscularly with xylazene (0,3 mg/kg) and atropine (1 mL/9 kg), 
transferred onto an operating table, connected to a ventilator, and placed under 
anesthesia (isofluorane). The abdominal region of the sheep was shaved to allow 
ultrasound imaging. The device was placed in the ewe. 

HIFU was applied to various areas of the uterus and vaginal canal at focal 
intensities (ISATA) between 500 and 1400 W/cm^ at 7 seconds exposure duration per 
treatment. At the completion of treatment, anesthetic was increased to 5% for 
5 minutes and the animal was euthanized using an overdose of Pentasol, A surgical 
incision was made in the lower abdomen, and the vaginal canal and uterus were 
removed. Photographs were taken of the treated regions using a digital camera, a 
qualitative gross macroscopic analysis to determine the appearance of HIFU treated 
area was performed, and selected sections of treated uterus were placed in a 10% 
neutral buffered formalin solution for fixation. These sections were sent to the 
histopathology laboratory for staining with hematoxyhn and eosin and mounfing on 
microscope slides. The completed slides were analyzed using bright field light 
microscopy. 

Ergonomics testing was performed in 6 healthy human volunteers ranging in age 
from 23 - 49 and in body mass index from 20,4 - 29.9. The study involved a 
transabdominal ultrasound scan with the HIFU applicator inserted in the vagina 
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(i.e. the device was positioned in the volunteer as if treatment were to be 
administered). A sterile condom was secured to the HIFU transducer, lubricated, and 
filled with water prior to insertion into the vagina. Once the HIFU transducer was 
inside the vagina, the image probe was positioned to visualize pelvic structures and the 
HIFU transducer. The length and width of the uterus were measured, and the potential 
treatable region based on a fixed HIFU focal length of 4 cm was determined for 
various transducer positions. These positions corresponded to how the transducer 
would be placed for targeting the cervix, the mid-uterus region, and the fundus. A 
survey was administered at the end of each study to determine comfort of the device 
during use. 

RESULTS AND DISCUSSION 

In Vitro Testing 

A HIFU lesion produced in the gel phantom and visualized with ultrasound is 
shown in Figure 2. This image depicts the treatment scenario where the transducer 
and gel were separated by a distance of 1.2 cm using a water filled condom. The 
HIFU transducer and the water-filled condom were clearly seen in the ultrasound 
image. 

Before HIFU 

photograph 

Ultrasound 
image 

Ifjitsnsducer _ w s 
Transducer    -  )H||>->'^|^ 

Gel                Water       /    ^~^ 

Approximate     !             ''      «,J*£ 
Outline of -■'^■^            ,       jStk 
Condom             w      jil      .^^9 

1cm      .            ,       Ji^_r -rja-1 

After 5 seconds of HIFU 
46 W acoustic power, 50% duty cycle 

Approximate 
Outline of -^^ 
Condom 

Lens surface i«i-J 
FIGURE 2. Left: a photograph of the optically transparent tissue mimicking phantom and ultrasound 
image prior to treatment. Right: after treatment, an opaque lesion is shown in the photograph of the 
phantom and a hyperechoic spot is visible in the ultrasound image. 

A lesion is characterized by the white opaque spot in the transparent gel, and the 
bright hyperechoic spot in the ultrasound image. All lesions were visualized with 
ultrasound. The measured lesion dimensions for the three treatment scenarios are 
shown in Table 1. A two-sample two-tailed t-test indicated no statistically significant 
difference between lesions created with the water filled condom and without (P<0.05). 
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TABLE 1, Lesion dimensions in tissue mimicking phantom. 

Treatment Scenario 
(n=10 for each) 

Focal Ultrasound 
Intensity       Lesion Length    Lesion Width     Visualization 

Transducer directly on gel 1407 W/cm       11.2 ±0.8 mm 

2 cm separation, no condom 1587 W/cm^     13.5 ± 1.1 mm 

2 cm separation, with condom      1587 W/cm^ *    13.3 ± 0.9 mm 

2.2 ±0.6 mm 10/10 

2.6 ±0.7 mm 10/10 

2.5 ± 0.8 mm 10 / 10 

' attenuation of the 0.07 mm thin condom (Trojan Brand Non-Lubricated, CWI Carter Products Div., 
New York, NY) was assumed to be zero. 

The measured transducer temperature during the simulated 10 cycle treatment is 
shown in Figure 3, With 150 mL/min water circulation in the latex membrane, 
transducer operating temperatures for 10 repeated cycles of 3 seconds HIFU on 
followed by 7 seconds rest stabilized to 0.6° C within 3 cycles whereas the temperature 
increase approached 4,5° C without water circulation. 

5 1 

4.5 

4 
a 

■ with water circulation 
Without water circulation 

120 

FIGURE 3. Transducer temperature increase for a 10 cycle (3 seconds on, 7 seconds off) treatment was 
monitored using an internally mounted thermocouple. A 4° C difference in temperature increase was 
noted when water was circulated within the latex condom. Temperatures also stabilized sooner. 

In Vivo And Ergonomics Testing 

Macroscopic analysis of the treated areas revealed regions of necrosis surrounded 
by hemorrhage. The treated areas, exemplified in Figure 4, showed necrotic tissue as 
blanched tissue, and hemorrhage as dark red borders surrounding the necrosis. It can 
be seen in the cross section of the treated area that the coagulative necrosis extended 
through the depth of the tissue layer. Treatment effects appeared to be localized and 
well demarcated. 
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FIGURE 4. A HIFU lesion created in sheep uterus shows characteristics of coaguiative necrosis, with a 
blanched necrosis area surrounded by a dark ring of hemorrhage. 

Figure 5a shows a light microscopy image of normal sheep uterus at lOX 
magnification. This image was taken at the border between the myometrium and the 
endometrium. The myometrium, or uterine wall, is comprised of densely packed 
smooth muscle organized in interlacing bundles that are oriented randomly. The 
endometrium consists of straight, tubular uterine glands. This structural composition 
is similar to human uterus. Figure 5b and 5c depict areas of HIFU treatment. A well 
demarcated region of HIFU induced gland shrinkage, glandular wall disruption and 
resulting fluid leakage, and separation of the glands from surrounding tissue can be 
seen in Figure 5b. Smooth muscle disruption and separation can be observed in 
Figure 5c. 

f A Non-treated ' B Non-treated, treated 

glahds smooth 
muscle 

1 '•,"• •  affected glands 

1110tHiFU05A.«)l,        :   „     ■ 0.2 mm« 

i 1101HIFU03A.10X 

:C treated 

smooth muscle 
disruption 

0.2 mm    . iioiHiFuosA.iox 0.2 mm 

FIGURE 5. Light microscopy analysis of uterus tissue under lOx magnification and H&E staining. 
A: regular uterus tissue showing smooth muscle bundles and uterine glands. B: shows the differences 
in glandular structure between a well-demarcated HIFU treated area with non-treated area. C: smooth 
muscle disruption in myometrium can be seen after treatment. 

Placement of the sterilized device in human volunteers demonstrated successful 
visualization of the HIFU transducer and the uterus. Figure 6 illustrates the device 
placement and an ultrasound image showing the water filled condom, the applicator 
and the uterus and bladder. Uteri length ranged between 5.90 and 8.49 cm and width 
ranged between 3.21 and 4.63 cm, with the exception of a volunteer with a fibroid 
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located at the fundus whose total uterus length and width including fibroid were 11.7 
cm and 8,03 cm, respectively. Figure 7 shows how the transducer can be positioned to 
target various areas of the uterus. It was determined that if treatment was to be 
administered, a 4 cm focal length would be sufficient for treating fibroids located in 
the cervix and mid-uterus of all volunteers (average distance of 2.23 cm and 3.46 cm 
respectively). According to the survey completed by the volunteers after the study, 
entrance into the vagina was comfortable if lubrication was used and sufficient water 
was inside the condom to act as a cushion between the vaginal wall and the HIFU 
transducer. No discomfort was experienced while the probe was in the vagina and 
when the probe was removed fi-om the vagina. 

■"" :#«%'*^^s^^^^Sr''?^';' 

„';*^'/'             ,   t;      Bladder 

'^ i    Uterus     /'; ^^;;2 .am 
!     vaginal 

^^-^wall   • 
3#'  .i-         ♦- 

<»rvlx'■^^^^^^^K'^ s' ■   "'" <k 

water filled 
condom 

HIFU         * 
transducer 

FIGURE 6. Left: Illustration of the device placed in a human.   Right: An ultrasound image of the 
device placed in a human volunteer. The uterus, bladder, and HIFU transducer was visualized. 

Target; Fundus Target: Mid Uterus Target: Cervix 

FIGURE 7. Mobility within the vagina and varying the amount of water in the condom (effectively 
adjusting the stand-off distance) allowed various parts of the uterus to be treated. 

Discussion 

The capability of this device to produce repeatable and consistent HIFU lesions has 
been demonstrated in tissue mimicking phantom and also in a dosimetry experiment 
using turkey breast tissue (not shown here).' Although all lesions were visualized 
with ultrasound during treatment of the phantom, there appears to be an intensity 
threshold (approximately 1800 - 2000 W/cm^) below which the hyperechoic spot does 
not show up in the ultrasound image. This threshold is hypothesized to be associated 
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with frequency dependent cavitation and vaporization, resulting in bubble formation at 
the treatment site. Therefore, there is a possibility that treated tissue may not have 
been visualized. Nevertheless, relying on the hyperechoic spot for targeting and 
treatment confirmation is not optimal since treatment will have already taken place 
once the spot appears on the ultrasound image. A HIFU control system and targeting 
system, that uses position sensors for tracking the focus and treatment area, is being 
developed. This system will automate the exposure duration, temperature 
measurement, targeting and treatment operation, and will be tested in vivo. 

The in vivo studies have shown that this device has the potential to be used for 
human uterus treatment. We are intending to treat submucosal uterine fibroids, the 
most symptomatic type of fibroid, as we believe they are candidates for HIFU 
treatment (generally small and easily accessible using the transvaginal treatment 
approach). Fibroids may exist that are too large or in hard to access locations (i.e. 
very close to bowel) rendering HIFU treatment impractical (resulting in the procedure 
lasting too long or risking damage to surrounding tissue). HIFU may also be used as 
an adjunct treatment to drug therapy, myomectomy or uterine artery embolisation to 
ensure complete resection of the fibroid. This device can be used with any 
commercially available ultrasound machine and is intended for use as an OB/Gyn 
procedure. Since it was shown that fibroids located in the fundus may exceed the 
4 cm focal length for midline uteri, the focal length may need to be increased or a 
transabdominal approach (combined with transvaginal imaging) may be used for such 
cases. Prior to clinical testing, this device will undergo efficacy and safety studies in a 
sheep model. In the future, this device has the potential for other gynecological 
applications. 

CONCLUSION 

A prototype ultrasound image-guided HIFU device was tested in vitro and in vivo. 
The imaging was performed using an abdominal probe, and the treatment administered 
using a vaginal HIFU applicator. In vitro testing in tissue mimicking phantom, and in 
vivo testing in a sheep model showed consistent lesion formation and uterus treatment 
potential. Ergonomics testing in humans showed visualization of potential treatment 
area and HIFU transducer, and demonstrated no discomfort during use. A targeting 
system is being developed and efficacy and safety studies will be performed using a 
sheep model. We believe that ultrasound image-guided transvaginal HIFU has 
potential to provide a non-invasive treatment for uterine fibroids. 
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Abstract. Lesions generated by 1.1- or 3.5-MHz high-intensity focused ultrasound (HIFU) were 
studied in tissue phantoms with/without pre-mixed ultrasound contrast agent (UCA). At 
1.1 MHz and without UCA, small bubble generation preceded cigar-shaped thermal lesion 
formation, but lesion origins were independent of these bubbles. After further exposure, boiling 
occurred, and resulted in a loss of lesion symmetry and tadpole-shaped growth toward the 
transducer. At 3.5 MHz and without UCA, bubble generation did not precede lesion formation, 
but onset of boiling was followed by loss of lesion symmetry. Absent UCA, passive cavitation 
detection results did not indicate inertial cavitation (IC) occurrence at either HIFU frequency. 
UCA inclusion in the phantoms delayed lesion formation at both frequencies, and produced 
larger lesions than in gels lacking UCA. Broadband noise emissions indicative of IC were 
detected in phantoms with UCA exposed to 1.1 MHz HIFU. The broadband emission 
extinguished in seconds, while lesion growth continued for tens of seconds. Broadband emission 
was not detected in phantoms without UCA exposed at 3.5 MHz. The presence of UCA resulted 
in pronounced lesion distortion at 1.1 MHz, with almost all of the lesion volume in the pre-focal 
region. With UCA and 3.5 MHz HIFU, lesion morphology remained approximately cigar- 
shaped. These results indicate that while gas bodies can alter thermal deposition patterns and 
thus affect HIFU lesion morphology, the primary determinant of asymmetric lesion growth in 
phantoms without UCA is the occurrence of boiling. Inclusion of UCA can induce lesions to 
form in the pre-focal region of the HIFU field, and enlarge the size of lesion at equivalent 
exposure duration. Better control of lesion formation and placement might be achieved by 
selection of exposure parameters that do not result in tissue boiling. 

INTRODUCTION 

The minimally invasive nature of the high-intensity focused ultrasound (HIFU) has 
been a focus of different therapeutic applications in recent years, especially tumor 
ablation [1-7]. However, in some cases the lesions were not formed as expected, either 
in shape, or in location relative to the geometric focus [8,9]. Theoretically, for a pure 
thermal process, the lesion should be cigar-shaped (fusiform) and should form around 
the transducer focus. This shape corresponds to the focal area (full-width, half 
intensity) and thus the area of highest thermal deposition. The unexpected 
experimental observations cannot be explained sufficiently either by nonlinear wave 
propagation, or by the changes in acoustic properties of a denaturing tissue. The 

400 



presence of bubbles was proposed to be the main mechanism [9-11]. However, it is 
not clear whether these bubbles are generated by inertial cavitation (IC) or boiling. 

TABLE 1. The composition of a 40 ml tissue phantom. 

BSA (Bovine Serum Albumin) 
Distilled water 
40% v/v Acrylamide 
IM TRIS (Trishydroxymethyl Ammoniometliane), pH=8 
10% w/v APS (Ammonium Persulfate) 
TEMED ((N,N,N,N -Tetramethyl-Ethylenediamine)) 
Sonazoid contrast agent (if added) 

2.8g(7%w/w) 
28.644 ml 
7 ml 
4 ml 
0.336 ml 
0.02 ml 
5 |il/350 ml (about 20 bubbles/mm') 

Recently, a transparent tissue-mimicking phantom was developed in our laboratory 
that provides two unique benefits: (1) iBal-time visualization of the HIFU-induced 
lesions; and (2) adjustable attenuation by varying the protein concentration [12]. This 
special phantom gives us a chance to understand the detailed mechanism of the lesion 
formation process in HIFU therapy. Therefore, our goals in this study are: (1) to 
observe in real time the HIFU lesion-formation process at different intensity levels; 
(2) to study the mechanism of the 'tadpole-shaped' (pyriform) lesion transformation; 
(3) to evaluate the role of IC and tissue boiling in the lesion formation process; and 
(4) to investigate the changes of lesion size and mechanism of lesion formation after 
the addition of ultrasound contrast agent (UCA). 

METHODS 

Tissue Phantom 

The phantom used in this study was based on a polyacrylamide gel mixed with 
Bovine Serum Albumin (BSA), a protein used as a temperature-sensitive indicator. 
Detailed components are as listed in Table 1, Since the phantom is transparent at 7% 
BSA, HIFU-induced denaturation could be easily observed and highly contrasted. The 
attenuation of this material can be adjusted with changing the BSA concentration. In 
the current study, 7% BSA was used, yielding an acoustic attenuation of 
0.017 Np/cm/MHz. The sound speed and the density, which are independent of the 
protein concentration, are 1544 m/s and 1044 kg/m^, respectively [12]. 

HIFU       Needle hydnc^hone       water tank 
transducer     / , fiKal plane 

T 

(a) 
5.5-6.5 cm 

3cm 

^ i 
Camera view 

plastic cell 

Focus 

(b) 

A B 

FIGURE 1. Experimental setup aiid definition of SR. (a) Experiment setup of the exposure tank; (b) 
definition of synmietry ratio (SR), where A and B are lesion lengths proximal and distal to the focus. 
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The mixture of all the necessary components was poured into a 30-ml plastic cell, 
sealed with a parafilm membrane, and agitated gently for 30 niin. Afterwards, the cell 
(with the parafilm membrane removed) was mounted on a positioning system 
(Velmex, Bloomfield NY) and immersed in a water-filled tank (Fig. la). 

Experimental Setup 

Ultrasound energy was delivered through the front opening of the cell by either a 
1.1 MHz (f = 1.0, focal diameter = 1.43 mm) or a 3.5 MHz (f = 1.6, focal diameter = 
1.00 mm) high-intensity focused ultrasound (HIFU) transducer (Sonic Concepts, 
Woodinville, WA) operating in continuous wave (CW) mode. The total exposure time 
was 90 s. Compared with other HIFU studies [8;10;13;14], longer exposure durations, 
but lower intensities were used, because we planned to observe the response of the gel 
phantom at different stages of exposure. The focus of the HIFU transducer was set at 
the center of the sample cell. A PVDF needle hydrophone, used as a passive cavitation 
detector (PCD), was inserted into the phantom through the front opening at ~ 30° to 
the axis of the HIFU transducer (Fig. la). Gel phantoms with and without Sonazoid 
UCA were exposed to pre-selected pressure levels ranging from 3 to 5.2 MPa (SATA 
Intensity: -1400 to 2000 W/cm^). The concentration of the UCA was about 20 
bubbles/mm^. The lesion formation process was recorded in real time by a CCD 
camera and a VCR. The recorded images were digitized and processed by programs 
written in Matlab (MathWorks, Natick, MA). To quantify the shape transformation of 
lesions, the symmetry ratio (SR) measurement was used, which was defined as the 
length of the lesion in front of the focus, divided by the length behind (Fig. lb). 

Experimental Series 

Two series of experiments were performed. In Series 1, no Sonazoid was pre-mixed 
with the phantom. Each phantom was exposed to a pre-selected pressure level for 90 s 
at either 1.1 or 3.5 MHz. After the completion of the ultrasound treatment, the used 
phantom was replaced by a new one, and exposed to a higher pressure level. A total of 
4 to 5 pressure levels ranging between 3 and 5.2 MPa were tested for each frequency. 
The lesion development was recorded by a CCD camera for off-line analysis as 
described earlier. 

In Series 2, a fixed concentration of Sonazoid microbubbles (20 bubbles/mm^) was 
mixed with the gel phantom before polymerization was completed. Gentle hand 
rotation was performed for 30 min to ensure a uniform distribution of bubbles inside 
the gel. The adequate concentration of Sonazoid microbubbles was determined by 
several pilot studies. Briefly, high concentrations of Sonazoid caused the lesions to 
fonti totally on surface of the gel phantom, while very low concentrations of Sonazoid 
produced the same lesion as in phantoms without UCA. Cavitation detection using 
PCD was performed in both series of experiments. 
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FIGURE 2, Fonnation of a tadpole-shaped lesion by 1.1 MHz HIFU at P- pressure = 5.2 MPa. No 
UCA was added. Details are described in the text. The white arrows in frames 2 to 4 are the white 
reflective dots described in the text. 

RESULTS 

Series 1; Phantoms Without Sonazoid 

The series of photos in Figs. 2 and 3 show the real-time formation of HIFU lesions 
at HIFU frequencies of 1,1 and 3.5 MHz, respectively. The HIFU transducer (not 
shown) was located on the left side of these photos. The occurrence of HIFU exposure 
is indicated by an LED in the lower left comer. The elapsed time is displayed on the 
upper left comer. Time zero is the beginning of the HIFU exposure. 

In this first set of experiments, no UCA was added to the phantoms. In Fig. 2, no 
bubble or lesion was seen before the HIFU exposure (frame 1). Small white reflective 
dots were observed immediately after switching on the HIFU transducer operating at 
I.l MHz in CW mode (frames 2 and 3). These dots were primarily found in the path 
of the acoustic wave, but not necessarily at the focus (white arrows in frames 2, 3 and 
4). The cigar-shaped thermal lesion was not formed until the 14* s of exposure. The 
lesion was formed at the focus and extended its length bidirectionally, i.e., toward and 
away from the HIFU transducer (frames 4 and 5). Some white dots were later merged 
with the growing lesion, but the lesion did not originate fi-om the white dots. The first 
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trace of the boiling-like phenomenon was found at the 30" s of exposure (frame 6). 
Rapid increases in lesion size and tadpole-shape transformation were observed after 
the onset of the boiling-like phenomenon (frames 9 to 12), after which the lesion was 
developed primarily in front of the focus. PCD failed to detect any broadband noise 
during the entire exposure, including the stage of the boiling-like activity. 

The upper margin of all photos in Fig. 3 shows a well developed cigar-shaped 
thermal lesion produced at a lower pressure level (3.2 MPa) at 3.5 MHz. The new 
lesion at a higher pressure level (3.8 MPa) was formed in a lower location of the 
phantom. Unlike the situation at 1.1 MHz, no white reflective dots were seen in the 
phantom at 3.5 MHz (frame 2, 0 s). However, the thermal lesion formed much faster 
than did the one at 1.1 MHz (frame 3, 1 s). The white arrow at the first second of the 
HIFU exposure shows the first trace of the cigar-shaped thermal lesion. Similar to the 
1.1 MHz condition, the lesions changed from cigar to tadpole-shape soon after 
vigorous boiling-like activity (frame 5). A sequence of events, most likely related to 
boiling, but less vigorous than the boiling-like activity at 1.1 MHz, forced the lesion to 
move toward the transducer rapidly (frames 5 to 9). The tadpole-shaped lesion was 
then fonned. 

Figure 4a shows the effect of pressure on the lesion-formation process at 1.1 MHz. 
Results of measurements at three pressure levels (4.5, 4.8, and 5.2 MPa) are shown. 
Boiling-like phenomena were seen both at 4.8 and 5.2, but not at 4.5 MPa. The lesion 
size (in pixels) increased gradually with increasing exposure duration. The slope of the 
lesion area vs. time curve was not altered when the vigorous boiling-like activity 
occurred at ~ 38* s (5.3 MPa) and ~ 82"'' s (4.8 MPa). Higher pressure levels 
generated larger lesions. However, for the same pressure levels, the symmetry ratio 
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FIGURE 3. Lesion fonned in phantom containing Sonazoid and exposed to 1.1 JVJIIz HIFU at P-= 
4.8 MPa. Details are described in the text. White arrows: areas of numerous small white dots: dashed 
arrows: starting point of lesion formation: FP: focal point. 
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FIGURE 5. Lesion gro\¥th and transformation, (a) The changes of lesion size at 3 pressures are 
shown as a function of exposure time at 1.1 MHz; (b) The changes of SR for 3 selected pressure 
levels are shown as a function of exposure time. 

(SR) of the formed lesion increased after the occurrence of the boiiing-like activity 
(Fig. 4b). At 5.2 and 4.8 MPa, boiling-like activity and SR increase occurred after the 
38' and 82"'' s of exposure, respectively. 

Series 2: Phantoms With Sonazoid 

The lesion-formation process in phantoms containing UCA was substantially 
different from that in phantoms without UCA. Immediately upon switching on the 
HIFU transducer, numerous small white dots were observed between the focal plane 

FIGURE 4. Formation of a tadpole-shaped lesion by 3.5 MHz HlFUat P- pressure = 3.8 MPa. No 
UCA was added. Details are described in the text. White arrow in frame 3: first trace of the thermal 
lesion. The symmetric lesion near die upper margin of each subplot is a cigar-shaped thermal lesion 
formed at P- pressure = 3.2 MPa. 
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and the front surface of the phantom (Fig. 5, solid arrows, frames 2, 3, and 4). Unliice 
the phantoms without UCA, the lesion origin seemed to be related to the enhanced 
heating of those small white dots, and started at a position near the focus (frames 4 and 
5, dashed arrows). Although the final lesions formed in gel with UCA at 90 s looked 
tadpole-shaped, they didn't experience the boiling-like activity and shape 
transformation process. They are probably reflecting the beam profile of the 
transducer itself. The boiling-like activity was not seen at either frequency, but the 
final lesion sizes increased substantially (Fig. 6); phantoms with UCA created larger 
lesions at equivalent pressure and exposure duration. 

At 3.5 MHz, the lesion started as a long lesion near the focus, and extended 
simultaneously and rapidly both toward and away from the transducer (Fig. 7). Unlike 
the experience of the phantom with UCA at 1.1 MHz, no visible 'white dots' occurred 
throughout the whole exposure period. The first trace of the thermal lesion was not 
seen until the 12* second. For a phantom without UCA, the lesion was fonned at the 
first second of exposure at equivalent pressures. The lesion formed in the phantom 
with UCA at 3.5 MHz was generally a long slender lesion without the occurrence of 
visible boiling-like activity. The final volume of the lesion (frame 9, Fig. 7) was also 
larger than the lesion formed in a phantom at an equivalent pressure level but without 
the addition of UCA (Fig. 6c, d). 

FIGURE 6. Phantoms with UCA created larger lesions. Lesions formed for phantoms without UCA (a, 
c) and with UCA (b, d), at 1.1 (a, b) and 3.5 MHz (c, d). The peak negative pressures for all four 
experiments were 4.8 MPa, while the exposure durations were 90 s. The white vertical lines indicate the 
focal plane. Scale bar: 5 mm. All photos are in tlie same scale. 

For phantoms without UCA, broadband noise was not detected during the entire 
exposure period for either frequency, including the vigorous boiling-like stage. 
Broadband noise was also not observed in the first few seconds of the PCD recording 
in phantoms without UCA (Fig. 8a), although the creation of a few small 'white dots' 
was observed at 1.1 MHz. It is uncertain if the lack of an IC signature was due to 
sensitivity issues (too few bubbles created by IC) or the mechanism reason, i.e., 'white 
dots' were not bubbles or were bubbles but created by mechanisms other than IC. 

For the phantoms with UCA, besides the fundamental frequency (1.1 MHz), 
harmonics, subharmonics, and typical broadband noise from approximately 2 to 
6 MHz were recorded (Fig. 8b). The broadband noise occurred in the first few seconds 
and died out fast (Fig. 8c), while the lesion kept enlarging over the entire exposure 
period. Intermittent bursts of activity were observed occasionally (solid arrow). In 
phantoms with or without UCA at 3.5 MHz, there was no broadband noise during the 
entire exposure period. 
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FIGURE 7. A lesion formed in a phantom containing Sonazoid and exposed to 3.5 MHz fflFU at P- 
= 4.2 MPa. Details are described in tlie text. 

Examples of the final lesion formed at both frequencies for phantoms with or 
without UCA are shown in Fig, 6. Lesions formed in phantoms with UCA were larger 
than in those without UCA, 
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FIGURE 8. Broadband noise recorded in phantoms with or without UCA. The frequency spectra of 
the recorded signals at 1.1 MHz are shown: (a) first 2 s in phantom witliout UCA; (b) first 2 s in 
phantom with UCA; and (c) peak amplitude of the broadband noise (between 2nd and 3rd harmonics) 
over the entire exposure period. Solid arrow: intermittent burst of the broadband noise after the 
continuous stage. 
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DISCUSSION 

Two possible sources of bubbles could be used to explain the tadpole-shaped lesion 
fonnation during HIFU therapy. First, bubbles may already exist in situ or be 
generated by IC from existing nuclei [14]. Chavrier's simulation estimated that at 2.25 
MHz and an intensity level of 4300 W/cm^ tadpole-shaped lesions will be generated 
when the concentration of micrometer-sized bubbles is greater than 500 bubbles/mm 
[10]. In our phantoms with UCA at a concentration of 20 bubbles/mm^, the existing 
UCA was apparently already enough to impede the sound transmission and force the 
lesion to fonn with a maximal heating area several centimeters in front of the focus at 
1.1 MHz. In phantoms without UCA, one would expect that a high concentration of 
bubbles should be nucleated and concentrated at the focal area only. However, no 
broadband noise was detected at the onset of lesion fonnation or trans-formation. Note 
also that degassing agar gel fails to change the pressure threshold of enhanced heating 
[14]. The second possibility assumes that the bubbles are created from tissue boiling at 
the focus. In our observations, pressure-dependent IC did occur at the beginning of 
some exposures and created bubbles. Those bubbles undergoing IC could deposit 
enough heat [14] to denature the surrounding albumin and turn it white ('white dots'). 
However, the subsequent lesion formation did not originate from these 'white dots'. 
Cigar-shaped lesions started near the geometric focus. Also, boiling-like activity and 
lesion transformation occurred much later than the generation of white dots, and was 
therefore considered to be a separate process (Fig. 2 and 3). 

We believe that the boiling activity occurred before the lesion transformation. 
Several reasons lead us to this conclusion. First, the creation of a millimeter-sized 
bubble was observed during the stage of boiling-like activity, which was not typical 
for the tiny IC-generated bubbles (on the order of a few microns or submicrons). 
Second, PCD recordings during the stage of vigorous boiling-like activity revealed no 
evidence of IC activity (broadband noise) in Fig. 2 (frame 6) and 11"' s in Fig. 3 
(frame 5). Third, the delayed onset of the boiling-like activity further suggested that 
thermal deposition, rather than nucleation (bubble generation from existing nuclei by 
IC), was responsible for the vigorous bubble creation. Nucleation is a pressure- 
dependent process that should occur whenever the threshold pressure is met and 
adequately sized nuclei are present; that is, in the beginning of the HIFU exposures in 
our experiments. Furthermore, a delay of 30 s and the 'explosive' creation of bubbles 
resist explanation by either IC or rectified diffusion [15-17]. 

Similar white dots were observed in greater number during the initial few seconds 
of exposure in phantoms with UCA at 1.1 MHz (Fig. 5), when broadband noise was 
detected. At 3.5 MHz, elongated fusiform lesions were formed in phantoms with 
UCA, and started later compared with phantoms without UCA at equivalent pressure. 
The delay was caused by diminished acoustic energy arriving at the focus. This was 
due to the scattering effect of the existing UCA microbubbles. Insufficient bubbles, if 
any, were generated by IC to effectively block the sound transmission and induce 
tadpole-shape transformation at this frequency (3.5 MHz). At both tested frequencies, 
the final size of the lesions for phantoms with UCA at equivalent acoustic pressure 
and exposure duration was larger than in those without UCA (Fig. 6). The enhanced 
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heating of the existing UCA bubbles or their derivatives (fragments, free IC-generated 
bubbles, etc.) might be the major mechanism of the lesion enlargement. 

Attempts have been made to use UCA to enhance the lesion-formation process. 
Iran et al. introduced UCA to the target tissue, and showed the reduction of the 
threshold intensity for lesion formation and the requisite duration of HIFU therapy 
[18]. In our study with 1.1 MHz HIFU and UCA, the maximally-heated area of the 
final lesion located centimeters away from the focus, which might produce 
unacceptable damage to intervening structures. 

Lesion formation during HIFU therapy is a complicated process that involves both 
thennal and cavitation effects. The initial lesion is formed thermally. Boiling of the 
tissue causes lesion shape transformation and asymmetric advancement. In phantoms 
premixed with UCA, the enhanced heating from the bubble fragments or the IC- 
generated bubbles is the dominant mechanism for lesion formation, especially at low 
frequency. 
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Ultrasonic Attenuation Of Necrotic Soft Tissues 

Christakis Damianou 
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Abstract. Absorption of soft tissues is the main ultrasonic parameter that affects the size and 
shape of necrosis during the application of High Intensity Focused Ultrasound. Absorption is the 
major contributor to attenuation, and therefore attenuation can be a good indicator of the thermal 
effects of Ultrasound. 

The main goal was to measure the attenuation at body temperature and at the state where 
tissue is necrosed. The attenuation of muscle, kidney, brain, liver, fat, and prostate was 
measured. All tissues were extracted from adult pigs. The thermal dose of 1000 mins referenced 
at 43° C was used to necrose the tissues, which is above the threshold of necrosis of all six 
tissues under investigation. Attenuation was measured using 2 low-intensity transducers 
operating at 4 MHz. Attenuation of a specific tissue was measured at body temperature and after 
it was heated by circulating warm water above the threshold of necrosis, it was measured again. 

In all six tissues the attenuation for a necrotic tissue was much higher that the attenuation 
before necrosis. The attenuation of necrotic tissue in fat was 1.8 times bigger than the 
attenuation before necrosis, whereas the corresponding figure for muscle was 2.5. The other 
tissues exhibit an intermediate behavior. The main conclusion of this study is that necrotic tissue 
attenuation is about two times bigger than the value at body temperature. 

INTRODUCTION 

The main goal of this study was to measure the attenuation of a soft tissue at body 
temperature and then at the state where tissue is necrosed. The attenuation of muscle, 
kidney, brain, liver, fat, and prostate was measured. Extensive search revealed that a 
lot of research is underway for the above tissues in the area of HIFU (High Intensity 
Focused Ultrasound). Representative studies are given as a reference for the reader: 
liver [1-2], prostate [3-5], kidney [6-7], brain [8-10], muscle [11], and fat [12]. The 
research on muscle and fat is justified because these two tissues usually surround other 
vital organs (for example liver, kidney) which are of ultrasonic importance. 

The current study is a continuation of a previous study [13] that also explored the 
effect of thermal dose on attenuation. In that study attenuation was measured in dog 
liver, kidney and muscle, over a broad range of thermal dose. This paper is simplistic 
in the sense that attenuation is measured at body temperature (thermal dose is zero) 
and then it is measured at a dose of 1000 mins referenced at 43° C. The choice of 
heating a tissue at 1000 mins ensures that all six tissues of interest are necrosed [14]. 
Moreover, this study includes attenuation measurements for prostate, fat, and brain. 

The value of attenuation (which gives a very good indication of absorption) was 
measured using the transmission and reception method [15]. The attenuation was 
measured using a system that includes 2 low-intensity transducers, a signal generator, a 
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data acquisition card and a PC. Attenuation includes absorption, scattering and 
reflection but when minimizing scattering and reflection, attenuation will reflect 
mostly losses due to absorption. 

Previously [16] studied the changes in attenuation (from 30° C to 90° C) in cat 
brain and shows that the attenuation stays essentially constant up to 50° C, and then 
increases rapidly. The studies by [13] and [17] also showed that attenuation increases 
at high temperatures. 

MATEMALS AND METHODS 

The system consists of a signal generator (HP 33120A Hewlett Packard, now 
Agilent technologies), a 12 bit/50 MHz A/D acquisition card (CS1250, GAGE, 
Lachine, Canada) and two identical flat/circular transducers made from piezoelectric 
ceramic PZT4 (Etalon, Lebanon, Indiana) of 10 mm diameter. The transducers operate 
at 4 MHz. Figure 1 shows an illustrated block diagram of the system using the actual 
photos of the instruments. One transducer is connected to the signal generator and 
functions as the transmitter. The transmitter is attached in a small container, which is 
filled with degassed water. The tissue under measurement is placed inside the small 
container. In the other side of the container and opposite to the transmitter the other 
transducer (receiver) is placed. The output of the receiver is connected to the A/D 
acquisition card. Circulating thermally regulated water though a heating coil 
controlled the temperature of the tissue. A 50-jim diameter T-type copper-costantan 

Temperature reader 

Signal generator 

FIGURE 1. Block diagram of the attenuation measurement system. 
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thermocouple (Physitemp) was inserted in the tissue in order to measure the tissue 
temperature. Based on the elapsed time and measured temperature the thermal dose 
referenced at 43° C is estimated. The temperature was measured using an HP 7500 
series B system and an HP 1326B multimeter. 

Initially the signal through the water was measured (Vw) with the A/D card and the 
software that supports the card. Then the signal Vjis measured with the presence of a 
tissue sample. The following equation gives the value of attenuation a in dB/cm: 

a= 20 log (VwA^T)/d (1) 

where d is the sample thickness measured in cms. 
Initially the attenuation of a tissue at body temperature was measured. Then heating 

the bath at 60° C increased the temperature of the tissue. The heating at this 
temperature was maintained until the thermal dose of a tissue referenced at 43° C was 
1000 mins. At this dose the tissue became necrotic, and the attenuation was measured 
again. 

RESULTS 

Table 1 shows the attenuation of porcine kidney cortex, muscle, fat, prostate, brain 
and liver at a zero dose (body temperature) and at 1000 mins referenced at 43° C (state 
of necrosis). The measurements were made at a frequency of 4 MHz. 

TABLE 1. Attenuation of various soft tissues at body temperature (0 mins at 43° C) and at 
the state of necrosis (1000 mins referenced at 43° C) at a frequency of 4 MHz. 

Tissue Type Attenuation at 0 
43° C (dB/cm) 

mins at Attenuation at 1000 mins 
at 43° C (dB/cm) 

Kidney 3.1 6.5 

Muscle 3.8 6.8 

Fat 8.1 14.6 

Prostate 4.2 8.3 

Brain 3.1 6.3 

Liver 3.2 8 

DISCUSSION 

The success of this study depends on the accuracy of measuring attenuation. 
Therefore the results of other studies were tabulated in order to compare. The 
comparison was made for liver, since for this tissue a lot of results were available. 
Table 2 shows attenuation of liver at 4 MHz of other studies. The main conclusion is 
that attenuation in liver varies between 1.8 to 5 dB/cm. From Table 2 it appears that 
the typical value is around 3-3.5 dB/cm. Thus the value of 3.2 dB/cm that we found in 
this study is vary close to the typical value found by other authors, which proves that 
the methods used in this paper are very accurate. 
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Bovine liver 4.2 

Human liver 2.5 
Porcine liver 3.6 

Bovine liver 3.5 

Human liver 3 

Human liver 1.8-3.5 

Human liver 3.5 

Hog liver 5 

Human liver 4 

TABLE 2. Attenuation of liver at 4 MHz measured by other authors. 

Tissue Type Attenuation dB/cm at 4 MHz        Reference 

[17] 

[18] 

[19] 

[20] 

[21] 
[22] 

[23] 

 [23]  

Tliis study confirms that the variation of attenuation within ultrasonic-important 
tissues (kidney, liver, prostate, and brain) is small. The lowest attenuation at 4 MHz at 
body temperature was measured in kidney and brain (3,1 dB/cm) whereas the 
maximimi was measured in fat (8.1 dB/cm). 

In all six tissues the attenuation for a necrotic tissue was much higher that the 
attenuation at body temperature. The attenuation of necrotic muscle was 1.8 times 
bigger than the attenuation before necrosis, whereas the corresponding figure for liver 
was 2.5. The other tissues exhibit an intermediate behavior. The main conclusion of 
this study is that soft tissue attenuation after necrosis is about double the value at body 
temperature. 

The increase of attenuation with temperature has been observed also by [24]. The 
difference in that experiment is that the tissue was heavily degassed, whereas in this 
study the experiment was initiated immediately after the animal was killed, thus in 
terms of bubble content, this study was more realistic. The increase of attenuation that 
we observed can be attributed to the change in the tissue structure (protein 
denaturation) due to the heating. Since in this experiment only one measurement is 
taken (after necrosis) it is difficult to assess whether there is more than one process 
that characterizes the changes during heating 

The importance of this study is that during real time ultrasound guidance of HIFU 
the signal might decrease during heating. Whether this drop is sufficient to provide 
good contrast between necrotic and normal tissue, it cannot be established yet. The 
study by [24] shows that the changes in backscattering due to heating are comparable 
to changes from point to point in the tissue. Since backscattering does not show a 
similar increasing trend as the attenuation [24], then the increase of attenuation may be 
attributed mostly to absorption (already observed by [13]). This resuh can be very 
important during HIFU. One example that demonstrates the importance of increasing 
attenuation is the case of a target that must be covered with necrosis by moving the 
transducer along the axial direction twice. A good strategy is to start heating the part 
of tiie target fliat is deeper in the tissue. Then tiie transducer can treat the rest of the 
target. If the opposite was followed, then during the heating of the deeper part, an 
acoustical barrier of high attenuation would have been created in the front part. Thus 
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the infomiation of increased attenuation could be very useful during HIFU treatment 
planning. 
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Abstract. In recent years, High Intensity Focused Ultrasound (HIFU) therapy has received 
heightened attentions in the field of minimally invasive cancer therapy. We have developed a 
new intra-operative HIFU system, which has the following new ftinctions - the focus expansion 
technique using an "Unbalanced Checker" phase-shifted driving method, and the intermittently 
monitoring technique during treatment. 

In this paper, we introduce this new system and investigate effects of these techniques in 
computer simulations and in vitro experiments 

INTRODUCTION 

In recent years, minimally invasive treatments (MIT) have become important in 
various medical fields. Thermal ablation such as radiofrequency tissue ablation (RFA) 
or microwave coagulation therapy (MCT) has become one of the standard tools of 
minimally invasive therapy for liver tumor. However these methods still need to 
puncture the tumor with a needle-type electrode and carry risks of tumor cell 
implantation and dissemination. As a new method to overcome these problems. High 
Intensity Focused Ultrasound (HIFU) therapy attracts a great deal of attention. 
Focused ultrasoimd energy was chosen as the therapeutic ener^ since it can coagulate 
deep-lying region within the body extracorporeally better than most other forms of 
energy. This technique seems to have been originally used for the destruction of small 
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volumes in the field of neurosurgery.[ 1,2,3] However, it was found that local energy 
absorption increased significantly due to the onset of transient cavitation,[4] and this 
was expected to have adverse effects on its heating capability, such as displacement of 
the heated part[5,6] and near-field heating during focus scanning.[7] We have already 
developed a Cavitation Suppression Technique (CAST) and confirmed that it is able to 
suppress any adverse effects due to cavitation.[8] 

Although a conventional spherical ultrasound source was used, the focus was 
formed very sharply creating several problems. Because of its small denaturation size, 
the total treatment time tended to be extended. However, the biggest problem was the 
strong focal intensity which could mechanically the tissue around the focal point.[9] 

Several focus expansion methods have already been reported which expand the 
focus and reduce the intensity.[ 10,11,12] We have developed a new technique called 
the "Unbalanced Checker" method to obtain a uniform ultrasound energy distribution 
around the focal area, and represents a remarkable improvement over current methods. 

This paper reports the basic examination results obtained with an intra-operative 
HIFU system incorporating the "Unbalanced Checker" technique and intermittently 
monitoring, in vitro and in vivo experimental data are presented to demonstrate its 
effectiveness for HIFU therapy. 

Intra-Operative HIFU System 

Our developed intra-operative HIFU 
system is shown in Figure 1. 

The system is composed of a main 
component (system controller and 
drivers), a diagnostic ultrasound imaging 
system (Toshiba PowerVision model 
SSA-380A), and an ultrasound generator 
(applicator). 

The applicator consists of 12 pieces 
of piezo-ceramic transducers (diameter 
57.2 mm, curvature 65.8 mm, frequency 
1.5-1.6 MHz), a B-mode ultrasound probe 
(5 MHz) and a water coupler. Each 
transducer has its own drivers (total 
electrical output is 1.0 kW). 

Figure 2 shows in its left half the 
principle of intermittently monitoring 
built into this system. The right half 
shows the clinical experience. The 
intensity of therapeutic ultrasound is 
much higher than that of imaging 
ultrasound which adds severe acoustic 
noise to the ultrasound images and 
prevents the doctor from monitoring 
during sonication. 

Diagnostic ultrasound system 
Toshiba SSA 38flA 

FIGURE 1. Intra-operative HIFU system 
(for clinical trials) and ultrasound generator 
(applicator: lower right). 
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To overcome this problem, we prepare short intervals (0,05 seconds) intermittently 
during continuous HIFU sonication, acquire one frame of the ultrasound image within 
the interval and display it. 

Clinical trials have confirmed the effectiveness of this new method as well as its 
safety improvement qualities during HIFU treatments. 

FIGURE 2: The principle of intermittently 
monitoring (above) and clinical experience 
(right). 

Materials And Methods 

The principle of the "Unbalanced Checker" method is shovm in Figure 3. 

IrhediCTmrthoi} 

FIGURE 3. "Unbalanced Checker" metliod description. 

The "Unbalanced Checker" method disperses the ultrasonic energy around the 
geometrical focal point by driving two groups of transducers with different waves. 
Focus expansion was investigated with computer simulations by changing the 
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following parameters: driving phase (p), driving voltage ratio (V), number of divided 
transducers (n) and transducer area ratio (S). 

The ultrasound distributions were then measured experimentally at several driving 
conditions confirmed with these simulations. The experimental setup is shown in 
Figure 4. The ultrasound generator (applicator) is driven by an intra-operative HIFU 
system and the ultrasound images are obtained using a Toshiba SSA-380A diagnostic 
ultrasound imaging system. Positioning and scanning IMOTEC needle-type 
hydrophone are performed with an XYZ automatic stage, and ultrasound distributions 
are measured. Data acquisitions are controlled with Labview^"^' on a personal 
computer. Several "Unbalanced Checker" conditions were applied to bovine liver in 
vitro. After sonication, the liver sections were compared with each other. 

(A) 
GP-IB 

Pulse motor 
controller 

XYZ stage 

DSO 

PC 
(Labview'^''^) 

Intra-operative 
HIFU system 

US probe 

Degassed water 

Diagnostic 
US system 

^Piezo ceramic 
transducers (12 pieces) 

~ Needle hvdrophone 
Focal point 

(B) 

Focal point 

FIGURE 4. Schematic diagram of the experimental setup. 
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RESULTS AND DISCUSSION 

Driving Parameters For Focus Expansion 

Figure 5 shows how the ultrasound distributions change when the driving phase (p) 
is varied. In these simulations, the most uniform sound field was obtained when/? was 
between 126 and 144 degrees. 

Figure 6 shows how the lateral distribution changes when the driving voltage ratio 
(V) is set to p=l 80 degrees. As can be seen, the most suitable driving voltage ratio was 
approximately 1 to -2. The driving power ratio for these values of V, however, was 
approximately 1 to 4, which could heavily load the transducers. The Voltage- 
unbalanced Checker method was thus deemed unsuitable for use. 

FIGURE 5. Phase-shifted Checker 
method: ultrasound distribution 
changes with varying driving phase 
«■ 

- Computer simulation - 

FIGURE    6:    Voltage-unbalanced 
Checker method: lateral distributions 
at different driving voltage ratios (V). 

- Computer simulation 

Figure 7 shows how the ultrasound distributions change when the number of 
divided transducers (n) is varied atp=126 degrees. The focal size becomes smaller as 
n is reduced. On the other hand, the ultrasound intensity around the front path of the 
focal point becomes quite high with increasing n. This may cause unexpected heating 
around the ultrasonic path. 
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FIGURE 7. Ultrasound distributions for 
different numbers of divided transducers 
(n). 

- Computer simulation 

Sound Distribution In Water 

Figure 8 shows the ultrasound distributions measured with an IMOTEC needle-type 
hydrophone in degassed water. When the peak ultrasound intensity is given the same 
value, the ultrasound intensity at Z = -30 mm of large focus was about 5 times higher 
than that at the middle focus. This shows that not only the focal ablation size but also 
the heating in front of the focus can be controlled. 

-15-10      -G 0 6 10       15 

FIGURE 8. Ultrasound dis- 
tributions measured with a 
hydrophone in degassed water. 

- Experimental data 

f% 
k # 
5 i                           ■> 

Large focus 
(VA=VB,p=180deg.,n=12) 

Middle focus 
(VA=VB,p=126deg.,n=4) 
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Mtro Experiments 

Figure 9 shows in vitro bovine liver sections after sonication. With normal focus 
(left), the coagulated region was small, heavily denatured and partially destroyed. On 
the other hand, with a large focus (right), the coagulated region became large and 
exhibited mild denaturation. However, the coagulation expanded towards the 
transducers, which could have adverse effects on the HIFU treatment The middle 
image shows moderate coagulation with neither tissue destruction nor expansion of 
tissue coagulation. 

Normal Middle focus Large focus 
(VA=VB,P=0°, [n=1])       (VA=VB,p=126°, n=4)    (VA=VB,p=180°, n=12) 

FIGURE 9. In vitro bovine liver sections after sonication. 

CONCLUSION 

It was confirmed that our developed new "Unbalanced Checker" technique enables 
us to easily control the focal size. And, since focal size is closely related to the extent 
of tissue coagulation and destruction, this focus size control technique becomes 
important for HIFU therapy. 
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Abstract. Aiming to develop a non-invasive ultrasonic treatment technology enabling 
coagulation treatment with a highly enhanced throughput [1,2], we are developing a Variable 
Focal length High Intensity Focused Ultrasound (VFHIFU) system for coagulation therapy. In 
order to treat tumors at a wide range of depth in tissue by ultrasonic coagulation therapy, it is 
necessary to increase range of variable transmitting focal length. In this study, we considered 
array transducer design method for transmitting high intensity ultrasound. And as an evaluation 
result of prototype based on the metliod, the prospect of dynamic focusing ultrasound therapy 
was obtained. 

INTRODUCTION 

A focal spot size is around 2 mm in diameter and 100 mm in length for tlie 
particular application to treat prostate cancer from rectum. It needs exchanging of 
transducer while the treatment process proceeds when the transducer has fixed focal 
length (Fig. 1). It is possible to treat prostate without pulling out and reinstalling the 
transducers (Fig. 2). 

Prostate Ca 
Urethra 

FIGURE 1. Trans rectal fflFU for prostate. FIGURE 2. VFHIFU for trans rectal 
prostate treatment. 

A prototype variable  focal length array transducer system  for a high- 
throughput HIFU is constructed and tested in order to treat benign and malignant 

423 



tumors at a wide range of depth in tissue. Lesion of coagulation necrosis is formed and 
observed at the focused region in a sample of liver tissue removed by using the system 
made on trial. 

METHODS 

The variable focal length technology with linear array and acoustic lens was 
employed to expand the treatment zone. The applicator consists of two pieces of 
power array transducers with an elevational mechanical lens for the treatment, and a 
small diagnostic array probe located between them for targeting and monitoring. The 
each power array transducer with small f-number is formed as phased array to make 
the focal length variable. 

They can converge an ultrasound beam at several distances from the contact surface 
by using the transmitting circuits of several channels that drive each corresponding 
elements of the transducer independently to cauterize a sample of tissue removed. The 
transmitting control unit consisting of the circuits is shown with ultrasound scanner for 
imaging in Fig. 3, while Fig. 4 shows a head part of the system containing all the 
transducers' assembled as is shown in Figs. 5 and 6 respectively. Schlieren apparatus 
monitors the focused ultrasound beam profiles, while acoustic power is measured by a 
radiation force balance method. 

Ultrasound Scanner 
Hitachi EUB-6000 

Transmitting „ 
Control Unit 

FIGURE 3. Front view of the trial made apparatuses. 
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Elevational mechanical lens backed 
by 32x2 power airay transducer 

Aluminum Lens 

Imaging Probe 
6.5MHz lORConvex 

Transducer 
32 X 2 Channel 

Imaging Probe 
6.5MHz lORConvex 

FIGURE 4. External view of transducer head. FIGURE 5. Structure of the head. 

FIGURE 6. Rear view of the array transducers below aluminum lens. 

RESULTS 

Fig. 7 shows total acoustic power radiated from HIFU transducers vs. peak-to-peak 
voltage applied to the array elements. The frequencies for power array transducers and 
single element (fixed focusing) transducers are 2.66 MHz and 4,3 MHz respectively. 
More than forty watts of acoustic power was measured in water irradiated by both 
array transducers assembled in the head, as shown in Fig. 7, when applying 100 Vp-p 
to the each array transducer elements. Since canine prostate was cauterized to generate 
coagulation lesion by continuous wave ultrasound beam of 17W at 4.3 MHz at the 
former experiment [3] that is equivalent to 43 W at 2.7 MHz, the power is expected to 
be sufficient for coagulation. 

The focal points are targeted at different depth from 30 to 65 mm in water as shown 
in Fig. 8. Although the beam is weakly focused by the acoustic lens for short axis, it 
cannot be focused properly without electrical phase control. Therefore electronic 
phase control for the HIFU beam focusing proved to be effective. 

Fig. 9 shows the result of animal experiment, the swine liver cut surface, cut after 
the irradiation of the VFHIFU along the section. 
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FIGURE   7.   Total acoustic   power 
radiated   from  HIFU transducers  vs. 
peak-to-peak  voltage applied  to  the 
array elements. 
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Beam Direction 

FIGURE 8. Beam pattern of dynamic focusing 
probe obtained by schlieren teclinique 

FIGURE 9. Necrotic lesion in swine liver 
caused by VFHIFIJ irradiation 

It was confirmed that lesion of coagulation necrosis is formed at the regions around 
focal point which were monitored by schlieren method as shown in Fig. 9. 

CONCLUSIONS 

Total acoustic power of more than 40W was achieved in water using our power 
array transducer with elevational mechanical lens. 

The transducer can generate coagulation lesion upon necrosis (swine liver) around 
focal point, deep at 45 mm, total acoustic power of more than 40 W, and Intensity 
1.9kW/cml 

This study demonstrated that our new prototype HIFU system can coagulate tissue 
at focal points without exchanging applicators. 
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Abstract. The development of therapeutic applications of ultrasound depends notably on the 
availability of high-performance transducers. New piezocomposite technologies offer 
performances that have proved to be particularly well adapted for such applications thanks to 
high power density generation with high efficiency. Moreover this technology enables a wide 
variety of shapes and the design of array transducers for electronic focusing, scanning and 
steering of the beam. This article details these advantages as well as other interests such as a 
large bandwidth or the MRI compatibility allowing the imaging / therapy association. 

Furthermore, the feasibility of highly focused transducers and complex array structures will be 
illustrated through various examples. 

INTRODUCTION 

Ultrasound therapy has been the subject of research for many years [1,2,3], but it is 
only recently that this technique has found effective and widespread medical 
applications. The potential of this technique is extremely promising, but there remains 
progress to be made, notably in the area of the generation of ultrasonic waves. 

The large range of potential applications creates a wide range of different 
objectives. The main parameters are the required action on the biological tissue, the 
volume and location of the treatment zone inside the body, the acoustic access to the 
target area, the limitations on treatment time, the limitations on the acoustic exposure 
of surrounding tissues, the associated imaging techniques. 

Compared with other medical ultrasonic techniques like those used in medical 
diagnostic this will lead to specific requirements: 

- Generate high power acoustic waves that are precisely localized and precisely 
controlled in amplitude, 

- Provide 3D scanning of the beam with a high degree of flexibility, 
- Have a physical compatibility with imaging equipment and associated sensors, 
- Guarantee an improved degree of reliability and safety taking into account the 

use of a larger amount of electrical and acoustical energy 
Based on the above application requirements the transducer designer will have to 

take into account transducer specifications that includes: 
- The production of high acoustic power at the surface of the transducer, 
- 2D large active radiating apertures with f-number ~1. 

Maintaining the treatment time in a reasonable range is often an important 
objective. Flexibility of operation and easiness of control are also important criteria. 
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On those aspects electronic beam synthesis focusing and steering with transducer 
arrays opens many routes for solutions. 

When MRI imaging technique is to be used the material compatibility with MRI 
environment of transducer and other parts of the system is required. 

When ultrasonic imaging technique is chosen it makes necessary to combine 
diagnostic requirements and therapeutic ones. Various configurations can be used: 

- different transducers in separated housings mechanically positioned one to the 
other in order to obtain a precisely controlled location of respective beams in 
the same setting mark. The position of one transducer relative to the other may 
be adjustable or not. 

- different transducers with a fixed position in the same mechanical assembly or 
in the same housing in order to obtain a very stable and constant positioning of 
one transducer relatively to the other. 

- using the same transducer or the same group of transducer elements having the 
capability to function in both modes. This will obviously require transducers 
with a high power capability, at least at the chosen frequency for the 
therapeutic use, and a wide band capability, at least in the frequency range of 
imaging for diagnostic use. 

State of the art technologies developed for high power ultrasound as well as 
technologies developed for low power ultrasound like medical diagnostic, non 
destructive testing, flow and distance measurement, etc., have many limitations with 
Inspect to the above mentioned requirements. 

In order to solve these limitations and develop new transducers for therapeutic 
ultrasound new high-power technologies using piezocomposite technology have been 
searched and evaluated [3]. Continuous research and development in this 
piezocomposite route offers now a broad range of technological solutions. 

State Of The Art In Piezoceramic And Piezocomposite Technolo^ 

It is well known that one can use piezoceramic bowls or plates made from low 
losses PZT materials to produce high power transducers. The piezoelectric layer is 
then excited on its first or third harmonic. These transducers are generally air-backed 
and array structures can be obtained by making deep grooves in the ceramic layer. 
This approach allows the manufacturing of high-intensity transducers with high 
efficiency but involves the follovdng limitations: 

- Lateral vibrations in ceramic layer may create parasific waves producing 
spurious hotspots, 

- Cross talk between array elements may limit beam control performances, 
- Producing large size plates or bowls may be difficult, 
- Due to the low resilience of piezoceramic materials and due to the presence of 

grooves in arrays the transducer structure may be fragile under mechanical 
shocks or pressure, 

- Most of these designs give narrow band transducers. 
On the other hand 1-3 and other piezocomposite technologies have received a large 

interest in low power applicafions like medical diagnostic [4] and non destructive 
testing.   1-3 piezocomposite technique is based on the use of materials including a 
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large number of piezoceramic rods embedded into a matrix of polymer material 
(Fig 1). 

polymer 

FIGURE 1. 1-3 Piezocomposite after W. A. Smith. 

The main benefit of a properly designed 1-3 piezocomposite material is an 
enhanced vibration in thickness mode and a reduction of the influence of lateral 
modes. The good properties in the thickness mode can be described by the coupling 
coefficient that is higher than the coupling coefficient of a plate made of the same 
ceramic material. 

The most current design of so called 1-3 piezocomposite transducers based on the 
use of 1-3 piezocomposite materials implies the following choices: 

- Use of low glass transition temperature (Tg) polymer filler: epoxy or 
polyurethane 

- Thermal shaping of the piezocomposite structure in order to create a shell. This 
shell structure may be used to produce the mechanical focusing characteristics 
of the transducer. 

- Create an array structure by using a pattern of engraved electrodes and making 
profit of the low lateral cross talk 

- Use of solid backing material with relatively low acoustical impedance in order 
to have a good mechanical resistance and a high efficiency. 

The use of 1-3 piezocomposite technology facilitates the reduction of lateral waves 
in large transducer shells as demonstrated by Cathignol et al. [5] and provided that the 
piezocomposite is properly designed, one can obtain beam patterns with an excellent 
correlation with predicted beams from theoretical models. 

Based on the above reasons the use of piezocomposite technology is attractive for 
therapeutic applications. 

One important point must be remembered at this stage. High power ultrasound 
cannot be produced without electrical and mechanical losses inside the materials of the 
transducer and such losses make a part of the electrical and mechanical energy to be 
converted into thermal energy inside the transducer itself As for instance it is well 
known that losses play an important role in the power capability of transducers based 
on ceramic technology and in that case one must take care to use special low loss 
piezoceramic materials in order to obtain high power characteristics. In addition one 
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must take care of the losses in the used electrical interconnections, cables and 
matching networks. 

Also it is well known that 1-3 piezocomposite materials have relatively high losses 
compared to ceramic materials used in power applications. The existence of losses 
implies that high power generation cannot be envisaged without a special and careful 
design of the thermal properties of materials and structures. As for instance maximum 
inside temperature of the currently used piezocomposite materials in low power 
applications is limited by low thermal glass transition temperature (Tg) usually around 
60°C (140 °F). A transducer buih with piezocomposite technologies designed for low 
power applications will rapidly be damaged under high power excitations. Therefore 
the use of 1-3 piezocomposite technology for therapeutic applications requires specific 
structural design and adapted materials. 

New High-Power Piezocomposite Technologies 

Due to above mentioned variety of requirements in therapeutic applications and due 
to the limitations of state of the art technologies we have been willing to overcome 
encountered limitations and we have designed several piezocomposite materials and 
structures for therapeutic applications. 

This work was based upon the development and the combination of three key 
technological aspects: 

- The use of new 1-3 piezocomposite materials using high Curie temperature 
ceramic rods embedded into high glass transition temperature (Tg above 
120°C) polymer matrices. 

- The use of special shaping processes allowing the making of highly curved 
shells. These processes are not revealed in this article due to their proprietary 
aspect. 

- The use of newly designed structures combining piezocomposite layer with 
matching layers and backing. These new structures have been made necessary 
in order to keep low mechanical stress and thus keep the structure integrity 
imder the inherent variations of the inside temperature that are produced by 
losses under high power generation. 

In our team we have developed two technologies named HIl and HI2. 
HIl technology has been designed and the first prototypes have been manufactured 

on the very beginning of 1991. Following a demand from the French "Institut National 
de la Sante et de la Recherche Medicale - Insenn" and in the framework of a 
feasibility study made in collaboration with Insenn our objective was to demonstrate 
the feasibility of transducers for the thermal ablation of tissues. Considering the 
limitations of existing technologies we decided in our team to experiment the use of 
technological results including materials structures and processes from previous 
research and development works dedicated to high temperature transducers for NDT 
applications. Other results were also available at that time in our lab for the shaping of 
relatively large transducers with F-number close to 1. First prototypes were 
characterised by Inserm and high power performances were shown demonstrating the 
capability to produce high power ultrasound at levels adapted for the thermal ablation 
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of tissues. Previously demonstrated shaping processes were then used to produce the 
first piezocomposite HIFU transducers. 

Considering the date of initial works it may appear that these works are no more 
really new. However one must consider that therapeutic ultrasound development is a 
long term process and that the qualification of materials, processes and methods is 
quite long due to the overall complexity of the objectives including the definition of 
the treatment itself, the design and realisation of devices, the process of laboratory and 
clinical experiments. 

More recently HI2 technology has been developed with the objective to have more 
power capability in some applications. A solid backing that is not described in this 
paper gives better thermal cooling while keeping a good bandwidth. In addition this 
HI2 technology allows the design of transducers which are extremely resistant to 
mechanical and thermal shocks. 

Both developed technologies have been shown suitable to produce high power 
ultrasound for therapeutic applications. Other characteristics are as follows: 

TABLE 1. Characteristics of Imasonic HI-1 and HI-2 technologies. 

Characteristics of Imasonic HIl and HI2 technologies 
Common features - Flexibility in shapes, sizes 

and array patterns 
- Mechanically robust 

Imasonic HI-1 
Transducer efficiency 60% to 70% 
Working frequency range 200 kHz to 10 MHz 
Maximum acoustical power 5tolOW/cm^ 
Bactcing Air 

Imasonic HI-2 
Transducer efficiency 40% to 60% 
Working frequency range 200 kHz to 5 MHz 
Maximum acoustical power up to 30 W / cm' 
Backing Solid 

HIl AND HI2 PERFORMANCES THROUGH SOME EXAMPLES 

Access to array technique: the structure of the piezocomposite luaterial allows a 
significant reduction of spurious modes of vibrations and privileges the thickness 
mode. This property makes possible the design of array transducers as the elements 
can be made acoustically independent. It is also beneficial for avoiding the generation 
of parasitic radiation. Both HIl and HI2 technologies can be used to make arrays and 
this is illustrated in various following examples. 

Acoustical power and efficiency: thanks to a high coupling coefficient, superior to 
that of the ceramic material, and a lower acoustic impedance (8 to 12 Mrayl) that 
facilitates the transfer of energy to water, and due to their specific thermal and 
mechanical design, transducers based on HIl and HI2 piezocomposite technologies 
can generate acoustical power that can be as high as 30 Watts/cm^ with a high 
efficiency. In order to meet therapeutic applications. Ultrasonic transducers have to 
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withstand the applied electrical power in a continuous manner for several seconds, or 
even several minutes. Under such conditions, the internal heating due to electrical or 
mechanical losses constitutes a first source of limitations. The efficiency of the HIl 
and HI2 piezocomposite transducers, typically around 50 - 60%, remains stable at high 
level of power over a long time. 
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FIGURE 2. HIl linear concave array — 64 elements with measurements of total acoustic output power 
as a function of electrical input power. 

The following example illustrates the stability of efficiency in the case of HI2 
transducers: 

#1 #2 

rTEMS 

#3                            «4 

before use ■ after 1 hour a after 24 hours 

FIGURE 3. Single element transducers - Evolution of the efficiency afler 1 hour and 24 hours. 
(Emitted acoustical power: 10 W/cm' - Duty cycle : 10 sec. ON - 60 sec. OFF) 

Bandwidth, Beam QualMy and Imaging / Therapy association: The structure of 
the piezocomposite material privileges the thickness mode of vibration of the active 
element. Typically, the thickness mode coupling coefficient kx is on the order of 0.60. 
Beyond the interest for energy conversion, it facilitates also the widening of the 
bandwidth. This feature has an interest in many cases. First it facilitates the tuning 
with the electrical circuit. This means that the transducer can operate in a relatively 
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wide frequency range around the nominal value with an efficiency that remains high. 
In some applications this allows to sweep the frequency in order to obtain specific 
effect like the reduction of grating lobes [6]. Moreover this allows to adjust the 
frequency according to some parameters of the treatment like the depth of tissue, the 
nature of tissue, etc. 

More recently came an increasing interest in making transducers allowing a 
combined use in therapeutic mode and imaging mode. For instance, the wide band 
characteristic of HIl combined with innovative signal processing was used by Ebbini 
et al. [10] in order to produce images from a linear array transducer initially developed 
for therapeutic purpose. This opens new paths for the combination of Therapeutic 
ultrasound with Imaging ultrasound. The following figure shows the transmit temporal 
and frequential characteristics of a HI 1 linear array transducer. 

Transinlt spectium single cycla, module 1237al 02 elamenl • 7 

J1,^;AAA-V-~ 

FIGURE 4. Temporal response and frequential analysis of a high-power HI I transducer. 

In the same goal of making therapeutic transducers compatible with imaging 
techniques HI-1 and HI2 based transducers have been developed using MRI 
compatible materials in order to use them under MRI imaging and hence to associate 
ultrasonic treatment with MRI monitoring. 

The picture in Fig 5 shows HIl 2D arrays for Focused Ultrasound Surgery under 
MRI imaging and Fig 6 shows an MRI image with the transducer in the bottom part of 
the image. 

Another important requirement in most therapeutic applications is the high level of 
control of beam quality. This is particularly important in HIFU techniques were a 
precise volume of tissue is being ablated. 

This is also important in methods including the synthesis of beams with special 
spatial distribution in order to treat a larger volume of tissue and to reduce the time of 
the treatment. Fig 7 shows an example of beam distribution from a 2D array made in 
HI 1 technology. 
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FIGURE 5. 104 elements higli power MRl 
compatible transducers. 

FIGURE 6. MRI imaging with tlierapeutic 
transducer. 

FIGURE 7. Pressure field measurements 
of a 104 elements 2D array. Note that the 
results obtained are very close to the 
simulations (after J.L. Raymond, R. King, 
and K. Hynynen) 

CONCLUSIONS 

The evolution of ultrasonic therapy and the variety of applications and 
combinations with imaging techniques make increasingly necessary to take into 
account tlie specific nature of each application. Imasonic HI-1 and HI-2 technologies 
have been developed to bring adapted technological solutions in a wide range of cases 
including array techniques. Theses technologies make feasible efficient transducers 
with a high degree of confidence in beam predictability. Solutions are also designed to 
be electrically and mechanically safe and compatible with other constraints like MRI 
imaging. Moreover, routes are being opened to obtain echographic images with the 
same transducere. 
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Abstract. HIFU has gained importance as a therapy modality. Various acoustic transducer 
systems have thus far been presented but very little work has been done on optimally driving 
these transducers. Piezoelectric loads present a non-linear frequency and power dependant load 
that is incompatible with most conventional RF amplifiers. This paper presents work done on 
developing a switching type RF power source suitable for driving piezoelectric transducers at 
higli frequencies. This design approach presents several cost and reliability advantages and also 
a dramatic increase in efficiency compared to conventional linear amplifier designs opening up 
the potential for portable applications. 

INTRODUCTION 

High-intensity focused ultrasound (HIFU) is becoming an accepted method of non- 
invasive hemostasis and tumor treatment, Hemostasis systems typically consist of a 
single-element concave piezoelectric transducer load and are required to deliver 
powers ranging from 30 W to 250 W [1], Several different configurations have been 
reported for tumor ablation including; multiple transducers in an array [2], single or 
multiple concave transducere [3], and a single flat piezoelectric transducer in 
combination with an acoustic lens [4]. All systems are designed to operate at relatively 
high frequencies between 0,8 and 6 MHz, 

Thus far, conventional RF linear amplifiers and external matching networks have 
been used to drive the transducers at a resonant mode. Further, no HIFU applications 
currently drive the transducers with anything other than continuous or pulsed 
sinusoidal driving voltages. Therefore, the extensive bandwidth and linearity offered 
by linear amplifiers is not required in HIFU and a size, weight and cost penalty is 
associated with this approach. Further, these amplifiers have a reputation for low 
reliability (ruggedness) due to their low tolerance for VSWR. This paper examines the 
piezoelectric load under high power drive and introduces results from a specially 
designed high frequency switch mode energy source, optimized to drive HIFU loads at 
power, 

DYNAMIC BEHAVIOR OF THE PIEZOELECTRIC LOAD 

It is important to be able to accurately predict the behavior of the load under the 
operating conditions before attempting to design the driver amplifier for maximum 
power transfer and efficiency. The piezoelectric transducer operating near or at its 
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resonant frequency can be characterized by the simple equivalent circuit [5] of Fig. 1, 
where; 

Co is the capacitance of the clamped disc, 
Ro is the parallel resistance representing dielectric losses of the transducer, 
Rm is the internal resistance representing mechanical losses and 
Ri is the external (usefid) load resistance representing radiated energy while 
Lm and Cm represent the mechanical compliance and mass of the transducer. 

FIGURE 1. Equivalent circuit of a piezoelectric transducer. 

Ri + Rm is the load pure resistance when the disc is driven at mechanical 
resonance. It is to this resistance that the maximum power transfer must take place and 
its value is an important factor that is considered when designing or matching to the 
driver amplifier. The behavior of the load is usually measured using network analyzer 
however care must be taken when interpreting these small-signal results as these may 
be somewhat different when driven at the rated power. Practical loads are usually 
complex and highly non-linear which results in several unique challenges for the 
amplifier; loads are usually highly reactive, have multiple-resonant modes and are 
capable of acting as source under certain loadings. Losses and power transfer 
invariably result in a change in temperature and a shift in the resonant characteristics. 
These can be easily tracked using a control strategy [6] or including the frequency 
varying elements as part of the resonant circuit in power oscillators [7]. Multiple 
resonant modes usually render the power-oscillator approach unreliable and most 
ultrasonic systems make use of an external oscillator and frequency control system [6]. 

The static capacitance of the transducer can be eliminated or reduced using either a 
series or parallel compensation inductor. This practice is both common and necessary 
when using linear amplifiers, however compensation requirements are different for 
switching supplies and is usually accomplished via a filter network. 

HALF-BRIDGE SWITCH MODE POWER SUPPLY 

Linear RF amplifiers are bulky; the amplifier will dissipate large amounts of power 
during normal operation (with efficiencies usually less than 65%). This, together with 
the demands and variability of a resonant load often results in problems with 
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reliability. In contrast, switch-mode systems have excellent efficiencies, typically 
more than 90%. 

In the Class-D switch mode configuration shown in Fig, 2, switching is employed 
to create an AC current flow through the load from a DC source (voltage fed 
topolog'). This configuration is often called an inverter, but it can also be called a 
switching amplifier since both cycles of the voltage waveform, measured on the 
midpoint, is an amplified version of the combined inputs to this configuration. Two N- 
channel MOSFETs are tied by their drain and source terminals on the midpoint. They 
are alternately switched on by each half cycle of the generated square-wave signal for 
half a period at the switching frequency. Fig, 2(b) shows an alternative way of 
representing the inverter action. The diodes across the switches in Fig. 2(b) represent 
the reverse-recovery diodes typically found inside MOSFETs. 

(a) 

VsJ- Vs/2 

FIGURE 2. (a) Schematic of a class-D half-bridge inverter; (b) simplified version. 

Class D power supplies have been used extensively for low frequency ultrasonic 
applications [6]. In HIFU, the minimum operation frequency for the power supply is 
of the order of 1 MHz and this introduces several complications into designing a 
switch-mode topology. The MOSFETs and lumped circuit elements cannot be 
considered as ideal elements at these high frequencies. Further, the following practical 
problems must be managed; the reverse recovery time of the mtemal diode is finite 
which can create losses and switching noise especially when driving resonant loads, 
the MOSFET output capacitance must be discharged one each cycle introducing losses 
and Millers effect increases the input capacitance making gate switching lossy. Most 
of the parameters including the effects of stray inductance can be managed by carefiil 
layout, component and inverter operating point selection. In our approach we have 
made use of an energy-recovery driving circuit in the gate driving circuit; thus 
reducing the conventional high frequency switching losses associated with MOSFETs 
(discussed below). 

Attempting to drive the piezoelectric transducer into resonance with a square wave 
is not desirable since the additional harmonic content in square waves will introduce 
multiple transducer modes. Since the transducer has more than one resonant 
frequency, it is necessary to introduce some form of filtering to ensure its operation in 
the chosen mode of vibration. Despite the fact that the transducer is driven at 
resonance, it still appears as a largely capacitive load to the driver amplifier because of 
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Co. For this reason we make use of a novel resonant coupled matching network as a 
low impedance source and impedance matching network to the transducer. This 
configuration has several practical advantages compared to conventional impedance 
transformers. 

Energy Recovery Gate Driver Circuit 

At high frequencies, the MOSFET driver must be able to drive large capacitive type 
loads with high charge and discharge currents, fast rise and fall times and low power 
consumption. We have made use of an energy recovery circuit that typically uses less 
than half the power of conventional drivers over its entire frequency range. It can also 
provide high peak sink and source currents of up to 8.5 A for large capacitive loads 
over 3 MHz and it is able to drive the gate capacitance of a MOSFET to more than 
+15 V to -10 V while being powered by a single rail 5 V supply. 

An inductor has to be used in conjunction with the capacitance load (gate of the 
MOSFET). The value of the inductor depends on the size of the capacitance driven as 
well as the voltage swing needed across the capacitance. The principle of operation of 
the topology is that of a resonant circuit whereby the energy stored in the capacitor is 
recycled via the inductor and stored back in the capacitor but with the opposite 
polarity voltage [8]. Depending on the size of the inductor L, this circuit is capable of 
driving a capacitive load with a higher voltage than its own supply voltage. 

Resonant Load Matching 

Q-Matching [9] is a transducer image impedance transformation circuit that can be 
viewed as being a special case of series-parallel resonant load coupling (known in 
switched mode power inverter systems). Q-Matching replaces compensation inductor 
elements and the need for a matching transformer. Further, the system can be adjusted 
and optimized in-situ by varying capacitor values; which is much less time consuming 
than changing magnetic element component values. Q matching is inherently a filter 
which means than it can couple directly to switch mode amplifiers (without the need 
for an additional low pass filter or matching transformer) and it presents a very low 
source impedance (especially at high frequencies). 

C2 

Jl u 
L1 C1 

Co R 

FIGURE 3. Q-matching filter 
network (showing a simplified 
equivalent of the transducer at 
resonance). 

The Q-matching topology is shown in Fig. 3. C2 is the total value of the parallel 
capacitance, including the measured capacitance of the transducer. This configuration 
produces the frequency spectrum of Fig. 4 showing the fundamental frequency and 
some limited harmonic content (depending on the Q of the filter). 
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FIGURE 4, Sinusoid voltage across load and frequency spectram for Q = 1.3 and a 1 MHz piezo load. 

Choosing the Cl, C2 and LI component values carefully, the input current into the 
filter slightly lags the input voltage in phase, meaning that the impedance reflected to 
the midpoint of the inverter is slightly inductive (which is desirable for avoiding 
switching noise on the inverter) and it is possible to obtain a good sinusoidal 
excitation of the load. 

EXPERIMENTAL RESULTS 

Two prototype Class D HIFU power supply units were constructed using either 
IRFP460 or APT6025BLL MOSFETs. Loads were either a dummy resistive load, a 
purpose built 1.1 MHz nebulizer, or a 3.5 MHz HIFU concave transducer obtained 
from the University of Washington. Measured and calculated efficiencies 
corresponded at 94% for the topology. The energy recovery circuit dramatically 
reduced switching losses (leading to the high efficiencies). 

A \ \ 

V Vj !\ 

FIGURE 5. Output voltage (lagging) and current measured for a 1.1 MHz piezoelectric transducer. 
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Very little external inductance was required when driving the APT MOSFETs due 
to this device's internal construction and lead inductance. Power control was achieved 
by varying the inverter DC supply (duty cycle was optimum at 35%). Typical drive 
waveforms are shown in Fig. 5. 

CONCLUSIONS 

Switch-mode inverters hold potential for high efficiency power supplied for 
ultrasonic systems although high frequencies introduce several problems which have 
thus far limited research into this area. We have combined an energy recovery circuit 
and a resonant matching topology to overcome the high frequency switching losses 
and difficulties in driving piezoelectric loads. A Class D prototype has successfully 
driven two HIFU transducers and the unit is capable of delivering 200 W. This 
approach represents a practical solution for high-efficiency HIFU systems and offers 
cost, size and performance advantages over existing RF linear amplifiers. 
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Abstract. We have developed a transparent tissue-mimicking phantom ideal for studying High 
Intensity Focused Ultrasound (HIFU) applications. Opaque lesions are produced after applying 
HIFU in this phantom, and are believed to be caused by protein denaturation and protein 
aggregation. We have observed that lesions in the phantom would after a certain period of time. 
Spectral analysis was used to investigate both the opacification and its subsequent reversal. 

INTRODUCTION 

Dosimetry studies involving different kinds of heat therapy often require the use of 
a phantom in order to demonstrate and investigate lesion formation and its behavior. 
Traditionally, excised tissues have been used to study these biological effects. 
Tissues are generally opaque, which do not allow real-time observation of lesion 
development, and they contain inhomogeneities that lead to inconsistencies in lesion 
formation. A transparent homogeneous phantom with properties similar to tissues is 
ideal in performing dosimetry studies. 

A tissue-mimicking phantom for high-intensity focused ultrasound (HIFU) and 
image-guided therapy applications has been developed and characterized [1]. The 
phantom is based on a polyacrylamide (PA) gel matrix, embedded with a protein 
Bovine Serum Albumin (BSA), which acts as a thermal indicator. The properties of 
the PA-BSA phantom can be adjusted to be similar to that of soft tissue. Table 1 lists 
some properties of the phantom compared to soft tissue, and water. 

TABLE 1. Properties of PA-BSA Phantom, Soft Tissue, and Water. 

Property 

Density, p (kg/m') 

Sound Speed, c (m/s) 

Attenuation Coefficient, a (dB/cm-MHz) 

Thermal Conductivity, K (W/m-^C) 

Specific Heat, Cp (J/kg-°C) 

PA-BSA Phantom Soft Tissue Water 
1,044 

1544 

0.08-0.17 

0.70 

5075 

1.065 

1549 

0.40 

0.50 

3600 

1.000 

1480 

0.0022 

0,60 

4185 
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The PA-BSA phantom is transparent at room temperature, but turns opaque as 
temperature increases making it ideal for studying HIFU lesion formation [2]. At 
lower intensities, a uniform change in opacity of the PA-BSA phantom from 
transparent to a cloudy appearance can be observed. At higher HIFU intensities, 
significant bubble activity with accompanying popping sounds was noted. These 
observations may indicate that both thennal and mechanical effects of HIFU are 
involved in the formation of a focal lesion in the phantom. However, we have 
observed that these HIFU-induced lesions fade after a certain period of time as seen in 
Figure 1. One day after applying HIFU, the lesions were not as distinct. Mechanical 
lesions were observed to fade faster compared to their thermal counterparts. 

1 ■ 
1 ^*rr^ ■ 1 p 1 
! * 

^^"-'J ^n^ 

FIGURE 1. HIFU-induced thermal lesions in PA-BSA phantoms usually fade after a certain period of 
time. A, Lesions can be seen distinctly inside the transparent phantom immediately after application of 
HIFU. B, One day after HIFU application, lesions are not as distinct. 

This study aims to investigate the opacification of HIFU-induced thermal lesions in 
the PA-BSA phantom and its subsequent reversal. Our goal is to have a better 
understanding of the features of the PA-BSA phantom, which could lead us to develop 
a more effective phantom for HIFU and image-guided therapy applications. 

MATERIALS AND METHODS 

Preparation Of PA-BSA Phantom 

The properties of PA-BSA phantom can be modified by changing the concentration 
of the polymer in the gel matrix, and the amount of BSA in the solution. Details of the 
preparation are provided elsewhere [1]. Briefly, BSA was dissolved in distilled water, 
1 M TRIS solution, and 40% (w/v) acrylamide solution. For this particular study, we 
have used 5% (w/v) BSA protein, and diluted the acrylamide solution to 7% (w/v). 
The solution was degassed for about half an hour prior to addition of catalyzing 
agents: 10% ammonium persulfate (APS), andN,N,N',N'-tetramethylethylenediamine 
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(TEMED).   The mixture was transferred in clear plastic boxes for the calibration 
study, and in disposable cuvettes for the spectral analysis. 

Determination Of HIFU Parameters 

The HIFU transducer used was a single element, concave piezoelectric disk, with a 
frequency of 3,5-MHz, a diameter of 35-mm, and a focal length of 55-mm. The 
transducer was operating at approximately 56% efficiency. 

A calibration curve was first obtained to determine the HIFU parameters involved 
in producing purely themial lesions. HIFU was applied to the PA-BSA phantom at 
different intensities, and the time when the lesion starts to form, and the time when 
microbubbles first appear were recorded to determine the calibration curve. 

Application Of HIFU 

Figure 2 shows the set-up used for the study. A plasfic cuvette, with two faces cut 
out, was used to hold the PA-BSA phantom while HIFU was being appUed. The 
transducer was held by an X-Y-Z positioner, which was manually moved to relocate 
the focus. The entire set-up was placed inside a water tank. From the calibration 
curve, the suitable HIFU intensity and duration was chosen. HIFU was appUed in 10-s 
bursts, with 2-s "off time. An average of about 30 lesions (total HIFU "on" time of 
300-s) were created for each sample for the absorbance studies mentioned below. 
Each lesion was spaced such that they overlap, or they are about 1-mm apart. 

FIGURE 2, In a water tank, the transducer was positioned such that the HIFU focus is inside the PA- 
BSA phantom. 

Absorbance Studies 

To investigate the change in opacification of these HIFU-induced thermal lesions in 
the PA-BSA phantom, absorbance measurements were collected using a UV-visible 
spectrophotometer (UV-1601, Shimadzu, Colimibia, MD). The background 
absorbance was obtained using distilled water. Prior to the application of HIFU, a 
baseline absorbance spectra for each of the samples used was recorded. 
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Measurements were collected immediately after the application of HIFU (0-Hr 
Post), and at different time points (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 24, and 48-Hr 
Post). The absorbance maximum of each spectrum was noted. The baseline 
absorbance was subtracted from each of the spectra to determine the change in 
absorbance maximum. 

RESULTS 

To determine the suitable HIFU parameters in producing purely thermal lesions, we 
looked at peak-to-peak input electrical voltages between 150 mV and 195 mV, with 
corresponding focal intensities of 2750 W/cm^ and 4420 W/cm^, respectively. The 
lesion start time and bubbling start time were plotted against the focal intensities as 
seen in Figure 3. 

Calibration Curve 
4900 

4400 

g 3900 

a* 3400 

3 2900 

2400 
30    40 

Time (s) 

FIGURE 3. Plot of w situ intensities as a function of lesion start time, and bubbling start time. 

Figure 4 shows the absorbance spectra of water, 5% BSA solution, PA-BSA 
phantom immediately before and immediately after application of HIFU. The BSA 
spectra revealed a maximum absorbance at 298 nm. A change in absorbance maxima 
before and after HIFU application in the PA-BSA phantom was observed. 

Absorbance Spectra of Different Gel 
Components 
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FIGURE 4. Absorbance spectra of water, 5% BSA solution, PA-BSA phantom, and PA-BSA phantom 
after HIFU application. 
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The application of HIFU to the transparent PA-BSA phantom produced opaque 
lesions that gradually reduced their opacity with time as seen in Figure 5. This 
observation was further supported by looking at absorbance spectra. A significant 
change in the absorbance spectra was observed immediately after application of HIFU. 
However, as time passed the peak absorbance gradually returned to the absorbance 
maximum seen before HIFU was applied to the PA-BSA phantom as seen in Figure 6, 

*''.    S# 

L=.-_-^J. 

;,^ 

%>*v# . 

• I IBSS-J 

FIGURE 5. HIFU-induced thermal lesions in PA-BSA pliantom. A, The phantom is transparent before 
applying HIFU. B, Opaque thermal lesions in the PA-BSA phantom were seen immediately after 
applying HIFU. C, One hour after applying HIFU, opacity of the thennal lesions was reduced in the 
PA-BSA phantom. 

The change in absorbance maxima was determined by subtracting the wavelength 
where the peak was seen before HIFU was applied from the wavelength where the 
peak was seen after HIFU. The average change in absorbance maxima was plotted as 
a function of time as seen in Figure 7, Error bars indicate +/- one standard deviation. 

Absorbance Spectra of PA-BSA-HIFU Phantom at 
Different Time Points 

Wsivetength (nm) 

FIGURE 6.   A representative plot of absorbance spectra of PA-BSA phantom after application of 
HIFU at different time points. 

447 



Difference in Absorbance IVIaxIma at Different Time 
Points 

8 
C 

It 
II 

I 
m F 

20 30 

Tim Elapsed Alter HIFU(Hr) 

40 

FIGURE 7.  The average difference in absorbance maxima from the baseline was plotted as a function 
of time. 

DISCUSSION 

The development of this PA-BSA phantom has been essential in studying HIFU 
effects. The phantom possesses several important characteristics, which makes it an 
ideal phantom material for HIFU. First, it has acoustic properties similar to soft tissue. 
Secondly, it is optically transparent allowing real-time visualization of lesion 
formation. And lastly, it demonstrates a dramatic change in color, or opacity, when 
subjected to HIFU. The homogenous structure of the phantom allows for studying the 
thermal effects of HIFU in real-time without the complexities of nonlinear acoustics. 

The opacification of the PA-BSA phantom due to HIFU application is thought to be 
attributed to protein denaturation, and protein aggregation. The amount of energy 
delivered at the focus when HIFU is applied increases the temperature to above 70 "C 
within seconds causing the BSA to denature, and as a result producing an opaque 
lesion. However, reversible unfolding of the BSA prevents permanent protein 
denaturation [3] allowing the thermal lesions to fade with time. The gel structure of 
the PA-BSA phantom enables suspended particles, like the BSA, to move within the 
matrix. The protein aggregates resulting from HIFU application will gradually diffuse 
into the surrounding area, consequently reducing the opacity of the lesion [4]. 

This study showed by spectral analysis the reversal of the opacification of HIFU- 
induced thermal lesions. There are several factors limiting the accuracy of this study. 
The spectrophotometer would only allow absorbance measurements of up to 4.000. 
The gel concentration had to be kept constant, so dilution was not an option. Also, the 
amount of scattering in the samples could have contributed to the absorbance 
saturation. The region of interest (X = 280-350 nm) picked up interference, and as a 
result, was not well-defined. Perhaps, the use of ultraviolet (UV) cuvettes will allow 
noise reduction 

Further analysis of this PA-BSA phantom will enable us to improve and develop a 
more accurate HIFU phantom allowing us to study lesion formation behavior, and 
other HIFU biological effects. The PA-BSA phantom is not only a laboratory tool to 
demonstrate HIFU lesion formation, but it can also be a potential aid in HIFU 
treatment planning. 
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Abstract. A hydrogel acoustic coupling medium was investigated as a practical alternative to 
water for clinical applications of focused ultrasound therapy. The gel's high water content 
provides favorable acoustic properties, while its cross-linked, polymer structure allows the 
material to be formed into a durable object with a specific shape. Material characterization and 
functional testing of polyacrylamide gel couplers was performed. Acoustic, bulk, and thermal 
properties were measured. Conical couplers were designed to fit a 3.5-MHz, spherically concave 
HIFU transducer. Functional tests included schlieren imaging, power efficiency measurements, 
field maps of focal region, failure tests, and in-vivo hemostasis experiments. Polyaco'lamide 
was shown to have acoustic properties that varied linearly with acolamide concentration. 
Attenuation, sound speed, and impedance ranged from 0.08 to 0.14-dB/cm at l-MHz. 1546 to 
1595-m/s, and 1.58 to 1.68-Mrayl, respectively. Thermal conductivity and heat capacity were 
found to be 0.84-W/m/°C and 6500-J/kg/°C, respectively. An in-vivo hemostasis experiment in a 
sheep model demonstrated that the polyacrylamide-coupled transducer was capable of inducing 
hemostasis in actively bleeding splenic and hepatic incisions. The feasibility of extracorporeal 
HIFU therapy without producing skin bums has been demonstrated by using impedance- 
matched gel couplers. Moderate material costs and straightforward manufacturing and storage 
methods allow for the possibility of inexpensive, custom-designed, disposable HIFU coupling 
devices. 

INTRODUCTION 

An impoitant component in any type of ultrasound therapy system is the 
mechanism for coupling the acoustic energy into the patient. The acoustic coupling 
device provides an efficient path for ultrasound propagation from the transducer to the 
tissue. The ideal coupler is a homogeneous medium that has low attenuation and 
acoustic impedance similar to that of the tissue being treated. The goal of this research 
was to characterize and develop a disposable, hydrogel, acoustic coupling device 
suitable for clinical therapy applications of high intensity focused ultrasound (HIFU). 

Previous studies have shown hydrogels to be efficient coupling media for both 
diagnostic and therapeutic ultrasound [1,2,3]. Hydrogels are hydrophilic, cross-linked, 
polymer networks that are swollen in water. Unlike the ultrasound transmission gels 
typically used for diagnostic scans, hydrogels have mechanical properties similar to 
rubber, and can be formed into rigid, three-dimensional shapes. Since hydrogels 
consist mostly of water, they inherently have low attenuation and acoustic impedance 
similar to tissue. The additional advantages that they have relatively low material 
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costs, and can be easily mounted to an ultrasound transducer makes them attractive 
candidates as disposable acoustic couplers for HIFU devices. 

Polyacrylamide (PA), a hydrogel, was investigated as a potential acoustic coupler 
for HIFU devices. The structure and properties of PA have been extensively 
researched for the past 30 years [4,5]. It can have very high water content, ranging 
from 70% to greater than 90% water by weight, and it can be prepared relatively easily 
and quickly at room temperature. The gel's physical properties, such as density and 
stiffness, can be varied in a straightforward manner simply by changing the overall 
concentration of acrylamide monomer. This study involved the material 
characterization and functional testing of PA gel as an acoustic coupler. While much 
of the results can be applied to HIFU therapy in general, this work focused on the 
specific application of an intra-operative hemostasis device, which targets bleeding 
regions close to the surface of the tissue, 

MATEMALS AND METHODS 

Material Characterization 

Acrylamide concentrations used in this study ranged from 10% to 20% weight in 
volume (w/v). The percent concentration was determined by the ratio of the mass of 
total acrylamide to the volume of pre-polymerized solution. An aqueous solution of 
40% w/v acrylamide with a 19:1 monomer to cross-linker ratio (LIQUI-GEL; ICN 
Biomedicals, Aurora, Ohio) was used to prepare the gels. The hydrogels were formed 
in solution by free radical, chain-reaction polymerization. The initiated solution was 
transferred to a cylindrical mold, which was held upright so that the top face of the gel 
formed parallel to the bottom face. Each gel was allowed to polymerize for 
approximately 30 minutes. The resulting cylindrical gels were 2.5-cm in diameter and 
approximately 3-cm in height (Fig. 1), The gels were either tested within one hour 
after polymerization, or stored in vacuum-sealed, plastic bags to avoid dehydration if 
left in air, or swelling if placed in water. 

FIGURE 1.   10% to 20% w/v PA gel test plugs. Stiffness and transparency increase with acrylamide 
concentration. 
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Bulk Properties 

Water content was determined by comparing the mass of the hydrated gel 
immediately after polymerization to the mass of the dehydrated gel. Six gel samples 
were tested for each concentration. Density was calculated using the measured mass 
(electronic scale) and volume (water-displacement technique). Seven gel samples were 
tested for each concentration. 

Acoustic Properties 

Sound speed, c (m/s), acoustic impedance, Z (Mrayl), and attenuation coefficient, a 
(dB/cm), were measured for gels of five different concentrations: 10%, 12.5%, 15%, 
17.5%, and 20%. For each concentration, seven gel samples were tested at 25°C. In 
addition, acoustic properties were measured for one 15% acrylamide gel sample at 
different temperatures ranging from 23° C to 45° C. A pulse transmission technique 
was used to measure the attenuation coefficient and sound speed in PA. Calculations 
were based on the well-known substitution method, where two acoustic paths were 
compared [6]. The sample path contained the gel sample with approximately two 
centimeters of water on either side, and the reference path contained only water [7]. 
The attenuation coefficient was measured at frequencies of 1 to 5-MHz. 

Thermal Properties 

The thermal conductivity, k (W/m/° C), and specific heat capacity, Cp (J/kg/° C), of 
PA were measured by monitoring the thermal dissipation of a heat impulse. A heating 
wire was pulled taut through the center of a custom-made measurement cell. The 
initiated polyacrylamide solution was poured into the measurement cell and allowed to 
polymerize. Needle thermocouples were placed within the gel at precise distances 
from the heating wire. An equation based on Fourier's law of heat conduction in 
cylindrical coordinates was derived and used to describe the radial temperature 
distribution at some time after heating. Thermal properties were measured for three 
different acrylamide concentrations: 10%, 15%, and 20%. 

Functional Testing 

Conical gel couplers, designed to fit to a specific transducer, were produced using a 
custom-buih mold (Fig. 2). A 3.5-MHz, spherically concave, single element, HIFU 
transducer with a 5.5-cm focal length and a 3.5-cm aperture diameter were used for 
these tests. The gel cones had spherically convex bases that matched the curvature of 
the transducer. Conical plastic housings held the gel couplers to the transducer (Fig. 
2). Full-length, flat tip cones were 4.9-cm long, which placed the center of the HIFU 
focus 0.6-cm from the tip. The tip shape and height were varied to place the focus at 
different locations from the tip. For the majority of the tests, convex tips 0.3-cm in 
height were used, which placed the center of the HIFU focus 0.3-cm from the tip. 
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FIGURE 2. A: Top: Three-part gel mold with polymerized PA gel in bottom portion of mold. Bottom 
Left: View of conical gel coupler laying on its side. Bottom Riglit: Gel coupler resting on face of HIFU 
transducer. B: Assembly diagram of PA coupler and transducer. 

Schlieren Imaging 

Four 15% gel cones of different shapes were tested: 2-cm truncated cone; 3-cm 
truncated cone; full-length cone with flat tip; and full-length gel cone with convex 
rounded tip. 

Power Efficiency 

Overall power efficiency, Eomaih of the transducer-coupler device was defined as 
the ratio of output acoustic power delivered to a water bath, to input electrical power 
supplied to the transducer. Eoverati was defined as: 

^Overall     ^Transducer ^ '^Couple, (1) 

where Erramducer is the transducer efficiency, and Ecmpkr is the coupler efficiency. 
ETramducer WHS determined by measuring output acoustic power without any coupler 
attached. The efficiency of the coupler was then calculated from equation 1. For 
comparison, a water-filled coupling cone, with the same dimensions as the full-length 
gel couplers, was also tested. A reflecting force balance (UPM-DT-IOE; Ohmic 
Instruments Co., Easton, MD) was used to measure the output acoustic power for 
various input electrical power levels. Efficiency was measured for full-length, convex- 
tip, gel couplers with different concentrafions. These data were compared to 
theoretical efficiency based on the attenuation of the gel, EcoupUrnenry, calculated 
using the following equation: 

^Coupler_Theo,y = exp(-2af) , (2) 

where a (nepers/cm) was the measured attenuation coefficient of the gel at 3.5-MHz, 
and rf(5.2-cra) was the length of the gel. 
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In-Vivo Testing 

A total of four intra-operative hemostasis treatments were performed, two on the 
spleen and two on the liver of an anesthetized sheep. In each case, an incision about 3- 
cm long and 0.5-cm deep was made. A new, full-length, convex tip, gel cone was used 
for each treatment. Immediately after injury, the tip of the gel cone was scanned along 
the bleeding incision site, using 5 to 10-sec intervals of HIFU application. A focal 
intensity of approximately 2,000-W/cm^ was used. The treatment time to hemostasis 
was recorded. Any change in or damage to the gel coupler during treatment was noted. 

RESULTS 

Material Characterization 

Bulk Properties 

Water content of PA decreased from 87% to 76% as a linear function of increasing 
acrylamide concentration. The density was found to be slightly greater than the density 
of water, increasing from 1.02 to 1.05-g/ml as a linear function of increasing 
concentration. 

Acoustic Properties 

The acoustic properties increased as linear functions of increasing acrylamide 
concentration. Sound speed ranged from 1546 to 1595-m/s (Fig. 3.A). Impedance 
ranged from 1.58 to 1.68-Mrayl (Fig. 3.B). Attenuation ranged from 0.08 to 0.14- 
dB/cm at 1-MHz (Fig. 4.A). The attenuation coefficient was also shown to have a 
quadratic dependence on frequency (Fig. 4.B). Sound speed and impedance were 
shown to increase with temperature, while attenuation was shown to decrease with 
temperature. 

1600 

9 10 11 12 13 14 15 16 17 18 19 20 21 

% Acrylamide B 
9 10 11 12 13 14 15 16 17 18 19 20 21 

% Asrylamlde 

FIGURE 3. A: Sound speed in PA gel (AVG ± SD) vs. concentration, with linear fit to data (N = 7). B: 
Acoustic impedance of PA gel (AVG ± SD) vs. concentration, with linear fit to data (N = 7). 
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FIGURE 4. A: Attenuation coefficient of PA gel (AVG ± SD) vs. concentration at frequencies of 1 to 
5-MHz (N = 7). B: Attenuation coefficient (AVG) vs. frequency for different concentrations. 

Thermal Properties 

Themial conductivity and heat capacity did not vary vnth concentration. The 
overall average thermal conductivity and heat capacity of PA gel, 0,84-W/m/° C and 
6470-J/kg/° C respectively, were slightly higher than the corresponding values for 
water. 

Functional Testing 

Schlieren Imaging 

The schlieren images showed that the HIFU field was essentially unchanged by the 
presence of the various gel couplers. Fig. 5 shows the ultrasound fields produced by 
the different couplers. 

Power Efficiency 

Table 1 lists the measured and theoretical efficiency for the different couplers. The 
transducer efficiency was measured at 56%, Attaching the 5.2-cm gei cone to the 
transducer dropped the overall efficiency to between 22% and 29%, for 20% and 10% 
acrylamide concentration, respectively. Normalizing the overall efficiency to the 
transducer efficiency showed the gel cones to have coupler efficiencies from 40% to 
51%. For comparison, the coupler efficiency of the water-filled cone was measured to 
be 65%, The measured coupler efficiency of the gel cone was 14% to 23% less than its 
calculated theoretical efficiency, 

TABLE 1. Power efficiency at 3.5-MHz of various flill-lengtii couplers.  
Coupler Type                Measured Overall          Measured Coupler        Theoretical Coupler 
 Efficiency (%) Efflciency(%) Efficiency (%) 

No Coupler 55.8 
Water-filled Cone 36.4 
10% PA 5.2-cm 28.6 
15% PA 5.2-cm 26.3 
20% PA 5.2-cm 22.4 

100 
65.3 
51.3 
47.3 
40.1 

100 
100 
74.2 
61.7 
53.8 
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FIGURE 5. Schlieren images of ultrasound field produced by 3.5-MHz spherically concave transducer 
(A) without coupler, (B) with 2-cm truncated gel cone, (C) with 3-cm truncated gel cone, (D) with full- 
length, flat tip gel cone, and (E) with full-length, convex tip gel cone. Approximately 35-W input 
electrical power, and 1000 to 2000-W/cm^ focal intensity. 

In-Vivo Testing 

For the two spleen injuries, complete hemostasis was achieved after 41-sec and 
39-sec of treatment. For the liver injuries, complete hemostasis was achieved in only 
one of the cases, which occurred after 68-sec. For the other case, major hemostasis 
occurred after 61-sec. When the gel tips were analyzed after the experiment, varying 
degrees of blood adhesion, erosion, and pitting were observed (Fig. 6.A, minimal 
damage; Fig. 6.B, significant damage). In addition, blood was observed to have 
penetrated into the interior of the gel tip. 

FIGURE 6. Gel cone tips after in-vivo hemostasis experiment. A: Left & Middle: Top view of gel tip; 
minimal damage to gel. Right: Side view of gel tip. B: Left & Middle: Top view of gel lip; significant 
amount of erosion and pitting. Right: Side view of gel tip; blood has penetrated into interior of gel. 
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DISCUSSION 

As a result of the gel's high water content, the acoustic properties of PA were found 
to be similar to those for water. Attenuation, sound speed, and impedance were found 
to increase as linear functions of increasing acrylamide concentration. The linear 
dependence allows for straightforward modification of the gel's acoustic properties 
simply by varying the monomer concentration. This property lends itself naturally to 
the application of impedance matching of the coupler to a particular type of tissue. 
This technique has been experimentally demonstrated in in-vivo transabdominal 
treatments to minimize the occurrence of skin bums caused by reflections and 
standing waves at the coupler-tissue interface [8]. 

The thermal conductivity and heat capacity of PA were found to be similar to, 
although slightly higher than, the corresponding values for water, and did not depend 
on acrylamide concentration. These properties are important when considering heating 
effects in the device. During HIFU treatment, heat is generated at the transducer 
crystal and within the gel coupler. Elevated transducer temperatures can reduce its 
efficiency and eventually lead to irreversible damage to the crystal. Although thermal 
conductivity of the gel is about two times greater than most plastics, PA is a relatively 
poor conductor of heat. In addition, it does not support convection like water does. 
Preliminary measurements (not reported in this paper) showed that heat dissipation 
from the front of the transducer was slower for a PA coupler than for a water-filled 
coupler. Cooling of the transducer during HIFU operation may be a critical issue. 
Heating of the gel coupler was observed during the hemostasis experiment. Since the 
acoustic properties of the material were shown to be temperature dependent, changes 
in coupling efficiency could occur as a result of heating. A next step in this research 
would be to model and experimentally measure the temperature distributions within 
the gel coupler during HIFU treatment. 

Due to its low attenuation, the PA coupler was found to have good power transfer 
efficiency, which decreased as a ftmction of increasing concentration. The measured 
efficiency was found to be lower than the theoretical efficiency that was calculated 
based on its attenuation coefficient alone. This result, along with the fact that the 
water-filled cone with negligible attenuation had efficiency less than 100%, suggests 
that power was lost in the couplers due to mechanisms other than attenuation. The 
reduction in efficiency may be related to the geometry or boundary of the cone. 
Nevertheless, attenuation in the gel is largely responsible for output power loss. 
Efficiency could potentially be improved by using shorter coupling cones. A 
transducer having short focal distance, thus requiring a short coupler, might be more 
suited for superficial HIFU procedures. 

The in-vivo hemostasis experiment demonstrated that a HIFU transducer fitted with 
a PA coupler was capable of inducing hemostasis in actively bleeding splenic and 
hepatic incisions. In three out of four cases complete hemostasis was achieved. In 
addition, a paste was generated during treatment in these cases. The production of this 
homogenized tissue has been observed in previous HIFU hemostasis studies, and is 
capable of plugging the incision, which helps stop bleeding [9]. For the case in which 
complete hemostasis was not achieved, slow bleeding persisted despite additional 
ultrasound treatments. The same scenario has been observed in previous hemostasis 
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studies, where excessive treatment of injured tissue can increase stiffness and change 
the tissue properties in such a way that they no longer support HlFU-induced 
hemostasis. Surgical technique plays an important role in HIFU hemostasis 
procedures. 

The hemostasis experiment also revealed several limitations of the full-length PA 
coupler. The tips of the cones sustained various degrees of damage. In two of the 
cases, damage was minor, consisting of erosion on the surface of the coupler tip. 
These markings may have resulted from abrasion due to the tip moving across the 
tissue, and not necessarily from HIFU-related effects. In the cases where damage to 
the coupler was more significant, in the form of pitting in the tip, HIFU was likely a 
major cause. One possibility is that the high acoustic intensity at the focus induced 
cavitation in the blood. Collapsing bubbles at the surface of the coupler tip might have 
created jets of fluid that impacted the polymer gel. Another possibility is that a large 
enough portion of the focal region overlapped the coupler tip to cause damage. The 
extreme temperatures and pressures associated with the high focal intensity may have 
melted or ablated regions of the polymer matrix. It should be noted, however, that 
despite the damage sustained by the gel tips, no noticeable degradation in performance 
was observed. The wetness of the treatment region may have helped provide 
additional coupling. The fact that blood had penetrated into the tips of the damaged 
couplers indicates that blood filled the cavity region during treatment. 

With the potential medical applications for HIFU continuing to emerge, the need 
for more efficient, yet more practical, devices will increase. Although many 
components in ultrasound systems work well in research or industrial environments, 
they are not necessarily suited for a medical environment. As a result of certain, 
practical limitations in our own ultrasound therapy devices, we investigated the use of 
an alternative acoustic coupling medium. This study has shown that PA gel is a 
promising coupling material for HIFU therapy applications. The gel's high water 
content provides favorable acoustic properties, while its cross-linked, polymer 
structure allows the material to be formed into a durable object having a specific 
shape. Moderate material costs and straightforward manufacturing methods allow for 
the possibility of inexpensive, custom-designed, disposable HIFU coupling devices. 
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Abstract, Our objective has been to explore whetlier ultrasound can provide the enhancement in 
transcomeal drug delivery without causing damage to the eye tissues. We reported previously 
that 20 ItHz ultrasound at ISATA of 2 W/cm' applied for 60 min produced up to 4 times increase in 
the comeal permeability of rabbit cornea in vitro. In this study, we investigated the 
morphological changes induced in the cornea after the application of 20 kHz ultrasound. The 
damage was observed in all layers of the comeal epithelium using light and transmission 
electron microscopy. No gross damage appeared to be present in the stroma. It appeared that 
ultrasound application at 20 kHz may not be an optimal choice in transcomeal drug delivery. 
The application of 880 kHz ultrasound at 0.4 W/cm^ for 5 min caused 4 times increase in the 
comeal permeability for fluorescein sodium in rabbit cornea in vitro. Future research will focus 
on the exploration of the uhrasound enhancement of transcomeal drug delivery at medium 
frequencies (400-900 kHz). 

INTRODUCTION 

Delivery of drugs into the eye for treatment of different ocular diseases is a 
significant challenge. Systemic drug delivery is inefficient due to the different eye- 
blood barriers [1]. The cornea is the dominant route for penetration of topically 
applied drugs. However, the cornea also acts as a biological barrier and usually only 
1% of the drug can penetrate into the eye [2,3]. If the comeal permeability is 
increased, more of the drug can pass through, and, subsequently, a smaller amoimt of 
the drug may be used to achieve therapeutic concentrations inside the eye while 
reducing the chance of unwanted systemic effects. 

The barrier properties of the cornea have been shown to be modified by the 
application of ultrasound [4,5,6]. Ultrasound at frequencies of 470-880 kHz and 
intensities of 0.2-0,3 W/cm^ applied for 5 min in a continuous mode produced up to 10 
times increase in the comeal permeability in a rabbit model, in vivo [6,7], 

The enhancement of drag delivery through the cornea by 880 kHz ultrasound 
(phonophoresis) has been used successfully for the last 40 years in the treatment of 
eye diseases in Russia and the USSR [4,5,8,9], The diseases of the anterior as well as 
the posterior regions of the eye have been treated. For example, phonophoresis was 
used in the treatment of keratitis and comeal bums [9,10], and the combination of 
phonophoresis and iontophoresis has been used in the treatement of chomeoretinal 
dystrophy [5], 
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The goal of our research project has been to explore whether ultrasound can 
provide the enhancement of penetration of topically applied drugs into the eye without 
causing damage to the eye tissues. We reported previously that 20 kHz ultrasound 
applied at IsAPAof 14 W/cm^ (ISATA of 2 W/cm^) for 60 min produced up to 4 times 
increase in the comeal permeability to glaucoma drugs of different lipophilicity 
(atenolol, carteolol, timolol, and betaxolol) in a rabbit model, in vitro [11]. In this 
study, we investigated the effects of 20 kHz ultrasound in the cornea using light and 
electron microscopy. 

When experiments with 20 kHz ultrasound were being performed, we found USSR 
and Russian publications on using ultrasound at 470-880 kHz for the enhancement of 
drug delivery through the cornea. It was also found that an ultrasound instrument for 
transcorneal drug delivery is commercially available in the Russian Federation (UZT- 
1.04, Electrical and Medical Apparatus, Moscow). The instrument was obtained and 
used to perform preliminary experiments with 880 kHz ultrasound. 

MATERIALS AND METHODS 

Application Of 20 kHz Ultrasound 

Eyes of the New Zealand albino rabbits were obtained within 30 min of euthanasia. 
The eyes were kept in saline at 4°C until the experiment (within 10 h of sacrifice). The 
cornea was placed in a vertical diffusion cell (PermeGear, Hellertown, PA). The 
receiver compartment was filled with a phosphate-buffered saline and the donor 
compartment was filled with a drug solution. The ultrasound transducer was 
positioned at 0.5 cm distance from the cornea. Ultrasound at 20 kHz was applied with 
IsAPAof 14 W/cm^ (IsATA of 2 W/cm^) and exposure duration of 60 minutes. 

The corneas were prepared using the protocol for sample preparation for 
transmission electron microscopy (TEM) observations. The corneas were fixed in 
Kamovsky half-strength solution, postfixed in osmium tetroxide, stained with uranyl 
acetate, passed through alcohol series, and embedded in Spurr Epoxy. Semithin 
sections (1 [im) of the cornea were stained with Richard's stain (methylene 
blue/azure II) and observed with light microscopy. Thin sections (~ 100 nm) were 
post-stained with uranyl acetate and lead citrate and observed with the Phillips 
CM 100 TEM. 

Application Of 880 kHz Ultrasound 

The instrument for transcorneal drug delivery (UZT-1.04) was characterized with 
the radiation force balance and hydrophone measurements (Figure 1). The instrument 
works at 880 kHz and has control panel settings of 0.05, 0.2, 0.4, 0.7 and 1 W/cm^. 
The actual ultrasound intensity was measured to be approximately 40% of the 
corresponding intensity written on the control panel. UZT-1.04 has a non-focused 
transducer with the diameter (d) of 1.13 cm. The near-field far-field transition distance 
(dpp) was calculated to be 1.9 cm. 
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FIGURE 1. Beam plot of UZT-1.04 at intensity of 0.4 W/cm'(linear scale). The intensity maximum 
observed in the near field of the transducer was likely an artifact. 

Fluorescein Sodium 

We explored the efficiency of UZT-1.04 in increasing the comeal permeability for 
fluorescein sodium. Fluorescein sodium, a hydrophilic dye with a molecular wei^t of 
376 Daltons, can be used as a model for small hydrophilic drugs for which the 
permeability of the cornea is low [2]. Fluorescein sodium (Sigma, St. Louis, MO) was 
used to make 0,25% solution in Dulbecco phosphate buffered saline (DPBS, D6650, 
Sigma) (pH 7.3). The solution was kept in a dark place at room temperature until the 
experiment. 

Storage Medium For Cornea 

It was reported previously that superficial layers of the epithelium were damaged 
when rabbit corneas were exposed to saline for 4 h in vitro [12], In our experiments 
with 20 kHz ultrasound, eyes were kept in saline for up to 10 h and saline storage may 
have caused the epithelial damage and the change in barrier properties of the cornea. 
We investigated the influence of storage medium on the comeal permeability in a 
rabbit model in vitro. It appeared that the comeal permeability to fluorescein sodium 
was 8 times lower when DPBS was used as a storage medium instead of saline. 
Therefore, DPBS was used as a storage medium in our subsequent experiments with 
880 kHz ultrasound. 

Experimental Procedure 

The rabbit eyes were enucleated within 15 minutes of euthanasia, placed in DPBS, 
and kept in the refrigerator at 4° C tmtil the experiment (within 4 h of sacrifice). The 
eyes were examined and those with the comeal damage were discarded. The comea 
was dissected on a dental wax sheet and placed between the donor and receiver 
compartment of a diffusion cell such that the epithelial layer was facing the donor 
compartment (Figure 2). A vertical diffusion cell (PermeGear), made of borosilicate 
glass, with an orifice diameter of 1,13 cm was used. The receiver compartment was 
filled with DPBS and the donor compartment was filled with the fluorescein sodium 
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solution in DPBS. The cornea was exposed to the dye solution for 60 niin in both 
control and treatment experiments. The receiver compartment was stirred at 700 rpm 
using a magnetic stir bar. 

Transducer 

Donor 
Solution 

Cornea 

Receiver 
Solution 

Sampling 
Port 

Stir Bar 

FIGURE 2. In vitro measurements in diffusion cell. The diameter of the transducer tip is 1.13 cm. 

Ultrasound was applied at 0.4 W/cm^ for 5 min. The distance between the 
transducer and cornea was 0.3 cm or 1.3 cm. Ultrasound application started 
immediately after the dye solution was placed in the donor compartment. After the 
ultrasound application, the diffusion cell was placed in the water bath with an 
immersion circulator (Model 1112, VWR, West Chester, PA). The cornea was kept at 
a temperature of approximately 34° C, corresponding to the physiological temperature 
of the cornea [13]. In the control experiments, the donor compartment was filled with 
the dye solution, the diffusion cell was placed in the water bath, and the cornea was 
kept at the temperature of 34° C. 

After 60 min of the dye exposure, the receiver compartment solution was sampled 
and the solution absorbance was measured with an UV-visible spectrophotometer 
(UV-1601, Shimadzu, Columbia, MD). Fluorescein sodium has an absorbance 
maximum at 490 nm. The calibration curve of the fluorescein sodium concentration 
vs. absorbance was obtained, and was used to calculate the dye concentration in the 
receiver compartment. The increase in the permeability of the cornea was 
approximated as the ratio of the receiver compartment concentration in the treatment 
and control cases [11]. 

RESULTS AND DISCUSION 

Application Of 20 kHz Ultrasound 

Ultrasound application for 60 min at ISAPA of 14 W/cm^ (ISATA of 2 W/cm^) 
produced significant disorganization of the comeal epithelium in rabbit model, in vitro 
(Figures 3, 4, and 5). The surface layers of the epithelium were mostly absent and the 
inner layers lost its compact structure. The membranes of epithelial cells were 
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ruptured, cells were swollen due to hydration, and cell nuclei were also swollen. The 
necrotic cells could be easily distinguished from the viable cells by their increased 
electron transparency, i.e. lighter color (Figure 4a). No gross damage appeared to be 
present in the stroma (Figure 3a). Endothelium was absent in both control and treated 
samples likely due to sample processing artifacts, and therefore no conclusion on the 
ultrasound effect on the endothelium could be obtained. The control cornea is shown 
in Figures 3b and 5b. Comeal disorganization was likely caused by ultrasound- 
induced cavitation [14]. The disorganization and damage of the cornea may explain 
the observed enhancement in the drug delivery. 

-K^"^ 

a '"""■-'-    r   i*-«^'''*■■' *b-- " ,»tUB 

FIGURE 3. Light microscopy observations, a) Disorganization of the epithelium after 60 minutes of 
ultrasound exposure (20 kHz, ISAPAOF 14 W/cm^) (arrow), b) Control cornea. 

FIGURE 4. TEM observations. Epithelial damage after 60 minutes of ultrasound exposure (20 kHz, 
IsAM of 14 W/cni^). a) The epithelial cells are disorganized. Necrotic cell with increased electron 
transparency (arrow), b) Rupture in the outer layer of epithelium (arrow). 
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FIGURE 5. TEM observations, a) Damaged epithelial cell observed at higher magnification (20 kHz, 
IsAPAof 14 W/cni^ exposure of 60 min). Voids surrounding the nucleus of the ruptured cell (arrow), b) 
Epithelium of the control cornea. Cell nucleus (arrow). 

Application Of 880 kHz Ultrasound 

The treatment comeal permeability was measured to be 3.22±0.83xl0"'' cm/s, and 
the control permeability was measured to be 0.78±0.34xl0"* cm/s after the application 
of 880 kHz ultrasound at 0.4 W/cm^ for 5 min (Figure 6). Therefore, the application of 
880 kHz ultrasound caused 4.1 times increase in the comeal permeability to 
fluorescein sodium in rabbit eyes, in vitro (p<0.001). This value corresponded well 
with the 4.6 times increase in the comeal permeability to fluorescein sodium in rabbit 
cornea in vivo obtained after the application of 880 kHz ultrasound at 0.2 W/cm^ for 5 
min, as reported by Nuritdinov [7]. The cavitation-induced pitting of the epithelium 
was reported responsible for the comeal permeability enhancement. The epithelial 
pitting was shown to be healed in 6 hours [7]. 
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El=0.4W/cm"2, d=1.3cm 

FIGURE 6. Comeal permeability in control and treatment case, d = distance between the transducer 
and cornea. n=5-6 in all cases. The data are given as mean ± S.D. 

464 



CONCLUSION 

The application of 20 kHz ultrasound at ISATA of 2 W/cm^ for 60 min produced 
significant disorganization of the comeal epithelium and up to 4 times increase in the 
comeal permeability [11]. Therefore, it appears that, due to the significant damage to 
the comeal epithelium, 20 kHz ultrasound may not provide optimal results in 
transcomeal drug delivery. The application of 880 kHz ultrasound at 0.4 W/cm^ for 
5 min resulted in 4 times increase in the comeal permeability for a hydrophilic 
compound, fluorescein sodium. The comeal damage after the application of 880 kHz 
ultrasound at similar ultrasound dose as used in our experiments was reported to be 
minor, consisting of pits in the epithelium that healed in 6 hours [7]. Therefore, we 
have decided to focus our future research on the exploration of ultrasound 
enhancement of transcomeal drag delivery at medium frequencies (400-900 kHz), 
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6. LITHOTRIPSY 



Lithotripter Shockwaves With Cavitation 
Nucleation Agents Reduce Tumor Growth And 

Induce Gene Transfer In Vivo 

Douglas L. Miller and Jiamning Song 
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Abstract. Cavitation nucleation agents (CNA) can greatly enhance nonthermal bioeffects of 
ultrasound in vivo. RENCA tumor cells were implanted on the hind legs of syngeneic BALB/c 
mice and grown to about 500 (tl tumor volumes. Mice were anesthetized, the tumor region was 
shaved and depilated, and a DNA plasniid coding for marker proteins was injected into the 
tumor. As a CNA, either saline, Optison® ultrasound contrast agent, a vaporizing 
perfluoropentaiie droplet suspension or air bubble was also injected intratumorally at 10 percent 
of tumor volume. Two sets of tests were completed: (i) a plasmid coding for P-galactosidase 
was used with tumor growth and local gene expression assessed after four days and (ii) a 
plasmid coding for luciferase was used with overall luciferase production assayed after two days. 
Shockwaves were generated from a spark-gap lithotripter at 7.4 MPa peak negative pressure 
amplitude. For sham exposure, the growing tumors increased to 3.6 times the original volume 
after four days. All of the nucleation agents performed approximately the same, with 500 SW 
treatment reducing four-day tumor growtli to 1.2 to 1.9 times the original volume. 
P-galactosidase expression was enhanced with CNA but was generally localized to the needle 
injection path. All the agents with 500 SW, except saline, produced statistically significant 
increases of 11.8 to 14.6 fold in luciferase expression, relative to shams. These results 
demonstrate the efficacy of CNA in vivo for simultaneous SW tumor ablation and local gene 
transfer. 

INTRODUCTION 

Bioeffects of acoustic cavitation provide a potential means for nonthermal 
therapeutic applications of ultrasound. Cavitation produces micro-scale bioeffects on 
cell membranes, which include sonoporation and cell death. In tissue, cavitation 
activity can produce larger scale bioeffects such as hemorrhage and fragmentation of 
tissue. Many of these bioeffects may be impossible to produce by any other non- 
invasive method. The application of cavitation bioeffects for therapy requires some 
strategy for overcoming the natural lack of cavitation nuclei, which tends to minimize 
cavitation activity in mammalian tissue. At very high pressure amplitudes, cavitation 
can occur during Shockwave lithotripsy, aiding in stone breakup and sometimes 
causing hemorrhage [1], The cavitation threshold has been found to be in the range 
1.5-3.5 MPa in human tissue for relatively low frequency lithotripsy Shockwaves [2]. 
However, cavitation bioeffects tend to be infrequent random events in vivo, even 
above this threshold. Since cavitation bioeffects depend on the presence of cavitation 
nuclei in the tissue, the development of a safe and efficacious cavitation nucleation 
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agent (CNA) for tissue would facilitate the development of nonthermal therapy 
applications. 

One application of nonthermal ultrasound therapy might be to cancer treatment, 
provided that cavitation can be induced in tumors. Prat, et al. utilized bubbles mixed 
into gelatin and infused into the abdominal cavity of rats to enhance cavitational tissue 
destruction and cancer chemotherapy with lithotripter Shockwaves [4]. Cavitation can 
also enhance gene transfer into treated cells by sonoporation, which provides another 
tool for cancer therapy in addition to cell killing for tumor ablation. Cavitation- 
induced cell killing has been combined with sonoporation for gene transfer in mouse 
melanoma tumors by injecting free air into the tumor together with a DNA plasmid 
solution [5]. Simple injection of saline with DNA coding for a marker gene produced 
some transfection, but addition of lithotripter Shockwave exposure produced a 15 fold 
enhancement of gene expression. Injection of air into the tumor gave an additional 
7 fold enhancement, which shows the benefit of the augmentation of cavitation 
nucleation even for lithotripter Shockwaves [5]. Injection of saline or air into tissue 
provides cavitation nucleation; however, these are not optimum methods. Improved 
CNA are needed to provide more efficient cavitation nucleation in vivo with reduced 
risk of air embolization. 

Several CNAs have recently been tested in whole blood, which normally has very 
few cavitation nuclei owing to the natural filtering processes in the body [3]. Fresh 
canine whole blood with added agent was exposed in 1.3 ml disposable pipette bulbs 
to lithotripter Shockwaves. Saline and a retained air bubble were compared to 
Optison® ultrasound contrast agent and a stabilized perfluoropentane droplet 
suspension (SDS). The contrast agent consists of stabilized perfluoropropane bubbles 
that can act as cavitation nuclei, and the droplets in the SDS vaporize upon exposure 
to provide gaseous nuclei. Cavitation activity was assessed by measuring hemoglobin 
released by lysis of red blood cells (hemolysis). The droplet suspension performed 
nearly as well as retained air bubble when added at a concentration sufficient to 
provide a roughly equal volume of gas after vaporization. Optison® also yielded 
nucleation, but a concentration of 10-20% was needed for large enhancement of 
hemolysis comparable to 5% SDS. The ultrasound contrast agent and the stabilized 
perfluoropentane droplet suspension appeared to be suitable for use as CNA in 
nonthermal ultrasound therapy applications. 

The purpose of this present study was to compare the CNAs, which were compared 
previously in vitro [3], in a mouse tumor model. The RENCA mouse tumor model 
was tested with direct intratumoral injection of saline, air bubbles, contrast agent, or 
droplet suspensions. The efficacy of lithotripter Shockwave treatment with these 
enhanced nucleation methods was evaluated both for tumor growth rate reductions and 
for transfer and expression of marker genes. This combination of tests provided data 
for optimizadon of tumor cell killing and gene transfer for ultrasound enhanced cancer 
gene therapy. 
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METHODS 

All in vivo procedures throughout the study were in accord with the guidance and 
approval of the University of Michigan Committee on the Use and Care of Animals. 
The renal carcinoma (RENCA) mouse tumor model was used for this research, 
RENCA cells were cultured by standard methods and implanted in the right thigh of 
female Balb/c mice (Charles River Laboratories) 14-15 days before treatment. 

The four cavitation nucleation agents used in this research have been described 
previously [3]. Some minimal nucleation is provided by the sterile saline used as the 
DNA injection vehicle. Injected air reliably nucleates cavitation activity. Optison® 
ultrasound contrast agent (Mallinckrodt Inc., St. Louis MO) contains 500-800 -10* 
perfluoropropane gas bodies per ml, with a mean diameter of 2 to 4.5 (im. Stabilized 
droplet suspension (SDS) was prepared, as described previously [3]. Briefly, vials 
containing saline with 0.085% albumin and 10% by volume of perfluoropentane (PFP) 
liquid were agitated using a vial shaker to produce a suspension of droplets [6]. The 
stock suspension was diluted to contain 0.65% perfluoropentane so that the gas 
produced by vaporization would equal the initial volume of liquid (assuming ideal gas 
conditions and complete vaporization). This stabilized droplet suspension (SDS) 
contained about 60 million droplets per ml. An average 3 |i.m diameter droplet 
vaporizes to yield a roughly 16 jim diameter bubble (calculated by neglecting the 
surface tension and diffusion of gases into and out of the bubble, which can be 
important under some conditions [6,7]. This agent was also used after dilution by a 
factor of 10 in saline (DSDS). 

The laboratory lithotripter system was similar to a Domier HM-3 lithotripter and 
was fitted with standard spark gaps (Domier Medical Systems, Kennesaw, Ga), as 
described previously [5]. Prior to filling, the exposure bath water was degassed for 
1 hr by vacuum, and then continuously filtered and maintained at 37° C. The shock 
wave (SW) amplitude was measured at the focus using a bilaminar shielded 
hydrophone with a 0.5 mm sensitive spot (Marconi Type Y-34-3598, National 
Physical Laboratory, Middlesex, UK) coupled to a 500 MHz bandwidth digital 
oscilloscope. The spatial peak pressure amplitude averaged 42.6 MPa (±1.4 MPa 
standard deviation) positive and 7.4 MPa (±1.9 MPa s.d.) negative. For treatment, 
500 SWs were delivered at a 2 Hz rate. 

DNA plasmids coding for the two readily detectable markers luciferase and 
P-galaetosidase were used in this research in 2 mg/ml solutions obtained fi'om the 
University of Michigan Vector Core Laboratory. For treatment, the tumor area of 
anesthetized mice was shaved and depilated, and the volume of each tumor was 
estimated. A volume of plasmid solution equal to 10% of the tumor volume was 
mixed with an equal volume of a CNA and injected into the tumor approximately 
5 min prior to SW treatment. The mouse was then mounted on a plastic board in the 
water bath with the tumor centered at the lithotripter focus. For mice injected with the 
P-galaetosidase plasmid, tumor volumes were measured on the second and fourth day 
after treatment. On the fourth day, the excised tumor was stained with an X-gal 
staining kit (Gene Therapy Systems, San Diego CA) for the presence of expressed 
B-galactosidase protein and observed with a dissecting microscope. For mice injected 
with the luciferase plasmid, the mouse was euthanized and the tumor was excised after 
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two days. These samples were lysed and the luciferase activity was measured with a 
luminometer. Total protein content was also measured in each sample to provide the 
luciferase concentration per gram of total protein. 

RESULTS 

Results are shown in Fig. 1 in bar graphs with the error bar extending one standard 
error beyond the mean. Sham groups tested for each CNA produced statistically 
indistinguishable results, and the sham results were pooled for comparison to the SW 
exposure results. Except as noted below, each luciferase-plasmid test was perfonned 
five times, and each growth rate test was performed four times. The tumor volumes 
are normalized to the volume on the treatment day, so that a value of 1.0 indicates 
complete cessation of tumor growth. The sham-exposed tumors grew to 3.6 times the 
initial volume after four days. Shockwave exposure significantly reduced this growth 
rate to 1.9 for saline, to 1.6 for an air bubble, to 1.5 for diluted SDS (three values), to 
1.2 for SDS and to 1.5 for Optison® injection. The staining for expression of 
P-galactosidase indicated that the cell transfection occurred primarily around the 
injection track. For the luciferase expression tests, plasmid injection produced some 
transfection and expression of luciferase even for the shams. SW exposures with 
saline produced approximately a three-fold, statistically significant increase in 
luciferase expression compared to shams. All the other nucleation agents performed 
about the same, with 11.8- to 14.6- fold enhancements of luciferase expression relative 
to sham exposure. 
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FIGURE 1. Sham and 500 SW exposure results for intratumoral injection of cavitation nucleation 
agents (SDS=stabilized droplet suspension, DSDS=diiuted SDS, Opti=Optison). Results are presented 
as mean values with standard error bars. Tumor volume after four days is plotted on the left and overall 
expression of the luciferase marker gene is plotted on the right. 

DISCUSSION AND CONCLUSIONS 

In this study, saline, air bubbles, an ultrasound contrast agent and perfluoropentane 
droplets, which vaporize upon exposure to yield gas bubbles, were injected into mouse 
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RENCA tumors to nucleate cavitation activity during Shockwave exposure. The 
cavitation activity enhanced cell transfection with marker plasmids injected with the 
agents, and induced tumor growth rate reductions. Cell transfection appeared to be 
localized around the injection track, and involved a small fraction of the total number 
of tumor cells, which agrees with earlier findings [8]. All the agents provided 
nucleation, with the gaseous agents performing better than saline. These results 
demonstrate the efficacy of the alternative CNAs in vivo for simultaneous SW tumor 
ablation with local gene transfer. 
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Abstract. Bubble activity plays an important role in tumor necrosis, hemostasis. and drug 
delivery induced by high intensity focused ultrasound (HIFU). On the negative side, cavitation 
can cause unpredictable lesion distortion or form a barrier to deep sound penetration. On the 
positive side, bubbles are hyperechoic and useful in ultrasound-guided targeting and are an 
apparent mechanism of stimulated local drug delivery and immune response. Superposition of 
different frequencies was used here to study the effect of acoustic wavefomi on bubbles and 
cavitation. A 250-kHz continuous wave and 3.5-MHz pulses (50% duty cycle at 250 kHz) were 
superimposed. The Gilmore-Akulichev model for bubble dynamics was used to numerically 
calculate the bubble dynamics. Sonochemical yield was measured in a KI solution, and bubbles 
were imaged optically by CCD camera and acoustically with B-mode ultrasound. Bubble 
activity with the waves superimposed was greater than either wave alone. However, 
synchronizing the high frequency pulses with the positive phase of the low frequency wave 
produced more bubble activity than when the pulses coincided with the negative phase. 

INTRODUCTION 

Bubbles play a double-edged role in ultrasound therapy. On the beneficial side of 
HIFU therapy, bubbles appear to cause hyperecho on B-mode ultrasound that can be 
used for targeting. [1-5] Bubbles also appear to accelerate treatment by viscous 
heating and re-radiation due to their oscillations. [6,7] On the detrimental side, bubbles 
cause distortion in lesion shape, [8,9] can shield ultrasonic propagation, [10] and can 
cause mechanical tissue disruption that may lead to metastases of tumors. [11] 
Bubbles play a host of other roles when we consider other types of ultrasound therapy 
such as hemostasis [12] and drug delivery. [13,14] Since bubbles play this varied role, 
controlling cavitation (the formation, growth and collapse of bubbles) in HIFU is 
important. The goal of this paper is to report initial progress in controlling cavitation 
for HIFU. 

Two techniques were used: overpressure and waveform manipulation. 
Overpressure, increased static pressure, is a common research tool to suppress 
cavitation. Hill [15] used overpressure to suppress ultrasound-induced cavitation in 
biological systems in vitro, and Lele [16] used overpressure and HIFU in vivo. By 
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suppressing bubbles with overpressure. Bailey et al. [17] demonstrated bubbles cause 
lesion distortion. Overpressure is useful for elucidating the role of bubbles; however, it 
is of limited use in clinical practice. 

Waveform manipulation is a means of controlling cavitation that may be used 
clinically. In shock wave lithotripsy, Cathignol et al. [18] and Evan et al. [19] have 
manipulated the acoustic waveform to suppress cavitation and found reduced tissue 
injury and kidney stone comminution, which showed cavitation was important in both 
bioeffects. In HIFU, studies to date have primarily focused on how the waveform 
affects bubbles and not yet on the bioeffects. Chapelon et al. [20] used pseudorandom 
signals and found cavitation was reduced. Umemura and Kawabata, [21] Dezhkunov 
et al., [22] and Madanshetty [23] have mixed two frequencies of continuous waves to 
see increased sonochemistry, sonoluminescence, and surface erosion by bubbles. Deng 
et al. [24] used two frequencies to enhance echo-contrast in ultrasound imaging. And 
Grandia and Bar-Cohen [25] have described a method to mix frequencies in HIFU. 
Ciaravino et al. [26] have examined cavitation enhancement by pulses compared to 
continuous-wave (cw) HIFU. 

In this paper, overpressure is used to assess the role of bubbles in lesion size and 
image. Two changes to the waveform - frequency sweeping and mixing high 
frequency pulses with low frequency cw - are investigated numerically and 
experimentally. 

METHODS 

Numerical Method 

The radial oscillations of a single spherical bubble in response to the applied 
acoustic waves were simulated. The bubble radius is described by the Gilmore 
equation, [27] 

1-^ 
C 

RR- 
3C 

^' = 1 + 
R 

H+ 1- 
R 
C 

RdH 
t dt (1) 

where a dot signifies a time derivative, C is the sound speed in the liquid at the bubble 
wall, H is the difference between the specific enthalpy in water at the bubble wall 
relative to the specific enthalpy in the water far from the bubble. The numerical 
solution has been described previously. [28,29] 

Pressure Chamber 

Experiments with elevated static pressure were conducted in the pressure chamber 
shown in Fig. 1. The HIFU transducer (3.5 MHz, 38-mm diameter, 64-mm radius of 
curvature) is mounted in the chamber. A gel phantom [30] made of polyacrylamide 
and 5% bovine serum albumin was placed in degassed water in the chamber. Pressure 
was increased with a hand pump. Ultrasound images (Phillips ATL HDI -1000, LI 1-5 
probe) and CCD camera images were made through the 25-mm thick acrylic windows 
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in the chamber. HIFU heat deposition caused the albumin to denature and turn white 
in the transparent gel, which revealed the HIFU lesion. 

FIGIIRE 1. Pressure chamber. 

Sonochemistry 

Sonochemistry - measurement of products of free radical reactions produced by 
inertial cavitation - was used to quantify cavitation activity. [31] Low-density 
polyethylene pipette bulbs (Sigma Chemical Company, St. Louis, MO), 30 mm in 
length, 10 mm in diameter and 0.5 mm in wall thickness were used as exposure 
vessels. Pipette bulbs were filled with an iodide solution, consisting of 0.1 M KI and 
0.51 mM ammonium molybdate [(NH4)2Mo04] adjusted to pH 5. Because of the time- 
sensitivity of the iodine reaction, a small volume of iodide solution was freshly 
prepared prior to each experiment, and a control sample was measured for every such 
volume. 

The high temperatures generated inside cavitating bubbles mediate a series of 
chemical reactions. Specifically, hydrogen peroxide is formed from the pyrolysis of 
water and reacts with the iodide to forni iodine. The iodine and iodide react to form 
triiodide, which was spectrophotometrically analyzed (£352 = 2.2 x 10'' L/mole/cm) 
with a double beam spectrophotometer (Shimadzu UV-1601). Control values were 
subtracted from corresponding experimental values and the concentration of hydroxl 
radicals was estimated as 1/2 the concentration of triiodide. 

Sonochemistry experiments and photography were done in a water tank shown in 
Fig. 2. A low frequency transducer (250 kHz, 100-mm diameter, 78-mm radius of 
curvature) and a high frequency transducer (3.5 MHz, 35-mm diameter, 55-mm radius 
of curvature) were mounted confocally in the tank. The sample pipette was placed at 
this focus. Two series of chemistry experiments were completed. One, the four 
conditions shown in Fig. 3 were examined to compare the effect of mixing low 
frequency and high frequency bursts. Pressure amplitudes were 3.2 MPa (low 
frequency) and 8 MPa (high frequency). Exposures were 1 ms on, 1 ms off for five 
minutes. The focal spot size was sufficiently small that phase changes in the pipette 
were small. Two, a frequency chirp 240-290 kHz (swept over 1 ms) was compared to 
single frequency 250 kHz exposure. Exposure was 100 ms on, 100 ms off for ten 
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minutes. Because the frequency response of the transducer was not flat, comparison 
was by maintaining the same time averaged spatial peak intensity between the single 
frequency and the frequency chirp. Intensity was determined by measuring the peak 
pressure for the range of frequencies and then calculating and averaging the intensity 
over the frequency range. 

.!  ™ 

FIGURE 2, Two confocal transducers. FIGURE 3. Frequency mixing waveforms. 

EXPERIMENTAL RESULTS 

Overpressure, which suppresses bubbles, yielded smaller lesion size and no 
hyperecho on B-mode imaging. Figure 4 shows CCD camera images of the lesion 
formed in gel after 5 s at 1500 W/cm^ and the simultaneous B-mode image of the 
lesion. The images at the top were obtained at 1 bar and on the bottom at 100 bar. The 
lesion is larger at 1 bar and a hyperechoic region is seen on the B-mode. At 100 bar, 
the lesion created is smaller and B-mode images does not reveal a hyperechoic region. 
These results are consistent with the idea that cavitation can increase heating and that 
bubbles are responsible for the hyperecho seen in HIFU treatment. 

FIGURE 4. Lesions (left) and ultrasound 
images (right) at 1 bar (top) and 100 bar 
(bottom). Lesion is smaller and no 
hyperecho (arrow) is seen at 100 bar. 
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Although useful in elucidating the cavitation mechanism, the overpressure 
experiments are of limited direct applicability in vivo, but cavitation can be controlled 
by the acoustic waveform. Figure 5 shows sonochemistry results for duplicate 
experiments comparing the four waveforms in Fig. 3. Absorbance is on the y-axis and 
the spectrum along the x-axis. The peak around 350 nm corresponds to the amount of 
triiodide produced. The high frequency bursts (D in Fig. 3) produced negligible 
chemistry. The low frequency produced more. But adding the two frequencies together 
produced significantly greater cavitation and sonochemistry. Synchronizing the high 
frequency with the positive phase of the low frequency wave produced more 
cavitation and chemistry than synchronizing with the negative phase, but the 
difference was small. The nonlinear increase in cavitation when two frequencies are 
added is consistent with others findings. [21-23] 

Absorbance of Iodine as a Measure of Cavitation 

FIGURE 5. Absorbance vs. frequency 
measures for the four cases in Fig. 3. 
Mixing the frequencies give more 
chemistry (350 nm) than either frequency 
alone. 
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Figure 6 shows sonochemistry for a monoharmonic 250 kHz wave and a chirped 
wave. The single frequency produced measurable chemistry whereas the chirp 
suppressed cavitation and chemistry. 

Chirp (625 mV 10 Minute Treatment) 
vs. Single Frequency (500 mV 10 

Minute Treatment) 

Single Frequency 

Chirp  

320   340  360   380 
Wavelength (nm) 

400 

FIGURE 6. Absorbance vs. frequency. The 
chirp yields less cavitation and chemistry 
than the single frequency. 

NUMERICAL RESULTS 

Numerical calculations reveal that an increase in the minimum bubble size 
correlates well with an increase in sonochemistry. Number of bubble collapses does 
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not correlate well. Fig. 7 shows radius versus time curves calculated for 4 waveforms. 
Clockwise from the top left, the driving acoustic waves are a 3.5 MHz wave, a 
250 kHz wave, 3.5 MHz bursts riding on the negative phase of the 250 KHz wave, and 
3.5 MHz bursts riding on the positive phase of the 250 KHz wave. The mixed cases 
yield the smallest minimum bubble radii and the most sonochemistry. Synchronizing 
the high frequency with the positive phase of the low frequency wave produced the 
smallest radii numerically consistent with the most chemistry experimentally. The 
3.5 MHz wave produced the most bubble collapses but the least sonochemistry. 
Similar calculations showed the chirp waveform produced lower amplitude radial 
oscillations than the monofrequency wave, which was in agreement with the 
sonochemistry results in Fig. 6. 

fy^ A/WS 
FIGURE 7. R(t) curves for the 
four cases in Fig. 3. 
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DISCUSSION 

Overpressure experiments have shown that bubbles play an important role in HIFU 
therapy and imaging. Watkin et al. [9] were careful to work below a threshold pressure 
in an effort to avoid lesion distortion caused by bubbles. Vaezy et al. [5] have shown 
hyperecho on B-mode imaging useful in targeting the treatment appears before gross 
damage to tissue, which indicates at least in some exposure conditions bubbles 
precede the therapeutic effect. Bubbles may be unavoidable. Hence we investigated 
how the HIFU wavefomi might be manipulated to control bubbles and cavitation. 

Mixing of two frequencies can increase cavitation activity. Our goal was to apply 
the high frequency bursts synchronized with the positive phase of the low frequency 
wave. The hope was that the low frequency wave could act as an overpressure and 
suppress cavitation activity. However, we found for these parameters the low 
cavitation threshold of the low frequency wave dominated, and in fact with either 
phasing, cavitation was increased. 

Frequency sweeping or chirping was used to reduce cavitation as measured by 
sonochemistry. Our hypothesis is that a single bubble cannot oscillate in resonance 
with chirped frequencies unless the chirp happens to exactly track the growth or 
dissolution of a bubble. Therefore oscillations are less violent and bubbles do not all 
conform to a single resonant size by rectified diffusion. We plan to use chirp 
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frequencies in the MHz range but because little chemistry occurred in this frequency 
band, the results reported here were at a lower frequency. 

The results reported here are preliminary but demonstrate that the HIFU wave can 
be manipulated to reduce cavitation. Once the cavitation effect in understood it can be 
correlated with bioeffect such as heating efficiency or hyperechogenicity. The 
parameters have not been optimized. In part because it was not known what the 
important parameters were in our model. However maximum and minimum bubble 
size seem to be the important parameters for sonochemistry. The goal will be to 
establish the ideal frequencies for mixing and chirping. In summary, HIFU waveform 
manipulation is a way to control cavitation. 
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ABSTRACT. Using an experimental system that mimics stone fragmentation in the renal pelvis, 
we have investigated the role of stress waves and cavitation in stone comminution in shock wave 
lithotripsy (SWL). Spherical plaster-of-Paris stone phantoms (D = 10 mm) were exposed up to 
500 shocks at the beam focus of a Domier HM-3 lithotripter operated at 20 kV and a pulse 
repetition rate of 1 Hz. The stone phantoms were immersed either in degassed water or in castor 
oil to delineate the contribution of stress waves and cavitation to stone comminution. It was 
found that after 500 shocks while in degassed water there is a progressive disintegration of the 
stone phantoms into small pieces (66%<2mm), the fragments produced in castor oil are fairly 
sizable (1 l%<2mm). On the other hand, if a stone is exposed only to cavitation bubbles induced 
in SWL, the resultant fragmentation is much less effective compared to that produced by the 
combination of stress waves and cavitation. It is concluded that, although stress wave-induced 
fracture is important for the initial disintegration of kidney stones, cavitation is necessary to 
produce fine passable fragments, which are most critical for the success of clinical SWL. Stress 
waves and cavitation work synergistically, rather than independently, to produce effective and 
successftil disintegration of renal calculi in SWL. 

INTRODUCTION 

Disintegration of renal calculi in a lithotripter field is the consequence of dynamic 
fracture of stone materials due to the mechanical stresses produced either directly by 
the incident lithotripter shock wave (LSW) or indirectly by the collapse of cavitation 
bubbles [1]. In shock wave lithotripsy (SWL), two basic mechanisms of stone 
fragmentation have been well documented, namely, spalling at the posterior surface 
and at internal crystalline-matrix interfaces of a stone due to reflected tensile waves 
[2-4], and cavitation erosion at the anterior surface of a stone due to violent collapse of 
bubbles [5-8], The damage produced inside the stone material have been attributed to 
stress waves generated by the impingement of LSWs, which are enhanced by internal 
wave focusing, superposition, and squeezing effects [9-11]. In contrast, cavitation 
damage is produced primarily on the surface of the stone and the resultant fragments 
are usually small due to the highly localized stresses generated by a collapsing bubble 
[7,8]. The damage patterns produced by these two mechanisms, however, are 
distinctly different [12] and their relative contribution to the overall success of stone 
comminution in SWL has not been investigated. 
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In this work, a series of experiments were carried out using a phantom system that 
mimics in vivo stone comminution in the renal pelvis. Emphasis is placed on 
delineating the contribution of various working mechanisms to the overall success of 
stone comminution, and on understanding of the progressive development of stone 
comminution in SWL in relation to the contributing mechanisms 

MATERIALS AND METHODS 

Lithotripter. In this study, an HM-3 lithotripter 
operated at 20 kV was used. Figure 1 shows the typical 
pressure wavefonn measured at the lithotripter focus 
(F2). 

Stone samples. Spherical stone phantoms (D = 10 
mm) were made of plaster-of-Paris (powder/water ratio = 
2 : 1 by weight). The acoustical properties of the plaster- 
of-Pairs stone phantom are comparable to that of 
magnesium ammonium phosphate hydrogen (MAPH) 
stones [13,14]. In addition, six pairs of kidney stones of 
different compositions, surgically removed from patients, 
were used for comparison of stone comminution in 
different fluid media. Each pair of the stones were 
selected based on their similarity in composition, size, 
color, and weight (Table 1), with their primary chemical 
composition determined to be calcium oxalate 
monohydrate (COM), the most commonly observed 
crystalline material in kidney stones [15]. 

FIGIFRE. 1. A typical 
pressure waveform produced 
at the focus of an HM-3 
lithotripter operated at 20 kV, 
measured using a fiber optical 
probe hydrophone. P*/P' = 
45/-8 MPa. tVf =2/9 ^s, 
-6dB beam size: 75{L) x 
8(T) mm. 

Table 1. Dimension and chemical compositions of the kidney stones. 

Dimension 
(LxWxH, mm) 

Initial 
Weight (g) 

Component 
COM MAPH CaP04 IIA COD CA PTN 

Stone A 9.23x8.48x7.28 0.4860 50 20 30 
Group 1 B 10.77x9.03x7.03 0.6768 

Stone A 13.18x10.18x5.96 0.7167 88 12 
Group 2 B 17.81x9.89x7.42 0.9871 

Stone A 9.64x6.93x7.46 0.3817 88 12 
Group 3 B 9.54x8.17x5.12 0.3163 

Stone A 14.17x11.03x7.40 0.7620 90 10 
Group 4 B 14.4x11.87x7.79 0.8983 

Stone A 13.25x10.28x10.55 1.1968 60 15 25 
Group 5 B 16.76x9.51x10.32 1.1281 

Stone A 11.03x7.05x6.84 0.3912 42 38 17 3 
Group 6 B 10.99x7.22x5.14 0.2830 

COM, calcium oxalate monohydrate; MAPH, magnesium ammonium phosphate hydrogen; CaPOa. 
calcium phosphate; UA, uric acid; COD, calcium oxalate dihydrate; CA, carbonate apatite: and PTN, 
platinum triamine ion. 
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Plastic 
Holder 

FIGURE, 2, Schematic diagram 
of the experimental set up. 

Experimental protocol. A phantom system that 
mimics stone comminution in the renal pelvis was 
used (Fig. 2). The stone sample was placed in a 
plastic holder with disposable finger cot (VWR 
Scientific Products, Suwanee, GA) at the end. The 
holder was filled with either degassed water (a 
cavitation supportive medium) or fi-eshly poured 
caster oil (a cavitation inhibitive medium) to delineate 
the contribution of stress waves and cavitation to 
stone comminution. Using this set up, the finger cot 
and the test fluid inside the sample holder can be 
replaced easily following each test. The stone holder 
was immersed in an acrylic testing chamber 
(254x254x152-216 mm, LxWxH) fdled with caster 
oil and with a slab of 25-mm thick tissue-mimicking 
phantom placed at the bottom to simulate tissue 
attenuation on the incident LSWs [16]. 

The stone phantoms were randomly divided into 
two sets for shock wave treatment either in degassed water or in castor oil. Samples in 
each set were further subdivided into six groups and exposed from 25 to 500 shocks. 
For kidney stones, the comparison was made at 200 shocks only. Before the 
experiment, the weight of each sample in dry state was measured. Prior to shock wave 
treatment, each stone sample was immersed in the prospective test fluid (degassed 
water or caster oil) for at least 20 minutes until no visible bubbles could be seen at the 
stone surface. Alignment of the stone phantom to F2 was aided by a pointer and 
verified by the fluoroscopic imaging system of the HM-3 lithotripter. Following the 
shock wave treatment, all the fragments in the finger cot was carefully removed and 
spread out on a dry paper. For samples treated in castor oil, facial tissue was used to 
gently absorb excessive oil left on the specimen surface. After air diy for 48 hours, the 
fi-agments were collected and their size distribution was determined by sequential 
sieving [17], 

To identify the contribution of cavitation alone to stone comminution in SWL, 
another set of experiments was perfonned using the plaster-of-Paris stone phantoms in 
an experimental HM-3 lithotripter [10]. High-speed shadowgraph was used to 
visualize the bubble dynamics near the stone. To eliminate the contribution of stress 
waves, the stone phantom was placed in the focal plan but with its center shifted 
transversely by a 13-mm distance from the shock wave axis to position the stone just 
outside the lithotripter beam focus (see Fig. 5b). Cavitation bubbles, however, were 
still produced at F2 in water and collapsed near the lateral surface of the stone. In the 
experiments, the stone sample was placed inside a thin-wire net affixed to an inverted 
U-shape holder, and exposed to LSWs in degassed water without tissue-mimicking 
materials. For comparison, another group of stone phantoms were treated at F2, 
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Dose-dependency of stone comminution in degassed water. In degassed water, 
stone phantoms break up progressively as the number of shocks increases (Fig. 3a). 
The size distribution of the fragments at different 
number of shocks is shown in Fig. 3a. Initially, after 
25 to 50 shocks the stone was broken into several 
large pieces (> 4 mm), which accounts for more than 
90% of the fragments by weight. As the shock 
number increased, more medium- (2-4 mm) and 
small-size (< 2 mm) fragments were produced, 
indicating a progressive comminution of the initial 
large fragments. After 200 shocks, the large 
fragments was reduced to 28% of the total weight, 
while the medium fragments reached a maximum of 
36%, and the small fragments contributed to the 
remaining 36%. As the shock wave exposure 
continued, the percentage of small fragments 
increased further while the percentage of large and 
medium fragments decreased. 

Figure 3c shows the dose dependency in stone 
comminution using the 2-mm criterion for passable 
fragments, based on the clinical observation that 
stone fragments less than 2 mm can be discharged 
spontaneously following SWL [2]. Initially (< 50 
shocks) stone comminution increases slowly with the 
shock number. Between 50 and 300 shocks, there is 
a rapid, linear increase in fragmentation, and after 
300 shocks, the comminution rate slows dovra. At 
this point, it was noticed that significant amount of 
small fragments were settled dovm at the bottom of 
the finger cot, which may attenuate the ensuing 
LSWs and thus decreasing stone comminution [4]. 

The contribution of stress waves. To determine the 
contribution of stress waves, stone phantoms were 
immersed in castor oil to suppress cavitation [18]. Under this circumstance, stone 
phantoms were fragmented primarily by the stress waves produced by the incident 
LSWs [1,9,10]. The result, shown in Fig. 4a, demonstrates that although stone 
phantoms were disintegrated into multiple pieces in castor oil, the fragments remained 
fairly sizable even after 500 shocks. Quantitatively, large and medium fragments were 
produced after 25 shocks accounting for 75% and 20% of the stone weight, 
respectively (Fig. 4a). With continued shock wave exposure, the large fragments were 
reduced to medium-size pieces, which, however, were not further comminuted into 
small fragments.   For example, after 500 shocks only 1.5% of the stone mass was 

c) Number of Shocks 

FIGURE. 3. Photographs and 
dose-dependent size distribution of 
the fragments of plasler-of-Paris 
stone phantoms in water af\er 
shock wave treatment in an HM-3 
lithotripter at 20 kV. 
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FIGURE. 4. Photographs and dose- 
dependent size distribution of the 
fragments of plaster-of-Paris stone 
phantoms in castor oil after shock 
wave treatment in an HM-3 
lithotripter at 20 kV. 

subsequent collapse could be asymmetric with resultant 
formation of microjets impinging towards the stone [5, 
6]. Overall, the bubble dynamics in the off-axis 
arrangement is similar to that generated when the stone 
is placed at F2 (Fig. 5a), except that in the later case the 
bubbles collapse primarily near the proximal surface of 
the stone facing the incident LSW (frames at 500 |is and 
680 |xs m Fig. 5a). 

When the stone phantom was placed off-axis, only 
3% of the stone mass was fragmented to less than 2 mm 
after 30 shocks at 24 kV in the experimental HM-3 
lithotripter. In comparison, when placed directly at F2, 
27% of the stone mass was disintegrated into passable 
fi-agments.   It should be noted that these results could 

reduced to less than 1 mm and no fragments less 
than 0.5 mm were produced (Fig. 4b). This is in 
great contrast to the progressive comminution of 
stones into fine fragments in degassed water 
(Fig. 3). Clearly, imder the influence of stress 
waves alone there is an apparent limitation on the 
smallest fragments that can be produced. 

The contribution of cavitation. To isolate the 
contribution of cavitation alone to stone 
comminution in SWL, a plaster-of-Paris stone 
phantom was placed off-axis transversely from F2 
by 13 mm. As shown in Fig. 5b, the incident LSW 
propagated through F2 in water sweeping by the 
lateral surface of the stone (the number above each 
image frame indicates the time delay in 
microseconds after the lithottipter spark discharge). 
With this arrangement, stress waves produced 
inside the stone could be minimized. Yet, cavitation 
bubbles were still generated by the incident LSW 
around F2. The bubbles first expand to a maximum 
size in about 200 ^is and then collapsed violently 
near      the      lateral       -~ ;- 
surface of the stone, 
emitting secondary 
shock waves (see 
circular rings at 600 
|is in Fig. 5b). Some 
bubbles were also 
seen to aggregate on 
the lateral surface of 
the stone, and their 

FIGURE. 5. Representative 
high-speed image sequences of 
the bubble dynamics produced 
by a laboratory HM-3 
lithotripter in water at 24 IcV. 
The stone phantom (10 mm in 
diameter) was placed a) at F2, 
b)   at   a    13   mni   distance 

not be compared directly with the ones (see Fig. 3)   transverse from Fj. 
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obtained using the renal pelvis mimicking phantom system because of the significant 
differences in the experimental setup. Macroscopically, damage to the stones placed 
off-axis was primarily surface erosion produced by the collapse of cavitation bubbles 
without any bulk disintegration of the stone. Whereas stones placed at F2 were 
fragmented into pieces of different sizes. These results suggest that with cavitation 
alone, although damage to the stone (primarily surface erosion) can be produced, the 
comminution efficiency is significantly reduced compared to that produced by the 
combination of stress waves and cavitation. 
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FIGURE 6.  Photographs of original pairs of kidney stones and their corresponding fragments after 
being treated by 200 shocks produced by a HM-3 lithotripter at 20 kV, a) in water and b) in castor oil. 

Paired kidney stones of similar composition, size, shape, and weight were exposed 
to 200 shocks at 20 kV in the HM-3 lithotripter either in degassed water or in castor 
oil. The results, shown graphically in Fig. 6 and quantitatively in Fig. 7, revealed that 
in water most stones were comminuted into passable 
pieces whereas in castor oil most fragments remained 
large in size. For example, in water no fragments 
were larger than 4 mm and the residual weight for 
2-4 mm, 1-2 mm, and < 1mm fragments were 11%, 
37%, and 52%, respectively. In contrast, in caster oil 
the fragments > 4 mm and 2-4 mm were 51% and 
28%, respectively (Fig. 7). Using the 2-mm criterion, 
the percentage of passable fragments were 89% and 
22% for the kidney stones treated in water and in 
caster oil, respectively. All together, these 
experimental findings confirm that with stress waves 
alone, kidney stones will be disintegrated primarily 
into large, impassable pieces. 

2-4 1-2 0.5-1 <0.5 
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FIGITRE   7. 
kidney stone 
shocks in an 
20 kV. 

Size distribution of 
fragments after 200 
HM-3  lithotripter at 
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DISCUSSION 

The fragmentation of kidney stones in SWL is tlie consequence of dynamic fracture 
of stone materials in response to the mechanical stresses produced either by LSW or 
cavitation [1]. Kidney stones, like most crystalline materials, have pre-existing flaws 
or microcracks randomly distributed at the crystalline-matrix interface or at the grain 
boundary of the crystalline materials. Under the mechanical stresses imposed by the 
LSWs, these pre-existing microcracks may extend if the accumulated stress-intensity 
factor at the crack tip exceeds a threshold value, also known as the fracture toughness 
of the material [1]. The fracture toughness for kidney stones of various compositions 
has been measured in the range of 0,056 MPa*m'° for MAPH stones to 0,120 -0,136 
MPa*m"^ for brushite and COM stones, corresponding to their varying fragilities in 
SWL [13], These values are an order of magnitude lower than the fracture toughness 
of ceramic materials [19]. It has been suggested that the nucleation, growth, and 
coalescence of the microcracks in the stone material imder repeated bombardments of 
the LSWs eventually leads to the fragmentation of kidney stones in SWL [1], 

The observation that stone phantoms and kidney stones immersed in castor oil 
cannot be fragmented into passable pieces (see Figs, 4a and 6b) indicates that there is 
a size limitation on the fragments produced by stress waves alone in SWL. Among 
various proposed mechanisms, this finding is most consistent with the spalling 
mechanism. A simple analysis of wave reflection and superposition at the stone 
boundary may provide some critical insights to this problem. Let's consider the 
reflection of a transmitted longitudinal wave at the posterior surface of a kidney stone, 
a critical process involved in the production of spalling damage [9, 10], Because of 
the decrease in acoustic impedance from stone material to surrounding tissue or fluid, 
the leading compressive component of the wave will be inverted m phase, generating a 
reflected tensile wave. This reflected tensile wave, propagating back into the stone 
material, will first superimpose with the remaining portion of the compressive 
component of the incident wave, resulted in a mutual reducfion of their respective 
amplitudes [10], Subsequently, as the reflected tensile wave propagates fiirther into 
the stone and superimposes with the trailing tensile component of the incident wave, a 
strong tensile stress will be produced at some distance from the posterior surface of 
the stone. This is the reason why in cylindrical stone phantoms (LSW propagating 
along the axis of the cylinder), spalling damage always occurs at a distance from the 
posterior surface of the stone [10]. On a first order approximation, the reflected 
tensile wave has to travel at least half of the positive pulse duration (f) of the incident 
longitudinal wave in order to build up a sufficient tensile stress. Taking a typical value 
of ^"^ = 2.0 ^is for a HM-3 LSW (see Fig. 1) and the longitudinal wave speed (ci) in 
kidney stones [13], this minimal distance (~ CL * f 12) is estimated to be in the range 
from 2,7 mm for MAPH to 4,5 mm for COM stones, which are greater than the 2-mm 
critical size for spontaneous discharge following clinical SWL, When the size of the 
residual fragments becomes less than this minimal distance, there will be destructive 
superposition of the sttess waves reverberating inside the fragment, Consequentiy, the 
net stress imposed on the stone material will be significantly reduced. If the 
corresponding stress-intensity factor at the tip of pre-existing microcracks in the 
fragment falls below the fracture toughness of the stone material, subsequent shock 
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wave exposure will not cause the microcracks to extend and, therefore, no further 
disintegration of the fragment will occur. Based on this analysis, if only stress waves 
contribute to stone comminution in SWL most renal calculi will not be comminuted to 
fragments small enough (< 2 mm) for spontaneous discharge, as demonstrated by the 
stone comminution results in castor oil. 

On the other hand, when cavitation is the only contributory force for stone 
comminution the resultant fragmentation efficiency is very low, compared to that 
produced by the combination of stress waves and cavitation. Cavitation-induced 
damage is primarily surface erosion and it does not penetrate much into the bulk of the 
stone material. Despite this, cavitation damage may weaken the surface structure of 
large residual fragments (Fig. 8), making them much more fragile to the impact of 
subsequent LSWs. With the progression of shock wave exposure, liquid may enter 
into the bulk of the stone material through crevices produced on the surface [7]. The 
expansion of bubbles inside the stone by 
ensuing shock waves may generate large 
tensile stress at the crevice root, leading to 
crack expansion [20,21]. The analogy to 
SWL-induced tissue injury is the tensile 
rupture of small blood vessels due to large 
intraluminal bubble expansion [22]. As the 
number of fragments increase, the total 
surface area of the fragments will increase 
rapidly, which would favor the progression of 
cavitation-facilitated damage. Although the 
contribution of each individual cavitation 
bubble to the overall stone comminution is 
small, the accumulative effect from numerous 
bubbles generated during the course of SWL 
treatment could be significant. It is 
conceivable that although stress wave- 
induced fracture, such as spalling and 
squeezing damage, is responsible for the 
initial fragmentation of the stone, cavitation is 
necessary to produce fine passable fragments, 
which are most critical for the success of 
clinical SWL treatment. 

As observed in this and other studies [4,23], the scattering of LSWs by small 
fragments surrounding large residual stone pieces is a significant efficiency-limiting 
factor for the success of SWL treatment. Therefore, strategies to alleviate the 
scattering of LSWs by small fragments surrounding large residual stones should be 
explored in future investigations in order to improve the treatment efficiency of SWL. 

In conclusion, stress waves and cavitation have both been found to be important for 
the success of stone comminution in SWL. While stress waves are important for the 
initial fragmentation of kidney stones into distributed pieces, their effectiveness is 
hindered when the size of residual fragments becomes less than half of the 
compressive wavelength in the stone material, due to destructive superposition of the 

FIGURE 8. Photograph and SEM pictures 
of large fragments of plaster-of-Paris stone 
phantoms produced by 100 shocks in an 
HM-3 lithotripter at 20 kV, a) comparison 
of surface damage of the fragments 
produced in water (right) with numerous 
pittings observed on the surface and in 
castor oil (left) without pitting, b) another 
fragment in water showing deep pitting 
(indicated by arrows) with radial crack 
formation, and c) an enlarged view of the 
circled area in b). 
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stress waves inside the residual fragments, Cavitation, on tlie other hand, while 
working at a much slow rate of stone comminution, can significantly weaken the 
structure of the stone surface, making it much more fragile to the impact of ensuing 
LSWs and associated bombardments of cavitation bubbles. Therefore, stress waves 
and cavitation work synergistically, rather than independently, to produce effective 
and successful disintegration of renal calculi in SWL. Optimal utilization of the stress 
waves and cavitation in SWL may help to improve treatment efficiency while 
reducing adverse tissue injury. 
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Abstract, Shock wave lithotripsy (SWL) is a highly effective treatment for urinary stones. 
Lithotripters generate an acoustic pulse in the range -35-115 MPa P+, —10 MPa P-, focused to a 
zone only a few mm wide (estimated ISPTP~80,000 W/cni'). Lithotripter SW's are effective at 
breaking stones, but collateral kidney injury can be severe. A clinical dose of SW's (2,000 SW, 
24 kV) delivered to the juvenile pig kidney using the Domier-HM3 lithotripter created a 
hemorrhagic lesion measuring 6.1±1.7 volume percent. The same dose, but using a time- 
reversed SW tliat suppresses cavitation, produced minimal bleeding—injury too small to 
quantitate. Lysis of red blood cells in vitro was lower with the time-reversed waveform than with 
conventional SW's, and high overpressure (>120 atm) reduced red cell lysis whh conventional 
SW's. These observations support the idea that cell/tissue injury is related to cavitation. 
However, red cell lysis at high overpressure was significantly greater than untreated controls, 
and breakage of -100 nm diameter phospholipid membrane vesicles was unaffected by 
overpressure. Overall, tliese results suggest tliat cavitation plays an important role in renal injury 
in SWL, but the in vitro cell and vesicle lysis experiments demonstrate that lithotripter SW's 
also cause damage by mechanisms other than cavitation—^possibly strong pressure gradients that 
cause shear. Further, the vesicle data show that SW damage may not be linked to cavitation 
when target dimensions are small. Thus, multiple mechanisms appear to be at play in SW 
damage to biological targets in SWL. 

INTRODUCTION 

Shock wave lithotripsy (SWL) for the treatment of urinary stones can be viewed as 
one of the first successful applications of therapeutic ultrasound. SWL was introduced 
to clinical practice in the early 1980's and even with the refinement of endourologic 
methods for stone removal such as ureteroscopy and percutaneous 
nephrostolithotomy, SWL remains the treatment of choice for upper urinary tract 
calculi [1]. The principal advantage of SWL is that it is a non-invasive treatment to 
comminute stones. That is, SWL is a non-surgical approach for stone removal and 
treatment can commonly be performed on an outpatient basis. For treatment, patients 
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are usually sedated or anesthetized. The urologist controls the number of SW's, the 
power of the pulses and the rate of SW administration. In a typical treatment session 
1,000 to 4,000 SW's are delivered to fragment a stone, and treatment is usually 
completed in about an hour. 

Although SWL is considered to be highly successful, lithotripsy is plagued by the 
occurrence of adverse effects. Clinical experience and studies with experimental 
animals have shown that a dose of SW's sufficient to comminute a stone invariably 
causes trauma to the kidney [2-4]. The renal injury associated with SWL can be severe 
and can lead to long-term complications such as new-onset hypertension [5]. Still, the 
benefits of SWL are considerable. As such there is great interest in research to 
understand the mechanisms of SW action in stone breakage and renal injury with the 
goal of devising strategies to make lithotripsy safer and more effective. 

In SWL a high-intensity acoustic pulse is generated by one of three mechanisms: 
electrohydraulic spark discharge, electromagnetic deflection of a plate or piezoelectric 
transduction. The majority of clinical devices are either electrohydraulic or 
electromagnetic. The acoustic pulse is focused to a cigar-shaped region that, 
depending on the lithotripter design, is 3-12 mm wide and 50-80 mm long. 
Electrohydraulic lithotripters typically have a larger focal zone than electromagnetic 
or piezoelectric lithotripters. 
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FIGURE 1: Typical shock wave at the focus of an electrohydraulic lithotripter. 

A representative focal waveform is shown in Fig. 1. The pulse consists of a 
compressive phase with a peak amplitude of 35—115 MPa and duration ~1 |is, 
followed by a tensile tail with peak amplitude —10 MPa and duration ~3 us. The 
pulse leads with a shock wave of- 10 ns rise time (measured in water). However, this 
measurement is affected by the limited bandwidth (<100 MHz) of available 
hydrophones, and the Taylor shock thickness for a shock of these amplitudes is of the 
order 0.1 ns. The waveform measured in vivo is very similar to that shown in Fig. 1 
except that the rise time is lengthened to -70 ns [6]. For comparison with high 
intensity focused ultrasound, the peak intensity at the focus is ISPTP = 80,000—880,000 
W/cm^. However, because in the clinical setting shock waves are delivered at -1 s 
intervals the temporal average of the intensity is ISPTA= 0.08—0.88 W/cml Therefore, 
the biological actions of lithotripsy are dominated by non-thermal mechanisms [7]. 
Although considerable progress has been made in recent years to understand how 
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lithotripter SW's work, the exact mechanisms by which SW's fragment stones and 
cause damage to tissue are still under investigation. 

The adverse effects of SWL have been linked to the cavitation induced by the 
tensile phase of the lithotripter shock wave. It is well recognized that lithotripter SW's 
generate cavitation in the body [8], and studies using diagnostic ultrasound and 
passive detection methods have localized cavitation to the renal parenchyma [9]. The 
renal lesion in SWL is characterized by vascular trauma — damage primarily to 
capillaries, small veins and small arteries [2,3,10,11], Precisely how cavitation causes 
this vascular damage has yet to be determined. The renal parenchyma is occupied by 
myriad epithelial tubules and small blood vessels. There is very little fluid space 
outside the lumens of vessels and renal tubules where cavitation might be expected to 
occur. Hemorrhage leads to pooling of blood in the kidney interstitium and beneath 
the kidney capsule. Such bleeding could provide sites for cavitation to develop, 
Cavitation detection has localized bubble noise and echogenicity to subcapsular 
hematomas, but has not been able to resolve bubble activity to vessels of the size that 
are damaged by SWL [9]. However, large pools of blood may not be necessary for 
cavitation to occur and recent in vitro studies [12] lend support to the idea that bubble 
expansion within the lumen could cause small blood vessels to rupture. Thus, SW- 
bubble interactions appear to play an important role in the renal trauma associated 
with SWL. 

The purpose of this report is to summarize our observations from in vivo studies 
with pigs [13] and in vitro experiments with biological targets (isolated cells and 
membrane vesicles) [14,15] showing that cavitation is involved in SWL injury. In 
addition, we present evidence suggesting that mechanisms other than cavitation may 
contribute to cell and tissue injury in lithotripsy. 

METHODS 

Lithotripters And Shock Wave Reflectors 

Animal experiments were performed using an unmodified (80 nf) Domier HM3 
clinical Uthotripter. This lithotripter has a brass ellipsoidal reflector. Pressure release 
reflectors (PRel) were milled from polyurethane foam and machined to nest inside the 
brass reflector. Thus, the PRel reflector conformed to an ellipse of slightly smaller 
dimensions, but with the same foci (Fl and F2) as the brass reflector. The normal 
pressure amplitude reflection coefficient, R, for this polyurethane foam is nearly 
pressure release (R = -0,88). R for brass is 0.94. Thus, neither reflector was perfectly 
rigid (^ = 1) or pressure-release (^ = -1) acoustically. 

The PRel reflector was developed as a means to suppress cavitation generated by an 
electrohydraulic lithotripter [16-18], The polyurethane insert reverses the compressive 
and tensile components of the lithotripter pulse so that the tensile phase precedes the 
compressive phase (Fig. 2). Cavitation bubbles that may begin to grow under 
influence of the leading tensile wave are crushed by the frailing compressive wave. 
Thus, the cavitation cycle is interrupted before bubbles can undergo forceful inertial 
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collapse. The PRel reflector does not change the position of the spark gap, the position 
ofF2 or the dimensions of the focal zone of the lithotripter [17,18]. 
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FIGURE. 2: Waveforms from rigid and pressure release (PRel) reflectors. 

In vitro studies on isolated cells and membrane vesicles were performed using a 
research electrohydraulic lithotripter with acoustic output similar to that of the Domier 
HM3 [19,20]. 

Experimental Animals And Assessment Of Kidney Injury In The Pig 

Female farm pigs, 6-7 weeks of age with an average weight of 14.0±0.6 kg were 
used. Three groups of animals were studied: Group 1 (rigid reflector). Group 2 (PRel 
reflector), and Group 3, (sham SWL). Animals were anesthetized and prepared for 
SWL as previously described [10,11]. SW's (2000 SW's, 24 kV, 2 Hz) were 
administered to the lower pole calyx for the rigid and PRel reflector groups, while 
sham animals were placed in the lithotripter but not treated. 

Following SW treatment both kidneys were then infused with fixative in situ and 
removed for morphological analysis. Four kidneys from each study group were 
embedded and serial sectioned for morphometric analysis to determine the size of the 
hemorrhagic lesion produced by SWL. [21] 

In Vitro Lysis Of Red Blood Cells And 
Phospholipid Membrane Vesicles 

Fresh red blood cells collected from one donor were heparinized, washed and 
diluted to a concentration of 3.1% in buffered saline (PBS), and loaded to 2 ml screw 
cap polypropylene cryovials [14]. Since bubbles in such vials enhance SW-lysis vials 
that contained bubbles were discarded [22]. For studies using the pressure release 
reflector, vials were positioned at F2 and 75 shock waves were administered (22 kV, 
IHz). For comparison, cohort vials were treated with SW's using the rigid reflector. 
Cell lysis was determined by assay of hemoglobin in the supernatant [23]. 

Carboxyfluorescein-loaded phospholipid membrane vesicles were prepared from 
egg phosphatidylcholine by the extrusion method [24]. Repeated passage of 
phosphatidylcholine in carboxyfluorescein buffer through a 0.1 urn polycarbonate 
filter produced unilamellar vesicles -120 nm in diameter. Extravesicular 
carboxyfluorescein was removed by passing the vesicles through a Sephadex G-25 
column. Vesicle lysis was determined by measuring carboxyfluorescein in the 
extravesicular fluid following SW exposure. 
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Overpressure Experiments With Cells And Vesicles 

The overpressure chamber used in these experiments was a bronze-aluminum alloy 
cylinder capped with plates milled from a plastic (polyphenylene oxide) that allowed 
passage of the shock wave with minimal attenuation and no appreciable alteration in 
waveform [25]. Vials of cells or membrane vesicles were placed within the chamber, 
at F2 of the lithotripter, the chamber was fdled with water and the end-caps secured. 
The chamber was pressurized with nitrogen to -120 atm and SW's were administered. 
Non-pressurized vials were exposed to SW's in the chamber. Zero-SW controls were 
handled in the same way, but were not exposed to SW's. 

RESULTS AND DISCUSSION 

Pig kidneys treated with SW's from the standard rigid reflector showed damage that 
was evident even on gross inspection. These kidneys typically developed a 
subcapsular hematoma that covered their anterior and posterior surfaces. Subcapsular 
bleeding was most pronounced in the treated pole (lower pole) of the kidney but 
frequently extended to portions of the upper pole as well. Histologic analysis of the 
renal parenchyma showed a focal hemorrhagic lesion that involved both the cortex and 
medulla and commonly spanned the entire vddth of the kidney [10,11,13]. This zone 
of damage was focal, in that the parenchyma of the upper pole was never involved and 
there were broad areas of the treated, lower pole that appeared undamaged (Fig. 3). At 
the tissue level the lesion was characterized by breaks in veins, capillaries and other 
thin-walied vessels. Some small arteries were also damaged. The vascular 
endothelium of damaged vessels was disrupted, exposing patches of basement 
membrane. Renal tubules were broken and were filled with blood. The peritubular 
interstitium was filled with extravasated blood and this region of hemorrhage 
contained a large number of inflammatory cells such as polymorphonuclear leucocytes 
and platelets. The hemorrhagic lesion produced by treatment with the rigid reflector 
occupied 6.1±1.7% of kidney parenchymal volume (determined by quantitative 
histomorphometry) [13]. 

Very little damage occurred to kidneys treated with the PRel reflector (Fig. 3) [13]. 
These kidneys did not develop hematomas. On histologic analysis the renal cortex was 
virtually undamaged and evidence of injury was limited to slight intraparenchymal 
bleeding in renal papillae (Fig. 3, arrowhead on right panel) that fell within the F2 
focal zone of the lithotripter. Although such regions of bleeding were visible in 
histologic sections these areas of hemorrhage were too slight to register by 
morphometric analysis (i.e. 0.0% of kidney parenchymal volume). Our previous 
studies have shown that the PRel reflector suppresses cavitation in vitro [18]. Thus, 
the observation that renal injury is dramatically reduced when the polyurethane PRel 
reflector is used strongly suggests that the damaged that occurs with the standard rigid 
reflector is caused by cavitation. 
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FIGURE 3:  Damage to pig kidney tissue using rigid (left) or PRei (right) reflector. Circles mark 
location in kidney lower pole targeted during SW treatment. 

Isolated red blood cells (RBC's) suspended in physiologic buffer are commonly 
used in lithotripsy research as a sensitive marker SW damage [23]. When vials of 
RBC's were treated with a dose of 75 SW's using the standard rigid reflector, lysis 
(-1.1%) was significantly higher (p<0.0001) than untreated controls (-0.25%) 
(Fig. 4). Cell lysis with the PRel reflector was significantly lower (p<0.0001) than 
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FIGURE 4: Red blood cell lysis with rigid and pressure release reflectors. 
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v,hen the rigid reflector was used. This suggests that cavitation was responsible for 
most of the cell lysis that occurred with the rigid reflector. Hemolysis with the PRel 
reflector was reduced, but still significantly higher (p<0.01) than the baseline cell lysis 
observed in untreated controls. 

Our previous studies [18] have shown that the lifetime (bubble duration) of 
cavitation bubbles with the PRel reflector is 50 times shorter, and the amplitude of the 
calculated acoustic emission of the collapsing bubbles is 13 times smaller than with 
the rigid reflector. Also, cavitation pits in target foils treated with PRel reflector SW's 
measure 8 times smaller than with the rigid reflector. That is, cavitation bubbles with 
the PRel reflector do not grow as large and they collapse with less force than the 
cavitation bubbles that are generated with the rigid reflector. Thus, it is clear that 
cavitation is substantially reduced by inverting the hthotripter pulse, but, bubble 
activity is not entirely eliminated. Therefore, it is possible that the RBC lysis with 
PRel greater than untreated controls was caused by cavitation. At the same time this 
does not rule out the possibility that this increased hemolysis was due to a mechanism 
other than cavitation. 

It has been shown by numerical modeling [26] and by experiment [14,27] that 
lithotripter shock pulses have the potential to cause cell lysis by non-cavitational 
mechanisms such as shear. In order to separate damage to isolated cells caused by 
cavitation from cell lysis due to non-cavitational forces we used overpressure to 
suppress cavitation [14,25,28,29], In theory, overpressure (OP) in excess of the 
amplitude of the tensile phase of the lithotripter pulse should prevent bubble growth 
and, thereby, prevent cavitation from occurring. In actuality, cavitation in the fi-ee field 
can be suppressed by relatively low (-3-5 atm) excess hydrostatic pressure [28,29]. To 
make certain that cavitation would be eliminated we exposed isolated RBC's to SW's 
in an overpressure chamber capable of achieving >120 atm excess static pressure. The 
chamber was constructed with acoustic windows that had minimal effect on the 
waveform characteristics or amplitude of the pressure pulse [25]. Vials of RBC's 
placed in the chamber were exposed to SW's at atmospheric pressure or at > 120 atm 
overpressure. Lysis of cells treated with SW's at OP was significantly lower (p<0.01) 
than cell lysis when SW's were administered at atmospheric pressure (Fig. 5), This 
hemolysis at overpressure sufficient to preclude cavitation still was significantly 
higher than cell lysis in untreated (but pressurized) controls. This suggests that 
whereas most of the SW-cell lysis was due to cavitation, significant cell damage 
occurred by a mechanism other than cavitation. This non-cavitational damage was 
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dependent on the kilovoltage of the shock source, with lysis significantly higher 
(p<0.05) at 24 kV than at 16 kV and 20 kV (Fig. 6). 

2     0.006' 

os:; 0.004' 
0) > 
O CO 0.002- 
to  (D 
W D-        0- 

■(0 

^    -0.002 

T At overpressure 
>120atni 

1 

J- 
16 kV 

1   J   1 20 kV 24 kV 

FIGURE 6: Red blood cell iysis at high OP is dependent on SW voltage. 

Isolated RBC's in vitro are relatively large targets. With a diameter in fluid 
suspension of 7-9 urn RBC's approximate the size of circulating cells in the blood 
vasculature, and some tissue structures such as the walls of capillaries and small veins. 
Our in vitro studies with OP showed (above) that significant SW damage was due to 
forces other than cavitation. Numerical modeling of SW propagation through a tissue- 
like medium predicts that the stress upon a target object is related to the size of the 
object [20,26,27]. Thus, larger targets should be under greater stress than smaller 
targets, but the size limit for target damage is difficult to estimate. In order to 
determine if lithotripter SW's might be capable of causing damage to biological 
targets smaller than isolated cells, we conducted SW exposure experiments on 
phospholipid membrane vesicles similar in size (-100-150 nm) to intracellular 
organelles. Vesicles were more difficult to break than isolated cells. The lysis rate of 
vesicles was approximately 0.03% per 100 SW's compared to 2.3% per 100 SW's for 
isolated RBC's. To determine whether SW lysis of vesicles was dependent on 
cavitadon, vials of vesicles were placed in the OP chamber and exposed to SW's at 
atmospheric pressure or at ~I30 atm OP. Vesicle lysis at OP was not different from 
lysis at atmospheric pressure (Fig. 7). This indicates that SW damage to membrane 
vesicles was not due to cavitation. That is, biological targets the size of intracellular 
organelles can be damaged by lithotripter SW's, but cavitation does not contribute to 
this damage. 
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FIGURE 7: Phospholipid vesicle lysis at atmospheric and high OP. 

Overall, the results of these studies using biological targets as diverse as whole 
animals, isolated cells and membrane vesicles suggest that lithotripter SW's cause 
damage to tissue by more than one mechanism. Cavitation appears to be the dominant 
mechanism, but other forces appear to be at play as well. These studies also point to 
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the value of approaching the problem of SW injury at different levels, that is, with 
models that have different levels of biological complexity. The data show that our 
understanding of how SW's injure the kidney is helped by use of simpler models 
which may in themselves seem far from tissue. For example, cells in suspension lack 
the structural organization of tissues, so this simple system is not a particularly 
compelling model of a complex organ such as the kidney. However, with isolated cells 
it is possible to rigidly control the environment during SW exposure and this proves to 
be an important advantage. For example, isolated cells can be exposed to SW's while 
at high overpressure, a manipulation that is not feasible with a living animal. Use of 
this strategy to control cavitation has shown convincingly that SW-induced cell lysis is 
not due to cavitation alone [14,27]. 

The idea that lithotripter SW's may cause tissue damage by mechanisms other than 
cavitation has been suggested by others. Lokhandwalla and Sturtevant [26] 
demonstrated by computation that SW's are capable of causing cell rupture by 
inducing unsteady flows in the surrounding media. Subsequent experimental studies 
[27] using overpressure to eliminate cavitation and a parabolic reflector to refocus the 
wave field within the sample vial showed that even in the absence of cavitation SW's 
could defonn foils and that cell lysis was significantly enhanced by SW-focusing. This 
supports the idea that cell lysis can be caused by gradients in shock strength and 
validates shear as a damage mechanism. 

How shear might contribute to renal injury is not known. The PRel reflector data 
with pigs [13] suggest that the magnitude of damage caused by cavitation far 
outweighs the injury caused by shear. However, the contribution of shear may not be 
entirely inconsequential. It is possible that damage caused by shear might potentiate 
damage caused by cavitation. That is, it seems feasible that vessel rupture due to shock 
gradients could initiate bleeding into the kidney interstitium and that this pooling of 
blood could then support cavitation. 

In conclusion, taken together these studies using whole animals and isolated in vitro 
targets suggest that cavitation is the principal mechanism by which lithotripter SW's 
cause tissue damage. Shock wave shear has the potential to cause damage to the 
kidney, perhaps even initiating vascular injury, but SW-bubble interactions appear to 
be the major mechanism responsible for renal injury in SWL. 
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Abstract. The purpose was to determine if commercially available echo contrast agent 
microbubbles could be used to increase gene transfection efficiency by relatively low intensity 
ultrasound-mediated microbubble destruction. Cell viability in the presence of Optison™ was 
significantly different from Albunex at the same 5% microbubble concentration (73.1±2.7 vs 
33.3±1.0, p<0.01, ANOVA), Cell killing rate by Optison™ remained approximately the same 
level at bubble concentration of 10 and 20%. On the other hand, cell viability tended to decrease at 
higher bubble concentrations (62.0±4.3, 54.8±1.4%) in the case with Albunex. Optison™ was 
diluted to a concentration of 2% whereas Albunex was adjusted to 10%. Levovist microbubble 
concentration was adjusted to 10 mg/ml. Cell viability under these conditions after ultrasound 
irradiation was approximately 60% for each of the agents tested, however the mean number of 
GFP transfected cells in the presence of Optision was approximately 8-foIds greater than in groups 
that contained Albunex or Levovist. Low intensity therapeutic ultrasound in the presence of 
Optison™ echo contrast agent induced efficient gene transfer but not with Albunex or Levovist. 

INTRODUCTION 

Recent studies have shown that therapeutic ultrasound can induce or incre^e cell 
membrane permeabilization of various agents including genes. It is currently suggested 
that the mechanism of this phenomenon is closely related with acoustic cavitation. High 
ultr^ound intensities are required to create cavitation within tissues such as the skeletal 
muscles and myocardium. Ultrasound alone could lead to temperature increase and 
mechanical damage to the tissue itself. This study addressed the hypothesis that 
echography control agent microbubbles that are commercially available could be used 
to increase gene transfection efficiency by relatively low intensity ultrasound-mediated 
microbubble destruction. Gene transfection rates were measured in vitro in the presence 
of various types of echo contrast agents. 

501 



MATERIALS AND METHODS 

Plasmid Preparations 

A commercial reporter plasmid pQBI25 (TAKARA Biomedicals, Japan) encoding 
green fluorescent protein (GFP) and Rhodamine-labeled plasmid pGeneGrip''^" (GTS 
inc., San Diego, CA) with hCMV IE promoter/enhancer driving green fluorescent 
protein gene were used for insertion and subsequent transient expression within the 
cells. The plasmid DNA from Escherichia coli DH5 cultures was prepared with Qiagen 
Maxi kit according to the company protocol (Qiagen Inc., Chatsworth, CA). Finally, 
agarose gel electrophoresis was performed before and after restriction endonucleases 
digestion to verify the identity and purity of the plasmid DNA. 

In Vitro Studies 

The Chinese hamster ovary (CHO) cells were maintained in alpha minimal essential 
medium (Life Technologies, Inc., Gaithersburg, MD) supplemented with 10% 
heta-inactived fetal bovine serum (Bio-Whittaker, Walkersville, MD), 2 mM glutamine, 
100 units/ml penicillin, and 100 ng/ml streptomycin. The cell cultures were maintained 
at 37° C in a humidified atmosphere of 5% CO2 in air. Exponentially growing cells were 
used in all experiments. Cell viability was determined by trypan blue dye exclusion. 

Echo Contrast Agents 

Culture cells were harvested and washed once in Phosphate buffered saline (PBS) 
and re-suspended at 2 x 10* cells/ml of plain PBS/well of 48-well plate (Coming, 
New York, NY). Three different types of ultrasound contrast agent microbubbles were 
evaluated: Albunex is a albumin shelled ultrasound contrast agent composed of 
air-filled micrrobubbles with a median diameter of 3 to 4 ^m, Optison^" is a 
second-generation perfluorocarbon-fiUed contrast agent with similar microbubble 
diameter and concentration (5 to 8 xlO^ bubbles per milliliter), Levovist is a 
galactose-based, air-filled microbubble contrast agent, 99% of which are smaller than 7 
|im. Each pf the contrast agents was added to the cell medium and diluted to various 
concentrations. Plasmid encoding green fluorescent protein were then added 
immediately into cell supernatant to a final DNA concentration of 20 ng/ml at a volume 
of 1 ml. 

Ultrasound Exposure 

The ultrasound probe and well plate were firmly fixed to a stand to avoid dislocation 
during ultrasound irradiation. Immediately after addition of plasmid DNA and 
microbubbles into the well, the cells were exposed with 1.0 MHz ultrasound for 20 
seconds at an intensity of 0.5 or 1.0 W/cm^, duty cycle 20% (Sonitron 1000, Rich Mar 
Inc, Inola, OK). The ultrasound probe was inserted directly into the cell suspension. A 
miniature stirrer was placed within the well and revolved at a speed of 300 RPM by a 
magnetic rotator placed under the container (PC-220, Coming, Boston, MA). The cells 
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were placed at least a row apart from each other to prevent overlap or interaction by 
transmission of ultrasound along the plastic well container. Immediately after exposure, 
the cell viability was tested by counting cells stained with trypan blue. To verify that 
ultrasound exposure did not produce thermal effects, the temperature in the sample was 
measured before and immediately after ultr^ound exposure by a needle type digital 
thermometer (PTC-201, Unique Medical Co, Tokyo, Japan). The rise in temperature 
within the samples was found to be less than 1° C. Thus any ultrasound bioeffects 
observed in this study were considered to be non-thermal. 

Quantlflcation of GFP Expression 

After the cell viability analysis, the cell suspensions were harvested fixjm the wells, 
separated by centrifugation and re-suspended in alfa-MEM, Viable cells (2 x 10^) were 
plated into 6-cm dishes. After 48 hours culture, the GFP positive cells were detected on 
Digital Camera FUJIX HC-300 (FUJIETLM, Tokyo, Japan), ARGUS-20 image 
processor and chilled CCD Camera (Hamamatsu Photonics K.K., Hamamatsu, Japan) 
from a ECLIPSE E 600 fluorescence microscopy (Nikon Inc., Tokyo, Japan) with plain 
apochromat lenses using an FTTC-HYO filter (EX 450-490, DM 505, BA 520). Cell 
images were printed out by FUJEX Pictrography 3000 (FUJIFILM, Tokyo, Japan). 
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FIGURE 1. a) Bar graph shows cell viability (mean ± SD, n=5) after 1 MHz, 20% duty cycle, 20 second 
duration. Concentration of each echo contrast agents were Levovist: 10 mg/ml, Albunex: 10% and 
Optison™: 2%. b) Bar graph shows the percentage of GFP positive cells at identical conditions. 

RESULTS 

Preliminary measurement of cell viability after ultrasound irradiation alone at 
various intensities (0,5, 1.0 W/cm^) and duration (10, 20, 40 sec) were performed. 
Ultrasound alone had minimal cell killing effects at the conditions examined. Whereas 
addition of echo contrast agents resulted in significant reduction of cell viability by 
ultrasound irradiation. Addition of 10 mg/ml Levovist resulted in cell viability 
reduction from 90.6±2.2% baseUne to 60.7±5.3% (p<0.01). Similar cell viability 
percentages were observed with addition of Levovist concentrations of 20 and 
40 mg/ml. Addition of Albunex and Optison™ also induced significant cell killmg 
compared to ultrasound irradiation alone. Cell viability in the presence of Optison™ was 
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significantly different from Albunex at the same 5% microbubble concentration 
(73.1±2.7 vs 33.3±1.0, p<0.01, ANOVA). Cell killing rate by Optison™ remained 
approximately the same level at bubble concentration of 10 and 20%. On the other hand, 
cell viability tended to decrease at higher bubble concentrations (62.0±4.3,54.8±1.4%) 
in the case with Albunex. Based upon these results, the concentration of each echo 
contrast agents were adjusted to induce similar cell killing rates at identical ultrasound 
irradiation conditions in the following gene transfection experiments. Optison''^'^ was 
diluted to a concentration of 2% whereas Albunex was adjusted to 10%. Levovist 
microbubble concentration was adjusted to 10 mg/ml. Cell viability under these 
conditions after ultrasound irradiation was approximately 60% for each of the agents 
tested, however to our surprise, the mean number of GFP transfected cells in the 
presence of Optision was approximately 8-folds greater than in groups that contained 
Albunex or Levovist. 

DISCUSSION 

In the present study, commercially available echo contrast agents, Optison^", 
Albunex and Levovist were evaluated in vitro to see if there are differences in inducing 
gene transfer. Perfluorcarbon- filled, second generation Optision proved to be more 
effective compared to the other agents in increasing the rate of gene transfection. 

It has been previous reported by others that certain microbubbles significantly 
increases drug uptake into cells and gene transfection [1-16]. Although the exact 
mechanism that causes this phenomenon is still unclear, the rapid collapse of 
microbubbles is thought to play a major role. It is also speculated that the presence of 
microbubbles can significantly reduce the acoustic pressure amplitude threshold for 
cavitation. Miller MW et al [12] have supported this hypothesis with the use of a 
20-MHz passive cavitation detector system. Greenleaf et al. [5] demonstrated an 
increase in the transfection rate of DNA in vitro, in the presence of albumin 
microbubbles, Albunex. Unger et al. [4] described similar results with microbubble 
liposomes. Guzman et al [13] succeeded in quantification of molecular uptake of drugs 
in DU145 prostate cancer and aortic smooth muscle cells. High acoustic pressure 
resulted in greater uptake of drugs per cell in the presence of Optison™. Furthermore, 
comparison has recendy been performed by several groups between different type of 
microbubbles such as Albunex and Optison"^". It was reported by Miller MW et al [2] 
that Optison™ had greater sonolytic potential than Albunex in terms of destruction of 
human erythrocytes in vitro. Others have similarly shown more lysis of cervical cancer 
cells (HeLaS3) in the presence of Optison™ rather than Albunex [14]. 

Although the exact mechanism is still unknown, it is believed that microbubbles, 
upon rupture, create a local increase in membrane fluidity, thereby enhancing cellular 
uptake of the therapeutic compound. Furthermore, as Optison'^" has a longer life span as 
a bubble, gene transfection may be attributed to repeated or slower bubble destruction 
during ultrasound irradiation resulting in greater number of cell membrane poration. 
Next generation echo contrast agents could be developed as a carrier of genes to 
targeted locations and pure plasmid DNA can be attached either to the outside or inside 
of the microbubble capsule wall [15]. Bubbles can be collapsed by extracorporeal 
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ultrasound or by intravascular ultrasound catheter [16], permitting the DNA to penetrate 
directly into the tissue and cells. Nevertheless, more experiments are anticipated to 
determine the optimal echo contrast agent and ultrasound conditions for drug/gene 
delivery. 
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Abstract. Background. Various contrast agents have been shown to enhance ultrasound (US) 
induced gene transfer. The aim of our study was to directly compare Optison™ and 
perfluorocarbon exposed sonicated dextrose albumin (PESDA), agents with very similar 
structure. By doing so, any observed difference in gene transfer would be attributable to 
mechanisms beyond cavitation. 
Methods and results. A plasmid encoding for the firefly luciferase was used as a reporter. DNA 
mixed with either Optison^" or PESDA (25% v/v) was added to vascular smooth muscle cells or 
endothelial cells. US exposure was performed in continuous wave mode at 1 MHz, 0.5 or 
0.75 W/cm^, for 5-30 sec. Measurements of luciferase activity 24 h after exposure showed a 
several hundred-fold enhancement of gene transfer with both Optison™ and PESDA in 
comparison with plasmid alone, plasmid + US, plasmid + contrast agents without US, and 
several fold increase over plasmid lipofection. 
Conclusions. In this experimental setup, both Optison™ and PESDA enhanced gene transfer to 
levels superior to standard plasmid lipofection. However, PESDA was superior to Optison™, 
suggesting that mechanisms beyond cavitation may be involved in US enhancement of gene 
transfer. 

INTRODUCTION 

Several echocardiographic contrast agents have been shown to enhance ultrasound 
(US) induced gene transfer [1-4]. The suggested mechanism responsible for this effect 
is lowering the threshold for inertial cavitation. However, the relative efficacy of 
different contrast agents was never evaluated. Furthermore, the possible intervention 
of other mechanisms remains unknown. 

The aim of our study was to directly compare Optison^*^ and Perfluorocarbon 
Exposed Sonicated Dextrose Albumin (PESDA), two contrast agents with very similar 
structure and size. By doing so, any observed difference in gene transfer would be 
attributable to mechanisms beyond cavitation. 
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METHODS 

Reporter Genes And Cell Culture 

We have used a plasmid encoding for the firefly luciferase as reporter of gene 
transfection. Porcine vascular smooth muscle cells (VSMC) and human endothelial 
cells (EC) were cultured in 199 and EmBM growth media, respectively. Cells grown 
in 6-well plates to >70% confluence were used for gene transfer experiments. 

Contrast Agente And Ultrasound Exposure 

PESDA was prepared from human albumin, 5% glucose solution and 
decafluorbutane. Optison™ w^ purchased and used within 24 hours after opening. 
The concentration of microbbubles in stock solutions of Optison™ and PESDA was 
measured with a hemocytometer. The size distribution of microbubbles was evaluated 
on microscopic images of fi-esh dilutions (1:100 in 5% glucose) of Optison™ and 
PESDA with the ImagePro Plus software. (See Figure 1.) 

Four 35-mm diameter air-backed US transducers were fixed in a frame so that the 
bottoms of the comer wells on the 6-well culture plate were aligned parallel with the 
transducers. The frame was immereed in a water tank; the distance between the top of 
the transducers and the bottom of the well was three millimeters. US exposure was 
performed in continuous wave mode at 1 MHz, 0.5 or 0,75 W/cm^ average power, for 
5-30 seconds. 

Optison PESDA 
25% 1 

20%- 

15% 

10%- 

123456789  10 
Diameter (jim) 

123456789  10 
Diameter (jim) 

FIGURE 1. Size distribution of Optison™ (left panel) and PESDA (right panel). Over 90% of the 
microbubbles had diameters in the 0-8 |im range. Both agents have albumin shells containing a 
perfluorocarbon gas. 

507 



Gene Transfer Protocols And Efficacy Assays 

A plasmid dose of 10 |ig/well was used throughout the study. Luciferase plasmid 
was diluted in 750 |xl serum-free media and mixed with 250 ^1 contrast. The mixture 
was added to the culture well, and exposure to US was performed. After 2 hours, 
complete media was added to stop the transfection; cells were incubated for another 24 
hours prior to assessment of gene transfer efficacy. Growth media, plasmid alone, 
plasmid plus US, plasmid plus contrast media without US, and plasmid lipofection 
(20 ^.g lipofectamine mixed with 10 ng DNA/well) were used as controls. Twenty-four 
hours after transfection, the cells were lysed, luciferase activity was measured with a 
commercially available kit (Promega) and expressed in light units per microgram 
protein. 

RESULTS 

Luciferase activity measurements are summarized in Table 1 and Figure 2 (data 
from 6-8 experiments; mean ±SEM). Exposure to US in the presence of both 
Optison"^" and PESDA enhanced gene transfer several hundred-fold in comparison 
with plasmid DNA alone, and was superior to plasmid lipofection. Addition of 
microbubbles in the absence of US, and US exposure in the absence of contrast agents 
were associated with luciferase activities similar to plasmid DNA alone. 

In both vascular smooth muscle cells and endothelial cells, PESDA was associated 
with significantly higher transfection efficacy than Optison'^" (Figure 2). This effect 
became evident for exposure times above 10 seconds. Longer exposure to US resulted 
in higher luciferase activities, tending to reach a plateau at 30 seconds. 

The endothelial cells were more difficult to transfect in vitro, with luciferase 
activities 3-5 times lower than those observed in vascular smooth muscle cells. 

Table 1. Luciferase activity (in light units/ng protein). 
VSMC EC 

Growth media 0.0 ±0.0 0.0 ±0.0 

DNA alone 0.110.0 0.1 ±0.2 

DNA + US 0.1 ±0.0 0.3 ±0.1 

DNA + OptisonT^^ / PESDA 0.0 ±0.0 0.1 ±0.0 

DNA + lipofectamine 12.9 ±4.1* 1.7 ±0.3* 

DNA + Optison™ + US 37.6±20.1*t 5.6 ± 0.6*t 

DNA + PESDA + US 72.6 ± 33.7*t 17.2 ± 9.9*t 

All data given as mean ± SEM. VSMC: vascular smooth muscle cells. EC: 
endothelial cells. DNA: luciferase plasmid; US: 30 seconds exposure at 
0.75 W/cml * p<0.05 vs. DNA alone; t p<0.05 vs. DNA + lipofectamine 

508 



vawic EC 
ai 

20 

15 

10 

5 

10        z>        a) 10 20 30 

Exposure time (^c) 
FIGURE 2. Luciferase activity 24 hours after transfection in vascular smooth muscle cells (left panel) 
and endothelial cells (right panel). Both Optison™ (open cbcles) and PESDA (solid circles) were superior 
to the level of plasmid lipofection (solid line). However, PESDA was associated with higher transfection 
efficacy in both cell cultures tested. 

DISCUSSION AND CONCLUSIONS 

Optison™ and PESDA are echocardiographic agents with very similar structure. 
Both agents are b^ed on albumin shells containing a perfluorocarbon gas 
(octafluorpixjpane in Optison™, decafluorbutane in PESDA). Both have microbubble 
concentrations of 4-8X10*/ml, and an average diameter of 2-6 (im. Therefore, their 
ability to enhance inertial cavitation should be similar. 

In this experimental setting, Optison™ and PESDA enhanced US gene transfer to 
different extent. We could not find an obvious explanation for this effect. However, 
our results suggest that mechanisms beyond cavitation might also play a role in US 
induced gene transfer. Differences in DNA binding to the albumin shells, the presence 
in PESDA of microbubbles with diameters above 8 jim, and different cellular uptake 
of PESDA and Optison™ microbubbles could have been responsible for these results. 
Further studies of the mechanisms responsible for plasmid DNA transport through the 
cellular and nuclear membranes upon exposure to US seem warranted. 
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Abstract. Background and Purpose: Ultrasound energy in the mega-hertz frequency range has 
been found to increase the rate of thrombolysis in vitro. Current medical interventions for the 
treatment of acute ischemic stroke can be effective; however, quicker recanalization times may 
result in improved neurological outcomes. Locally directed ultrasound can enhance the 
physiologic breakdown of clots and a catheter-directed local delivery system for thrombolytics 
allows a reduction in the total systemic dose. Together this is expected to reduce the time to 
recanalization and reduce the rate of follow-on intracerebral hemorrhage common when large 
doses of systemic thrombolytic agents are used over longer time periods. 
Materials and Methods: 30 patients were enrolled prospectively, ages 18 to 77 years. The 
EKOS ultrasound microcatheter was placed into the proximal portion of thrombus. 
Thrombolytic was delivered and local ultrasound energy was concurrently applied for a set time 
or until recanalization was achieved. Time to recanalization, intracranial hemorrhage and 
mortality were assessed as well as neurological and functional disability at 90 days post- 
treatment. 
Results and Conclusions: There have been no known instances of adverse events associated 
with the use of the EKOS MicroLysUS catheter or its low-energy ultrasound. There has been no 
increase in the mortality rate or the rate of intracranial hemorrhage when compared to other local 
drug delivery studies using thrombolytics. Additionally, there is preliminary evidence of 
accelerated thrombolysis and improved clinical outcomes for patients treated with thrombolytics 
delivered by the EKOS MicroLysUS ultrasound catheter. 

INTRODUCTION 

The purpose of developing an ultrasound-microcatheter system suitable for treating 
cerebral vascular thrombus can be summarized with the three following key 
assumptions: First, the localized application of directed high-frequency, low- intensity 
ultrasound generated by the EKOS system accelerates fibrinolysis. Secondly, an 
increased rate of recanalization should translate into a better neurological outcome in 
patients with acute ischemic stroke. And lastly, a decrease in total dose of 
thrombolytic should result in decreased hemorrhagic complications. 

The EKOS ultrasound infusion system used in these clinical studies consists of 
three principle components. An electronics control unit provides the ultrasound 
frequency wave generation. A laptop computer controls the system and provides data 
collection. A microcatheter incorporates an ultrasonic transducer on the distal tip, and 
has a central lumen for guidewire placement and drug infusion. 
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FIGURE 1, The EKOS Ultrasound Infusion System, (photograph and schematic diagram). 

Mechanisms Of Ultrasound Enhanced Thrombolysis 

There are many interacting meclianisms whicli contribute to enhanced thrombolysis 
by the EKOS ultrasound infusion system. In vitro investigations' have demonstrated 
that there is a reversible change to the fibrin sttucture. The mechanical actions of 
micron scale vibrations enhance the transport of drug molecules into the fibrin 
bundles. This leads to increased fluid permeation. The catheter supplies a constant 
infusion of fresh drug locally to the clot. The micron scale vibrations increase the 
surface interactions of drug molecules and clot components. All of these mechanisms 
interact and contribute to enzymatic clot dissolution, rather than mechanical 
disruption. A further perceived advantage of this approach is the introduction of 
thrombolytic enzyme to the downstream circulation which tends to further dissolve 
any distal emboli which are dislodged from the local occlusion site. 

Selection Criteria For Initial Clinical Subjects 

Subjects ranged in age from 18-77 years. It was important that they had no prior 
confounding neurologic event. Because some cerebral arteries are difficult to access, 
an angiogram was required to confirm that the occlusion was situated in a treatable 
artery. The subjects' symptoms needed to be extant for greater than three-hours, but 
less that six hours for anterior occlusions, or less than twenty-four hours for posterior 
occlusions. Each subject was assessed using the National Institute of Health Stroke 
Scale (NIHSS). No hemorrhage was observable on a CT scan. An Infomied Consent 
from each subject was required. 

Clinical Procedures 

An angiogram confinned the position of the occlusion and assessed flow to the 
region. The tip of the EKOS MicroLysUS catheter was placed into the proximal 
portion of thrombus. Each clinic selected a thrombolytic drug of choice. 

All subjects received low-dose intravenous heparin as a bolus' followed by an 
infiision of several hours. The thrombolytic agents were infused over one to two 
hours, with ultrasound activated for the initial 45-60 minutes.   Angiography was 
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performed every 15 minutes to assess progress and the catheter was advanced as 
indicated to keep the tip in the proximal portion of the remaining thrombus. 
Treatment was stopped at the end of two hours or when complete recanalization was 
achieved. 

Outcome Measurements And Results 
For The Initial Clinical Subjects 

The primary purpose of these investigations was to prove the safety of the EKOS 
ultrasound infusion catheter system. The secondary purpose was to leam about the 
efficacy of the device immediately post-treatment and during the following thirty and 
ninety days. 

Thirty subjects were enrolled prospectively. Fourteen subjects were diagnosed as 
anterior circulation occlusions. Thirteen subjects were diagnosed as posterior 
circulation occlusions. Three subjects were treated off-protocol and are included only 
in the safety analysis. For all subjects the NIHSS and modified Rankin Scale (mRS) 
were assessed. All surviving subjects were evaluated at multiple intervals including: 
pre-treatment, immediately post-treatment, twenty-four hours, one week, one month 
and three months post-treatment. 
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FIGURE 2.    Comparison of EKOS microcatheter outcomes over time compared to the larger 
PROACT II Study.^ 

As safety of the device was of primary concern, the outcome was encouraging. No 
adverse events were reported relating to the use of the EKOS microcatheter itself (e.g., 
no perforations, dissections). Deaths and intracranial hemorrhage occurred consistent 
with the severity of acute ischemic stroke in the patient population. The data has been 
analyzed based on the site of the occlusion. 
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CONCLUSIONS 

Most importantly, the EKOS ultrasound infusion catheter appears to be safe. The 
speed of recanalization appears faster and is associated with improvement in 
neurologic outcome, A larger scale study of this technolo^ is justified. 
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Abstract. Background: We are developing intracranial thrombolytic therapy by niacns of 
transcranial ultrasonication (TUS). The efficacy of thrombolysis with transcranial 
ultrasonication in a rat autologoiis thromboembolic model was investigated. Methods: Thirty 
Male Wistar rats weighing 300-400 g were used for the autologous cerebral thrombosis model. 
Animals were classified into three groups; 1) no therapy: NT group (n=8), 2) an intravenous 
administration of 1.2 mg tissue plasminogen activator (tPA; monteplase) at three hours after 
embolization: TPA group (n=ll), and 3) 2) with TUS: TUS group (n=l 1). TUS conditions were 
488.2 kHz, 0.8 W/cm^ with a 60-minute intermittent application. Twenty hours after the 
treatment, neurological examination was re-evaluated and the brain was carefull> removed. A 
thrombus dissolution rate and a cerebral infarction ratio (CIR) were evaluated. Results: 
Thrombolysis ratio in the TUS group was significantly high than that of the TPA group and the 
NT group. Each CIR in the TPA and TUS group was significantly decreased than that of the NT 
group. However, the significant difference was not confirmed between TPA and TUS groups. 
CIR was lower in the TUS group than that of the TPA group among the neurologically improved 
cases. Remarkably, among the neurologically non-improved cases, CIR was higher in the TUS 
group than the TPA group. Conclusion: Thrombolysis by means of TUS was very effective in 
terms of thrombolytic effect. However, a potential risk of re-perfusion damage to ischemic brain 
should be always considerd in the treatment of thrombolysis by means of TUS as well as by 
means of a thrombolytic drug (tPA) alone. 

INTRODUCTION 

Thrombolytic effects by means of transcranial ultrasonication (TUS) in vitro have 
been reported by many investigators [1,2]. We have reported the efficacy of 
thrombolysis by means of TUS in vivo. However, an in vivo evaluation of ultrasonic 
thrombolysis using a cerebral thrombosis model has not been reported. We are 
developing intracranial thrombolytic therapy by means of TUS. In this study, the 
efficacy of transcranial ultrasonic thrombolysis was evaluated using a rat autologous 
thromboembolic model. 
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METHODS 

Thirty Wistar male rats were used in this study. On the previous experiment day, 
blood was drawn into 50 cm PESO polyethylene tube from a right femoral artery. Just 
before each experiment, 25 mm length autologous thrombus was prepared from the 
tube. Under general anesthesia the thrombus was inserted from the right external 
carotid artery in a retrograde fashion, then the origin of the right middle cerebral arteiy 
(MCA) was embolized via the right internal carotid artery (ICA) [3], 

Neurological evaluation with the five-point scale was performed at the time of three 
hours after thrombus was inserted [3,4]. The case which presented an apparent left 
hemiparesis with the neurological score 3 or 4 was entered into this study. 

The animal models were classified mto the following three poups; 1) no therapy: 
NT group (n=8), 2) an intravenous administration of 1.2 mg tissue plasminogen 
activator (tPA; monteplase) at three hours after embolization: TPA group (n=l 1), and 
3) 2) with TUS: TUS group (n=I 1). 

TUS condition was the frequency of 488.2 kHz and the intensity of 0.8 W/cm2, 
Figure 1 shows the picture of installation procedure of the TUS apparatus. In the other 
experiment, it was confirmed that the ultrasonic power was decreased to the level of 
0.3 W/cm when the ultrasound of this condition get through the rat cranium. 

FIGURE 1. The picture of installation procedure of the TUS apparatus on ttie rat skull. 

Intermittent TUS was applied in cycles of 2 minutes, with a pause of 30 seconds, 
over a period of 10 minutes. TUS was not applied for 5 minutes. These 10-minute 
cycles, which followed 5-minute breaks, were repeated four times. The total 
intermittent application time of TUS was 32 minutes. Intermittent TUS was applied m 
order to avoid tissue heating. 

Neurological evaluation was re-performed 24 hours after thrombus insertion. The 
case which score was improved into score 2 or score  1  was judged to be a 
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neurologically improved case. Then, the brain was carefully removed and the 
thrombus dissolution at the origin of right MCA was checked with the naked eye. 
Thrombolysis ratio was calculated by that the number of cases with thrombus 
dissolution which was divided by the number of total cnses of each group. 
Furthermore, cerebral infarction ratio was calmilated by that the volume of cerebral 
infarction which was divided by the volume of contralateral side of a cerebral 
hemisphere. 

All data were analyzed with the Mann-Whitney's U test. All values are presented as 
means ± S.D. Significant difference was p<0.05. 

RESULTS 

Thrombolysis Ratio 

In the NT group, three cases among eight ones, in the TPA group, six cases among 
eleven ones, in the TUS group, ten cases among eleven ones presented the complete 
thrombolysis at the origin of the right MCA. The thrombolysis ratio between the NT 
group and the TUS group was significant. (Figure 2) 

^   100 

p = 0.0161 

NT TPA TUS 

Figure 2. Thrombolysis ratio. 

Cerebral Infarction Ratio 

Regarding the cerebral infarction ratio (CIR), the TPA group and the US group 
were significantly low as compared with the NT group. However CIR between the 
TPA group and the TUS group was not significant and CIR in the TUS group became 
a little bit higher than that of the TPA group. (Figure 3-1) 
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FIGURE 3-1. Cerebral infarction ratio. 

TUS 

CIR was evaluated from the aspect of neurological findings. In the TPA group, four 
cases were neurologically improved and seven cases were neurologically non- 
improved. It was not significant between the average CIRs of neurologically improved 
and non-improved cases. In the TUS group, seven cases were neurologically improved 
and four cases were neurologically non-improved. It was significant between the 
average CIRs of neurologically improved and non-improved cases in the TUS poup, 
CIR was low in the TUS group than that of the TPA group among the neurologically 
improved cases. However, among the neurologically non-improved cases, CIR was 
high in the TUS group than that of the TPA group, (Figure 3-2) 
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FIGURE 3-2, Cerebral infarction ratio. 
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DISCUSSION 

The reason for a high cerebral infarction ratio in the TUS group among 
neurologically non-improved cases is considered to be as follows. It is possible that 
thrombolysis by means of TUS might lead to re-perfusion damage of the ischemic 
brain because of the higher thrombolytic effect in the TUS group. In the clinical 
situation, some risk factors that can cause hemorrhagic transformations when 
performing thrombolysis are well known [3,4]. For example, an occlusion in a major 
vessel such as the internal carotid artery or a large cerebral ischemia might lead to a 
higher risk of hemorrhagic transformation. 

Clinical Application In The Future 

The TUS conditions (488.2 kHz and 0.8 W/cm^) used in this study were set in due 
consideration of the safety for human application. The level of ultrasound (US) 
intensity was almost as same as the upper limit of intensity that required by FDA 
(0.72 W/cm^ spta) for the commercially available diagnostic US instruments. 
Furthermore, to minimize the intracranial temperature rise that occurs under the 
ischemic condition, the thermal index was set to be less than 2. On the other hand, 
mechanical index (MI) was set to be 0.25, which is one-fourth of the upper limit level 
of avoiding cavitation, namely the mechanical index "1.0". Therefore, the TUS 
conditions used in this study were within the range of practical use, suggesting that the 
possibility of clinical application of transcranial ultrasonic thrombolysis in the near 
future may be high. 

In this study, the occlusion site of the vessels (i.e. ICA or MCA or anterior cerebral 
artery) and the severity (i.e. extent) of cerebral ischemia were not evaluated. However, 
these above-mentioned findings should be carefully considered when performing 
thrombolysis with TUS. In order to avoid brain damages, appropriate patient selection 
for the thrombolytic therapy with TUS seems to be very important as well as the 
conventional thrombolytic therapy with tPA [5,6]. 

CONCLUSIONS 

Thrombolysis by means of TUS was effective in terms of a thrombolytic effect. 
However, a potential risk of re-perfusion damage to the ischemic brain should be 
always considered in the treatment of thrombolysis by means of TUS as well as a 
treatment with a thrombolytic drug (tPA) alone. 

There was a tendency for the cerebral infarction ratio in the TUS group to be lower 
in the neurologically improved cases and higher in the neurologically non-improved 
cases compared to that of the TPA group. These results were supported by the 
histological findings. 
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Abstract. High-grade gliomas, uniformly fatal primary brain tumors, form bulk (i.e. 
macroscopic) tumor that can be imaged and treated via surgery, radiotherapy, and in principle, 
HIFU. However, individual cells from these tumors invade microscopically beyond the bulk 
tumor in a fashion that cannot be imaged, and requires other means of treatment (chemotherapy, 
whole-brain radiation, etc). The purpose of this abstract is to propose that a viable strategy for 
treating these tumors may someday be through resection of the bulk tumor, then HIFU applied to 
the resection margin to enhance drug delivery, or to selectively attack residual bulk tumor or the 
remaining invaded tumor cells. This could be followed by systemic chemotherapy and radiation 
therapy. We first review the biology of one type of a high-grade glioma - glioblastoma 
multiforme - then review what HIFU investigators have shown HIFU to do to brain using 
acoustic parameters suitable for intra-operative application. Then, we will bring these facts 
together to propose a new strategy for high-grade glioma treatment that involves both surgical 
intervention and HIFU treatment. 

REVIEW OF HIGH-GRADE GLIOMAS 

Glioblastoma Multifoime (GBM) is the most common primary supratentorial 
cerebral neoplasm in adults [1]. This tumor is diffusely infiltrative and rapidly and 
uniformly fatal [2, 3], with a median survival of 12 months [4]. Current therapeutic 
modalities, including cytoreductive surgery [5], and adjunctive therapy such as 
radiation applied in a number of ways [6], implanted biodegradable polymer wafers 
(Gliadel®) that gradually elute a chemotherapeutic agent [7], and systemic 
chemotherapy [3, 8], are generally undertaken to reduce the number of viable tumor 
cells in or just adjacent to the bulk tumor, as delineated by MRI. This is an important 
treatment strategy because the bulk tumor often leads to acute symptoms, which must 
be addressed to improve the short-term survival of these patients. In particular, 
surgically removing the bulk tumor directly addresses tumor mass affects and 
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attendant reduction of brain function, as well as providing tissue for accurate 
histological diagnosis that guides the adjunctive therapy. 

The major impediment, however, to accurate diagnostic imaging and successful 
therapeutic intervention is the diffuse, invasive nature of these tumors. Individual 
GBM cells invade beyond abnormalities detected with MRI [9], usually invading more 
than 2 cm beyond the bulk tumor as defined by MRI [10]. Also, Silbergeld and 
colleagues demonstrated that MRI normal human brain, beyond the MRI borders of 
bulk tumor, is histologically normal, but contains GBM cells that can be grown in 
culture [II]. Mourad et al [12] showed with a rat model of GBM that by three days 
after implantation of GBM cells in the brain, those cells had invaded throughout the 
brain, and achieved a stable tumor cell density until near the time of death. These 
invading tumor cells are problematic for a number of reasons [13]: they cannot be 
surgically removed; they are protected from systemically applied chemotherapeutic 
agents by an intact blood-brain-barrier (BBB) that curtails the flux of many chemicals 
fi-om the blood into the brain; and they rarely cycle, which makes these cells difficuh 
to treat effectively with radiation therapy and with whatever chemotherapeutic agents 
that make it past the BBB. Moreover, these invading cells are responsible for GBM 
recurrence at the resection margin [1] (even after hemispherectomy [14]). Finally, 
these cells, by unknown mechanisms, can lead to progressive neurologic dysfunction 
without evidence of mass effects or recurrence of bulk tumor [15]. 

FIGURE 1, Enhanced T-I weighted MM image of a high-grade glioma (T) surrounded by regions of 
hemorrhage (H). Note the displacement of normal brain by bulk tumor, which can eventually cause 
loss of function and, if unchecked, lead to death. This image also shows the enhancing rim of this 
tumor - the bright oval shape in tliis figure. A significant increase in length of survival is associated 
with removing the tumor, including this enhancing rim, if this can be achieved without an unacceptable 
reduction in the quality of survival. However, successful treatment of the bulk tumor does not cure the 
patient, due to microscopically invading tumor cells well beyond the imaged tumor. 
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REVIEW OF HIFU APPLIED TO THE BRAIN 

HIFU has been shown to irreversibly affect brain tissue in several ways, in vitro 
and in vivo. As reviewed by Mourad [16], early work on therapeutic ultrasound 
focused primarily on the brain. Dominant in the field at the middle of the twentieth 
century were the Fry brothers, whose work culminated in successful, short-term 
treatment of patients with movement disorders. Their ablative therapy required a 
craniotomy and a 'water hat' placed above the skull defect, into which transducers 
were lowered to apply the appropriate acoustic protocol. Following the development 
of L-dopa and other anti-Parkinsonian medicines, however, HIFU for treatment of the 
brain fell into disuse almost without exception until recently, when Hynynen and 
colleagues began efforts to treat brain disorders with HIFU with a special focus on 
transcranial application of ultrasound (discussed elsewhere in this volume). 

Intra-operative use of HIFU for treating the brain, while requiring surgery, gives 
the user a wider range of acoustic protocols from which to choose. This is because 
intra-operative HIFU avoids the problem of unacceptably high heat deposition in the 
skull by HIFU. With this in mind, we note that Patrick et al [17] showed tissue 
destruction and BBB opening in association with severe damage to brain tissue. 
Vykhodtseva et al [18] showed tissue destruction and BBB opening in association 
with lesions that produced cavitation in the brain. (Hynynen et al [19] saw similar 
effects, using acoustic protocols that can be applied transcranially.) Vykhodtseva et al 
[20] showed that in the periphery of thermal lesions such as the one shown in figure 2, 
a few percent of cells underwent apoptosis, that is, received sufficient stress from 
HIFU to undergo delayed cell death. 

FIGURE 2. A thermal lesion placed in pig brain showing a central region without intact cells with a 
penumbra of edema surrounded by normal tissue. The halo of edema measures approximately 100 
microns in thickness. 

Mesiwala et al [21] showed that HIFU applied intra-operatively in the rat can open 
the BBB without inflicting collateral brain damage as determined histologically in 
acute studies, with comparable results in extended survival studies (Vaezy et al [22]). 
Work is currently underway to develop an inter-operative HIFU delivery system that 
consistently opens the BBB without damage (Olios et al [23]). Mesiwala et al [21] also 
showed that HIFU-induced BBB opening persisted for at least three days following 
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HIFU application. Finally, they [21] showed electron microscopy images of the BBB 
consistent with the hypothesis that HIFU opens the BBB by disrupting the tight 
junctions between the specialized endothelial cells that constitute the major functional 
component of the BBB, 

Nemecek et al [24] showed in vitro that a cavitating HIFU field could immediately 
destroy rat GBM or human meduUoblastoma cells, and could also temporarily reduce 
the net proliferation of surviving cells. Preliminary analysis suggests that HIFU- 
induced apoptosis plays a role in this reduced proliferation rate. 
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FIGURE 3. Human meduUoblastoma cells, from another infiltrative brain tumor, suspended in growth 
medium, were subjected to either HIFU that immediately killed 25% (LD25) or 50% (LD50) cells, as 
demonstrated by Trypan exclusion test, or to sham HIFU applications (control). Cells were then plated 
at equal number density, and viable cells were counted after re-suspension one, two, three or four days 
after the initial experiment. In this sample study, all three cohorts showed no change in proliferation 
rate for the first two days. On days three and four, however, the LD25 and control groups showed 
marked proliferation of comparable amounts, while the number density of the LD50 did not change. 
Preliminary morphological analysis suggests HIFU-induced apoptosis may explain this difference. 

Nemecek et al [24] also showed in vitro that a cavitating field permitted delivery of 
vital dyes and viable DNA into rat GBM cells, consistent with earlier work reviewed 
in Mourad [16]. Consistent with earlier work, significant cell death accompanied 
successful dye and DNA delivery. 

FIGURE 4. Rat GBM cells were 
suspended in growth medium and subjected 
to a cavitating field of HIFU while in the 
presence of naked DNA that coded for green 
fluorescent protein (GFP). Following 
insonation, the cells were plated and 
allowed to grow for a day before fixation 
and imaging under bright field (left image) 
and fluorescent (right image) microscopy. 
The figure shows a viable, migrating GBM 
cell that expressed GFP within its 
cytoplasm. 
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STRATEGY FOR INTRA-OPERATIVE USE OF HIFU TO TREAT 
HIGH-GRADE GLIOMAS TUMORS 

Successful treatment of high-grade gliomas and other infiltrative brain tumors 
requires a strategy that targets not only the bulk tumor but also the microscopically 
invading individual tumor cells. The bulk tumor typically requires immediate 
treatment - usually surgery - to relieve acute symptoms. As noted before, surgery also 
allows diagnosis of the brain tumor type, which guides the adjunctive therapeutic 
strategy. This strategy leaves behind the invaded tumor cells that are inadequately 
attacked by current adjunctive therapies, and which ultimately form a bulk tumor at 
the resection margin. Of relevance later, recent unpublished results show that 
Gliadel® increased the length of survival of patients by six weeks relative to a placebo 
wafer. This successful drug delivery strategy suggests that for these tumors, getting 
chemotherapeutic agents beyond the BBB for an appreciable time can be of benefit. 

HIFU can easily destroy cells including tumor cells. While destroying cells, HIFU 
can also deliver proxy drugs or DNA into a significant percentage of surviving cells. 
While creating damage, it can also open the BBB and allow proxy drug flux from the 
blood stream into brain tissue. There are also indications that HIFU can open the BBB 
without associated tissue damage. 

Can HIFU play a role in the management of high-grade gliomas? We hypothesize 
that while HIFU can, in principle, be used to directly destroy the bulk tumor, the need 
for quickly reducing the mass of the tumor to manage its acute effects with minimal 
inflammation as well as the need for adequate tissue samples for accurate diagnosis 
will require surgical intervention, at least for a biopsy in conjunction with HIFU 
application to the bulk tumor. Given this hypothesis, there may also be a role for 
HIFU in the management of the residual tumor cells. Specifically, if the tumor margin 
does not contain eloquent brain, HIFU applied at and near the resection margin that 
causes acceptable levels of damage may be used to directly deliver drugs or DNA into 
surviving tumor cells. Such protocols are also likely to open the blood-brain barrier, 
which should allow increased delivery into tissue near the resection margin of 
systemically applied chemotherapeutic agents. If the resection margin does contain 
eloquent brain, however, then HIFU strategies are significantly limited, given that 
most HlFU-based drug delivery strategies cause significant collateral damage. Given 
the state of the art, only HIFU that consistently opens the blood-brain barrier without 
collateral damage may be applied to the resection margin when eloquent brain is 
present at that margin. 

Much work still needs to be done before any of the strategies presented here can be 
shown to make a meaningful impact on patient care. However, given the dismal 
prognosis of patients with high grade brain tumors, any new treatment strategy would 
be welcomed. 
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Enhancement Of Ultrasonic Absorption By 
Microbubble Agent For HIFU Treatment 

Shin-ichiro Umemura, Ken-ichi Kawabata, 
Narendra Sanghvi*, Kazuaki Sasaki 

Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo 185-8601, Japan 
*Focus Surgery, Inc. Indianapolis, Indiana 46226, U. S. A. 

Abstract Ultrasonic power absorbed and scattered by a microbubble was calculated through 
numerically solving the Rayleigh-Plesset equation to analyze its nonUnear breathing motion. At 
an ultrasonic intensity of 1 W/cni' and a frequency of 2 MHz, a resonant microbubble, 
approximately 1.2 pm in radius, absorbed and scattered ultrasonic power in the order of 10 pW 
and 1 pW, respectively. Ultrasound was more absorbed than scattered by inicrobubbles smaller 
than approximately 3 pm in radius. It was predicted that tissue ultrasonic absorption will be 
increased by more than twice if microbubbles are delivered to the tissue at a concentration in the 
order of 10* microbubbles/kg. An exteriorized murine kidney was exposed to HIFU at 3.2 MHz 
in degassed saline and tlie tissue temperature change was measured. With administration of 
Optison™ at a dose of 0.2 ml/kg, the temperature elevation induced by HIFU exposure was 
multiplied by three to four times. This effect may have a potential use to enhance the selectivity 
as well as the throughput of HIFU treatments. 

INTRODUCTION 

Ultrasound has two kinds of bioeffects which can be utilized for therapeutic 
application: thermal and nonthermal effects. The bioeffects induced by ultrasonic 
cavitation are studied normally in the latter category. For example, use of cavitation to 
sonochemically activate a certain drug has been being studied to obtain a localized 
therapeutic effect.'"^ Ultrasonic cavitation consists of two stages: 1) nucleation and 
growth of microbubbles under acoustic pressure, and 2) their rapid collapse. While 
most of cavitational bioeffects are induced at the second stage, the cavitation threshold 
normally means the ultrasonic intensity required for the first rather than the second 
stage because the first stage requires much higher intensity. However, the first stage is 
not needed in the existence of a stabilized microbubble agent. Consequently, the 
ultrasonic intensity for inducing cavitational bioeffects can be reduced by orders of 
magnitude with administration of such an agent. 

Recently, it was reported that the thermal bioeffect of ultrasound was also enhanced 
with a microbubble agent. With administration of Albunex, a several times larger 
volume of tissue was coagulated in a canine prostate than its absence with the same 
highly focused beam at the same ultrasonic intensity and exposure time.'' If the 
ultrasonic absorption of tissues can be significantly increased in a well-controlled 
manner with administration of such a microbubble agent, it will be especially useful 
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for the ultrasonic treatment of deep-seated tissues, to where ultrasonic power high 
enough for the treatment with ultrasound alone is relatively difficult to deliver. 

In this study, the ultrasonic power absorbed and scattered by a microbubble is 
calculated through numerically solving the Rayleigh-Plesset equation to analyze its 
nonlinear breathing motion.' It is followed by in vivo HIFU exposure experiments of a 
murine kidney with and without adiminstration of Optison''"^. 

THEORETICAL PREDICTION 

Method Of Analysis 

The nonlinear oscillation of a microbubble subjected to an acoustic pressure was 
analyzed by numerically solving the Rayleigh-Plesset equation, 

p {Rid'R/df) + i3/2){dR/dtf} = PB(0 - Po - 2a/R - 4[i(dR/dt)/R - ^(0      (1) 

where PB (0 = (Po + 2c/Ro)iRo/Rf\ (2) 

PQ: the hydrostatic pressure, PA(0: the acoustic component of pressure of the 
surrounding liquid, PB(t): the gas pressure in the microbubble, i?(l): its radius, RQ: the 
radius in equilibrium, p: the density of the liquid, o: its surface tension, \i: its viscosity, 
and K: the polytropic exponent of the internal gas. To simplify the numerical analysis, 
the following further approximations were also applied: 

1) the microbubble is small enough to assume the isothermal change of the 
internal gas, i. e. K = 1, and 

2) the microbubble is stabilized so that the surface tension of the microbubble 
can be neglected, i. e. a = 0. 

The acoustic pressure radiated by the microbubble was calculated as 

p = p (d^ V/dt^y 4nr = pR [R{d^R/dP) + lidR/dtf] Ir (3) 

assuming that R is much smaller than the wavelength. Here, the oscillatory factor of 
radial change was ignored, r. distance from the microbubble, and V= AiiR 13: the 
volume of the microbubble. The acoustic power was then calculated as 

W^ = 47tr^ p^lpc = pCd^ Vldi^) ^lAnc = Aurl^ {R{^Rld?) + l(dRld(f\ ^ Ic    (4) 

assuming that r is much larger than the wavelength where c: the sound speed. This 
gives the acoustic power scattered by the microbubble. 

The fourth term on the right hand side of (1) gives the acoustic power dissipated due 
to the viscosity as 

Wn = AitR^ {dWdt) ■ A\i{dRJdt)IR = 16Tt\iR {dRJdtf = 4n (dVIdtfl 3V      (5) 

This gives the acoustic power absorbed by the microbubble. The total attenuation of 
the acoustic power is then given as 

WA+WH = p(d^ V/dPf/ Anc + 4^i(d V/dt) ^/3V. (6) 
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RESULTS AND DISCUSSION 

Absorbed and scattered acoustic power in continuous-wave response at 2 MHz is 
plotted against the microbubble radius in Figure 1. The total attenuated acoustic power 
is also plotted. They are plotted for peak acoustic drive pressure of 0.01 and 0.06 MPa. 
Both absorbed and scattered power have maximum peaks at the resonant radius. As the 
drive pressure increased from 0,01 to 0.06 MPa, the resonant radius shifted a little to 
the smaller side, and the secondary peak emerged near a half the radius of resonance. 
These are due to the nonlinear acoustic behavior of the microbubble. 

^,f                    Absoiptloii: 
jfSc^tanna  
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a2MHzi 

lo-"*  10-' 

Bubble Radius (tti) 

(a) 
Bubble Radius (m) 

(b) 

10-= 

FIGURE 1. Acoustic power absorbed and scattered by microbubble in numerically obtained 
continuous-wave response: (a) acoustic power absorbed by a microbubble at a peak acoustic pressure 
of 0.01 to 0.06 MPa at an ultrasonic frequency of 2 MHz, and (b) acoustic power absorbed, scattered, 
and attenuated by a microbubble at a peak acoustic pressure of 0.06 MPa. Surface tension and shell 
parameters were ignored, and isothermal change was ^sumed for the internal gas. 

At acoustic pressure of 0.06 MPa, corresponding to acoustic intensity about 
0,12 W/cm', a resonant microbubble absorbed acoustic power of 13 |iW, At the same 
acoustic pressure and frequency, typical tissue absorbs acoustic power at a rate about 
40 |xW/mm^ assuming that tissue attenuation is 0,7 dB/MHz/cm and that the 
attenuation is mostly due to absorption. These lead an estimation that approximately 
three resonant microbubbles per cubic millimeter of tissue are needed to multiply the 
tissue absorption by twice. This corresponds to a concentration in blood of 60 
bubbles/mm^ and to a total number of 2 x 10^ bubbles in a whole human body, which 
is typically a tenth of a vial. 

Ultrasonic power is much more absorbed than scattered by a microbubble 
approximately in the resonant size or smaller although it is much more scattered than 
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absorbed by a microbubble more than a few times larger than the resonant size. 
Therefore, in order to maintain the ultrasonic penetration enough for efficient heating, 
the microbubble size should be controlled to have no bubbles larger than the resonant 
size by more than a few times. This will be an important consideration even in case 
that a microbubble agent is delivered selectively to the tissue volume to be treated, 
typically through a catheter rather than systemic injection, unless the volume is as 
small as a HIFU focal spot. 

IN VIVO EXPERIMENT 

Method 

HIFU Transducer 

A prototype split-focus transducer with two elements, constructed for transrectal 
treatment of a prostate, was used in exposure experiments in water. The dual element 
PZT transducer (Fuji Ceramics) had a resonant frequency of 3.2 MHz, a spherical 
curvature radius of 35 mm, and an aperture of 40 mm x 20 mm. The aperture of each 
element is 40 mm x 10 mm. It was contained in an aluminum housing in combination 
with a small imaging probe (EUP-F331, Hitachi Medical) at 6.5 MHz having a convex 
array curvature radius of 10 mm. The position and angle of the imaging probe, relative 
to the HIFU transducer, was calibrated and adjusted prior to the experiment. 

Preparation of Animal 

After surgical anesthesia with sodium pentobarbital was given to a female SD rat 
(approximately 250 g), a kidney was mobilized and exteriorized through an incision. A 
0.25-mm diameter sheathed chromel-almel thermocouple (Sukegawa Electric, Japan) 
was inserted into the cortex tissue for temperature measurement during and after HIFU 
exposure. A cannula 0.8 mm in diameter was also inserted into a jugular vein for 
systemic administration of Optison''"'^. The rat was held vertically in degassed saline at 
33°C and its position was adjusted to locate the thermocouple right in the middle of the 
HIFU focal zone by using B-mode images taken with the probe. 

The experimental animals were treated according to the guidelines proposed by the 
Science Council of Japan. 

Results and Discussion 

The kidney tissue temperature was continuously measured every 0.2 s during a 
series of four time HIFU exposures for 10 s at the same peak ultrasonic intensity of 
290 W/cm^ The temperature change is shown in Figure 2. Right before the second 
HIFU exposure, 0.05 ml Optison™ (0.2 ml/kg) was injected through the indwelling 
needle. The ultrasonic intensity at the split focus mode was chosen so that HIFU alone 
would not induce significant irreversible changes to the tissue. 
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The tissue temperature rise immediately after the OptisonTw administration was 
approximately four times higher than that before the administration and approximately 
three times higher than that 15 min after the administration. Therefore, this dose of 
Optison™ is considered to be able to enhance the ultrasonic absorption at least by 
three times. Assuming that 15 min was enough for the microbubles to be washed away 
from the tissue, it may be further considered that the temperature elevation 
immediately after the administration may have been increased by 30% due to some 
irreversible change in the tissue such as destruction of capillaries. 

Since OptisonTM contains 5-8 x 10* microbubles in each milliliter, the dose of 
0.2 ml/kg corresponds to 1.0-1.6 x 10« bubbles/kg or 100-160 microbubbles per cubic 
milhmeter of tissue. This dose is approximately 30-50 times higher than the dose 
theoretically predicted to be needed for enhancing the tissue absorption by twice. 
Therefore, these results suggest that approximately a tenth of the microbubbles in the 
tissue acted as resonant bubbles to convert acoustic power into heat. This may be 
reasonable when the size distribution of OptisonTM and the destruction of microbubbles 
during HIFU exposure are considered. 

HIFU Exposures for 10 s at 3.2 MHz 
 ^     I       ,       I at Ppak Intensjty of 650 yvfcm' 

200 400 600 800 

Time alter Start of Exposure (s) 

(a) 

S 10 IS 

Time ater Start of Exposure (s) 

(b) 

FIGURE 2. Temperature change in murine kidney tissue during and after fflFU exposure- (a) the 
temperature change in a series of four time exposures, and the temperature elevation after the start of 
each exposure. Each HIFU exposure at 3.2 MHz was continued for 10 s at the same peak intensity of 
650 W/cm . ^ 

CONCLUSION 

The ultrasonic power absorbed by a microbubble in the resonant size was calculated 
to be approximately 13 ^W at a peak acoustic pressure of 0.06 MPa at 2 MHz, This 
leads a predicted enhancement of ultrasonic absorption in tissue by twice with 3 
resonant micobubbles in a cubic millimeter of the tissue. The temperature elevation in 
an exteriorized murine kidney induced by HIFU exposure at 3.2 MHz was enhanced by 
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three to four times with administration of Optison™ at a dose of 0.2 ml/kg, which 
corresponds to 100-160 micobubbles in a cubic millimeter of tissue. The observed 
level of enhancement in tissue temperature elevation can be explained by assuming 
that approximately a tenth of the microbubbles in the tissue acted as resonant bubbles 
to convert acoustic power into heat. This effect may have a potential use to improve 
the selectivity as well as the throughput of HIFU treatments. 
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Abstract. Acoustic cavitation has been shown to deliver molecules into viable cells, which is of 
interest for drag and gene deliverj' applications. This work was intended to measure the lifetime 
of albumin-stabilized cavitation bubbles (Optison™) and correlate it with desirable (intracellular 
uptake of molecules) and undesirable (loss of cell viability) bioeffects. Optison™ was exposed 
to 500 kHz ultrasound either with or without the presence of DU145 prostate cancer cells bathed 
in calcein, a cell-impermeant tracer molecule. Bubble lifetime was determined using a Coulter 
counter, while uptake of calcein and cell viabiUty was quantified by flow cytometiy. It was 
shown that the lifetime of Optison™ cavitation nuclei decreased and bioeffects increased (i.e., 
molecular uptake and loss of cell viability) with increasing acoustic energy exposure. The 
bioeffects were shown to correlate well with disappearance of bubbles, suggesting that 
Optison™ bubble destruction either directly affected cells or indirectly affected cells, involving 
unstabilized cavitation nuclei created upon the destruction of Optison™. Additional experiments 
showed that Optison^M solutions presonicated to destroy all detectable bubbles also caused 
significant bioeffects, which suggests that the indirect mechanism is more likely. 

INTRODUCTION 

Ultrasound-mediated drug delivery is a novel strategy for targeted transport of 
drugs and genes into cells and tissue [1-3]. In contrast to systemic procedures, delivery 
enhanced by ultrasound can be focused onto target tissues, thereby requiring lower 
whole body doses of a drug and allowing delivery of molecules to precise locations in 
the body, which can reduce side effects and treatment costs [4]. By transiently 
permeabilizing cell membranes using ultrasound and thereby causing uptake of 
molecules into the cells (sonoporation), this approach has applications in gene and 
protein delivery both in vivo and in vitro [5,6], 

Despite successful demonstrations of intracellular delivery of molecules into viable 
cells, robust control and reproducible bioeffects have been difficult to achieve. This is 
in part because most studies have concentrated on controlling acoustic conditions, 
rather than directly controlling cavitation, which is the main mechanism through 
which ultrasound causes bioeffects. Therefore, the aims of this study were to measure 
the Hfetime of cavitation bubbles and correlate them with bioeffects on cell 
suspensions in vitro. 
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MATERALS AND METHODS 

For experiments involving cells, DU145 human prostate cancer cells (American 
Type Culture Collection, Rockville, MD) suspended in RPMI-1640 media (lO'' 
cells/ml) were exposed to focused 500 kHz ultrasound in the presence of 10 ^iM 
calcein and 1.7 % v/v albumin-stabilized gas bubbles (Optison™, Amersham Health, 
Princeton, NJ) at the conditions described by Guzman et al. [7,8]. Cell viability and 
calcein uptake were determined by means of flow cytometry, as described previously 
[7,8]. 

For experiments without cells, Optisonf"^ bubbles were added to RPMI-1640 media 
to achieve a final concentration of 1.7 % v/v and exposed to the acoustic conditions in 
the same range as in the experiments with cells. Samples were diluted 200-fold with 
Isoton II (Beckman Coulter) [9] and immediately examined by electrical zone sensing 
with a Coulter Multisizer II (Beckman Coulter, Fullerton, CA) to detennine the size 
distribution and concentration of bubbles. The Coulter instrument was fitted with a 
100 |i,m orifice, the aperture current was fixed at 1600 \iA, the gain factor was set at 2 
and the siphon volume was fixed at 500 ^1. Each experiment was performed in 
triplicate. 

These bubble-only experiments were carried out without the presence of cells to 
eliminate difficulty in distinguishing cells and cell debris from bubbles in the Coulter 
instrument. To verify that removal of cells did not alter bubble dynamics, bubble size 
distribution and concentration were compared using data from (i) data from Optison''"'^ 
bubbles without cells, (ii) data from cells without Optison™ subtracted from data from 
cells with Optison''"'^ and (iii) data from cells initially with Optison'^'^' and then 
exposed to vacuum (30 min at 0.6 atm) to remove bubbles subtracted from data from 
cells with Optison''"*^. Bubble concentrations and size distributions were approximately 
the same for each of these comparisons both before and after sonication, suggesting 
that cells do not have a protective (or destructive) effect on bubbles during sonication. 

RESULTS AND DISCUSSION 

The effect of ultrasound exposure over the range of 0.6 - 3.0 MPa and 120 - 
2000 ms on DU145 prostate cancer cell viability and intracellular calcein uptake was 
previously investigated by Guzman et al. [7,8]. These data show that the number of 
calcein molecules delivered per viable cell increased and cell viability decreased in 
good correlation with the acoustic energy exposure (Fig. 1). 
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1000 

Energy, J/cm 

FIGURE I. Cell viability (black symbols) and calcein uptake (white symbols) as fiinctions of acoustic 
energy exposure, (acoustic pressures : •, o - 2 MPa, A, A - 0.6 MPa, ♦, 0 - 1.2 MPa, ▼, V - 1.6 
MPa, ■, D -2.4 MPa, * - 2.8 MPa). Data are from Guzman et al. [7]. 

Our goal is to relate these observed bioeffects directly to cavitation bubble activity. 
We therefore used a Coulter counter to measure the number of bubbles present after 
Optison™ suspensions were exposed to ultrasound over a range of different energy 
exposures. The Coulter counter is capable of measuring the presence of bubbles 
greater than 1 p.m, meaning that bubbles larger than 1 jim were counted and bubbles 
made smaller than 1 jim were classified as "destroyed". It is known that acoustic 
energy exposure mediates cavitation, which is the main mechanism of the observed 
effects of ultrasound on cells [10]. In our study Optison™ plays a key role in 
nucleation of cavitation activity in cell suspensions. 

Figure 2 shows that the lifetime of bubbles nucleated from Optison™ suspension 
depends on the ultrasound energy exposure. Although the ultrasound conditions used 
in this study covered a range of different pressures and exposure times, the results 
collapse into a single curve when plotted versus energy exposure, indicating that this 
is a unifying acoustic parameter. As energy exposure increased, bubble concentration 
decreased, where almost all were destroyed by energies of 30 - 50 J/cm^, It is 
interesting to note that this range of energies is close to the optimal exposure 
conditions observed by Guzman et al. [7] for DU145 cells. 
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FIGURE 2. Destruction of OptisonfM bubbles as a function of acoustic energy exposure following 
sonication in RPMI-1640 media at different pressures and exposure times. Initial concentration of 
Optison''^" was Co = 4 x 10'' bubbles/ml. Based on the Coulter counter's detection limit of 1 fim, 
bubbles smaller than 1 \xm could not be detected and were considered destroyed. 

To determine the relationship between bubble activity (Fig. 2) and bioeffects (Fig. 
1), we made a comparison between the fraction of destroyed bubbles and both 
molecular uptake and cell viability over a broad range of energy exposures. The 
results presented in Fig. 3 show that calcein uptake increases and cell viability 
decreases with the destruction of Optison^w bubbles. 

It is interesting to note that when 60 - 70% of the bubbles are destroyed, there are 
significant levels of molecular uptake at high viability. Once more than 80% of 
bubbles are destroyed, viability steeply decreases. This suggests that destruction of a 
critical number of nucleation sites is sufficient to desirable bioeffects and further 
destruction causes large losses in cell viability. This suggests that careful regulation of 
bubble activity could help to maintain both molecular uptake and cell viability high 
during ultrasound exposure. 
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FIGURE 3. Dependences of cell viability (black symbols) and calcein uptake (white symbols) on the 
fraction of OptisonfM bubbles destroyed during sonication. (acoustic pressures : •, o - 2 MPa, A, A- 
0.6 MPa, ♦, 0 - 1.2 MPa, ▼, ¥ - 1.6 MPa, ■, o -2.4 MPa, * - 2.8 MPa). 

The significant bioeffects observed at large acoustic energies, after most OptisonTM 
bubbles had been destroyed, could arise as a consequence of "derivative" 
microbubbles created when the stabilizing shells surrounding Optison^M are broken 
and the encapsulated gas escapes. Recent studies with human erythrocytes and 1 MHz 
ultrasound revealed that gas bodies capable of nucleating violent cavitation activity 
persist even after the rapid destruction of albumin-covered contrast agent Albunex 
[11], Theoretical considerations predict that free bubbles liberated from contrast-agent 
gas bodies are expected to be much more active than the stabilized shell-encapsulated 
gas bubbles [12, 13]. 

To further confirm the hypothesis that "derivative" bubbles cause bioeffects, we 
presonicated a suspension of Optison™ bubbles at 130 J/cm^ to remove almost all 
bubbles. Then, cells were added and sonicated again at 130 J/cm^. Despite the removal 
of almost all detectable bubbles, cell viability decreased to 60 + 10 % and calcein 
uptake reached (1.2 ± 0.5) x 10* molecules/cell. In contrast, sonication of cells tmder 
the same ultrasound conditions using media that never contained Optison™ bubbles 
led to no significant uptake or loss of viability [7]. 

537 



CONCLUSION 

In this study we found that acoustic energy exposure correlates with not only cell 
viability and calcein uptake, but the lifetime of Optison''"^ cavitation nuclei too. 
Almost all Optison'^'^ bubbles (with diameters of at least 1 |im) were destroyed by 
energies of 30 - 50 J/cm , which is approximately the same energy previously 
reported to be optimal for producing desirable bioeffects. Carefully regulating the 
kinetics of destruction of cavitation nuclei during ultrasound exposure could be a 
useful approach to keep both cell viability and molecular uptake high. Significant cell 
death observed at high acoustic energies is probably a consequence of cavitation 
dynamics of free gas microbubbles liberated after rupture of Optison''"'^ bubbles. 
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Abstract, The combinational anti-tumor effects of ultrasound exposure with second-harmonic 
superimposition and tumor accumulative rose bengal (RB) derivatives were investigated. The 
combination was found to exhibit anti-tumor effect at acoustic intensity at which almost no 
effect was obtained when ultrasound was used solely. The anti-tumor effects were improved by 
rotating phase difference between the fundamental and the second-harmonic at an optimum 
period of 300 ms. 

INTRODUCTION 

Cavitation is a typical non-thermal bio-effect induced by ultrasound. Although its 
therapeutic appUcation is much less studied than thermal effects, cavitational effects 
may be useful for therapeutic application if they can be induced in controlled ways. As 
an approach, we are studying for "sonodynamic therapy" [1] which utilizes chemical 
effects induced by acoustic cavitation and enhanced by certain sensitizers. 
Sonodynamic therapy has the potential for low-invasive and highly selective tumor 
treatment if it is combined with suitable ultrasound exposure methods and sensitizers. 
We have been developing second-harmonic superimposition [2,3] and xanthene 
dyes [4] as such a method and sensitizers. 

The second-harmonic superimposition method superimposes the second-harmonic 
wave onto the fundamental at target. The method has been revealed to be an effective 
way to induce cavitational effects both in vitro and in vivo. 

The sensitizers for sonodynamic treatment must possess three properties: 
(1) lower acoustic intensity threshold of cavitation, 
(2) accumulate into tumor tissues, and 
(3) enhance cavitational anti-tumor effects. 
Until now, certain porphyrin dyes have been found to show properties (2) and 

(3)[1], and certain xanthene dyes have been found to show (1) and (3) [4]. Still, 
chemicals with all three properties have not yet been found. Accordingly, we 
synthesized new chemicals aimed at attaining all three properties. Our approach is to 
add property (2) to xanthene dyes, which already possess properties (1) and (3). 

Results on the effects of newly synthesized xanthene derivatives with the second- 
harmonic superimposition method on mouse tumor will be described in this paper. 
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MATERIALS AND METHODS 

Chemicals 

Figure 1 shows the structures of synthesized rose bengal (KB) derivatives. RB was 
reacted with brominated alkane or brominated carboxylic acid in DMF at 70° C for 
4-8 hours. The resulting derivatives were purified by open column chromatography. 
The reagents for derivatives were purchased from Wako Chemical Industries (Osaka, 
Japan). 

liW«!B!»!i!nBliiDODhiiic 

compounds R 
RB{ ^l'*''8 ) ^sss 
dfiriv.iKvn 1 

de^rtvaDve 2 

dsnvaliv» i 

FIGURE 1. Newly synthesized RB derivatives for sonodyiiamic treatment. 

Setup For Sonodynamic Treatment Of Tumor Bearing Mice 

Derivatives were administered into tumor-bearing CDFl mice under the same 
conditions as described in the previous section. Mice were exposed to ultrasound at 
0.5 and 1.0 MHz 6 hours after administration with a focused type ultrasound 
transducer (spherical curvature radius of 35 mm, F number = 1) in a water tank filled 
with degassed water. 

Setup For Measuring Subharmonic Emission In Vitro 

Subharmonic emission from sample was used to detect the occurrence of cavitation 
in this series of experiments [2]. Subharmonic emission in aqueous solution was 
measured by using a focused type PVDF hydrophone. A 2.5 ml aliquot of 25% (V/V) 
alcohol aqueous solution was filled in 0.02-thick polyethylene bag (30 x 25 mm) and 
placed in a degassed water tank in front of a plane ultrasound transducer (1.0 and 
2.0 MHz, 24-mm in diameter). The PVDF hydrophone was also placed in the water 
tank and acoustic signals from the bag were recorded while ultrasound was exposed 
for 60 seconds. Time averaged subharmonic emission intensity was calculated and 
used as a measure of cavitation intensity. 
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RESULTS AND DISCUSSION 

Among RB derivatives synthesized this time (Figure 1), derivative 3 was found to 
accumulate in tumor tissues most significantly. Figure 2 shows the outlook of murine 
tumors 7 days after focused ultrasound exposure with second harmonic 
superimposition at 0.5 and 1.0 MHz (4 + 16 W/cm^). When ultrasound was exposed in 
the presence of RB derivative 3, damage could be seen in tumor tissue along the 
ultrasoimd path, while almost no damage was seen when ultrasound was exposed 
solely. Results of measuring the tissue temperature rise and second-harmonic 
generation suggest that this anti-tumor effect be obtained by cavitation-promoting 
effect of RB derivative 3. 

US alone US * RB-derivative 3 

FIGURE 2. Effect of RB-derivative on murine tumor. 

Figure 3 shows the tumor growth curve after ultrasound exposure. While ultrasound 
alone has almost no effects, tumor growth was significantly suppressed by the 
combinational treatment with RB derivative 3 and ultrasound. Still, reduction of tumor 
size could not be achieved. 

Control 

US Wone 

US + RB-Derivative3 

0 12 3 4 6 6 

Days after Ultrasound Exposure 

FIGIFRE 3. Effect of RB-derivative on murine tumor (gro%vth curve). 
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To improve the combinational anti-tumor effect of ultrasound with second- 
harmonic superimposition and RB derivative 3, the effect of rotating of relative phase 
difference between the fundamental and the second harmonic was investigated. 
Figure 4 shows the effect of relative phase difference on generation of cavitation with 
second-harmonic superimposition in aqueous solution. Cavitation was generated most 
significantly when waveform C was used and almost no cavitation was generated 
when waveform A was used. 

Waveform 

A 

&    0      ' K 2ff 
Relative Phase Difference (JT) 

D 

vwv 

FIGURE 4.   Effect of relative phase difference on generation of cavitation with second-harmonic 
superimposition in vitro. 

Wave A 

10 100 1000 10 

Phase Rotation Period (ms) 

FIGURE 5. Effect of phase rotation on generation of cavitation with second-harmonic superimposition 
in vitro. 

Figure 5 shows the effect of phase rotation period on generation of cavitation in 
aqueous solution. When the period was short (3 ms), cavitation was not generated. 
However, when the period was longer than 300 ms, cavitation was generated about as 
much as when waveform C, the optimal waveform, was used. Moreover, when the 
period was 30 ms, the intensity of cavitation was significantly higher than that 
obtained with waveform C. Further investigations are needed to clarify the mechanism 
why rotating phase difference can promote cavitation as much as the optimum 
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waveform. It is possible that the phase rotation works as a kind of agitation such as 
pulsed ultrasound [5] and switched spiral focal field [6], 

Figure 6 shows the effect of phase rotation on the suppression of murine tumor 
growth with second-harmonic and RB derivative 3. All the rotation period used this 
time was effective for suppressing the tumor growth. Reduction of tumor size was 
obtained only when the period was 300 ms. The optimum period was ten times longer 
than that m aqueous solution. This may be related to the chemical properties such as 
viscosity or ion concentration between water and tissues. Further investigations are 
needed; still, it is very interesting that the phase rotation was effective both in vitro 
and in vivo. 
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FIGURE  6.     Effect of phase rotation on tumor growtli  suppression with  second-harmonic 
superimposition and RB derivative 3 in vivo. 
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Abstract. A mixture of mouse lymphocjles (L1210) and fluorescent marker molecules are 
subjected to Shockwaves in vitro. Due to the transient cavitation generated by the Shockwaves, 
the cells take up the marker molecules. Cavitation is characterized by the bubble collapse times. 
An electrohydraulic generator XL-1 and a piezoelectric generator PR-II were used: PR-Il was 
more effective. Depending on the pulse energy and number of pulses, up to 70% of the surviving 
cells took up the molecules. Shock-wave-mediated molecule transfer provides a useful tool for 
the transfer of molecules into cells, which can be used as a research tool in the medical and 
biotechnological fields. Due to the large penetration potential of Shockwaves into the body, the 
method may be further developed for in vivo transfer of drugs and cell transfection use. 

INTRODUCTION 

Since the first time Shockwaves were used for the disintegration of icidney stones, 
researchers were also interested in their effect on tissue and cells. In the beginning the 
main interest was in potential side effects of lithotripsy, but soon further medical 
applications of Shockwaves beyond lithotripsy were considered. Reports on the 
experimental treatment of tumours were published. The effect of the Shockwaves was 
mainly attributed to a significant reduction of tumour blood perfusion, lasting for 
several hours. But as the application of Shockwaves alone did not yield satisfactory 
results, the next research step was the combination with cytotoxic agents, which gave 
more promising results. The experiments showed, that the majority of cells was not 
killed by the effects of the Shockwaves, but more than 90% of the cells were 
penetrated by the toxic molecules. After the insonication the cell membranes closed 
again, the cells survived and were able to make use of the molecules, which could be 
shown by a change in the expression of proteins [7]. 

MECHANISM OF SOUND PORATION 

Several reports on the permeabilization of cell membranes by acoustic wave effects 
can be found in literature. It is common agreement that the dominating effect is 
cavitation, but also shear forces contribute to the ripping of the cell membrane. 

544 



Hypothetically transient cavitation is the cause of the biological effect of sound 
poration. After the passage of a pressure pulse or shock wave, large bubbles are grown 
from pre-existing seeds of a few micrometers size. The bubbles then collapse after 
another 100 ... > 1000 \is. The time until the bubble collapses is influenced both by the 
ambient conditions of the bubble and the impinging pres-sure pulse. At the moment of 
collapse the bubble transmits part of the stored elastic energy as a secondary 
Shockwave. Inside the bubble temperatures exceeding 5000°K can occur. Amplitude 
and duration of the negative part of the exciting pressure pulse mainly determine the 
occurrence of transient cavitation. 

Cavitation generated by pressure pulses in the microsecond range causes 
sonoluminescence, secondary shock waves and free radicals, but it does not lead to a 
complete disintegration of the cells. The rapid change in bubble radius causes 
adiabatic compression of the bubble as a prerequisite for high internal temperatures 
[2]. 

Cell disintegration (Lysis) mainly occurs due to shear forces in the vicinity of 
oscillating bubble walls when stable cavitation is present. Erythrocytes are 
disintegrated by bubble motion amplitudes of more than 18 ^im [1]. Bubbles having 
sufficient size to exert effective shear forces are mainly generated by continuous 
ultrasound means, e.g. by sonotrodes, which are in use for the disintegration of cells. 

Shockwave - Bubble - Interaction 

In lithotripsy, the interaction of shock waves with bubbles that were generated by a 
preceding Shockwave is identified as one (amongst other mechanical effects) cause of 
stone disintegration and side effects [2]. Cavitation bubbles leave a residual cloud of 
small bubbles, which in water have a typical diameter of 40 ^lm and which can be 
found more than 1 second after the generating Shockwave. When these residual 
bubbles are hit by another shock wave, they collapse in a few microseconds. For 
bubbles of 0,15-2 mm diameter collapse times of 1-9 p are reported [3]. During the 
collapse a water jet, which can reach jet speeds of 400-800 m/s at a bubble size of 
0,5-0,6 mm, is directed towards the next surface, which might be a cell membrane. 

Cavitation Threshold 

The cavitation threshold was evaluated in vitro by different scientists in dependence 
on the sound frequency and on the pulse duration. Starting at 0,7 MPa, an increase of 
the cavitation threshold to 1,3 MPa was found [4] when the pulse duration was 
reduced from 100 jis to 1 \is. A significant number of bubble seeds reduces the 
cavitation threshold. 

In vivo the cavitation threshold of 7 MPa at 20 ms pulse duration was estimated by 
morphological changes. Another author reports a threshold of 12 MPa when using 
sound bursts of 30 ps duration. 

Many cavitation threshold experiments are made with sound bursts, which are 
composed of several positive and negative pressure changes. In contrast, typical 
Shockwaves only have one leading (positive) pressure pulse of 0,2 to 2 ps duration and 
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one trailing rarefaction (negative) phase with 3-6 times longer duration, but with 
only 1/3 to 1/10 of the positive pressure amplitude. According to several authors the 
cavitation threshold for shock waves also is in the range of 1 - 12 MPa. 

Sub-cellular level reactions on Shockwaves are vacuoles in the cytoplasma, changes 
of the membrane surface and defects of the cell membrane. Depending on the pulse 
intensity integral of the Shockwaves different cell organelles are affected [5]. It was 
reported that large pores occur for a short time, which can support the passage of 
molecules up to 2 millions relative weight into the cells [6]. After the end of the 
sonication the cells do not take up new molecules any more, thus the pores only last 
for a few seconds or even shorter time. 

MATERIALS AND METHODS 

Mouse lymphocytic (LI210) cells in a nutrient solution were used. As the marker- 
molecule Fluoreszin-Dextran (FD) was added. 3,5 ml cells with a concentration of 106 
cells per milliliter were mixed with 1,75 ml FD and filled in 5 ml PVC test tubes, 
carefully avoiding to trap gas bubbles. Besides the sonicated samples, unsonicated 
control samples were prepared the same way. After sonication the cells were washed 
and centrifuged. Trypan blue staining gives the number of disintegrated cells. 10.000 
surviving cells were the analysed by FACS to evaluate the fluorescence distribution in 
comparison to the unsonicated control cells (Figure 1). 

FIGURE 1. FD-uptake is measured by comparing the fluorescence distribution of sonicated and 
unsonicated (-SW) samples. Only those channels having a higher fluorescence than a threshold arc 
counted. The threshold is determined by the right flank of the fluorescence distribution of-SW. In our 
experiments, fluorescence channels > 40 are used as a rule. 
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At least three cell samples per experimental parameter set were used. The 
experiments were repeated several times during the last months with different breeds 
of cells. 

Two different pressure pulse sources were used for sonication: 
+   Electrode-shocksource XL-1 (Domier MedTech) 
+   Piezoelectric transducer PR-II (Domier MedTech) 

By the use of confocal laser pointers the test tubes were positioned in the focal area 
such that the focus was ca. 5 mm inside the tubes. The pulse intensity, the number of 
pulses and the repeat rate of the pulses was varied. 

The collapse time of the cavitation bubbles was determined by a pressure probe 
with a steel membrane of 5 mm diameter (PCB, USA) placed in the focus of the 
pressure pulse source (Figure 2). 

RESULTS 

After the passage of the pressure pulse a bubble grows at the probe surface, which 
collapses after the time tc (Figure 2). At the XL-I the probe was placed perpendicular 
to the direction of the sound path, therefore the collapse time tc (Figure 3) is about 
twice the time as compared to the collapse time in the test tube in absence of strongly 
reflecting surfaces. 

To evaluate the relative amoimt of cells that have taken up FD molecules, the 
fluorescence of the unsonicated samples was taken as a reference. The natural FD- 
uptake of the unsonicated control cells was 3,2% +- 0,9. 

Additionally, with every experiment with the piezoelectric device the fluorescence 
of samples treated with 250 shocks of XL-1 at 25 kV was measured. Repeating XL-1 
experiments gave a mean FD-uptake of 36% +- 8. The number of disintegrated cells 
was 48% +- 8 (Figure 4). 

The FD uptake increases linear with the number of pressure pulses (Figure 5). At 
the same time the number of lost cells also increases (Figure 6). In our present series, 
the best FD uptake of 70% was achieved with the piezoelectric source at the maximum 
energy setting using 8000 pulses (Figure 5). 

The overall efficacy of the procedure is defined as the number of surviving cells 
that have taken up FD per total number of cells before sonication (1 Mio / ml). The 
repeated experiments with XL-1 yielded an efficacy of 18% +- 4 for the L1210 cells 
(Figure 4). The best overall transfer efficacy (28%, Figure 7) was achieved with the 
piezoelectric source PR-II at the maximum energy setting using 4000 shocks. 
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FIGURE 2. Cavitation bubble building up at the 5 mm diameter membrane of a PCB-pressure probe in 
the focal plane of a shock source (on the left outside the image region). After the Shockwave hit the 
probe (approx. 2nd image frame) a bubble occurs, which is significantly larger than the other bubbles in 
the sound field. After 500 (is (approx. 12th frame) the large bubble collapses for the first time. (Image 
interframe delay 50 |Js; Images courtesy of Luderer/Bohris, Domier MedTech [8]) 
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XL-1; Cavitatlon bubble collapse time 

FIGURE 3, Collapse time (tc) of the focal cavitation bubbles in tlie presence of a PCB steel-membrane 
hydrophone in the focus of the XL-1. 
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FIGURE 4, Reference experiments with XL-1: The mean FD-uptake is 36% +• 8 when repeating the 
experiments several times at several days. The number of lost cells is 48%+- 8, yielding an overall 
transfer efficacy in L1210 cells of 18%+-4. 
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FIGURE 5.  Fluorescin-Dextran uptake in Lymphocytes using XI ,-1 and PR-II sources at 1 Hz pulse 
repetition frequency. Parameters: pressure pulse intensity and number of pulses. 
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FIGURE 6. Number of lost cells in the experiments as of Figure 5. 
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FIGURE 7,  Effective number of surviving cells out of the original amount (10* cells per Milliliter) 
which have talten up FD molecules. 

DISCUSSION 

The first results using the piezoelectric source are promising. Future experiments 
will involve characterization and optimisation of the acoustic output as well as tests of 
more cell / molecule systems. 

By selection of the appropriate parameters molecules can be transferred into cells 
with a high efficacy and repeatability by using pressure pulses. 

Besides the molecule uptake another important parameter is the amount of lost 
cells. Depending on the scope of the experiments an optimum between molecule 
uptake and lost cells can be chosen. It is already known from further experiments 
using oligonucleotides that the molecules actually penetrate the cell core and are able 
to control the behavior of the cell [7], Thus sound poration using pressure pulses can 
be a tool for the molecule transfer into cells in biotechnology. 

The most important advantage of this method could be the in vivo use, because it is 
feasible to penetrate the deepest layers of the body with shock waves and pressure 
pulses, as proven by lithotripsy. Extracorporeal induced, focused pressure pulses may 
become a therapeutic option for the targeted activation of biotechnological drugs, 
which are given to the patient in sub-critical doses. 
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Abstract. The success of drug or gene delivery is limited by the inability of those components to 
cross biological barriers like the cell membrane. Ultrasound (US) has shown to increase cell 
membrane penneability to a process known as sonoporation. So far most of tlie recognized 
investigations used acoustic settings such as CW or fflFU, which are well far from the 
diagnostic range. Since a few years now, other studies used US waves within the diagnostic 
range but in combination with contrast-bubbles. The purpose of our study is to determine the 
effect of US alone on cell uptake using diagnostic parameters, and to correlate the sonoporation 
mechanism on tlie different diagnostic conditions. A monolayer of CHO cells, fixed on a 
membrane, and Texas-red labeled dextran, as a marker, are used. US at 1 MHz is used, and the 
effects of MI, duty cycle, pulse length and total exposure are explored at 37° C. The molecular 
uptake increases with MI when exposed for less than 30 seconds. Using MI between 0.2-0.7, 
efficiency is reached after 2 minutes of exposure. MI of 1.4 for 30 sec gives the highest 
molecular uptake (33%) but also a high cell lysis (40%). Under stronger diagnostic conditions 
(MI 1.4 exposure above 2 min), lysis occurs up to 65%. Significant molecular uptake can be 
induced by diagnostic pulsed ultrasound without using contrast bubbles. Both molecular uptake 
and cell viability strongly depend on total exposure time and applied MI. Repetition rate and 
duty cycle also influence molecular uptake and cell viability. Addition of ultrasound 
microbubbles increases the ultrasound effects. 

INTRODUCTION 

Sonoporation is a physical method of permeabilization that uses ultrasound and 
enables the transfer of impermeable molecules into the cell. More insight into the 
mechanism of ultrasound permeabilization will give a better understanding of how 
ultrasound can be used to increase the success of drug and gene delivery, 
Sonoporation can be invoked with different sets of ultrasound parameters, i.e. the 
strength of applied field, number of pulses, their duration and repetition frequency. 
Since theoretical understanding of the sonoporation is still incomplete, the optimal sets 
of ultrasound parameters for desirable applications are also unknown. Because there 
have been only relatively few studies on the role of pulse amplitude, duty cycle, and 
total exposure time in cell sonoporation, we examined the effects of these individual 
ultrasound parameters on sonoporation efficiency. Correlation of ultrasound and 
sonoporation efficiency allows a better optimization of the process. 
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Sonoporation is transient membrane permeabilization with cell survival, and can be 
detected by uptake of large fluorescent molecules that are normally excluded by the 
cells. In our in vitro experiments we used Texas-labeled 70 kDa Dextran, which is 
normally not taken up by cultured cells. Cell lysis is the result from irre\ i-rsible cell 
membrane damage and is characterized by the leakage of the cell content into the 
surrounding resulting in an empty dead cell. 

membrane 
0.45 nm 

physiological salt +/- 

► monolayer of cells / mieropositioner 

37° C 
PBS 

FIGURE 1. /« v;7ro set-up. 

The experimental acoustic setup is illustrated in Figure 1. A 1-MHz single-element 
transducer focused at 75 mm, with an aperture of 37 mm, is mounted in a water tank. 
The cell monolayer was positioned using a micro-positioner at a distance of 75 mm 
from the transducer and the temperature of the medium was kept constant 37° C. The 
peak negative acoustic pressure generated at the region of interest extended from 0.2 
to 1.4 MPa. These acoustic pressures correspond to mechanical indices between 0.2 
and 1. The length of the transmitted pulse ranged from 10 to 15 ^is with a duty cycle 
between 0.1 and 0.75%. The combination of pulse length and duty cycle corresponded 
to pulse repetition frequencies of the excitation between 0.1 kHz and 0.15 kHz. The 
duration of the total ultrasound exposures was 10 to 360 seconds. Cells were grown on 
BD Falcon™ Cell culture Inserts to 90% confluence. Cells (10^ cell /cm^) were 
immersed in PBS containing 5% Texas Red-Dextran with and without microbubbles 
(2x10^ microbubbles/ml). Cell samples/cultures were exposed to ultrasound at 
conditions described previously. Using fluorescence microscope, molecular uptake 
caused by ultrasound was determined by counting the red labeled cells. Cells that were 
still attached were considered to be viable (Figure 2). Detached cells were considered 
to be dead. Trypan blue, a marker for cell viability, has been used as exclusion assay 
in a separate experiment and confirmed that attached cells are viable and dislodged 
cells are dead. 
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FIGURE 2. Schematic representation of the basic protocol. 

RESULTS 

The molecular uptake increases with MI when exposed for less than 30 seconds 
(Figure 3), Using MI between 0.2-0,7, efficiency is reached after 2 minutes of 
exposure. MI of 1.4 for 30 sec gives the highest molecular uptake (33%) but also a 
high cell lysis (40%). Under stronger diagnostic conditions (MI 1.4 exposure above 2 
min), lysis occurs up to 65%. Significant molecular uptake can be induced by 
diagnostic pulsed ultrasound without using contrast bubbles. Both molecular uptake 
and cell viability strongly depend on total exposure time and applied MI. Repetition 
rate (data not shown) and duty cycle (Figure 4) also influence molecular uptake and 
cell viability. Molecular uptake as a function of time and ultrasound amplitude (total 
applied power) onto the cells has a pronoimced peak. 
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FIGURE 3. The normalized viable cells values for the control (no ultrasound) are expressed as 100% 
and tlie values of red stained cells as % of normalized viable cells. 
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FIGURE 4. Effect of duty cycle on cell viability and molecular uptake. 
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FIGURE 5. The normalized viable cells values for the control (no ultrasound) are expressed as 100% 
and the values of red stained cells as % of normalized viable cells. ■ viable cells. LI dead cells, 
I sonoporated cells. All shown data are mean of four separate experiments. 
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Figures 5 and 6. Addition of microbubbles result in a shift of the peak to the left but 
the peak is lower than without microbubbles. Cell lysis increases as ftinction of time or 
applied power. Addition of microbubbles results in a shift of the curve to the left. 

CONCLUSIONS 

Molecular uptake is correlated to time and applied power. When using 
microbubbles less ultrasound power is needed to lyse cells. For some applications, 
such as gene therapy, it is important not to lyse any cells whereby the existence of 
every cell is important. So finding a setting in with cell are not lysed will be important. 
For other applications, like tumor treatment, it even may be an advantage if a lot of are 
lysed because finally the aim is to destroy them. 
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