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INTRODUCTION

The objective of this research is to develop the technology of trans-rectal near-infrared (NIR) optical
tomography for prostate imaging that may be applicable to accurate, selective prostate biopsy. Prostate
cancer is the most common non-dermatologic cancer in American men. Prostate cancer suspicion is
typically based on an elevated serum prostate-specific antigen (PSA) level or a suspicious nodule found
during a digital rectal exam (DRE). When the PSA level is elevated or the DRE is abnormal, there is a 25
% chance that cancer is present. The existence of prostate cancer can only be confirmed by a needle biopsy
that is guided by trans-rectal ultrasound (TRUS). Since there are no pathognomonic findings for prostate
cancer on ultrasound imaging, biopsies are taken following a systematic pattern throughout the prostate
with preference given to the peripheral zone wherein most cancer are found. The accuracy of biopsy is
questionable and many men undergo multiple biopsies due to the lack of a more specific/sensitive imaging
modality. Pathologic studies have demonstrated positive correlation between increased micro-vessel
density and the onset of the disease. Near-infrared (NIR) optical tomography is known of sensitive to
blood-based contrast, therefore trans-rectally implemented NIR optical tomography may provide a new
way of assessing the prostate cancer. The objective of this research has been to demonstrate the technology
of trans-rectally implemented NIR optical tomography, and to perform initial evaluation of the technology
on imaging prostate cancer developed in canine model. One of the outcomes of trans-rectal NIR
tomography of the prostate would be a more accurate imaging guidance for targeted prostate biopsy, and
in this study it is also found that trans-rectal NIR tomography has the potential of monitoring treatment of
locally advanced disease.

BODY
Specific aims:

Aim_I: To demonstrate that endoscopic NIR tomography at a probe size of 25mm in diameter can be
achieved by use of spread-spectral-encoding from a broad-band light source.

Aim 2: To demonstrate that trans-rectal NIR tomography can image the prostate at the proximity of the
rectum with significant tumor-tissue contrast.

Aim 3: To demonstrate that multi-spectral trans-rectal NIR tomography can be implemented with the single
trans-rectal imaging probe.

Aim 4: To demonstrate that trans-rectal multi-spectral NIR tomography can quantify the hemoglobin
concentration and oxygenation saturation in phantom, and further in prostate tumor model developed in
canine species.

Completed works specific to the proposed aims:

Studies specific to the aim 1----development of the trans-rectal applicator: At the beginning of this
project, we investigated and developed an axial-imaging trans-rectal NIR tomography probe with a
diameter of 20mm that is in size equivalent to a standard TRUS prostate probe. The diameter of the
developed probe was 20mm, which was smaller than the originally proposed diameter of 25mm, therefore
it was more challenging to fabricate for the same number of optical source and detector channels (8 source
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channels and 8 detector channels), but it was more patient-friendly. The design of the probe and the
fabricated probe are given in Fig. 1. Image reconstruction algorithm and the novel configuration of using
spread-spectral-encoding from a broad-band light source to achieve optical tomography data acquisition
were also developed. Using phantoms and animal tissues, axial-imaging trans-rectal optical tomography
was successfully demonstrated with the contrast of a normal prostate agreeing with expectation. However,
we found that it was challenging to image the optical contrast of a prostatic lesion using this stand-alone
axial-imaging trans-rectal optical tomography probe, due to the lack of detailed anatomic information by
optical tomography alone to localize the prostate and the lesion, as indicated in Fig. 2, as well as the limited
imaging depth due to the axial configuration of the optical channels.

(a) (b)

(c) (d)
Figure 1. The 20mm axial-imaging applicator for trans-rectal NIR tomography. (a) Illustration of the
fiber arrangement inside the applicator. (b) Each source/detector channel consists of a Imm bare
fiber, a 45° rod lens of 2mm in diameter, and a drum lens of 2mm in diameter. The configuration
allows side-firing for axial-imaging. (c) Photograph of the probe, where the length of the probe is
given. (d) Photograph of the distal part of the probe, where the micro-optics components (drum
lenses) with anti-reflection coating are shown and the internal structure of the probe is also sketched.

Figure 2. Axial trans-rectal NIR optical tomography of normal canine prostate in vivo. The dog prostate was
visualized on TRUS first as shown in the left panel, then the TRUS probe was replaced with NIR probe to
acquire the NIR tomography image as shown in the right panel. Lack of concurrent US imaging makes
correlation of NIR imaging difficult.



We then proposed a novel applicator that acquired sagittal NIR tomography image concurrently
with sagittal TRUS as illustrated in Fig. 3(a) [Xu et al, 2008]. The completed probe, as shown in Fig. 3(b),
was developed based on an ALOKA bi-plane veterinary US transducer [Jiang et al, 2008]. This TRUS-
guided NIR tomography probe allowed the following studies on several dogs for the feasibility of detecting
prostate cancer using trans-rectal optical tomography.

(a) (b)

(©) (d)

Figure 3. (a): illustration of trans-rectal NIR/US applicator. Trans-retal US is placed in the middle of
the trans-rectal NIR applicator (optodes distributed longitudinally) to perform combined NIR/US
imaging. (b): photograph of the Aloka trans-rectal US transducer and the completed NIR/US probe
used for canine imaging. A sagittal US image (C) of a canine prostate and the concurrently acquired
spatially-correlated NIR optical tomography image (D, NIR absorption image).

Studies specific to the aim 2—optical tomography of tumor-tissue contrast in canine prostate in vivo: We
have developed a canine model of prostate cancer using canine transmissible venereal tumor (TVT). The
TVT cells were propagated in immunocompromised (SCID) mice and transferred to prostate gland of the
dog to result in a neoplastic mass effect useful for imaging studies. The study on the first dog that had TVT
developed in its prostate demonstrated that optical absorption contrast provided earlier indication of the on-
set of the tumor-development than did with grey-scale ultrasonography alone [Jiang et al, 2009; Piao et al,
2010]. For this subject, the TVT cells were seeded along the needle track during needle retraction. The
gross and histological findings (8-week post-injection) confirmed intra- and peri-prostatic neoplastic
infiltrates with masses also located along the urethra and peri-rectal tissue; the latter related to
dissemination along the needle track during TVT inoculation. The necropsy results as shown in the top-
panel of Fig. 4 confirmed the retrospective observations by NIR tomography as shown in the bottom-panel
of Fig. 4. The trans-rectal US and the NIR images shown in the bottom panel of Fig. 4 were obtained at the
middle of the right lobe, the middle-line of the prostate, and the middle of the left lobe, before the TVT
injection, 2 weeks after the TVT injection when the US and rectal examination showed no evidence of
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tumor growth, and 5 weeks after the TVT injection when the tumor growth was evident on both US and
rectal examination. At the 2-week NIR absorption images, hyper-absorptive regions were found dorsal to
the prostate in the right lobe, and dorsal to the pelvic bone in the right lobe with potential extension to the
middle line. The locations of these hyper-absorptive regions correlated very well with those of the hypo-
echoic and hyper-absorptive regions found in week-5. The growth of the tumor was indicated earlier by the
absorption images of trans-rectal NIR than by the trans-rectal US. It was also found that the growth of the
tumor was shown not as evident on reduced scattering images as in the absorption images. It is evident that
combining the information of trans-rectal US and trans-rectal NIR renders earlier and much more accurate
findings of the tumor growth.

Figure 4 Top panel: necropsy and histology of the pelvic canal with TVT. Bottom panel: comparison
between the image-monitoring of TVT development in canine pelvic canal by trans-rectal NIR and
US, over a period of 5 weeks. The images were taken at the middle of the right lobe, the middle-line
of the prostate, and the middle of the left lobe, before the TVT injection, 2 weeks after the TVT
injection when the US and rectal examination showed no evidence of tumor growth but the NIR
indicated the tumor growth, and 5 weeks after the TVT injection when the tumor growth was
evident on both US and rectal examination.




Studies specific to the aim 3---multi-spectral trans-rectal optical tomography: By coupling light of
multiple wavelengths to the source-channels of the trans-rectal probe, multi-spectral trans-rectal optical
tomography was achieved. We first integrated the outputs of a 785nm laser diode (LD) and a 830nm LD,
by combining them using a bifurcated fiber and sequentially delivering the light to the NIR source channels
via a linear-translational fiber switch. The NIR detector channels were coupled to a spectrograph for CCD
acquisition of the dual-band imaging data. The use of dual-band data allowed reliable recovering of total
hemoglobin information [Jiang et al, 2011a], but the recovery of oxygen saturation information was noisy.
We then integrated the outputs of a 705nm LD, a 785nm LD and a 808nm LD, by combining them using a
trifurcated fiber and sequentially delivering the light to the NIR source channels via a linear-translational
fiber switch. The NIR detector channels were coupled to a spectrograph for CCD acquisition of the triple-
band imaging data. The use of triple-band data allowed reliable recovering of total hemoglobin information
and oxygen saturation [Jiang et al, 2011b].

Studies specific to the aim 4---trans-rectal optical tomography of tumor-associated hemoglobin
concentration and hemoglobin oxygen saturation. Two dogs were used for demonstrating this aim. For
the first one, the TVT was injected at two locations in the right aspect of the prostate, one in the cranial
aspect, one close to the middle aspect. The base-line US indicated that the prostate measured 6cm from
cranial to caudal. The base-line US also revealed a cluster of prostatic cysts resembling a —face” in the right
aspect of the gland. This —dte” landmark, the location of which on US image is arrowed in Fig. 5(a),

Figure 5. (A) Sagittal images of the right lobe in the middle-caudal aspect at baseline, day 21 (week
3), and day 45 (week 6). (B) Changes in HbT in the 10-mm-diameter region of interest over the 6-
week duration. (C) Estimated tumor volume changes from week 1 to week 6. (D) Gross examination
of the canine prostate on necropsy. After fixation in 10% buffered formalin, 7 slices of the prostate
gland were sectioned from cranial to caudal, at an interval of approximately 15 mm. (E) Doppler US
and optical images of the sagittal plane were taken approximately across the line marked on slice 6.
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facilitated multiple images taken in the same relative areas in that location over time throughout the course
of the imaging study. Figure 5(B) illustrates the changes of [HbT] from baseline to 45-days post-injection
in a marked 10mm-diameter region located in the right lobe that correlated to the US hypo-echoic mass
observed caudal to the prostate. The average [HbT] in this region changed from 120 puM to 375 uM, a
nearly 300% change over the 45-days of development. The volume of [HbT]> 150uM within the caudal-
aspect of the right lobe corresponding to the week 6 hypoechoic mass was estimated from volumetric NIR
reconstruction. The post-injection volumetric change followed an exponential growth pattern as shown in
Fig. 5c. The excised prostate (Fig 5(d)) was approximately 10x5x5cm3 in size. The prostate was serially
sectioned in the conventional transverse orientation in ~1.5cm slices. The gross examination confirmed
multiple coalescing foci of TVT in the caudal-aspect of the gland, and significant infiltration of the tumor
from right to the left lobes. After fixation in 10% buffered formalin, the prostatic sections were again
closely examined. On slice 6 corresponding to the left-caudal-aspect of the gland, a small pocket (indicated
by a 10mm circle) of normal prostatic tissue surrounded by multi-foci TVT was noted. Indication of similar
morphology can also be seen as demarcated by the line in the figure (e) on the sagittal NIR image of day-38
as a region of base-line [HbT] enclosed by heterogeneous hyper-[HbT] masses. The simultaneous sagittal
Doppler US of day-38 revealed substantially enhanced blood supply ventral to the heterogeneously hypo-
echoic mass. This complete study demonstrated that TRUS-coupled spectral optical tomography enhanced
the detection of the progression and lateral involvement of the prostatic tumor compared to using TRUS
alone [Jiang et al, 2011a].

Figure 6. The study on a dog that has naturally occurring cyst in tis left lobe. (a) and (b), imaging
geometry; (¢) and (d), a large —esorpion-like” cystic lesion extending irregularly within the left lobe;
(e), right lobe was unremarkable on the base-line US; (f), the TVT injection site was noticeable on
US as indicated by the red arrow.



The second dog involved in this aim provided an unusual opportunity for comparing the difference
between the oxygen-reduction in a necrotic neoplastic lesion and the oxygen-deprivation in a cystic lesion
in the same prostate. The TVT in this dog prostate underwent spontaneous regression, which rendered to
the best of our knowledge the first trans-rectal optical imaging of tumor hypoxia in canine prostate.
Interestingly this dog prostate was found, at base-line, to have a large cystic lesion in a site contra-lateral to
the planned TVT implantation. This study, therefore demonstrated the potential of differentiating the
malignancy of a localized lesion, and monitoring of its response to treatment over time [Jiang et al, 2011b].

The base-line examination including US indicated a prostate that was presumably benign prostatic
hypertrophy and measured 7.0 cm cranial-to-caudal. The base-line US also found a large cystic lesion in
the left lobe (see Fig. 6(b) and (c)). The cyst extended irregularly within the left mid-lateral aspect of the
prostate, and appeared like a —scorpion” on some sagittally acquired US images (see Fig. 6(d)). The right
mid-lateral aspect of the prostate, though, was unremarkable on the base-line US (see Fig. 6(¢)), and after
the TVT inoculation, the injection site was noticeable on US as indicated by the red arrow in Fig. 6(f). For
all baseline and post-injection examinations, trans-rectal US-integrated optical tomography was performed
on five quasi-sagittal planes (Fig. 6(b)), including the middle-sagittal, half-way to the right lateral edge, the
right lateral edge, half-way to the left lateral edge, and the left lateral edge of the prostate gland. On each of
the five quasi-sagittal planes the imaging was performed at three longitudinal positions for cross-validation.

Shown in Fig. 7 are the images acquired at base-line, day-49, day-56 and day-63 after the injection,
of four characteristics, including Doppler US, grey-scale US, [HbT] and StO2, at left-mid-sagittal plane
across the cyst (marked by the dashed line in the axial US image in the upper panel) and right-mid-sagittal
plane across the planed TVT injection site as well as a later developed tumor mass (marked by the dashed
line in the axial US image in the lower panel). The dimension of all images is 60mm (cranial—caudal) x
40mm (dorsal—ventral). As the Doppler-overlapped US images were recorded immediately after
acquiring the grey-scale US images, slight differences may be seen between the anatomies shown on
Doppler-US and grey-scale US images. The dashed line at the dorsal edge of the US images indicate the
actual location of the NIR sensors, which were approximately 3mm ventral to the surface of the US
transducer as an outcome of the fabrication. The NIR recovered images are color-scaled at [50 150]uM for
[HbT] and [50 90]% for StO2, respectively.

At baseline, the right prostatic lobe had predominantly homogenous StO2 and [HbT]<50uM. A
hypoechoic region at the right-cranial edge of the prostate (marked by the down-pointing hollow arrow)
was indicated in NIR images as having a -bean-shape” of 10-20mm in axes, with clear contrasts of hyper-
[HbT] and lower StO2 in the central region of it. Comparatively, the left prostatic lobe had a large anoxic-
like region extending longitudinally and corresponding to the anatomy of the extended cystic lesion
(marked by the oblique arrow). The large anoxic-like region was shown in NIR images with slightly
elevated but relatively homogenous [HbT]. A hypoechoic region at the left-cranial edge of the prostate was
visualized in NIR images as having increased [HbT] and somewhat lower StO2 with respect to the indicted
prostatic background, but the NIR imaging features of that region were not evident for a -bean-shape”
structure. By day-49, the TVT developed hypoxic core, which became stronger and larger during the next 2
weeks that was consistent with US observation of TVT regression in that period. Strong but intermittent
elevation of HbT in the periphery of the TVT correlated inconsistently with visualized blood flow. Over the
entire course of monitoring, the cystic lesion consistently had a strong hypoxic interior that was greater in
size than the sonographically visualized lesion, and mild heterogeneous elevation of HbT in the periphery
of the lesion that did not correlate with visualized blood flow. Histological examinations confirmed
necrotic cores within the TVT and found chronic & acute hemorrhages associated with the cystic lesion.
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Figure 7. Image dimension----60x40mm?2 (cranial-caudalxdorsal-ventral). Images were acquired at
base-line, day-49, day-56 and day-63 after the injection, of four characteristics, including Doppler
US, grey-scale US, [HbT] and StO2, at left-mid-sagittal plane across the cyst (marked by the dashed
line in the axial US image in the upper panel) and right-mid-sagittal plane across the planed TVT
injection site as well as a later developed tumor mass (marked by the dashed line in the axial US
image in the lower panel). The dashed line at the dorsal edge of the US images indicate the actual
location of the NIR sensors, which were approximately 3mm ventral to the surface of the US
transducer as an outcome of the fabrication. The NIR recovered images are color-scaled at [50
150]uM for [HbT] and [50 90]% for StO2, respectively. Down-pointing hollow-arrow: pelvic lymph
node; oblique double-arrow: a neoplastic nodule; oblique double-solid-arrow: necrotic TVT; oblique
double-hollow-arrow: a TVT nodule; oblique arrow: cystic lesion. All lesions indicated by the
arrows were confirmed by pathological examinations.
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Other studies associated with this research---review of up-to-date optical properties of canine and
human prostates: Using light to image prostate is underlined by that benign and cancerous prostate tissues
present different optical properties which can be resolved by means of optical interrogation. Revealing the
contrast of prostate cancer over normal tissue will be challenging if significant base-line heterogeneities
exist in the optical properties of benign tissues. There have been a number of studies on prostate optical
properties in which certain consensuses have been made. Although these studies are conducted at different
wavelengths, different samples, and different methods, spectrally these studies shall offer information
invaluable to understanding the potentials of detecting prostate cancer as well as difficulties facing the
optical imaging of prostate. We conducted a review of the optical properties of canine and human prostates
known to us up to the date of the submission of the manuscripts [Piao et al, 2009; Piao et al, 2010]. The
implications of our review on optical interrogation of the prostate are:

(1). The reduced scattering coefficient of prostate is approximately an order higher than the
absorption coefficient of prostate. As this has been confirmed by time-resolved
measurements, the prostate can be treated as a scattering-dominant tissue, thereby diffuse
optical methods can be applied to modeling the photon propagation as in PDT and image
reconstruction in trans-rectal imaging of the prostate as demonstrated by our studies.

(2). There are noticeable inter-subject and intra-organ heterogeneities in optical properties of
prostate. The intra-organ heterogeneity poses a substantial challenge to differentiating
malignant tissue from normal tissue, since the optical contrast of the malignant tissue over
the normal tissue must be greater than the background heterogeneity for the malignant lesion
to be resolved. The intra-organ heterogeneity may also partially contribute to the previous
finding that the effective attenuation coefficients of benign and malignant human prostate
tissues were similar. It is noted that none of the previous measurements of prostate optical
heterogeneities have been examined on intact prostate in vivo. Our approach of trans-rectal
near-infrared diffuse optical tomography, which aims at imaging the intact prostate in its
real-time in vivo condition, has indeed demonstrated intrinsic optical property contrasts are
available for differentiating the malignant prostatic tissue from benign tissue.

Other_studies _associated with_this research---unified theory of steady-state _photon_diffusion_in_a
homogenous medium bounded externally or_internally by an_infinitely long circular cylindrical
applicator. _ The solutions to the steady-state photon diffusion associated with concave and convex
geometries were derived in a unified theoretical framework, for the first time to our knowledge.

The geometry of a diffusive medium bounded externally by a cylindrical applicator resembles that
of imaging externally accessible biological tissue such as the breast using a ring-type array. The geometry
of a diffusive medium bounded internally by a cylindrical applicator resembles that of imaging internally
accessible biological tissue such as the prostate using a trans-rectal probe. Solutions to steady-state photon
diffusion in these two geometries are derived in cylindrical coordinates by applying the extrapolated
boundary condition and are expressed in modified Bessel functions of the first and second kinds.

In Part-1 of this work [Zhang et al, 2010], approximate solutions for large cylinder radius are also
derived in the format close to that for semi-infinite geometry by including a shape-radius-associated term.
Numerical evaluations are provided for the cases of having the source and the detector positioned only
along the azimuthal or longitudinal directions. The results demonstrate that compared with a semi-infinite
boundary, the concave boundary has smaller photon fluence decay in the azimuth direction but greater
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photon fluence decay along the longitudinal direction compared with a semi-infinite geometry having the
same source—detector distance. On the other hand, the convex boundary has greater photon fluence decay in
the azimuth direction but smaller photon fluence decay along the longitudinal direction. As the radius of the
concave or convex circular applicator becomes infinitely large, the results for these specific geometries
reach the well-known condition for a semi-infinite medium, as expected.

The second part of this work [Zhang et al, 2011] quantitatively examines these predictions from
Part I through several approaches, including (a) the finite-element method, (b) the Monte Carlo simulation,
and (c) experimental measurement. Despite that the quantitative examinations have to be conducted for
finite cylinder applicators with large length-to-radius ratio to approximate the infinite-length condition
modeled in Part I, the results obtained by these quantitative methods for two concave and three convex
applicator dimensions validated the qualitative trend predicted by Part I and verified the quantitative
accuracy of the analytic treatment of Part I in the diffusion regime of the measurement. We have also
predicted the existence of a potentially spiral direction on the surface of both the concave cylindrical
applicator and the convex cylindrical applicator, along which the decay rate of photon fluence could be
equivalent to that in a planar surface or a semi-infinite geometry. The existence of such planar-equivalent
spiral direction inside or outside a cylindrical applicator is both theoretically and practically important. If
the existence of such a planar-equivalent spiral direction inside or outside a cylindrical applicator is
verified, for certain translumenal sensing or imaging applications, the semi-infinite geometry may be
implemented for greatly simplified modeling and rapid recovery of tissue optical properties.

Other studies associated with this research---comparing direct-current based image reconstruction
versus direct-current included or excluded image reconstruction in optical tomography. We also studied
the level of variations of recovered optical properties in optical tomography associated with the
measurement uncertainty under three reconstruction configurations of direct-current (DC)-only, the DC-
excluded frequency-domain (FD), and the DC-included FD, by analytic and synthetic means. It is
demonstrated that, at the same level of measurement uncertainty typical to optical tomography and under
pixelwise reconstruction without spatial a priori information, the standard deviations of absorption
coefficient over absorption coefficient reconstructed by DC only are at least 1.4 times lower than those
obtained by FD methods. The standard deviations of diffusion coefficient (or reduced scattering
coefficient) over diffusion coefficient (or reduced scattering coefficient) reconstructed by DC only are
slightly lower than those by FD methods. Frequency-domain reconstruction including DC generally
outperforms reconstruction excluding DC, but the difference between the two becomes less significant
when the total amount of measurements becomes larger. For FD reconstruction with no spatial a priori
information and a smaller number of measurements, including DC is recommended. When a priori
structural information is available, the three reconstruction configurations investigated in this study perform
equally well [Xu et al, 2010].

KEY RESEARCH ACCOMPLISHMENTS

1. The technology of US-coupled trans-rectal NIR tomography at single or multi-spectral detection
is demonstrated.

2. A repro reproducible dog model of prostate cancer is developed by using canine transmissible
venereal tumor cells.
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3. The initial in vivo work has demonstrated the following results: (1) The onset of a prostate
tumor was detected earlier by the researched technique than by using TRUS alone. (2) The
changes of blood concentration of a rapidly growing prostate tumor were quantified. (3) The
regression of a TVT mass in a canine prostate was detected as having a gradually decreasing
oxygen level and a gradually increasing region of reduced oxygenation in the inner area of the
tumor foci, coupled with intermittently increased total hemoglobin in the periphery of the mass.
(4) A cystic lesion also presented with slightly increased total hemoglobin with oxygen-
reduction in the periphery of the lesion. The slightly increased total hemoglobin was found by
histopathology to be related to intra-lesional hemorrhage.

4. The optical properties of canine and human prostates reported in literature, which were all
acquired by invasive or in vitro measurements, are comprehensively reviewed. There are
noticeable intra-organ optical heterogeneities, which poses a substantial challenge to
differentiating malignant tissue from normal tissue in real-time imaging condition. Our
approach of trans-rectal near-infrared diffuse optical tomography, however, demonstrated that
the prostate cancer can be differentiated from benign prostatic tissue by the intrinsic optical
property contrasts.

5. A novel analytic treatment for photon diffusion in a homogenous medium bounded externally or
internally by an infinitely long circular cylindrical applicator is presented and experimentally
validated. The geometry of a diffusive medium bounded externally by a cylindrical applicator
resembles that of imaging externally-accessible biological tissue such as breast using a ring-type
array. The geometry of a diffusive medium bounded internally by a cylindrical applicator
resembles that of imaging internally-accessible biological tissue such as prostate using trans-
rectal probe.

6. We studied the level of image artifacts in optical tomography associated with measurement
uncertainty under three reconstruction configurations, namely, by using only direct-current
(DC), DC-excluded frequency-domain, and DC-included frequency-domain data. Frequency-
domain reconstruction including DC generally outperforms that excluding DC, but as the
amount of measurements increases, the difference between the two diminishes. Under the
condition of a priori structural information, the performances of three reconstruction
configurations are seemingly equivalent.

REPORTABLE OUTCOMES
This award has resulted in following publications or manuscripts:
Journal Papers Published
[01] Xu G, Piao D, Musgrove CH, Bunting CF, Dehghani H, —Frans-rectal ultrasound-coupled near-

infrared optical tomography of the prostate Part I: Simulation,” Optics Express, Vol. 16, Iss. 22, pp.
17484—-17504 (2008).
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[03]
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[05]

[06]

[07]

[08]

[09]

Jiang Z, Piao D,* Xu G, Ritchey JW, Holyoak GR, Bartels KE, Bunting CF, Slobodov G, Krasinski
JS, —Frans-rectal ultrasound-coupled near-infrared optical tomography of the prostate Part II:
Experimental demonstration,” Optics Express, Vol. 16, Iss. 22, pp. 17505-17520 (2008).

Piao D,* Jiang Z, Bartels KE, Holyoak GR, Ritchey JW, Xu G, Bunting CF, Slobodov G, - vivo
trans-rectal ultrasound-coupled near-infrared optical tomography of intact normal canine prostate,”
Journal of Innovative Optical Health Sciences, Vol. 2, No. 3, pp. 215-225 (2009).

Jiang Z, Holyoak GR, Bartels KE, Ritchey JW, Xu G, Bunting CF, Slobodov G, Piao D*, - vivo
trans-rectal ultrasound coupled near-infrared optical tomography of a transmissible venereal tumor
model in the canine pelvic canal,” Journal of Biomedical Optics Letters, Vol. 14, No. 3, pp.
030506 (2009).

Zhang A, Piao D,* Bunting CF, Pogue BW, —Photon diffusion in a homogeneous medium bounded
externally or internally by an infinitely long circular cylindrical applicator ---- Part I: steady-state
theory,” Journal of Optical Society of America, A, Vol. 27, No. 3, pp. 648-662 (2010).

Piao D,* Bartels KE, Jiang Z, Holyoak GR, Ritchey JW, Xu G, Bunting CF, Slobodov G,
—Alternative trans-rectal prostate imaging: A diffuse optical tomography method,” IEEE Journal of
Selected Topics in Quantum Electronics, Vol. 16, No. 4, pp. 715-729 (2010). Biophotonics 2”
Special Issue, invited paper.

Xu @G, Piao D,* Bunting CF, Dehghani H, —Birect-current based image reconstruction versus direct-
current included or excluded frequency-domain reconstruction in diffuse optical tomography,”
Applied Optics, Vol. 49, No. 16, pp. 3059-3070 (2010).

Jiang Z, Piao D,* Holyoak GR, Ritchey JW, Bartels KE, Slobodov G, Bunting CF, Krasinski JS,
—Frans-rectal ultrasound-coupled spectral optical tomography of total hemoglobin concentration
enhances assessment of the laterality and progression of a transmissible venereal tumor in canine
prostate,” Urology, Vol. 77m No. 1, pp. 237-42 (2011).

Zhang A, Xu G, Daluwatte C, Yao G, Bunting CF, Pogue BW, Piao D*, —Rhoton diffusion in a
homogeneous medium bounded externally or internally by an infinitely long circular cylindrical
applicator ---- Part II: Quantitative examinations of steady-state theory,” Journal of Optical Society
of America, A, Vol. 28, No. 2, pp. 66-75 (2011).

Journal Paper Under Preparation

[10]

Jiang Z, Piao D, * Bartels KE, Holyoak GR, Ritchey JW, Ownby CL, Rock K, Slobodov G, Culkin
D, -Intra-lesional oxygen saturation and peri-lesional hemoglobin concentration differ between a
regressing transmissible venereal tumor and a naturally occurring canine prostatic cyst as measured
by TRUS integrated spectral optical tomography,” under preparation for submission to Urology.

Proceeding Papers---Full Length (up to 15 pages)

[01]

[02]

[03]

Piao D, Jiang Z, Xu, G, Musgrove CH, Bunting CF, —Approach on trans-rectal optical tomography
probing for the imaging of prostate with trans-rectal ultrasound correlation”, Proceedings of SPIE,
Vol. 6850, Paper #68500E (2008) (invited paper).

Jiang Z, Ritchey JW, Holyoak GR, Bartels KE, Xu G, Bunting CF, Slobodov G, Krasinski JS, Piao
D, -n vivo trans-rectal ultrasound coupled trans-rectal near-infrared optical tomography of canine
prostate bearing transmissible venereal tumor,” Proceedings of SPIE, Vol. 7174, Paper #71741U
(2009).

Zhang A, Piao D, Yao G, Bunting CF, Krasinski JS, Pogue BW, —Forward modeling of axial trans-
lumenal diffuse optical imaging with a cylindrical applicator using continuous-wave photon-
illumination,” Proceedings of SPIE, Vol. 7174, Paper #717404 (2009).
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[04]

[05]

[06]

[07]

[08]

[09]

Xu G, Bunting CF, Dehghani H, Piao D, -A hierarchical spatial prior approach for prostate image
reconstruction in trans-rectal optical tomography,” Proceedings of SPIE, Vol. 7171, Paper
#71710S (2009).

Jiang Z, Piao D, Krasinski JS, -Pevelopment of a continuous-wave dual-band trans-rectal optical
tomography system for concurrent sagittal imaging with trans-rectal ultrasound,” Proceedings of
SPIE, Vol. 7171, Paper #71710G (2009).

Piao D, Jiang Z, Bartels KE, Holyoak GR, Ritchey JW, Ownby CL, Rock K, Bunting CF,

Slobodov G, “Optical biopsy of the prostate: can we TRUST (trans-rectal ultrasound-coupled
spectral tomography)?” Proceedings of SPIE. Paper 7895-18 (2011)

Xu G, Piao D, —Feasibility of rapid near-infrared diffuse optical tomography by swept-spectral-
encoded sequential light delivery,” Proceedings of SPIE. Paper 7896-31 (2011).

Jiang Z, Holyoak GR, Ritchey JW, Bartels KE, Rock K, Ownby CL, Slobodov G, Bunting CF,

Piao D, -Different optical spectral characteristics in a necrotic transmissible venereal tumor and a
cystic lesion in the same canine prostate observed by triple-band transrectal optical tomography
under transrectal ultrasound guidance,” Proceedings of SPIE. Paper 7892-24 (2011).

Xu G, Piao D, Dehghani H, “Spectral a priori" to "spatial a posteriori" in continuous-wave image
reconstruction in near-infrared optical tomography, ~ Proceedings of SPIE. Paper 7892-12 (2011).

Proceeding Papers---Short (3-pages)
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[02]

[03]

[04]

[05]

[06]

[07]

Xu G, Musgrove CH, Bunting CF, Deghani H, Piao D, —Sagittal-imaging transrectal optical
tomography reconstruction with structural guidance: initial simulative study”, OSA Biomedical
Topical Meetings, St. Petersburg, FL, March 16-19, 2008.

Jiang Z, Xu G, Elgawadi A, Piao D, Pevelopment of a trans-rectal optical tomography probe for
concurrent sagittal imaging with trans-rectal ultrasound”, OSA Biomedical Topical Meetings, St.
Petersburg, FL. March 16-19, 2008.

Jiang Z, Bartels KE, Holoak GR, Ritchey JW, Krasinski JS, Bunting CF, Slobodov G, Piao D,
—Frans-rectal ultrasound-coupled spectral optical tomography at 785nm and 830nm detects
elevation of total hemoglobin concentration in canine prostate associated with the development of
transmissible venereal tumors,” OSA Biomedical Topical Meetings, Miami, Apr. 11-14, 2010,
BTuD39.

Xu G, Piao D, Bunting CF, Dehghani H, —Fhe pain and gain of DC-based diffuse optical
tomography reconstruction---New insights into an old-look problem,” OSA Biomedical Topical
Meetings, Miami, Apr. 11-14, 2010, BSuD54.

Zhang A, Piao D, Yao G, Pogue BW, —Photon diffusion associated with a cylindrical applicator
boundary for axial trans-lumenal optical tomography: experimental examination of the steady-state
theory,” OSA Biomedical Topical Meetings, Miami, Apr. 11-14, 2010, BSuD25.

Xu G, Piao D, Frederickson CJ, Dehghani H, =~’Reverse-uptake” of zinc-specific fluorophore in the
prostate by trans-rectal fluorescence diffuse optical tomography,” OSA Biomedical Topical
Meetings, Miami, Apr. 11-14, 2010, BSuD19.

Jiang Y, Mukherjee S, Stine JE, Bunting CF, Piao D, FPGA-assisted strategy toward efficient
reconstruction (FAStER) in diffuse optical tomography,” OSA Biomedical Topical Meetings,
Miami, Apr. 11-14, 2010, BSuD18.
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Abstracts Presented In Conferences

[01]

[02]

[03]

[04]

[05]

[06]

[07]

[08]

[09]

[10]

Piao D, Jiang Z, Xu G, Musgrove CH, Bunting CF, Elgawadi A, —Frans-rectal implementation of
near-infrared diffuse optical tomography for non-invasive prostate imaging,” Saratov Fall
Meetings (SFM) 07, Saratov, Russia, Sep. 25-28, 2007, internet session.

Piao D, Holyoak GR, Bartels KE, Ritchey JW, Jiang Z, Xu G, Bunting CF, - vivo trans-rectal
optical tomography of normal canine prostate---demonstration of optical contrast of intact prostate
over its peripheral tissue,” Saratov Fall Meetings 2008, Saratov, Russia, Sep. 23-26, 2008 (Internet
session invited lecture).

Piao D, Jiang Z, Bartels KE, Holoak GR, Ritchey JW, Xu G, Bunting CF, Slobodov G, - vivo
optical absorption, reduced scattering, and effective attenuation tomography of intact normal and
cancerous canine pelvic canal including the prostate,” Saratov Fall Meetings (SFM) 09, Saratov,
Russia, Sep. 21-24, 2009. (Internet invited lecture).

Piao D, Yao G, Pogue BW, Krasinski JS, “When cross-talk offers signal: feasibility of recovering
absorbing target in endoscopic diffuse imaging geometry using spread-spectral-encoding of wide-
band light based on the feature of spectral cross-talk among source channels,” International
Symposium on Biomedical Optics, San Jose, CA, Jan. 24-29, 2009. Paper #7174-65 (poster
presentation)

Xu G, Piao D, -Swept-spectral-encoded sequential light delivery for endoscopic near-infrared
diffuse optical tomography: principle demonstration,” Saratov Fall Meetings (SFM’ 10), Saratov,
Russia, Oct. 05-08, 2010. [ ].

Zhang A, Piao D, Bunting CF, Recent advancements of photon diffusion modeling for intra-menal
and extra-lumenal sensing,” Saratov Fall Meetings (SFM’ 10), Saratov, Russia, Oct. 05-08, 2010.
[ I

Jiang Z, Bartels KE, Holyoak GR, Ritchey JW, Bunting CF, Slobodov G, Piao D, —Fhe regression
of a transmissible venereal tumor in a canine prostate was detected by triple-wavelength trans-rectal
optical tomography under trans-rectal ultrasound guidance ,” SPIE International Symposium on
Biomedical Optics, Jan. 22-27, 2011, San Francisco, CA. Paper 7883B-38 of Conference 7883B,
Date: Saturday, 22 January 2011.

Jiang Y, Piao D, —Analysis of the correlation between the ROIs of transrectal near infrared and
transrectal ultrasound images of the prostate cancer using an observer model-based approach,”
SPIE Medical Imaging, Feb. 12-17, Lake Buena Vista, FL. Paper 7966-59 of Conference 7966,
Date: Tuesday, 16 February 2010.

Xu G, Piao D, “Challenges of and new configurations toward fluorescence diffuse optical
tomography of zinc-specific biomarker for prostate cancer detection”, 2" Innovative Minds in
Prostate Cancer Today (IMPaCT) Conference for research funded by the Department of Defense
(DOD) Prostate Cancer Research Program (PCRP), Mar. 09-11, 2011, Orlando, FL. Paper
PC094694-1920.

Piao D, Jiang Z, Bartels KE, Holyoak GR, Ritchey JW, Xu G, Bunting CF, Slobodov G,
“Transrectal optical tomography with ultrasound guidance: A novel hybrid imaging technology
toward prostate cancer detection and characterization”, 2" Innovative Minds in Prostate Cancer
Today (IMPaCT) Conference for research funded by the Department of Defense (DOD) Prostate
Cancer Research Program (PCRP), Mar. 09-11, 2011, Orlando, FL. Paper PC060814-1802.
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Grants Being Awarded That Can Be Attributed To This Research:

1. PC094694 XU G (PD) 04/30/2010---04/29/2013

DOD Prostate Cancer Research Program----Pre-Doc Training Award $99,124

—€hallenges of Zinc-Specific Transrectal Fluorescence Tomography to Detect Prostate Cancer”

This study investigates the algorithm and instrumentation challenges associated with detecting zinc-specific
near-infrared fluorescence in prostate. Zinc is a well-established marker of prostate cancer, as the zinc-
production is virtually turned off in prostate cancer. This research, if successful, may improve the
sensitivity and specificity of detecting prostate cancer, by using zinc-tagged near-infrared fluorophore.
Role: Mentor to the pre-doctoral fellowship trainee

2. EN-09-RS-284 Jiang Y (PI) 08/01/12009---07/31/2010

Oklahoma State Regents for Higher Education $20,000

“Quantitative Image Analysis for in vivo Trans-Rectal Ultrasound-Coupled Optical Tomography of the
Prostate”

This research investigates the potential correlation of the target information between trans-rectal optical
tomography and trans-rectal ultrasound. The objective of the subcontract project is to provide images

obtained from phantoms and in vivo subjects for the image analysis study.

Role: Co-investigator

3.R44 CA096153-03

Oraevsky A (PI),
Bartels K (PI in OSU)
NIH/NCI through Fairway Medical Technologies, Inc.

“Optoacoustic System for Image-guided Biopsy of Prostate Cancer”

This research evaluates the laser optoacoustic and ultrasonic imaging system (LOUIS) in detection of
prostate cancer in canine model that is developed at Oklahoma State University.

Role: Co-investigator

Funding Applied For Based On Work Supported By This Award:

11/16/2009---11/15/2010 (estimated)
$17,219 (to OSU)

Amount Duration of
Title of Proposal Funding Agency Requested Performance
In-plane detection of 5-aminolaevulinic acid-induced Department of Defense - United States 9/30/2011-
protoporphyrin IX fluorescence on sagittal transrectal ultrasound Army Medical Research Acquisition $99,016.00 9/29/2014
Transrectal Radiofrequency-Educed Acoustic Tomography Department of Defense - United States 9/30/2011-
(TREAT) Army Medical Research Acquisition $619,503.00 9/29/2014

5/1/2011-

Trans-rectal Ultrasound-guided Light Imaging of Prostate Cancer National Institutes of Health (NIH) $640,860.00 4/30/2013
Trans-rectal Optical Tomography of Prostate with Concurrent
Trans-rectal Ultrasound Guidance - Frequency Domain Department of Defense - U.S. Army 1/1/2009-
Measurement Medical Research and Materiel Command $99,811.00 12/31/2011
Trans-rectal Optical Tomography of Prostate with Concurrent Department of Defense - U.S. Army 1/1/2009-
Trans-rectal Ultrasound a Priori — 3-Dimensional Analysis Medical Research and Materiel Command $99,811.00 12/31/2011
CAREER: Translumenal Spectral Tomography of the Prostate and
Spiral-planar-equivalence for Conditionalized Teaching of Photon 2/1/2011-
Diffusion National Science Foundation (NSF) $495,084.00 1/31/2016
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Personnel Supported By This Award:

01. Bartels, Kenneth E Faculty

02. Bunting, Charles F Faculty

03. Holyoak, G. Reed Faculty

04. JIANG, Yuanyuan MS Student.

05. JIANG, Zhen PhD (Degree in Apr. 2010)
06. Musgrove, Cameron F. MS (Degree in Dec. 2007)
07. Piao, Daqging Faculty

08. Ritchey, Jerry W Faculty

09. Slobodov, Gennady Faculty

10. Xie, Hao MS (Degree in Apr. 2008)
11. XU, Guan PhD Candidate

12. ZHANG, Anqi PhD Candidate

CONCLUSIONS

The award is to explore the technology of trans-rectal near-infrared (NIR) optical tomography that may
benefit accurate, selective prostate biopsy. The award has made some important discoveries that have
implications to prostate cancer, including: (1) the onset of a prostate tumor was detected earlier by the
researched technique than by using TRUS alone; (2) the changes of blood concentration of a rapidly
growing prostate tumor were quantified; (3) the regression of a TVT mass in a canine prostate was detected
as having a gradually decreasing oxygen level and a gradually increasing region of reduced oxygenation in
the inner area of the tumor foci, coupled with intermittently increased total hemoglobin in the periphery of
the mass; (4) a cystic lesion also presented with slightly increased total hemoglobin with oxygen-reduction
in the periphery of the lesion, and the slightly increased total hemoglobin was found by histopathology to
be related to intralesional hemorrhage. These discoveries are expected to have impact on more accurate
imaging guidance for targeted prostate biopsy, and monitoring treatment of locally advanced disease.
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Trans-rectal ultrasound-coupled

near -infrared optical tomography of the prostate

Part | Simulation

Guan Xu,* Daging Piao,"” Cameron H. Musgrove,? Charles F. Bunting, *
Hamid Dehghani *

1 school of Electrical and Computer Engineering, Oklahoma State University, Stillwater, OK, 74078-5032, USA

2sandia National Laboratories, Albuguerque, NM, 87155-1330, USA
3chool of Physics, University of Exeter, Exeter, UK, EX4 4QL
*Corresponding Author: daging.piao@okstate.edu

Abstract: We investigate the feasibility of trans-rectal optical tomography
of the prostate using an endo-rectal near-infrared (NIR) applicator that is to
be integrated with a trans-rectal ultrasound (TRUS) probe. Integration with
TRUS ensures accurate endo-rectal positioning of the NIR applicator and
the utility of using TRUS spatial prior information to guide NIR image
reconstruction. The prostate NIR image reconstruction is chalenging even
with the use of spatial prior owing to the anatomic complexity of the
imaging domain. A hierarchical reconstruction algorithm is developed that
implements cascaded initial-guesses for nested domains. This hierarchical
image reconstruction method is then applied to evaluating a number of NIR
applicator designs for integration with a sagittal TRUS transducer. A NIR
applicator configuration feasible for instrumentation development is
proposed that contains one linear array of optodes on each lateral side of the
sagittal TRUS transducer. The performance of this NIR applicator is
characterized for the recovery of single tumor mimicking lesion as well as
dual targets in the prostate. The results suggest a strong feasibility of trans-
rectal prostate imaging by use of the endo-rectal NIR/US probe.

©2008 Optical Society of America

OCI Scodes: (170.3880) Medical and biological imaging; (170.6960) Tomography; (170.7230)
Urology.
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1. Introduction

Prostate cancer is the second most commonly diagnosed cancer and the second leading cause
of cancer deaths in American men [1]. Prostate cancer screening is performed by
measurement of serum prostate-specific antigen (PSA) [2], digital rectal examination (DRE),
and in many cases a combination of both tests[3]. The introduction of PSA test contributed to
substantially increased detection rate of organ-confined prostate cancer or considerable stage
migration [4]. However, PSA is not a specific indicator of prostate malignancy and post-
treatment tumor recurrence, except after radical prostatectomy [5]. A clearly increased serum
PSA value (>20 ng/ml) may indicate the presence of a prostate carcinoma at a very high
probability [6]. In the gray zone between 4 and 10 ng/ml the tissue marker PSA is frequently
influenced by benign alterations, so that it is not possible, on the basis of the PSA value aone,
to differentiate between benign and malignant cases [6, 7]. DRE can often distinguish between
prostate cancer and non-cancerous conditions; it may also detect prostate cancers having
normal PSA levels. However, papation during a DRE is subjective, insensitive, and more
than half of all prostate cancers detected are not palpable [3]. When the suspicion of prostate
cancer is raised by abnorma PSA and/or DRE, the diagnosis is made by biopsy. The
technique of trans-rectal ultrasound (TRUS) based trans-rectal prostate biopsy, carried out
with a semi-automatic coil spring device and an 18-gauge needle, is to date considered as the
gold standard [6].

Progtate neoplastic lesions may be identified on TRUS as being hypoechoic [8]. However
at most 60% neoplastic lesions appear hypoechoic on TRUS while most of the remaining
neoplagtic lesions appear isoechoic [9]. The hypoechoic, cancer-suspicious areas may be
histologically either benign or malignant [9]. The lack of TRUS specificity thereby prompts
the practice of “systematic biopsy” of the prostate. The current trend is to use 10- to 12-core
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biopsy with a preference in the peripheral zone, where most neoplastic lesions are found, as
the initial biopsy strategy. It should be noted that the majority of biopsies are found to be
negative, and in men with persistent suspicion of prostate cancer after several negative
biopsies, more extensive protocols (>12 cores) up to saturation biopsy (24 cores) represent a
necessary diagnostic procedure [10]. However, despite years of research, the exact number of
biopsiesto be taken is still largely unknown [11].

The need of having many biopsy-cores for systematic, yet random, tissue sampling of the
prostate may be alleviated if the acoustic contrast that TRUS relies on is augmented with
functional or “surrogate” markers of the prostate tumor such that the biopsy is directed to the
malignant lesions. A functional imaging modality augmenting TRUS is certainly more
desirable if it is non-ionizing and minimally-invasive as is TRUS. Optical tomography based
on near-infrared (NIR) light could emerge as such a modality.

Near-infrared measurements of attenuation through tissue have demonstrated significant
contrast gradients between blood and parenchymal tissue that is otherwise difficult to obtain
[12-17]. The alteration of vascularity or the hemoglobin content in the tumor provides high
intrinsic optical contrast between the tumor and benign tissues which has been well-
demonstrated in breast cancer imaging [12-17]. When multi-spectral detection is engaged,
NIR imaging is aso capable of directly quantifying the chromorphore concentrations
important for characterization of the malignancy [12-17]. In prostate, studies have shown
vascular density gradient in malignant versus benign tissue specimens [18], and different
water concentrations in cancerous and benign tissues in vitro [19]. Invasive NIR
measurements of prostate have been conducted for experimental prostate tumors [20] and
human prostate [21, 22]. Surface measurements of implanted prostate tumor have also been
reported [23, 24]. All these studies demonstrate the potential of using NIR to detect and
characterize prostate cancer. NIR diffuse optical measurement, performed interstitially, is also
becoming an important tool for monitoring photodynamic therapy in prostate [21, 22, 25].
Prostate NIR imaging via trans-urethral probing had been analyzed and tested [ 26]. Recently,
transrectal prostate NIR imaging has been investigated in simulation in the context of
assisting MRI for treatment decision [27].

To our knowledge, experimental work on trans-rectal NIR tomography has not been
performed except for our recent attempts [28, 29] which may be largely due to the challenge
of fabricating a suitable trans-rectal applicator. Optical tomography typicaly needs 10s of
channels of NIR optodes in order to achieve reasonable spatial resolution as a large tissue
volume is being interrogated. The NIR illumination can be delivered by small diameter fibers,
but the detection of weak scattered light is in favor of fibers of larger diameters and/or
suitably larger numerical apertures. Unlike in breast NIR tomography where there is minimum
spatial restriction for the optode configuration, trans-rectal applicator for NIR tomography has
to deploy many optodes in a very compact space. This restriction could become more
pronounced when trans-rectal NIR applicator is aso to be combined with TRUS transducer.
Since the depth of tissue interrogation by diffuse NIR light is roughly one-half of the source-
detector separation for typical scattering-dominant biological tissue, reaching targets
centimeters deep in prostate implies a NIR array of several centimetersin size. Such an NIR
array is feasible for trans-rectal application if the optodes are arranged longitudinally, which
should provide a sagittal-view in trans-rectal NIR imaging. The images obtained by trans-
rectal NIR tomography alone would, however, be difficult to correlate with the anatomy.
Unlike in breast imaging where the NIR applicator could be accurately positioned, accurate
positioning of a trans-rectal NIR applicator with respect to the progtate is difficult which is
due to the “blind” location of the prostate, slow NIR image reconstruction, and lack of
anatomic details in NIR tomography images. It is thereby imperative to use a real-time
morphological imaging modality concurrently with trans-rectal NIR tomography to provide a
positioning guidance for NIR applicator in order to correlate the NIR tomography findings
with the prostate anatomy. The structural information of the prostate can further be utilized as
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the spatial prior [30] to improve the accuracy of NIR image reconstruction. Among the
prostate imaging techniques, TRUS is perhaps the best modality for transrectal NIR
tomography to combine owing to the operational similarity between these two modalities.

The diagnostic benefit of augmenting NIR contrast to US has been demonstrated in breast
cancer detection [31, 32]. The methodology of combining NIR & US can certainly be
extended from breast imaging to prostate imaging; nevertheless, the technique cannot be
extended from imaging the breast to imaging the prostate without an NIR/US applicator
suitable for trans-rectal manipulation. In this work, we demonstrate TRUS coupled trans-
rectal optical tomography of the prostate. This work is reported in two consecutive papers.
The Part-1 paper, based on simulation, investigates designs of NIR tomography applicator
suitable for integrating with a commercial TRUS transducer. A hierarchical NIR image
reconstruction algorithm is developed for utilizing the TRUS structural a priori information
which is then used to evaluate several NIR applicator configurations for integrating with a
TRUS transducer. The Part-11 paper implements the probe design suggested in Part-l, presents
the instrumentation details of the TRUS coupled trans-rectal NIR tomography probe &
system, and demonstrates TRUS-coupled trans-rectal NIR tomography of a canine prostate.

2. Thegeometry of trans-rectal NIR imaging and the utility of TRUSinformation
2.1 Configuration of sagittal trans-rectal NIR array for coupling with sagittal TRUS

The TRUS is typically performed in bi-plane (sagittal and transverse) for prostate imaging.
The sagittal and transverse views are switched during prostate imaging, but for biopsy
procedure, the firing of the spring-loaded needle is monitored in the sagittal plane wherein the
needle trgjectory may be accurately marked. We have acquired a bi-plane TRUS probe (Aloka
UST-672-5/7.5) asis shown in Fig. 1(a), which has a proximal sagittal transducer window of
60mmx10mm and a distal transverse transducer window of 120°x10mm. The cylindrical
TRUS probe has a maximum diameter of 20mm. Integrating NIR applicator to a TRUS probe
implies that the dimension, particularly the radial one, of the NIR array is quite restricted. As
discussed earlier, longer source-detector separation is needed to interrogate deeper targets,
therefore the most feasible configuration of an NIR array may be through distributing a linear
array of optode on each lateral side of the sagittal TRUS transducer, asillustrated in Fig. 1(b).
Taking into account the mechanical structure necessary to support the optodes, the combined

Fig. 1. (a) Photograph of a bi-plane TRUS transducer. (b) Configuration of an NIR array
feasible for coupling with sagittal TRUS. (c) The NIR imaging geometry for the one depicted
in (b). (d) lllustration of atrans-rectal probethat integrates NIR and US synergistically.
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probe will likely have aradia size of at least afew millimeters larger than that of the origina
TRUS probe. NIR tomography has to use multimode fibers to detect weak diffuse light, and
these multimode fibers must be delivered longitudinally before being side-fired. Bending the
fiber is not a viable solution here for side-firing unless the fibers are passed inside the TRUS
probe. The side-firing aternatively may however be realized by implementing micro-optical
components, but the compact space inside or surrounding the probe may not accommodate a
large number of such channels. A NIR array, which could couple with TRUS, may be
configured by fabricating 7 fiber channels on each lateral side of the TRUS to span 60mm
longitudinally as the TRUS does, and placing the optical channels 10mm apart. The NIR array
must |eave the 10mm-wide sagittal TRUS transducer unblocked; therefore a 20mm spacing of
the NIR optodes from one lateral side to the other is perhaps needed. These considerations
lead to the NIR array geometry shown in Fig. 1(c) where 14 optodes are spaced 10mm
longitudinally and 20mm laterally. Fig. 1(d) illustrates an NIR/US probe if the sagittal NIR
array can be fabricated synergistically with the TRUS probe.

2.2 Forward and inverse methods for sagittal trans-rectal optical tomography

The prostate and peripheral tissues are scattering-dominant in NIR [19-22]. We use the
diffusion approximation to the radiative transport equation in frequency-domain [ 33]:

V-D(F)VU (F, ») — (, +%)u (F,0)=-S(F,») (1)

where U (F,w) is the photon fluence rate a position I', S(F',w) is the source, @ is the
source modulation frequency, C is the speed of light in the medium, y, is the absorption
coefficient, and p =[3(y, + x.)[* is the diffusion coefficient with ;. being the reduced or

transport scattering coefficient. Finite-element method [34] is used to solve Equ. (1) under the
Robin-type boundary condition [33]:
U (F,, w) + 2DARA, » VU (F,, ) = 0 (2

where r, is the boundary, ﬁo is the outward normal vector of the boundary and A is the

refractive index mismatch coefficient. The refractive indices used for air and tissue are 1 and
1.33 respectively, leading to A=2.82 asin [33].

The imaging volume is divided to 4 regions-of-interest (ROISs): the rectum wall, the peri-
prostate tissue, the prostate, and the prostate tumor. The Jacobian (sensitivity) values are
calculated for each ROI rather than each node which has the form of :

[9Inl, dInl, dlnl, dlnl, adlnl, dInl, dlnl, dlnl, |
a:ua_rect a:ua_ peri a:ua_ pros a:ua\_lesi alu's_red atus_ peri a/us_ pros a#;_leﬂ
alnl,, . . . . . . .
aﬂafrem . . . . . . .
anl, o alnl, ainl, . . ainly, ©)

J= a/ua_rect a/ua_lesi azuvsfreci . . a/uvsiles'
Py ¢y, ¢y, ¢y, ¢y, . . 99y,
a:uafrect a:ua7 peri a:ua7 pros a/ua\flesi alus_rect alus_leé
A4, . . . . .
aﬂafrem . . . . . . .
_alua_rect a:ua_l&d aluvsfreci aluvsilesi |

#99968 - $15.00 USD Received 8 Aug 2008; revised 13 Oct 2008; accepted 14 Oct 2008; published 15 Oct 2008
(C) 2008 OSA 27 October 2008/ Vol. 16, No. 22/ OPTICS EXPRESS 17489



where 1;; (i,j=12,...,7) and @, (i,] =12,...,7) are the intensity and phase terms of

U(F,w), respectively. In Equ. 3, “rect”, “peri”, “pros’, and “lesi” denote “rectum wall”,
“peri-prostate tissue’, “prostate”, and “prostate lesion”, respectively.

The Levenberg-Marquart (LM) algorithm [35] governs the iterative recovery of the optical
properties by updating the ROI-specific values of 4, and 4 according to

X =%+ 0 [IT (%) I(X) + ATIT (%) Av(X,) 4

where x is the array of parameters to be optimized, Av is the forward projection error and A4

is a pendty or regularization term. A small damping factor ¢ in the range of (0, 1) is
introduced in Equ. 4 to stabilize the convergence. It is shown that an empirically chosen «

could make the LM algorithm more reliable and computationally more efficient [36].

2.3 TRUSprior assisted finite-element mesh for trans-rectal NIR tomography reconstruction

The TRUS prostate images which are available in open sources [37] are used for the
simulation study. The TRUS image was first imported into a pre-processing software 3ds-
MAX [Autodesk Inc] (shown in Fig. 2(a)). The 3dssMAX provides very flexible geometry-
deforming functions, with which a basic 3-D geometry of the prostate can be outlined
manually. The finalized 3-D mesh of the prostate is then converted to COM SOL Multiphysics
[COMSOL AB] compatible format (shown in Fig. 2(b)) using MeshToSolid [Syncode Inc].
The prostate tumor is then mimicked using a spherical shape to alow for flexibility of
adjusting its size. The absorption and reduced scattering coefficients of the rectum, peri-
prostate tissue, prostate and the tumor are assigned with values as suggested by literature [27].
Figure 3 illustrates one example of the completed FEM-mesh for trans-rectal optical
tomography derived from a TRUS image, where x, y and z denoting the longitudinal, lateral
and the depth coordinates, respectively. A typical mesh used for this work contains
approximately 4000 nodes and 20000 linear tetrahedral elements.

€) (b)
Fig. 2. (8) 3ds-MAX Interface, (b) Mesh-to-Solid Interface

The mesh in Fig. 3 corresponds to a volume of 80x80x80 mm? and the ‘walnut’ shaped
prostate has a dimension of 50x50x30 mm?. The rectum wall is 4mm thick with a curvature
radius of 80 mm. The choice of the curvature radius is due to the fact that the NIR array added
to a TRUS probe may have a flat surface that would transform the rectum lumen to an
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elliptical shape. A larger radius aso gives more flexibility in handling the posterior prostate
region within the mesh.

Although only the rectum wall is a physica boundary, treating the other 5 surfaces as
physical boundaries (Robin type, Equ. 2) should have negligible effect upon the results as the
lateral-medial and ventral-dorsal dimensions well exceed the potentia path of photon
propagetion for the NIR array given in Fig. 1(c). The modulation frequency @ of the source
in Equ. 1 is set a 100MHz, and 1% Gaussian noise is added to al forward calculations to
form the measurement data.
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Fig. 3. FEM mesh generated based on approachesin Fig. 2. [Unit: mm].

(c) Coronal View

3. A hierarchical spatial prior approach for trans-rectal NIR tomography reconstruction
3.1 Sensitivity of the sagittal trans-rectal NIR array

The NIR array proposed in Fig. 1(c) has 7 source channels occupying one linear array and 7
detection channels occupying the other array. The sensitivity with respect to a perturbation of
a specific optical property is determined by the corresponding Jacobian values in Equ. 3.
Figure 4 plots the sensitivity specific to absorption, or gin| i /aﬂa , for a medium with optical

properties of 4 =0.01mm™ and x_=1.0mm™ , calculated by projecting the Jacobian values
along a line in the imaging volume. Figure 4(a) is the longitudinal sensitivity in the mid-
sagittal plane for aline from (0, 40, 30) to (80, 40, 30), Fig. 4(b) isthe lateral sensitivity in the
mid-transverse plan for a line from (40, 0, 30) to (40, 80, 30), and Fig. 4(c) is the depth
sengitivity in the mid-sagittal plane for a line from (40, 40, 15.1) (here 15.1 is the z
coordinate, but the actual depth from the rectum surface is Omm owing to the curvature of the
rectum) to (40, 40, 80), respectively. The dimension or the locations of the source & detector
array is marked on the abscissa of all three plots. The TRUS sagittal plane is located at
y=40mm, which is the mid-sagittal plane within the NIR imaging volume.

20 .
@ 20 - % 20 —e—.J.acoblan Values
- = 10 —Filted Curve
= - w0
£ 10 2 0 =
) = 10 220
=3 0 = =) =)
£ < &— Jacabian Values 2 g —e—Jacobian Values S
= — Filted Curve = — Fitted Curve 2
-10 -30f o -G08
0 20 40 60 80 0 20 ) 40 60 80 20 40 60 8
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(3 (b) (©

Fig. 4. Sensitivity profile. (a) Mid-sagittal plane, longitudinal sensitivity; (b) mid-transverse
plane, lateral sensitivity; (c) mid-saggital plane, depth sensitivity. The marks on abscissa or the
origin show the positions of optodes.

Figure 4 indicates that the longitudinal sensitivity has ~6dB variation in the middle 75%
range of the array, and the lateral sensitivity peaks at the mid-saggital plane. In the middle-
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sagittal plane the sensitivity degrades ~1dB/mm as z-coordinate increases from 20mm, which
is apparently due to the side-way placement of the NIR array. The depth-degrading sensitivity
will cause deeper targets to be reconstructed at a shallower position [28] if no spatial prior is
incorporated.

3.2 Trans-rectal NIR image reconstruction without a priori information

The performance of recovering tumor-mimicking target by trans-rectal NIR tomography
without any structural prior is examined. Figure 5 lists the results for the tumor target being
placed at left, middle, and right within the prostate. The top row in Fig. 5 lists the target
images of y, and 4. generated by the TRUS-defined geometry as shown in Fig. 3. The

optical properties of the 10mm diameter tumor target are 4, =0.02mm™ and g, =1.6mm™,

with the parameters of other regions as listed in Table 1. These target images are used to
generate the noise-added simulated measurement data. The image reconstruction is then
conducted using a mesh of homogenous element density throughout the entire volume and
updated element by element. The results are given in the bottom row of Fig. 5. As seen, the
tumor target may be localized, but the recovered resolution or spatial information is poor. The
accuracy of optical property recovery is also low. Further, it is found that a tumor target with
negative contrast in absorption cannot be accurately recovered using similar settings. It is
however expected that the detection and characterization of the tumor target will be improved
when the spatial information of prostate and the tumor is available.

@ (b)
Fig. 5. NIR-only eement-based reconstruction of a tumor target in various longitudinal
locations. Row 1: target image for calculating the forward data; Row 2: Images reconstructed
without any spatial prior. (a): y75 images; (b): ﬂls images. [Unit: mm]

3.3 Ahierarchical spatial prior method for TRUS guided trans-rectal NIR reconstruction

The tissue volume interrogated by trans-rectal NIR imaging constitutes a nested-domain
including a thin layer of rectum wall, a large volume of peri-prostate tissue, a relatively
absorbing prostate, and the lesion within the prostate. These nested imaging domains may be
further complicated by the pelvic bone that could interfere with the light propagation.
Schweiger, et al. [38], Kolehmainen et al. [39-41], and Srinivasan et a. [42] have previously
investigated the issue of recovering the shapes and optical properties of regions with optical
contrast inside a non-nested or nested domains, where the shapes of the ROIs were derived
from optical information when no spatial prior is available from other complementary
imaging modalities. These methods have shown sufficient robustness in recovering the shapes
and optical properties of the ROIs, yet the problem of stability and/or slow convergence was
noticed in such approaches dealing with nested-domains. In trans-rectal NIR tomography
reconstruction the spatial information from TRUS may be implemented by assigning
homogenous optical properties within each ROIs of the imaging domain. However the
convergence and the accuracy of recongtruction will still depend upon the initial guess in
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addition to the accuracy of the prior information. The dependence on initial guess in a
gradient based solver is due to the local minimum feature [36], as indicated in Fig. 6, which
could be exaggerated in prostate imaging due to the possible multiple combinations of optical
properties in the nested-structures. The image reconstruction in trans-rectal optica
tomography is further complicated by the discrepancy regarding the optical contrast that the
prostate tumor could have, namely positive or negative [19-22, 27].
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Fig. 6. Local-minimum issue in reconstruction. The forward calculation is based on Fig. 3(a)
with assumption of homogeneous imaging volume. The projection error is calculated by using
reduced scattering coefficient of the true value (0.008mm™), and using an absorption
coefficient value from 0 to 0.15mm™ at a step of 0.002mm™, with respect to the forward data.
Other than the global minimum, three local minimums can be observed where the iteration can
stop incorrectly. This is the effect of varying only one parameter. More local minimums may
occur when reconstructing more parameters.

When the TRUS is available, a conventional method of utilizing the spatia information
would be the having the optical property of each ROl set as homogenous and updated
simultaneously at each iteration. However, we have found that this conventional approach
may not lead to reliable convergence for prostate imaging, which is attributed to the local-
minimum problem. One exampleis given in Table 1 for the NIR array shown in Fig. 1(c). The
prostate model is generated according to a previous work [27] (details of which are given later
in Fig. 8), and atarget of 10mm diameter is located at (40, 50, 15) which is 15 mm from the
rectal surface. When the four ROI's including the rectum, the peri-prostate tissue, the prostate,
and the prostate tumor are updated simultaneously from the same initial guess of 4,

=0.01mm* and A, =1.0mm?, the iteration stops after 1 update due to the negative u, value

obtained for the rectum wall. The iteration fails to continue apparently due to the local
minimum issue.

Table 1. Results of simultaneously updating the 4 ROIs from the same initial guess

Ha (mm™) M (mm?)

Regions wr;?ér:i ng RSVCtaIUIm Prostate | Tumor SUEF?:S:(: ng R\?vctalulm Prostate | Tumor
Set value 0.002 0.01 0.06 0.02 0.8 1 1.27 1.6
Simultaneous 0.1216 -0.008 0.026 | 0.0215 1.1482 2.3602 | 0.6173 | 0.7073

Update

The local minimum problem may be mitigated by a cascaded initial-guess approach or a
hierarchical spatial prior method. The principle of this method is to first reconstruct the global
optical properties of the entire volume, then to reconstruct the optical properties of prostate
and rectum wall, and last to reconstruct the tumor lesion area. The 2™ and 3" steps use the
value obtained in the previous step as the initial guess of that specific ROI. Therefore at each
step, the perturbation by a relatively smaller region is less influential and convergence of the
iteration is better achieved. The detailed steps are shown in Fig. 7 and described in below:
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(a) The first iterations assign an entirely homogenous imaging volume. In this round the
initial projection error will be large and the convergence is most likely dominated by the
global minimum. A single set of 4, and_ are determined using LM algorithm (Equ. 4) and

will be used asthe initial guess for the second step.

(b) The second iterations consider three regions, the rectum wall, peri-prostate tissue, and
prostate, within the imaging volume. The calculation of the optical properties of these three
ROIls start at the sameinitial guess as provided in step (a) but converges at different values.

(c) The values obtained from step (b) are used as the initial guess for the three ROIs but
with a tumor added to the prostate. The tumor and the prostate take the same initial values as
determined by the previous step. Each of the four ROIs (rectum wall, peri-prostate tissue,
prostate, and tumor) converge to different end value.

The change of the overall projection error for the three steps is plotted in Fig. 7(d), and
as evident, rapid and reliable convergence is observed. The hierarchy of the implementation of
initial valuesfor iteration isillustrated aternatively in Fig. 7(e).

@ (b)

(c) (d)
,Ll Initial ; Initial
Homogeneous s »ROI 1: Peri-Prostate Tissue H Guess »ROI 1: Peri-Prostate Tissue
Optical ——*ROI 2: Rectum Wall »ROI 2: Rectum Wall
Properties ——ROI 3: Prostate.

»ROI 3: Prostate
»ROI 4: Tumor
Step 1 Step 2 Step 3
(e

Fig. 7. The 3-step hierarchical reconstruction method (a) Step 1—one ROI for the entire
volume; (b) step 2—three ROIs representing rectum wall, peri-prostate tissue, prostate; (c) step
3—four ROIs representing rectum wall, peri-prostate tissue, prostate, tumor; (d) change of the
overall projection error, where the dash lines separate the converging of the three stepsin (a)—
(c); () block chart of the hierarchical initial guess assignment. [Unit in (a)---(c): mm™]

3.4 Validation of the hierarchical spatial prior method

Recently Li et a. reported simulation results for trans-rectal optical tomography in the context
of using MRI anatomic information [27], which is referred to as “NIR/MRI” in the following
text. The proposed hierarchical spatial prior method is evaluated using the same probe
geometry, prostate geometry and the optical properties (also in Table 1) presented in the
NIR/MRI work. The size and depth of the tumor for simulation were not specified in the
NIR/MRI work, but a tumor with diameter of 10 mm and a depth of 15mm from the planar
probe surface is considerably close to the one presented in the NIR/MRI paper. The NIR/MRI
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work also indicated the challenge of recongtruction that may be due to the local minimum.
The authors set an arbitrary searching range for the optical properties (4, :0-0.1mm™, y_:0-

2mm™), and in 4 sets of the results, 3 of the tumor absorption value reached the limits and
were stopped from further iteration, whereas the 4™ value converged at a value more than 2
folds of the set value.

@ (b) ©

Fig. 8. The FEM mesh generated by following the geometry in NIR/MRI paper: (a) the
geometry of the optodes, where the dash rectangle delineates the dimension of the NIR array
that will be evaluated later for integration with US; (b) the 3-d view of the optodes and the
imaging volume; (c) FEM containing the prostate and the tumor. [Unit: mm]

In the NIR/MRI work, a stand-alone trans-rectal NIR probe is simulated. The stand-alone
NIR probe could have contained more optode channels incorporated than a TRUS-coupled
NIR probe. In the NIR/MRI work, the best result is deducted for 10 sources and 28 detectors,
which is used to evaluate the hierarchical method. The NIR probe geometry and the imaging
domain of the NIR/MRI work are re-plotted in Fig. 8 for clarification and the hierarchical
method is also preformed in transverse-view as did the NIR/MRI work. A 1% noise is aso
used in both methods assuring the consistency of measurement data.

Table 2. Reconstruction of a prostate tumor of negative contrast with respect to the prostate

Ha (mmy JTa—
) Surrounding | Rectum Surrounding | Rectum
Regions Prostate | Tumor Prostate | Tumor
Tissue Wall Tissue Wall
Set value 0.002 0.01 0.06 0.02 0.8 1 1.27 16
NIR/MRI 0.0025 0.01 0.0575 0.0448 0.8324 1 1.339 1.075
3-step 0.002 0.0099 0.06 0.0208 0.8012 1.0028 1.2824 | 1.3495
Table 3. Reconstruction of a prostate tumor of positive contrast with respect to the prostate
H, (mm™) M (mmy
) Surrounding | Rectum Surrounding Rectum
Regions Prostate | Tumor Prostate | Tumor
Tissue wall Tissue Wall
Set value 0.002 0.01 0.006 0.02 0.8 1 1.27 1.6
3-step 0.0020 0.0100 0.0061 0.0163 0.7998 0.9997 1.2863 1.2434

Table 2 lists the results of the hierarchica method in comparison with those given in
NIR/MRI paper. The hierarchical method (listed as “3-step” in the table), as expected, slightly
outperforms the NIR/MRI method in terms of the accuracy of recovering optical properties.
The results of recovering atarget of positive absorption contrast are listed in Table 3 using the
NIR/MRI probe geometry and our proposed 3-step method. The case of reconstructing a
target with positive absorption contrast is not presented in the NIR/MRI paper, therefore only
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the 3-step method is presented in Table 3 for comparison with the set values. In Table 3 the
absorption coefficient of prostate is set much lower than that in Table 2 but the tumor optical
properties are kept the same as those in Table 2. It isfound that if the absorption of prostate in
Table 3 is kept the same as in Table 2, the positive absorption target can hardly be
reconstructed. The choice of lower prostate absorption is for testing our hierarchical method
and the values may be much lower than the values reported of prostate [19-22]. It is noted that
the reported values of prostate absorption coefficient vary in literatures where the
measurements were taken either from in vitro tissue or from in vivo tissue using invasive
methods. The absorption coefficient of intact or native prostate is in fact unknown, and is
likely to be lower than the values reported in literatures.

The recongtructed images for targets of both negative and positive contrasts are listed in
Fig. 9. These results demonstrate the capability of our hierarchical spatial prior method in
reconstructing prostate lesion with either negative or positive absorption contrast.

@ (b)

Fig. 9. Reconstructed images for a target with absorption contrast: (a) negative contrast (b)
positive contrast. Top row: target setting; Bottom row: reconstructed i mage. [Unit: mm™]
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Fig. 10. NIR array designs. The dimension of the sagittal TRUS is shown in (a). The number
of the Fig. caption denotes the number of opdotes on each lateral side of the TRUS as is
depicted in (a). “sd” denotes one line of source and one line of detector; “ssdd” denotes two
lines of source and two lines of detector; “sdsd” denotes mixed source/detector in one line;
“sym” denotes symmetric distribution of the optodes with respect to the sagittal TRUS. [Unit:
mm]
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4. Assessment of NIR applicator designsfor coupling NIR with TRUS

It is stated previously that an NIR array of dual-line geometry is feasible for concurrent trans-
rectal NIR/US imaging considering the space limitation when coupling NIR with TRUS
transducer for endo-rectal application. Based on the fabrication congtraints, we have aso
suggested that each line array consist of 7 channels. The 7 channels could be exclusively
source or detector as shown in Fig. 10(a), or interspersed source/detector as in Fig. 10(b).
There are certainly a number of NIR geometries that can be coupled to TRUS sagittal
transducer if not-limited by difficulties in fabrication or endo-rectal use. Compared with the
geometry in Fig. 10(a), more channels could be added to each line-array as shown in Fig.
10(f), more lines can be added as shown in Fig. 10(c), or more lines and more channels added
asin Fig. 10(h). More options are also listed in Fig. 10.

The array in Fig. 10(a) is the most desirable in terms of the fabrication easiness and endo-
rectal applicability. The designsin Fig. 10(a), (b), (f) and (g) correspond to an NIR probe with
a minimum lateral dimension of 20mm. The designs in Fig.10(c)-(e) and (h-j) correspond to
NIR probe with a minimum 40mm lateral dimension which is not suitable for endo-rectal use.
The geometriesin Fig. 10(a)—(€) represent a 10mm spacing between the closest optodes, and
the geometries in Fig. 10(f)—() require a 5mm spacing between the closest optodes. The
smaller spacing in Fig. 10(f)—(j) will be challenging for fabrication considering the number
of fiber channels and the side-firing configuration if the probe is to be integrated to TRUS
probe unless the internal structural of the TRUS probe can be altered.

4.1 Sensitivity comparison

The sensitivities of all the 10 configurations of Fig. 10 are compared in Fig. 11. The mesh in
Fig. 3 with homogeneous optical properties (x4, =0.01mm™* and 4, =1.0mm™) is used for the

sensitivity calculation. The sensitivity in Fig. 10 is evaluated at the lines identical to those in
Fig. 4. Only the absorption sensitivity is evaluated.

The observations made from Fig. 11 are: (1) increasing the spatial dimension of source-
detector array generally improves the sensitivity; (2) increasing the number of source-detector
pairs generally improves the sensitivity, as demonstrated previously [43]; (3) interspersed
source-detector layout may have dlightly wider lateral sensitivity but is comparable to non-
dispersed source-detector layout for other imaging views, (4) the geometry of 26ssdd (the
upper thicker line) has the best sensitivity feature among the 10 geometries, therefore it can be
used as a standard to evaluate the simple geometry of 7sd (the lower thicker line).

4.2 Comparison between the 7sd design and the 26ssdd design

The 7sd design represents an array which is less challenging in fabrication and more practical
for endo-rectal use. The 26ssdd geometry is impractical for endo-rectal application, difficult
to fabricate, but has the best performance among the designs listed. It is shown in Fig. 11 that
the sensitivity of 7sd design is approximately 10dB lower than that of 26ssdd in the specified
longitudinal, lateral, and depth directions. Quantitative comparison of the performance is
conducted between these two geometries for representative target variations. The optical
properties listed in Table 2 (set values) are used for these comparisons.
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Fig. 11 Sensitivity comparison: (a) longitudinal direction, (b) lateral direction, (c) depth
direction. The upper thicker line corresponds to the configuration (h) in Fig. 10, and the lower
thicker line corresponds to the desired configuration (a) in Fig. 10.

4.2.1 Reconstruction accuracy versus target longitudinal location

A target of 10mm in diameter is placed at the middle-sagittal plane of y=40mm, z=26mm, and
varied in longitudinal coordinates from x=25 to 55mm with a step of 5mm (Fig. 12(a)). The
optical properties reconstructed by the two geometries are plotted versus the true values in
Fig. 12(b) and (c). The optical properties recovered by 26ssdd and 7sd designs are close to
each other at most of the longitudinal locations, but the 7sd design shows a larger variation in
the recovered absorption contrast at Xx=30mm and x=50mm compared to other positions. This
may be related to fewer source-detector pairs that contribute to the target detection when close
to the boundary or the existence of any irregular elements in the mesh.
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Fig. 12. Comparison of two geometries for a target varying in longitudinal location in the
middle-sagittal plane: (a) illustration of the target location change [Unit: mm™]; (b) comparison
of absorption coefficient reconstruction; (c) comparison of reduced scattering coefficient
reconstruction

4.2.2 Reconstruction accuracy versus target depth

A target of 10mm in diameter is placed at the middle-sagittal plane at x=40mm, y=40mm, and
the depth is varied from z=25 to 40mm at a step of 2.5mm (the last data point is simulated at
z=39mm as at 40mm the target is out of the prostate) (Fig. 13(a)). The reconstructed optical
properties are plotted in Fig. 13(b) and (c). The 26ssdd configuration outperforms the 7sd one
again, however beyond z=30mm, both designs are incapable of recovering the absorption
coefficient of the target from the prostate background. This depth limitation is related to the
maximum span of the NIR array, the absorption coefficient of the prostate, and the size of the
target. For a larger target with a diameter of 14mm, it is verified that the target may be
resolved up to 36mm depth from the NIR array in comparison to 30mm for a target of 10mm
diameter. A potentially smaller absorption coefficient of intact prostate may also increase the
depth limit of target detection due to an increase in sensitivity.
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Fig. 13. Comparison of two geometries for a target varying in depth in the middle-sagittal
plane: (a) illustration of the target location change [Unit: mm™]; (b) comparison of absorption
coefficient reconstruction; (¢) comparison of reduced scattering coefficient reconstruction

4.2.3 Reconstruction accuracy versustarget size

A target is placed a middle-sagittal plane of x=40mm, y=40mm and z=26mm, and the
diameter is varied from 4mm to 14mm with a step of 1mm. The target diameter change is
illustrated in Fig. 14(a). The reconstructed optical properties are shown in Fig. 14(b) and (c).
It is clear that the larger the target, the better the accuracy of reconstruction. The 26ssdd can
recover the absorption contrast of the target when the diameter is greater than 6mm and the
7sd can recover the target for target diameter greater than 8mm.

These comparisons suggest that the 7sd design is inferior to the 26ssdd design, especially
for the recongtruction of absorption properties. However, the accuracy of reconstructing
scattering properties by the 7sd design is close to that of 26ssdd. Considering the challengesin
transrectal NIR probing for coupling with TRUS, it is fair to develop and test the
instrumentation with the 7sd design.
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Fig. 14. Comparison of two geometries for a target varying in size in the middle-sagittal plane:
(a) illustration of the target size change [Unit: mm™]; (b) comparison of absorption coefficient
reconstruction; (c) comparison of reduced scattering coefficient reconstruction

4.3 Capability of recovering two targets by the 7sd design in sagittal plane

Capability of differentiating two targets is of particular relevance to prostate cancer imaging
owing to the existence of secondary or multifocal tumors [44-46]. The multiple lesions may
fall into the same TRUS field-of-view (FOV), or one fals outside the TRUS FOV. For the
former case, the US prior could be used to guide NIR reconstruction of both targets. For the
latter case, as NIR actualy performs 3-D imaging it may interrogate the out-of-plane target
and help redirecting the US to that target. In this section, however, we investigate only the
former case of having two targets in the same sagittal plane. This requires implementing the
multi-target location information in the last step of the hierarchical spatial prior routine. The
following simulations are conducted with the 7sd probe design only.

4.3.1 Reconstruction of two targetslocated at the same depth in sagittal plane

Figure 15 shows two 10mm-diameter regions being added to the prostate, at coordinates (25,
40, 26) and (55, 40, 26), respectively. In Fig. 15(a) only one region has optical contrast, and in
Fig. 15(b) both regions have optical contrasts. In both cases the optical contrast can be

reconstructed with good accuracy, as is shown in Table 4. The i, of the target with true

optical contrast is reconstructed within +20% of the set value and £, can be reconstructed

within £23% of the set values. The target with no optical contrast is reconstructed with some
artifacts, nevertheless, the target with optical contrast can be easily differentiated from the one
without.

@

(b)

Fig. 15. Two suspicious regions at the same depth [Units: mm and mm?]
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Table 4. Comparison of reconstructed optical properties (mm™) in Fig. 15

)l ((r (mm'l)
Fig. Regions Peri-prostate Rectum Prostate Target 1 Target 2
@ Set value 0.002 0.01 0.06 0.06 0.02
Reconstructed 0.002 0.0101 0.0601 0.0778 0.0208
®) Set value 0.002 0.01 0.06 0.02 0.02
Reconstructed 0.002 0.01 0.0597 0.0207 0.024
Hs ()
Fig. Regions Peri-prostate Rectum Prostate Target 1 Target 2
@ Set value 0.8 1.0 1.27 1.27 16
Reconstructed 0.7995 0.9935 1.261 1.2187 1.3216
®) Set value 0.8 1.0 1.27 1.6 16
Reconstructed 0.8007 0.9953 1.2343 1.2302 1.2837

4.3.2 Reconstruction of two targets|ocated at different depth in sagittal plane

Two targets of 10mm diameter are added in the prostate at coordinates of (25, 40, 28) and (55,
40, 24), respectively. Figure 16 shows the reconstructed images for the case of both targets
having negative contrast and the reconstructed values are listed in Table 5.

@)

(b)

(©

Fig. 16. Two targets at different depths: negative contrast cases [Unit: mm and mm]
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Table 5. Comparison of reconstructed optical properties (mm™) in Fig. 16

)‘ {(r (mml)
Fig. Regions Peri-prostate Rectum Prostate Region 1 Region 2
@ Set value 0.002 0.01 0.06 0.06 0.02
Reconstructed 0.002 0.01 0.0594 0.0674 0.0252
(b) Set value 0.002 0.01 0.06 0.02 0.06
Reconstructed 0.002 0.0101 0.0597 0.0592 0.0607
© Set value 0.002 0.01 0.06 0.02 0.02
Reconstructed 0.002 0.01 0.0596 0.0402 0.0276
My ()
Fig. Regions Peri-prostate Rectum Prostate Region 1 Region 2
@ Set value 0.8 1.0 127 1.27 1.6
Reconstructed 0.8009 0.9977 1.2538 1.2167 1.3286
(b) Set value 0.8 1.0 1.27 1.6 1.27
Reconstructed 0.8015 0.9931 1.2102 1.2179 1.2083
©) Set value 0.8 10 127 1.6 16
Reconstructed 0.8015 0.9956 1.2177 1.2024 1.2962

When the target is at a depth of 24mm, the ;, and ;. can be reconstructed within £20%

and £25% of the set values, respectively. However, a target at 28mm depth cannot be
reconstructed. This is due to the prostate’s high absorption coefficient of 0.06mm™. When the
prostate absoption coefficient is reduced to 0.006mm™ which will provide positive optical
contrast in the two target regions, both tartgets can be recovered as shown in Fig. 17 and
Table 6. The 4, of the target can be reconstructed within +5% of the set value, while the 4

is still reconstructed within +23% of the expected vaues.

@

(b)

©

Fig. 17. Two targets at different depths: positive contrast cases [Unit: mm and mmY]
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Table 6. Comparison of reconstructed optical properties (mm™) in Fig. 17

l !(r (mm‘l)
Fig. Regions Peri-prostate Rectum Prostate Region 1 Region 2
@ Set value 0.002 0.01 0.006 0.006 0.02
Reconstructed 0.002 0.0101 0.006 0.0083 0.0191
®) Set value 0.002 0.01 0.006 0.02 0.006
Reconstructed 0.002 0.0101 0.006 0.0116 0.0058
o Set value 0.002 0.01 0.006 0.02 0.02
© Reconstructed 0.002 0.0099 0.006 0.0208 0.0199
Hy (mm)
Fig. Regions Peri-prostate Rectum Prostate Region 1 Region 2
@ Set value 0.8 1.0 127 127 16
Reconstructed 0.7993 0.9934 1.2637 1.2689 1.6722
®) Set value 0.8 1.0 127 16 1.27
Reconstructed 0.8008 0.993 1.259 1.2402 1.3586
© Set value 0.8 1.0 1.27 16 16
Reconstructed 0.8049 0.9979 1.2576 1.2538 1.424

5. Discussions

The scope of this work is to investigate the feasibility of trans-rectal NIR tomography of the
prostate in the context of concurrent imaging with sagittal TRUS using combined endo-rectal
NIR/US probe. Recently there have been considerable interests on transrectal NIR
tomography to augment existing imaging modalities which cannot be validated without the
development of an endo-rectal NIR applicator. With an endo-rectal applicator, trans-rectal
NIR tomography of the prostate can be performed stand-alone. However, without a position
correlation with a real-time anatomic imaging modality such as TRUS, the images obtained
by trans-rectal NIR would be difficult to interpret. Combining the NIR applicator with TRUS
is a viable solution for accurate positioning of the NIR probe which would further enable
using TRUS anatomy to guide the image reconstruction of trans-rectal NIR tomography. A
variety of designs of NIR array for coupling with TRUS are possible, however, the NIR probe
dimension and the number of NIR channels on the probe are quite limited.

The utilization of a hierarchical spatial prior is under the condition that the anatomic
information of the prostate tumor can be extracted explicitly from TRUS. The prostate
boundary can be well-delineated in TRUS, and so does a strongly hypo-echoic region
indicating a suspicious lesion. This is when the NIR imaging may help determine if the
suspicious lesion is malignant or benign based on optical contrasts [31]. However, since as
many as 40% of the tumors may be seen as iso-echoic on TRUS, the utility or accuracy of this
hierarchical imaging approach is hindered when TRUS images do not specify a suspicious
region, or when it is difficult to define the spatial extent of a suspicion region in TRUS. Under
these circumstances, the third step of the proposed hierarchical image reconstruction routine
may be performed by element-based reconstruction within the prostate instead of region-based
recongtruction for the prostate. Such approach is proven effective based on our initia
investigations, but the accuracy and robustness may be affected by the depth-dependent
sensitivity of the endo-rectal NIR probe and the relatively small number of source/detector
channels that may be engineered on the NIR probe. More dedicated investigations could be
conducted when the trans-rectal NIR/US approach is experimentally demonstrated. Prostate
trans-rectal optical imaging is a relatively new area, thus it is imperative to focus the initial
approach of transrectal NIR/US on characterizing lesions identifiable on TRUS.
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Characterizing lesions marginally suspicious to TRUS or iso-echoic on TRUS may become
less-challenging when the knowledge on trans-rectal NIR tomography of lesions most
suspicious on TRUS s available.

The smulations studies presented here are largely based on setting the absorption
properties of prostate at a high level of 0.06mm™. This is significantly larger than that of
breast tissue, and it is this parameter that dominates the detection depth of trans-rectal NIR
tomography for the NIR array being discussed. Recent studies indicate that improved
measurement condition, such as suppressing the bleeding interference, may lead to a lower
absorption value of the prostate [22]. If the prostate is measured at its intact or native states by
modalities such as trans-rectal optical tomography, an even lower absorption coefficient of the
prostate may be obtained. A lower absorption coefficient will allow the same NIR array to
detect deeper targets. In fact, aTRUS-coupled trans-rectal NIR tomography may not only help
characterize lesions suspicious to TRUS, but also help quantify the optical properties of intact
prostate that are unavailable so far.

6. Conclusions

The feasibility of imaging the prostate using a TRUS-coupled NIR applicator is investigated
by simulation. A hierarchical iteration algorithm is first developed in order to incorporate the
TRUS spatial prior more reliably into the transrectal NIR image reconstruction. This
hierarchical reconstruction method uses a cascaded initial-guess approach to mitigate the local
minimum problem common to NIR tomography reconstruction. It is shown that trans-recta
optical tomography based on this method is reliable. This hierarchical reconstruction method
is then utilized to evaluate a number of designs of NIR applicator that may be integrated with
a sagittal TRUS transducer. A configuration of the endo-rectal NIR applicator is proposed,
that contains single line of optode on each lateral side of the sagittal TRUS transducer, with
20mm lateral separation between the two line arrays and 10 mm longitudina spacing among
the total 7 channels on each line-array. The performance of this simple NIR array design is
evaluated for the imaging of single tumor target in prostate by comparing with a much more
complicated design that is impractical for endo-rectal application. The simple NIR array
design is also evaluated for imaging of two targets in the prostate. Results suggest that trans-
rectal imaging of the prostate is feasible by coupling this simple NIR array with TRUS.

The following Part-11 paper presents the instrumentation of a TRUS-coupled endo-rectal
NIR array and demonstrates trans-rectal optical tomography of the prostate by the combined
endo-rectal NIR/US applicator. The endo-rectal NIR array has incorporated the design
suggested by Fig. 10(a). Concurrent trans-rectal imaging is acquired in the same sagittal plane
by both US and NIR optical tomography. The real-time TRUS is used for accurate positioning
of the endo-rectal NIR applicator and for guiding NIR image reconstruction with the spatial a
priori information. Tests on phantoms and tissues using the combined trans-rectal NIR/US
imager demonstrate that optical contrast may be recovered by endo-rectal NIR imaging only
but with improved accuracy when the TRUS spatial prior is incorporated. Trans-rectal
imaging of a healthy canine prostate in situ administered with tissue contrast validates the
endo-rectal utility of the NIR/US probe as well as the hierarchical method for TRUS guided
trans-rectal NIR image reconstruction.
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Abstract: We demonstrate trans-rectal optical tomography of the prostate
using an endo-rectal near-infrared (NIR) applicator integrated with a trans-
rectal ultrasound (TRUS) probe. The endo-recta NIR applicator
incorporated a design presented in our previously reported work. A
continuous-wave NIR optica tomography system is combined with a
commercial US scanner to form the dual-modality imager. Sagittal trans-
rectal imaging is performed concurrently by endo-rectal NIR and TRUS.
The TRUS ensures accurate positioning of the NIR applicator as well as
guides NIR image reconstruction using the spatial prior of the target. The
use of a condom, which is standard for TRUS, is found to have minimal
effect on trans-rectal NIR imaging. Tests on avian tissues validates that NIR
imaging can recover the absorption contrast of a target, and its accuracy is
improved when the TRUS spatia prior isincorporated. Trans-rectal NIR/US
imaging of a healthy canine prostate in situ is reported.

©2008 Optical Society of America

OCI S codes: (170.3880) Medical and biological imaging; (170.6960) Tomography; (170.7230)
Urology; (170.1610) Clinical applications.
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1. Introduction

This is a continuation of previously reported work [1] whose objective is to demonstrate the
feasibility of transrectal ultrasound (TRUS) coupled transrectal near-infrared (NIR)
tomography of the prostate.

Prostate cancer screening is performed by measurement of serum prostate-specific antigen
(PSA), digital rectal examination (DRE), and a combination of these tests [2]. When the
suspicion of prostate cancer is raised by abnormal PSA and/or DRE, the diagnosis is made by
biopsy performed under US guidance (most often by TRUS). Biopsy is also used to confirm
neoplagtic lesions and to determine their clinical significance for treatment planning [3]. The
current standard of prostate biopsy is to routinely use 10 to 12 cores of tissue obtained
throughout the prostate for the initial assessment [4]. It should be noted that the mgjority of
biopsies are found to be negative, and in men with persistent suspicion of prostate cancer after
severa negative biopsies, more extensive protocols (>12 cores) up to saturation biopsy (24
cores) represent a necessary diagnostic procedure [5]. TRUS-guided prostate biopsy is
performed following a “systematic sampling” strategy because less than 60% of neoplastic
lesions appear hypoechoic on TRUS while most of the remaining neoplastic lesions appear
isoechoic [6]. Also, TRUS does not reliably differentiate neoplastic from benign tumors|[7].

We have suggested [1] that the accuracy of prostate biopsy may be improved if the TRUS
imaging could be augmented with a functional or “surrogate” marker of a prostate tumor.
Based on decades of research on cancer imaging [8-14] and prostate measurements [15-22],
near-infrared (NIR) tomography, being non-ionizing and minimally-invasive similar to TRUS,
has the potential of providing such functional or “surrogate’ markers of prostate tumors. NIR
optical tomography, if carried out trans-rectally, may improve the specificity of TRUS
imaging such that prostate biopsies could be directed to the most suspicious lesions.

In the first paper of this two part series [1] we discussed the challenges of trans-rectal
optical tomography, particularly the fabrication of an endo-rectal NIR applicator for
integrating with TRUS. Specificaly, since a TRUS-coupled endo-rectal NIR applicator
requires deploying many optodes in a very limited space. We suggested [1] that arranging
optodes longitudinally is feasible and the configuration would allow interrogating deep
prostate tissue in a sagittal imaging geometry. Coupling endo-rectal NIR to TRUS obtains
functional information otherwise unavailable from TRUS alone. Coupling endo-rectal NIR to
TRUS aso renders accurate and real-time anatomic information from TRUS with which to
correlate NIR. The dructural information obtained from TRUS may further provide the
needed spatial prior [14, 23-26] to improve the accuracy of NIR image reconstruction. In that
initial paper we further suggested [1] an array configuration of the endo-rectal NIR applicator
for direct integration with a TRUS transducer.

The work presented here details the development of an endo-rectal NIR probe built on our
previous work [1] and demonstrates TRUS-coupled trans-rectal NIR tomography of the
prostate. It validates that trans-rectal NIR tomography helps characterize a target identified by
TRUS, and the accuracy of quantitative imaging of atarget by trans-rectal NIR tomography is
improved when the TRUS spatial prior is incorporated. TRUS-coupled trans-rectal optical
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tomography of a canine prostate in situ is performed, indicating the utility of this approach for
in vivo imaging.

2. Ingtrumentation

2.1 Development of a TRUS-coupled NIR applicator for trans-rectal optical tomography

The integrated sagittal-imaging trans-rectal NIR/US applicator consists of a custom-built NIR
probe and a commercia bi-plane TRUS transducer, as shown in Fig. 1. The bi-plane TRUS
probe is equipped with a proximal 7.5MHz sagittal-imaging transducer and a distal 5MHz
transverse-imaging transducer. The sagittal TRUS transducer occupies a 60mmx10mm
window. The diameters of the sagittal and transverse imaging sections of the TRUS probe are
18mm and 20mm, respectively. Adapting to the un-even TRUS cross-section, the NIR
applicator is fabricated to a cap-shape and attached to the TRUS probe (Fig. 1(a) ~(€)). The
NIR array substrate was machined from a black polycarbonate material to minimize the
surface reflection. This substrate was then connected to an aluminum bracket and securely
fastened to the TRUS handle using a bottom clamp. The rectangular TRUS handle (Fig. 1(f)
~(g)) ensured aligning the NIR applicator to the TRUS transducer. A slot of 60mmx10mm
was opened up in the NIR applicator to expose the sagittal TRUS transducer.

Fig. 1. The combined trans-rectal NIR/US probe: (a) top-view; (b) top-view dimension; (c)
front-view; (d) side-view; (€) side-view dimension; (f) side and top views of the NIR/US
alignment method; (g) rear-view of the NIR/US alignment method.

The geometry of the NIR array follows the design we previously described [1]. The NIR
probe consists of two linear-arrays, one for the source and the other for the detector, separated
by 20mm and placed on each side of the sagittal TRUS transducer. Each linear-array consists
of 7 channels spaced 10mm apart and covering 60mm in length. The 60mm long NIR array is
aligned precisely with the 60mm window of the sagittal TRUS transducer. The sagittal TRUS
transducer actually has a longitudinal field-of-view (FOV) of 50mm. Therefore the NIR
channels 1 to 6 on each linear-array match with the length of the sagittal TRUS transducer,
and the NIR channel 7 of each linear-array is displaced longitudinally 10mm from the sagittal
TRUS transducer.

A metal-coated 600pum-core diameter fiber (Oxford Electronics) is chosen for its thin
cladding and mechanical strength. The 7 fibers of each linear-array are packaged into one
groove of ~4mmx4mm in cross-section formed in the black substrate. Bending the fiber inside
the small groove for side-firing at the probe surface is impractical. Instead micro-optics
components are used for deflecting the light side-ways. As shown in Fig. 2, each source
channel includes 2 gradient-index (GRIN) lenses and 1 prism attached to the fiber while each

#99971 - $15.00 USD Received 8 Aug 2008; revised 13 Oct 2008; accepted 14 Oct 2008; published 15 Oct 2008
(C) 2008 OSA 27 October 2008/ Vol. 16, No. 22/ OPTICS EXPRESS 17508



detector channel has 1 GRIN lens and 1 prism attached to the fiber. The GRIN lens (Newport
Corporation) has a pitch of 0.25, a diameter of 1mm, a length of 2.61mm, and a numerica
aperture of 0.46. The prism is a coated 1mm right angle micro-prism (Tower Optics). Each
fiber is polished and epoxied to a prism and a GRIN lens is attached to the other side of the
micro-prism for illumination and detection at the probe surface. Each source channel has one
GRIN lens attached to the proximal end of the fiber for coupling the emission of a
superluminescent diode (SLD) using a spread-spectral-encoding configuration [27]. It is
shown by ZEMAX (ZEMAX Development Co.) simulation that for collimated incident beam
using a GRIN lens and a prism gives 38% more coupling than without the GRIN lens for a
micro-prism of 80% reflection at NIR band that is typical for enhanced aluminum coating. A
coupling efficiency improvement of 10%-~15% is observed experimentally from the
completed fiber channels. The overall coupling efficiencies of the 14 home-assembled fiber
channels are shown in Table 1. The coupling efficiency is at about 50%, which could be
improved if the assembly can be made more precise.

: 1

Mt_lﬂll:uating GRIN 3| ! Metal coating GRIN Z |
multi-mode fiber Lens | | To multi-mode fiber Lens o[ )

Source

Coupling 541
- spectrometer I

B e SOST o)

GRIN Lens 06 (core)  Coated Prism t

0.6 (core)  Coated Prism
(a) source channel (b) detector channel

Fig. 2. Micro-optical configurations: (a) source channel; (b) detector channel. Unit: mm

Table 1. Measured coupling efficiency of the source/detector fiber channels

Source channels sl s2 3 A s5 6 s7
Coupling efficiency 46% | 48% | 49% | 49% | 51% | 43% | 49%
Detector channels di d2 d3 d4 d5 dé d7
Coupling efficiency 54% | 48% | 49% | 51% | 53% | 52% | 50%

2.2 Devel opment of a continuous-wave NIR imager for coupling with US

The combined trans-rectal NIR/US imager is schematically illustrated in Fig. 3(a) and the
photograph is given in Fig. 3(b). The US scanner is an ALOKA SSD-900V portable machine.
The US images are transferred to the main computer of the combined imager by a PCI image
acquisition card (National Instruments PCI-1405). The NIR imager uses a custom-designed
superluminescent diode (SLD) (Superlumdiodes Inc.) that is pigtailed to a multi-mode fiber
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Fig. 3. The combined trans-rectal NIR/US system: (a) System diagram; (b) Photo of the system
on acustom designed three-layer cart.

and delivers 100mwW of 840nm NIR light with 14.2nm FWHM bandwidth. The SLD output
beam is dispersed by a 1200 groves/mm grating and collimated unto linearly aligned 7 fibers
connecting to the source channels on NIR applicator. NIR light with dlightly different
wavelengths are coupled to the 7 fibers to form a spread-spectral-encoding of the source
channels [27]. The remitted lights collected by the 7 detection channels are coupled to a
spectrometer (Acton Research). The signal corresponding to the individual source channels
are discriminated horizontally by the spectrometer. The signals corresponding to the
individual detector channels are differentiated vertically based on the position of the detection
channels on the spectrometer entrance dit. A 16-bit intensified CCD camera (Princeton
Instruments) acquires a complete set of NIR imaging data. The exposure time for one frame of
data is in the range of 100s milliseconds, depending on the medium being imaged. The NIR
system resides on a custom-built cart that also houses the US scanner.

The CCD has a maximum dynamic range of 48dB, which may not be sufficient to
accommodate the full dynamic range of the signals when a medium is highly absorptive, as
the minimum and maximum source-detector distances of the trans-rectal NIR array are 20mm
and 63mm, respectively. Fortunately, the layout of the dual-line NIR array leads to lesser
signal dynamic range for the light illuminated from the sources at the middle portion of the
array than the ones at the edges of the array. Reducing the total dynamic range of the signal is
possible by proper use of the Gaussian spectrum of the SLD source. The actual light coupling
configuration is given in Fig. 4(a), where the stronger spectral components are coupled to the
peripheral NIR channels (such as 1 and 7), and the weaker spectral components are coupled to
the middle NIR channels (such as 3-5). Comparing with the configuration of coupling the
uniform light to all 7 source channels, the strategy in Fig. 4(a) offers a 15dB reduction of the
overall signal dynamic range for amedium of 0.0023mm™ absorption coefficient and 1.0mm™
reduced scattering coefficient (equivalent to a 1% Intralipid solution).
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Fig. 4. Source coupling sequence with the Gaussian-spectrum (@), and the received signal
dynamic range compared with the case when source channels have even intensities (b).

3. NIR image reconstr uction based on continuous-wave data

The steady-state diffusion equation for a photon density U at position I can be stated as [28]
V-D()VU(r) — i, (r)-U(r) =-S(r) D

where g, is the absorption coefficient, D = [3(/1a + y's)yl is the diffusion coefficient with 4

being the reduced scattering coefficient, and S is a source term. For a collimated source and a
detector at a semi-infinite boundary, the diffuse reflectance may be described by [29]

~ IS i, 1/2 " . i, 1/2 >
U(P)—4nDp2|:_4( /Dj (Zb+zb/:us) exp _( /3) P ( )
where p isthe source-detector distance, and Z, is alength term determined by the refractive

index mismatch on the boundary [30, 31].

The raw data acquired by CCD is show in Fig. 5(a). If the SLD spectral components were
coupled orderly to the source channels from 1 to 7, the higher intensity signals would have
been located along a diagonal line in the CCD acquired image [27, 32]. The modified source
coupling configuration described in Fig. 4 leads to the pattern of diagonal-shifted high-
intensity signals as shown in Fig. 5(a).

The signa non-uniformity among all source-detector pairs is calibrated using the 1%
bulk Intralipid solution based on the linear relationship between In[p2U (p)| and p derived

from Eq. (2), as shown in Fig. 5(b). One calibrated data set corresponding to the complete 7x7
source-detector pairsisdisplayed in (c) in comparison to the non-calibrated one.

Fig. 5. Data Calibration: (a) raw CCD data; (b) linear fitting of the measurement data based on
the semi-infinite model; (c) calibrated data for the signal corresponding to the 49 source-
detector pairs.
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Recent studies have demonstrated that absorption and reduced scattering coefficients can
be recongtructed quantitatively from steady-state measurements, by updating the D and

distributions to minimize a weighted sum of the squared difference between computed and
measured data [28]. The method is equivalent to performing the same minimization by
mapping the DC signa to frequency-domain [33], which we utilize in the reconstruction.

The frequency-domain diffusion equation [ 34]

V.- D(r)VU(r, m) —(ﬂa(r) + ';"ju (r,w)=-S(f, w) ©)

where @ is the source modulation frequency, is used to map the Equ. (2) using finite-element
discretization by setting @ to a small value of 0.1Hz. The optical properties are updated by
using

X = X+ [3T (%) I0x) + AUTIT (X )AV(X,) 4)
where x isthe parametersto be optimized, J isthe Jacobian derived from Equ. (3), Av isthe

forward projection error, A isapenalty or regularization term. A small damping factor & in
therange of (0, 1) isintroduced to stabilize the convergence [1].

Both absorption and reduced scattering coefficients can be reconstructed from the DC
measurement, but it is noted that it appears to be generally more difficult for the scattering
image to be reconstructed than the absorption image [28]. In this work we focus on recovering
targets having absorption contrast to demongtrate the feasibility of TRUS-coupled endo-rectal
NIR optical tomography.

The geometry used for image reconstruction is illustrated in Fig. 6. The NIR image
reconstruction uses a 3-dimensional mesh representing 80x40x60mm?°. The TRUS sagittal
imaging is performed at the mid-plane of the NIR mesh. The TRUS image is used to develop
a mesh with target spatial information. The NIR image is reconstructed in 3-dimension, and
displayed at the mid-sagittal plane to correlate with TRUS image. The image reconstruction
typically takes ~10 minutes on a 3.0GHz Pentium(R) 4 PC for 10 iterations.

Fig. 6. NIR Imaging geometry: (a) NIR arrays are parallel and symmetric to the TRUS sagittal
plane; (b) the positions of NIR channels with respect to the TRUS image; (c) mesh for NIR
image reconstruction generated by use of TRUS image; (d) absorption image reconstructed
from a simulation data for an absorbing target.

4. Performance evaluation for the TRUS-coupled trans-rectal NIR tomography
4.1 Imaging single target

The performance of phantom imaging by the endo-rectal NIR applicator was evaluated
without the use of TRUS prior. A 1% bulk Intralipid solution was the background medium. A
cylinder-shape solid phantom 15mm in diameter and 25mm long (Fig. 7(a)) was the target.
The solid phantom was fabricated from a bulk material that was provided and calibrated by
the NIR imaging laboratory of Dartmouth College. The solid phantom has an absorption
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coefficient of 0.0056mm™ and a reduced scattering coefficient of 1.03mm™, in comparison to
0.0023mm™* and 1.0mm™* of the background. The testing setup is depicted in Fig. 7(b).

Intralipid

Solid
phantom b’\

@ 2
W":

Container

45 degree 45 degree

(b)
Fig. 7. Solid tissue phantom (a) and experimental setup (b)

Figure 8 lists the images reconstructed without the TRUS prior by using a mesh of
homogenous density throughout the entire NIR imaging volume. When this mesh is used for
reconstruction based on only the NIR information, the optical properties are certainly updated
element-by-element in order to recover the heterogeneity being imaged. The solid phantom is
placed at the mid-sagittal plane. The NIR images are displayed with a FOV of 80x30mm.
The left most optode is located at 10mm right to the left edge of the image, and the right-most
optode is 10mm left to the right edge of the image. The (a), (b), and (c) correspond to the
target depth of 17.5mm at longitudinal locations of 20, 40 and 60mm (counted from left edge),
respectively. The (d), (€) and (f) correspond to the phantom depth of 12.5mm at longitudinal
locations of 20, 40 and 60mm, respectively. The target is identified clearly against
satisfactorily recovered background; however, the absorption contrast of the target is
significantly underestimated.

The same data sets were reconstructed using the target spatial information obtained from
TRUS. The TRUS image, similar to the onein Fig. 6(b), has artifacts around and shows only
the lower half of the cylinder owing to the shadow effect. This image/artifact pattern is
specific to the solid cylinder target that reflects much of the US signal on its surface. Thistype
of artifact may not be representative for tissue imaging in situ. The artifact is thereby ignored
when incorporating the spatial information of the target, by generating a mesh having a
homogenous background region and a circular target region as shown in Fig. 6(c). As there
are only two regions to reconstruct, the hierarchical iteration routine introduced in [1]
involves only 2-steps. The results are given in Table 2 and Figure 9. The absorption
coefficient of the background medium is reconstructed at 0.002mm™ for all images. The
absorption coefficient of the target is recovered to within 14% of the true value.
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Fig. 8. NIR imaging of a solid tissue phantom having an absorption coefficient of 0.0056mm™.
The reconstructed background absorption coefficients are 0.0019mm™ in (@), (b), (d), (), and
0.0020 mm™*in (), (f).

Table 2. NIR image reconstruction guided by TRUS- prior

Center depth 12.5mm

Longitudinal location (x) 20mm 40mm 60mm
True Value (mm™?) 0.0056 0.0056 0.0056
Reconstructed value (mm'Y) 0.0067 0.0064 0.0063
Center depth 17.5mm

Longitudinal location (x) 20mm 20mm 20mm
True Value (mm?) 0.0056 0.0056 0.0056
Reconstructed value (mm'Y) 0.0064 0.0063 0.0061

Fig. 9. TRUS guided NIR image reconstruction for solid phantom in homogenous medium
4.2 Imaging two targets

The capability of recovering more than one target by the endo-rectal NIR probe is aso
examined. Two cylinder-shaped solid tissue phantoms, including the one shown in Fig. 7(a),
are used as the target. Both targets are 15mm in diameter and 25mm in length. The newly
added solid phantom has an absorption coefficient of 0.0064mm™ and a reduced scattering
coefficient of 0.997 mm™ in comparison to the other one of 0.0056mm™* and 1.03mm™. Figure
10(a) and (b) are the images for placing the two targets a depths of 17.5mm and 22.5mm,
respectively, in the mid-sagittal plane, with 20mm longitudinal spacing. When the
reconstruction is performed without the target spatial information, the two targets can barely
be differentiated at the depth of 17.5mm, and not discriminated at the depth of 22.5mm. The

#99971 - $15.00 USD Received 8 Aug 2008; revised 13 Oct 2008; accepted 14 Oct 2008; published 15 Oct 2008
(C) 2008 OSA 27 October 2008/ Vol. 16, No. 22/ OPTICS EXPRESS 17514



absorption contrasts of the targets are aso significantly underestimated in both cases. Figure
10(c) indicates the results of using the spatial information from the TRUS image. The two
targets can be recovered as having different absorption contrasts, at both depths. The
reconstructed absorption coefficients listed in Table 3 are also close to the true values.

Fig. 10. Imaging of multiple targets: (a2) NIR-only reconstruction when the target depth is
17.5mm, the targets can be barely separated; (b) NIR-only reconstruction when the target depth
is 22.5mm, the targets cannot be separated; (c) region based reconstruction when the target
depthis 22.5mm.

Table 3. Reconstructed absorption coefficients of the two targetsin Fig. 12

Target 1 Target 2
True value (mm™) 0.0064 0.0056
Reconstructed value (mm'Y) 0.0067 0.0058

4.3 Effects of condom on NIR tomography

The TRUS probe is always covered with aregular latex condom when imaging the prostate. A
TRUS-coupled NIR applicator has to be applied with a condom if used in the clinic. In the
previous applications of NIR tomography imaging there was no need of applying a latex
barrier between an NIR applicator and the tissue being interrogated, therefore the effect of a
latex condom on NIR tomography was not reported.

The test being carried out used the setup and solid phantom shown in Fig. 7, by applying
US gl to the NIR/US probe, covering the NIR/US with a condom, then pressing the condom
to eliminate any gas between the condom and the probe. US gel is not applied on top of the
condom when imaging the Intralipid, but is applied for al the tissue imaging tests presented in
Section 5. The absorption coefficient of the target reconstructed using TRUS information is
listed in Table 4. The overall distribution of the reconstructed absorption coefficient of the
target is plotted in Fig. 11(a), and the distribution specific to target position is plotted in Fig.
11(b). These results, which are consistent with those presented in Section 4.1, demonstrate
that the condom has minimum effect on NIR imaging. Nevertheless, an attention of the light
power is observed, as it takes 10% longer exposure time for CCD to integrate the same
amount of signal when the condom is applied.
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Table 4. Absorption coefficient reconstructed with the use of condom on the NIR probe (mm?)

Depth (mm) 225 25 275 30 325 35 375

Truevalue 0.0056 0.0056 0.0056 0.0056 0.0056 0.0056 0.0056
X=20mm 0.0065 0.0058 0.0070 0.0066 0.0048 0.0043 0.014
X=40mm 0.0053 0.0051 0.0047 0.0049 0.0043 0.0052 0.0063
X=60mm 0.0059 0.0045 0.0066 0.0052 0.0054 0.0095 0.0065

Fig. 11. Test of condom effect on the NIR imaging: (a) reconstructed absorption coefficients
for al cases listed in Table 4, and The red dashed line shows the true value; (b) data pointsin
(a) specific to target depths and longitudinal locations.

5. Results of tissue imaging by TRUS-coupled trans-rectal NIR tomography
5.1 Imaging solid absorbing object embedded in avian tissue

The condom-covered NIR/US probe was enclosed within thick layers of chicken breast tissue
(1, =0.006mm*, 2 =0.757mm™*[35], and a black object (10mm diameter x10mm length) was

embedded as the target. The photographsin Fig. 12(a) and (b) show the setup of tissue sample
and the absorbing target being embedded. The tissue without the absorbing target is also
imaged as a baseline test. The baseline images by US and NIR are shown in Fig. 12(c), where
the NIR image is reconstructed using a homogenous mesh as there was no indication of a
target on US. Figure 12(d) to (f) correspond to target being embedded at different longitudinal
locations at slightly different depths. The embedded object is clearly visible in the US images
as anechoic shadows. The NIR imaging without prior information can clearly recover the
object, but with inconsistent and potentially much under-estimated absorption coefficients.
When the target location and size information are used to guide the NIR image reconstruction,
the target is recovered with consistent absorption coefficients indicating a strongly absorbing
object.

5.2 Internal imaging of avian tissues

As shown in Fig. 13(a) the empty abdomen of a whole chicken was filled with chicken breast
tissue and a piece of chicken liver was embedded within the breast tissue. The embedded liver
shows up as the hypo-echoic region circled in Fig. 13(b). The NIR image reconstructed
without any target information is given in Fig. 13(c), in which the absorptive mass does
correlate longitudinally with the liver tissue. Fig. 13(d) shows NIR image reconstructed by
treating the liver mass as a sphere. Fig. 13(e) shows the NIR image reconstructed by
excluding the non-tissue region from the background of Fig. 13(b). Fig. 13(f) shows the NIR
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image reconstructed by taking into account the irregular shape of the liver mass. Among the 3
spatial prior implementations, the one in Fig. 13(f) is the most accurate wherein the
absorption coefficient of the chicken liver massis also the closest to the redlistic value [35].

Fig. 12. Avian tissue imaging: (a) front view; (b) top view; (c) no inclusion; (d) inclusion is at
20mm; (€) 35mm; (f) 58mm, longitudinally, respectively.

5.3 TRUS-coupled trans-rectal optical tomography of canine prostatein situ

TRUS-coupled trans-rectal NIR imaging of the prostate is conducted on a canine cadaver. The
prostate was exposed and approximately 0.33ml of homogenized foal liver was injected
ventral-dorsally, paramedian in the left lobe of the prostate. The prostate was then enclosed in
thick layers of peri-prostate tissues. On the TRUS image of Fig. 14(a) the injected liver tissue
is visible by the mass proximal to the center of the prostate and the vertical hyper-echoic strip
a the ventral side of the prostate. The large hypo-echoic region at the upper half was due to
air. The mesh generated in Fig. 14(b) has excluded the air based on the US image. The rectum
wall was not outlined in the mesh because of its close proximity and near apposition to the US
transducer due to the small size of this canine cadaver. The rectum layer may be included
when imaging a larger subject. The finalized mesh given in Fig. 14(b) shows nested-domains
where there is a relatively small prostate and a much smaller target in the prostate. The NIR
image in Fig. 14(c) is reconstructed by applying the 3-step hierarchical reconstruction method
introduced in the previous paper [1]. A highly absorptive mass is clearly recovered out of the
injected liver tissue. The absorption coefficient of the foal liver tissue in Fig. 14(c) is lower
than that of the avian liver tissue in Fig. 13(f); nevertheless both values are at the order of
0.1mm, indicating high absorption by both tissues. The reconstructed absorption coefficients
of the prostate and the peripheral tissue are given in Table 5. It is very interesting to observe
that the numbers agree with the values suggested by the literature [16-18, 35].

#99971 - $15.00 USD Received 8 Aug 2008; revised 13 Oct 2008; accepted 14 Oct 2008; published 15 Oct 2008
(C) 2008 OSA 27 October 2008/ Vol. 16, No. 22/ OPTICS EXPRESS 17517



S0mm

Breast 8O

bone

=
£
=
I

Fig. 13. Internal imaging of avian tissue embedded with a piece of liver. (a) Whole chicken
sample; (b) US image of the embedded liver tissue; (c) NIR image reconstructed without US
prior; (d) NIR image reconstructed assuming a circular target; (€) NIR image reconstructed by
adding the boundary profile of the background tissue; (f) NIR image reconstructed by adding
the actual contour of the target.
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Fig.14. Trans-rectal NIR / USimaging of in vitro canine prostate with exogenous tissue contrast.

Table 5 Reconstructed absorption value of in vitro canine prostate i maging

Region Background Prostate Injected liver
Reconstructed value (mm?) 0.0062 0.0309 0.1301
6. Discussion

In the NIR imager an 840nm superliminescent diode with ~14nm bandwidth is used to
simultaneously excite all source channels. The bandwidth would certainly introduce
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wavel ength-dependent attenuation among source channels for the same tissue chromophore.
The reconstructed absorption coefficient is therefore a value averaged over the band coupled
into the source channels. Luckily the absorption of the tissue chromorphores like hemoglobin
is less wavelength-dependent in the close vicinity of 840nm. If the source coupling method is
performed at an additional wavelength, such as 780nm, to quantify the oxygen saturation [36],
it may be necessary to compensate the wavelength-dependent absorptions among source
channels in image reconstruction.

It is shown that the absorption coefficient can be quantitatively reconstructed by steady-
state transrectal NIR measurements. The accuracy of recongtruction for a highly
heterogeneous domain can be improved dramatically by use of the TRUS spatial prior.
Implementing frequency-domain detection to the NIR system will also allow more accurate
recongtruction of the absorption coefficient owing to the reliable differentiation of it from the
scattering by true phase information.

Generating the target mesh from the TRUS image has been based on the assumption that
the entire imaging volume and the target are symmetric and centered at the TRUS imaging
plane. This is perhaps necessary if only one TRUS image is utilized to form a 3-dimensional
mesh for NIR image reconstruction, but is mostly inaccurate. This is particularly problematic
in imaging of the prostate if the NIR/US probe is to be directed away from the midline of the
prostate. The effect of asymmetric-domain may be corrected if multiple US images are
available to generate a mesh representing the true 3-dimensional contents of the imaging
volume more faithfully.

The trans-rectal examination of the prostate on the sagittal view is likely being interfered
with by the nearby bladder and pelvic bone. If the bladder is empty, the photon propagation
may be less interrupted. If the bladder is full, it may become a relatively transparent domain
for photon propagation. In this case the bladder likely becomes a diffusion-void domain [37,
38]. A transport-equation based model of photon propagation can be implemented [37, 39] to
mitigate the interference of void-domains. The interference from the pelvic bone is similar in
principle to that of the chest wall in breast imaging when using a planner NIR array [40]. In
this work we applied the Robin-type boundary condition under diffusion eguation to the void-
tissue interfaces under the diffusion model. This is a rather straightforward approach that is
proven helpful for improving the reconstruction accuracy, but more studies are needed to
guantitatively evaluate improvement by this approach in comparison to the more rigorous
transport-based model.

The probe sensitivity curves in this paper and those in the previous paper [1] were all
derived under the assumption of an absorptive NIR probe surface. This boundary condition
produces a peak of depth-sensitivity close to, but not at, the probe surface. This feature may
be desirable for prostate imaging, since the measurement will be less sensitive to the existence
of arectum layer. On the other hand, the peak also indicates that the measurement is less
sensitive to a lesion deeper in the prostate than one closer to the surface of the prostate.
Progtate tumors are known to occur more often in the peripheral zone which stretches abaxia
from the middle-line of the prostate. For deeper target, we have showed that with TRUS prior,
the accuracy of target recovery can be improved successfully. However, more dedicated
simulation and experimental studies are necessary to evaluate the likelihood of retrieving
deeper target in vivo.

In all the tests presented in this work, the target of interest isvisible or at least sensitive to
US, therefore US spatial information of the target is readily rendered to guide the NIR image
reconstruction. If the target is ambiguous to US, it may still be recognizable by NIR-only
reconstruction. One example is given in Fig. 15 wherein a piece of chicken breast tissue was
dyed with diluted Indian ink and then placed in the middle of the natural chicken breast tissue.
The approximate boundary of the dyed tissue is marked with the dash-circle in the US image.
This embedded tissue is hardly distinguishable in the TRUS image; therefore the NIR image
reconstruction was performed without any a priori information. The target is identified by
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NIR even though the depth and size were not accurate. This result may show positive
indication on the clinical application of trans-rectal NIR/US measurement providing the fact
that up to 40% of prostate tumors are not sensitive to US [3, 6, 7]. Besides using NIR
information to characterize US-sensitive lesions, if the NIR imaging is able to discover a
lesion that is otherwise non-suspicious on US, the overall sensitivity and specificity of TRUS-

(a) TRUS Imaging (b) Homogenous mesh

Fig. 15. Imaging of a tissue mass that is ambiguous to TRUS but sensitiveto NIR.

7. Conclusions

We implemented the NIR array design suggested in our previous work for direct integration
of the NIR array with a TRUS transducer. The combined NIR/US probe & system enabled
concurrent acquisition of trans-rectal NIR tomography and TRUS images in the same sagittal
plane. Although the NIR imager is constructed in CW mode, accurate quantitetive
reconstruction of the absorption coefficient is feasible with the TRUS spatial a priori
information. The use of a condom is found to have minimum affect on NIR tomography
measurement, indicating that endo-rectal NIR may be applied concurrently with TRUS in a
clinic setting with no alteration of the standard procedures. An absorptive target may also be
recovered by trans-rectal NIR only, but the incorporation of TRUS a priori information
alows transrecta NIR tomography to recover an absorption target more accurately, as
demonstrated by imaging of the alien tissue in the canine prostate. The previous Part-1 and
this Part-11 papers together have validated prostate imaging as feasible by TRUS-coupled
trans-rectal NIR tomography. Work is on-going toward in vivo measurement of optical
properties in intact prostate as well as development of prostate cancer models in the canine to
validate that augmenting TRUS morphology information with trans-rectally acquired NIR
contrast may improve the overall accuracy of TRUS prostate imaging.
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Abstract. In vivo trans-rectal near-infrared (NIR) optical
tomography was performed concurrently with, albeit re-
constructed without spatial a prior of, trans-rectal ultra-
sound (US) on transmissible venereal tumor (TVT) devel-
oped as a model in the canine pelvic canal. Studies were
taken longitudinally at prior to, 14 days after, and 35 days
after the TVT injection. As the tumor grew, the nodules
became increasingly hyperabsorptive and moderately hy-
perscattering on NIR. The regions of strong NIR contrast,
especially on absorption images, correlated well with
those of US hypoechoic masses indicative of tumors.
Combining the information of trans-rectal NIR and US de-
tected the tumor more accurately than did the US alone at

14 days postinjection. © 2009 Society of Photo-Optical Instrumenta-
tion Engineers. [DOI: 10.1117/1.3149852]
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1 Introduction

Near-infrared (NIR) optical tomography is becoming increas-
ingly important for functional imaging of biological tissues®
because the endogenous or exogenous NIR contrast could
benchmark tissue physiology and functionality. NIR optical
tomography has contributed to diagnosis and prognosis of
cancer,? understanding of cerebral response,® characterization
of rheumatologic dysfunction,* and small animal imaging.” In
all these applications, the tissues have been interrogated non-
invasively via external NIR applicators.

NIR optical tomography based on trans-rectal “noninva-
sive” probing has been investigated recently by the authors,
attempting to augment trans-rectal ultrasound (TRUS)® of

*Address all correspondence to: Daqing Piao, Tel: 405-744-5250; E-mail:
daqing.piao@okstate.edu
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prostate with the unique optical specificity. This approach was
motivated by the hypothesis that optical properties of prostate
cancer in vivo may be different from those of normal intact
prostate tissues and was challenged by the difficulty of assess-
ing the prostate in its in vivo real-time environment. This
work demonstrates in vivo trans-rectal NIR optical tomogra-
phy, conducted concurrently with TRUS, on a dog bearing
transmissible venereal tumors (TVTs)” in its pelvic canal. This
study not only validates the utility of in vivo trans-rectal NIR
tomography of the prostate but also reveals, for the first time,
the NIR contrasts that TVT has over the normal tissues within
the canine pelvic canal.

2 Methods and Materials

The studies were conducted under a protocol approved by the
Institutional Animal Care and Use Committee of Oklahoma
State University. The protocol was also approved and under-
went an on-site inspection by the U.S. Army Medical Re-
search and Material Command. For this study, the prostate of
a 12-kg sexually intact adult purpose-bred Beagle dog esti-
mated to be approximately four years of age was used. The
TVT cell line was obtained cryopreserved from MD Anderson
Cancer Center (Houston, Texas). Following two cycles of in-
oculation into the subcutis of non-obese-diabetic/severe-
combined-immunodeficiency (NOD/SCID) mice, neoplastic
cells were recovered and homogenized for injection into the
canine prostate gland. Approximately 3 cc of TVT cells were
aseptically injected transperineally into the right lobe of the
prostate using a 6-in. 16-gauge hypodermic needle under
TRUS visualization. During retraction of the injection needle,
it was assumed that TVT cells could leak from the prostate
injection site and be “seeded” along the needle insertion tract.
During the first 14 days postinjection, there was no evidence
of tumor growth on TRUS and rectal examination. The TRUS
examination at 35 days postinjection showed hypoechoic
masses in the prostatic parenchyma, periprostatically around
the right lobe of the prostate, and perirectaly along the track
of needle injection. The dog underwent weekly monitoring for
two more weeks and was then humanly euthanized for
necropsy and histological examinations at 56 days postinjec-
tion.

The trans-rectal NIR/US system was described elsewhere.
The NIR probe has been integrated with a 60-mm-long sag-
ittal TRUS transducer. The 60-mm length of the NIR source/
detector arrays limits the imaging depth to ~30 mm. The
steady-state NIR measurements reconstruct the absorption and
reduced scattering images without a priori structural
information.®

6

3 Results

Figure 1 presents the trans-rectal NIR and US images ac-
quired at the middle of the right lobe, the middle line of the
prostate, and the middle of the left lobe, which were obtained
before the TVT injection, 14 days postinjection, and 35 days
postinjection. The absorption [Fig. 1(a)] and reduced scatter-
ing [Fig. 1(b)] images correlate to the same set of US images.
The image dimensions are 60X 30 mm? (cranial-caudal
X dorsal-ventral). On the day-35 US images of the right lobe
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Fig. 1 In vivo trans-rectal NIR/US of TVT development in canine pelvic canal. The images were taken before the TVT injection, 14 days after the
TVT injection when the US and rectal examination showed no evidence of tumor growth, and 35 days after the TVT injection when the tumor
growth was evident on both US and rectal examination. (a) US and NIR absorption images. (b) US and NIR reduced scattering images. The
dimensions of the images are 60 X 30 mm? (cranial-caudal X dorsal-ventral). The rectangular mark enclosing L1 is used in Fig. 2(a), where the peak

NIR contrasts within the region are plotted. NT: needle track.

and middle line, the hypoechoic region “L1” indicated an in-
traprostatic mass; the large hypoechoic region “L2” indicated
a mass ventral and caudal to the prostate that could have a
connection with L1; the needle track (NT) on the right lobe
denoted the needle trajectory for introducing the TVT cells
with longitudinal hypoechoic regions, including L3, seen
along the NT. On the day-35 NIR image of the right lobe, the
hyperabsorptive regions corresponded longitudinally to L1,
L2, and L3. The day-35 NIR image of the middle line dis-
played less and smaller hyperabsorptive masses, indicative of
L1, L2, and L3. Trans-rectal NIR/US images performed at the
left lobe were shown with no abnormal features on US and no
hyperabsorptive regions on NIR. At the day-14 NIR absorp-
tion images, hyperabsorptive regions were found intraprostati-
cally in the right lobe only (L1) and dorsal to the pelvic bone
in the right lobe (L2), with potential extension to the middle
line. The longitudinal locations of these hyperabsorptive re-
gions correlated well with those of the hypoechoic and hyper-

absorptive regions found in day-35. Because the NIR array
surface is 3 mm ventral to the TRUS surface, the nodules
were shown to be slightly dorsal on the NIR versus on the US
images. The change of the hyperabsorptive regions from
day-14 to day-35 implied tumor growing in the right lobe and
extending toward the middle line. The growth of the tumor
was indicated earlier by the NIR absorption images than by
the TRUS, and combining the information of NIR and TRUS
led to earlier and more accurate findings of tumor growth than
did TRUS alone.

The hyperabsorptive masses in Fig. 1(a) were shown in
Fig. 1(b) with different patterns of the contrast. In Fig. 1(b),
the L3 had much higher contrast than did the other masses
corresponding to L1 and L2. The growth of tumors L1 and L2
at day-14 in Fig. 1(b) are not as evident as in Fig. 1(a).

The progressions of the peak NIR contrasts within the rect-
angular region corresponding to L1 as outlined in Fig. 1, with

Fig. 2 (a) The progression of peak NIR contrasts within the rectangular region specified in Fig. 1. (b) Sagittal trans-rectal NIR/US imaging in three
longitudinal locations. The locations of the left-column images correspond to those of the right lobe taken at day-35 in Fig. 1.
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Fig. 3 (Top) Image of prostate gland taken after removal of the urinary
bladder and intrapelvic urethra immediately following euthanasia.
The prostate gland is markedly expanded and misshapen secondary to
intraprostatic (L1) and periprostatic (L2) neoplastic masses. Neoplas-
tic masses were also distributed along the distal intrapelvic urethra
(L3) and in the perirectal subcutaneous tissues (not shown). Histologi-
cally, expansile masses of TVT (cells bottom left panel) displace and
compress prostatic tissue (P). Prostatic capsule (arrowheads), bar
=1.8 mm. The TVT infiltrate (bottom right panel) consists of sheets of
neoplastic round cells dissecting through preexisting fibrovascular
stroma (arrowheads), bar=230 um.

respect to the background values for normal perirectal paren-
chyma, are given in Fig. 2(a). The clear trend of contrast
increase is believed as the demonstration of imaging the tu-
mor growth because NIR tomography is a nonlinear process
in which the enlargement of the target may be reconstructed
as having elevated contrast in addition to volume changes
when reconstructed without the spatial prior information of
the target.

Figure 2(b) displays the NIR/US images obtained by plac-
ing the probe at three locations along the middle plane of the
right lobe. At location 1, L1, L2, and L3 (refer to Fig. 1) were
all within the US field of view, whereas at location 2 the L3
was moved out of the US view. At location 3, only L1 was
shown on US. The overall NIR hypercontrast masses corre-
lated well with the US hypoechoic regions.

The gross and histological findings (56 days postinjection)
in Fig. 3 confirmed intra- and periprostatic neoplastic infil-
trates with masses also located along the urethra and perirec-
tal tissue; the latter related to dissemination along the needle
track during TVT inoculation. All masses consist of diffuse
sheets of a monomorphic population of neoplastic round cells
dissecting through preexisting fibrovascular stroma. The neo-
plastic cells have large hyperchromatic nuclei, single con-
spicuous nucleoli, and moderate amounts of featureless cyto-
plasm. The cytological features are consistent with canine
TVT.

4 Discussions and Conclusion

The intraprostatic TVT tumors were initiated in a non-
immunosuppressed canine model in which the TVT nodules

Journal of Biomedical Optics

030506-3

developed at multiple sites intraprostatically and periprostati-
cally. Although not all TVT tumors were confined to the pros-
tate, successful imaging of multiple TVT nodules implies the
utility of detecting multiple intraprostatic tumors.

The feature of TVT as strongly hyperabsorptive on NIR
tomography is likely due to the hyperchromatic nuclei unique
to TVT. The relatively higher scattering of the TVT may be
due to the hyperdensity and larger nuclei of the neoplastic
cells. As the neoplastic cells are arranged into microlobules by
the preexisting fibrovascular stroma, the TVT may also
present certain polarization sensitivity. Overall, the NIR fea-
tures of TVT may be comparable to those revealed by tissue
angiogenesis. As studies of microvessel-density within the hu-
man prostate demonstrated a clear correlation of increased
microvessel density with the presence of cancer,® it can be
expected that human prostate cancer may have notable con-
trast on trans-rectal NIR tomography.

In conclusion, this work reports in vivo imaging of TVT
tumors in the canine pelvic canal by trans-rectal NIR tomog-
raphy coupled with TRUS. The TVT tumor nodules were pre-
sented as hyperabsorptive and hyperscattering with respect to
the normal prostatic and other pelvic tissues. Correlation of
the TVT locations is found between trans-rectal NIR and
TRUS images. These demonstrations encourage testing of
trans-rectal NIR tomography with additional animal studies
and eventually to the human prostate.
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This is the first tomography-presentation of the optical properties of a normal canine prostate,
in vivo, in its native intact environment in the pelvic canal. The imaging was performed by
trans-rectal near-infrared (NIR) optical tomography in steady-state measurement at 840 nm on
three sagittal planes across the right lobe, middle-line, and left lobe, respectively, of the prostate
gland. The NIR imaging planes were position-correlated with concurrently applied trans-rectal
ultrasound, albeit there was no spatial prior employed in the NIR tomography reconstruction.
The reconstructed peak absorption coefficients of the prostate on the three planes were 0.014,
0.012, and 0.014mm~"'. The peak reduced scattering coefficients were 5.28, 5.56, and 6.53 mm~".
The peak effective attenuation coefficients were 0.45, 0.43, and 0.50 mm~'. The absorption and
effective attenuation coefficients were within the ranges predictable at 840 nm by literature values
which clustered sparsely from 355nm to 1064 nm, none of which were performed on a canine
prostate with similar conditions. The effective attenuation coefficients of the gland were shown
to be generally higher in the internal aspects than in the peripheral aspects, which is consistent
with the previous findings that the urethral regions were statistically more attenuating than the
capsular regions.

Keywords: Prostate; canine; optical property; optical tomography; trans-rectal ultrasound.

the dog is usually considered as a model closest

The knowledge of tissue optical properties rele-
vant to light diffusion or attenuation is important
to both the dosimetry of photodynamic therapy
(PDT)'~* and the analysis based on near-infrared
(NIR) diffuse optical imaging.”~!Y The prostate of

215

to that of the human being, therefore a number of

d'=20 on canine sub-

studies have been conducte
jects to estimate the optical properties of prostate,
i vitro or in vivo, over a wide range of spectrum

(to be reviewed in more detail in Sec. 2 of this
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study). A general consensus that has been made
from these studies is that significant intra-organ
and inter-subject variations of the prostate optical
properties do occur. The optical properties being
investigated include the absorption coefficient, the
reduced or transport scattering coefficient, and the
effective attenuation coefficient that is a combi-
nation of the above two properties. The reported
intra-organ and inter-subject prostate optical het-
erogeneity imposes the need of individualized and
localized measurement for PDT applications,'® as
well as challenges to trans-rectal NIR tomography
that aims to resolve the optical contrast, either
endogenous?!?? or exogenous,?® of prostate cancer-
ous lesions over normal or benign prostate tissues.

It is also important in PDT to know the optical
properties of peri-prostatic tissues, such as rectal or
peri-rectal regions since the existence of any optical
property gradient of the prostate over its peripheral
tissue will influence the local peri-prostatic light
distribution. For trans-rectal NIR tomography of
the prostate, the NIR light is attenuated first by
a condom (required for endo-rectal application),
then by the rectal wall and the peri-rectal tissue
before finally reaching the prostate. The degree of
NIR light propagation into the prostate is depen-
dent upon the optical property gradients between
the prostatic capsule and peri-prostatic tissue. The
in vivo or in wvitro optical contrast of the prostate
with respect to peri-rectal or peri-prostatic tissue is
therefore fundamental to PDT and prostate NIR
tomography, yet to our knowledge it has rarely
been evaluated on a single subject. Overall there is
very limited information regarding the NIR atten-
uating features of peri-rectal tissue.!! Therefore,
it is difficult to draw a comparison of the optical
properties reported in different studies between the
prostate and the peri-rectal tissue. Except the cur-
rent reported in vivo investigation, all of the studies
on normal prostate (canine and human) have been
taken interstitially on exposed prostate or through
trans-perineal imaging. The interstitial measure-
ments, although very reliable and consistent, are
likely to alter to some extent the optical properties
natural to the tissue being measured.

In this work we present tomographic measure-
ments of optical properties of a normal canine
prostate, in wivo, in its native intact environ-
ment in the pelvic canal. The imaging was
performed by trans-rectal NIR optical tomogra-
phy in steady-state measurement at 840nm, on

three sagittal planes across the right lobe,
middle-line, and left lobe, respectively, of the pro-
state gland. The NIR imaging planes were position-
correlated with concurrently applied trans-rectal
ultrasound, albeit there was no spatial prior
employed in the NIR tomography reconstruction.
The prostate gland appears as a positive-contrast
region in NIR images, particularly in the absorption
and effective-attenuation images. The position and
profile of the positive-contrast prostate-indicating
region correlate well with those of the prostate in
the concurrent trans-rectal ultrasound image. The
peak absorption coefficients of the prostate-region
on the three planes were found to be 0.014, 0.012,
and 0.014 mm~'. The peak reduced scattering coef-
ficients were 5.28, 5.56, and 6.53mm™!. The peak
effective attenuation coefficients were 0.45, 0.43,
and 0.50 mm™!. The absorption and effective atten-
uation coefficients were within the ranges that are
predictable at 840nm based on literature values
which clustered sparsely from 355nm to 1064 nm,
none of which were performed on a prostate in sim-
ilar conditions. It is also noted that effective atten-
uation coefficients of the gland are higher in the
internal aspect than in the peripheral aspect, which
is consistent with the previous findings of statis-
tically more attenuating urethral regions than the
capsular regions.

2. Review of the Optical Property
Measurements on Canine
Prostate

Tables 1 and 2 summarize what the authors have
found to be existing methods, represented graph-
ically by diagram (Table 1), and published val-
ues (Table 2) on optical properties of the canine
prostate within the spectral range from 355nm to
1064 nm. In Table 2, the attenuation coefficient is
denoted by p,, the reduced scattering coefficient by
L, and the effective attenuation coefficient by pies
that is defined as

Heff = 1/ 3Ma(ﬂa + F‘é) (1)

Oraevsky et al. presented in vitro p,, L, and
e of prostate at 355, 532, and 1064 nm, respec-
tively, using opto-acoustic time-resolved fluence
rate measurements on slab samples of normal canine
prostate tissues.'? Another post-mortem study by
Chen et al. estimated prostate pa, pl, and peg
at 630 nm, by interstitial measurements on excised
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Table 1.

Legend indicating the measurement methods used in Table 2.

Opto-acoustic Integrating Interstitial on Interstitial on Reflective on Interstitial Interstitial Interstitial Interstitial
on slab tissue sphere on exposed excised exposed close to the close to the close to the close to the
slab tissue prostate prostate prostate capsule urethra base apex

normal prostate.'® In vitro p, and p, of slab samples
of normal canine prostate tissues were evaluated at
633 nm, by employing steady-state fluence rate mea-
surements using the standard double-integrating
sphere technique.'® Other studies relied on steady-
state fluence rate measurements on tissues in situ,
albeit involving surgical procedures to expose the
prostatic tissue to the fiber, to determine peg of
the normal canine prostate. At wavelengths of 630,
665, 730, 732 nm, interstitial measurements on nor-
mal canine prostate in vivo were conducted before
and after PDT 14171820 Perhaps the only in wvivo
study using reflection measurement upon exposed
prostate, thereby maintaining the intactness of the
gland itself, was performed at 732nm on exposed
normal canine prostate.'® Trans-perineal intersti-
tial measurement,'%~'® which in principle is more
accurate than interstitial measurement on exposed
prostate, demonstrated with statistical significance
that the peg of prostatic urethral regions is higher
than that of the prostatic capsular regions. %17

In Table 2, there are some individual values
of p, and pl, but nevertheless most original val-
ues listed are regarding peg only, which are readily
available from steady-state fluence rate measure-
ments. Because the data are clustered in a wide
spectrum, summarizing all these studies to a single
category for spectrally-resolved comparative eval-
uation can only be made by utilizing peg since it
represents the coupled effect of p, and p.. When
the standard deviations of p, and p, denoted by
oa and opl, respectively, are available, the stan-
dard deviation of peg in Table 2 is calculated based

on Eq. (1) by
2 2
Opte
aua) - ( o au;) )

_ 8Meff
O leff = \/ ( aﬂa
3. Methods and Materials

3.1. Trans-rectal US-coupled NIR
tomography

The details of the trans-rectal US-coupled NIR
tomography system can be found elsewhere.?!:?2

Figure 1 illustrates the configuration of the trans-
rectal NIR/US probe and the prostate imaging
geometry. Since NIR imaging depth is typically
Lp of the array dimension, the NIR optodes are
distributed longitudinally in parallel to the sagit-
tal US to allow interrogating deep prostatic tis-
sues. The NIR arrays are also put symmetrically
on the lateral sides of the sagittal US trans-
ducer, enabling accurate correlation of the middle-
sagittal NIR imaging plane with the sagittal US
imaging.

The completed trans-rectal NIR/US probe and
imager are shown in Fig. 2. The US probe was a
bi-plane sector and linear array trans-rectal probe
fitted to an ALOKA SSD-900V unit. The NIR
applicator was integrated over the 7.5 MHz sagittal-
imaging transducer. The NIR probe consisted of
one source and one detector array separated 20 mm
laterally and placed symmetrically to the sagit-
tal US transducer. The NIR source and detector
array, each having seven channels, were 60 mm in
longitudinal dimension, which was identical to the
longitudinal length of the sagittal US transducer.
Each NIR optode channel had a micro prism-lens
pair for coupling the light to and from the probe
surface. The NIR light from a super-luminescent
diode of 100 mW at 840 nm was focused sequentially
onto seven source fibers of the NIR applicator by a
home-made translating fiber multiplexer. The NIR
remissions collected by the seven detection fibers
were acquired by a 16-bit intensified CCD camera
through a spectrometer (not necessary for acquir-
ing the data but used for system integrity). Acqui-
sition of NIR signals from seven source channels
took less than five seconds after the prostate was
localized by the sagittal US using an Aloka SSD-
900V portable US scanner, which provides 50 mm
longitudinal field of view when performing sagittal
imaging with the 60 mm long 7.5 MHz US trans-
ducer. The absorption and reduced scattering coef-
ficients of the prostate were reconstructed from
steady-state measurements?? using a model-based
non-linear optimization method.??2526 The effec-
tive attenuation coefficient is then calculated based
on Eq. (1).
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Table 2.

samples. This table follows the template for human prostate in Ref. 24.

Optical properties of normal canine prostate tissue as reported in various published studies. N is the number of

Study [Ref.] Year Sample N Method A (nm) fta (mm~1) ph (mm~1) fof (mm 1)
Oraevsky et al. [12] 1997 In wvitro 355 0.852 5.22 3.94
Oraevsky et al. [12] 1997 In vitro A 532 0.233 2.45 1.37
Chen et al. [13] 1997  In vivo 17 630 0.04 £ 0.02 2.6 £ 2.1 0.5 £ 0.1
Chen et al. [13] 1997 Bz vivo 10 630 0.030 £ 0.007 2.6 £ 0.8 0.48 £+ 0.09
Lee et al. [14] 1997  In vivo 7 630 0.47 £+ 0.05
Nau et al. [15] 1999  In wvitro 10 633 0.073 £ 0.007  0.225 £ 0.005 0.256 + 0.015*
(fresh)
Nau et al. [15] 1999  In wvitro 13 633 0.076 £ 0.003 1.00 + 0.11 0.495 + 0.027*
(frozen)
Lilge et al. [16]" 2004 In vivo 7 660  0.0030 £ 0.0021 0.92 + 0.65  0.184 + 0.040"
Capsule
Lilge et al. [16]" 2004 In wvivo 7 660  0.0014 4+ 0.0013 3.23 £2.76  0.206 + 0.035"
Urethra
Jankun et al. [17] 2004 In vivo 13 665 0.171 £ 0.071
Capsule
Jankun et al. [17] 2004 In wivo 13 665 0.192 £+ 0.027
Urethra
Jankun et al. [17] 2004 In vivo 13 665 0.259 + 0.193
Capsular base
Jankun et al. [17] 2004 In vivo 13 665 0.275 £ 0.131
Urethral base
Jankun et al. [17]~ 2004 In vivo 13 665 0.176 + 0.031""
Capsular apex
Jankun et al. [17] 2004 In wivo 13 665 0.190 £+ 0.065
Urethral apex
Jankun et al. [18] 2005 In wivo 5 665 0.247 £ 0.06
Base
Jankun et al. [18] 2005 In wivo 5 665 0.203 £ 0.026
Apex
Solonenko et al. [19] 2002 In vivo 4 730 1.27 £+ 0.06
Zhu et al. [20] 2003 In wvivo 12 732 0.003-0.058 0.1-2.0 0.03-0.49
Nau et al. [15] 1999 In wvitro 7 1064 0.027 £+ 0.003 1.76 £ 0.13 0.381 £+ 0.026*
(fresh)
Nau et al. [15] 1999  In wvitro 10 1064 0.071 £ 0.006 0.79 £ 0.05 0.428 £+ 0.023*
(frozen)
Oraevsky et al. [12] 1997 In wvitro 2 1064 0.009 0.63 0.13

Note: *Calculation of the effective attenuation coefficient based on Egs. (1) and (2).
AThe values in the abstract of Ref. 16 are contrary to those in the text of Ref. 16. The results in the text were used here.

M The results given in Ref. 17 were “0.176 £ 0.314 mm~!,” which had the standard deviation larger than the mean value.
The authors made a “reasonable” estimation of “0.176 + 0.0314 mm™~'” for this set of literature data.
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Fig. 1.

Hlustration of trans-rectal NIR/US of the prostate. Trans-rectal US is placed in the middle of the trans-rectal NIR

applicator (optodes distributed longitudinally) to perform combined and correlated NIR/US imaging of the prostate at the

sagittal plane.

(a)

(b)

Fig. 2. (a) Photograph of the trans-rectal Aloka US trans-
ducer and the completed NIR/US probe. (b) Schematic
diagram of the trans-rectal NIR/US imaging system that con-
sists of a custom-built NIR imager and a commercial ALOKA
SSD-900V portable US scanner.

3.2. Sensitivity features of the
trans-rectal NIR imaging

Since the purpose of this study was to examine
the inherent NIR contrast that the prostate may
demonstrate over the peri-prostatic tissue, the NIR
image was reconstructed without any spatial prior
information. The accuracy or the robustness of the

Fig. 3. Sensitivity profiles of the NIR imaging probe along
the lateral, longitudinal and depth directions.

NIR reconstruction is thereby dependent upon the
sensitivity of NIR array to the heterogeneity of the
optical properties within the volume being inter-
rogated. Figure 3 illustrate the sensitivity profiles,
with respect to the absorption, of the NIR applica-
tor based on the previous study.?! The longitudi-
nal sensitivity is relatively uniform over the entire
NIR array dimension, but it tapers off at the distal
and proximal edges of the NIR array. The lateral
sensitivity peaks at the middle-sagittal plane that
coincides with the sagittal TRUS plane, while the
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depth sensitivity generally degrades along with the
increase of the depth. The sensitivity to the scatter-
ing or total attenuation would have similar patterns.
Based on these sensitivity features, one could expect
that a target may be reconstructed with better con-
trast if it is located within the regions of higher NIR
sensitivity. It is also anticipated that for multiple
targets located longitudinally on the same sagittal
plane, the contrast-comparison would be reliable.

3.3. Animal model

This study was approved by the Institutional Ani-
mal Care and Use Committee of Oklahoma State
University. The protocol was also approved and
underwent an on-site inspection by the US Army
Medical Research and Material Command. A 20-kg
sexually intact, adult mixed-breed dog, approxi-
mately four years of age, was anesthetized using
an intravenous injection of propofol (8 mg/kg) fol-
lowed by intubation and halothane/oxygen inhala-
tion for anesthetic maintenance. The animal was
placed in left lateral recumbency for bowel prepa-
ration and physical examination (rectal palpation)
of the prostate. TRUS visualization was performed
using the combined trans-rectal NIR/US probe with
condom-and-gel coverage. Both the physical exami-
nation and ultrasound revealed a normal prostate
for this dog. The prostate was examined weekly
using similar procedures, with consistent evaluation
results being classified as “normal,” until the dog
was euthanized nine weeks after the initial exam
with an overdose of pentobarbital sodium. A com-
plete necropsy was performed and the prostate and
peri-prostatic structures were submitted for histo-
logic examination.

4. Results

Figure 4 displays one set of sagittal trans-rectal
NIR tomography images and the correlated TRUS
performed at the right lobe, middle-line, and the
left lobe of the normal canine prostate gland. The
dimensions of the NIR and correlated TRUS images
are 50mm (cranial-to-caudal) x 30mm (dorsal-
to-ventral). Each of the images represents one of
three highly consistent measurements taken at each
location.

The NIR absorption coefficient images are dis-
played at a color-scale of [0.007 0.014] mm ™. The
NIR transport scattering coefficient images are dis-
played at a color-scale of [3.000 6.000] mm~'. The

NIR effective attenuation coefficient images are dis-
played at a color-scale of [0.250 0.500] mm~!. The
color-scales in all images represent a background
threshold at 1/ of the maximum value of the color-
scale. At this scale, the locations of the NIR regions
indicating the prostate had excellent position corre-
lation with prostatic images obtained using TRUS.
The urinary bladder is shown as an anechoic struc-
ture on TRUS, which is similar to images using NIR.
Most of the peri-rectal tissues are also not identified
using NIR except at the periphery of the urinary
bladder. The prostate is consistently demonstrated
in NIR images as having positive-contrast with
respect to the peri-prostatic tissues, with an aver-
age of more than two-folds of contrast in absorp-
tion, reduced scattering, and effective attenuation.
In addition, the prostate is more optically heteroge-
neous in the middle-line and more optically atten-
uating toward the internal aspects of the prostate
than in the peripheral aspects of the gland.

At this scale setting, it is noted that areas of
prostatic regions on NIR images resemble the actual
cross-sections being interrogated on the gland. The
cranial-caudal length dimensions of the prostate at
the right lobe and left lobe NIR images are smaller
than that at the middle-line NIR images. The
dorsal-ventral thickness dimensions of the prostate
in the right and left lobe NIR images are shown
greater than that at the middle-line NIR images.
Overall, the prostate is longitudinally elongated in
the middle line than in the right and left lobes.
This profile of the canine prostate interpreted from
NIR regions implies a walnut-shape with lobular
anatomy.

Figure 4 illustrates peak absorption coefficients
of this prostate specimen on the three planes to be
0.014, 0.012, and 0.014 mm™'; the peak reduced
scattering coefficients to be 5.28, 5.56, and 6.53
mm~'; and the peak effective attenuation coeffi-
cients to be 0.45, 0.43, and 0.50 mm~!. The valid-
ity of these numbers has been examined in the
context of values summarized in Table 2 and by
the spectra plots in Fig. 5. The majority of the
previous measurements in Table 2 were performed
in the spectral range of 630nm to 732nm, with
some extension to the ultraviolet end of 355nm
and the infrared end of 1064 nm. The data points
of this study, performed at 840nm, represent the
values of absorption, reduced scattering, and effec-
tive attenuation averaged over the peak values of
right lobe, middle line, and left lobe. It is noted
that the absorption coefficients of this study are
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Fig. 4.

Trans-rectal NIR/US of normal canine prostate in vivo: The US and NIR images were taken at the right lobe (left

column), middle-line (middle column), and the left lobe (right column). The 1st row, US; the 2nd row, coronal view of the
locations of sagittal NIR/US planes; the 3rd row, absorption coefficient; the 4th row, transport scattering coefficient; the 5th
row, effective attenuation coefficient; the 6th row, axial view of the locations of sagittal NIR/US planes. The dimensions of all
images are 50 mm x 30 mm (cranial-caudal X dorsal-ventral). BL-urinary bladder, PR-prostate.

narrowly distributed in a range predicted by the
reported values closest to 840nm. The reduced
scattering values of this study are much higher
(2-3 folds) than what may be estimated from the
previously reported values, yet the effective atten-
uation coefficients of this study are narrowly dis-
tributed within the range predictable by reported
values.

5. Gross and Histological
Examination of the Prostate
Gland

The prostate gland exhibited diffuse, symmetrical
(and mild) enlargement (4.5cm x4.5cmx2.5cm).
On cross-section, the tissue was grossly normal with
the exception of a discrete, 0.5 cm in diameter focus
of grey/tan tissue [arrowhead, Fig. 6(b)] located in
the region of the right prostatic lobe. Histologically,
this focus corresponded to moderate interstitial

fibrosis with infiltration by primarily lymphocytic
inflammatory cells [arrow, Fig. 6(d)]. The remain-
der of the prostatic tissue exhibited diffuse slight
enlargement of the prostatic epithelium with occa-
sional papillary projections and cystic dilation of
prostatic glands consistent with early benign pro-
static hyperplasia/hypertrophy. Otherwise, the tis-
sue was histologically unremarkable [Fig. 6(c)]. The
histological results confirmed that the NIR optical
contrasts presented in this work are of a normal
canine prostate.

6. Discussions

This study revealed the in wvivo optical properties
of an intact normal canine prostate in its normal
anatomic position in the pelvic canal. The absorp-
tion, reduced scattering and effective attenuation
coefficients of the canine prostate at approximately
840 nm have not been reported previously. However,
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Fig. 5.

Spectra of the optical properties of canine prostate based on the values given in Table 2. The measurements by this

work at 840 nm were the average of the peak values of the right lobe, middle line, and left lobe.

an examination of the spectra in Fig. 5 allowed esti-
mation of these values to be around that value.
Given that the prostate is a gland with relatively
rich vasculature, it is not difficult to correlate the
absorption spectrum of the prostate to that of the
total hemoglobin content, which has a low NIR
absorption at and above the near-infrared band,
as well as a relatively leveled absorption at wave-
lengths greater than the isosbestic point of 805 nm.
The reduced scattering spectrum is rather “noisy”
in the NIR band, yet globally it seems to follow the
empirical power-law model of p. = AN®, where A
and b are model parameters for scattering ampli-
tude and scattering power, respectively,?” when
there is a broad range of scattering particle sizes.
The effective attenuation spectrum is close to that
of the absorption, a result that may be anticipated
from Eq. (1). Among the three optical properties
being measured or calculated, both the absorption
and effective attenuation coefficients are well within
what can be predicted from the current literature.

The predicted average reduced scattering values at
840nm from the literature may be much smaller
than the measured values in this study but there is
a fairly large error of distribution within the cited
values of the spectra. It is thereby impractical to
predict the reduced scattering coefficient at 840 nm
within a narrow range based on the literature
spectra. On the other hand, this study utilized
non-prior guided pure optical-based reconstruction
for trans-rectal optical tomography. Our previous
study indicated that when an accurate spatial prior
to trans-rectal NIR tomography reconstruction is
not employed, the absorption coefficients may be
under-estimated, and the reduced scattering coeffi-
cients may be over-estimated.?! The image recon-
struction of trans-rectal NIR tomography in this
study requires a 3D mesh being used due to the
geometry of the NIR applicator. Extracting an
accurate 3D prostate profile based on sagittal TRUS
images, however, remains a challenging task. If the
optical properties were reconstructed with an accu-
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Fig. 6.

Canine prostate gland. The prostate gland was slightly enlarged (4.5cm x 4.5c¢cm X 2.5c¢m) and on cross-section

was predominantly unremarkable (a). The right lobe of the prostate contained a 0.5-cm in diameter focus of grey/tan tissue
[arrowhead in (b)]. Histologically, most of the prostate gland exhibited inconspicuous lesions of early prostatic hyperpla-
sia/hypertrophy consisting of increased prostatic epithelial cell size (c), scattered papillary projections and cystic dilation of
prostatic acini. The gross lesion in the right prostatic lobe consisted of a focus of interstitial fibrosis and lymphocytic prostatitis

[arrow in (d)]. Hematoxylin and Eosin stain, Bar = 360 pm.

rate spatial prior, the reduced scattering coefficients
could have better correlation with the literature
predictions.

This study also revealed the optical property
contrasts that a normal canine prostate has over
other structures within the canine pelvic canal. The
prostate is shown as having positive-contrast over
its peripheral tissue in absorption, reduced scat-
tering, and effective attenuation of the NIR light.
There are a number of factors that could make
the prostate hyper-attenuating on trans-rectal NIR
tomography. First, the unique thin-layers of pro-
static capsule may be refractive-index mismatched
with respect to the peri-prostatic tissue, thereby
causing specular reflection on the prostatic capsule
that contributes to the elevated light attenuation
of the prostate. Second, the prostate is known to
have relatively rich vasculature that may impose
stronger NIR absorption within the prostate. Third,
the intra-prostatic parenchyma is known to be
optically heterogeneous,'?~2° a condition favorable
to high scattering attenuation. The origin of the

intra-prostatic optical heterogeneity is not well
understood, but is likely due to multiple fac-
tors. These factors may include (1) the radially-
distributed blood vessels giving non-uniform blood
vessel count throughout the prostate, (2) the unique
intra-prostatic anatomy that is complicated by the
existence of urethra and ejaculation ducts, and
(3) the different cellular structures in the differ-
ent zonal areas of the prostate. Among these fac-
tors, the first and second may also cause the higher
effective attenuation in the urethral region than in
the capsular region that is clearly demonstrated in
Refs. 15 and 16.

7. Conclusions

In conclusion, the optical properties of a normal
canine prostate, ¢n wvivo, in its native intact envi-
ronment in pelvic canal have been acquired for the
first time by trans-rectal NIR optical tomography at
840 nm, under TRUS position-correlation but with
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no spatial prior employed in the reconstruction. The
absorption and effective attenuation coefficients are
within the ranges predictable at 840 nm by litera-
ture values which clustered sparsely from 355 nm to
1064 nm. The effective attenuation coefficients are
found higher in the internal aspects of the prostate
than in the peripheral aspects, which agrees with
the previous findings that the urethral regions were
statistically more attenuating than the capsular
regions.
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We study the level of image artifacts in optical tomography associated with measurement uncertainty
under three reconstruction configurations, namely, by using only direct-current (DC), DC-excluded fre-
quency-domain, and DC-included frequency-domain data. Analytic and synthetic studies demonstrate
that, at the same level of measurement uncertainty typical to optical tomography, the ratio of the stan-
dard deviation of u, over p, reconstructed by DC only is at least 1.4 times lower than that by frequency-
domain methods. The ratio of standard deviations of D (or u}) over D (or y,) reconstructed by DC only are
slightly lower than those by frequency-domain methods. Frequency-domain reconstruction including DC
generally outperforms that excluding DC, but as the amount of measurements increases, the difference
between the two diminishes. Under the condition of a priori structural information, the performances of
three reconstruction configurations are seemingly equivalent. © 2010 Optical Society of America

OCIS codes:

1. Introduction

Diffuse optical tomography (DOT) based on measure-
ment of near-infrared (NIR) light diffused through
thick biological tissue aims to quantify the heteroge-
neities of NIR-absorbing chromophors and scattering
particles [1]. There are generally three categories
of DOT measurements: (1) continuous wave (CW),
wherein only steady-state or direct-current (DC)
detection is carried out, (2) time domain, wherein
the attenuation and pulse-width broadening of the
excitation light are the measurands [2-5], and (3)
frequency domain, which is mathematically the Four-
ier-transform equivalent of the time-domain method
[6-17] but is considerably less complicated in instru-
mentation. Frequency-domain detection ideally

0003-6935/10/163059-12$15.00/0
© 2010 Optical Society of America

170.3880, 170.3010, 170.6960, 170.5270.

renders three types of information: the DC attenua-
tion, the modulation intensity change (AC), and the
modulation phase shift (PHS). Some frequency-
domain DOT works, however, have utilized AC and
PHS [6-12,14,15], rather than the complete measur-
ands of DC, AC, and PHS. Excluding the DC in fre-
quency-domain DOT reconstruction implied that
the DC information was considered unlikely to im-
prove the outcome of reconstruction when the AC
and PHS are available. Such consideration could have
been prompted if the DC information had been redun-
dant in frequency-domain reconstruction, but indeed
it has not been either justified or negated.

On the other hand, many works in DOT have relied
on only the DC measurements [18-26]. Although
lacking phase information will certainly reduce the
accuracy or confidence of quantitative reconstruction,
almost all these studies have demonstrated that the
absorption and reduced scattering characteristics can
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be separately and absolutely reconstructed by use of
DC information only. But all these works lack a direct
comparison of the outcome of DC-based reconstruc-
tion with that of frequency-domain reconstruction,
which is needed to provide a basis to assess the
compromise for reconstruction based solely upon
DC information. Out of these DC-based DOT recon-
structions, there also exists a common but not widely
stated feature in the images—the recovered back-
ground is usually more homogeneous than the gener-
al level of background artifacts seen in images
reconstructed in the frequency domain. Fewer image
artifacts in the background may be beneficial for iden-
tifying the target of interest over a relatively hetero-
geneous background, but what contributes to fewer
image artifacts in the background has not been well
understood.

This work studies the level of artifacts associated
with measurement uncertainties in three modes of
image reconstruction, namely DC, AC + PHS, and
DC + AC + PHS. The studies are conducted both
analytically and by synthetic measurements, to ad-
dress why the DC-based reconstruction results in
fewer background artifacts and to demonstrate that
including DC information in frequency domain gen-
erally improves the reconstruction outcome. Clearly,
the analysis of this study shall be based upon the pro-
pagation of measurement noises to the image. Con-
tributing to the image artifacts are a number of noise
sources, among which is an error due to coupling loss,
as studied by Schweiger et al. [27]. That study trea-
ted coupling errors as coupling coefficients appended
to the solution space, and demonstrated reconstruc-
tion of frequency-domain data contaminated with
synthetic coupling errors. Similar studies are neces-
sary to understanding reconstruction with contami-
nated DC data.

The level of artifacts is a critical indicator of the
capability of reliably recovering the optical heteroge-
neity. Ntziachristos et al. [28] demonstrated that the
reconstruction of localized lesions deteriorated as a
function of background heterogeneity. They also
found that increasing the dataset size, specifically
the number of detectors used, improves the recon-
struction of the lesion structure, but does not remove
the artifacts. Those results, performed on frequency-
domain synthetic and experimental data, indicate
that certain artifacts are inherent to image forma-
tion and, thereby, cannot be removed completely. The
cause of such artifacts must also be inherent to DC-
based reconstruction, wherein the outcome relative
to frequency-domain reconstruction is unknown.

The analytic approach of this study is based pri-
marily upon a method introduced by Fantini et al.
[29] to model the accuracies or, equivalently, the er-
rors associated with a two-distance measurement
technique for quantifying the optical properties of
a bulk homogeneous medium. Reconstructing optical
properties in a homogeneous medium is essentially a
process of fitting the slopes of measurements with
respect to different source—detector distances, for

3060 APPLIED OPTICS / Vol. 49, No. 16 / 1 June 2010

which Fantini et al. introduced their models of the
“relative error” of absorption and reduced scattering
coefficients using the intensity exponential factor,
the AC exponential factor, and the phase factor be-
tween the measurements made at two different
source—detector distances. The tomography of optical
heterogeneity relies on multiple measurements
among spatially resolved sources and detectors, and
image reconstruction is a process of optimizing the
local optical properties to minimize the difference
of model prediction for these source—detector pairs
with respect to the measured values. The accuracy
of reconstruction is thereby dependent upon the cap-
ability of distinguishing the signal variations for a
single source—detector pair due to all types of mea-
surement fluctuations, as well as local changes of
tissue optical properties, such variations among dif-
ferent source—detector pairs, and mapping such var-
iations to the image space. Hence, the “relative error”
initially discussed in [29] equally applies to tomogra-
phy of optical heterogeneity, because the “relative er-
ror” of measurement determines the upper limit of
reconstruction accuracy; in other words, it sets the
“parameter-recovery-uncertainty level” (PRUL) in
the tomography images.

This study analyzes the PRULSs of the absorption
coefficient, the reduced scattering coefficient, and the
diffusion coefficient, for the measurement conditions
of DC, AC + PHS, and DC + AC + PHS and examines
their representations as image artifacts in synthetic
models. Much of the analytic approach of this study
is based upon the method established in [29]; how-
ever, there are substantial differences in the mea-
surement configurations investigated, and also, in
this novel study, the analytic results partially sug-
gested by [29] are quantitatively evaluated to com-
pare the PRULs among these configurations. It is
also noted that [29] considered the measurement
configurations of DC + AC, AC + PHS, and DC+
PHS. When frequency-domain (FD) information is
available, it is straightforward to apply AC + PHS,
as employed by many works [6-12,14,15], to image
reconstruction. The utilization of DC + AC and DC +
PHS are mathematically valid; however, those con-
figurations have seldom been used for image recon-
struction. This study investigates the level of
artifacts in the DC, AC + PHS, and DC + AC + PHS
configurations, as they are the most likely implemen-
ted approaches toward image reconstruction. There-
fore, among the results previously stated in [29], only
those related to AC + PHS have been included in this
study when appropriate. The AC + PHS result for
the absorption coefficient in [29] is cited directly,
but the AC + PHS result in [29] for reduced scatter-
ing is revised to a more generalized form that is con-
sistent with the result for the absorption coefficient.
Table 1 in Subsection 2.A is introduced to make clear
these distinctions. This study also investigates re-
construction of the diffusion coefficient, because,
not only are the absorption and reduced scattering
coefficients coupled, but also generally the diffusion



Table 1. Comparison of the Analytic Derivations in This Work with That in [29]

Measurements
DC DC+AC AC +PHS DC + PHS DC + AC + PHS
% (%) This study [29] [29] [29] This study
Alei- (‘%é) This study [29] [29] ¢ [29] This study
% () This study This study This study

“The derivation was revised to a more generalized form.

coefficient is involved in the reconstruction process
prior to formulating the reduced scattering coeffi-
cient. The diffusion coefficient image may provide
new insights to the study even though its artifacts
are expected to be close to those seen in reduced scat-
tering image.

The rest of the paper is organized in the following
sections. Section 2 analyses the PRUL for three ca-
tegories: (1) D.C. only, (2) AC + PHS, and (3) DC+
AC + PHS. Tissue and measurement parameters
typical to optical tomography applications are imple-
mented to evaluate quantitatively the PRULs ex-
pected in the images. Section 3 uses synthetic data
to examine the uncertainty of the parameters recov-
ered for homogeneous medium, single inclusion with
different types of optical contrast, and multiple in-
clusions with specific optical contrasts. These syn-
thetic models are also evaluated selectively for the
condition of having spatial a priori information in
the image reconstruction. Section 4 discusses the im-
plications of the results.

2. Theory

The reconstruction accuracy of optical tomography is
determined by many factors, including the accuracy
of the forward model, the determinacy of inverse for-
mulation, and the characteristics of instrument noise
[30]. An analytic approach has been introduced in
[29] to demonstrate that the uncertainty (or error)
in the measurement maps to the uncertainty of reco-
vering the assembled optical properties of bulk
tissue. The same uncertainty (or error) of the mea-
surement, when involved in tomographic reconstruc-
tion to recover spatially resolved tissue optical
properties, will translate to spatially varying arti-
facts that reduce the contrast-to-noise ratio (CNR)
of the target of interest. This effect may seem ob-
vious; however, the extent of it is not well understood.
This work closes this gap of knowledge in three con-
ditions of DOT measurements, namely DC, AC+
PHS, and complete frequency-domain information
by DC + AC + PHS.

A. Parameter-Recovery-Uncertainty Level

The variation of the recovered optical properties is
modeled as PRUL, which for AC + PHS has been
derived in [29] in terms of the attenuation of the
AC amplitude and phase shift versus a change of
source—detector distances. We implement the ap-
proach in [29], but extend it to DC-only and DC +
AC + PHS configurations, and apply it to diffusion

coefficients in addition to absorption and reduced
scattering coefficients.

The frequency-domain measurement of photon den-
sity consists of a steady state and time-varying com-
ponents as Upp (¥, ) = Upc(F) + Uac (7, w), where F'is
the position vector and w is the angular modulation
frequency of the light source. The Ugp(7, w) satisfies
the photon diffusion equation of

pal) | o ; ;
(_ D(f) + —) UFD(T", a)) + V2UvFD(n a))

vD(F)
_ S o)
G (1)

where v is the speed of light in the medium, y, is the
absorption coefficient, D = [3(u, + u,)]™! is the diffu-
sion coefficient, 4} is the reduced scattering coefficient,
and the source term S(¥,w) has a DC component
Spc(¥) and a time-varying component Sy (7, w). For
a homogeneous infinite medium with a detector at 7
and a source at 77, thereby a source—detector distance
of d = |/ - 7|, we have

Urp(r,) = Upc(r) + [Uc(r, ®)| exp(iPac)

_ Spc(r)

Sac(r, o .
4280 ) exp(kacd) - explikpsd)
(2)
where
a Ha o?
kDC: E, kAC: @ 1+m+1 R
(3)

2
Ha w
kPHS: 21)( 1+112/,¢§_1>

It is noted that ksc > kpc and kac is correlated with,
but not linearly dependent upon, 2p¢. The attenuation
of the DC component of the photon density is thus not
equal to or linearly dependent upon that of the AC
component, which is an indication that the DC infor-
mation would not be a duplication of any of AC or PHS.

Denoting dy > d; and p = |d; —dy| as the differ-
ence of source—detector distance between two mea-
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surements corresponding to the same source, one has
[29] (reproduced here for convenience)

I (dz Upc(ds
di Upc(dy
In <d2 Uac

¢ =D(dy) =p - kpus

:pd (J1+5s o -1).

U
Table 1 lists the PRUL of five different measurement
configurations, among which three were investigated
in [29]. As stated previously, the configuration of
DC + AC and DC + PHS were seldom used for image
reconstruction, therefore, only the AC + PHS results
of [29] are cited for this comparative study.
In CW measurement, we have

5\ 2
” =D-(-]) .
ﬂ|DC (p)

References [31,32] suggest that, for steady-state sur-
face measurements, p, and D collectively determine
the diffuse reflectance, denoted as R.., by the rela-
tionship [y, - D] = K(R.,). It is noted that the diffuse
reflectance is not Upc(7), which implies treating
K(R.,) as not significantly dependent upon Up¢(7),
thereby Eq. (5) may be converted to

- ®(dy)

Ha

oD (4)

(5)

K(R.,
talp = YEB=) 5 6)
and estimating the PRUL of g, for DC by
| _ 1[0 ] _0 o3\ 12
Ha Ipc  Ha [35 66] 5 (52> '
We have, for AC + PHS [29],
¢ «
HalacpHS = % (— - $>7 (8)

and a PRUL of [29]

s = L[(%)'
Ha AC+PHS la p) a

oy 1/2
(i)

a®+ ¢ (62 0y,\1/2
()" )
For DC + AC + PHS measurement, we have
o &
HalDC+ACIPHS = "0 2ap (10)
and, accordingly, a PRUL of
Ouq
Ha |DC+AC+PHS
1 [/ o \% 5 | (a2 5]Y2
| (G) et (3e) 2+ (55)
o2 o2 02 1/2
- (4+ +¢2> : (11)

The PRULSs in Egs. (7), (9), and (11) all have the
shape of

H=n- ()12,
u

(12)
which contains a multiplication factor n and a
square-root term /€. The relative levels of these

2
PRULSs become comparable as :Té’, Z—;, and 2—22; are prac-
tically the same [29]. It is indicated in Table 2 that
the PRUL of y, will be the lowest in DC-based recon-
struction, but whether the PRUL of g, is lower in
AC + PHS or in DC + AC + PHS depends upon the
difference in a and ¢.

Because the image reconstruction recovers D to
formulate p, it is imperative to analyze the PRUL
of D. For the case of DC, similar to the derivation
for u,, we have

Dive = K(R-)- (%), (13)

Table 2. Comparison on PRUL of y,(c,, /ua)

" VE
Eq. Condition Expression Value Expression Normalized value Normalized 7 - /&
(7 DC 1 (é) 1/2 1 1
&
) AC + PHS (if’) >1 2 B\1/2 141 >1.41
o (+3)

o? 02\ 1/2 . .

(11) DC + AC + PHS 1 (45—g+§+¢—‘§) / 2.45 2.45
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Table 3. Comparison on PRUL of D

Normalized

Eq. Condition Expression Value
02\ 1/2
(14) DC (52> 1
(16) AC+PHS & DC (63 4 )1/2 ~1.41
+AC + PHS ¢

o 1 [oD o 62\ 1/2

Pl =256 =2or(2) . (14)

D |pc D |95 5 \5

For AC + PHS and DC + AC + PHS, the expressions
are the same:

2
wp® 1
D|AC+PHS = D|DC+AC+PHS == % : @ : (15>
Therefore,

op ()]
3 |AC+PHS =7 |DC+AC+PHS

B oD\ 2 2 oD\ 2 1/2

N D da 0P

63 5(17 1/2

The PRULs of D in Egs. (14) and (16) are compared in
Table 3. Apparently, when AC and phase are em-
ployed, the DC component is redundant for the recov-

ery of D.
The PRUL of 4 is derived by

, N2 71/2
i=alGn) 3 G) )
1 -1 1\2
e B
so the PRUL of 4 for DC is

o~ o] (o)

3_D ~ Ha
For AC + PHS, it is [29,33]
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2
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Os
52
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(18)

)
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Hs
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2 /52
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2 2
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_ ¢2
and for DC + AC + PHS, it is

O 1 -1
Z|DC+AC+Phs: 3_D_ﬂa
(V%1% 4
3D a®  @? “
2 6(21 o'(/) 1/2
(F2 )" e

Based on the estimation leading to Table 2, the
PRULs in Egs. (19) and (20) can be normalized with
respect to Eq. (18). The results are given in Table 4.
Again, the PRUL of x, will be the lowest for DC.
Whether the PRUL of 4, is lower in AC + PHS or
in DC + AC + PHS depends also upon the difference
in @ and ¢ as for the PRUL of y,, but, because of the
dominance of 1/3D over u,, the difference between
AC + PHS and DC + AC + PHS will be less than that
observed for PRUL of p, in Table 2

B. Summary of the PRUL Analyses

The DC-only reconstruction seems to give the least
level of relative uncertainty of the parameter in
the reconstruction. The AC + PHS configuration
seems to be equivalent to DC + AC + PHS in the le-
vel of PRULSs of reduced scattering and diffusion coef-
ficient, but it is unclear for the absorption coefficient.
These analyses have been conducted for an infinite
homogeneous medium, but the results will be readily
translatable to a medium with boundaries and with
inclusions.

3. Synthetic Studies

Simulations are carried out to study the practical
issues of PRUL, such as background noise, the accu-
racy of optical property recovery, and the interpara-
meter cross coupling, of the three measurements
setups.

A. Synthetic Model

The forward model is carried out by the finite-
element method (FEM) solution of Eq. (1) using the
Robin-type boundary condition [34]:

Table 4. Comparison on PRUL of u

Eq. Condition Expression Normalized as
(18) DC [(%)2 (g) T2 (f;,g)] 1/2 1

(19) AC + PHS {(3%)2(£+%> 2 (a;;,z) (éﬂ,’—%)] 1/2 >1.41
(20) DC + AC + PHS { %)2(%+%>+”E.(4%+%+%)}1/2 >1.41
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Fig. 1.
medium.

(Color online) Imaging geometry for a homogeneous

U(7y,w) - 2DA#A, - VU (Fy,w) = 0, (21)
where A is related to refractive index mismatch and
Ny is an outgoing normal vector. The Jacobian is
structured to the form of

dln Upc dln Upc

DC Ol oD

_ _ | 9In|Uacl 91n|Uac|
J=| AC | = |nlul x| (92)

PHS 0Dyc aPxc

Ol oD

where the indices of each block of the Jacobian could
be node based for pixelwise reconstruction or region
based for prior-guided regionwise reconstruction.
Utilizing only the first row leads to CW, utilizing
the second and third rows renders AC 4 PHS, and
utilizing all three rows gives DC + AC + PHS.
The inverse solver implements the Levernberg—
Marquardt algorithm as

X1 = X, + - [T () (o) + AT () Av (),
(23)

where x is the array of unknown parameters, Av is
the forward projection error and 4 is a penalty or reg-
ularization term. The value of 1 is initially set as 100,
and is reduced to its fourth root with each continued
iteration. The damping factor, a, in the range of (0, 1),
is introduced when only regionwise reconstruction is

performed to facilitate stable convergence [35] and is
set at 0.5 in this study when included. For pixelwise
reconstructions using NIRFAST [36,37], a is set to 1.

B. Simulation Results

Synthetic data are generated for a homogeneous
medium, a medium with a single inclusion, and a
medium with multiple inclusions with mixed types
of optical heterogeneities.

1. PRULs in a Homogeneous Medium

A cylinder-applicator geometry [38] of 60 mm in
height and 86 mm in diameter with 16 optodes is
adopted, like the one shown in Fig. 1. The optodes are
turned on sequentially for the measurements being
taken by all other optodes, generating a total of
240 measurements for each dataset.

The volume is discretized into a FEM mesh of
12,695 nodes for forward computation, while a smal-
ler FEM mesh of 600 nodes is used in the recon-
struction. Because this synthetic study specifically
investigates the level of artifacts reconstructed to
the same level of recovered parameters in an other-
wise homogeneous medium, the same optical proper-
ties of y, = 0.01 mm™ and y;, = 0.01 mm™! are used
for both forward computation and as the initial
values of the inverse routine, with 1% noise added
to the forward simulation data to maintain the same
measurement error. In addition, all controlling
parameters of the inverse model are maintained
the same for DC, AC + PHS, and DC + AC + PHS
configurations.

Table 5 demonstrates that the variations recov-
ered to the parameters of a homogeneous medium
are lowest in DC, as expected from the analytic anal-
ysis. The DC + AC + PHS slightly outperforms AC +
PHS in yu, recovery, but AC + PHS slightly outper-
forms DC + AC + PHS in u}/D recovery.

The normalized numbers (1.45-1.64) for u,/D
recovery are considerably close to those in the analy-
tical derivation—with the same average optical prop-
erties, the background standard deviation of the
images reconstructed by FD system measurements
is at least 1.41 times larger than those reconstructed
by the CW system. However, in u, reconstruction, the
variations in FD configurations are about twice those
predicted in Table 2. It is noted that the analytic
results in this study are based upon perturbation
analysis. It is well known that DOT is a nonlinear
process, wherein the absorption perturbation is more

Table 5. Mean Value and Standard Deviation Reconstructed for Homogeneous Medium’

o,, (mm1) o, (mm™1) op(mm)
o Abs. Norm. A Abs. Norm. D Abs. Norm.
DC 0.01 0.69 x 1076 1 1.00 0.80 x 104 1 0.33 2.64 x 1073 1
AC +PHS 0.01 3.13x107° 4.50 1.00 1.18 x 107* 1.47 0.33 3.83x 1073 1.45
DC + AC +PHS 0.01 2.98 x 1076 4.29 1.00 1.31x10* 1.64 0.33 4.24 x 1073 1.60

%“Abs.” denotes the absolute value of the standard deviation. “Norm.” denotes the standard deviation normalized with respect to the
standard deviation of DC. The same notations apply to Tables 6 and 8.
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Fig. 2.

(Color online) Contrast-to-noise-ratio (CNR) with respect to the measurement noise levels. (a), (b), (¢) y, /u; /D distribution in the

z = 0 plane of forward model; (d) 4, CNR comparison; (e) u;, CNR comparison; (f) D CNR comparison.

pronounced than scattering perturbation. In this
specific model of homogeneous medium, the signal
perturbation is evenly distributed to the entire vo-
lume of the homogeneous medium instead of mostly
confined to smaller lesions with higher optical prop-
erty contrast, as in the later examinations. There-
fore, the perturbations from AC and PHS could
have been coupled to and nonlinearly amplified as
the variation of absorptions.

2. Contrast-to-Noise Ratio Analysis for Single
Target

The results in Subsection 3.B.1 indicate that, for 1%
noise in the measurement of homogeneous medium,
DC-only reconstruction clearly maintains a lower
artifact level compared to DC + AC + PHS and
AC + PHS. This study examines the contrast of a tar-
get inclusion in an otherwise homogeneous medium

Fig. 3.
and targets located on one plane.

at different measurement noise levels when recon-
structed by DC, AC + PHS, and DC + AC + PHS con-
figurations. The synthetic model is similar to that in
Subsection 3.B.1, but with a spherical heterogeneity
added at (x = 0 mm. y = -20 mm, z = 0 mm), with
Uy =0.025 mm! and x. =1.75 mm'. The recon-
struction basis of 2760 nodes is larger than the
one used for Subsection 3.B.1. Varying noise levels,
of 0% to 10%, are integrated into the forward data
to examine the CNR of the target (CNR=[max
(target-region-value) —mean(background-value)|/
background-standard-deviation) with respect to
the background artifacts. The background deviation
is calculated by excluding the areas within a distance
of 1.5 times the target radius away from its center
[39]. The calculated CNRs are given in Fig. 2 for
the three types of target contrast. It is observed in
Fig. 2 that the CNR levels of y, and D look similar
when compared to that of yx}, which supports the

(Color online) Simulation studies for reconstructing multiple targets in a three-dimensional cylindrical geometry with the optodes
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Table 6. Standard Deviation of Background Optical Properties in Fig. 3

6, (mm™) 6, (mm1) op(mm)
Abs. Norm. Abs. Norm. Abs. Norm.
DC 1.92x 10 1 2.46 x 102 1 7.25 x 1073 1
AC + PHS 3.63x 10 1.89 2.88 x 102 1.17 9.01x 1073 1.24
DC + AC + PHS 3.45x 10 1.79 2.49 x 1072 1.01 7.75 x 1073 1.07

assumptions made for deriving PRULs of y, and D in
Egs. (7) and (14). In Fig. 2, the CNR levels of y, are
found to be lower than that of 1, which may be due to
underestimation of p, and overestimation of x4} in
such a pixelwise image reconstruction [24]. Despite
this, several features can be observed in Fig. 2. (1)
At a zero noise level, the three methods are compar-
able in the CNR. (2) When the noise becomes higher,
the D.C. clearly outperforms the other two in CNR,
while DC + AC + PHS slightly outperforms AC+
PHS. (3) At a 10% noise level, the CNRs of all meth-
ods are similar for u; and D recovery, but DC still
outperforms the other two in y, reconstruction.

3. Multiple Target Case

The geometry for having multiple inclusions is shown
in Fig. 3, where three spherical targets with radii of
7.5 mm are located in the longitudinal middle plane
(z = 0) of the cylindrical imaging volume and are all
20 mm away from the center of the circular cross sec-
tion, ensuring the same spatial sensitivity at their po-
sitions. Target 1, at the upper left (x = -14.14 mm,
y = 14.14 mm, z = 0 mm), has only absorption con-
trast (4, = 0.025 mm™1, 4, = 1 mm™1), target 2, at up-
per right (x = 14.14 mm, y = 14.14 mm, z = 0 mm),
has only scattering contrast (u, = 0.01 mm™, 4. =
1.75 mm™'), and target 3, at lower side (x = 0 mm,
y = —-20 mm,z = 0 mm), has contrasts of both absorp-

tion and reduced scattering (u, =0.025 mm™,

ui = 1.75 mm™1). The dashed line in the figure marks
the position of the target when it presents no contrast
in that category. Table 6 lists the deviation of the
background optical property in the reconstructed
images. Standard deviation values in Table 6 are nor-
malized along each column versus those of DC-only
reconstruction.

For background homogeneity, comparison in
Table 6 indicates that DC only demonstrates the low-
est artifact level in the image background, while the
background artifact levels of DC + AC + PHS and
AC + PHS are approximately 1 to 2 times higher.
Although the numerical simulative result does not
exactly match the values in Tables 24, it qualita-
tively agrees with the analytical derivations. The
analytical derivations given in Tables 2—4 indicate
that DC + AC + PHS and AC + PHS produce similar
background homogeneities, but the simulation re-
sults all indicated a slightly lower background arti-
fact level in DC + AC + PHS reconstruction. For
target accuracy, the reconstructed images in Fig. 3
and the data comparison in Table 7 are seen with
DC + AC + PHS as superior to AC + PHS, which,
along with the comparison on the background
homogeneity, indicates that including DC generally
improves the FD reconstruction. In terms of inter-
parameter cross coupling, DC has more coupling
than FD, which is well known. The cross coupling

Table 7. Comparison of the Accuracy of Recovered Optical Properties in Fig. 3

Har (mm™) My (mm™") D (mm)
Value Error Value Error Value Error
Set 0.025 1 0.325
DC 0.0125 -50.16% 1.398 39.84% 0.236 -27.35%
AC + PHS 0.0146 -41.62% 1.293 29.27% 0.255 -21.59%
DC + AC + PHS 0.0149 -40.30% 1.201 20.06% 0.274 -15.67%
Haz(mm™!) Hio(mm!) Dy (mm)
Value Error Value Error Value Error
Set 0.01 1.75 1.75
DC 0.0114 13.68% 1.238 -29.25% 1.639 -6.34%
AC + PHS 0.0107 6.95% 1.250 -28.56% 1.619 -7.47%
DC + AC + PHS 0.0104 3.81% 1.375 -21.45% 1.635 -6.55%
Has(mm™) Mz (mm™") D3(mm)
Value Error Value Error Value Error
Set 0.025 1.75 0.188
DC 0.0141 -43.48% 1.639 -6.34% 0.2012 7.37%
AC + PHS 0.0139 -44.31% 1.619 -7.47% 0.204 8.70%
DC + AC + PHS 0.0137 -45.24% 1.635 -6.55% 0.202 7.64%
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Table 8. Standard Deviation of Background Optical Properties in Fig. 4

6, (mm™) 6, (mm1) op(mm)
Abs. Norm. Abs. Norm. Abs. Norm.
DC 2.26 x 1074 1 3.00 x 1072 1 8.47x 1073 1
AC + PHS 4.07x10™ 1.80 3.26 x 1072 1.09 9.78 x 1073 1.15
DC + AC + PHS 3.95x 10 1.75 3.18x 1072 1.06 9.51x 1073 1.12

in DC + AC + PHS is slightly less severe than that
in AC + PHS.

A similar study is conducted for the same targets
in a three-ring setup [38] in Fig. 4, which has three
identical rings of optodes at the azimuthal planes of
z=-10 mm, z = 0 mm, and z = 10 mm. Each set of
data contains a total of 2256 measurements by
turning on one source and detecting at all other op-
todes. The key values are compared in Tables 8 and 9.
Most features of the three aspects discussed for the
single-ring case can be reconfirmed, except that the
target contours recovered by FD reconstructions are
more accurately defined, but, nonetheless, the differ-
ence between DC+ AC +PHS and AC+PHS is
insignificant.

Prior-guided region-based reconstructions are also
performed on both of the imaging geometries of
Figs. 3 and 4 to examine if including accurate a priori
structural information of the target affects the out-
come of the three reconstruction configurations. As
is shown in Figs. 5 and 6, with forward models the
same as those in Figs. 3 and 4, the inverse model
has integrated spatial a priori information by assum-
ing a homogeneous target of the accurate size in a
homogeneous background. Results of both cases indi-
cate that, with the structural a priori information,
the performances of the three configurations are es-
sentially equivalent.

4. Discussions

Using only the DC information to simultaneously re-
cover the absorption and diffusion (or the reduced
scattering) distributions has been controversial.

Fig. 4.

The nonuniqueness that may be inherent to DC-only
measurements was described in a seminal study [40].
However, despite the negative predictions in [40]
that there could be an infinite number of diffusion
and absorption pairs leading to the same surface
measurements, Harrach [41] proved that, at most,
one of them consists of a piecewise constant diffusion
and piecewise analytic absorption, and if the true
medium has these properties, as in virtually any
practical condition, a reconstruction algorithm favor-
ing these properties will pick the right combination
of profiles. Harrach’s study theoretically justified the
experiences in many works that the absorption and
scattering distributions have been separately and
uniquely recovered by surface measurement of DC
only [18-26].

The primary aim of this work is to understand the
expectation for DC-based reconstruction in a more
systematic approach, thereby establishing a certain
level of confidence for the recovered information
when only DC information can be relied upon. This
work, conveyed by a side-by-side comparison of
the reconstructions based on DC, AC + PHS, and
DC + AC + PHS, does provide direct evidence that
DC-based reconstruction is much less accurate in re-
covering the absolute optical properties of the target
of interest when no additional spatial information is
available to confine the reconstruction, as having
been universally recognized by the DOT community.
However, apart from these well-expected shortcom-
ings, it seems that DC-based reconstruction may not
be completely unfavorable. This study generalized
the analytical approach initially proposed in [29]

(Color online) Simulation studies for reconstructing multiple targets in a three-dimensional cylindrical geometry with the optodes

located on three different planes and targets located on the middle plane.
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Table 9. Comparison of the Accuracy of Recovered Optical Properties in Fig. 4

Ha (mm™) Hyy (mm™) D, (mm)
Value Error Value Error Value Error
Set 0.025 1 0.325
DC 0.0133 -46.93% 1.528 52.81% 0.216 -33.49%
AC + PHS 0.0169 -32.39% 1.288 28.77% 0.256 -21.43%
DC + AC + PHS 0.0171 -31.42% 1.292 29.21% 0.255 -21.70%
Haz(mm™) Mo (mm™) D (mm)
Value Error Value Error Value Error
Set 0.01 1.75 0.189
DC 0.0117 16.95% 1.319 -24.63% 0.251 32.26%
AC + PHS 0.0104 3.73% 1.427 -18.45% 0.232 22.46%
DC + AC + PHS 0.0103 3.09% 1.441 -17.66% 0.230 21.31%
Haz(mm™) Hyg(mm™) D3(mm)
Value Error Value Error Value Error
Set 0.025 1.75 0.188
DC 0.0156 -37.57% 1.847 5.57% 0.178 -4.73%
AC + PHS 0.0163 -35.02% 1.731 -1.10% 0.191 1.61%
DC + AC + PHS 0.0163 -34.77% 1.726 -1.38% 0.191 1.88%

to quantify the level of image artifacts that is ex-
pressed by the standard deviation of a parameter
over the parameter itself. Parameters representative
of tissue measurements are used to evaluate the ana-
Iytic results and conduct the synthetic studies, in
both of which the DC reconstruction produced a low-
er level of relative variation in the optical para-
meters recovered, and some advantages in the CNR.
It may be argued that DC flattens images, leading to
a lower standard deviation in the background and,
because the background standard deviation is the de-
nominator of CNR, the CNR of DC could become bet-
ter. But, if there were flattening of the image, then
the numerator of the CNR would also be flattened,
and perhaps flattened more strongly owing to the
nonlinearity of DOT and, thereby, underestimated
at a higher level, which collectively might reduce
the CNR rather than increase the CNR. The slight
but notable CNR advantage of DC-based over FD-
based reconstruction demonstrated in this study
strongly suggests some inherent advantages of DC,
but it could be just because DC has lower information
content, similar to what one could expect by reducing
the amount of data available or increasing the regu-
larization in FD-based reconstructions.

Fig. 5.

It is worthwhile to note that this study (as well as
most other synthetic studies) assumes a step change
of the optical properties of the target of interest with
respect to the background. This is not a faithful
representation of actual tissue-imaging applica-
tions, wherein the target of interest frequently has
a tapered or smooth change of contrast over the back-
ground. The stronger cross talk between absorption
and scattering seen for DC-only reconstruction in
this study, as well as many other studies, could have
been the outcome of the nonuniqueness, revealed by
[40], which is pronounced when the target of interest
has a step contrast over the background. In fact, the
DC-based reconstruction of in vivo measurements
has encountered notably different absorption and
scattering patterns of a target of interest [42], which
may indicate a weaker cross talk for smoother con-
trast of the target of interest. It is also noted that this
study, as well as most other synthetic studies, as-
sumes a globally homogenous yet locally heteroge-
neous background. An actual tissue environment
could be locally homogenous but globally strongly
heterogeneous, such as is found in the prostate [26].
In such conditions, a balance or trade-off may exist
between the ability of suppressing the background
heterogeneity and the likelihood of identifying a

(Color online) Region-based reconstruction for multiple targets in a three-dimensional cylindrical geometry with the optodes and

targets located on one plane. (a) Imaging geometry and the regions of interest; (b) comparison of the results for DC, AC + PHS, and

DC + AC + PHS.

3068 APPLIED OPTICS / Vol. 49, No. 16 / 1 June 2010



Fig. 6.

(Color online) Region-based reconstruction for multiple targets in a three-dimensional cylindrical geometry with the optodes

located on three different planes and targets located on the middle plane. (a) Imaging geometry and the regions of interest; (b) comparison

of the results for DC, AC + PHS, and DC + AC + PHS.

target of interest in which the contrast is strong
locally but weak globally.

This study has also indicated that including DC in-
formation in FD reconstruction can sometimes lead
to better images than those obtained by ignoring
it. The expressions of 6§ and a in Eq. (4) demonstrate
that the DC attenuation is not linearly dependent
upon the AC attenuation, and the difference between
the two attenuation values increases as the modula-
tion frequency increases. The necessity of including
DC in order to optimize the FD reconstruction is
made evident by the results in Subsections 3.B.2
and 3.B.3, wherein the DC + AC + PHS results have
always been slightly better than the AC + PHS
results on the background artifacts, the target prop-
erties, and the cross coupling between yu, and u,/D.
However, the slightly better performance of DC +
AC + PHS over AC + PHS diminishes as the total
number of measurements goes up, as is shown in
the three-ring case in Subsection 3.B.3. When fewer
measurements are available in application situa-
tions, including the DC information in the limited
FD measurements likely will improve the overall re-
construction outcome.

This study is carried out for the measurements at a
single wavelength. Investigating the PRUL issues in
the context of multiband FD measurements will be a
natural and more practical extension of this work be-
cause most optical tomography measurements are
conducted with some kind of spectral information.
Besides, similar approaches may be extended to
other applications wherein the measurement data
contains multiple aspects of information, from which
the data usage may be optimized for the specific sys-
tem configuration.

5. Conclusions

The level of variations of recovered optical properties
in optical tomography associated with the measure-
ment uncertainty under three reconstruction config-
urations of DC-only, the DC-excluded FD, and the
DC-included FD is studied by analytic and synthetic
means. It is demonstrated that, at the same level of
measurement uncertainty typical to optical tomogra-
phy and under pixelwise reconstruction without spa-
tial a priori information, the standard deviations of
u, over u, reconstructed by DC only are at least 1.4
times lower than those obtained by FD methods. The
standard deviations of D (or y) over D (or u;) recon-
structed by DC only are slightly lower than those by

FD methods. Frequency-domain reconstruction in-
cluding DC generally outperforms reconstruction ex-
cluding DC, but the difference between the two
becomes less significant when the total amount of
measurements becomes larger. For FD reconstruc-
tion with no spatial a priori information and a smal-
ler number of measurements, including DC is
recommended. When a priori structural information
is available, the three reconstruction configurations
investigated in this study perform equally well.
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Abstract—Thispaper presentsatransrectal dual-modality near-
infrared (NIR) diffuse optical tomography technique coupled with
ultrasonography that provides an integrated method for detect-
ing prostate cancer (PCa). The study that provides an alternative
transrectal prostate imaging system stems from the perceived in-
adequacy of conventional transrectal ultrasound (TRUS) in PCa
imaging. Thetransrectally applied diffuseoptical tomography aims
to characterize the spatially resolved optical properties of the
intact prostate that are known to have intraorgan and inter subject
heterogeneities. A canine model of PCa using canine transmissible
venereal tumor was used to demonstrate the utility of thistechnol-
ogy in detecting PCa. Tumorsin the pelvic canal, including tumors
in the prostate, were found to be detectable at 2-week postinjec-
tion based upon the NIR absorption contrast, which was detected
a few weeks earlier than using NIR-reduced scattering and effec-
tive attenuation contrasts, as well as TRUS. Transrectal optical
tomogr aphy detection of cancerous tissuesin vivo in intact canine
prostate based upon NIR contrastsmay proveuseful for diagnostic
imaging of PCa and potentially aid in pretreatment planning for
photother apy applications.

I ndex Terms—Biomedical acoustics, biomedical optical imaging,
diffuse optical tomography, prostate cancer (PCa).

|I. INTRODUCTION

HE PROSTATE gland may not be considered as a life-

sustaining organ, but prostate cancer (PCa) claimsthelives
of about 28000 American men every year [1]. Lifetime risks
for adiagnosis of PCa and as the cause of death for American
men are 16% and 3%, respectively [2], [3]. Although the death
rate of PCa has declined steadily in the past decade [1], [4],
PCaremains acompelling medical health problem in American
men [5].
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Fig. 1. Proceduresinvolved in a PCadiagnostic.

Thereisbroad consensus that current methods of diagnosing,
staging, and treating PCa are inadequate [5], [6]. The diagno-
sis of PCa currently involves determination of prostate-specific
antigen (PSA) and digital rectal examination (DRE), recom-
mended to begin at 50 years of age for men with general risk or
at 40 years of age for men with high risk, such as those individ-
uals having a family history of PCa[7]. An abnormal PSA or
DRE that provides a presumptive diagnosis of PCais typically
followed by biopsy procedures (illustrated in Fig. 1), which are
performed on approximately 1 million American men each year.
Prostate biopsy involves ultrasound (US)-guided transrectal
needleinsertion that providesat least six cores of tissue samples.
Sampling 12—16 coresisthe most commonly used template, but
when indicated, saturation biopsies of up to 24-50 cores may
be performed [8]—{10]. These multiple needle cores or “chips,”
each ~1 mm wide and ~2 cm long, are sampled systematically
from the entire gland, with some preference given to the periph-
eral zone of the prostate wherein most cancers are found [11].
Sampling of more than one core during the biopsy procedure
is necessary because up to 85% of PCas are multifocal [12];
however, current systematic biopsy techniques have an overall
cancer-positiverate of only 20%—25% [11], [13]. Thislow “pos-
itive” biopsy rateillustrates shortcomings to reliably detect and
localize PCa using current outpatient imaging modalities.

Of the ~200 000 patients diagnosed with PCa each year, men
with high-grade disease have asignificantly greater survival rate
with radical treatment (total excision), but men with low-grade
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PCahave asmaller absolute survival rate with radical treatment
that isfurther compromised by the potentially adverse effects of
current radical therapies[14]. Optimal treatment isthusdirected
toward eradicating clinically relevant cancer, while at the same
time leaving nonpathologic structures surrounding the prostate
intact [14]. The optimal “targeted treatment” may include ther-
apeutic choices, such as photodynamic therapy (PDT) [15] or
photothermal therapy [16], for localized or recurrent PCa. The
efficacy of phototherapy is dependent upon many factors, in-
cluding the accuracy of profiling the cancer in the prostate,
which islargely based upon transrectal ultrasound (TRUS) dur-
ing treatment monitoring.

The need for more accurate imaging modalities, for both “tar-
geted biopsy” and “targeted treatment,” have evoked investiga-
tion and devel opment of anumber of novel imaging technologies
besides the standard modalities, such asUS, MRI, computed to-
mography (CT), etc. Some of these novel approaches, whichwill
be briefly reviewed in this paper, have emerged as aternative
prostate imaging methods that provide new insights valuable in
differentiating PCafrom benign tissues. Among these emerging
alternative prostate imaging technologies, the approach using
near-infrared (NIR) light has seemed to provide unique infor-
mation regarding optical properties of the intact prostate that
may be useful for detecting malignant tissue and pretreatment
dosimetry planning. Interpretation of the “noninvasively” ac-
quired optical tomography images of the prostate relies on pre-
vious knowledge of prostate optical properties; therefore, asum-
mary of what is known regarding the optical properties of both
the canine and human prostate is also necessary.

Thispaper comprisesfollowing sections. In Section |1, abrief
review is provided regarding emerging alternative transrectally
applicable prostateimaging modalities. In Section I11,the known
optical properties of canine and human prostates are summa-
rized. The remaining sections discuss the transrectal diffuse
optical tomography approach that is integrated with standard
TRUS, and demonstrate the capability of detecting PCain vivo
in the canine model using transmissible venereal tumor (TVT).

Il. EMERGING ALTERNATIVE TRANSRECTAL IMAGING
TECHNOLOGIES FOR PROSTATE IMAGING

The deep intrapelvic position of the prostate dictates employ-
ing “transrectal” application in most prostate imaging modali-
ties. Unlike MRI or CT scannersthat are capable of imaging the
whole body, but with the option of imaging a specific organ or
tissue volume (such asin MRI using surface coils) for improved
resolution, US is optimal for imaging a specific organ like the
prostate gland, since the tissue-ultrasonic interaction requires
dedicated transducer designs. The TRUS has become a “gold
standard” for outpatient eval uation of the prostate because of its
ability to reveal in real time the prostate morphology aswell as
the blood flow or tissue harmonic responses within the gland.
For any alternative prostate imaging modalities developed for
outpatient use, it is most likely that the modality would have
to integrate with or rely on TRUS, unless the modality itself
has real-time capability of visualizing the identifiable prostate
morphology. A number of new approachesfor prostate imaging,

most of which have been demonstrated “ transrectally” and some
of which arein the stage of advancing to “transrectal” mode, are
briefly reviewed later to provide a“side-by-side” comparison of
these modalities and their potential for PCa detection.

A. Alternative Transrectal Prostate |maging Approaches Based
on Tissue Mechanical Properties

The conventional TRUS images are formed based on the
echogenicity originating from the acoustic index mismatches
within the tissue. By taking advantages of tissue mechanical
properties other than the acoustic indexes and other forms of
tissue—ultrasonic interactions, a number of modalities are under
development for prostate imaging.

The prostate mechanical imaging unit developed by Artann
Laboratories, Trenton, NJ, employed a transrectal probe fitted
with pressure sensor arrays and a 3-D orientation sensor. The
pressure sensor array in the head of the probe evaluates spatial
distribution of tissue hardness by measuring changesin pressure
pattern in response to palpation of the prostate. The technique
permitted real-time, cross-sectional imaging of the prostate and
produced 3-D reconstructed elasticity images of the gland [17],
[18].

The elastography or strain imaging is based on the fact that
the backscattered US signal changesitslocal characteristic pat-
tern only to a comparably small extent if the insonified tissue
is dightly compressed and decompressed during the exami-
nation [19]. The time or space differences between loca re-
gions of interest under different compression ratios change with
differences in compressibility of the insonified tissue. As the
compressibility of local tissue regions is dependent upon the
surrounding tissue and the applied compression force, estima-
tion of tissue elasticity helps to discriminate hard-tissue from
soft-tissue regions [19]. Prostate imaging has also been inves-
tigated by use of acoustic radiation force that produces a map
of the mechanical response of an object to a dynamic force
applied at each point. The method remotely exerts a localized
acoustic stress field, at a desired frequency, within or on the
surface of an object, and records the resultant acoustic response
or acoustic emission. Depending on the elastic properties of the
object, the radiation force may cause the object to vibrate at a
predetermined frequency. Such acoustic response is a measure
of the tissue viscoelasticity that has shown differences between
malignant and benign prostate tissues [20], [21].

All these modalities have relied upon mechanical signatures
that PCa may have. The advantages of these modalities, for
those employing ultrasonic energy, arethe minimal modification
necessary to the US transducer, signa detection, and image
formation when comparing with other approaches.

B. Alternative Transrectal Prostate Imaging Approaches Based
on Tissue Electrical Properties

The electrical property of tissue is primarily a result of its
underlying morphology [22]. The relative intracellular and ex-
tracellular fluid volumes and ionic concentrations, and the cel-
lular membrane extent in the tissue, respectively, constitute
a frequency-dependent reactive component of bioimpedance,
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whichaso hasarelatively frequency-independent resistive com-
ponent [23]. The complex electrical properties represented by
bioimpedance include conductivity and relative permittivity.
Imaging of these electrical properties [24] have been proposed
by using transrectal electrical impedance tomography [22], [23]
coupled with TRUS that may act as a screening device sec-
ondary to PSA monitoring or serve as an imaging technique
with enhanced lesion specificity for biopsy guidance. Such de-
velopment has been based on pilot studies suggesting that the
electrical properties of PCa may be noticeably different from
those of benign tissues within the gland; specifically, the con-
ductivity of malignant tissue in the prostate is found less than
that of benign tissues [22], [23].

C. Alternative Transrectal Prostate |maging Approaches Based
on Tissue Optical Properties

Recently, there are several investigationsinto using NIR light
to detect PCa. All these methods are based on optical con-
trasts of chromophores, either intrinsic or exogenous, which
have different concentration in malignant and benign tissues.
If the intrinsic optical contrast comes from the difference of
hemoglobin content (e.g., total hemoglobin and proportion of
oxygenated hemoglobin), it is considered to be associated with
angiogenesis and hypoxic changes that are characteristic for a
proliferating tumor. One example of utilizing the intrinsic opti-
cal contrast isahybrid laser optoacoustic and ultrasonicimaging
method [25], [26]. Transient acoustic signals are generated by
pressure that precedes thermal expansion of tissue following
the absorption of a short laser pulse. The optoacoustic imag-
ing reconstructs ultrasonic images of intrinsic light absorber
that shows regions of tissue with enhanced absorption contrast.
Some other approaches have implemented optical contrasts that
are exogenously administered, such as utilizing gold-nanorod
contrast agent [27], Cytate [28], and other fluorescent imaging
approaches [29]. All these modalities are suited for transrectal
development.

The aforementioned approaches involve using NIR light. It
is noted that the efficacy of light-based imaging modalities not
only depends upon the existence of an intrinsic or exogenous
optical contrast associated with the cancer, but also the optical
properties of the normal tissue, which determines if the pho-
ton illumination can reach a specific tissue volume, and if the
optical contrast of the malignant tissue over normal tissue is
resolvable out of any background heterogeneity. In thisregards,
it is necessary to examine the current knowledge of the prostate
optical properties.

I1l. OPTICAL PROPERTIES OF CANINE AND HUMAN PROSTATES

Using light to image prostate cancer will not be achievable
unless a benign and cancerous prostate tissues present different
optical properties that can be resolved by means of optical in-
terrogation. Revealing the contrast of PCa over normal tissue
will be challenging if significant baseline heterogeneities exist
in the optical properties of benign tissues. There have been a
number of studieson prostate optical propertiesin which certain
consensuses have been made. Although these studies are con-
ducted at different wavelengths, in different samples, and using

Fig.2. Optical properties, including absorption, reduced scattering, and effec-
tive attenuation coefficients, averaged for existing studies at available spectral
band for (a) canine and (b) human. The canine data are of normal tissue only,
but the human data are of benign and malignant tissues.

different methods, spectrally these studies shall offer informa
tion invaluable to understanding the potential s of detecting PCa
as well as difficulties facing the optical imaging of prostate. In
this section, we give a side-by-side review of the known optical
properties of canine and human prostates.

Dogs have been used in anumber of prostate studies because
of the similarity between canine and human prostate glands.
In [30], we have summarized the studies previous to ours, on
optical properties, including absorption coefficient 4, reduced
scattering coefficient 1/, and effective attenuation coefficient
1o Of canine prostate within the spectral range from 355 to
1064 nm. These measurements, all performed invasively, in-
clude the following:

1) coefficients ., 1, and peq of normal canine prostate
tissueinvitroat 355, 532, and 1064 nm, respectively, using
optoacoustic measurements of slab tissue samples[31];

2) coefficients p,, p1f,, and pi.q a 630 nm by interstitial mea-
surements on excised normal prostate [32];

3) in vitro u, and p!, of slab samples of norma canine
prostate tissues evaluated at 633 nm by using the stan-
dard double-integrating sphere technique [33];

4) coefficient . a 630, 665, 730, 732 nm by interstitial
measurements on normal canine prostate in vivo before
and after PDT [34]-{37];

5) coefficient p.g at 732 nm by reflection measurement upon
exposed normal canine prostate in vivo [38];

6) transperineal interstitial measurement [35], [36], [39], [40]
demonstrating that 1. Of prostatic urethral regionsis sta-
tistically higher than that of the prostatic capsular regions.

These measurements together constitute the spectra of the
optical properties of normal canine prostate [30], asreplotted in
Fig. 2(a), after averaging at each band.



718 IEEE JOURNAL OF SELECTED TOPICSIN QUANTUM ELECTRONICS, VOL. 16, NO. 4, JULY/AUGUST 2010

TABLE

LEGEND INDICATING THE MEASUREMENT METHODS USED IN TABLE |1

TABLEI

CURRENT “INVASIVE” KNOWLEDGE OF THE OPTICAL PROPERTIES OF HUMAN PROSTATE (EXPANDED UPON THE TEMPLATE IN [41])

Following [30], the published values on optical properties of
human prostate, al acquired invasively, asillustrated in Tablel,
are summarized in Table 11, which enriched the template given
in [41] with latest studies. The studies summarized in Table 11
include the following:

1) ex vivo steady-state measurements of s and u; =
tq + ), & 633 nm in three whole, nonmalignant human
prostates [42];

2) three postmortem studies estimating prostate optical prop-
erties (u,, scattering coefficient ps, scattering anisotropy
g, and 1},) at 640[benign prostatic hyperplasia(BPH)] [43]
and 1064 nm (normal prostate) [44], [45] by measuring
through thin prostate dlices,

3) coefficient g Of prostate in vivo diagnosed with BPH or
PCa estimated at 633 nm by steady-state interstitial mea-

4)

5)

6)

surements [46], [47] that indicated similar ¢ between
benign and malignant prostate tissues;

at wavelengths of 630, 665, 732, 762 nm, transperineal
interstitial steady-state measurements on prostate in vivo
with untreated BPH, untreated PCa, and recurrent PCa
conducted before and after PDT [47]-{51] to determine
tege OF both g, and pil;

coefficients ., ju,, and p.q Of untreated PCa in vivo
at 660, 786, 830 and 916 nm, respectively, using time-
resolved fluence rate measurements [41], [52];

afew studies on hemoglobin and oxygen saturation [41],
[50], [51] indicating relatively small variations of oxy-
gen saturation, but large variations on total hemoglobin
concentration within the same gland or different
subjects.
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Recently, interstitially measured 2-D or 3-D distribution of
e and i, in human prostate, are reported [53], [54] for PDT
dosimetry.

Studies [49], [51] have indicated that the optical properties
of canine prostate and human prostate may be substantially dif-
ferent, specifically the absorption properties. It is noted that
the studies of canine prostate optical properties have been per-
formed on all normal glands, but that of human include both
normal, benign hyperplastic, and malignant prostate tissues. It
is also noted that these studies are conducted at different wave-
lengths, using different methods, on ex vivo or in vivo samples.
Direct wavelength-specific and tissue-specific comparisons of
the canine and human prostate optical properties are, thereby,
difficult, but nonetheless, the spectra of the optical properties of
canine and human prostates may reveal useful information. To
facilitate spectral comparison, for those original measurements
of human prostate shown in Table 11 that have only the absorp-
tion and reduced scattering coefficients available, the effective
attenuation coefficient is calculated following the method in
our previous study [30]. Fig. 2(b) illustrates the spectra of p,,,
., and per of human prostates that are averaged for existing
data at a specific wavelength. The distributions of the optical
properties of both canine and human prostates are substan-
tially large, as seen in [30] and Table |1, and are not plotted
inFig. 2.

The spectra shown in Fig. 2 are the invasively characterized
optical properties of normal canine prostates and mostly malig-
nant human prostates. The similarity or dissimilarity between
canine and human prostate optical propertiesisdifficult to draw
astheoptical propertiesof malignant canine prostatetissuewere
previously unavailable; however, previous studies that are sum-
marized in [30] and Table I, and seen in Fig. 2, have important
implications to optical interrogation of the prostate in the fol-
lowing aspects.

1) The reduced scattering coefficient of prostate is approx-
imately an order higher than the absorption coefficient
of prostate. As this has been confirmed by time-resolved
measurements, the prostate can be treated as a scattering-
dominant tissue, thereby diffuse optical methods can be
applied to modeling the photon propagation as in PDT
and image reconstruction in transrectal imaging of the
prostate.

2) There are noticeable intersubject and intraorgan hetero-
geneities in optical properties of prostate. The intraorgan
heterogeneity posesasubstantial challengeto differentiat-
ing malignant tissue from normal tissue, since the optical
contrast of themalignant tissue over the normal tissue must
be greater than the background heterogeneity for the ma-
lignant lesion to beresolved. Theintraorgan heterogeneity
may also partially contribute to the previous finding that
the effective attenuation coefficients of benign and ma-
lignant human prostate tissues were similar. It is noted
that none of the previous measurements of prostate opti-
cal heterogeneities have been examined on intact prostate
invivo. Our approach of transrectal NIR diffuse optical to-
mography, which aims at imaging the intact prostatein its
real-timein vivo condition, shall demonstrateif and which

Fig. 3. Geometry of transrectal NIR imaging probe coupled to the sagittal US
transducer of a biplane prostate-imaging TRUS probe.

typeof intrinsic optical property contrastsare availablefor
differentiating the malignant prostatic tissue from benign
tissue.

IV. METHODS AND MATERIALS
A. Transrectal NIR Imaging Probe

Dueto thelimitation of spatial resolution and the time needed
for image formation in diffuse optical tomography, it is imper-
ative to give transrectal NIR prostate imaging a real-time po-
sitioning guidance, which most conveniently can be rendered
by TRUS. The need of dual-modality endorectal application
leaves limited options as to what can be done to the NIR
applicator designs. There has to be a clear window for the
TRUS transducer, and there has to be a relatively longitudi-
nal NIR array to alow co-parallel imaging into deeper tissue.
The NIR probe design is shown in Fig. 3. The longitudinal
NIR source array and detector array are placed lateral to the
sagittal TRUS transducer of a biplane TRUS probe [55]. This
NIR array geometry allowsimaging atissue volumethat is dis-
sected by the sagittal TRUS imaging plane. As the NIR array
has a dimension of 60 mm x 20 mm (longitudina x lateral),
the NIR image reconstruction is performed in 3-D in a vol-
ume of 80 mm x 70 mm x 50 mm (longitudinal x lateral x
depth). Since the sagittal US performs only 2-D imaging, ob-
taining a 3-D morphological profile of the prostate from US
becomes unreliable using single sagittal US image. Therefore,
no spatial a priori information has been implemented in the
transrectal NIR tomography image reconstruction, which uti-
lizes amesh of uniform density. The NIR wavelength is chosen
at 840 nm.

B. Image Reconstruction

As the transrectal NIR optical tomography system takes
continuous-wave measurement [55], the forward computation
is based upon the steady-state photon diffusion equation

VE(T)V(T) = pia (7)(7) = —q(7) @

where x is the diffusion coefficient that is equal to
1/ [3(pa + p})], @ isthe photon fluence rate at position 7, and
q isthe source at 7.

The probe-tissue boundary is represented by an index-
mismatched type-111 condition (also known as the Robin bound-
ary condition), in which the photon fluence existing at the edge
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of the tissue does not return [56], [57]. This boundary condition
is described by

(7o) +24kn - VO(rp) =0 ¥

where 7, corresponds to the point on the boundary, 7 is a unit
vector pointing outward (from thetissueto probe) and normal to
the tissue—probe interface, and A is determined by the relative
refractive index mismatch between the tissue domain and the
probe (air) domain. Specifically

A= (2/(1=Ro)) — 1+ |cos 0" @

1 — |cos 6.

Nyissue / Nair ) — 1 2
R() = (( t / ) )72 (4)
((ntissuc/nair) + 1)
0. = arc sin (n?:‘“r) )

where ntissue 1S the refractive index of tissue (chosen as 1.33)
and n.;, istherefractive index of the probe/air (chosen as 1.0).

Equation (1) is solved by finite-element method (FEM) for-
mulated as [1]

[K(R) + C(pa) +EF] @ = Q (6)

where ¢ = (24)~! is a constant to implement the boundary
condition in (2). For each element of the FEM mesh

Ki; = /Q k(r)Vu, (r) - Vu; (r)dQ (7)
ct, = /Q b (Yot () ()2 ®)
FY = 7§ il ()i ©)

@ = [ wrym(riao (10
whereu = a+ bx 4 cy + dzisalinear shape function for each
nodes, K, C, and Q arethe volumeintegrals of each element, and
F isthe surfaceintegral of the boundary element. Following the
FEM routine of matrix assembly and fluencerate cal culation, the
boundary measurements are interpolated as weighted averages
of the fluence rates of the nodes adjacent to the measurement
points.

The inverse problem involves Levernberg—Marquardt algo-
rithm implemented as

Tpy1 = + oI (xp)J () + AT (@) Av () (11)

where x is the optical properties to be reconstructed, Av isthe
forward projection error, X is a regularization term, J is the
Jacobian or the weight matrix containing the first-order deriva-
tive of the measurements with respect to the changes of optical
properties, and « is a damping factor in the range of (0, 1)
used for preventing over-adjustment of optical properties and
rendering stable convergence [58]. The iteration stops when the

projection error changes less than 1% or negative values in x
occur.

The Jacobian in (11) is calculated by an adjoint method [1]
based on the following equations with the basis matrix of FEM:

TV (1),
S L 1)
Vi
TV ()0,
e = LV (13)
Vi

where @, is the fluence rate at each node in the FEM mesh
generated by theith source, ¥; is the fluence rate generated by
assuming an adjoint source at the position of the jth detector,
v;,; 1sthe computed measurements at the jth detector for theith
source. V (k) and V(u) are the finite-element system basis of

Vi5(k) = /Q Vo, (r) - Vu;(r)dQ (14)
Vi (pa) = /Q u; (r)u; (r)dS (15)
The assembled Jacobian in (11) contains two parts as
oL, ; 0OI
Ha K _ ) 1)
oty 1= 5 5 (16)

where i is the sequence number of the source and j is the
sequence number of the detector. A mesh of 8881 nodes is
used for theforward computation, and theinversereconstruction
basis contains a mesh of 832 nodes. After the i, and x are
reconstructed, ./, is computed as [(1/3k) — pq], and peg i

estimated by /1 / k.

C. Animal Models

The studies were conducted at Oklahoma State University
under protocols approved by the University’s Institutional An-
imal Care and Use Committee, and approved by the US Army
Medical Research and Material Command after an on-site in-
spection. For this study, the prostate of a 12-kg sexualy in-
tact adult purpose-bred Beagle dog, estimated to be approxi-
mately 4 years of age, was injected with canine TVT cells[59].
The TVT cdl line was propagated in vivo in the subcutis of
nonobese-diabetic (NOD)/severe-combined-immunodeficiency
(SCID) mice. When the subcutaneous tumor reached an appro-
priate volume, the neoplastic cells were recovered and homog-
enized for injection into the canine prostate gland. With the dog
under general anesthesia, approximately 3 cc of TVT cellswere
aseptically injected transperineally into the right lobe of the
prostate using a 6-in-16-gauge hypodermic spinal needle under
TRUS visualization. The spinal needle was retracted without
inserting the inner stylet; therefore, it was assumed that TVT
cells could potentially leak from the prostate injection site and
be“ seeded” along the needleinsertion tract. The dog underwent
monitoring in 2, 5, 6, and 7 weeks postinjection, and was then
humanly euthanized for necropsy and histological examinations
at 8 weeks postinjection.
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Fig.4. (Top) Injection of canine TVT cellsto theright lobe of adog prostate.
(Bottom) Growth pattern of thetumor revealed by |ater necropsy and histological
examinations.

V. RESULTS

During the first two-week evaluation after TVT injection,
there was no evidence of tumor growth on TRUS and rectal
examination. The TRUS examination at 5 weeks postinjec-
tion showed hypoechoic masses in the prostatic parenchyma,
periprostatically around the right lobe of the prostate, and
perirectally aong the injection track.

A. NIR Absorption Imaging

The NIR absorption images taken prior to TVT injection, at
2-weeks, and at 5 weeks postinjection are displayed in Fig. 5.
The sagittal TRUS image and the sagittal NIR image, to which
it coupled, areidentified in Fig. 5. The axial TRUS imageswere
acquired in week-5 only, therefore, comparison of theaxial NIR
with axial TRUS images could not be made for results obtained
at either preinjection or at week-2 post-injection.

The US and NIR images are displayed with the same dimen-
sion of 60 mm x 30 mm (cranial—caudal x dorsal-ventral) for
sagittal, 40 mm x 30 mm (right lateraleft lateral x dorsal—
ventral) for axial, and 60 mm x 40 mm (cranial—caudal x right
lateral eft lateral) for coronal views, respectively. The sagittal
transrectal US images were taken at the middle portion of the
right lobe (see Fig. 4, bottom right for the imaging view). For
week-5 US images, the hypoechoic region L1 indicates an in-
traprostatic mass. The large hypoechoic region L2 indicates a
massventral and caudal to the prostate that may have connection
with L1. The NT on the US image denotes the needle trajec-
tory for introducing the TVT cells. Longitudinal hypoechoic
regions including L3 are seen along the NT. The hyperabsorp-
tive regions on sagittal NIR images correspond to L1, L2, and
L3 on sagittal US image. The 10-mm-media NIR image dis-
plays the absorptive masses at reduced NIR contrast, and the
10-mm-lateral NIR image reveals connected strong absorptive
Mmasses.

The three axial TRUS images were taken at the cranial edge
of the prostate at a plane crossing L1, the caudal edge of the
prostate at a plane crossing L2, and the perirectal region at a
plane crossing L3, using the axial TRUS transducer. The axial

US images show a small hypoechoic intraprostatic mass at the
cranial aspect of the prostate, the distortion of the right lobe
boundary, and the extension of L2 over the prostate midline.
These correlate with the findings on other sagittal US performed
at midline, and theimaging of alarge perirectal hypoechoic mass
crania to the perineum. The locations of axial NIR images are
comparable to those of the axia transrectal US. The axial NIR
image A2 should containL 1, and theaxial NIRimage A5 should
contain L3. The coronal NIR images are reconstructed at planes
of 5, 10, and 15 mm ventral to the rectum. On coronal images,
the hyperabsorptive mass, indicative of L1, is seen medial to the
hyperabsorptive masses indicative of L2 and L3. The masses
indicative of L2 and L3 are seem to align longitudinaly, a
feature corresponding to tumors developed aong the needle
track running parallel to the rectum or the transrectal probe
surface.

At the week-2 NIR absorption images, hyperabsorptive re-
gions were found intraprostatically in the right lobe and dorsal
to the pelvic bone. The longitudinal locations of these hyperab-
sorptiveregionscorrelated well with those of the US hypoechoic
and NIR hyperabsorptive regions found in week-5. The change
of the hyperabsorptive regions from week-2 to week-5 implied
tumor growing in the right lobe and potentially extending to-
ward the middle line of the prostate. The growth of the tumor
was indicated earlier by the NIR absorption images than by the
TRUS, and combining the information of NIR and TRUS could
lead to earlier and more accurate findings of tumor growth than
with TRUS aone.

B. NIR-Reduced Scattering and Effective Attenuation Imaging

The NIR-reduced scattering and effective attenuation im-
ages, with timeline and geometry identica to those of
NIR absorption in Fig. 5, are displayed in Figs. 6 and 7,
respectively.

The hyperabsorptive masses presumed to be TVTs in NIR
absorption images are shown with different contrast patternsfor
the reduced scattering and effective attenuation coefficients. In
both the NIR-reduced scattering and effective attenuation im-
ages of week-5, the indications of masses corresponding to L1,
L2, and L3 are not as profound, as in NIR absorption images,
whereas L3 has much higher contrast than do the masses cor-
responding to L1 and L2. The contrast elsewhere is also more
heterogeneous compared with that in the absorption image at
the given color scales.

On the NIR-reduced scattering and effective attenuation co-
efficient images of week-2, it is difficult to find regions with
elevated contrast that could correlate with the hyperabsorp-
tive regions in the NIR absorption images that were located
intraprostatically in the right lobe and dorsal to the pelvic
bone.

C. Overall Changes of Optical Properties of the Three Tumor
Regions |dentified in Week-5

From thethree hyperabsorptiveregionsonweek-5imagesthat
have longitudinal position correlation with the US hypoechoic
tumor-suspecting regions, three circular regions are defined, as
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Fig. 5. Transrectal NIR optical tomography of canine TVT tumor images of absorption coefficient.
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Fig. 6. Transrectal NIR optical tomography of canine TVT tumor images of reduced scattering coefficient.
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Fig. 7. Transrectal NIR optical tomography of canine TVT tumor images of effective attenuation coefficient.
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Fig. 8.

Changes of the reconstructed optical properties at the three circular regions corresponding to L1, L2, and L3 in Figs. 5, 6, and 7, respectively. (Top)

NIR absorption, reduced scattering, and effective attenuation acquired at the middle of the right lobe in week-5, corresponding to those in Figs. 5, 6, and 7 that
are “coupled with” the single sagittal US image. (Middle) Absolute values of the mean optical propertiesin the three circular regions. (Bottom) Contrast of these
optical properties with respect to the background values calculated by averaging after excluding the three circular regions.

seen in Fig. 8. The changes of the reconstructed optical prop-
erties at the three regions with respect to the background value
(averaged on the sagittal plane with the three circular regions
excluded) over the 5-week time line are shown in Fig. 8. The
absorption coefficients at al the three regions show moderate
increase at week-2 and substantial increasein week-5. However,
the increase of the reduced scattering and effective attenuation
coefficients are seen for regions 1 and 3 only, and at week-5, but
not at week-2.

D. Confirmation of the Tumor Growth

The gross and histological findings confirmed intra- and
periprostatic neoplastic infiltrates with masses also located
along the pelvic urethra and perirectal tissue; the latter related
to dissemination along the needle track, as the needle was with-
drawn following TVT inoculation in the prostate. Histologi-
cally, all masses consisted of diffuse sheets of a monomorphic
population of neoplastic round cells dissecting through pre-
existing fibrovascular stroma. The neoplastic cells have large
hyperchromatic nuclei, single conspicuous nucleoli, and mod-
erate amounts of featurel ess cytoplasm—features histologically
consistent with canine TVT.

V1. DISCUSSIONS

Itisnoted that the NIR probe consists of alinear source array
and a liner detector array separated 20 mm laterally and sym-

metrically parallel to the TRUS imaging plane. The NIR lateral
detection sensitivity isthereby peaked at the midline plane [30].
As the 6-cm-long NIR array performs side-way imaging, the
detection sensitivity is optimal at approximately 1.5 cm from
the probe surface. In the transrectal NIR image reconstruction,
auniform meshing throughout the entire imaging volumeisim-
plemented, therefore, the target located at regions with higher
detection sensitivity may be recovered successfully, but targets
located at regionswith much lower detection sensitivity may not
be fully resolved. This accounts for the lack of visualized le-
sions on the 15-mm coronal plane and those extending >15 mm
lateral to the midline plane. Improvement in the recovery of the
lesions at deeper region and more |ateral aspect may be achieved
by advanced reconstruction approaches, such as applying accu-
rate spatial prostate profile information to the reconstruction
process, which nonetheless requires 3-D TRUS capability for
this study.

The advanced TVT tumors developed in the canine prostate
and elsewhere in the pelvic cana are shown as highly absorb-
ing and more scattering, thereby more attenuating, over the
peripheral tissues. However, it seems that the TVT tumor de-
velopment induced a detectable NIR absorption contrast much
earlier than the detectable reduced scattering and effective at-
tenuation contrasts. Previous studies revealed similar effec-
tive attenuation properties between benign and malignant pro-
static tissues, which are in agreement with this study for the
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measurements made at the earlier stage of tumor development.
However as the tumor becomes much advanced, the effective
attenuation contrast of the tumor becomes elevated substantially
over the background.

The TVT isaround cell tumor that has characteristics such
as distinct tumor boundary, higher and homogenous cell den-
sity, large hyperchromatic nuclei, single conspicuous nucleali,
etc. All these characteristics could contribute to the elevation of
optical properties asrevealed by transrectal NIR optical tomog-
raphy. The higher cell density and large hyperchromatic nuclei
could increase both the absorption cross-section and scattering
cross-section of the NIR light being used. The distinct tumor
boundary may introduce specular light reflection at the tumor
boundary, as the refractive indexes will highly likely have an
abrupt change between the normal tissue and the high-density
tumor. The specular reflection, if it occurs, may be reconstructed
as elevated absorption, as seen distinct to the TVT nodules. As
the specular reflection scatters more light into the tissue periph-
eral to the tumor, the “trug” scattering of the peripheral tissues
may be reconstructed with artifacts that may reduce the overall
scattering contrast of the tumor over its periphera tissues, as
may have been shown in the figures.

We recognize that since the cellular and subcellular structures
of the TVT tumor are distinctly different from those of prostate
adenocarcinoma, the absorption, scattering, as well as effective
attenuation features of the prostate adenocarcinoma may be-
come much different from those of TVT, as seen in this study. If
the PCadevelopsinto larger cells, the absorption and scattering
cross sections may be decreased, but the malignant irregular
cellular structures may increase the scattering, and the onset of
angiogenesis may increase the absorption. Asthe PCatypically
does not have a distinct boundary as the TVT tumor does, the
influence of specular reflection may be minimized under light
interrogation; thereby, the PCa may be presented with its more
unaltered absorption contrast if imaged by NIR light. There are
limited studies on the contrast of the optical properties of PCa
versus benign tissue from which controversial observations are
often implicated. Theintroduction of this transrectal optical to-
mography, which aimsto spatially resolve the optical properties
of intact prostate, may help to first discover which type of op-
tical contrast exists between the adenocarcinoma and benign
tissues in prostate at the intact real-time status. If the TRUS of
the prostate can be augmented by such fundamental “optical”
signatures for PCa, the likelihood that the biopsy of PCa will
be image-targeted is greatly improved. The knowledge of intact
optical properties of adenocarcinoma and benign tissues may
aso improve the pretreatment light dosimetry in phototherapy
applications.

VIl. CONCLUSION

This paper presented an overview of the current alterna-
tive technologies for prostate imaging, and demonstrated a
transrectal dual-modality NIR diffuse optical tomography and
ultrasonography-integrated method of detecting PCa. The tech-
nology of endorectally applied NIR diffuse optical tomography
in combination with the conventional TRUSaimsto characterize
the spatially resolved optical propertiesof theintact prostatethat

are known to have intraorgan and intersubject heterogeneities.
A canine model of PCausing canine TVT was used to demon-
strate the utility of thistechnology in detecting PCa. Thetumors
inthe pelvic canal, including the prostate were found detectable
at 2-week post-injection based upon the NIR absorption con-
trast, which was earlier than using NIR-reduced scattering and
effective attenuation contrasts and US. Transrectal NIR tomog-
raphy can potentially render pathogonomic “optical” contrast
information to the standard US of the prostate.
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This work presents an analytic treatment for photon diffusion in a homogeneous medium bounded externally
or internally by an infinitely long circular cylindrical applicator. Focusing initially on the steady-state condi-
tion, the photon diffusion in these two geometries is solved in cylindrical coordinates by using modified Bessel
functions and by applying the extrapolated boundary condition. For large cylinder diameter, the analytic so-
lutions may be simplified to a format employing the physical source and its image source with respect to a
semi-infinite geometry and a radius-dependent term to account for the shape and dimension of the cylinder.
The analytic solutions and their approximations are evaluated numerically to demonstrate qualitatively the
effect of the applicator curvature—either concave or convex—and the radius on the photon fluence rate as a
function of the source—detector distance, in comparison with that in the semi-infinite geometry. This work is
subjected to quantitative examination in a coming second part and possible extension to time-resolved
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analysis. © 2010 Optical Society of America
OCIS codes: 170.3660, 170.5280, 170.6960.

1. INTRODUCTION

Using near-infrared (NIR) light to image large or deep tis-
sue volumes non-invasively has largely been based on
transport modeling with the diffusion approximation to
the radiative transport equation [1]. Non-invasive diffuse
optical imaging is always involved with some kind of
applicator-tissue interface or air-tissue interface, be-
cause the light has to be delivered and detected at the
surface of the tissue. For any specific applicator or imag-
ing geometry, the analytic model predicting the photon
fluence rate to be measured at the applicator—tissue inter-
face dictates the accuracy of calibrating the system using
a known homogeneous medium and recovering unknown
optical properties of a heterogeneous medium. The ana-
lytic solutions to photon diffusion in an infinite homoge-
neous medium are the least complicated approach, and
are solved straightforwardly in spherical coordinates. For
a homogeneous medium bounded by an infinite plane
edge, which conventionally is referred to as the semi-
infinite geometry, the analytic solution to photon diffusion
is also well-studied [2] and has been applied widely to
analyze raw data measured from surface tissue applica-
tors and for image reconstruction.

When NIR light diffusion is utilized for imaging of the
breast, neonatal brain, joints, rodents, etc., the geometry
of the applicator often has a planar or concave (with re-
spect to the direction of source illumination) boundary.
When a medium is enclosed by a ring-shaped applicator,
the photon diffusion within the medium has been mod-
eled as in an infinite medium for a ring applicator of con-
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siderable size [3]. For this type of ring applicator, the pho-
ton intensity measured at a site on the applicator
interface and 180° to the source may resemble that mea-
sured in an infinite medium; however, the photon inten-
sity measured at a site on the applicator interface but
closer to the source should resemble more that measured
in a semi-infinite medium. This inconsistency implies the
inaccuracy of modeling the photon diffusion for a ring ap-
plicator based on either infinite or semi-infinite geometry.
Accurate treatment of the circular concave boundary, as
for a ring applicator, requires analysis in cylindrical coor-
dinates. The model of photon diffusion in a medium
bounded externally by a circular cylindrical applicator
has been investigated previously in several elegant stud-
ies. Arridge et al. [4] used a boundary condition of zero
fluence at the applicator interface to derive the time-
domain and frequency-domain solutions for finite and in-
finite cylinders using Bessel functions and modified
Bessel functions. The more accurate extrapolated bound-
ary condition [5,6] was applied to similar concave appli-
cator geometry by Pogue and Patterson [7] for a finite cyl-
inder and Sassaroli et al. [8] for an infinite cylinder to
express the time-domain solutions by use of Bessel func-
tions. These studies provided important insight into pho-
ton diffusion in a medium bounded by a concave applica-
tor, which mostly applies to diffuse optical imaging of the
breast. Sassaroli et al. [8] also studied the effect of a con-
cave boundary with diameters of 30—50 mm, in compari-
son with the semi-infinite plan boundary in the perspec-
tive of an inverse problem. The time-domain results for a

© 2010 Optical Society of America
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concave applicator have been applied to the frequency do-
main by Fourier transformation as in [7], and can be ex-
tended to the steady state by temporal integration.

Recently work by our group [9,10] as well as others
[11,12] has investigated different aspects of applying dif-
fuse optical tomography to imaging internal organs such
as the prostate using an endo-rectal probe. This type of
imaging geometry requires a convex-shaped applicator.
The analytic model of photon diffusion in compliance with
such convex geometry, simplified by a diffusive medium
bounded internally by a cylindrical applicator, has not
been derived previously. Accurate modeling of photon
propagation in a specific convex geometry could certainly
be rendered by Monte Carlo methods [8]. The finite-
element solution of photon diffusion [10,11] in such con-
vex geometry may also prove sufficiently accurate in the
diffusion regime. Given the availability of numerical
means, finding the analytic model of photon diffusion is
still imperative and important, as it ultimately is benefi-
cial to calibrating measurement data and improving re-
construction accuracy. What and how accurately such
diffusion-based model could predict at the smaller scale of
the convex geometry for applications such as endo-rectal
imaging is especially interesting.

In this work the photon diffusion is analyzed in both
external and internal imaging geometries, in which the
medium being interrogated is bounded either externally
or internally by an infinitely long circular cylindrical ap-
plicator. These two geometries resemble imaging the
breast using a ring-shaped applicator and imaging the
prostate using an endo-rectal probe, respectively. These
studies are conducted initially for steady-state photon dif-
fusion only, which is nonetheless adequate in terms of as-
sessing the effect of the cylindrical interface on photon
fluence rate when compared with a semi-infinite bound-
ary. The initial works are to be presented in two papers.
In this the first part, the Green’s function of the photon
diffusion equation in an infinite medium geometry is first
expanded in cylindrical coordinates to a closed form ex-
pressed by modified Bessel functions. Then the extrapo-
lated boundary condition is employed to apply the image—
source method to the geometries of a “concave” cylindrical
applicator and a “convex” cylindrical applicator, respec-
tively. The analytic solutions are then simplified to a for-
mat, valid for large cylinder diameters, that includes the
physical source and its image source with respect to the
associated semi-infinite geometry and a radius-dependent
term to account for the shape and dimension of the cylin-
der. The simplified format reveals that, as the radius of
the cylinder increases, the analytic solution of the photon
diffusion for it approaches the well-known semi-infinite
result. The analytic solutions and their simplified formats
are then evaluated numerically for two specific geom-
etries, one having the source and the detector on the sur-
face positioned only along the azimuthal direction and the
other along the longitudinal direction. Placing the
source—detector either azimuthally or longitudinally dem-
onstrates explicitly the effect of the applicator curvature,
either concave or convex, and the radius of the applicator
curvature on the decay of photon fluence rate as a func-
tion of the source—detector distance in comparison with
that in the semi-infinite geometry. As the radius of the cy-
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lindrical applicator increases, the numerically evaluated
photon diffusion for it asymptotically approaches that for
a semi-infinite geometry, as expected. The features of
steady-state photon diffusion for cylindrical concave and
convex applicators analyzed theoretically and evaluated
qualitatively in this first part will be examined quantita-
tively in the second part. The study may also be extended
to time-resolved analysis in the future.

2. ANALYTIC APPROACH AND
GEOMETRIES EXAMINED

A. Steady-State Photon Diffusion in an Infinite Medium:
Solution in Cylindrical Coordinates

The steady-state photon diffusion equation is expressed
by [2-6]

S(7)

V20 (7) - %\If(?) == (2.1.1)

where V is the photon fluence rate at position 7, u, is the
absorption coefficient, D=[3(u,+u.)]! is the diffusion co-
efficient with u. being the reduced scattering coefficient,
and S is the source. Considering a source at 7’ of
(p',¢",2") and a detector at 7 of (p,¢,2z) in cylindrical co-
ordinates, the equation for the Green’s function of Eq.
(2.1.1) is

V2G(F,7') - RAG(F, ') = — 8(F = '), (2.1.2)

where ko= u,/D is the effective attenuation coefficient.
The Dirac delta function in Eq. (2.1.2) is

or—r')=Up)dlp-p)oe-¢)oz-2z"), (2.1.3)

where the delta functions for ¢ and z can be written in
terms of inverse Fourier series and inverse Fourier trans-
form, respectively, by

1
5(<p—cp’)=2— > eimleel) (2.1.4)

m=-%

and

1 [ 1
5(2—2’)=—f dke‘k(z‘z)z—f dk cos[k(z -2")].
2w J, )
(2.1.5)

Substituting Egs. (2.1.3)-(2.1.5) into Eq. (2.1.2) and ex-
panding V2 in Eq. (2.1.2) in cylindrical coordinates lead to

19 ( oG\ 1FGEF) FGEF)
el ) G T o
1 R ,
== Z_wzpa(p - p')m;;ec . dke™ ¢ cos[k(z —2")].
(2.1.6)

The Green’s function can be expanded to a form similar to
the right-hand side of Eq. (2.1.6) as
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1 - *
GFF)=— E dk - g, (k,p,p") - oim(g=¢")
27

m=—%

Xcoslk(z-2")], (2.1.7)

where g,,(k,p,p’) is the radial Green’s function to be
solved. Substituting Eq. (2.1.7) into Eq. (2.1.6) leads to

10 agnlk,p,p') , o, M /
——\p———— | - | R + ko + — |gm(k,p,p")
pdp dp p

1
=——8p-p). (2.1.8)
p

We define

kly=k*+ kg or k= k> +kg. (2.1.9)

Then Eq. (2.1.8) becomes

1 (9( ﬁgm(k,p,p’)) (k2 mz) o) 1 o)

||~ \ ket —3 |&mlk,p,p") == —lp—p).

pp dp T p? p
(2.1.10)

Solutions to the Helmholtz Eq. (2.1.10) can be derived by
following Jackson’s approach of solving Poisson’s equation
[13] and using the asymptotic approximations of modified
Bessel functions [14]. The solution details are given in Ap-
pendix A. With the solution for g,,(k,p,p’), we have

=

1
G(F,F') = ﬁj dk - 2 fmIm(keffp<)Km(keffp>)
0

m=0

Xcos[m(p—¢')] [ -cos[k(z-2")], (2.1.11)

where p_— and p- indicate the smaller and larger radial co-
ordinates of the source and the detector, and

2, m#0

€m = 1, m=0

Convolving the Green’s function with the source term in
Eq. (2.1.1) and assuming a point source renders the

cylindrical-coordinate solution to the steady-state photon
diffusion in an infinite homogeneous medium as

(2.1.12)

s o
V() = 22D fo dk - Z,O Enl i (Regrp ) Ky (Regpp=)

Xcos[m(p—¢')] [ - cos[k(z-2")]. (2.1.13)

B. Steady-State Photon Diffusion in an Infinite
Homogeneous Medium: Solution in Spherical
Coordinates

The solution to Eq. (2.1.1) in spherical coordinates is well-
known as
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S

o—holr7|
4mD|F - 7|

V(F,F) = (2.2.1)

If the distance between a source and a detector is denoted
by d, Eq. (2.2.1) is readily converted to

S
In(¥ - d) =—k0d+1n<—>. (2.2.2)

47D

Equation (2.2.2) indicates a linear relationship between
the natural logarithm of the product of the fluence rate
and the source—detector distance with respect to the
source—detector distance, a characteristics useful for cali-
bration with a homogeneous medium when an isotropic
point source can be assumed. For the same homogeneous
medium and source—detector geometry, the solutions
given by Egs. (2.2.1) and (2.1.13) will be identical to each
other, which will be numerically validated in Section 4.

C. Steady-State Photon Diffusion in a Semi-infinite
Medium: Solutions in Spherical Coordinates
The effect of an applicator boundary on photon diffusion
has been rigorously modeled by the index-mismatched
Robin-type (or Type III) boundary condition of
V-2ADVV-7=0, (2.3.1)
where A=(1+R,5)/(1-R,p) and R, is the effective reflec-
tion coefficient [3] representing the percentage of the out-
going radiance integrated over all directions pointing to-
ward the ambient medium that is converted to incoming
radiance integrated over all directions pointing toward
the scattering medium [15]. The Type III boundary condi-
tion (2.3.1), which is evaluated on the physical boundary,
can be surrogated by an almost equally accurate but more
convenient approach by use of a Type I boundary condi-
tion that is being evaluated on an “imaginary” boundary.
The “imaginary” boundary, referred to as the “extrapo-
lated” boundary [5,6], is located 2AD from the physical
boundary and away from the medium. It is with respect to
this extrapolated boundary that the negative “image” [16]
of the source is introduced to set zero the fluence rate on
this boundary.

We follow the notations introduced by Fantini et al. [2]
for the semi-infinite geometry having a directional source
and an isotropic detector located on a planar boundary, as
illustrated in Fig. 1(a). The directional source is modeled
as an isotropic source placed one reduced scattering dis-
tance into the medium. Then, based on the extrapolated
boundary approach, the steady-state photon fluence rate
reaching the detector located on the physical boundary is
determined by the equivalent “real” isotropic source and
its image source with respect to the extrapolated bound-
ary in spherical coordinates as

\If = \Ilr _ \Ijim = c_k(]lrzal _ c_kolimag,
eal " 47Dl 47Dl
(2.3.2)
where
lrealz \d2+R2a Raz 1//143,, (233)
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Fig. 1. (Color online) (a) Semi-infinite geometry [2]. The diffuse medium is to the right of the physical boundary, and the light is incident
from the left. (b) The two cylindrical geometries in comparison with the semi-infinite geometry. The convex boundary represents that of
a cylindrical applicator enclosed by the diffuse medium (e.g., imaging the prostate by a trans-rectal probe), and the concave boundary
represents that of a cylindrical applicator enclosing the diffuse medium (e.g., imaging the breast by a ring probe).

limag = \3’d2 + (2Rb + Ra)Z, Rb =2AD.

(2.3.4)

The d in relations (2.3.3) and (2.3.4) is the distance be-
tween the physical directional source and the detector,
both located at the physical boundary, as in Eq. (2.2.2).
For d>R,,R;, Eq. (2.3.2) converts [17] to

s
In(W-d*)=-ko-d+In| —— - koRy(R, +Rp) |,
27D

(2.3.5)

which is the model-basis for calibrating in a semi-infinite
homogeneous medium.

D. Cylindrical Interface Geometries Being Investigated
in this Study

In this work, the “concave” geometry is defined as having
the diffusive medium enclosed by an infinitely long cylin-
drical applicator, and the “convex” geometry as having the
diffusive medium enclosing an infinitely long cylindrical
applicator. The physical directional source is always mod-
eled as an isotropic source placed one reduced scattering
distance into the medium, as shown in Fig. 1(b). Usually,
the extrapolated boundary condition is applicable when a
diffusive medium bonds with a non-scattering region—a
valid representation of either an external-imaging or an
internal-imaging optical applicator. Since the distance of
the extrapolated boundary from the physical boundary,
R,=2AD as in the semi-infinite geometry, is derived from
the general expression of the boundary condition in Eq.
(2.3.1), this distance will be considered as geometry-
independent; therefore in the concave or convex geometry
the extrapolated boundary will also be located at a radial
distance R, =2AD from the physical boundary and away
from the diffusive medium. Obviously, as the radius
reaches infinity both concave and convex geometries ap-
proach the semi-infinite geometry. This feature serves as
both the qualitative and quantitative measure of the ana-
lytic solutions derived for the concave and convex probe
geometries.

3. STEADY-STATE PHOTON DIFFUSION
ASSOCIATED WITH CONCAVE OR CONVEX
INFINITE CYLINDRICAL APPLICATOR

This section derives the cylindrical-coordinate solutions
to steady-state photon diffusion in the concave and convex
cylinder geometries. The same analytic principles apply
to both the concave and convex geometries; however, the
detailed analytic derivations of the two geometries are
separately listed for completeness and for facilitating
qualitative comparison between them.

A. External “Concave” Boundary; Analytic Solution
The concave geometry for a medium bounded externally
by an infinitely long circular cylindrical applicator with

Fig. 2. (a) Details of the concave geometry indicating the
equivalent isotropic source and the extrapolated boundary. The
image source of the isotropic source with respect to the extrapo-
lated boundary is located along the radial direction of the isotro-
pic source due to symmetry. (b) The concave geometry and the
“semi-infinite” image source that is the image source of the iso-
tropic source with respect to a planar boundary tangential to the
concave boundary at the location of the physical source.
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radius Ry is illustrated in Fig. 2(a). The physical source is
located at (Ry,¢’,z’) and the detector is located at
(Rg,®,2), both on the physical boundary.

1. Photon Diffusion under the Extrapolated Boundary
Condition

As shown in Fig. 2(a), the equivalent “real” isotropic
source must be located at (Ry-R,,¢’,z') based on the
symmetry of the geometry, and the extrapolated boundary
will be located at a radial distance of R,=2AD outside the
physical boundary. Based on the symmetry of the geom-
etry, the image source of the “real” isotropic source with
respect to the extrapolated boundary must also be located
along the radial direction of the “real” isotropic or the
physical source. This image source and the “real” isotropic
source collectively set zero the photon fluence rate on the
extrapolated boundary.

Based on Eq. (2.1.13), the photon fluence rate associ-
ated with the “real” isotropic source and evaluated on the
extrapolated boundary, for which the source is located at
pr<=Ry—R, and the detector is located at p,~=Rg+Ry, is

1 o
\Preallextr = 2772_Df dk - COS[k(Z - 2,)]
0

>, €uSLulko{Ro— Ro)IK ko Ry + Ry)]

m=0

Xcos[m(e—¢')] (, (3.1.1)

where the notation “ 4| ., indicates evaluating the
“left” as a source on the “right” as a boundary. Similarly,
the photon fluence rate associated with the image source
and evaluated on the extrapolated boundary for which the
source is located at an unknown or yet-to-decide p;~ but
the detector is located at p;- =Ry+Ry, is

1 o<}
lI,imag‘extr = %f dk
0

D 6uS: Lo Ro + Ry 1K, [Ropypi-]

m=0

xecos[m(p—¢@')] (- cos[k(z-2")]. (3.1.2)

In Eq. (3.1.2), the S;n terms are also unknown or yet-to-
decide, besides p;~. Based on the essential concept of
“image—source” [16,18], the two unknown terms an and
p;~ associated with the mth order “image” source (the K,,
component) can be expressed by a single unknown term of
S,, associated with the same-order “real” source (the I,
component); that is,

S;Km(kef/pi>) = Smlm[keﬁ‘pr<] = Smlm[kefARO - Ra)]~
(3.1.3)

Applying Eq. (3.1.3) to the extrapolated boundary condi-
tion of \Ilreal|extr_ q’imag'extrzoy we have
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K, |k Ry +Ry)]
Im[keff(RO + Rb)] ’

Now for the “real” isotropic source but evaluated at the
physical boundary, the source is still located at p,- =R,
-R,, but the detector is located at p,~=R,. For the “im-
age” source, also evaluated at the physical boundary, the
detector is located at p,- =R, and the source terms are
known through Eqgs. (3.1.3) and (3.1.4). Collectively the
photon fluence rate sensed by a detector at the physical
boundary becomes

S, =8 m=0,1,2,---. (3.1.4)

©

S
v = \I,real‘phys - \Pimag|phys = %I dky cos[k(z —2')]
0

©

> nlnlko(Ro— R)IK,, (ko)

m=0

{1 Im(keffRO) Km[keff(RO + Rb)]
Km(keffRO) Im[keff(RO + Rb)]

>COS[m(<P— ®")]

(3.1.5)

2. Concave Geometry with a Large Cylinder Diameter:
Approaching the Semi-infinite Geometry

As shown in Fig. 2(b), if a plane tangential to the cylinder
at the physical source position is considered an imaginary
semi-infinite planar boundary, then the “real” isotropic
source in this semi-infinite geometry is still located at
(Ro—R,,¢',2'), but the image source of the “real” isotro-
pic source with respect to this semi-infinite boundary will
be at (Ry+R,+2Ry, ¢’ ,2").

According to Eq. (2.1.13) the photon fluence rate sensed
by a detector on the cylinder boundary due to the image
source of the “real” isotropic source associated with the
semi-infinite boundary is

%

. S
\I’frenlzlg‘phys = mfo dk cos[k(z —z")]

©

: 2 emlm(keffRO)Km[keff(Ro +Ra + 2Rb)]

m=0

xcos[m(¢p—¢')]. (3.1.6)

The photon fluence rate sensed by a detector on the cyl-
inder boundary due to the image source of the “real” iso-
tropic source associated with the cylinder boundary as
seen in Eq. (3.1.5) can be rewritten to

0

S
q’imaglphys = %[ dk cos[k(z —2')]
0

©

> eulboyR0)K ke Ry + Ry + 2Ry)]

m=0

* Iy cos[m(e - @")], (3.1.7)

where
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_ LlkyRo-Ro)| K lkyg(Ro+ Ry)]
T L lkog(Ro + Ry Kl kup(Ro + Ry + 2R,)]°
(3.1.8)

If the cylinder diameter is sufficiently large, the modified
Bessel functions in Eq. (3.1.8) can be simplified by their
asymptotic expressions [14]; then Eq. (3.1.8) becomes

R0+Ra+2Rb
M ="\/ R,-R, -

Substituting Eq. (3.1.9) into Eq. (3.1.7) and comparing
with Eq. (3.1.6) we have

) Ry+R,+ 2R,
q’imag'phys = lIIkl?renn;lglphys . .
RO - Ra

Hence, for the cylinder of sufficiently large diameter, Eq.
(3.1.5) approximates to

(3.1.9)

(3.1.10)

— .

W= \Preal|phys Lmag‘phys = \Ijreal|phys

| R0+Ra+2Rb ( )
— g2 (3.1.11
g\phys RO_Ra

As Ry—>, the W,.qlpnys of Eq. (3.1.11) essentially be-
comes the ¥, in Eq. (2.3.2), {(Ro+R,+2R;)/(Ry-R,)

—1, and the W] ;. of Eq. (3.1.11) becomes the V;,,,,
in Eq. (2.3.2) because the detector located at (R, ¢,z)
reaches the imaginary semi-infinite boundary. This
agrees with the physical aspect that an infinitely long
concave cylindrical boundary becomes a semi-infinite
boundary as the radius of the cylinder becomes infinity.
By using the spherical-coordinate expression of the pho-
ton fluence rate given in Eq. (2.2.1), we can rewrite Eq.
(3.1.11) as

S e“kol’ S e‘koli RO + Ra + 2Rb
V= - A/ .
4’7TD lr 4’7TD li RO—RQ

(3.1.12)

B. Internal “Convex” Boundary; Analytic Solution

The convex geometry for a medium bounded internally by
an infinitely long circular cylindrical applicator with ra-
dius R is illustrated in Fig. 3(a). The physical source is
located at (Ry,¢’,z’) and the detector is located at
(Rg,®,2), both on the physical boundary.

1. Photon Diffusion under the Extrapolated Boundary
Condition

As shown in Fig. 3(a), the equivalent “real” isotropic
source must be located at (Ry+R,,¢’,z’) based on the
symmetry of the geometry, and the extrapolated boundary
will be located at a radial distance R,=2AD inside the
physical boundary. Based on the symmetry of the geom-
etry, the image source of the “real” isotropic source with
respect to the extrapolated boundary must also be located
along the radial direction of the “real” isotropic or the
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Fig. 3. (Color online) (a) Details of the convex geometry indicat-
ing the equivalent isotropic source and the extrapolated bound-
ary. (b) The convex geometry and the “semi-infinite” image source
that is the image source of the isotropic source with respect to a
planar boundary tangential to the concave boundary at the loca-
tion of the physical source.

physical source. This image source and the “real” isotropic
source collectively set zero the photon fluence rate on the
extrapolated boundary.

On the basis of Eq. (2.1.13), the photon fluence rate as-
sociated with the “real” isotropic source and evaluated on
the extrapolated boundary, for which the source is located
at p,-.=Ry—R; and the detector is located at p,~=Ry+R,,
is

1 %
\Preal|extr = 2’TT2_DJ dk - COS[k(Z - Z’)]
0

> enSLulko(Ro — Ry) 1K, [kopRo + R,)]

m=0

Xcos[m(e—-¢")] (, (3.2.1)

where we use the same notation ;4| 0" as in Eq.
(3.1.1). Similarly, the photon fluence rate associated with
the image source and evaluated on the extrapolated
boundary, for which the source is located at an unknown
or yet-to-decide p;- but the detector is located at p;~=R,
—Rb, is

©

1
\Pimag|extr= ﬁj dk

0

0

> St Ll kopi JK [ ko Ry - Ry)]

m=0

Xcos[m(o—¢')] (- cos[k(z-2")]. (3.2.2)
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In Eq. (3.2.2), the an terms are also unknown or yet-to-
decide, besides p;-. Following the approach of [16,18] as
in Eq. (3.1.3), we have

S:Tlm(keffpi<) = Sme[keffpr>] = Sme[keff(RO + Ra)]’
(3.2.3)

which expresses the two unknown terms S:’n and p;- as-
sociated with the mth order “image” source (the I,, com-
ponent) by a single unknown term of S,, associated with
the same-order “real” source (the K,, component). Apply-
ing Eq. (3.2.3) to the extrapolated boundary condition of
\Preal|extr_ q’imag'extrzo gives
Llke(Ro—Ry)]

=S————— m=0,1,2,.

= 3.2.4
K lhoyRo—Ry)] (324

Now for the “real” isotropic source but evaluated at the
physical boundary, the source is still located at p,~ =R,
+R,, but the detector is located at p,-=R,. For the “im-
age” source also evaluated at the physical boundary, the
detector is located at p;,~=R,, and the source terms are
known through Egs. (3.2.3) and (3.2.4). Collectively the
photon fluence rate sensed by a detector at the physical
boundary becomes

0

S
W= \I,real|phys - \Pimag|phys = mf dk COS[k(Z - Z’)]
0

0

> endnlbegRO)K ke Ro + R,)]

m=0

<1 K, (koRo) I [ky(Ro - By)]

_ Ly (kogRo) Kplk (R _Rb)]>cos[m(¢ —oN]

(3.2.5)

2. Convex Geometry with a Large Cylinder Diameter:
Approaching the Semi-infinite Geometry

As shown in Fig. 3(b), if a plane tangential to the cylinder
at the physical source position is considered an imaginary
semi-infinite planar boundary, then the “real” isotropic
source in this semi-infinite geometry is still located at
(Ro+R,,¢",z"), but the “image” source of the “real” isotro-
pic source with respect to this semi-infinite boundary will
be at (Rg—R,—2R;,¢',2’).

According to Eq. (2.1.13) the photon fluence rate sensed
by a detector on the cylinder boundary due to the image
source of the “real” isotropic source associated with the
semi-infinite boundary is

. S *
‘I’frenrggphys = W_Dfo dk cos[k(z —z")]

- > €nlnlkef(Ro— Ry — 2Ry) 1K, (kR o)

m=0

Xcos[m(¢p—¢')]. (3.2.6)

The photon fluence rate sensed by a detector on the cyl-
inder boundary due to the image source of the “real” iso-
tropic source associated with the cylinder boundary, as
seen in Eq. (3.2.5), can be rewritten to
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0

S
\Ijimag|phys = %JO dk COS[k(Z - 2’)]

©

- > €nlnlko(Ro— Ry — 2Ry) 1K, (ko)

m=0

- T cos[m (e - ¢')], (3.2.7)

where

_ Iml.keff(RO - Rb)J Kml.keff(RO + Ra)J
" LlkydRo~ R, - 2Ry K, [ke(Ro - Ry)]’
(3.2.8)

I

If the cylinder diameter is sufficiently large, the modi-
fied Bessel functions in Eq. (3.2.8) can be simplified by
their asymptotic expressions [14]; then Eq. (3.2.8) be-
comes

R,-R,- 2R,

. 3.2.9
Ry+R, ( )

Mm =

Substituting Eq. (3.2.9) into Eq. (3.2.7) and comparing
with Eq. (3.2.6) we have

Ro—R,-2R,
R,+R,
(3.2.10)

— \P§emi

imag |phys zmag'phys :

v

Hence, for the cylinder of sufficiently large diameter, Eq.
(3.2.5) approximates to

V= \Ifreal|phys - \Iiimag|phys = \Preal|phys
R,-R,-2R,
Ry+R,

semi
- \Pimag‘phys :

(3.2.11)

As Ry—>, the W,,ulnys of Eq. (3.2.11) essentially be-
comes V,,,; in Eq. (2.3.2), \(Ro—-R,-2R;)/(Ry+R,)—1,
and the \Iffjl”;;\phys of Eq. (3.2.11) becomes the ¥;,,, in
Eq. (2.3.2) because the detector located at (Ry,¢,z)
reaches the imaginary semi-infinite boundary. This
agrees with the physical aspect that an infinitely long
convex cylindrical boundary becomes a semi-infinite
boundary as the radius of the cylinder becomes infinity.
By using the spherical coordinate expression of the pho-
ton fluence rate given in Eq. (2.2.1), we can rewrite Eq.
(3.2.11) as

S ehdr 8§ Rl

= -
47D 1, 47D

Ro-R,-2R,
RO +Ra ’
(3.2.12)

C. Summary of the Solutions in Cylindrical

Coordinates

In cylindrical coordinates, the steady-state photon fluence
rate in an infinite homogeneous medium is
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S w
= %JO dk cos[k(z —z")]

Y endnlop ) Ko=) cos[m (e — ¢')].
m=0

(3.3.1)

The steady-state photon fluence rate in a concave geom-
etry imposed by an infinitely long circular cylindrical ap-
plicator for interrogating the medium internal to the ap-
plicator (e.g., breast imaging) is

©

S
W=%JO dk\ cos[k(z-2")]

©

Y, enl bRy~ R)IK,, (koRo)

m=0

1 Im(kef/RO) Km[keff(RO + Rb)] [ ( ’)]
: - cos|m(p— R
K (kyiRo) Lilkoy(Ro + Ry)] e
(3.3.2conC)

where “conC” stands for “concave” and “conV” for “convex”
(below).

The steady-state photon fluence rate in a convex geom-
etry imposed by an infinitely long circular cylindrical ap-
plicator for interrogating the medium external to the ap-
plicator (e.g., prostate imaging) is

S oo
W:mfo dky cos[k(z-2")]

©

> enlleyRoIK ke Ro + R,)]

m=0

{1 Km(keffRO) Im[keﬁ‘(RO - Rb)]
Im(keffRO) Km[keff(RO - Rb)]

>COS[m(<P -¢]
(3.3.2conV)
If the concave or convex geometry has a large radial di-

mension, the photon fluence rate expressed by Egs.
(3.8.2conC and 3.3.2conV) can be approximated to

S eFr S edi |Ry+R,+2R,
V= - N, ,
47D 1,  4=D I, Ro-R,

(3.3.3conC)
S etdr S ehli  |Ry-R,-2R,
= - :
47D I, 47D ; Ry+R,
(3.3.3conV)

where [, is defined as the distance from the detector to the
“real” isotropic source and /; as the distance from the de-
tector to the image source of the “real” isotropic source as-
sociated with the semi-infinite geometry that is tangen-
tial to the concave or convex geometry on the physical
source point.
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4. STEADY-STATE PHOTON DIFFUSION IN
THE INFINITE GEOMETRY: NUMERICAL
VERIFICATION OF THE
CYLINDRICAL-COORDINATE SOLUTION

This section validates the cylindrical-coordinate solution
(2.1.13) of the steady-state photon diffusion in a homoge-
neous infinite medium, since Eq. (2.1.13) sets the founda-
tion for the analytic derivations thereafter. As evaluating
entities like Eq. (2.1.13) involves half-sided integration
and summation to infinity, the numerical approaches
must provide sufficient accuracy within the framework
imposed by the precision of the computer and the algo-
rithm arithmetic.

For an infinite medium it is practical to define a source
point arbitrarily at (0,0,0) and a field point at (p,0,0).
Then the spherical-coordinate solution (2.2.1) can be re-
written as

W = (S/4mDd)e~*0?, (4.1)

where d is the source—detector distance. Equation (4.1)
can be implemented in terms of the linear relationship be-
tween In(Vd) and d as indicated in Eq. (2.2.2). Similarly
the cylindrical-coordinate solution (3.3.1) in the same ho-
mogeneous infinite medium becomes

S o) 0
V(p,¢) = 222D f dk Y, €l m(0)K,(kepp=).  (4.2)
0 m=0

The adaptive Gauss—Kronrod quadrature in MATLAB
(Mathworks Inc, Natick, Massachusetts) is used to calcu-
late the integrations in Eq. (4.2) as well as all the integra-
tions appearing later. To effectively implement the inte-
gration and the infinite-summation terms in Eq. (4.2), it
is necessary to evaluate the range for the integration or
the summation to be executed. Based on the asymptotic
expression of the modified Bessel functions for large argu-
ment [14], we have that for sufficiently large %, hence
large kg,

I(keffp<)K(keffp>) H e‘kef/(P>_P<), (43)

—
2kefp\p<p>

which asymptotically and quasi-exponentially reaches
zero as k increases. Therefore for a given accuracy Eq.
(4.2) can be numerically implemented with an upper limit
of &, because it also sets the upper limit of the integration.
The contributions of higher £ to the integration in Eq.
(4.2) are evaluated in Fig. 4(a) for the first m term of m
=0 using realistic optical and geometry parameters, in-
cluding #,=0.01cem™, u/=10cm™!, ¢=0, and d
=0.5-10 cm. The use of In(Wd) versus d is necessary for
evaluating Eq. (4.2) with respect to Eq. (4.1). The differ-
ence of setting the upper limit of 2 at 50 or 100 is indis-
tinguishable for a source—detector distance greater than
1 mm, at the scale shown. The integration in Eq. (4.2) is
therefore executed for £=50, as the source—detector dis-
tance practically is much greater than 1 mm.

To evaluate the choice of m, we first check the following
terms in Eq. (4.2) and denote them ():
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Fig. 4. (Color online) (a) Comparison of the contributions of the 2 terms when evaluating the cylindrical-coordinate solution to the
steady-state photon diffusion in the homogeneous infinite medium. (b) Comparison between the solutions in spherical coordinates and
cylindrical coordinates to the steady-state photon diffusion in the homogeneous infinite medium.

Q= el (0K, (kep-). (4.4)

m=0

In Eq. (4.4), I,,,(0) will be nonzero only when m =0. Hence,
only the first m term need be summed. Overall, Eq. (4.2)
can be evaluated by integrating up to £=50 and summing
the first m terms.

Figure 4(b) evaluates Eq. (4.2) with respect to Eq. (4.1)
for the parameters of u,=0.01 cm™, x/=10 cm™, ¢=0,
and p=0.5—-10 cm as in Fig. 4(a), and integrating k& up to
100 for m=0. Figure 4(b) demonstrates that Eq. (4.2) is
identical to Eq. (4.1) within the precision of the MATLAB
arithmetic.

5. STEADY-STATE PHOTON DIFFUSION IN
THE “CONCAVE” AND “CONVEX”
GEOMETRIES: NUMERICAL EVALUATION
OF THE CYLINDRICAL-COORDINATE
SOLUTIONS

This section numerically evaluates the general solutions
in Eq. (3.3.2) for geometries having smaller cylinder ra-
dius and their approximations in Eq. (3.3.3) for geom-
etries having very large cylinder radius. These evalua-
tions, for simplicity, are limited to two cases: (1) the
source and detector are located at the same azimuth
plane; (2) the source and detector are located longitudi-
nally with the same azimuthal angle. The results will in-
dicate how the circular boundary affects the photon flu-
ence rate with respect to a semi-infinite boundary, and
justify qualitatively these analytic solutions and their ap-
proximations.

A. Specific Geometry: Source and Detector Located at
the Same Azimuth Plane

The geometries shown in Fig. 5 are chosen to study the
effect of concave or convex boundary shape on photon dif-
fusion for the source and detector located at the same azi-
muth plane. Then the “chord” distance between the
source and the detector is considered in a range from
0.5 cm (assuring diffusion treatment) to 2R, for optical

properties set at u,=0.01 cm™%, u/=10 cm™}, A=1, and S
=1 (these parameters are used throughout the rest of the
studies).

1. Numerical Approaches

In this case, both the source and detector are on the same
azimuthal plane, that is z=z'; therefore Eqgs. (3.3.2conC
and 3.3.2conV)can be rewritten as

S o) o
- fo Ak S, 6l Fo = Bo) Kot

1 Im(keffRO) Km[keff(RO +Rb):| [ ( ,)]
: - cos[m(¢p— ,
K, (kogRo) L[kop(Ro + Ry)] e
(5.1.1conC)

%

S o0
V=% JO dk) 2, enln(kegRolKnlkeyBo+ Ro)]

m=0

<1 K,u(kogRo) Llkoy(Ro — Ry)]

L(kgRo) Kl Ry —Rb>]>°°s[m(‘°‘ ¢

(5.1.1conV)

For large k, hence large k.4 the integrands of Eqgs.
(5.1.1conC and 5.1.1conV) become the following [14]:

Fig. 5. Concave and convex geometries with the source and the
detector located at the same azimuthal plane.
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L lkopRo - R,k iRo)
} < | Ll Kol (Ro +Rb)]>

Ky (kegRo) L[kof(Ro + Ry)]
e_kef/Ra

= (1 - e ZkeTy),
2k \Ro(Ro - R,)

(5.1.2conC)
Im(keffRO)Km[keff(RO + Ra)]

«( 1 Km(keffRO) Im[keff(RO _Rb)]
Im(keffRO) Km[keff<RO - Rb)]
e_keffRa

Zkeff\’RO(RO + Ra)

(1 —e Zkesfs).  (5.1.2conV)

It is again noted that as k.; becomes sufficiently large
both Egs. (5.1.2conC and 5.1.2conV) asymptotically and
quasi-exponentially approach zero. Therefore in Egs.
(5.1.1conC and 5.1.1conV) the contribution of the inte-
grands associated with % greater than a certain limit can
be neglected. However, according to the IEEE standard
for floating-point arithmetic [19], there is a limit for the
largest number and the smallest number to be stored. In
MATLAB the criterion [20] for overflow is 1.7977 x 10308
in decimal, and for underflow is 2.2251x 10~3%, In Eqs.
(5.1.1conC and 5.1.1conV), the modified Bessel functions
of the first and second kinds are exponentially growing
and decaying functions, for which overflow will readily oc-
cur for a large order m and underflow for a large argu-
ment k. To evaluate source and detector at the same azi-
muthal plane a larger order of m is necessary, and to
evaluate the source and detector located longitudinally
with the same azimuthal angle a large argument % also
becomes crucial. In both Egs. (5.1.1conC and 5.1.1conV),
since all the modified Bessel functions of the first and sec-
ond kinds appear in pairs in the same order when multi-
plying with each other, a strategy of “pre-enlarge” and
“pre-reduce” is implemented to ease the numerical ma-
nipulation. The principle is that instead of evaluating
each modified Bessel function individually, the modified
Bessel function of the first kind can be “pre-reduced” for
large order m and the modified Bessel function of the sec-
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ond kind can be “pre-enlarged” by the same degree, by
which the product of each pair will remain unchanged.
The outcome of this pre-enlarge and pre-reduce manipu-
lation is demonstrated in Fig. 6(a) for a convex boundary
of Ry=2 cm, d changing from 0.1 cm to 4 cm, % cutoff at
70, #t,=0.01em™}, u/=10ecm™}, A=1, and S=1. The m is
summed from 0 to 150 (the dotted curve with ripples),
which was the limit to avoid overflow and underflow with-
out applying the pre-enlarge and pre-reduce approach. Af-
ter pre-enlarge and pre-reduce, the summation can be
made for m up to 500. Figure 6(a) indicates that this
method of pre-enlarge and pre-reduce enables summing
modified Bessel functions up to a large order of m by
eliminating the ripples or noise seen when no such ma-
nipulation is employed.

Additionally, it is also found for Eqs. (5.1.1conC and
5.1.1conV) that the radius R, has a great effect on the
evaluation outcome. For instance, when R is as large as
8 cm in Eq. (5.1.1conC), for £=40, the integration does not
converge sufficiently even for summing m up to 500 [the
optical parameters are the same as used for Fig. 6(a)], but
for a smaller radius Ry=1 cm the same integrand con-
verges quickly at m=100. A method of “repeated averag-
ing” is thus employed to improve the convergence. The
principle is to first examine if there is an oscillating pat-
tern. If there is, the envelope of the maxima and minima
of the oscillation is implemented to form a finite converg-
ing alternative series, and the last maxima and minima
are averaged to become the value of the integrand. If an
oscillating pattern is not formed, the last result is chosen
as the value of the integrand. The results of applying such
“repeated averaging” when evaluating Eq. (5.1.1conC) are
shown in Fig. 6(b), in which m is summed up to 540 for
Ry=8 cm.

Based on these specific approaches of improving the
outcome of numerical evaluations, the upper limits of %
and m are evaluated individually for each set of computa-
tions conducted. For example, at a parameter setting of m
terms up to 150, the effects of a finite £ cutoff value when
evaluating Eq. (5.1.1) are shown in Fig. 7(a) for the con-
cave boundary and Fig. 7(b) for the convex boundary. The
difference between integrating % from 0 to 50 and from 0
to 100 is indistinguishable at the given scale, for both con-

Fig. 6. (Color online) (a) Outcome of applying pre-enlarge and pre-reduce methods for Ry=2 cm in convex geometry. (b) Outcome of

applying “repeated averaging” for Ry=8 cm in concave geometry.
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Fig. 7. (Color online) Comparison of the contributions of 2 terms in the solution for source and detector located in the same azimuthal

plane: (a) concave geometry; (b) convex geometry.

cave and convex boundaries. Therefore the cutoff value
for % is set at 50 for this set of evaluations.

2. Numerical Evaluation of the General Solutions for a
Cylinder Applicator of Radius up to 10 Cm

The general solutions (5.1.1conC and 5.1.1conV) are
evaluated numerically with respect to a semi-infinite ge-
ometry in Fig. 8(a). The radius Ry is chosen as 0.5, 1, 2, 5,

Fig. 8. (Color online) (a) Comparison of the solutions for concave
and convex geometries with respect to the semi-infinite geom-
etry, for source and detector located at the same azimuthal plane.
(b) Comparison of the solutions for concave and convex geom-
etries having large cylinder radius with respect to the semi-
infinite geometry for source and detector located at the same azi-
muthal plane.

and 10 cm. The figure is plotted for In(¥d?2) versus d as
this is the linear relationship implied by Eq. (2.3.5) of
semi-infinite geometry. It is noted again that d is assigned
as the chord distance between the physical source and the
detector points on the circular boundary. Therefore the
maximum d for a radius of 0.5 cmis 1 cm, of 1 cm is 2 cm,
etc., and d is set to change from 0.1 to 4 cm for the re-
maining radii. On the azimuthal plane, the photon flu-
ence rate associated with a given source—detector dis-
tance in a concave geometry is greater than that in a
planar geometry for the same source—detector distance,
and in a convex geometry it is smaller than that in a pla-
nar geometry. The overall qualitative feature, as antici-
pated, is that as the radius of the cylinder geometry in-
creases, the photon fluence rate for the concave and
convex boundaries asymptotically approaches that for a
semi-infinite boundary.

3. Numerical Evaluation of the Solutions Approximated
for a Cylindrical Applicator of Very Large Radius

For the azimuthal geometry with large cylinder diameter,
the distance terms in Egs. (3.3.3conC and 3.3.3conV) can
be expressed by

1,=[R%+d?- (R, dYRy)]"?, (5.1.4conC)

1, =[(R, + 2R;)? +d? + (R, + 2R;)(d*/Ry)]"?
(5.1.5conC)

for concave boundary, and

1, =[R2 +d?+ (R,d*Ry)]"2, (5.1.4conV)

I, =[(R, +2R,)?+d?- (R, + 2R,)(d?*/Ry)]"?
(5.1.5conV)

for convex boundary. The comparison of the two azi-
muthal geometries with respect to the semi-infinite geom-
etry is given in Fig. 8(b), where the radius R is chosen as
500, 600, 800, 1000, and 2000 cm. The results are shown
only for d from 2.2 to 4 cm to illustrate that both the con-
cave and convex boundary asymptotically approach the
“linear” feature of the planar boundary for In(yd?) and d,
but with radius-dependent differences in the slope and
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potentially in the intersection, both of which clearly will
vanish as the radius becomes infinity.

B. Specific Geometry: Source and Detector Located
Longitudinally with the Same Azimuthal Angle

The geometries shown in Fig. 9 are chosen to study the
effect of concave or convex shape on photon diffusion for
the source and detector located longitudinally with the
same azimuth angle.

1. Numerical Approaches
For ¢=¢’, we rewrite Egs. (3.3.2conC and 3.3.2conV) as

S 0
=mfo dkY cos[k(z-2")]

0

> €nlnlkof(Ro— R)IK,, (ko)

m=0

' <1 L (hegRo) Kolleg(Ro +Rb>]>

Ky (kegRo) L[kof(Ro +R;)]
(5.2.1conC)

S m
=%L dkY cos[k(z-2")]

%

> endn(bofR0OK ko Ro + Ry)]

m=0

{1 Km(keffRO) Im[keff(RO - Rb)]
Im(keffRO) Km[keff(RO - Rb)]

(5.2.1conV)

The previous analysis given for numerical evaluation of
Egs. (5.1.2conC and 5.1.2conV) still holds here; therefore
the contribution due to large k, hence large k., is ne-
glected.

The numerical manipulation methods of pre-enlarge
and pre-reduce as well as repeated averaging discussed in
Subsection 5.A are also applied here. The settings of &
values are shown in Fig. 10(a) for concave boundary and
Fig. 10(b) for convex boundary, where the parameters
used are Ry=1cm with d ranging from 0.5 cm to 2 cm
and m summing from 0 to 100. It is observed that the
plots for & cutoff at 100 and 200 are indistinguishable at

Fig. 9. Concave and convex geometries with source and detector
located longitudinally with the same azimuthal angle.
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the given scale. For this set of computations the upper
limit for % is then set at 100. This upper limit of % is
higher than that used for evaluating the azimuthal plane.
It is also found that the upper limit for m can be chosen
much lower than that used for evaluating the azimuthal
plane. Again the upper limits of £ and m are evaluated in-
dividually for each set of computations.

2. Numerical Evaluation of the General Solutions for a
Cylindrical Applicator of Radius up to 6 Cm

The general solutions (5.2.1conC and 5.2.1conV) are
evaluated numerically with respect to semi-infinite geom-
etry in Fig. 11(a). The radius R is chosen as 1, 2, 3, and
6 cm. The figure is again plotted for In(Wd?) versus d, as
it is the linear relationship implied by Eq. (2.3.5) for a
semi-infinite geometry, and d is the longitudinal distance
between the physical source and the detector points on
the circular boundary. The d in this geometry is not lim-
ited in range, but a range from 0.1 to 4 cm is chosen for
comparison with the azimuthal geometry of Fig. 8. Along
the longitudinal direction, the photon fluence rate associ-
ated with a given source—detector distance in a concave
geometry is smaller than that in a planar geometry for
the same source—detector distance, and in a convex geom-
etry it is greater than that in a planar geometry. The over-
all qualitative feature, as anticipated, is that as the ra-
dius of the cylinder geometry increases, the photon
fluence rate for the concave and convex boundaries as-
ymptotically approaches that for a semi-infinite geometry.

3. Numerical Evaluation of the Solutions for a Cylinder
Applicator of Very Large Radius

For the longitudinal geometry with larger cylinder diam-
eter, the distance terms in Eqgs. (3.3.3conC and 3.3.3conV)
can be expressed by

l,=(R2+d*»"Y?, (5.2.2)

1,=[(R,+2R)*+d*+]"? (5.2.3)
for both concave and convex geometries. The comparison
of the two longitudinal geometries with respect to the
semi-infinite geometry is given in Fig. 11(b) with the rest
of the parameters the same as in Fig. 8(b). Again, both the
concave and convex geometry asymptotically approach
the “linear” feature of the planar boundary for In(¥d?)
and d, but with radius-dependent differences in the slope
and potentially in the intersection, both of which clearly
will vanish as the radius becomes infinity.

Finally in terms of the computation time, for each
single curve in Fig. 8 or Fig. 11 that includes on average
300 data points, it takes approximately 5 min to formu-
late on a 2.8 GHz CPU with 1.0 GB of memory.

6. DISCUSSION

The solution to photon diffusion in an infinite homoge-
neous medium derived in cylindrical coordinates likely
will involve two Bessel functions. The solution could have
different expressions, depending on the type (normal or
modified, the first kind, or the second kind) of Bessel func-
tions used and the way these functions are integrated into
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Fig. 10. (Color online) Comparison of the contributions of 2 terms in the solution for source and detector located longitudinally with the

same azimuthal angle: (a) concave boundary; (b) convex boundary.

the solution. In Eq. (3.3.1), we have expressed the solu-
tion using the modified Bessel functions. The integration
part of Eq. (3.3.1) is identical to that of the solution to the
Poisson equation in cylindrical coordinates given in [13],
except that the argument contains k.4 instead of £ as in

Fig. 11. (Color online) (a) Comparison of the solutions for con-
cave and convex geometries with respect to the semi-infinite ge-
ometry for source and detector located longitudinally with the
same azimuthal angle. (b) Comparison of the solutions for con-
cave and convex geometries having large cylinder diameter with
respect to the semi-infinite geometry for source and detector lo-
cated longitudinally with the same azimuthal angle.

[13]. This solution may be advantageous as it demon-
strates clearly the different roles of the source and the
field points in the solution by differentiating the radial co-
ordinates of the source and field points into the argu-
ments specific to different kinds of the modified Bessel
functions, such that both of the modified Bessel functions
will become valid in the geometry of interest.

Applying the solution in Eq. (3.3.1) leads to physically
explicit interpretation in the two equations of (3.3.2) for a
medium involving an external or internal cylindrical
boundary. These equations in (3.3.2) are composed of two
parts in the curly brackets: the first part is associated
with the “real” isotropic source, and the second part is the
contribution of the “image” source term that is repre-
sented by the “real” source term scaled by a factor. The
scaling factor is related to the radius of the cylinder and
the reflective index mismatch of the cylinder-medium in-
terface that determines where the extrapolated boundary
will be placed. The equations in (3.3.3), which are derived
for large-radius concave and convex boundaries, are given
in a format similar to that for semi-infinite geometry but
with a shape-curvature-associated term that approaches
unity as the radius of the cylinder approaches infinity.

The numerical evaluations in Section 5 demonstrate
the qualitative correctness of the analytic solutions in
Egs. (3.3.2) for the two circular cylindrical geometries,
within the limits of the current computer arithmetic. It is
clearly shown that the solutions given in the two Egs.
(3.3.2) asymptotically approach the semi-infinite medium
solution as the applicator radius reaches infinity. For the
specific case of having the source and detector located azi-
muthally on the same axial plane, the photon fluence rate
is greater than the semi-infinite geometry for the concave
boundary and smaller for the convex boundary given the
same source—detector distance. This can be explained by
noting that, for the same source—detector distance, more
near-field photons from the source could scatter and reach
the detector in the concave geometry than in the semi-
infinite geometry, but in the convex geometry they do the
opposite. For the specific case of having the source and de-
tector located longitudinally on the same azimuthal
angle, the photon fluence rate is smaller than the semi-
infinite geometry for the concave boundary and greater
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for the convex boundary given the same source—detector
distance. This again can be explained by noting that, for
the same source—detector distance, fewer near-field pho-
tons from the source could scatter and reach the detector
in the concave geometry than in the semi-infinite geom-
etry, but in the convex geometry the opposite is true.

7. CONCLUSIONS

The steady-state photon diffusion in a homogeneous me-
dium bounded externally or internally by an infinitely
long circular cylindrical applicator has been analyzed.
The geometry of a diffusive medium bounded externally
by a cylindrical applicator resembles that of imaging ex-
ternally accessible biological tissue such as the breast us-
ing a ring-type array. The geometry of a diffusive medium
bounded internally by a cylindrical applicator resembles
that of imaging internally accessible biological tissue such
as the prostate using a trans-rectal probe. Solutions to
steady-state photon diffusion in these two geometries are
derived in cylindrical coordinates by applying the ex-
trapolated boundary condition and are expressed in modi-
fied Bessel functions of the first and second kinds. Ap-
proximate solutions for large cylinder radius are also
derived in the format close to that for semi-infinite geom-
etry by including a shape-radius-associated term. Nu-
merical evaluations are provided for the cases of having
the source and the detector positioned only along the azi-
muthal or longitudinal directions. The results demon-
strate that compared with a semi-infinite boundary, the
concave boundary has smaller photon fluence decay in the
azimuth direction but greater photon fluence decay along
the longitudinal direction compared with a semi-infinite
geometry having the same source—detector distance. On
the other hand, the convex boundary has greater photon
fluence decay in the azimuth direction but smaller photon
fluence decay along the longitudinal direction. As the ra-
dius of the concave or convex circular applicator becomes
infinitely large, the results for these specific geometries
reach the well-known condition for a semi-infinite me-
dium, as expected. This theory and “qualitative” numeri-
cal evaluation constitute the first part of this work, which
will be quantitatively examined in the second part and
potentially extended to time-resolved analysis in future
studies.

APPENDIX A: SOLUTION TO EQ. (2.1.10)
FOLLOWING JACKSON’S APPROACH IN [13]

Equation (2.1.10) is rewritten here:

1 3( 0gm(k,p,p’)) (kz m2> o) 1 ( :
——\p—————— | | ket —3 |&mlk,p,p") == —lp-p).
pdp ap T 2 p

(A1)

For p#p’, Eq. (A.1) is the equation for the modified Bessel
functions I, (k.gp) and K,,(k.mp). According to Jackson
[13], assume that ¢;(k.mp) is some linear combination of
1,, and K,, satisfying the boundary conditions for p<<p’,
and u(k.yp) is a linearly independent combination of I,,
and K, satisfying the boundary conditions for p>p’; then
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the symmetry of the Green’s function in p and p’ requires
that

gm(k,P,P’) = ll’l(ke fp<)¢’2(ke ,‘p>) ’ (AZ)

where p_- and p- indicate the smaller and larger radial co-
ordinates of the source and the detector.

The normalization of the product ¢y(k.go<)- ¥a(kemp-)
requires that g,,,(k,p,p’) satisfy the discontinuity in slope
implied by the delta function in Eq. (A.1):

g, dgy, 1
- =] =-S5, (A3)
dp|, dp|_ »p
where |, means “evaluated at p=p’+e.” Then we have
dg, dg, . ) N
ap ) T = i1 = Poiby) = koWl o,

(A.4)

where W[, ] is the Wronskian of ¢ and . Equation
(A.1) is of the Sturm-Liouville type

d dy
T p(x)a +gx)y=0, (A.5)

and it is known that the Wronskian of two linearly inde-
pendent solutions of such an equation is proportional to
[1/p(x)]. Hence the possibility of g,,(k,p,p’) satisfying Eq.
(A.3) for all values of p’ is assured, so it requires that the
Wronskian has the value

1
Wl (x), go(x)] = - — (A.6)

’
X

which normalizes ¢y(kogo<): Yo(keyp~). If there is no
boundary surface, g,,(k,p,p’) must be finite at p=0 and
vanish at p— . Consequently we can define

‘ﬂl(keffp<) = le(kef/P<) and ¢2(keffp>) = km(keffp>)a
(A.7)
where the constant () is to be determined from the nor-
malization requirement of Eq. (A.6). Substituting Eq.

(A.7) into Eq. (A.6) by changing the argument k,4p—x we
have

1
Q- W[Im(x)5Km(x)] == ;5 (AS)

which can be evaluated at any value of x. Based on the
asymptotic expressions for the modified Bessel functions
[14], we have for either small x or large x

1
W[Im(x)7Km(x):| == .’J—C’ (Ag)

which leads to Q=1 in Eq. (A.8); thereby Eq. (A.2)
changes to
gm(k7p7p/) = Im(keffp<)Km(keffp>) . (A]-O)

Substituting Eq. (A.10) into Eq. (2.1.7) gives the Green’s
function of Eq. (2.1.3) in cylindrical coordinates as
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1
G(F,F,) = ﬁmgx dke"n(‘P_‘P )
X[Im(keffp<)Km(keffp>)] : COS[k(Z _Z’)]-
(A.11)

Writing in terms of the real function:

1
GFF)=—| dk-
.7 2ﬂ2f0

0

>, enln(begp)Kp(kegp-)

m=0

Xcos[m(p—¢')] (- cos[k(z-2")], (A.12)
2, m#0
where ¢, = 1, m=0 (A.13)
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This is Part IT of the work that examines photon diffusion in a homogenous medium enclosed by a concave circular
cylindrical applicator or enclosing a convex circular cylindrical applicator. Part I of this work [J. Opt. Soc. Am. A
27, 648 (2010)] analytically examined the steady-state photon diffusion between a source and a detector for two
specific cases: (1) the detector is placed only azimuthally with respect to the source, and (2) the detector is placed
only longitudinally with respect to the source, in the infinitely long concave and convex applicator geometries. For
the first case, it was predicted that the decay rate of photon fluence would become smaller in the concave geometry
and greater in the convex geometry than that in the semi-infinite geometry for the same source—detector distance.
For the second case, it was projected that the decay rate of photon fluence would be greater in the concave geo-
metry and smaller in the convex geometry than that in the semi-infinite geometry for the same source—detector
distance. This Part II of the work quantitatively examines these predictions from Part I through several approaches,
including (a) the finite-element method, (b) the Monte Carlo simulation, and (c) experimental measurement.
Despite that the quantitative examinations have to be conducted for finite cylinder applicators with large
length-to-radius ratio to approximate the infinite-length condition modeled in Part I, the results obtained by these
quantitative methods for two concave and three convex applicator dimensions validated the qualitative trend
predicted by Part I and verified the quantitative accuracy of the analytic treatment of Part I in the diffusion regime
of the measurement, at a given set of absorption and reduced scattering coefficients of the medium. © 2011
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Optical Society of America
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1. INTRODUCTION

This is a continuation of the work that examines the photon
diffusion in a homogenous medium that is either enclosed by
or enclosing an infinitely long circular cylindrical applicator.
The geometry of imaging a medium enclosed by an infinitely
long circular cylindrical applicator resembles approximately
that of imaging externally accessible tissue, such as breast
or arm, using a ring-shaped applicator and is referred to as
a concave geometry in this work. The geometry of imaging
a medium enclosing a circular cylindrical applicator resem-
bles closely that of imaging internally accessible tissue, such
as prostate or rectum, using an endorectal applicator, and is
referred to as a convex geometry in this work. In Part I [1] of
this work, the solutions to the steady-state photon diffusion
associated with concave and convex geometries were derived
by employing the extrapolated boundary condition [2,3] and
expressed in closed forms using the modified Bessel func-
tions. The validity of the approach in [1], which has to our
knowledge for the first time unified the analytic treatments
of photon diffusion in both concave and convex geometries,
was examined qualitatively for the case wherein the radial di-
mension of the tissue-applicator interface would reach infi-
nity. As is expected, the decay rate of photon fluence for

1084-7529/11/020066-10$15.00/0

the case of applicator radius approaching infinity was found
to asymptotically reach that for a planar interface case or the
semi-infinite geometry. The analytic approach was then ap-
plied to the concave and convex geometries with the radial
dimensions of the tissue—applicator interfaces comparable
to those found in practical applications. For these practical
geometries, the work in [1] further examined two specific con-
figurations: (1) the source and the detector have the same
longitudinal coordinate and are placed along the azimuth di-
rection on the boundary, and (2) the source and the detector
have the same azimuth angle and are placed along the long-
itudinal direction on the boundary. For case (1), which is
called “case-azi” in this work, it was predicted that the decay
rate of photon fluence would become smaller in the concave
geometry and greater in the convex geometry than that in a
semi-infinite geometry for the same source—detector distance.
For case (2), which is called “case-longi” in this work, it was
projected that the decay rate of photon fluence would be
greater in the concave geometry and smaller in the convex
geometry than that in a semi-infinite geometry for the same
source—detector distance.

This Part IT of the work examines the predictions given in
Part I for steady-state photon diffusion in the case-azi and

© 2011 Optical Society of America
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case-longi configurations within the concave and convex geo-
metries by the following quantitative methods: (a) the finite-
element method (FEM), (b) the Monte Carlo (MC) simulation,
and (c) experimental measurement. The predictions for case-
azt and case-longi configurations in Part I, which were based
upon solving the equation of photon diffusion analytically in
the studied geometries, is to be first examined by solving the
same equation of photon diffusion numerically in the same
geometries using the widely validated FEM solver. It is ex-
pected that the FEM-based results will support the analytic
solution that has been proposed, but as both the FEM and
analytical solutions are based upon the model of photon diffu-
sion, the expected model-data match between these two does
not necessarily substantiate the validity of the analytic ap-
proach. The ultimate verification of any analytic approach
of photon propagation requires examining it against experi-
mental measurement or the gold standard numerical method
of MC. Among the three quantitative methods of the FEM, the
MC, and experimental measurement employed in this work,
the experimental examination apparently has the least flex-
ibility in the study design; therefore, it becomes rational to
conduct the FEM and MC examinations by employing as many
available parameters as possible for the experimental mea-
surements. It is noted that the infinitely long cylindrical appli-
cator modeled in Part I cannot be reproduced in any of the
three methods of the FEM, the MC, and experimental exam-
ination, but it can be approximated by one cylindrical appli-
cator whose longitudinal dimension is much greater than its
radial dimension, e.g., with a large length-to-radius ratio.

The rest of this Part II work is structured into the following
sections. Section 2 reprints the analytic results derived in
Part I that are relevant to the predictions for case-azi and
case-longi configurations. Section 3 details the configurations
of the FEM, MC, and the experimental examinations. Section 4
evaluates the effect of the measurement errors associated
with the positioning of the source and detector due to the lim-
itations of the experimental study, and discusses the rationale
of minimizing the error-induced data-model deviation when
the experimental measurements are grouped with the FEM
and the MC for examining the analytic predictions. Section
5 examines the analytic predictions of case-azi and case-longi
configurations in two concave and three convex applicator
dimensions against the FEM, MC, and experimental results,
for a given set of medium optical properties.

2. RELEVANT ANALYTIC RESULTS
DERIVED IN PART I

The following notations have been used in [1]: 7y = (R, ¢',2’)
is the position of the source, 7 = (R, ,2) is the position of
the field or the detector, S is the intensity of the source, ¥
is the photon fluence rate at the field/detector position, yx,
is the absorption coefficient, u; is the reduced or transport
scattering coefficient, D = [3(u, + p4)]™! is the diffusion coef-
ficient, R, = 1/u} is the mean path length for the photon to
lose its history of incident direction and is used for modeling
the directional source as an isotropic source placed into the
medium, R, =2AD is the distance from the extrapolated
boundary to the physical boundary wherein A is a parameter
determined by the refractive index mismatch across the tis-
sue—applicator interface.
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The steady-state photon fluence rate ¥ associated with a
concave geometry of radius R, is

2”2D/ {cos[k z-2)]
X Z Em m[keff
m=0

. <1 _ Ln(kesrRo) Ko Fesr (Ro ‘|‘Rb)}>
Ky (keieRo) Ly [Kerr (Ro + Ry)]

a)]Km (keffRO)

x cos[m(¢ — ¢')) }, (2.1conC)

where [,, and K, are the modified Bessel functions of the first
and second kind at order m, respectively. Similarly, the stea-
dy-state photon fluence rate ¥ associated with a convex geo-
metry of radius R, is

o

_ 5 / ”dk{cos[k(z ~)S endy(kenRo)

222D 0 fowar
Km (keffRO) Im [keff(RO - Rb)] >

Im (keffRO) Km [keff (RO - Rh)]

X Km[keff(RO +Ra)] . <1 -

x cos[m (g — qa’)]}. (2.1conV)

For equations in (2.1), if the source and the detector locate at
the same azimuth plane, e.g., in case-azi configuration, we
have

- dk I
P

Im(keffRO) Km [keff(RO =+ Rb)] ,
Km(keffRO) Im [keff(RO + Rb)] > COS[m((p —7 )]}’

ke (Bo — Ro) K <keffRo)<1

(2.2conC)

m [keff (RO + Ra)] < 1
=0

Km(keffRO) 1, keff(RO — Rb)} )
- Im(keffRO) Km[keff(RO _Rb)]> COS[m((p 4 )]},

271'2D / { Z emlm ffRO

(2.2conV)

and if the source and the detector locate longitudinally with
the same azimuth angle, e.g., in case-longi configuration, we
have

S =)
:72”21)/0 {cos[kz ?) Zemm ett (B

L (ke Ry) Ko [Foetr (Ro +Rb)]>}
K (ketRo) L [Keerr (R + Ry)]
(2.3conC)

—Ra>JKm<keffRo><1 -
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*R“”<1 " TyubeRo) Ko lber(Ro —Rb>1>}'

(2.3conV)

3. CONFIGURATIONS OF THE
QUANTITATIVE EXAMINATIONS

A. Configuration of the FEM Solver to the Equation of
Photon Diffusion

The FEM-based computation [4,5] of photon diffusion is based
on our work [6] of solving the equation of steady-state photon
diffusion under a Robin-type boundary condition using
NIRFAST [7]. It is noted that the source term in the FEM is
often defined as a distributed, Gaussian source, matching
the intensity profile at the tip of the optical fiber, and the
source may therefore be defined over more than one element
[7]. The source term in the FEM is thus different from the basis
of Green’s function in analytic treatment. This difference is
expected to cause a mismatch between the FEM and analyti-
cal results as the source-detector distance becomes compar-
able to the spatial dimension of the Gaussian source even
though both methods are based on the same model of photon
propagation. The finite-element meshes for the case-azi and
case-longi configurations of the concave geometry are shown
in Figs. 1(a) and 1(b), respectively. Two sets of the concave
geometry are considered: one has a radius of 0.95cm and a
length of 40 cm, and the other has a radius of 2.563 cm and
a length of 40 cm. The radii of the two concave-geometry sets
are chosen the same as those used in the experiments, but the
length-to-radius ratios of the two geometry sets are 2.62 times
those used in the experimental study. The larger length-to-
radius ratio is necessary for bridging between the model pre-
diction based on an infinitely long concave geometry and the
experimental data obtained from a long yet finite concave ap-
plicator. For the case-azi geometry, denser meshes are placed

Fig. 1. Three-dimensional rendering of the finite-element mesh of the
cylindrical applicator: (a) concave geometry for the case-azi config-
uration shown with denser mesh along the azimuth direction at the
outer surface of the cylinder domain, (b) concave geometry for the
case-longi configuration shown with denser mesh along the longitu-
dinal direction at the outer surface of the cylinder domain, (c) convex
geometry for both case-azi and case-longi configurations, (d) discre-
tization of the convex imaging volume for the case-azi configuration
shown with denser mesh along the azimuth direction at the inner sur-
face of the cylinder domain.
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along the midazimuth plane on the boundary for evaluating
the solution along the azimuth direction. Similarly, for the
case-longi geometry, denser meshes are placed along the
longitudinal direction on the boundary for evaluating the so-
lution along the longitudinal direction. The domain of FEM
modeling with a radius of 2.53 cm is discretized into a mesh
of 22,182 tetrahedral elements and 4988 nodes. The domain of
FEM modeling with a radius of 0.95cm is discretized into
mesh of the same density as that in the radius of 2.53 cm. For
the convex geometry, the FEM volumes used for both case-azi
and case-longi configurations are illustrated in Fig. 1(c).
Three sets of the convex geometry are considered: all have
a longitudinal dimension of 40cm and an outer radius of
15cm, and the inner radii are 1.27cm, 2.41 cm, and 5.07 cm.
The radii of the three convex geometry sets are chosen the
same as those found in the experiments, but the length-to-
radius ratios of the three geometry sets are also 2.62 times
those employed in the experimental study as that in the con-
cave geometry. The discretized domain of the convex geome-
try is illustrated in Fig. 1(d), which shows only the case-az?
configuration and does not visualize the meshes at the outer
surfaces for the purpose of clarification. The domain of FEM
modeling with an inner radius of 1.27 cm is discretized into a
mesh of 90,856 tetrahedral elements and 17,545 nodes. The
domains of FEM modeling with inner radii of 2.31cm and
5.07 cm are discretized into meshes of the same density as that
in the radius of 1.27 cm. The value of A is experimentally de-
termined (detailed in Subsection 3.D) as being 1.86 for the
interface between the tissue/medium and the applicator.

B. Configuration of the Monte Carlo Simulation

The MC model was adapted from a program previously devel-
oped for simulating photon migration in cylindrical blood
vessels [8]. The concave and convex geometries for MC simu-
lation are illustrated in Fig. 2, with Figs. 2(a) and 2(c) for the
case-azi configurations, and Figs. 2(b) and 2(d) for the case-
longt configurations. For both case-azi and case-longi config-
urations, two sets of the concave applicator dimensions are
considered: one has a radius of 0.95 cm and a length of 40 cm,
and the other has a radius of 2.53 cm and a length of 40 cm;
three sets of the convex applicator dimensions are consid-
ered: all have a longitudinal dimension of 40 cm and an outer
radius of 15 cm, and the inner radii are 1.27 cm, 2.41 cm and
5.07 cm. The dimensions of these geometries are identical to
those used for FEM evaluations. A single-point “pencil beam”
source and a set of isotropic detectors (1 mm in diameter)
were positioned at the tissue—applicator interface, as shown
in Fig. 2, based on the case-azi or case-longi configuration.

Fig. 2. (Color online) Geometry of the MC simulation: (a) concave
geometry for case-azi configuration, (b) concave geometry for case-
longt configuration, (c) convex geometry for case-azi configuration,
(d) convex geometry for case-longi configuration..
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The experimentally determined value of A = 1.86 on the tis-
sue—applicator interface is implemented in the MC as a 30%
probability of photon re-entering the modeled tissue domain
after reaching the applicator boundary. The number of inci-
dent photons ranged from 5 x 107 for convex geometry with
a small radius to 2 x 108 for the concave geometry. All record-
ings had a smaller than 10% error (the ratio of the standard
deviation to the mean).

C. Configuration of the Experimental Study

1. Dimensions of the Applicators in Concave and

Convex Geometries

Five pieces of cylindrical applicators, shown schematically in
Fig. 3(a) and photographed in Fig. 3(b), were fabricated from
presorted 6in. long (15.24 cm in length, compared to the 40 cm
long imaging domain used for the FEM and the MC simula-
tion) raw black acetal materials. These cylindrical pieces
could be used for both concave and convex imaging geome-
tries; however, due to the difficulty of fabricating both the ex-
ternal and internal surfaces of the same cylindrical applicator
under identical machining processes to make the boundary
conditions consistent, each piece was used for either the con-
cave or convex imaging geometry, but not for both. Two ap-
plicator pieces with inner radii of 0.95cm and 2.53 cm were
used as the concave imaging geometry whereat the measure-
ment was made along the inner surface [the dashed line on the
two pieces at the lower row of Fig. 3(a)] enclosing the tissue
medium, and three applicator pieces with outer radii of
1.27cm, 2.41 cm, and 5.07 cm were used as the convex ima-
ging geometry whereat the measurement was made along
the outer surface [the solid line on the three pieces at the
upper row of Fig. 3(a)] enclosed by the tissue medium. There-
fore, for each group of case-azi or case-longt measurements,
the results contained two sets from the concave geometries
with different radii and three sets from the convex geometries
with different radii.

2. Configuration of the Measurement Assembly Using the
Cylindrical Applicator

The analytic treatments in [1] utilized a well-known important
approach of modeling a directional illumination (from a fiber)
as an isotropic source placed into the medium at a distance of
1/u; from the directional incident point. The FEM solver
adopted this approach of modeling a fiber illumination by sim-
ply placing an equivalent isotropic source at the 1/ distance
into the medium. In the MC simulation, since the incident
photon is strictly forward launched (pencil beam), the condi-

Fig. 3. (Color online) Five cylindrical applicators made from the
same black acetal material, shown by the (a) sketch and (b) photo-
graph. The lower front two with radii of 0.95cm and 2.53 cm were
used for the concave geometry, and the upper rear three with radii
of 1.27 cm, 2.41 cm, and 5.07 cm were used for the convex geometry..
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tion of an equivalent isotropic source at the 1/ distance is
also satisfied. In the experimental study, placing the facet of
an illumination fiber evenly on the applicator-tissue interface
can mimic the condition of an equivalent isotropic source;
however, the accuracy of the setup was limited by the variable
practicability among the different applicator pieces employed
and would not be as desirable as those in the FEM and MC
studies. The examination of the analytic predictions for
case-azi and case-longi configurations also was in need of
continuously translating either the source or the detector fiber
azimuthally or longitudinally, which further discouraged the
experimental implementation that involved inserting a fiber
in the wall of the applicator piece unless it was the only fea-
sible choice. It has been argued that the measurement of a
diffuse photon is insensitive to the orientation of the detector
fiber [9]; nevertheless, using an isotropic detector shall pro-
vide measurement of the photon diffusion that is minimally
affected by the orientation of the detector fiber. In light of
all these restrictions, the experimental design physically
placed a fiber with an isotropic diffuser tip as the source in
the medium at a distance of 1/u; from the tissue—applicator
boundary, instead of inserting a regular fiber through the ap-
plicator wall, and used a fiber with isotropic sensing tip as the
detector.

A diffuser (Medlight SD200) with a spherical tip of 2mm in
diameter was used as the isotropic source, and an isotropic
probe (Medlight IP159) with a spherical tip of 1.59mm in
diameter was used for detection of the diffuse photon. The
785nm light from a laser diode (Thorlabs, model HL7851G)
operating at constant power mode was fiber-coupled to the
spherical diffuser. The isotropic detector probe was coupled
to a spectrometer (Princeton Instruments, SpectraPro 23004,
not necessary for the measurement but kept for system integ-
rity and convenience of use) for readout of the detected
photon intensity by a 16 bit CCD camera (Photometrics Cas-
cade 512F).

The source and the detector fibers were fixed individually
in stainless tubes [except for the detection fiber shown in the
configuration in Fig. 6(a) only], which were then fixated to
the positioning structure. The stainless tube for housing the
source fiber had a diameter of 4.76 mm (3/16in.) and the one
for fixing the detector fiber had a diameter of 3.18 mm
(1/81in.). Figure 4 is an exemplary photograph of the complete
setup for measurement of the case-azi configuration in the
convex geometry, wherein the source and detector fibers
were placed azimuthally and outside of the cylindrical

Fig. 4. (Color online) Photographs of the experimental setup for the
case-azi configuration in the convex geometry. The tank that housed
the Intralipid solution for immersing the setup is not shown..
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Fig. 5. Tllustration of the experimental setup for the case-azi config-
urations: (a) concave geometry with the source and the detector
placed azimuthally in proximity to the inner surface of the cylinder
applicator, (b) convex geometry with the source and the detector
placed azimuthally in proximity to the outer surface of the cylinder
applicator.

applicator at the same longitudinal coordinate. The entire
positioning assembly as shown on the breadboard was then
immersed in a large tank filled with bulk Intralipid solution
as the homogenous medium.

3. Control of the Source-Detector Distance for
Measurement in the Case-Azi Configuration

For the case-azi configuration in concave geometry as shown
in Fig. 5(a), the isotropic detector was fixed at the inner
surface of the cylindrical applicator, and the isotropic source
was placed at a distance of 1/} inward from the inner surface.
The isotropic source rotated isoazimuthally with respect to the
isotropic detector and the center of the applicator curvature.
The Intralipid solution filled the inside of the cylindrical appli-
cator. For the case-azi configuration in convex geometry as
shown in Fig. 5(b), both the isotropic source and detector were
placed at the outer surface of the cylinder applicator, with the
source placed at a distance of 1/}, outward from the outer sur-
face. The isotropic source rotated isoazimuthally with respect
to the isotropic detector and the center of the applicator
curvature. The Intralipid solution filled up the tank that housed
the cylinder applicator. The azimuth plane that contains the
source and the detector was halfway along the longitudinal
working range of the cylinder applicator to minimize the effect
of the finite length of the applicator. The chord distance d
between the positions of the modeled directional source and
the detector on the applicator surface was calculated by
d = 2Rsin(6/2), where the angle 0 between the azimuth coor-
dinates of the source and the detector was directly read out
from the rotational stage controlling the source position.

4. Control of the Source-Detector Distance for

Measurement in the Case-Longi Configuration

For the case-longt configuration in concave geometry, as
shown in Fig. 6(a), the isotropic detector fiber without the
stainless tube passed through the wall of the cylindrical appli-
cator and was fixed at the inner surface of the applicator. The
isotropic source was placed at a distance of 1/}, inward from
the inner surface of the applicator and translated longitudin-
ally. The Intralipid solution filled the inside of the cylindrical
applicator. For the case-longi configuration in convex geome-
try, as shown in Fig. 6(b), the cylindrical applicator was
placed horizontally. The isotropic detector housed by the
stainless tube was placed on the outer surface of the applica-
tor. The isotropic source was placed at a distance of 1/ out-
ward from the outer surface and translated longitudinally with
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Fig. 6. Illustration of the experimental setup for the case-longi con-
figurations: (a) concave geometry with the detector penetrating the
cylinder wall and the source placed longitudinally in proximity to
the inner surface of the cylinder applicator, (b) convex geometry with
the source and the detector placed longitudinally in proximity to the
outer surface of the cylinder applicator.

respect to the isotropic detector. The Intralipid solution filled
the tank that housed the cylindrical applicator and most parts
of the fiber-holding stainless tubes.

In the experimental study, all measurements were based on
a bulk Intralipid solution of 0.5% concentration. This concen-
tration of Intralipid solution gave p. = 5cm™! at 785nm [10],
with which 1/u; =2mm, so there was sufficient space to
place the 1 mm radius spherical diffuser source away from
the applicator surface, and the scattering-dominant condition
was also satisfied as y, = 0.025 cm™! [11]. Using a single con-
centration of the Intralipid solution undoubtedly limited the
experimental examinations to a single set of y, and u} of the
medium properties; however, if the analytical treatment had
been incorrect, none of the predictions made could have
matched with the experimental results.

D. Experimental Determination of the A Value

In the experimental examinations, all of the parameters ap-
pearing in Egs. (2.2conC), (2.2conV), (2.3conC), and
(2.3conV) were known, except for the A value appearing in
R, = 2AD. A is determined by the refractive index mismatch
between an applicator material and the diffuse medium,
usually based on the assumption of a tissue-air interface,
even though that does not accurately represent the tissue—
applicator interface. In this study, the A value must be experi-
mentally determined in order to assure the accuracy of
model-data examination.

The determination of the A value involved two steps. In the
first step, the same set of isotropic diffuser source and detec-
tor as that used for the studies in Subsection 3.C were
immerged in the same 0.5% Intralipid solution to form an in-
finite-medium geometry. The measurement of photon diffu-
sion in this infinite-medium geometry was specified by the
well-known formula [1] of

(¥ d) = —\/%d—l—ln(%), (3.1)

where d is the source-detector distance. The source term
S/4zD or the intercept term In(S/4zD) was found by fitting
the experimental data to the linear relationship between
In(¥ - d) and d. In the second step, a semi-infinite geometry
was constructed using a large plate of black acetal, which
was materially the same as that used for the studies in Sub-
section 3.C. The measurement of photon diffusion in this
semi-infinite-medium geometry was specified by the formulas
[1,12] of

S

Y- ~Kolreal _
47Dl ¢

_ = pkolima 3.2
ADlipgg . (32)
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where
lreal =YV d? +Rzzts

limag =/d? +

R, = l/ﬂés (33)
(2R, + R,)?. R, =2AD.  (34)

By substituting the value of S/4zD obtained from (3.1) into
(3.2) and fitting the experimental data W to different A values,
the A value was determined as 1.86 after averaging four sets of
measurements (A = 1.897, 1.806, 1.905, 1.814).

4. ANALYSIS OF THE MEASUREMENT
ERROR ASSOCIATED WITH INACCURATE
POSITIONING OF THE SOURCE AND
DETECTOR

A. Effect of the Radial Positioning Errors of the Source
and the Detector

In the analytic solutions, both the source and the detector are
assumed as infinitesimally small, whereas the isotropic source
and detector used in the experiments had finite sizes, speci-
fically spherical tips with diameters of 2mm and 1.59 mm,
respectively. In all the experimental setups except the one
shown in Fig. 6(a), the source and detector fibers were first
fixed in stainless tubes, which were then fixed onto the posi-
tioning stages. Thus, the detector might not have been located
precisely on the surface of the applicator, and the source
might not have been positioned precisely 1/u; from the sur-
face of the applicator. To model how much the measurement
could be affected due to the positioning error, Egs. (2.1conC)
and (2.1conV) are rewritten to

lP 2H2D/ dk{COS[k - z Z Em m effp1 r< Km (keffpr>)

Im (keffp7'>) Km [keff(RO +Rb)] ,
' <1 B Km(keffpr>) Im[keff(RO +Rb)] > COS[WL((/) - )]}’

(4.1conC)

27[ZD/ {COS[IC 2-7 ]Zsm m effpr<)Km(keffpr>)

. <1 _ Km(keffpr<) Im [keff(RO - Rb)]
Im (keffp7'<) Km [keff (RO - Rb)}

>cos[m(q,_¢)]},
(4.1conV)

where p,. and p,. indicate the smaller and larger radial
coordinates of the source and the detector. For the concave
geometry, p,. = Ry - R, and p,.. = Ry; for the convex geome-
try, p,. = Ry and p,. = Ry + R, [1]. When there is positioning
error for the source or the detector in the azimuth plane, the
pro and p,. for the concave geometry and convex geometry
can be expressed, respectively, as

< = RO - Ra - §|source’ > = RO - é:'detector (4'2COHC)

< = RO + §|detector’ Pr> = RO + Ra + g‘source (4.2COIIV)
where &|gpseript denotes the shift of the position of the
subscript from the intended location in the azimuth plane.
The details of p,. and p,. in the azimuth plane are shown
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Fig. 7. Details of p,. and p,. in the azimuth plane: (a) concave geo-
metry, (b) convex geometry.

in Figs. 7(a) and 7(b) for concave and convex geometry, re-
spectively. By using the notations p,. and p,.. defined in (4.2),
Egs. (2.2conC) and (2.2conV) for the case-azi configuration
can be converted to

S [
- %TDA {ng m (KefePr< Km(keffpr>)<1

Ly (Kegrprs ) Koplkerr(Ro + Ry)) ,
B Km(keffﬂr>) Im [keff(RO -+ Rb)} > COS[’}’)’L((p -@ )]},

(4.3conC)

s - "
= 22D A dk{ Z el (Ketipr<) K (Kegepys) < 1

m=0

Km (keffpr<) Im [keff(RO —Rb)] ,
- Im (keffpr<) Km [keff(Ro - Rb)]> COS[WL(Q) -9 )}}’

(4.3conV)

and Egs. (2.3conC) and (2.3conV) for the case-longi configura-
tion can be converted to

27r2D/ {Cos[k z-2)]

X Z em m effpr< Km (keffpr> ) <1

_ [m(keffpr>) Km[ eff(RO +Rb)}>}
Km (keffpr>) Im [keff(RO + Rb)}

(4.4conC)

2”2D/ {cos[k z-2))
X Zsm m

m=0

_ Km (keffpr<) Im [keff (RO B Rb)] > }
I m(keffp7'<) K., [keff (Ry - Rb)}

eff/)7 < Km (keffpr> ) < 1

(4.4conV)

Equations (4.3conC), (4.3conV), (4.4conC), and (4.4conV)
were numerically implemented, by letting &| o ccrorr Change from
0to 1 mm and &,,,,,., change from —0.5 mm to 0.5 mm, to assess
the effect of the positioning errors of the source and the detec-
tor in the azimuth plane within 1 mm, based on the set of param-
eters, including p, = 0.025cm™!, y. =5cm™!, A =1.86, and
S = 1. The concave geometry dimensions being evaluated
had the radii of 0.95 cm and 2.53 cm, and the convex geometry
dimensions being evaluated had the radii of 1.27 cm, 2.41 cm
and 5.07 cm, as those studies in Section 3. The results for
the case-azi configuration are shown in Fig. 8. Figure 8(a) pre-
sents the results for the source fixed but the detector shifted
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Fig. 8. (Color online) Effect of positioning error of the source or the
detector in case-azi configurations: (a) source is fixed, but the detec-
tor is shifted radially by 0 mm, 0.5 mm and 1 mm, (b) detector is fixed,
but the source is shifted radially by —0.5 mm, 0 mm, and 0.5 mm. Con-
ditions for (a) and (b) are not identical due to the requirement of an
isotropic source placed 1/u; distance into the medium, whereas the
detector is ideally located on the surface..

radially on the same azimuth plane by 0 mm, 0.5 mm, and 1 mm.
Figure 8(b) presents the results for the detector fixed but the
source shifted radially on the same azimuth plane by —0.5 mm,
0 mm, and 0.5 mm. For the evaluations in Fig. 8, the longitudinal
positioning of the source and the detector has been assumed
accurate. It is indicated from Figs. 8(a) and 8(b) that, for
source—detector distances greater than approximately five
times the transport mean free path length (>5/4; = 1 cmin this
case), the 1 mm radial positioning error of the source and the
detector in the azimuth plane would have negligible effect upon
the measurement of photon fluence. The results for the case-
longi configuration are shown in Fig. 9. Figure 9(a) is for the
source fixed but the detector shifted radially on the same azi-
muth plane by 0 mm, 0.5 mm, and 1 mm. Figure 9(b) is for the
detector fixed but the source shifted radially on the same azi-
muth plane by —0.5 mm, 0 mm, and 0.5 mm. For the evaluations
in Fig. 9, the longitudinal positioning of the source and the de-
tector has been assumed accurate. Figures 9(a) and 9(b) again
indicate that the 1 mm radial positioning error of the source and
the detector has negligible effect to the measurements of
photon fluence when the source-detector distance is greater
than approximately five transport mean free path lengths
(=5/u}). Based on Figs. 8 and 9, it was expected that the experi-
mental measurement in the diffusion regime of the given setup
should be insensitive to small inaccuracy of the radial positions
of the source and the detector.
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Fig. 9. (Color online) Effect of positioning error of the source or the
detector in case-longi configurations: (a) source is fixed, but the de-
tector is shifted radially by 0 mm, 0.5 mm, and 1 mm, (b) detector is
fixed, but the source is shifted radially by —0.5 mm, 0 mm, and 0.5 mm.
Conditions for (a) and (b) are not identical due to the requirement of
an isotropic source placed 1/ distance into the medium, whereas the
detector is ideally located on the surface..

B. Effect of the Initial Error of the

Source-Detector Distance

In the analytical evaluation, the source—detector distance is
precisely determined. In the experimental measurement,
either the source or the detector was fixed, and the other
was translated continuously starting from an initial value of
source—detector distance that was subjected to an error. .The
effect due to the error of this initial measurement of source-
detector distance is investigated in Figs. 10(a) and 10(b). The
evaluations are similar to those in Figs. 8 and 9, with the
changes being made from varying the radial position of the
source or the detector to instead increasing or decreasing
the initial source—detector distances, respectively, by 0.5 mm,
1mm, and 2 mm.

The curves shown in Figs. 10(a) and 10(b) have been
shifted vertically with respect to the one with the defined in-
itial distance to give more direct comparisons. It is indicated
from Fig. 10 that, for both the case-azi and case-longi config-
urations, the effect of the error of the initial source-detector
distance resembles changing the radius of the cylindrical ap-
plicator as demonstrated in Fig. 8 for the case-azi and Fig. 11
for the case-longt configurations in Part I of this work [1]. This
agrees with the expectation that the measurement of the
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Fig. 10. (Color online) Effect of the measurement error of the initial
source—detector distance. Initial source—detector distance is changed
+0.5mm, —-0.5mm, +1mm, -1 mm, +2mm, and -2 mmfor (a) case-
azi configuration and (b) case-longi configuration..

photon fluence decay will be sensitive to the initial source—
detector distance, but it also implies that experimental mea-
surements with an uncertainty of the initial source-detector
distance is justifiable using analytical predictions by slightly
varying the radius parameter in the computation.

5. RESULTS OF QUANTITATIVE
EXAMINATION

This section compares the analytic predictions made for the
case-azi and case-longi configurations with respect to the re-
sults obtained from the FEM, the MC, and the experimental
examinations. The differences in the source intensity settings
in all of these quantitative measurements were compensated
by a vertical shift for each of them in Fig. 11 in order to com-
pare with the analytic predictions. The results for the case-azi
configuration are given in Fig. 11(a). The shortest source-
detector distance implemented in the analytic predictions,
the FEM, and the MC simulations were seen as at or below
0.1cm, but that in the experimental examinations had been
at approximately 1cm. This was due to the consideration
of maximizing the measurement consistency, because each
set of data corresponding to the available range of source-
detector distance was acquired by setting the source power
and CCD gain as fixed, rather than as variable to only accom-
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Fig. 11. (Color online) Comparisons of analytic prediction, the FEM
simulation, the MC simulation, and experimental results for both
concave and convex geometries: (a) case-azi configuration, (b)
case-longi configuration. Optical properties are u, = 0.025cm™,
we=56cm! A=186, and S = 1..

modate a larger dynamic range. As indicated previously, the
measurement of the initial source—detector distance was sub-
jected to an error due to the spherical diffuser tips as well as
other experimental limitations, but the error was controlled to
be within 0.9 mm for the case-azi and 0.5 mm for the case-
longi configurations.

The decay rate of photon fluence for the case-azi configura-
tion made by analytic predictions was compared with those
by the FEM, the MC, and the experimental examinations in
Fig. 11(a). The data are plotted for In(yd?) as a function of
d to verify the different trends of photon fluence decay ex-
pected for the concave and convex geometries, with respect
to that for a semi-infinite medium, which is largely linear over
the entire range of source—detector distance. It was predicted
analytically that the decay rate of photon fluence of the case-
azi configuration in concave geometry would be smaller than
that in the semi-infinite medium, which was expected as the
decreasing magnitude of the curve’s slope toward longer
source—detector distance, e.g., the curve becoming upward
bended. It had also been predicted analytically that the decay
rate of photon fluence of the case-azi configuration in convex
geometry would be greater than that in the semi-infinite med-
ium, which was expected as the increasing magnitude of the
curve’s slope toward longer source-detector distance, e.g.,
the curve becoming downward bended. For the case-azi
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configurations of concave geometry and convex geometry
that have the same radius parameter, it has also been pre-
dicted that the deviation of the upward-bending curve of con-
cave geometry from the semi-infinite line (e.g., the magnitude
of the slope difference between them) is smaller than that of
the downward-bending curve of convex geometry from the
semi-infinite line. The comparison for the decay rate of photon
fluence for the case-longi configuration is shown in Fig. 11(b).
Contrary to that in the case-azi configuration, in the concave
geometry, the decay rate of photon fluence is larger than that
in the semi-infinite medium, and in the convex geometry, the
decay rate of photon fluence is smaller than that in the semi-
infinite medium. However, for both the concave and convex
geometries, the slope of the curve in either concave or convex
geometry tends to be largely constant, with the slope of con-
cave geometry greater in magnitude than that of semi-infinite
medium and the slope of convex geometry smaller in magni-
tude than that of semi-infinite medium.

It was observed that the analytical, the FEM, the MC, and
the experimental measurements agree with each other quali-
tatively, in terms of the pattern of deviation from the semi-
infinite geometry, for the entire range of source-detector
distances investigated for both case-azi and case-longi config-
urations. For source—detector distances greater than approxi-
mately five times of the transport mean free path, the results
from the four methods agree quantitatively with each other.

6. DISCUSSION

Numerous studies have demonstrated that the assumption of
a spherically isotropic source in the diffusion model accu-
rately reflects experimental data when the source is centered
one transport scattering distance within the medium from the
boundary. This type of equivalent representation of a direc-
tional source by an inwardly displaced isotropic source can
well quantify the fluence rate at distances greater than 3-5
transport scattering lengths from the source [13]. The agree-
ment shown in this work among the four methods, for a con-
siderable range of source—detector separations as long as they
are greater than approximately five transport scattering
lengths, is again supportive of the diffusion treatment of direc-
tional source using a spherically isotropic source placed one
transport scattering distance into the medium, even for con-
cave or convex geometries with a considerably small radius.
At the subdiffusion regime, a disagreement is expected be-
tween diffusion model and experimental result, which in this
work has been carried out by the MC simulation, as physical
measurement for the given geometries became impractical at
source—detector distances shorter than approximately five
transport scattering lengths. Between the diffusion-based
analytical quantification and the FEM simulation for the sub-
diffusion regime, however, the analytical result is slightly clo-
ser to the MC results than the FEM simulation is. This is
largely due to the fact that, for the given spatial dimension,
the spatial impulse source employed in the analytical solution
is physically analogous to the launching of strictly forward-
directional photons at a single point in the MC simulation,
whereas the size effect of the spatially distributed Gaussian
source profile implemented in the FEM is manifested at short-
er distances from the source. Besides, our treatment of bound-
ary effect, e.g., the probability of a boundary-reaching photon
returning to the medium, in the MC simulation was based on
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the experimental measurements by use of extrapolated
boundary condition as in the analytical model, whereas a Ro-
bin-type boundary condition was used by the FEM. The subtle
difference in the boundary conditions could have been ampli-
fied at the subdiffusion regime.

The analytic model investigated in [1] and utilized in this
work assumes that the cylindrical applicator is infinitely long,
whereas the one tested in our experiments has finite length.
For the case-azi configurations shown in Fig. 11(a), all experi-
mental measurements have been confined in an azimuth plane
that is several centimeters away from the edge of the applica-
tor. The results in Fig. 11(a) show no noticeable edge effect,
which is specified as the degree of the model-data mismatch
being proportional to the radius of the applicator. For the
case-longi configuration shown in Fig. 11(b), either the source
or detector has been translated 4 cm from the middle of the
applicator toward the edge, and the edge effect may be per-
ceived as a slightly larger deviation of the experimental data
from the analytical predictions for a larger applicator radius
that gives smaller length-to-radius ratio. .The effect of the fi-
nite length of the applicator may be accounted for by consid-
ering the effects of two additional image sources of the
physical source, with respect to the two longitudinal boundary
facets, or modeled rigorously by deriving the Green'’s function
specific to the geometry of a finite cylindrical applicator. In
fact, Liemert and Kienle[14] have had extensive analysis of
photon diffusion in finite concave cylindrical applicator geo-
metry for time-domain and frequency-domain measurements.
Their derivation of the Green’s function for the time-domain
or frequency-domain photon diffusion in the finite concave
geometry used the cosine transform and Hankel transform,
which can be readily extended to finite convex applicator
geometry to understand time-domain or frequency-domain
photon diffusion in a geometry similar to that investigated
in our experiments. Our analytic approach in [1] has been for
the steady-state photon diffusion only by expanding the
Green’s function in Fourier series and Fourier transform; how-
ever, our approach provides the first insights for the models of
photon diffusion in both concave and convex geometries. The
analytic treatment in [1] involved a real k in the solution of
steady-state photon diffusion. By implementing a complex k
in the analytic process, the approach may be extended to fre-
quency-domain analysis for both concave and convex geome-
tries, but for time-domain analysis, the method of Liemert and
Kienle [14] may be the method to follow. .The approaches by
Liemert and Kienle [14] and that demonstrated in [1] are com-
plimentary and when combined may render analytic solutions
to more geometries and measurement conditions.

Our unified modeling of both concave and convex geom-
etries has given us the opportunity of observing some pre-
viously less-known patterns of photon diffusion associated
with a cylindrical applicator. Figure 11 verified that, for the spe-
cific case of having the source and detector located azimuthally
on the same axial plane, the decay rate of photon fluence is
smaller in the concave geometry and greater in the convex geo-
metry than that in the semi-infinite geometry for the same
source—detector distance. For the specific case of having the
source and detector located longitudinally with the same azi-
muth angle, the decay rate of photon fluence is greater in the
concave geometry and smaller in the convex geometry than
that in the semi-infinite geometry for the same source—detector
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distance. These interesting findings imply the existence of a
potentially spiral direction on the surface of both the concave
cylindrical applicator and the convex cylindrical applicator,
along which the decay rate of photon fluence could be equiva-
lent to that in a planar surface or a semi-infinite geometry. This
interesting phenomenon of photon diffusion that may associate
with a cylindrical applicator is predicted as “spiral-planar
equivalence.” If the existence of such a planar-equivalent spiral
direction inside or outside a cylindrical applicator is verified,
for certain translumenal sensing or imaging applications, the
semi-infinite geometry may be implemented for greatly simpli-
fied modeling and rapid recovery of tissue optical properties.
Work is ongoing to investigate the validity of the hypothesis of a
spiral-planar equivalence phenomenon.

7. CONCLUSION

Part I of this work analytically examined the steady-state
photon diffusion along the azimuth direction or the case-
azi configuration and the longitudinal direction or case-long?
configuration, in the infinitely long concave and convex appli-
cator geometries. This Part II of the work quantitatively exam-
ined the predictions of Part I for the case-azi configuration
that the decay rate of photon fluence would become smaller
in the concave geometry and greater in the convex geometry
than that in the semi-infinite geometry for the same source—
detector distance. This Part Il work also examined predictions
of Part I for the case-longi configuration, which suggested
that the decay rate of photon fluence would be greater in
the concave geometry and smaller in the convex geometry
than that in the semi-infinite geometry for the same source—
detector distance. The results of three quantitative exami-
nation approaches, including (a) the FEM, (b) the MC
simulation, and (c) experimental measurement on finite cy-
lindrical-applicator geometries with large a length-to-radius
ratio, validated the qualitative trend predicted by Part I and
verified the quantitative accuracy of the analytic treatment
of Part I in the diffusion regime of the measurement, at a given
set of absorption and reduced scattering coefficients of the
medium.
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Trans-rectal Ultrasound-coupled Spectral
Optical Tomography of Total Hemoglobin
Concentration Enhances Assessment of the
Laterality and Progression of a Transmissible
Venereal Tumor in Canine Prostate

Zhen Jiang, D. Piao, G. R. Holyoak, J. W. Ritchey, K. E. Bartels, G. Slobodov,
C. F. Bunting, and J. S. Krasinski

OBJECTIVES

METHODS

RESULTS

CONCLUSIONS

To evaluate whether trans-rectal spectral optical tomography of total hemoglobin concentration
(HbT) can image longitudinal and lateral developments of a canine transmissible venereal tumor
(TVT) in a canine prostate.

A near-infrared (NIR) applicator was integrated with a trans-rectal ultrasound (TRUS) trans-
ducer to perform ultrasound (US)—coupled optical tomography of the canine prostate. Spectral
detection at 785 and 830 nm enabled quantitation of HbT. Canine TVT cells were injected into
the right lobe of a dog’s prostate gland. Longitudinal imaging assessment of the post-injection
prostate was performed by coupled US/NIR imaging over a 45-day duration.

By day 7, NIR indicated TVT infiltration in the noninjected left prostatic lobe with the
gray-scale US indistinct. By day 31, both NIR and gray-scale US revealed more widespread TVT
involvement in the left than in the right lobe, as well as an extensive TVT mass in the caudal
aspect of the gland, of which the peak HbT increased 3-fold and the mass volume grew
exponentially over the 45-day duration. Increased blood supply to the mass was also observed on
Doppler US.

TRUS-coupled spectral optical tomography enhances assessment of the laterality and progression
of prostate tumor compared with using gray-scale and Doppler TRUS. UROLOGY xx: XXX, XXXX.
© 2010 Elsevier Inc. All rights reserved.

arcinoma of the prostate is a leading cause of death

by cancer in American men.! The diagnosis of

prostate cancer is based on trans-rectal ultrasound
(TRUS)-guided systematic core biopsy of the gland, when
a suspicion of cancer is indicated by screening methods such
as serum prostate-specific antigen (PSA) test and digital
rectal examination (DRE).>® However, the ultrasono-
graphic finding of classic hypoechoic peripheral zone lesion
has a sensitivity of ~85%, a specificity of ~28%, a positive
predictive value of ~29%, a negative predictive value of
~85%, and an overall accuracy of ~43%,* for prostate
cancer detection. The prevalence of isoechoic or nearly
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invisible prostate cancer on ultrasonography ranges from
25% to 42%.> Because prostatic cancer usually has multi-
focal involvement,® sampling the prostate with multiple
needle cores is necessary; however, TRUS is not reliable for
guiding focal biopsy as well as assessing the laterality of
prostate cancer’ before pathologic evaluation. Ultrasonog-
raphy needs to be supplemented by a pathognomonic indi-
cator of prostate cancer.

There is strong evidence to suggest that the vascular supply
to malignant prostate tissue differs from the vascular anatomy
of normal prostate tissue.®> Doppler sonography, as an adjunct
to gray-scale sonography, is used to identify increased blood
flow to assist in the identification of suspicious lesions within
the prostate. Studies of microvessel density within the prostate
demonstrated a clear association of increased microvessel den-
sity with the presence of cancer.” Doppler imaging is able to
detect signals from small vessels such as those feeding vessels to
the microvascular bed; however, because of its sensitivity de-
pendence upon motion, it is limited in visualizing the micro-
circulation.'!!

0090-4295/xx/$34.00 1
doi:10.1016/j.urology.2010.06.017



Figure 1. (A) Three-dimensional rendering of coupled US/NIR imaging. (B) Schematic diagram of NIR imager. (C) Dual-band

of NIR imaging. (D) HbT calibration results.

In the near-infrared (NIR) band, light interacts with
tissue at the microscopic level, largely by two mechanisms:
strong scattering by subcellular organelles and the dominant
absorption by chromophores such as hemoglobin. It has
been recognized in breast studies'” that increased total he-
moglobin concentration (HbT) due to angiogenesis causes
an elevation of NIR absorption. For a sonographically sus-
picious lesion in the breast, NIR imaging of HbT in the
lesion is shown to improve the specificity of cancer detec-
tion."” These findings suggest that augmenting TRUS, in
gray-scale or Doppler, with the NIR measurement of HbT
in prostate will likely improve detection accuracy. Recently
we have demonstrated that combining ultrasonography and
NIR absorption measurement of prostatic tissue at 840 nm
detected development of a rapidly growing transmissible
venereal tumor (TVT) in canine prostate at least 1 week
earlier than by using gray-scale TRUS alone.'* This study,
by using spectral NIR measurements at 785 and 830 nm to
extract the HbT information, demonstrates that combining
ultrasonography with NIR measurement of HbT enhances
detection of the laterality and progression of TVT in the
canine prostate.

MATERIALS AND METHODS

Transrectal US—Coupled

Spectral Optical Tomography System

The trans-rectal NIR/US applicator based on ALOKA UST
672-5/7.5 biplane prostate probe'” is illustrated in Fig. la. The
NIR channels are placed laterally symmetric to the sagittal US
transducer and perform volumetric imaging,'® of which the

2

mid-sagittal NIR is position-correlated with the sagittal US.
The imager illustrated in Fig. 1b combines the outputs of two
laser diodes (785 and 830 nm) for sequential delivery to the
optical source channels via a fiber switch. The dual-band signals
are separated by a spectrometer and acquired by a CCD detec-
tor. The data acquisition for one set takes 3 s. The dual-band
absorption coefficients (u)' and ) are reconstructed first,
then used to calculate oxygenated and deoxygenated hemo-
globin concentrations by [HbO] = [ua'-eff, — uiled,l/
[eﬁbo : Gﬁfb - eﬁzbo . eﬁllb] and [Hb] = [P«ﬁ” ’Cﬁzbo - Mﬁl : el)llzbo]/
[el, - eMo — e, - eMol, respectively, where e* denotes the molar
extinction coefficient as shown in Fig. 1c. Summing HbO and
Hb gives HbT. Fresh bovine blood'”® was used to calibrate the
HbT measurement as shown in Fig. 1d.

Animal Model and Imaging Protocol

This study was approved by the Animal Care and Use Com-
mittee of Oklahoma State University, and inspected on-site by
the U.S. Army Medical Research and Material Command. An
adult 20-kg, intact male, foxhound estimated to be 6 years of
age was used. The canine TVT cells were propagated in NOD/
SCID mice and recovered/homogenized for injection into the
canine prostate gland without immune suppression. Under gen-
eral anesthesia, ~3 cc of TVT cells were aseptically injected
transperineally into the right lobe of the prostate using a 6-inch,
16-gauge hypodermic needle (Fig. 2a), via US visualization
(Fig. 2b) using an Aloka UST-9132I convex-array multi-fre-
quency (3.75-10 MHz) finger-grip transducer. The TVT cells
were confined within the right prostatic lobe during the injec-
tion in two locations, the first near the cranial aspect and the
second slightly caudal to the mid-point of the right lobe as the
needle was withdrawn. The dog then was closely monitored,
which included rectal digital palpation, and transrectal gray-

UROLOGY xx (x), xxxx



Figure 2. (A) The two TVT injection sites. (B) Needle visualization. (C) The “face” landmark. (D) The five quasi-sagittal

planes of NIR imaging.

scale TRUS and NIR, at 7, 14, 21, 31, 38, and 45 days
post-injection. Doppler US evaluations were performed at day
38 and day 45.

The baseline US indicated a prostate measuring 6 cm cranial
to caudal. A cluster of cysts in the right aspect of the gland
resembling a “face” was used as a landmark (Fig. 2c) to facilitate
multiple images taken in the same relative location during the
length of the study. TRUS-coupled optical tomography was
performed on five quasi-sagittal planes (Fig. 2d), including the
middle-sagittal, half-way to the right lateral edge, the right
lateral edge, half-way to the left lateral edge, and the left lateral
edge of the prostate gland. On each of the 5 quasi-sagittal
planes the imaging was performed at 3 longitudinal positions for
cross-validation.

Pathological Assessment

On day 55, the dog was humanely euthanized with a barbiturate
overdose. A complete necropsy was performed, which included
a thorough gross inspection and excision of the prostate gland
and urinary bladder. The prostate was serially sectioned using a
freehand technique in the conventional transverse planes. Rou-
tine histology with hematoxylin and eosin stain for light mi-
croscopy was performed on specimens selectively sampled from
the sectioned prostate, each of which contained tissues that
were grossly expected to be normal, cystic, or neoplastic.

RESULTS

Two sets of images on day 7 and day 31, each taken at
two longitudinal positions as indicated by the ~25 mm
shift of the “face” landmark, are presented in Fig. 3. On
US, the “face” landmark was clearly visible by day 7 but
distorted significantly by day 31. The day 7 images re-
vealed a hyper-HbT and hypo-echoic region near the
cranial injection site in the right lobe. That region dis-
appeared in images taken on day 14 and after; therefore,
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it was thought to be related to hemorrhage and subse-
quent inflammation resulting from the injection.

The day 31 US images revealed a cluster of hypoechoic
masses with irregular boundaries in the caudal aspect of
both right and left lobes, with an overall greater volume
of the hypoechoic masses located in the left lobe than in
the right lobe. The spatial content of the hyper-HbT
regions generally agree with that of the hypo-echoic
regions in the caudal-to-middle-left aspect, but presented
a different pattern in the cranial-to-right aspect of the
gland. The US presented a large heteroechoic mass dor-
sal-cranial to the pelvic bone and extending predomi-
nantly into the left lobe but also included right-lobe
involvement. Near that location a corresponding NIR
image revealed a cluster of hyper-HbT regions, the center
of which seemed displaced slightly cranial with respect to
that of hypo-echoic mass. Retrospectively, on the day 7
NIR images a smaller hyper-HbT region was found near
that location. In addition, on day 7 US images, a sub-
stantially smaller hypoechoic region was weakly distin-
guishable near that same location. Again on day 7 im-
ages, the smaller hyper-HbT region was also displaced
slightly cranial with respect to the marked hypoechoic
mass, which, developing much more rapidly than other
masses, presented marked enhancement of peripheral
blood flow on Doppler US on day 38 and after.

Figure 4a displays 3 sets of images of the middle-aspect
of the right lobe at baseline, day 21 (week 3) and day 45
(week 6). The hypoechoic mass grown caudal to the
prostate was shown clearly on week 6, and approximately
a 3-fold HbT change was observed in the marked 10
mm-diameter region from baseline to week 6. The HbT
values are within previously reported ranges.'” The vol-
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Figure 3. Image dimension 60 X 30 mm? (cranial-caudal X dorsal-ventral). At day 7, NIR detected a mass in the cranial
injection site, which later disappeared. The day 7 NIR image also provided the earliest sign of tumor growth in the left lobe.
Both NIR and gray-scale US revealed larger volumes of tumor mass in the left lobe than in the right lobe.

ume of HbT = 150 uM, within the caudal-aspect of the
right lobe corresponding to the week 6 hypoechoic mass,
was estimated from volumetric NIR reconstruction. The
post-injection volumetric change followed an exponen-
tial growth pattern,’® as shown in Fig. 4c.

The excised prostate (Fig 4d) was approximately 10 X
5 X 5 cm’. The prostate was serially sectioned in the
conventional transverse orientation in ~1.5-cm slices.
The gross examination confirmed multiple coalescing
foci of TVT in the caudal aspect of the gland, and
significant infiltration of the tumor from right to the left
lobes. After fixation in 10% buffered formalin, the pros-
tatic sections were again closely examined. On slice 6
corresponding to the left-caudal-aspect of the gland, a
small pocket (indicated by a 10-mm circle) of normal
prostatic tissue surrounded by multi-foci TVT was noted.
Indication of similar morphology can also be seen as
demarcated by the line in Fig. 4e on the sagittal NIR
image of day 38 as a region of baseline HbT enclosed by

4

heterogeneous hyper-HbT masses. The simultaneous sag-
ittal Doppler US of day 38 revealed substantially en-
hanced blood supply ventral to the heterogeneously hy-
poechoic mass.

DISCUSSION

Some NIR images obtained in this study were inconsis-
tent with US because of motion that occurred between
US frame and completion of the NIR data acquisition.
Using the images that were consistent, when comparing
peripheral vascularity enhancement shown on Doppler
US with NIR, we found the elevation of HbT on NIR
was generally distributed in the entire hypoechoic TVT-
indicating region. Angiogenesis is essential for tumor
growth and metastasis. Recent longitudinal studies of the
prostate cancer developmental phase suggested that neo-
angiogenesis or tumor-associated neovascularity must in-
crease before rapid growth of tumor.”’ Because NIR at-
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Figure 4. (A) Sagittal images of the right lobe in the middle-caudal aspect at baseline, day 21 (week 3), and day 45
(week 6). (B) Changes in HbT in the 10-mm-diameter region of interest over the 6-week duration. (C) Estimated tumor
volume changes from week 1 to week 6. (D) Gross examination of the canine prostate on necropsy. After fixation in
10% buffered formalin, 7 slices of the prostate gland were sectioned from cranial to caudal, at an interval of
approximately 15 mm. (E) Doppler US and optical images of the sagittal plane were taken approximately across the

line marked on slice 6.

tenuation is mainly related to HbT, NIR imaging has the
potential of early detection of the onset of the neo-
vasculature. Combining NIR imaging with gray-scale and
Doppler US may enhance the assessment of prostatic
tumor growth and involvement. However, this approach
needs to be examined by blinded animal studies or hu-
man clinical trials.

Even though it is possible to extract oxygenation in-
formation using the two NIR bands, results appeared to
be inconsistent in this study. An ongoing investigation
has implemented 3 NIR bands, which enhanced quanti-
fication of tumor oxygenation. In addition, in this study,
the optical reconstruction is performed with no prior
information of the suspected mass, which impairs the
overall quantitative accuracy of the NIR imaging, specif-
ically of the deeper prostatic tissue. One of the future
directions is to extract the ultrasonically-indicated mor-
phology as a spatial priori to improve NIR spectral char-
acterization of the tumor-suspicious lesion; however, the
effectiveness will be limited by US resolution parameters
in visualizing hypoechoic lesions in prostate cancer.

CONCLUSION

This study demonstrated noninvasive optical measure-
ment of HbT changes associated with development of a
rapidly growing tumor in the canine prostate. TRUS-
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coupled spectral optical tomography was shown to en-
hance the detection of the progression and lateral in-
volvement of the prostatic tumor compared to using
TRUS alone. Systematic complementary use of gray-
scale US, Doppler US, and NIR optical measurement
may provide more accurate evaluation of prostatic ma-
lignancies.
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4.1 Introduction: Deterministic “Diffuse” Detection of Probabilistic
Photon Propagation

The term diffuse optical technique refers to the use of photons undergoing many
scattering events to obtain the measurement of optical properties in deep tissue vol-
umes for the ultimate purpose of investigating tissue physiology [1-5]. When
depth-resolved cross-sectional image is the endpoint of visualization, it is specified
as diffuse optical tomography (DOT) [6-10]. DOT is becoming increasingly inter-
esting and important for functional imaging in biological tissues [11]. DOT relies
on noninvasive or minimally invasive administration of light in the near-infrared
(NIR) spectral window. The diagnostic premises of NIR light have been established
from at least three physical pieces of evidence. First, the relatively weak NIR
absorption in water allows photon propagation into deep tissue volumes. Second,
the stronger NIR absorption of hemoglobin as compared to other tissue constitu-
ents such as water provides intrinsic contrast between blood and parenchymal tis-
sues [12-24]. Third, the distinct crossover feature of NIR absorption by
hemoglobin between oxygenated and deoxygenated states enables direct quantifica-
tion of tissue oxygenation [25-27]. The integrative outcome of utilizing NIR light is
thus directed to obtaining optically expressed physiological contrasts, such as dif-
ferences in microvessel density and tissue oxygenation, in deep tissue volumes by
nonionizing optical interrogation. Such physiological contrasts offer specific and
often sensitive indications of tissue metabolic changes and malignancies at both
macroscopic and microscopic scales.

Although biological tissue is a weak absorber of NIR light due to the large water
content, it is a strong NIR scatterer owing predominantly to the micrometer-scale
intracellular organelles. NIR light becomes essentially diffuse a few millimeters
away from the point of a directional launching in typical soft biological tissue where
a single scattering event may occur at a scale of 100 um or less [28]. The NIR diffuse
propagation makes it feasible to interrogate tissue volume that is much wider than
the direct geometric sensing region between light illumination and collection posi-
tions and much deeper than the depth achieved by optical imaging methods where
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coherent photons are utilized, as in optical coherence tomography [29] and
low-coherence enhanced backscattering [30].

Although DOT is not a choice of whole-body imaging for human due to NIR’s
limited penetration of several centimeters in soft tissue and strong attenuation by
bone, in many cases it can perform relatively large-scale imaging for tissues or
organs comparable to the size of breast. When compared with imaging modalities
wherein ballistic illumination-detection path is employed for organ-level imaging,
such as X-ray CT, DOT requires fewer illumination and measurement channels in
order to measure the same volume of tissue. However, due to the loss of intrinsic
information in DOT related to where the photon was launched when it is detected,
the sensing of a photon that transpasses or originates from a specific spatial location
becomes a probabilistic matter. The direct information that DOT measurement
seeks to acquire is the tissue optical property, such as the absorption coefficient and
reduced scattering coefficient upon which the relevant contrast of physiological
parameters may be retrieved. Since these optical properties are coupled with proba-
bilistic propagation of NIR light in the imaging volume, the deterministic detection
of the trajectory of diffuse photons becomes one of the preeminent issues in DOT
techniques.

The aims of DOT instrumentation in performing deterministic “diffuse” detec-
tion of probabilistic photon propagation may be specified into the flowing three cat-
egories: (1) to identify the position of where the photon is launched from, (2) to
determine the path along which the photon is diffused, and (3) to locate the target by
which the photon is perturbed. These three objectives are resolved in principle by
individual or combined solutions of following tasks: (1) encoding source-detector
pairs for signal discrimination among many channels, (2) separating absorption and
scattering contributions to the photon attenuation, and (3) obtaining tomographic
image reconstruction of the heterogeneity in optical properties without or with prior
information. The advancement in these three tasks may foster new DOT applica-
tions; at the same time, the drive to apply NIR methods to new imaging regimes may
prompt novel approaches in DOT techniques, in particular instrumentation. The
first part of this chapter is intended to provide a brief overview of some fundamental
technological issues of DOT that have evolved over the time. Detailed discussion
covering these technological advances in more breadth and depth can be found in
many outstanding review papers [7-11, 28]. The second part of this chapter intro-
duces in detail some of the latest unconventional approaches in DOT instrumenta-
tion for the aim of extending DOT to previously unattempted or difficult
applications. These unconventional approaches may also infer potential future
directions of DOT instrumentation.

4.2 Methods for Differentiating the Origin of Diffuse Photons

NIR imaging uses diffused photons as measured through transmission of significant
volumes of tissue and after they have undergone many scattering events. The intrin-
sic information related to where the photon was launched from is thus lost when it is
detected. NIR DOT as a tomographic imaging modality requires measurements
from multiple source and detector channels; therefore, a mechanism of differentiat-
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ing the signals corresponding to specific source and detector pairs must be
implemented.

4.2.1 The Source-Encoding Requirement in DOT

The measurements by multiple detectors when multiple sources are launched may
be expressed by the following equation (it is derived by assuming a linear model for
simplicity; however, the derivation can also be applied to a nonlinear model):

Dy = \PMXNSNX] (4.1)

where D denotes the assembly of detector outputs, M is the number of detector
channels, S represents the assembly of source inputs, N is the number of source
channels, and W is the weight matrix governed by the imaging geometry and the
medium optical property. The output of the individual detector is then represented

by

N
d,=3y,s, m=12 ., Mn=12..,N (4.2)
n=1

which indicates that the output of each single detector contains a mixture of signals
originating from all source channels. The separation of individual source-detector
signals of diffuse photon propagation as a requirement of DOT image formation
can only be implemented through encoding of the source-detector channels at the
source side and proper decoding of the channels at the measurement. This may not
be as explicit as it seems without the analysis of two simplified configurations.
When considering the geometry of an imaging array with only one source and
multiple detectors, the detector outputs are

Dy, = lPMxlSlxl (4.3)
or
d = Y, s (4.4)

where it is clear that there is a unique correspondence of the signal from the single
source to each detector by 1 — m. For the other geometry with multiple sources and
only one detector, the detector output becomes

D, = \PIXNSle (4.5)
or
N
d = 21/)1;1% (4.6)
n=1

where the multiple-source information is coupled in the output of the single detec-
tor. Equation (4.6) implies that the source origination of diffuse photons cannot be
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tracked unless the photons are differentiated prior to launching into the medium, or,
in other words, unless the source channels are properly encoded.

When the sources in DOT are properly encoded, the discriminated signals corre-
sponding to all source-detector pairs can be described intuitively by

D =Y yn Ensa Sixn (4.7)

MxN

where E = <encod> represents the encoding operation applied to the source
channels:

<encod ;> s, = {<S()f> z;; (4.8)
Substituting (4.8) into (4.7) for E gives
[d,, d, ... dy] [<v,s> <p,s,> .. <p, s3>
a’.21 d.22 dZ.N _ <1/)1%sl> <1/)22. 5> .. <%YSN> (4.9)
dyi dyy - dun <Y, 8> <Wunr 5> o <Yy Sk

Equation (4.9) indicates that under a proper detector decoding that matches
with the source-encoding method, the signals corresponding to all source-detector
pairs can be discriminated thoroughly.

4.2.2 Methods of Source Encoding and Detector Decoding for Diffuse Optical
Tomography

Many source-encoding and detector-decoding methods have been demonstrated
[31]. These methods fall into one or a combination of the following three categories.

4.2.2.1 Time-Based Multiplexing

Perhaps the most straightforward method of source encoding is sequentially turning
on the sources, or time-series multiplexing [32, 33]. This time-based multiplexing is
valid if the multiplexing interval is much greater than the time of photon flight,
which is obviously obeyed for all biological tissues of finite size. This encoding tech-
nique can be described based on (4.7) as

Djin

=Y on T Sixn (4.10)

The Ty, in (4.10) is an operator representing the time-based multiplexing of

r<6(r -1)> 1
T <o(r-2)>

Nx1

(4.11)

<o(r — N)>
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where the discrete time impulse function 0 is used to denote the turning-on sequenc-
ing of the source from 1 to N. The output of each detector at each multiplexing
sequence is then

d,, = iwm,sré(r -n)=19,,s, (4.12)

7=1

Equation (4.12) gives the decoded signal for a specific source-detector pair 7 —
m, which also means that the time-based multiplexing operation performs both
source encoding and detector decoding instantaneously. The advantage of this
time-based multiplexing technique for source encoding and detector decoding is
that at any instance of source sequencing, each detector receives only the signal illu-
minated from one source; therefore, the maximum dynamic range of each
photodetector (denoted by I, ) is devoted exclusively to the detection of signals
from a single source-detector pair. The disadvantage of this encoding/decoding
technique is the potentially lengthy data acquisition for entire source-detector pairs
at a total period of (N — 1) - At,, where At is the multiplexing timing for each step,
under the condition that the signal-to-noise ratio integrated over the time of Az, is
sufficient. The vast majority of all optical tomography methods use this approach
either to deliver light of single-band to multiple-source channels or to distribute
light of multiple bands to single source channels.

4.2.2.2 Frequency-Based Multiplexing

Modulation frequency-based multiplexing is another commonly used source-
encoding method [34-37]. In frequency-based multiplexing, the source intensities
are modulated at different frequencies of w, = w, + dw, upon the same base band of
w,, under the valid assumption that the intensity modulation frequency does not
vary when propagating through diffuse medium.
Similar to (4.10), the frequency-encoded signal at the detector output can be
expressed by
D®

MmN = FanFaa S (4.13)

MxN" Nx1~1xN

where F,, is an operator representing the frequency multiplexing of
r<cos[(a)o +dw, )t]>]
B <cos[(a)0 .+(§a)2 )t]> (4.14)

<cos[(a)0 +0w, )t]>
and the output of each detector is approximately

d, = iwmn s, cos[ (@, +0w, )] +k,, (4.15)

n=1
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Note that the exact signal is not precisely a pure cosine wave for the response of
the laser, and the detector to modulation is not entirely linear with the applied cur-
rent. Here y,_ s, is the modulation depth and k,, is the dc bias offset due to the fact
that the laser must operate with a positive output. For frequency-based source
encoding, the detector decoding of source-detector pair # — m is obtained by
demodulation of d , at w, and bandpass filtering at dw,, that is

d =W S, cOs[Ow 1] (4.16)

The advantage of source encoding and detector decoding by frequency
multiplexing/demultiplexing is the gain in sampling speed by simultaneous measure-
ment of signals from all source-detector pairs as a result of parallel light delivery.
However, the frequency-encoded source signals must be directed to the same
photodetector for photoelectronic conversion prior to applying any demodulation
operation for signal decoding. When one detector collects signals from N source
channels in parallel, the average dynamic range corresponding to one
source-detector pair reduces to

— n=1 _ _max (4‘17)

Therefore the average dynamic range available for each source-detector signal is
linearly reduced with more sources adding on, and the lowest-level signals are
potentially buried under the noise present in the higher-intensity signals. This is par-
ticularly problematic if the tissue volume being imaged is large, the absorption of the
tissue is strong, and the distances between optodes have big variations. To fully
understand the limiting factors in this type of system, an analysis of signal to noise
would be required where the limiting contribution to noise in the ideal case is shot
noise.

4.2.2.3 Wavelength-Based Multiplexing or Spectral Encoding

A wavelength-based multiplexing method for source encoding was introduced in
2005 [38, 39]. This method for source encoding refers to operating the sources at
different wavelengths. The encoded signal after transmitting through the medium
thus becomes

Din =¥y TnaS (4.18)

MxN™ Nx1~1xN

where Ty is the wavelength-multiplexing or spectral-encoding operator having the
structure of

[<A,>]

<A,>
= . (4.19)

Nx1

<Ay>
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with <A >, n =1, 2, ..., N representing the operating wavelength of the source.
When a spectrometer is used at the detection side, the spectrally encoded signals can
be spatially spread or decoded to provide measurement of

d o =W Su(A,) (4.20)

for a source-detector pair # — m. If the orientation of the detector array is set
orthogonal to the spectral-spread direction, all source-detector pairs can be decoded
completely in a two-dimensional pattern and acquired simultaneously by parallel
photodetectors such as CCD. This approach performs decoding of all source-detec-
tor pairs prior to the photoelectronic conversion as compared with either
time-based multiplexing or frequency-based multiplexing where the
photoelectronic detection is performed along with or prior to the decoding. This
feature of parallel light delivery renders the principle that adding on more sources
will not cause reduction in the signal dynamic range of an individual source-detec-
tor channel. This is valid so long as the source spectra can be differentiated by the
spectrometer and the number of photoelectronic conversion channels in the detec-
tor is greater than that of source channels. This configuration ensures that different
photoelectronic detector elements sense different signals, and each detector’s full
dynamic range is maintained.

The major advantage of this wavelength-based source-encoding and detec-
tor-decoding method is the data-acquisition speed it could potentially reach without
compromising the dynamic range of each detection channel. However, attention
should be paid to the overall wavelength range used for source encoding. Contrary
to time-based and frequency-based multiplexing methods, where all source chan-
nels are detected at a single wavelength, the source channels in wavelength-based
multiplexing experiences potentially wavelength-dependent light propagation. This
is due to the fact that in the NIR band of 650 to 900 nm, the absorption of hemoglo-
bin is stronger and more wavelength variant in comparison to the water, even
though the scattering may not be as wavelength-dependent for both hemoglobin
and water. Therefore, in the spectral-encoding approach, the overall source wave-
length band should be maintained at a small range, ideally less than 5 nm, in order
to maintain relatively uniform tissue absorption among different source channels.
This poses a limitation on source channels that can be encoded within the
spectrometer resolution.

4.3 Techniques for Decoupling the Absorption and Scattering
Contributions to the Photon Remission

Source encoding and detector decoding assure the discrimination of photons trans-
ported from a specific source to a detector. Microscopically, the photons could take
any path from the source to the detector due to the strong scattering of NIR photons
in biological tissue. Yet, statistical analyses demonstrate that macroscopically the
highest probability of photon propagation takes a banana-shaped path connecting
the source and the detector [40]. The banana shape gives a rough estimation of the
path length of the majority of the photons arriving at the detector. The optical prop-
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erties that DOT expects to retrieve contain both absorption and reduced- or trans-
port-scattering coefficients. This requires knowledge not only of actual photon path
length but also of the method of differentiating absorption and scattering contribu-
tions to the photon loss, both being evaluated by surface measurement of remitted
photons. Theoretical breakthroughs and instrumentation advancements have dem-
onstrated that time-resolved or time-domain detection and frequency-domain detec-
tion methods are capable of determining the photon path length and differentiating
or decoupling absorption and reduced-scattering properties of the medium.

4.3.1 Time-Domain Detection

When a short light pulse (typically 2 to 5 ps for NIR DOT) is delivered to a purely
absorptive tissue, the pulse detected after propagation will change in only the ampli-
tude due to the attenuation, as depicted in Figure 4.1(a). When the same pulse is

(@)

(b)

Figure 4.1 Time-domain DOT technique: (a) pulse width alteration by scattering medium com-
pared with pulse attenuation by purely absorptive medium, and (b) schematic illustration of
time-domain detection of light pulse propagating through a turbid medium.
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delivered to an absorptive and highly scattering tissue, the family of photon paths
produced by scattering leads to broadening of the pulse in addition to the amplitude
attenuation of the pulse. The time < ¢ > of the temporal point spread function (TPSF)
at which the maximum detected intensity occurs relative to the input pulse is the
mean arrival time of photons, and this may be used, together with velocity of light ¢
in tissue to calculate a mean optical path length of < ¢t > [28]. Use of the measure-
ment of time gives the method its alternative name, time-resolved or time-of-flight
detection.

When the diffusion approximation is incorporated into the radiative transport
equation, the time-domain photon-diffusion equation may be written as [41]

10 o\ o (e : §
o a(h) = V- (DVg(7.1)) -, @(7.1) + S(7.t) (4.21)

where ¢(7,t) is the diffuse photon fluence rate, c is the speed of light in the tissue, D
is the diffusion coefficient,

~ 1
3w, +(1-g)n.]

(4.22)

u, is the absorption coefficient, u. is the scattering coefficient, g is the mean cosine of
the scattering angle, and S(7,#) is the photon source. The term (1 — g)u, is often
denoted by a reduced scattering coefficient of u’ to represent the assembled equiva-
lent isotropic scattering property of tissue even though each scattering event is
anisotropic.

For a short pulse from a point source, S(7, ) = (0, 0), it may be shown that the
mean photon path length for a tissue slab of thickness d is [28]

L (d=2)exp(22,4u, /D) ~(d +2,)
exp(ZzOJua/D —1)

<ct> = (47,D) (4.23)

where z, = [(1 — g)u.]™" is the depth between the actual source location of initial
directional launching and the position of an imaginary point from which the pho-
tons can be considered to be becoming isotropic. Equation (4.23) indicates the feasi-
bility of determining the absorption x4, and diffusion coefficient D (predominantly
the reduced scattering) by multiple measurements of mean photon path length or by
fitting to the single measurement data using “time-of-flight” estimation.

Figure 4.1(b) gives the simplified instrumentation scheme for a time-domain
DOT measurement. Two fundamental requirements of the instrumentation are gen-
eration of short-pulse light and time-correlated measurement of the pulse width and
amplitude after tissue propagation. Fast-streaking camera or other slower sin-
gle-photon counting devices may be used for the detection. It is acknowledged that
time-domain measurement leads to the richest or the most accurate information

about the tissue optical properties; however, the instrumentation is typically
expensive and difficult [42, 43].
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4.3.2 Frequency-Domain Detection

When a light of amplitude modulation (typically 100 MHz to 1 GHz for NIR DOT)
is delivered to purely absorptive tissue, both the dc and ac levels of the light after
detection will be attenuated with no alteration of its phase, as depicted in Figure
4.2(a). When the same light is delivered to an absorptive and highly scattering tissue,
the multiple photon scattering leads to a delay of the modulation phase in addition
to the attenuation of dc and ac levels. The phase delay and ac/dc attenuation rate can
also be used to calculate the mean optical path length of photons for calculation of
absorption and the scattering contribution to the diffuse photon propagation [44].

The Fourier transform of time-domain diffusion (4.21) will lead to the
frequency-domain diffusion equation of [43, 44]

(@

(b)

Figure 4.2 Frequency-domain DOT technique: (a) modulation phase delay by scattering medium
compared with modulation amplitude attenuation by purely absorptive medium, and (b) sche-
matic illustration of frequency-domain detection of light propagating through a turbid medium.
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190 . = = N -
zaqﬁ(r,w) =V -(DV¢(r,w)) - (,ua + zc)q)(r,w) +5(7, ) (4.24)
where o is the angular frequency of the light modulation. For infinite medium and
an amplitude modulation of the light at
I=1, +1, sin(wt -®) =1, +I, sin(2zvt - ®) (4.25)

it is found that the detector measurement of steady-state photon density, the ampli-
tude of photon-density modulation, and the phase shift of the photon-density mod-

ulation can be expressed by [28]
7RG
| Ha
exp| r( b ) |

u, =5 L ] (4.26)
4nD r
S IZZC
T e Re(k
L= ta EP [Re(%)] (4.27)
4rvD r
@ = rIm(k) + @, (4.28)
where
) 12
k= —(“ﬂ - ’2””) (4.29)
D

and r is the source-detector separation. More complicated expression of similar
measurements for a semiinfinite medium can be found in [44-46]. By single mea-
surement of the changes in both the phase and modulation, the absorption and
reduced-scattering properties of the bulk tissue can be retrieved.

Frequency-domain instrumentation involves amplitude modulation of the light
at frequencies on the order of hundreds of megahertz, wherein the phase change of
photon density caused by tissue scattering over several centimeters of tissue volume
may be resolved. In practice, the frequency-domain measurement is usually done by
downshifting the frequency to the kilohertz or tens-of-kilohertz range to take
advantage of much-reduced sampling requirements. This requires demodulation of
the light propagating through the medium by a phase-locked local oscillator signal.
The downshifted signal passing through the scattering medium is compared with a
reference signal that is demodulated directly from the source modulation frequency
to retrieve the phase shift and ac/dc attenuation. The light source used for fre-
quency-domain detection is usually laser diode, which can be conveniently modu-
lated, and the photodetector is most frequently chosen between photomultiplier
tube (PMT) and avalanche photodiode (APD). PMT is known to have excellent sen-
sitivity and gain, while APD generally has better performance in terms of dynamic
range.

T:\ books\ Azar\ Azar _10. vp
Tuesday, July 29, 2008 12:39:12 PM



Col or profile: Generic CWK printer profile

Conposite Default

70

screen

Diffuse Optical Techniques: Instrumentation

4.3.3 Continuous-Wave Detection

The continuous-wave DOT detection method can be considered the extreme case of
time-domain measurement in (4.21) when ¢ — oo; therefore, the photon density
becomes time invariant. The continuous-wave DOT method can also be considered
the special case of frequency-domain measurement in (4.24) when w — 0; thus, the
photon density contains only the dc component. Instrumentation for continu-
ous-wave DOT measurement is the simplest since it needs only source and detector
running at steady state or at low-frequency kilohertz range modulation [36, 47-49].

At one time, it was generally argued that CW measurement provides limited
information regarding tissue optical properties and cannot reliably recover the abso-
lute values of absorption and reduced-scattering properties of the tissue even with
very careful calibration due to lack of phase information which is critical to the
determination of photon path length. However, recent studies have demonstrated
that when a complicated image-reconstruction method is used, the absorption and
reduced-scattering properties may be reconstructed separately from continuous-
wave measurement [50, 51].

4.4 Principles for Determining the Heterogeneity of Optical Properties

T:\ books\ Azar\ Azar

When the launching position and path of the photons can be determined, the global
optical properties along the photon trajectory may be quantified. However, without
a tomographic visualization of the optical properties of the tissue volume, the physi-
ological information that diffuse photon detection can provide is limited since the
potential existence of optical heterogeneity within a bulky tissue volume is not local-
ized; therefore, correlating the abnormal optical properties with physiological
malfunctions tends to be inexplicit.

4.4.1 Tomographic Image Reconstruction and Prior Utilization

Tomographic imaging or cross-sectional mapping of optical heterogeneity in DOT
can be achieved by integration of projection measurements at multiple angles as
illustrated in Figure 4.3. The image reconstruction may be conducted by assuming
linear projection of the measurement data as in X-ray tomography [52] or by use of
a model-based iterative approach [6, 8, 9]. Model-based DOT image reconstruction
involves solving the photon-diffusion equation with numerical methods such as the
finite-element method and iteratively minimizing the error between the measure-
ment and the model prediction to recover the piecewise optical properties within a
given imaging volume [53-55]. The flow chart of a typical model-based
image-reconstruction routine is sketched in Figure 4.4(a).

The forward estimation task based on the light-propagation model is known to
be sensitive to small perturbations in the light measurements (which is the basis of
superior contrast in DOT imaging), not all of which are caused by the heterogeneity
changes in tissue optical properties. The ill-posed and underdetermined features of
the DOT inverse problem, coupled with this ill-conditioning, imply that the accu-
racy of retrieving optical heterogeneity (including location, size, and contrast) inside
the tissue volume is dependent upon many issues such as the stability of surface mea-
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One pair of source detectors

Reconstructed
image

Figure 4.3 lllustration of image reconstruction in DOT where integration of the multiple-angle
projection measurements leads to the localization of optical heterogeneity in the imaging volume,
similar to back-projection in CT. (Courtsey of Brian W. Pogue.)

surement and the number of iterations. Investigations demonstrated that significant
improvement in the stability and accuracy of the reconstruction process can be
obtained by including prior information in the iterative minimization process
[56-61]. Studies have shown that anatomical information from other modalities,
such as ultrasound, MRI, or CT, when used in the reconstruction procedure, can
improve the stability of the reconstruction and result in faster convergence, better
localization, more accurate optical properties, and higher spatial resolution
[62-65].

The spatial (also known as structural or anatomic) prior information can be uti-
lized within the NIR DOT image-reconstruction scheme in two forms. The hard
prior illustrated in Figure 4.4(b), also known as region-based (or parameter-reduc-
tion) reconstruction, utilizes the prior anatomic regions information to reduce the
large number of unknown parameters into a few unknown parameters by assuming
that the optical distribution within each region is constant [61]. Since the number of
the unknowns is dramatically reduced, the computation becomes efficient. In the
soft prior, the spatial information is instead incorporated within the image-recon-
struction algorithm in a form of regularization [see Figure 4.4(b)]. This type of a pri-
ori information in effect relates the recovery of each unknown parameter within the
reconstruction to other unknowns within the same defined region [61].

Another type of prior for DOT reconstruction when multispectral measurement
is performed incorporates the known spectral behavior of tissue chromophores and
Mie scattering theory as constraints. This type of prior-guided NIR image recon-
struction uses multiwavelength measurements simultaneously to compute images of
constituent parameters without intermediate recovery of optical properties. Simula-
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Figure 4.4 Model-based NIR image reconstructions: (a) typical iterative image reconstruction
based on photon propagation model, (b) NIR image reconstruction by use of hard spatial prior, (c)
NIR image reconstruction by use of soft spatial prior, and (d) NIR image reconstruction by use of
spectral prior.

tion studies have shown that the combination of spatial and spectral priors improves
the accuracy and quality of NIR images [49, 66]. The spectral prior obtained by
including the intrinsic behavior of tissue chromophores and scattering plays a more
important role in preserving quantitative functional parameter estimates by DOT. It
has been demonstrated that a synergy between these two priors yields the most accu-
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Figure 4.4 (continued)

rate characterization of absolute tissue optical properties currently available [49,

67, 68].

4.4.2 Diffuse Optical Tomography Imager in the Context of Multimodality
Imaging

The functional or spectroscopic information of near-infrared DOT is often compro-
mised by the limitations inherent to the ill-posed iterative image reconstruction
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required for diffuse photon detection. Combining DOT with other imaging modali-
ties that are anatomically accurate can not only correlate the DOT functional con-
trast with the spatial anatomy of the lesion but also use the structural delineation of
the lesion to guide and constrain the DOT image reconstruction. In terms of the
morphological imaging modalities that can be cohesively integrated with DOT for
complimentary imaging as well as the prior DOT reconstruction, there have been a
few choices out of some standard techniques mainly used for anatomic imaging, but
arguably the most-successful modalities are US [69-73] and MRI [59, 63-635,
74-76]. The following section briefly reviews the instrumentations leading to the
integration of DOT with US and MRI for breast cancer imaging, which are the rep-
resentative examples of the DOT instrumentation advancement and growing impact
of DOT technology in multimodality clinical imaging.

4.4.2.1 Diffuse Optical Tomography Integrated with Ultrasound

Ultrasound imaging is frequently used as an adjunct tool to mammography in differ-
entiating cysts from solid lesions. Ultrasound also plays an important role in guiding
interventional procedures such as needle aspiration, core needle biopsy, and
prebiopsy needle localization [69].

Several studies have been reported on the instrumentation technology of com-
bining DOT with US [69-72]. The system developed at the University of Connecti-
cut is implemented by simultaneously deploying optical sensors and a commercial
US transducer mounted on a handheld probe and utilizing coregistered lesion struc-
ture information provided by US to improve the inverse optical imaging reconstruc-
tion. The handheld hybrid probe consists of a commercial US transducer located in
the center and the NIR source-detector fibers distributed at the periphery [see Figure
4.5(a)]. The NIR imager consists of 12 pairs of dual-wavelength (780 and 830 nm)
laser diodes and eight photomultiplier tubes (PMTs) for detection. The laser diodes’
outputs were amplitude modulated at 140 MHz, and the detector outputs were
demodulated to 20 kHz. The demodulated signals were further amplified and
bandpass filtered at 20 kHz. A reference signal of 20 kHz was also generated by
directly mixing the detected radiofrequency (RF) signals with the RF signal
generated from the oscillator.

The NIR reconstruction takes advantages of US localization of lesions and seg-
ments the imaging volume into a finer grid in lesion region L and a coarser grid in
nonlesion background region B [see Figure 4.5(b)]. A modified Born approximation
is used to relate the scattered field measured at each source and detector pair to total
absorption variations at wavelength in each volume element of two regions within
the sample. The absorption distribution at each wavelength is obtained by dividing
total absorption distribution changes of lesion and background regions, respec-
tively, by different voxel sizes in lesion and background tissue regions. This
dual-mesh scheme results in well-conditioned inversion and convergence of the
image reconstruction in a few iterations [69, 71, 73].

An example of a DOT/US image is given in Figure 4.5(c, d) for an early-stage
invasive ductal carcinoma [69]. US showed a nodular mass with internal echoes, and
the lesion was considered suspicious. The estimated lesion diameter measured from
the US image was 8 mm. US-guided core needle biopsy revealed intraductal and
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Figure 4.5 (a) Prototype of the handheld combined NIR/US imager developed at the University
of Connecticut is shown. (b) The entire imaging volume is segmented into lesion (L) and back-
ground (B) regions. The fine imaging grid is used for the lesion region, and the coarse grid is used
for the background. (c) NIR/US images of a nonpalpable lesion in a 55-year-old woman are shown.
US showed a nodular mass with internal echoes, and the lesion was considered suspicious. The
maps of total hemoglobin concentration distribution correspond to slices from 0.7 cm underneath
the skin surface to the chest wall, with 0.5 cm spacing. The lesion is well resolved in slice 5. (From:
[69]. © 1998 Elsevier. Reprinted with permission.)

infiltrating ductal carcinoma. The total hemoglobin concentration distribution
computed from optical absorption maps at 780 and 830 nm wavelengths are
shown, with the first slice 0.7 cm deep into the breast tissue from the skin surface
and the last slice closer to the chest wall at slice spacing of 0.5 cm. The horizontal
and vertical axes of each slice are spatial x and y optical probe dimensions of 9 cm.
The lesion is well resolved in slice 5, and the measured maximum total hemoglobin
concentration for the lesion is 122 mmol/L, the average measured within full width
and half maximum (FWHM) is 91 mmol/L, and the measured average background
hemoglobin concentration is 14 mmol/L.

4.4.2.2 Diffuse Optical Tomography Integrated with Magnetic Resonance
Imaging

The NIR/MRI imaging system [Color Plate 9(a)] developed at Dartmouth College
[74] consisted of six laser diodes (660 to 850 nm), which were amplitude modulated
at 100 MHz. The bank of laser tubes was mounted on a linear translation stage that
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sequentially coupled the activated source into 16 bifurcated optical-fiber bundles.
The central seven fibers delivered the source light, while the remaining fibers col-
lected transmitted light and were coupled to photomultiplier tube (PMT) detectors.
For each source, measurements of the amplitude and phase shift of the 100 MHz sig-
nal were acquired from 15 locations around the breast. The fibers extended 13m
[Color Plate 9(b)] into a 1.5-T whole-body MRI (GE Medical Systems), and the two
data streams (i.e., NIR and MRI) were acquired simultaneously. The open architec-
ture breast array coil (Invivo, Orlando, Florida) houses the MR-compatible
fiber-positioning system [Color Plate 9(c)]. Two fiber-breast interface prototypes
were constructed. The first, pictured in Color Plate 9(d), allows each of the 16 fibers
to move independently in a radial direction, and tissue contact is enforced with
bronze compression springs. The second, shown in Color Plate 9(e), maintains a cir-
cular breast circumference and allows more user control.

One set of MRI-guided NIR reconstruction images is shown in Color Plate 9(f).
The MRI images are axial and coronal T1-weighted slices of a breast. Reconstructed
images of chromophores and scatter parameters from simultaneously acquired NIR
measurements (left to right) are as follows: total hemoglobin concentration ([HbT],
uM), hemoglobin oxygen saturation (S,0,, %), water fraction (H,O, %), scattering
amplitude (A), and scattering power. Interestingly, the spatial distributions in the
NIR images do not exactly match the segmented MRI regions in all cases, and some
heterogeneity occurs, although the predominant effect is the significant change in
optical properties that results between the adipose and fibroglandular boundaries.
The technique provides high-resolution images of both tissue structure through MRI
and tissue function through NIR contrast.

The combined NIR/US and NIR/MRI modalities demonstrated the increasing
probability that DOT will provide high sensitivity and specificity values to diagnos-
tics when combined with other imaging systems.

4.5 Novel Approaches in Instrumentation of Diffuse Optical
Tomography: Source Spectral Encoding

4.5.1 Discrete Spectral Encoding by Use of Multiple Laser Diodes

The principle of parallel source delivery based on wavelength multiplexing or spec-
tral encoding is initially demonstrated by use of multiple laser diodes (LDs) [38, 39].
In this approach, each LD operates at a unique wavelength as shown in Color Plate
10 and Figure 4.6(a, b). The unique wavelength corresponds to <A > (=1, 2, ..., N)
in (4.19). It is imperative to maintain small wavelength separation among the source
channels as discussed previously. Actually, the LDs can be spectrally encoded at
close wavelength separation, simply and effectively, by use of a number of sin-
gle-mode diodes manufactured for the same spectral band whose emission wave-
lengths can be varied slightly by adjusting the laser operating temperature. The
wavelength of the LD is a function of both operating temperature and driving cur-
rent. The wavelength stability of the LD against temperature and current may be
expressed by
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Figure 4.6 The spectral-encoding NIR tomography system developed by Dartmouth NIR imaging
group: (a) the source spectral-encoding profile, where the emission wavelengths of eight laser
diodes are operated at approximately 1.25 nm separation, and (b) the completely decoded signals
acquired by CCD after spectrometer corresponding to eight sources and eight detectors in Color
Plate 10.

Gy % (4.30)
dT

where a, corresponds to a red shift in wavelength with temperature at constant cur-
rent, and a, corresponds to a blue shift in wavelength with current at constant tem-
perature. By operating the LD in constant current mode and adjusting the LD
temperature, the emission wavelength can be adjusted with a typical tuning sensitiv-
ity of 0.1 to 0.3 nm/°C [77]. In this LD-based spectral-encoding system, a source
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spectral separation of 1.25 nm is achieved among eight source channels. The source
spectral separation can be reduced if the precision of LD temperature control is
improved and mode hopping of LD can be suppressed.

The parallel source illumination and complete decoding of all source-detector
pairs allow rapid acquisition of the DOT data by imaging devices like CCD. Figure
4.6(c) shows the data pattern of parallel source-detector decoding that is available
for CCD detection. This LD-based spectral-encoding system has achieved a 35-Hz
frame rate of data acquisition in a medium of 27 mm in diameter, which is believed
as the first DOT system of performing video-rate sampling.

4.5.2 Imaging Examples of Spectral-Encoding Rapid NIR Tomography

Video-rate NIR imaging allows real-time sampling of transient changes in tissue
optical properties that may be linked to fast physiological responses such as tissue
permeability variation. One example is given in Figure 4.7, where the images were
taken when diluted ink as an optical absorber was continuously injected to
Intralipid solution contained within a hole of solid tissue phantom. The instanta-
neous absorption coefficients of the solution over 10 seconds are plotted with the
inset showing the images of the phantom at six discrete timings. Slow ink injection
started after 2 seconds and stopped at 9 seconds. A total of 350 frames were taken
over 10 seconds. The gradual increasing of the absorption coefficient after the ink
injection and the reaching of a plateau before stopping the ink injection are very
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Figure 4.7 Examples of video-rate NIR tomography imaging. Images of diluted-ink injection into
the Intralipid solution held in a hole of a solid phantom. Continuous changes of the light absorp-
tion during ink injection have been successfully captured. The inset shows the images at 2, 3, 4, 5,
6, and 7 seconds.
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clearly captured. Such “snapshot” capturing of spatial absorption variations and
time-resolved measurements of localized transient absorption changes is critical for
dynamic imaging of rapid perfusion changes in biological tissues by DOT.

Figure 4.8 shows in vivo imaging of tumor and hemodynamic responses by this
video-rate NIR system. A tumor-bearing rat leg was imaged in Figure 4.8(a), where
the bigger and brighter spot at the bottom was the implanted solid prostate tumor,
and the smaller spot at the top was the tail. The implanted tumor has clear elevated
contrast compared with the normal tissue. In Figure 4.8(b), a mouse leg was utilized
to image the blood pulsation in the muscle. Both legs were imaged successively, with
one leg having compromised blood flow due to blockage of the iliac artery, while
the other leg had normal blood flow. The tomographic images of these legs are
shown in Figure 4.8(b), with each pair of images being one of a sequence of images
at 1/35th of a second. The blood flow pulsation in the left leg can be seen between
images 3 and 4 as a successive decrease in overall intensity, whereas the intensity of
pulsation is significantly less in the right leg [78].

Hq
Tail
Tumor
(@)
(b)

Figure 4.8 In vivo images taken with this spectral-encoding video-rate NIR system. (a) Image of
rat tumor. The tumor was at the lower half of the FOV, and the tail was at the top. (b)
Tomographic images of the two legs of a mouse at successive time points, with one frame every
1/35th of a second. The leg at left in each pair of frames was normal, and the leg at right in each
pair of images had the iliac artery blocked. The lower overall absorption coefficient is apparent in
the leg at right, and the pulsation in the leg at left is more apparent between frames 3, 4, and 5.
This pulsation is due to blood flow.
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4.5.3 Spread Spectral Encoding by Use of Single Wideband Light Source

Alternately, spectral encoding can be implemented by use of a low-coherence
(implying a finite or wide-bandwidth) light source. The spectrum of a wideband
light source can be dispersed by optical components, such as a grating, and
collimated thereafter to form a one-dimensional spatial spectral distribution (see
Color Plate 11). The linear spatial distribution of dispersed spectral components can
be coupled to a fiber bundle wherein the light delivered to each fiber has a small
wavelength offset from the neighboring ones. This configuration gives a spread
spectral encoding of the source channels in comparison to the discrete spectral
encoding from multiple LDs. In spread spectral encoding, the dimension of the
collimated beam strip at the fiber bundle facet plane is determined by

f : MFWHM

: (4.31)
p\/l—(/lo/p—sina)

Lewin =2f tan(Aﬁ) =

where fis the focal length of the collimating lens following the grating dispersion, A3
is the half of the angular dispersion of the low-coherence source by the grating,
M iy 18 the FWHM spectral bandwidth of the source, 4, is the center wavelength
of the source, p is the grating period, and « is the beam incident angle with respect to
the grating normal. For a linear fiber bundle consisting of N fibers aligned side by
side, the total spectral band coupled to the fiber bundle is

AL =N-M

bundle

dier dier .
o = N7 AG e = N ;f p1-(Ay/p—sina)’  (4.32)

FWHM

where Al is the bandwidth coupled to each fiber, and d,, is the diameter of one
fiber. The spread-spectral-encoding operator can be expressed by (4.19) with argu-
ment <A > being represented by

<h,>=<A, +[n—Nz+1]Mﬁbe,> (4.33)

where the total number of the bundled fibers N is assumed to be even, and the over-
all spectral band coupled to the fiber bundle is assumed to be centered at A,,.

The use of a low-coherence source gives a “spread” spectral encoding among the
fibers for parallel illumination unto the tissue. A single light source is used to couple
to all these channels; therefore, a potential trade-off exists between the number of
channels and the power coupled to each channel. On the other hand, the use of a sin-
gle light source for spread spectral encoding provides several unique characteristics
in comparison to the LD-based spectral-encoding approach. First, the wavelength
difference between the neighboring channels is generated by the grating dispersion of
a single light source; therefore, the spectral encoding coupled to the fibers is always
constant, and none of the coupled bands will cross over to the neighboring ones,
which may happen in LD based spectral encoding due to spontaneous mode hop-
ping of each individual LD. The spread spectral encoding is thus a shift-free configu-
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ration that ensures the decoding of the source-detector signal at all times. Second,
the interchannel intensity profile always follows the source power spectrum; there-
fore, the spontaneous channel-to-channel intensity fluctuation can be minimized
compared with LD-based configuration, wherein the intensity of each LD is sponta-
neously fluctuating. This may lead to substantially confined or reduced reconstruc-
tion uncertainty. Third, the linear fiber bundle used for source coupling can be
fabricated with bare or thinly coated fibers, which makes it feasible to arrange the
fibers into a circular array inside a small probe for endoscopic interrogation that
extends NIR tomography to imaging of internal organs [79]. The implementation
of NIR optical tomography to endoscopic mode would have been difficult with con-
ventional methods, including the LD-based spectral-encoding technique, because
the separate coupling of each LD to a connector-terminated fiber or light guide is
rather bulky, and integrating many channels of such jacketed fibers inside an
endoscopic probe is difficult.

4.5.4 Light Sources for Spread Spectral Encoding

There are at least three parameters to consider for the use of a low-coherence or
wideband source in spread spectral encoding: (1) the center wavelength, (2) the
spectral bandwidth, and (3) the power. A center wavelength around 800 nm is
required as NIR tomography operates in the neighborhood of this band. A narrow
bandwidth of less than10 nm is preferred for coupling to the fiber bundle to mini-
mize the wavelength-dependent absorption variation that would occur among the
source channels. A high power of tens of milliwatts is needed to provide sufficient
illumination to each channel following the segmentation of the light power among
fibers by spectral encoding. A number of low-coherence sources are available on the
market. Among these sources, the light-emitting diode (LED) can provide hundreds
of milliwatts in a narrow bandwidth of several nanometers, but the collimation and
coupling of LED emission into a fiber for grating illumination is rather difficult. A
white-light source like a tungsten or halogen lamp provides tens of watts across
hundreds of nanometers; however, coupling such a source into small fibers is always
highly problematic. A fiber-based stimulated-emission-amplifier source may pro-
vide high power for low-coherent light illumination; nevertheless, this type of
source is mostly centered around 1,300 or 1,550 nm. A pulsed-light source like the
femtosecond Ti:sapphire laser is perhaps the most powerful within a narrow band-
width, but this type of source is still currently quite expensive or bulky, although
future generations may be more attractive.

Superluminescent diode (SLD) [or superluminescent LED (SLED)], is a
light-emitting diode in which there is stimulated emission with amplification but
insufficient feedback for oscillations to build up to achieve lasing action [80]. SLDs
have similar geometry to LDs but no built-in optical feedback mechanism as
required by an LD to achieve lasing action for amplification of narrow modes. SLDs
have structural features similar to the edge-emitting LED (ELED) that suppresses
lasing action by reducing the reflectivity of the facets. An SLD is essentially a combi-
nation of LD and ELED [81, 82].
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An idealized LED emits incoherent spontaneous emission over a wide spectral
range into a large solid angle. The unamplified light emerges in one pass from a
depth limited by the material absorption. The LED output is unpolarized and
increases linearly with input current. An idealized LD emits coherent stimulated
emission (and negligible spontaneous emission) over a narrow spectral range and
solid angle. The light emerges after many passes over an extended length with inter-
mediate partial mirror reflections. The LD output is usually polarized and increases
abruptly at a threshold current that provides just enough stimulated gain to over-
come losses along the round-trip path and at the mirrors. In an idealized SLD, how-
ever, the spontaneous emission experiences stimulated gain over an extended path
and, possibly, one mirror reflection, but no feedback is provided. The output is low
coherent compared with an LD due to the spontaneous emission; on the other hand,
it is at high power with respect to an LED because of the stimulated gain. The SLD
output, which may be polarized, increases superlinearly versus current with a knee
occurring when a significant net positive gain is achieved [83].

In the last decade, SLDs at several wavelength options have been implemented
extensively in low-coherence interferometry [84-89] and optical coherence tomog-
raphy techniques [29, 90-93] owing to its relatively high power available on the
order of 10 mW and a bandwidth of tens of nanometers that corresponds to a low
temporal coherence on the order of 10 um. The spread-spectral-encoding method
presented in this work demonstrates that SLD sources are also applicable to NIR dif-
fuse optical tomography.

4.5.5 Characteristics of Spread Spectral Encoding
4.5.5.1 The Spectral Band and Power Coupled into the Linear Fiber Bundle

Because single source is used, the spectral bandwidth and power coupled to the
fibers are associated. Consider an SLD source with a Gaussian spectrum profile of

2/In2/x

[ -2, 2]
S,(4) = exp{—4ln2(M) J (4.34)

FWHM FWHM

and assume that only the middle portion of the dispersed beam is coupled to the
fiber bundle and that the coupled spectrum profile is essentially a Gaussian spectrum
truncated on both sides. The percentage of the spectrum power remaining in this
truncated Gaussian spectrum with respect to the SLD source power is determined by

LT erf(\/ In2 ~§jb"”d1“) (4.35)

source FWHM

where erf is the error function defined as

erf(4) = exp(—x 2 )dx (4.36)

2 i
2
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Equation (4.35) indicates that reducing the bandwidth coupling to the fiber
bundle to further minimize the wavelength-dependent absorption among the source
channels would cause a major reduction in the total power delivered to the tissue.
This, however, can be improved if a source with higher power concentrated at a
narrower bandwidth can be employed.

4.5.5.2 The Shift-Free Encoding and Minimized Reconstruction Uncertainty

In the LD-based discrete-spectral-encoding system, the instantaneous wave-
length-intensity fluctuation of each channel was independent of the others. In the
SLD-based spread-spectral-encoding system, the spectral encoding was from the
single source; therefore, the instantaneous intensity change of each coupled channel
was always correlated with those of other channels. Moreover, the use of dispersion
to create spectral encoding also prevented the coupling profile from wavelength
shifting. These two features imply a more stable NIR tomography measurement.
The use of multiple LDs for spectral encoding introduced an average of 1.0%
and 1.2% signal intensity fluctuation over 1-minute and 30-minute periods, respec-
tively [39]. The average wavelength shift observed for the LD-based system in a
well-controlled situation was 0.027 and 0.21 nm over 1- and 30-minute periods,
respectively. The long-term wavelength shift over the course of 30 minutes is greater
than the spectrometer resolution of 0.1 nm, and a 1.2% standard deviation in the
intensity fluctuation over this period introduced a 4.8 % standard deviation in the
reconstructed absorption coefficient value over the time. Quantitative measure-
ments similar to those for an LD-based discrete-spectral-encoding system have been
conducted for an SLD-based spread-spectral-encoding system. It is found that the
short-term and long-term wavelength shifts of the SLD-based system were on the
order of 0.02 nm, or about one-fifth of the spectrometer resolution. This
subresolution shift more likely resulted from the digitization of the signal rather
than the occurrence of actual wavelength shift. Compared with the LD-based sys-
tem where the long-term wavelength shift was substantially higher than the
short-term shift, there is no meaningful difference between the long-term and
short-term wavelength shifts in this SLD-based measurement. This validates that
the use of a single wideband source via dispersion provides virtually shift-free spec-
tral encoding among the channels. The interchannel intensity fluctuation of this sys-
tem was less than, yet close to, that of the LD-based system. The variation of the
reconstructed u, value in the 300 frames acquired in 30 minutes is calculated. Com-
pared with the similar experiments in the LD-based system, however, the measure-
ment is less clustered, and the uncertainly of the u, value was 1.49% standard
deviation, a value less than one-third of that observed in the LD-based system. Con-
sidering that the intensity fluctuation was a perturbation to the image reconstruc-
tion, the uncertainty of reconstructed u, values appears to be an amplification of the
data uncertainty. In the LD-based system, the 1.2% perturbation caused a fourfold
amplification of 4.8 % in the reconstructed absorption coefficient value, whereas in
this SLD-based system, the 0.86% perturbation ended up with only 1.49% of
uncertainty in reconstruction, an amplification factor less than 2. The significantly
reduced amplification of the intensity fluctuation in the SLD-based system implies
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that the intensity fluctuation in this configuration might be due to the measurement
noise rather than any systematic factor and validates the notion that a more accurate
and stable measurement could be made. The relatively small 1.49% reconstruction
standard deviation of this rapid NIR tomography system constructed based on a sin-
gle wideband source indicated that there was good feasibility of discerning subtle
and rapid absorption variations in biological tissues.

4.5.6 Hemodynamic Imaging by Spread-Spectral-Encoding NIR Tomography

A 5 Hz frame-rate NIR DOT system based on the spread spectral encoding of a sin-
gle SLD source was constructed at Oklahoma State University. The typical resting
heart rate (HR) of an adult is between about 60 and 100 beats per minute (bpm);
therefore, the 5 Hz NIR tomography should be sufficient for measuring the absorp-
tion changes when induced by normal heart rate pulsation in the capillaries, as mea-
sured by pulse oximetry. An example is given in Figure 4.9 to evaluate the feasibility
of imaging hemodynamic responses with this system. A male volunteer with resting
HR of 72 bpm was imaged. The volunteer positioned his little finger against the
lower-left surface of the imaging array and practiced voluntary breath holding,
starting from when the image acquisition begun, to provide a hemoglobin variation
signal that was not contaminated by breathing variation and motion artifact. A total
of 50 frames were acquired in 10 seconds. One frame of the reconstructed image is
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Figure 4.9 Imaging of finger during 10 seconds of breath holding. The curve shows near-peri-
odic variation of the global absorption value of the finger, and it is correlated to the heart rate of
the subject. The global absorption variation is 5.0% at the beginning of the acquisition and
reduces to 2.9% at the end of the 10 second imaging period.
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displayed. The cross section of the imaged finger was approximately 13 mm, which
corresponds well with the higher absorption area in the image. In order to assess the
time-resolved absorption changes of the finger, the absorption coefficients within
15% difference from the peak value were averaged for each frame. The global
absorption changes in 50 frames of acquisition were compared with a simple simu-
lated response by assuming 12 pulsations in 10 seconds. The simulation curve was
placed under the curve of measurement to assess if there was a periodic variation of
the responses; therefore, the absolute value of the simulated curve is chosen arbi-
trarily. It is interesting to notice that the variance of the global absorption values
follows the simulated periodic pattern quite well except for the jittering between
about 1 and 2 seconds. The mean value of the global absorption coefficient was
0.014 mm™', which is close to the expected value for human tissue [94]. The vari-
ance of the global absorption coefficient at the beginning of the breath holding was
5.0% and reduced gradually to 2.9% during the 10 seconds of breath holding. Both
are above the measured system reconstruction uncertainly of 1.5%.
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Near-infrared DOT has been shown to be particularly useful over the past decades
for functional imaging of biological tissues where scattering of the photons domi-
nates and where NIR contrast based on intrinsic chromophore content or exoge-
nous probe can be linked to tissue physiology such as angiogenesis, oxygen
deprivation, or overexpression of specific biomarkers. Despite the considerably
promising outcome of NIR optical tomography in the diagnosis of breast cancer,
the understanding of cortex response [11], and the characterization of
rheumatologic dysfunction [95-97], where all the tissues under imaging are interro-
gated externally by noninvasive methods, there is limited information regarding the
practice of NIR tomography in internal imaging regimes. Since similar physiologi-
cal conditions may be found valuable for diagnostics in internal organs, an exten-
sion of DOT to imaging internally applicable tissue/organs becomes imperative.
Interstitial measurement by use of diffuse or near-diffuse photons has been
employed for monitoring photodynamic responses in organs such as the prostate
[98]. From the diagnostic perspective, the most appealing feature of NIR tomogra-
phy may arguably be its unique functional contrast that is obtained noninvasively.
It is thereby not surprising to see that significant interest has developed recently in
understanding the challenges and benefits of noninvasive NIR optical tomography
of internal organs, particularly imaging the prostate [99, 100].

There is evidence that prostate cancer development is associated with
angiogenesis [101], and NIR imaging may provide noninvasive assessment of pros-
tate cancer. Noninvasive prostate imaging by optical means will enable the study of
prostate optical properties and augment current diagnostics if the optical properties
of prostate cancer are found to have substantial contrast with respect to those of
normal prostate tissues. In this section, the instrumentation involved in developing
an internal or endoscopic applicator array for DOT of the prostate or potentially
other internal organs is presented.
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4.6.1 Transrectal Applicator for Transverse DOT Imaging

Although the principle of near-infrared tomography of internal organs, specifically
the prostate, is similar to that of breast, noninvasive internal DOT imaging faces
unique challenges. In NIR optical tomography of breast, either planar-shaped or
ring-type applicators of minimum restriction in size can be applied at either reflec-
tion or transmission geometry. In prostate imaging, there is only limited space inside
the rectum for transrectal probing of deep tissue volumes. Special consideration
must be incorporated into the design of the internal applicator. Figure 4.10 shows
the schematic diagram of the first approach to the internal transverse (axial) imag-
ing NIR probe. It utilizes the above-mentioned spread spectral encoding, where the
spectrum of a broadband source is dispersed and coupled to a linear fiber bundle.
The linear fiber bundle coupling the source light is rearranged to circular geometry
at the distal end of the endoscope probe, and a conic lens is used to deflect the light
circumferentially. The detector fibers are cocentric to and interspersed with the
source fibers, and the proximal end of the detector fiber is linearly aligned to adapt
to the spectrometer entrance slit. This outward-imaging geometry gave the first
DOT image in endoscopic view [79].

Figure 4.11 shows a transverse-imaging NIR probe having a 20-mm diameter.
This probe consists of 16 fibers of 1.0 mm in core diameter evenly spaced with inter-
spersing source and detector channels. Each fiber is parallel to the longitudinal axis
of the probe and is aligned to a 45° rod lens 2 mm in diameter. The beam is deflected
transversely for side firing. A 2 mm drum lens is then used to provide a sealed optical

Broadband source Cone

) ] 0 Cross-
Linear fiber prism section
array

M
Ao 5

1200 gr/mm grating o Azl To

spectrometer
Spectrometer
12 mm OD

Figure 4.10 The first endoscopic applicator array for NIR tomography imaging of internal organs.
A direct comparison with Figure 4.8 shows that the fiber bundle consisting of bare fibers can be
integrated into a circular array inside the endoscopic probe. Circumferential illumination and
detection is done by using a conic lens. The inset is the photograph of a 12 mm diameter
endosocpic NIR tomography probe having eight source channels and eight detector channels.
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Source Drum Drum
fiber lens lens
Fiber 45° rod lens
Detector fiber 45° rod
lens

Probe length = 7"
Transverse beam

OD =22 mm

Handle = 5”

Figure 4.11 The transverse-imaging transrectal NIR tomography probe of 20 mm diameter. Each
source/detector channel consists of a 1 mm fiber; a 2 mm, 45° rod lens; and a 2 mm drum lens.
The light beam is delivered and focused transversely. Photograph of the probe shows the dimen-
sions of 20 mm in diameter, 7” in probing length, 5” handle, and the two fiber bundles 3m long
for source and detector coupling.

aperture for illumination as well as beam focusing. All eight source and eight detec-
tor channels have used the same light-delivering configuration. The eight source
fibers and eight detector fibers are aligned to form a linear source fiber bundle and
detector fiber bundle. The illumination light is coupled to the source fiber bundle by
the spread-spectral-encoding technique, and the detector fiber bundle is adapted to
the spectrometer for acquisition of NIR surface-measurement data.

The internal-application NIR tomography images taken by this 20 mm trans-
verse-imaging NIR probe are given in Figure 4.12. The imaging geometry is now
opposite to what is done for most NIR imaging of breast, as the optodes are distrib-
uted noninvasively and internally to the tissue volume. We incorporated the out-
ward imaging finite-element mesh as shown to reconstruct the NIR tomography
images. The annular image is taken from a highly absorptive phantom over an
intralipid background medium by use of the 20 mm transverse-imaging probe. The
semiannular image was taken from a sample of avian rectum tissue with injected
NIR absorption contrast by use of the 12 mm transverse-imaging NIR probe shown
in Figure 4.10. Both sets of images demonstrate that NIR contrast of heterogeneous
targets can be acquired successfully by these probes at internal-imaging geometry.
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In vitro imaging of avian rectum with exogenous contrast

(b)

Figure 4.12 The transverse-imaging examples by transrectal NIR probe. (a) The top row demon-
strates the relative positions of optodes in the imaging volume as well as the reconstructed images
of a contrast occlusion embedded in background Intralipid medium. (b) The bottom image was
taken by transrectal imaging of an avian rectum sample with connecting tissues, where the con-
trast was from a small amount of diluted ink to introduce exogenous contrast to the homogenous
rectal tissue.

4.6.2 Transrectal Applicator for Sagittal DOT Imaging

We have lately developed a sagittal-imaging NIR probe to attach to a commercial
biplane TRUS transducer for multimodality imaging [102]. The NIR applicator can
perform stand-alone DOT imaging or utilize the spatial prior information from
ultrasound. The design, dimension, and completed probe are detailed in Figure 4.13.
This probe is capable of acquiring sagittal NIR images concurrently with TRUS. The
source/detector channels are placed at 1 cm separation, and the source array is
placed 2 cm from the detector array. The array dimension of 60 x 20 mm is designed
to couple to the 60 x 10 mm TRUS transducer performing sagittal imaging at the
middle plane of the NIR array.

4.6.2.1 Simulation for the Sagittal Transrectal DOT Applicator

Simulations for the sagittal NIR probe are given in Figure 4.14 for a 10 mm diameter
inclusion located at middle plane and 5§ mm longitudinal shift from the center of the
probe. The transrectal NIR probe is placed at the bottom of the imaging volume,

1
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TRUS probe

Optical probe add-on to TRUS probe

GRIN lens
Top view Metal-coated fiber
Microprism
Side view Front view
@ (b)
Concurrent

imaging plane

Source (optical)
Ultrasound

Detector (optical)

© (d)

Figure 4.13 The sagittal-imaging transrectal NIR tomography probe for coupling with TRUS.

(a) The overall assembly of transrectal NIR attached to TRUS is shown. (b) The probe has one
source array and one detector array, each having seven channels. Each channel consists of a 600
um metal-coated fiber coupled to a T mm coated microprism for 90° deflection and a T mm gradi-
ent-index (GRIN) lens for coupling to and from the tissue surface. (c) The NIR imaging reconstruc-
tion is taken at the middle sagittal plane of source and detector arrays, which falls identically with
the sagittal TRUS. (d) Photograph of completed transrectal NIR probe attached to TRUS is shown.

and the depth is counted upward. Homogenous background is set at u, = 0.002
mm™', u/ =0.8 mm™', and the target has u, = 0.025 mm™', u’ =1.0 mm™". A noise

level of 1% has been added to the forward calculation.

The NIR-only reconstruction (uniform mesh density throughout the imaging
volume) is conducted for the target at depths of 1, 2, and 3 cm. The second row of
Figure 4.14 shows that the target is reconstructed accurately for 1 cm depth and
closer to the probe surface for 2 cm depth. This is expected due to the sensitivity
degrading along with the depth. The third row of Figure 4.14 gives the images
reconstructed with spatial prior information that will be available from TRUS using
a denser mesh in the target location and at a size double that of the target [103]. The
images reconstructed with this guided-reconstruction approach locate the lesion
correctly. The accuracy of recovering lesions in the longitudinal dimension is given
in Figure 4.15 for a lesion of 2cm depth that is placed at 2, 4, and 6 c¢m in axial
dimension. Their positions are correctly reconstructed.
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1 cm deep target 2 cm deep target 3 cm deep target

(@)

NIR tomography reconstruction without spatial prior

(b)

NIR tomography reconstruction with spatial prior

©

Figure 4.14 Reconstruction of (a) targets with (b) NIR only and with (c) spatial prior.

2 cm deep,
position 1

2 cm deep,
position 2

2 cm deep,
position 3

Axial position Target Reconstruction

Figure 4.15 Accuracy of localization for reconstruction in the longitudinal direction.
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4.6.2.2 Experimental Results of the Sagittal Transrectal DOT Applicator

Figure 4.16 gives the images reconstructed from experimental data for a highly
absorbing cylindrical occlusion positioned at the left side, middle, and right side.
The bottom of the cylinder is roughly 7 mm away from the probe surface, giving a
15-mm depth of the occlusion. The left column is reconstructed with NIR informa-
tion only, and the right column is reconstructed by knowing the location and
approximate size of the occlusion as the hard spatial prior. The images recon-
structed with priori information show the occlusion closer to true positions. The
image for the occlusion at the right end of the probe is quite interesting, where the
two-blob artifact shown for NIR-only image reconstruction is corrected when the
reconstruction is guided by prior information.

Color Plate 12 presents the images reconstructed from experimental data using
chicken breast tissue as the background medium and an inclusion. The inclusion is a
cylinder 15 mm in diameter and 15 mm in height made of black plastic material to
simulate an absorption target. The TRUS image obtained in Color Plate12(a) has a
field of view of 5 x 5 cm. Using the information of target location and approximate
size, dual-mesh NIR tomography reconstruction is performed with a sagittal field of
view of 8 X 6 cm, where the size of denser mesh for the target doubles the approxi-
mate size of the target shown on TRUS. The reconstructed sagittal NIR image is dis-
played at a field of view of 6 x 3 cm, and the active US transducer of 5 ¢cm long is
indicated underneath for comparison. The NIR image with TRUS guidance clearly
reconstructs the target identified by TRUS. In Color Plate 12(b), no inclusion is
embedded in the chicken breast medium; yet, the dual-mesh identical to that in

NIR array

30 mm

NIR only NIR with spatial a prior

Figure 4.16 Image reconstructed from experimental data without and with a priori location
information.
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Color Plate 12(a) is used. The reconstructed NIR image does not show a target in the
denser mesh region, which demonstrates that NIR measurement of the target amid
the background medium is reliable. In Color Plate 12(c), the target is shifted longitu-
dinally, and in Color Plate 12(d), the target is moved approximately 5§ mm deeper. In
both cases, the NIR image reconstruction gives satisfactory results.

Figure 4.17 presents a very interesting result. In the left column, the background
medium is chicken breast only; therefore, a homogenous mesh is used for NIR image
reconstruction since there is no spatial prior information for any target available
from TRUS. The reconstructed NIR image does not show a target. In the right col-
umn, a cube of chicken breast tissue was immerged in absorbing solution (diluted
ink) for 20 minutes and then embedded in the middle of the tissue at a depth of
approximately 1.5 cm. The TRUS image does not identify a target in the manipu-
lated region. NIR reconstruction is again performed by use of homogenous mesh,
assuming that no spatial prior from TRUS is available. The target shows up in NIR
image at the correct longitudinal position but shallower depth. The shallower depth
is caused by the reduced sensitivity along the depth as indicated previously when
only NIR information is used for reconstruction. This example demonstrates that
transrectal NIR is capable of detecting target that is nonsensitive to TRUS. The clini-
cal outcome of integrating transrectal NIR and TRUS is mainly directed at provid-
ing optical contrast for the lesions that are suspicious to US; nevertheless, this
example proved that transrectal NIR tomography could localize lesions to which US
is blind. This is potentially very important for biopsy guidance and diagnostics since

(@) (b)

Figure 4.17 Concurrent sagittal transrectal NIR/US images of chicken breast tissue: (a) chicken
breast tissue only, and (b) a cube of chicken breast immerged in diluted ink for approximately 20
minutes, then embedded in the medium. The absorptive surface of the tissue cube is insensitive to
US. NIR image reconstruction without prior information located the target.
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a malignant lesion that may be missed by TRUS can be identified by transrectal
NIR.

4.7 Potential Directions of Instrumentation for Diffuse Optical
Measurements

The advancement of biomedical-oriented optical imaging technology, including dif-
fuse optical techniques, is dependent largely upon the progress in photonics instru-
ments, including a variety of coherent, low-coherent, or incoherent light sources
and high-speed, high-sensitivity, high-dynamic range detectors. Meanwhile, the
special need of optical imaging application, such as optical coherence tomography,
has been a driving force behind some important advancement in photonic devices. It
is certain that novel applications and advancements in optical imaging and optical
instrumentation will foster each other over the foreseeable period.

The applicator array for external imaging in DOT has evolved from rigid single
modality to flexible modality [11], from rigid multimodality [62] to adaptive
multimodality [74]. Recently, the applicator array for internal imaging has evolved
from rigid single modality [100] to rigid multimodality for prostate imaging [102].
If there comes the demand of applying DOT techniques to internal organs other
than the prostate, flexible internal applicator array may be necessary for sin-
gle-modality or multimodality imaging.

So far, the varieties of sources used for diffuse optical imaging include
noncoherent source like tungsten light [51], coherent source like laser diode [62],
and low-coherent sources like superluminescenet diode and the mode-locked
Ti:sapphire laser [79]. The mode-locked pulsed-laser source is particularly interest-
ing for DOT. First, it may be used for time-domain measurement by taking advan-
tage of its short pulse operation. Second, it has been used in spread-spectral-
encoding-based DOT systems for its low coherence or wideband feature. Third, it
may also be used in frequency-domain measurement if the repetition timing can
serve as the modulation base frequency. Other light sources like swept laser have
found exciting applications in OCT [104], and it is anticipated that swept source
may find novel application in DOT if the wavelength band is appropriate.

Applying DOT to noninvasive imaging of internal organs presents unprece-
dented benefits and challenges. For external imaging of DOT, no matter whether
for breast, brain, or joints, there isn’t much limitation for placing the bulky source
and detector fibers, except for some multimodality imaging requirements. Internal
imaging in small spaces is, however, different. A small-diameter fiber, such as a sin-
gle-mode fiber, is sufficient for delivering tens of milliwatts of light power to the tis-
sue for a point-source illumination. For detection, however, although the
orientation of the fiber is not important, the dimension of the fiber detection aper-
ture is critical for collecting sufficient photons. If the small-diameter fiber needs to
be implemented, it is likely that the fiber tip will need microoptics to improve the
total detection power. Another option may be fabricating microphotosensors
directly to the applicator if the interference of electrical signals can be resolved.
Direct multimodality sensing on the applicator may also be performed if a
monolithic multimodality sensor/detector can be engineered.
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4.8 Conclusions

The diffuse optical technique is continuously evolving as a viable biomedical imag-
ing modality owing to its unique spectroscopic functional contrast. Near-infrared
light probes tissue absorption as well as scattering properties by means of diffuse
photon measurement. Although the spatial resolution of diffuse optical detection is
limited due to indefinite photon path when compared with other imaging modalities
such as MRI and CT, DOT provides access to a variety of physiological parameters
that are otherwise not accessible [9]. Other appealing features of DOT include
noninvasive or minimally invasive imaging; nonionizing radiation, eliminating the
concern of repeated dose; and compactness, relatively low cost, and appropriateness
for continuous use in office or at the bedside [9]. The exciting applications of DOT
in diagnostics over the past decades have been led by several key advancements in
instrumentation techniques that are briefly reviewed in this chapter. The emerging
interest in DOT for coupling with other diagnostic modalities as well as application
to different organ levels presents new challenges for DOT instrumentation
principles as well as device techniques.
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Abstract:

Thetrans-rectal implementation of NIR optical tomography makes it possible to assess functional status like hemoglobin
concentration and oxygen saturation in prostate non-invasively. Trans-rectal NIR tomography may provide tissue-
specific functional contrast that is potentially valuable for differentiation of cancerous lesions from normal tissues. Such
information will help to determine if a prostate biopsy is needed or can be excluded for an otherwise ambiguous lesion.
Therelatively low spatial resolution due to the diffuse light detection in trans-rectal NIR tomography, however, limits
the accuracy of localizing a suspicious tissue volume. Trans-rectal ultrasound (TRUS) isthe clinical standard for guiding
the positioning of biopsy needle owing to its resolution and convenience; nevertheless, TRUS lacks the pathognomic
specificity to guide biopsy to only the suspicious lesions. The combination of trans-rectal NIR tomography with TRUS
could potentially give better differentiation of cancerous tissue from normal background and to accurately localize the
cancer-suspicious contrast obtained from NIR tomography. This paper will demonstrate the design and initial evaluation
of atrans-rectal NIR tomography probe that can conveniently integrate with acommercial TRUS transducer. The trans-
rectal NIR tomography obtained from this probe is concurrent with TRUS at matching sagittal imaging plane. This
design provides the flexibility of simple correlation of trans-rectal NIR with TRUS, and using TRUS anatomic
information as spatial prior for NIR image reconstruction.

Keywords:
Near-infrared optical tomography, trans-rectal, prostate, trans-rectal ultrasound

1. Introduction

Near-infrared (NIR) optical tomography is shown particularly useful for functional imaging of biological tissues where
scattering of the photons dominates [1] and where NIR contrast based on intrinsic chromorphore content or exogenous
praobe can be linked to tissue physiology such as angiogenesis, oxygen deprivation or over-expression of specific
biomarkers. Despite the considerable promising outcome of NIR optical tomography in diagnosis of breast cancer [2],
understanding of cortex response [3], and characterization of rheumatologic dysfunction [4] where all the tissues under
imaging are interrogated externally by non-invasive method, thereis limited information regarding the practice of NIR
tomography in internal imaging regime. Interstitial measurement by use of diffuse or near-diffuse photons has been
employed for monitoring of photodynamic responses in organs such as prostate [5]. From the diagnostic perspective, the
most appealing feature of NIR tomography may be arguably its unique functional contrast that is obtained non-
invasively. It isthereby not surprising to see significant interest developed recently toward understanding the challenges
and benefits of non-invasive NIR optical tomography of internal organs, in particular imaging the prostate [6, 7].

Thetrandation of NIR optical tomography toward prostate imaging application may be prompted by the
inadequate diagnostic modalities for prostate cancer. Prostate cancer may not be aslethal as breast cancer, however, the
occurrence of prostate cancer among US men (1/6 life-time risk) is higher than that of breast cancer, making it the 2™
common cancer in US. The adoption of serum prostate specific antigen (PSA) test has significantly improved the
chances of finding prostate cancer development at early stages. However, PSA is not a specific marker of prostate
cancer, and PSA level asthe single decision criterion could miss as many as 30% of prostate cancers[8].

In addition to PSA test, physical examination by digital rectal palpation can identify solid tumorsin prostate;
however, digital rectal examination (DRE) is not sensitive to small tumors. The suspicion of prostate cancer indicated by
PSA, DRE, or its combination will prompt the use of prostate biopsy before evaluation of any treatment options. Prostate
biopsy is guided by trans-rectal ultrasound (TRUS) as aclinical standard; however, the utility of TRUS in imaging
prostate has been questionable except for directing the needle trajectory due to its lack of pathogonomic information of
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the tissue. Systematic random biopsy is thus conducted in prostate with 6-24 samples of prostate tissue removed for
pathology analysis[9].

Thereis evidence that prostate cancer development is associated with angiogenesis asin breast cancer [10], and
NIR imaging may provide non-invasive assessment of prostate cancer. However, unlike the breast cancer, prostate
cancer is thought to be more diffuse, even though the occurrence of it is mainly in the peripheral zone of the organ. Little
has known to the optical properties of intact prostate tissue due to lack of optical modality that can image the prostate
non-invasively. Capability of non-invasive prostate imaging by optical means will enable the study of prostate optical
properties, and augment current diagnostics if the optical properties of prostate cancer are found to have substantial
contrast with respect to those of normal prostate tissues.

Recently, afew simulative studies have been reported for trans-rectal NIR optical tomography of prostate,
either by single NIR imaging modality [11], or a combination with MRI [6] to obtain the a prior spatial information.
Experimental techniques for trans-rectal optical tomography at phantom or in vivo settings are also demonstrated [7].
NIR optical tomography is considerably stand-alone when used for imaging external organs owing to the ability of
continuously and accurately monitoring the position of applicator array. The multi-modality approach also adds the
morphological prior to substantially increase the reconstruction accuracy. The unique prostate anatomy of lying deep in
pelvic compartment makes it difficult if not impossible to monitor the location and orientation of the probe without a
real-time imaging of the relative anatomy of the prostate during optical interrogation. Thisdifficulty certainly
necessities the integration NIR optical tomography which isrdatively slow and lack of spatial resolution to integrate
with other fast and morphological imaging modalities. Integration of trans-rectal optical tomography with current
morphological imaging modality comes with afew options: TRUS, MRI or endorectal MRI, and CT. Optical imaging as
anon-invasive and potentially low-cost imaging modality will likely to play role for a broader population, which
indicates the choice toward combining with the most commonly used imaging modality in urology---TRUS.

In this paper, we report the approach of developing atrans-rectal NIR tomography probe and system that can
integrate with commercial TRUS. The trans-rectal NIR probe can add-on to TRUS probe, and the NIR tomography and
TRUS data can be obtained concurrently in precisely aligned sagittal plane. The instrumentation of this add-on TR-NIR
probe is confronted with some unprecedented fabrication challenges in NIR tomography. The fabrication approaches are
reported, and the simulative studies on reconstructing trans-rectal NIR tomography is introduced. Initial investigation of
using spatial a prior information for trans-rectal NIR reconstruction is aso presented.

2. Design of sagittal-imaging combined trans-rectal NIR/US probe

The combined trans-rectal NIR/US probe is constructed with a commercial bi-plane TRUS probe. The TRUS probe has a
5MHz transverse imaging transducer and a 7.5MHz sagittal imaging transducer. The trans-rectal NIR probe is designed
to take images in sagittal plane for coupling with sagittal TRUS. The choice of sagittal imaging NIR tomography is
supported by the fact that prostate biopsy is mostly taken in sagittal view and sagittal NIR may reach deeper targets as
there is more room to arrange NIR optodes in longitudinal direction. The TRUS probe has a circular cross-section
profile of 20mm in diameter; however, the straightforward design of a co-centric circular NIR probe that can slide-fit
with TRUS is abandoned. There are two issues preventing the use of this dide-fit design. Firstly a co-centric circular
NIR probe will likely to increase the combined NIR/US transducer over 25mm in diameter, a dimension not well
tolerable for insertion in clinical setting. Secondly the distal end of this TRUS probe which is transverse imaging
transducer has larger diameter than the sagittal imaging transducer as well as the connection part between handle and the
transducer, therefore the axial diding will leave NIR array and sagittal TRUS transducer in loose contact. We thus
incorporated a top-capping option to couple NIR array closely to the sagittal TRUS transducer.

As shown in Fig. 1, the sagittal NIR array attaches to the top of TRUS, which is better illustrated in side and
front views. The NIR probe consists of one source array and one detector array running parallel, each with 7 channels.
The source/detector channels are placed at 1cm separation, and the source array is placed 2cm from the detector array.
The array dimension of 60mmx20mm will be used to couple the 60mmx10mm sagittal TRUS transducer that is exposed
in the open window between NIR source and detector arrays. The minimum source-detector distance of 20mm in this
sagittal geometry validates the use of diffusion approximation to the radiative transfer equation for image reconstruction.
Since the detection depth of a NIR probe is roughly 1/3-1/2 of the probe dimension, the imaging depth is expected to
reach approximately 30mm from the probe surface. This depth may be sufficient for imaging of prostate peripheral zone
where most of prostate cancers are found.
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Fig. 1 Geometry of sagittal NIR optical tomography array for coupling to sagittal TRUS transducer

3. Simulative study for sagittal trans-rectal NIR optical tomography

3.1 Forward model
Prostate and peripheral tissues are shown to have scattering dormant in near-infrared spectral region [12]. Diffusion
theory is thus considered as an accurate description of photon propagation in prostate tissue. The minimum source-
detector distance of 20mm in this sagittal imaging geometry justifies the use of diffusion approximation to the radiative
transfer equation.

In the forward model, a frequency domain diffusion equation is used [13]:

—V.K(r)VCD(r,a))+(ya+i%)j®(r,a)):qo(r,a)) @))

where O(r, ) is the photon fluence rate at positionr, M, is the absorption coefficient, ¢ is the speed of light in tissue,

0o(r, ) isthe source term, and « is the diffusion coefficient defined as:
1

K=——"+-
3uta + 1)
where /4, is the reduced scattering coefficient.

Equation (1) is solved by finite-element method. The geometry of this sagittal NIR imaging probe attached to
TRUS s inherently a 3-D imaging problem because the image will be reconstructed in asingle plan intersecting the
source and detector arrays. A 3-D mesh is thus needed for the defined imaging volume of 80mmx 40mmx 60mm
(Iengthxwidthxdepth when seeing longitudinally). The finite element mesh of thisimaging volumeis generated in
COMSOL Multiphysics package (see Fig.2d). A total of approximately 9000 nodes and 50000 tetrahedron elements are
included in this FEM mesh. The mesh is then embedded to a diffuse optical tomography modeling package NIRFAST
(see Fig. 2b) developed in Dartmouth College [13].

@
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3.2 Sensitivity profile
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The Jacobian matrix derived from equation 1 contains four categories of elements: and ,
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wherel and @ are the intensity and phase of the surface measurement of the photon fluence, i is the source number, j is

ol
the detector number, n is the node number. The value of —— part is plotted in Fig.3 as a measure of diction sensitivity

Han
of the system. The plot is obtained by first adding terms with the same subscript n value as shown below:
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which reflects the total effects of the ¢, at each node on the photon density flux intensity at the detectors. The Jacobian

values for the nodes along a straight line (x=40mm, y=20mm for Fig. 3.2) are then calculated afterward with respect to
the z coordinates. The Jacobian plot in the middle plane of the imaging volume in Fig. 3.2 demonstrates that imaging
sensitivity rapidly degrades as the depth increases, indicating the tendency of reconstructing deep lesionsin shallower
location. The plot in Fig. (b) indicates the profile of higher sensitivity toward the middle region of the probe. It is thus
expected that the anatomic information obtained from TRUS may improve the lesion localization in both depth and
longitudinal directions.
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Fig. 3 Sensitivity analysis
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3.3 Image reconstruction

3.3.1 NIR image reconstruction

Image reconstruction routine based on NIRFAST is used for the inverse computation. The reconstruction is based on the
non-linear searching of the minimum sum-squared error equivalent to solving the equation:

S(lua' K) = z[ fsimulated (ﬂa”() - fr’neawred]2 =0 (4)

where f__ .o isthe experimental measurement and g, .eq IS the calculated forward data based on initial guess of

simulat
M and K.
Newton-Raphoson method is used to iteratively solve equation (4) by approximation of:
S(pty + Apty, K + A) = S(py, k) + I(py, 6) - (At Axc) 5)
where Az, and Ax are very small values as being used in finite difference method, J is the first order partial derivative

of the fy mea fUnction. Movethe S(u,, k) term to the left of the equation and differentiate both sides, the following
equation can be derived:

It €)' fsmarea (1 + Dt K+ AK) = Trngyea] = I (tha €)' I (1, 6) - (Mgt AK) — (6)
Sincethe solving of (x,, k) involvesthe calculation of theinverse of J(sz,,x)" J(x,, %) , which might induce
singularity, anormalization factor pl isadded to avoid singularity:

‘](/’la! K)T[ fsimulated (ﬂa + Aﬂa! K+ AK‘) - fneasured] = [‘JT‘] (/“la’ K) + pl ] ’ (Aﬂa! A’() (n
Therefore the updating value of (4, , k) can be calculated by:

(Attyy AK) = Ity ) 137 Ity 6) + P Fipianen (e + Al K+ AK) = Froyea]  (®)
In NIRFAST, the actual updating equation is as follows:

(;ua’K)new = (/ua’K)old - ‘]T(‘]‘]T + pl)_l[ fmeas.Jred - f((/ua’K)old )] )

3.3.2 NIRimage reconstruction with prior target information

Trans-rectal NIR tomography reconstruction is first achieved without any prior information. A 80mm > 40mm> 60mm
mesh similar to that inisFig. 2ais used, where a 5mm radius spherical inclusion located at (35,20,20) has similar mesh
density as the background but within with optical contrast. The background is set at

1, =0.002mm™, x! = 0.8mm ™ and the occlusion at z, = 0.025mm™, x! =1.0mm™. These parameters are used

throught out the rest of simulation in this paper.
Asisshown in Fig. 4 for atarget located 2cm in depth, the images reconstructed without any prior structural
information shift the occlusion toward the source-detector plane. Thisis expected from Fig.3.

(a) Simulated Lesion Position (b) Reconstructed Image
Fig. 4 Blind NIRFAST Reconstruction without a priori information
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When apriori structural information can be included, a denser element areawith 10mm radius (twice the size of
that of the simulated lesion) in the forward mesh is generated. In addition a Jacobian weighing method is used to
intentionally elevate the sensitivity in the suspicious region [14]. By dividing the imaging volume to 12 layers of depth,
the weight for each layer is determined by: W = {max[J (layer,)]/ max[J (layer,)]} ", and the Jacobian value of each layer
isupdated by : 5 =3 ,-W, iclayeri.Imagesof thisapproach are shown in Fig. 5 where the localization accuracy

i_new i

isimproved but it comes with ring-type artifacts.

(a) Simulated Lesion Position (b) Reconstructed Image
Fig. 5 Jacobian-weighted reconstruction with spatial a priori information

3.3.3  Direct validation of Jacobian weighing method

The Jacobian weighing method leading to Fig. 5 is performed by weighing only at the suspicious lesion area. The
validity of this approach is examined by a simple case as shown in Fig. 6. In thistest two inclusions are created at
(40,20,20) and (40,20,30), and a 5mm radius lesion with absorption contrast is added only to the deeper occlusion.
Although Jacobin weighting is performed to both occlusions, the reconstruction reveals only one occlusion with the
optical contrast at the preset location. The Jacobin-weighting method is thus considered robust and adequate.

(@ mesh (b) forward contrast (c) reconstruction
Fig. 6 A Simple case to validate Jacobian weighing method

4. Instrumentation for combined trans-rectal NIR/US imaging probe

4.1 Add-on NIR probe design and fabrication

The geometry of bi-plane TRUS probe with NIR array attached is shown in Fig. 7(a). The NIR array is fabricated out of
black polycarbonate material to suffice absorptive boundary condition. The array is connected to a handle by an
aluminum brace structure, and this NIR handle is clamped to TRUS handle by another bottom piece. Neither of the
connecting brace or the handle is shown in this picture. Theimaging view of TRUS which is the middle plane of the

transducer fallsin the center of the total volume of tissue interrogated by trans-rectal NIR array (the 3-D volume mesh
shown in the figure).
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(€Y (b)
Figure 7 (a) Concurrent trans-rectal NIR/US geometry (b) The NIR/US transducer with cable/fiber

Thistrans-rectal NIR probe consists of 14 channels of fibers, 7 for sources and 7 for detectors. The source array
at the probe surface is 20mm away from the detector array. In each array the 7 sources or the 7 detectors are separated
10mm with each other. The side firing arrangement requires the source/detector channels be directed laterally. The
detection of diffuse photons for large source-detector separation requires the use of large detection aperture, whereas the
compact space in the probe prohibits virtually any attempt of bending the fiber for lateral illumination.

Micro
®=1mm Mental fiber (®-600um) Prism
4, _________________________________ -_—
Source

coupling * Grin Lens Grin Lens |

Incident light
\

Single Channel Tissue
Optical Path

Output light

To ) Grin Lens |
spectrometer Mental fiber ($-600um)
Micro
Prism
@ (b)

Figure 8 (a) Photograph of the completed probe single showing the packaging of 7 fibers. (b) Single channel
optical path between source and detector.

The micro-optics-based 90 deg deflection approach that is commonly used in side-firing optical coherence
tomography endoscope design isimplemented in this trans-rectal NIR array fabrication. This configuration isillustrated
in Fig. 8, where the photon fluence from a side-firing source fiber is plotted and the returning path to detector is depicted.
The photograph is the completed probe with 7 fiber channels assembled in the small groove of the NIR probe at each
side. There are total of 49 source-detector pairs, and the optical path for each source-detector is shown in Fig. 8(b). The
source fiber and the detector fiber, both of 600 um metal-coated, are polished and attached to a 1mm right angle micro-
prism to deflect light 90 degree inside the probe. A 0.25pitch ®-1mm gradient-index (GRIN) lens having N.A. of 0.46 is
attached to the micro-prism for illumination and detection at the probe surface. The proximal end of the source fiber is
epoxyed to another GRIN lens to improve the coupling of the light power. It is found that the fiber (600um-core
diameter) with GRIN lens gives 5%~10% higher coupling efficiency than using the fiber only. The micro-prism has
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~80% deflection at 830nm for collimated beam. The overall coupling efficiency of the entire assembly including two
GRIN lenses, 3m fiber and one micro prism is approximately 50%, so each single channel from the proximal coupling
point to the detector will experience ~6dB attenuation of the signal in addition to the absorption and scattering loss.

4.2 Distribution of the source channel, SLD source spectrum and the coupled spectrum.

The spread-spectral -encoding technique based on a single broad-band light source isimplemented for simultaneous
sampling of all 7 source channels at all 7 detector locationswith asingle 16 bit CCD camera [15]. Under the condition of
a source with power uniformly distributed across a spectral band, the signal dynamic range will only be determined by
the medium optical properties and the distance between source-detector pairs. The CCD camera used in the system has
16 hit resolution corresponding to maximum of 48dB. This dynamic range may not be sufficient to handle alarge
imaging volume when shorter and longer source-detector distances are used. This is made worse since the source
spectrum is actually Gaussian shape, so the power distributed to different source channels will be different. To alleviate
thisissue, higher power of the source spectrum is coupled to sources at the side, and weaker power to the sourcesin the
middle. Thisisillustrated in Fig. 9. The source is a superluminescent diode having FWHM spectrum band of 14nm. It is
coupled to 7 source fibers at the sequence of 432 1 7 6 5 from shorter wavelength to longer one. Source channel 1 and 7
thereby couple more power than the other source channels. In the pervious coupling configuration, the spectrally-
decoded signals corresponding to all source-detector pairs forms a diagonally brightest pattern as shown in Fig. 10(a),
where the fibers of 1 to 8 couple the source spectrum from shorter to longer wavelength sequentially. The current signal
intensity patterns are shown in Fig. 10(b) where the sequences of the source coupling are marked on top. The intensity
pattern is then post-configured to retrieve the signal for corresponding source-detector channels before data calibration
and image reconstruction.

Incident Light
Light spectrum Source coupling
P
e— — N PR AR 0
e -em— —— D - 0]
i H——— ,\
T H!———_____ _____________ ;
= ——_.!.% — o IRk o
_F ———————————————— - < D—ﬁ'

Grating

Figure 9. Coupling of dispersed Gaussian beam to source fibers.

4.3 Cadlibration of signal based on semi-infinite boundary condition

A semi-infinite boundary condition [16] employed for this sagittal imaging NIR probe gives the following equation:
Ln(pzl):a-p+b (10)

where p is the distance between the each source-detector pair, | isthe intensity of the surface signal, @ and b are

coefficients determined by tissue optical properties and light modulation frequency. Figure 11 (&) shows the simulation

result of the relation between the distance and the intensity for semi-infinite modal, which fits the linear model quite
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well. The experiment data shown in figure 11 (b) only fit the line well in the distance shorter than 50mm, when the
distance between the source and detector goes up to 55mm or longer, the relation between those two parameters does not
follow the linear model anymore. Thisis potentially caused by either limited CCD dynamic range or lack of source
power for further source-detector pairs. There are 7 data sets for each source or detector; however, we use only the first
fifth data-sets to reconstruct the image. The non-uniformity of the data from source up to detector isfirst corrected by
fitting the data of homogenous medium to the linear pattern predicted by semi-infinite model, then the non-uniformity
correction matrix for all source-detector pairsis used to correct the data acquired from medium with occlusion. A typical
complete intensity profile after compensating chanel non-uniformity is shown in Fig. 12. The intensity compensated data
isthen fed to ‘NIRFAST’ package for image reconstruction. There is no phase information obtained by our CCD-based
system, therefore only the intensity part of the NIRFAST reconstruction is actually implemented by mapping the CW
data to a 100MHz modulation domain where the scattering properties are presumed to be known [17].

S1 82 S3 84 S5 S6 S7 S8 S4 S3 S2 S1 S7 86 85

(a) Previous sequential source coupling (b) Current non-sequential source coupling

Fig. 10 Patterns of the spectrally-decoded pattern

background data fit

1,5:; T
ES + datal 18F T T
2t linear || linear fit
+  data2 16l +  original background data ||
+ data3
-2.5F A
+ data4
+ data5 14
kI + data6 [
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data 7 121
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Figure 11. Data calibration using semi-infinite model (@) simulation shows that the signal intensity follows the
pattern in semi infinite model. (b) Using the linearity pattern of semi-infinite model to calibrate the
experimental data.
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Figure 12. Calibrated homogenous background signal

5. Initial resultsof sagittal NIR optical imaging with a prior information

5.1 Experimental setup
Fig. 13 shows our initial experimental setup. In the experiment, the probe is positioned on one side of the container that

has 45 deg angle to the tabe surface. The 1% Intralipid solution is used as background of having

1, =0.002mm™ and g, =1.0mm™. The occlusion is cylinder with 15mm in diameter and 15mm in height that
can move parallel or perpendicular to the probe surface by 45 deg mounted translation stages. The occlusion is made of
black plastic to simulate very high absorption contrast. The intralipid surface is high enough above the probe to for
removing the boundary effect of upper surface.

Introlipid surface

Introlipid
container

Fig. 13 Experimental setup for combined TR-NIR/US imaging of occlusion in homogenous medium

5.2 NIR image reconstruction from experimental data.

Figure 14 shows the images reconstructed from experimental data for the occlusion positioned at left side (closest to
source/detector 1), middle, and right side (closest to source/detector 7). The bottom of the cylinder is roughly 7mm away
from the probe surface, giving a 15mm depth of the occlusion. The left column is reconstructed with NIR information
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only, and the right column is reconstructed by knowing the location and approximate size of the occlusion, as described
in Section 3.3. The information of occlusion location and size is assumed to be known from TRUS. TRUS images were
actually unavailable when the images were taken due to an outstanding system configuration problem. In Figure 14, the
images reconstructed with a prior information has the occlusion displayed at the correct depth as expected. The image for
the occlusion in the right end of the probe is quite interesting, where the two-blob artifact shown for only NIR
reconstruction is removed when the reconstruction is guided by a prior information.

@ (b)
(©) (d)
G ()

Figure 14. Image reconstructed from experimental data without and with a prior location information
The 1-D profiles of the occlusion are further depicted in Fig. 15 for the reconstruction without and with location

information. Figure 15 (a) isthe longitudinal profile across the occlusion when it isin the middle of the probe. Thereis
no significant change of longitudinal location as expected. Figure 15 (b) is the depth-resolved profile across the
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occlusion when it isin the middle of the probe. It is clearly shown that the center of the blob islocalized deeper into the
medium with a prior information, however, it does not reach the actual 15mm location.

1 ‘ T T T T T T T 1

N\

Without pre-location-information ! \ 4
\

— With pre-loacation-information

Without pre-location-information | |
With pre-loacation-information

091

08f 0.8}
0.7
0.7
0.6
0.6
0.5}
0.5
0.4
0.4
0.3
0.2l 0.3
0.1} 0.2
0 . . . . . . . 0.1 . . . . .
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30
X-dimension distance (mm) Y-dimension distance (mm)

Figure 15. 1-D profiles across the occlusion located in the middle of the probe at 10mm depth. (&) longitudinal
dimension, (b) along the depth from the probe surface

Figure 16. 3-D synthetic prostate model under devel opment to account for prostate anatomy

6. Discussions and futureworks

Wheat is presented in this paper is very preliminary results of simulation and experiments based on a sagittal-imaging
trans-rectal NIR probe and system. The prostate anatomy is much more complicated than Fig. 2. An immediate task will
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be to construct a synthetic prostate model that accounts for the anatomy of prostate and takes the rectal wall thickness
into consideration. A 3-D prostate model is under development as shown in Fig. 15. This mesh isfirst generated in 3Ds
MAX (Tria Version) for the surface profile, then converted to 3D solid volume with AUTOCAD 2008, and finally
imported into COMSOL Multi-physics. Works are going on to make this mesh compatible for our existing
reconstruction methods. Such amodel will be used to quantitatively investigate the imaging performance of the
developed system, primarily the contrast resolution and depth resolution, as well as validating if the source-detector
channels are sufficient to reconstruct reasonably accurate optical properties for a frequency-domain setup.

Adding a prior location information in simulation does give correct reconstruction of the occlusion target,
however, the experiments so far are not successful as much asin simulation. We anticipate that thisis mainly related to
the calibration of the experimental data acquired from the CCD camera. Future investigations will be conducted to
optimize the data libration method.

In thiswork, the a prior structural information incorporated so far is actually by assumption, not from actual US
image. Taking the structural information from TRUS image will be underway by investigating the segmentation
technique needed to robustly extract the needed structural information not limited to location, dimension, and number of
suspicious occlusions. Extensive simulative studies are required to understand the optimum way of using TRUS a prior
information in NIR tomography. It is expected that NIR tomography of prostate may deal with multiple occlusions due
to the potentially diffuse distribution of prostate cancer. NIR tomography of prostate may therefore become more
complicated than NIR imaging of breast, not only because of the unique anatomy, bit also due to the different cancer
problem.
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ABSTRACT

A dual-band trans-rectal optical tomography system is constructed based on an endo-rectal near-infrared/ultrasound
applicator that has been developed previously in our laboratory. The endo-rectal NIR/US applicator consists of a
commercia bi-plane ultrasound and a NIR probe attached to the sagittal ultrasound transducer. The NIR probe consists
of 7 illumination & 7 detection channels that are distributed in parallel to and aside the sagittal TRUS transducer. The
emissions from a 780nm and an 830nm light sources are combined and delivered sequentialy to the 7 NIR source
channels of the endo-rectal NIR/US probe. The 7 NIR detection channels are coupled to a spectrometer for separation of
the signals at two wavelengths illuminated from single source channel. The dual-band signals from all source channels
are acquired sequentially by a CCD camera synchronized with the source switching. The acquisition of dual-band trans-
rectal optical tomography data is accompanied by position-correlated concurrent trans-rectal ultrasound imaging. The
reconstruction of a target at dual-wavelength illumination is guided by a priori spatial information provided by the
sagittal trans-rectal ultrasound. Liquid phantoms with different hemoglobin concentration and oxygen saturation are used
to test the feasibility of dual-band trans-rectal optical tomography.

Keywords: Near-infrared tomography, oxygen saturation, trans-rectal ultrasound

1. INTRODUCTION

The utility of non-invasive imaging of the tissue oxygenation by multi-band near-infrared (NIR) light has been
recognized for decades. The distinctly different spectra of hemoglobin absorption of the NIR light when being
oxygenated and deoxygenated have enabled finding lesions of angiogenesis or altered oxygenation indicating malignant
changes [1-2]. Studies on prostate cancer have found a correlation between the cancer and increased micro-vessel
density [3]. Changes of the local oxygen saturation were also observed during the prostate photodynamic therapy under
interstitial NIR measurement [4]. Tissue oxygenation status is also an important prognostic indicator for androgen-
deprivation therapy of newly diagnosed metastatic prostate cancer [5]. There is increasing evidence that the ability of
quantifying the hemoglobin concentration and oxygen saturation in prostate is important for the diagnosis, prognosis,
and treatment monitoring.

Encouraged by the applications of multi-band NIR light in breast cancer imaging [6-7], researchers recently
start to develop NIR tomography techniques for trans-rectal imaging of the prostate [8-10]. In this work we report the
progress on the instrumentation of dual-band trans-rectal NIR imaging. The dual-band trans-rectal NIR tomography is to
be combined with trans-rectal ultrasound (TRUS) to take advantage of real-time positioning information and further the
anatomic information of US to guide the NIR image reconstruction.

2. METHODSAND MATERIALS

A total of three endo-rectal imaging NIR applicators have been historically developed in our laboratory to investigate
dual-band trans-rectal NIR tomography that may be coupled with TRUS. The first one was an axial-imaging probe of
13mm in diameter [11]. The second one was an axial-imaging probe of 20mm in diameter [8] which is comparable in
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size to the trans-rectal ultrasound transducer. The third probe was for sagittal imaging and could couple directly to a
sagittal TRUS transducer for concurrent NIR/US imaging [10].

2.1 The 13mm-diamter axial-imaging endo-rectal NIR probe

Figure 1 illustrates the 13mm-diamter axial imaging NIR tomography probe. It consists of 16 optical channels including
8 for sources and 8 for detectors. Those source and detector channels were interlaced evenly on the circle. The diameter
of each optical fiber is 600um. A 10mm-diameter cone lens was used for deflecting the light circumferentially for axial-
imaging. The fibers and cone-lens were mounted together in a 13mm diameter black sleeve and sealed with transparent
optical epoxy. A total of 16 sealed transparent apertures were made at the axial-plane of the probe for the light-path.

Figure 1. Geometry of the 13mm axial-imaging NIR tomography probe

Figure 2. Spread-spectral-encoding based dual-wavelength NIR imaging system

For this probe the dual-wavelength NIR imaging was configured in spread-spectral-encoding mode. Shown in
Fig. 2, two broadband (~14nm bandwidth) superluminescent diode (SLD) light sources (780nm and 830nm) pigtailed to
single mode fibers were used in the system. Each SLD delivers 14mW of power. The SLD outputs were collimated at
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different angles to a 1200 groves'mm grating and the dispersed beams of both bands overlap. The dual-wavelength
dispersed beam was collimated by a planar-convex lens with afocal length of 300mm, and then coupled onto 8 linearly
aligned source fibers. Each source channel coupled ~1.5nm bandwidth out of each SLD bands for illumination to the
medium, and the dual-band light was collected by detection fibers coupled to a spectrometer where the dual-band signals
were differentiated by a 300 grooves/mm grating to two groups, each containing a complete set of measurements for al
source and detector channels for each wavelength band. The complete set of the dual-band data, shown in Fig. 3 which
was acquired by a 16-bit CCD camera, was calibrated based on photon diffusion equation and underwent image-
reconstruction using the NIRFAST algorithm developed by Dartmouth NIR imaging group. The use of photon-dissuion
equation for this 13mm probe may not be accurate owing to the smaller size of the probe with respect to the mean
scattering distance; however, the reconstructed dual-band images of the hemoglobin and oxygenation were qualitatively
correct as aresult of likely canceling out of the inaccuracy from both bands.

Figure 3. CCD image and raw data of 13mm-probe
2.2 The 20mm axial-imaging endo-rectal NIR probe

Figure 4 illustrates the configuration of the 20mm axial-imaging endo-rectal NIR probe. Similar to the previous 13mm-
imaging probe, there are 8 source and 8 detector optical channels spaced circularly. Each optical channd was
constructed with a 1.0mm core diameter fiber and aligned to a 45° rod lens of 2mm diameter to deflect the beam
transversely for side-firing. A 2mm drum lens was attached for illumination and beam focusing. The length of the probe
is 7" which was comparable to a standard TRUS probe.

Figure 4. Diagram of 20mm endoscope NIR tomography transverse imaging probe

This 20mm diameter probe was connected to a time-multiplexing light delivery setup for dual-band NIR
tomography as shown in Fig. 5. The ~100mW outputs from two laser diodes (LDs) at 785nm and 850nm were coupled
by a bifurcated fiber to a fiber switch that was home-made using a linear motorized trandation stage (Zaber
Technologies). The switching of the light upon 8 source channels was synchronized with the CCD acquisition of the
corresponding signals received by all detectors.
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Figure 5. Dual wavelength NIR tomography system for 20mm-probe

Each complete set of the data consists of 8 frames corresponding to each source channel being turned on by the
fiber switch. Fig. 6 is the one frame data when the source 3 is switched on. Because of the longer distance between the
source and detector, the total 64 data sets follow a better linear fitting curve than the previous data sets for the 13mm
probe in Fig. 3. The use of fiber switching also minimized the cross-talk among the adjacent source channels. The
weakest signal however may submerge in the background noise owing to the limited dynamic range of the CCD.

Figure 6. CCD image and raw data of 20mm probe
2.3 Combined trans-rectal NIR and ultrasound imaging probe

A sagittal trans-rectal NIR imaging probe was developed for coupling with the TRUS and to improve the imaging depth
as in sagittal view the optodes can occupy larger array for deeper interrogation. The integrated sagittal-imaging trans-
rectal NIR/US applicator consists of a custom-built NIR probe and a commercial sagittal TRUS transducer operating at
7.5MHz, as shown in Fig. 7. The sagittal TRUS transducer occupies a space of 60mmx10mm. The NIR applicator was
fabricated from a black polycarbonate material and built to a cap-shape to attach to the TRUS probe. A dot of
60mmx10mm was opened up in the NIR applicator to expose the sagittal TRUS transducer.
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Figure 7. Combined trans-rectal NIR/US imaging probe geometry (unit: mm)

The source array and the detector array, separated 20mm laterally, each has 7 channels spaced at 10mm. A
metal-coated 600um-core diameter fiber (Oxford Electronics) was chosen for each optical channel. As shown in Fig. 7,
each source channel includes 2 gradient-index (GRIN) lenses and 1 prism attached to the fiber while each detector
channel has 1 GRIN lens and 1 prism attached to the fiber. The GRIN lens (Newport Corporation) has a pitch of 0.25, a
diameter of 1mm, alength of 2.61mm, and a numerical aperture of 0.46. The prism is a coated 1mm right angle micro-
prism (Tower Optics). Each fiber was polished and epoxied to a prism and a GRIN lens was attached to the other side of
the micro-prism for illumination and detection at the probe surface. Each source channel has one GRIN lens attached to
the proximal end of the fiber for coupling the emission from the light source.

Figure 8. Dual wavelength system setup for combined trans-rectal NIR/US probe
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The combined NIR/US system for dual-band trans-rectal mode imaging is shown schematically in Fig. 8. The
US scanner was an Aloka SSD-900V portable machine. The US images were transferred to the main computer of the
combined imager by a PCl image acquisition card (National Instruments PCI-1405). The source switching is by the
time-multiplexing setup described in Fig. 5. This system takes 7 frames to acquire a complete set of data. One example
of the single-frame image for the fiber switch being turned to source channel 4 is depicted in Fig. 9. The signals have
less dynamic range than do in Fig. 6 because of the configurations of the optodes.

Figure 9. CCD image and raw data for trans-rectal NIR/US imaging probe
2.4 Setup for measurements of hemoglobin concentration and oxygen saturation.

A setup shown in Fig. 10 was built for measuring the blood hemoglobin concentration and oxygen saturation. Oxygen
and Nitrogen gases were introduced to the fresh sheep blood (300mL) in atank to administer the level of blood oxygen
saturation (StO,) which was monitored by an oxi-meter. A pump delivered the blood from the tank to a cylindrical
container placed 2.5mm away from the endo-rectal NIR probe. Test started from the lowest StO, level in the blood and
stopped when it became saturated.

Figure 10. Diagram of blood circulation system for measurements of StO,
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3. PRELIMINARY RESTULS
3.1 Dual-band absor ption measur ements by the 13mm axial-imaging endo-rectal NIR probe.

Calibration of the system at both wavelengths was carried out using homogenous medium with different concentrations
of diluted India ink (concentration 0.005%~0.5%). A container was made into cylinder shape (10mm inner diameter)
from a solid phantom (0.0056mm™ of absorption and 1.03mm™ of reduced scattering). The container was fixed close to
the probe (2.5mm away from container surface to probe surface) in a 1% intralipid background (0.0023mm™ in
absorption and 1.0mm™ in reduced scattering). Another 2ml 1% intralipid was poured into the cylindrical container. The
container wall was thinner than 1mm. The total volume of this cylindrical container was 3ml. The change of the
absorption of adding one drop (0.02ml) of the diluted ink (0.5%) into the intralipid medium was previously calibrated by
use of transmission measurements and Beer’s law. One frame data was taken after adding each drop of ink up to 10
drops. The reconstructed absorption of the diluted ink in the container was shown in Fig. 11 where a linear relationship
is found comparing with the true values.

Figure 11. True absorption coefficient and reconstructed absorption coefficient of diluted ink
3.2 Dual-band measurements of blood oxygenation by the 13mm axial-imaging endo-rectal NIR probe.

By using the imaging system configured in Fig. 10 and the calibration results in Fig. 11, the reconstructed absorption
coefficients of the sheep blood when the oxygen saturation level changed were illustrated in Fig. 12. Due to the
fluctuation of oxygen and nitrogen flowing in the blood and some other aspects including temperature control, leakage
of gas from the blood tank, the blood could not be fully oxygenated. However, the tendencies of decreasing and
increasing absorption values with respect to the increasing oxygenation at the two wavel ength bands were correct.

Figure 12. Variation of the hemoglobin absorption coefficient along with the StO, changes
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The reconstructed total hemoglobin concentration of the sheep blood circulated to the cylinder container aside
the 13mm probe isillustrated in Fig. 13. Constant level of the total hemoglobin concentration was correctly imaged. The
reconstructed oxygen saturation of the sheep blood circulated to the cylinder container is illustrated in Fig. 14. The
images show correct trend of increased StO; levels.

Figure 13. Reconstructed map (left) and the level (right) of the total hemoglobin concentration vs. oxygenation change.

Figure 14. Reconstructed map (left) and the level (right) of the oxygen saturation vs. the true oxygenation change

3.3 Dual-band absor ption measur ements by the 20mm axial—imaging endo-rectal NIR probe.

In the previous measurement by use of the 13mm probe, the 2.5mm separation of the target from the probe surface was
too small to be differentiated by the NIR tomography. Thisis not only related to the relatively low resolution of the NIR
tomography, but also to the non-uniform sensitivity of the axial imaging probe along the radial depth [12] as well as the
use of photon-diffusion equation without accounting for the circular curvature. Further test on the 20mm axial-imaging
probe confirmed that the depth of a target is severely compromised at this axial-imaging geometry without proper
analytic treatment of the boundary curvature, asindicated in Fig. 15. A solid cylinder shape phantom (10mm in diameter
and 16mm in length) was put into a homogeneous background of 1% solution intralipid. The phantom was put 10mm
away (center) from the 20mm probe surface. The solid phantom has the optical properties of =0.0064mm’%, 7

=0.91mm™. The high absorption regions reconstructed at two wavelengths are consistent, but at a position close to the
probe surface. Improving the depth localization of the axial-imaging NIR tomography may be rendered by incorporating
spatia information of the target. Yet, the curvature of the axial-imaging geometry may limit the depth of target being
detected.
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Figure 15. Stand-alone optical reconstruction of transverse images
3.4 Dual-band absor ption measurements by the sagittal-imaging concurrent NIR/US probe.
The dual-band measurements of absorption based on the sagittal-imaging NIR probe are shown in Fig. 16. A solid
phantom target ( 2, =0.0056mm%, U =1.03mm™) was put in the middle-sagittal plane of the probe at a depth of 10mm

and 15mm, respectively, in a homogeneous background (1% solution intralipid). Both targets appear at the same depth
of 10mm by NIR only reconstruction. This target depth corresponds to the maximum depth sensitivity of the probe. The
absorption value of the target is also underestimated. Figure 17 shows the dual-band reconstruction after incorporating
the spatial information of the target available from the TRUS. The target spatial information is used to develop a mesh
representing a target at the correct location and the background. The prior-guided NIR reconstruction at both bands
gives more accurate recovery of the absorption coefficient of the target.

Figure 16. Stand-alone optical reconstruction for sagittal images

Figure 17. Sagittal images of combined trans-rectal NIR/US probe in different depth
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4. SUMMARY

We described the development of three NIR imaging probes intended for dual-band endo-rectal imaging of the prostate
and ultimately coupling with TRUS for ultrasound-guided NIR image reconstruction. We have demonstrated that
oxygenation changes of blood can be quantified by the axial-imaging probe being developed. Work is ongoing to
validate the dual-band imaging of the oxygenation in blood samples and with the sagittal-imaging NIR probe, as well as
conduct n vivo testing with cancer models devel oped in canine prostate.
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ABSTRACT

An approach of hierarchically implementing the spatial prior information in trans-rectal optica
tomography is introduced. Trans-rectal optical imaging of the prostate deals with photon propagation
through the rectum wall, the peri-prostate tissue and the prostate. Reconstructing a lesion in the prostate
is challenging due to the structural complexity as well as the optical heterogeneity. Incorporating spatial
“hard” a priori information available from complementary imaging modalities such as trans-rectal
ultrasound could in principle improve the accuracy of trans-rectal optical tomography reconstruction.
However, the reconstruction is potentially subject to the local-minimum sensitivity if the values of all
regiona optical properties are to be initialized simultaneously. We propose a hierarchical spatia prior
approach for trans-rectal optical tomography reconstruction. Instead of assigning the initial values to all
sub-regions at once, a region is initially assumed homogenous, and the reconstructed optical properties
are used as the initial guess for the region as a background when a sub-region is included in the next step.
This approach trandates to a 3-step iteration routine whereby the first step reconstructs the entire imaging
volume as a single region, the second step uses these results as the initial guess of peri-prostate tissue to
reconstruct the prostate and the rectum wall, and the third step assigns the updated results as the initial
values of 3 existing regions to reconstruct a lesion inside the prostate. This approach, validated by
simulation and applied to experimental measurements, is more reliable in global convergence, robust in
imaging of single or multiple targets, and accurate for the recovering of optical properties.

Keywords: Prostate, optical tomography, trans-rectal, image reconstruction, near-infrared.

1. INTRODUCTION

Among the men in USA, prostate cancer is the most common cancer that is only second to skin cancer'™. Prostate
cancer screening is performed by measurement of serum prostate-specific antigen (PSA), digital rectal examination
(DRE), and a combination of these tests?. When the suspicion of prostate cancer is raised by abnormal PSA and/or
DRE, the diagnosis is made by biopsy, most often performed under trans-rectal ultrasound (TRUS) guidance, to
confirm the neoplastic lesions and to determine their clinical significance for treatment planning?®?. It is known that
most times prostate cancer presents as being multi-focal!® ®, thereby tissue sampling at multiple sites within the
prostate gland is necessary.

The most common appearance for prostate cancer on TRUS is a hypoechoic lesion in the periphera zone.
With PSA based screening enabling earlier cancer detection, fewer overt abnormal sonographic findings are being
detected at the time of TRUS guided biopsy!”. The sonographic finding of the classic hypoechoic peripheral zone
lesion has a sensitivity of cancer detection of 85.5%, specificity of 28.4%, positive predictive value of 29%, negative
predictive value of 85.2% and overall accuracy of 43%. The prevalence of isoechoic or nearly invisible prostate
cancers on TRUS ranges from 25 to 42%. To date, no biologic differences have been noted between isoechoic and
hypoechoic prostate cancers®?. The notably high rates of iso-echoic cancers on TRUS imaging leads to increasing
the number of biopsy cores to improve the probability of detecting the prostate cancer. However, the current prostate
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biopsy strategy of “systematic sampling” results in large number of negative diagnosis performed for initial biopsy
evaluations.

TRUS is widely received as a standard imaging modality in performing the prostate biopsy owing to its
real-time utility, patient-and-physician friendly features as well as cost-effectiveness. The prostate anatomy and
needle track are visualized accurately with TRUS enabling accurate localization of the tissue sites being sampled.
TRUS will maintain as the primary imaging guidance for prostate biopsy in the future, thereby the quest of reducing
the numbers of unnecessary biopsies demands the specificity of TRUS be improved. Doppler ultrasonography,
contrast-enhanced gray-scale ultrasonography, 2™-harmonic imaging, etc. are among the approaches being
investigated to improve the outcome of TRUS imaging™™®. A more effective approach of improving the outcome of
TRUS prostate imaging is, perhaps, to augment the TRUS with a complimentary modality being more specific to the
tumor malignancy.

It has been recognized during the past decades that near-infrared (NIR) tomography, being non-ionizing
and non-or-minimally-invasive similar to TRUS, has the potential of providing a functional or “surrogate” markers
of prostate tumors. Near-infrared measurements of attenuation through tissue have demonstrated significant contrast
gradients between blood and parenchymal tissue that is otherwise difficult to obtain™?®. The alteration of
vascularity or the hemoglobin content in the tumor provides, often very high, intrinsic optical contrast between the
tumor and benign tissues which has been well demonstrated in breast cancer imaging. When multi-spectral detection
is engaged, NIR imaging is also capable of directly quantifying the chromorphore concentrations important for
determining the local tissue malignancy!**®. In prostate, studies have shown vascular density gradient in malignant
versus benign tissue specimens”, and different water concentrations in cancerous and benign tissues in vitrot*®
Invasive NIR measurements of prostate have been conducted for experimental prostate tumors’® and human
prostate® . Surface measurements of implanted prostate tumor have also been reported®® 2. All these studies
demonstrate the potential of using NIR to detect and characterize prostate cancer. NIR diffuse optical measurement,
performed interstitially, is also becoming an important tool for monitoring of the photodynamic therapy in prostate
[20.21. 241 ' prostate NIR imaging via trans-urethral probing had been analyzed and tested®!. Recently, trans-rectal
prostate NIR imaging has been investigated in simulation in the context of assisting MRI for treatment decision?®.,
NIR optical tomography, when carried out trans-rectally and performed concurrently with TRUS, will improve the
specificity of TRUS imaging.

The implementation of trans-rectal NIR tomography for imaging the prostate, similar to other NIR
tomography applications, will be benefited by knowing the structural properties of tissue volume being imaged. The
tissue volume interrogated by trans-rectal NIR imaging constitutes a nested-domain including a thin layer of rectum
wall, alarge volume of peri-prostate tissue, arelatively absorbing prostate, and the lesion within the prostate. These
nested imaging domains may be further complicated by the pelvic bone, the bladder if not completely voided and
other peri-prostatic anatomic structures, that could interfere with the light propagation in the prostate. Previous
investigations have discussed the issue of recovering the shapes and optical properties of regions with optical
contrast inside non-nested or nested domains? 3!, where the shapes of the regions-of-interest (ROISs) were derived
from optical information when no spatial prior is available from other complementary imaging modalities. These
methods have shown sufficient robustness in recovering the shapes and optical properties of the ROIs, yet the
problem of stability and/or slow convergence was noticed in such approaches dealing with nested-domains. In trans-
rectal NIR tomography reconstruction the spatial information from TRUS may be implemented by assigning
homogenous optical properties within each ROIs of the imaging domain. However, the convergence and the
accuracy of reconstruction for trans-rectal NIR tomography of the prostate will likely be more dependent upon the
initial guess, given sufficient accuracy of the spatial prior information, due to the possible multiple combinations of
optical properties in the nested-structures. The image reconstruction in trans-rectal optical tomography is further
complicated by the non-consensus regarding the optical contrast that the prostate tumor has with respect to the
benign prostate tissue. All these features, as shown in this paper, will complicate and thereby reduce the accuracy of
the reconstruction in trans-rectal NIR tomography even with the structural information from TRUS.

In this work, we propose a hierarchical reconstruction scheme that may be more robust and accurate for
structural prior guided NIR tomography reconstruction of the prostate. This hierarchical method improves both the
stability of the convergence and the convergence to the global minimum for the iterative inverse solver. The
improvement and robustness of the hierarchical reconstruction approach are demonstrated via simulations and
experimental investigations.
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2. SSIMULATION CONFIGURATIONS

2.1 Geometry of TRUS coupled trans-rectal NIR imaging of the prostate

We have designed and developed a trans-rectal NIR probe that is directly coupled to a bi-plane TRUS probe (Aloka
UST-672-5/7.5). Having more NIR channels in the trans-rectal probe would certainly render more advantageous
imaging features, however, the probe dimension and fabrication challenges posed limitation to integrate only 7
source and 7 detector channels to the NIR applicator. The NIR optodes are set laterally aside the sagittal TRUS
transducer spanning 60mmx10mm. On each lateral side of the TRUS transducer, the 7 sources or detectors are
spaced at 10mm thereby covering atotal length of 60mm. The source array and detector array are laterally spaced at
20mm. The geometry of the trans-rectal NIR probe and TRUS transducer with respect to the prostate imaging
domain is schematically shown in Fig. 1.

@ (b)

Fig. 1 lllustration of the TRUS coupled trans-rectal NIR imaging of the prostate: (a) sagittal view, (b)
transverse view. The middle plane of the sagittal TRUS is marked with ared dash line. The red circles denote
NIR sources and the blue crosses denote the NIR detectors.

2.2 Model-based trans-rectal optical tomography reconstruction

The prostate and peripheral tissues™®?! are scattering-dominant that justifies describing the light propagation in
them by use of the diffusion approximation to the radiative transport equation. We use the frequency-domain photon
diffusion equation'?:

~V-DOVU(,0) + (1, + - (F,) = 6o(F ) M
where U (7', w) is the photon density at position T , q,(F,®) is the source term, @ is the source modulation

frequency, C isthe speed of light in medium, ¢, is the absorption coefficient, and p = [3(#a +u‘s)]’1 isthe diffusion
coefficient with ,,_ being the reduced or transport scattering coefficient.

Equ. (1) is solved under the Type-Ill boundary condition® by use of finite-element method™? The
imaging volume to be reconstructed in trans-rectal optical tomography can be divided approximately to, as
previously described, 4 domains or ROIs: the rectum wall, the peri-prostate tissue, the prostate, and the prostate
tumor. When concurrent TRUS image is available, the thickness of the rectum wall, the size/shape of the prostate,
and the approximate spatial extent of the prostate lesion can be defined to guide trans-rectal optical tomography
reconstruction. We utilize the TRUS structural information by the “hard” a priori method™*®. The “hard” a priori
method treats each ROI as homogenous, thereby in our reconstruction 8 parameters are to be recovered as 4, and

., of the four ROIs. The Jacobian values are calculated for each ROI instead of for each node in every ROI and has
the form of:
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@

where I;; (i, =12,...,7) and ¢, (i, ] =1,2,...,7) are the intensity and phase terms of U (', @) , respectively. In
(2), k=1, 2, 3, 4 denote “rectum wall”, “peri-prostate tissue”, “prostate”, and “prostate lesion”, which are the four

ROIs, respectively. The optical properties are iteratively recovered by use of the well-known Levenberg-Marquart
(LM) algorithm wherein the ROI-specific values of ;,, and D are updated according to

X = %+ [IT(%)I(x) + ATIT(X)AV(X,) (©)
where x is the array of parameters to be optimized, J is the Jacobian matrix defined by Equ. (2), Av isthe forward

projection error, A is a penalty or regularization term. In the iteration a small damping factor & in the range of (0,
1) is used to stabilize the convergence®”.

2.3 TRUS prior assisted finite-element mesh for trans-rectal NIR tomography reconstruction

Utilizing TRUS structural information to guide trans-rectal NIR tomography reconstruction could be performed by
using the location and size of a suspected lesion to directly generate a mesh that contains two ROIs to represent the
lesion with a dense mesh and the background tissue with a coarse meshl® 3%, For trans-rectal prostate imaging a
mesh is needed to represent regions including the rectum wall, the peri-prostate tissue, the prostate, and the tumor
within the prostate.

The TRUS image (available in open source) was imported into a software 3dssMAX [Autodesk Inc] for
primary 3-D model generation. The finalized 3-D mesh of the prostate is converted to COMSOL Multiphysics
[COMSOL AB] compatible format with MeshToSolid [Syncode Inc]. The absorption and reduced scattering
coefficients of rectum, peri-prostate tissue, and prostate are assumed homogenous in each individua ROl and
assigned based onl®®. A spherical shape is adopted for the prostate tumor. Figure 2 illustrates one completed NIR
FEM-mesh. The prostate in Fig. 2 has a walnut shape of ~50x40x30 mm? in the maximum extensions. The rectum
wall has athickness of 4mm and a curvature radius of 80 mm. The completed mesh similar to that shown in Fig. 2
contains approximately 4000 nodes and 20000 elements.

The source-modulation frequency @ in Equ. (1) is set at 100MHz, and 1% Gaussian noise is added to all
forward calculations to form the measurement data. In al the figures presented thereafter, the unit of the length is
millimeter, X is the longitudina coordinate in the range of [0, 80], y is the lateral coordinate in the range of [0,

80], and Z isthe depth coordinate in the range of [0, 80].

(a) Perspective view (b)Axial view (b)Sagittal view (c) Coronal view
Fig. 2 FEM mesh of the NIR imaging volume generated based on TRUS image

3. AHIERARCHICAL SPATIAL PRIOR APPROACH FOR
NIR TOMOGRAPHY RECONSTRUCTION
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3.1 Transrectal NIR imaging reconstruction without a priori infor mation

The performance of recovering a tumor target by transrectal NIR tomography without structural prior is first
examined. With the accurate forward measurement being calculated by the TRUS-defined geometry as shown in Fig.
2, the iterative image reconstruction is conducted using mesh of homogenous element density throughout the entire
volume. The optical properties of a 10mm diameter tumor target is assigned as 4, =0.02mm™ and y_=1.6mm™,

with the parameters of other regions the same as those in Fig. 2 and listed in Table 1 coming later in the text. The
reconstruction results are given in Fig. 3 for the tumor target being placed at left, middle, and right locations inside
the prostate. The (@) isfor ,, and (b) isfor 4 respectively. The 1-dimensional profile across the tumor and parallel

to the probe surface indicates the quantitative comparison between the set and reconstructed values. It is observed
that the existence of a heterogeneous structure in the prostate region is rendered, but the spatial characterization of
the heterogeneity is poor. Further, a tumor with negative absorption contrast is difficult to be recovered when the
spatial prior isnot implemented.

@ (b)
Fig. 3 NIR-only reconstruction for target in varying longitudinal locations. Optical properties are plotted to
along line y=40mm, z=26mm (actual depth is 15.1mm because of the bottom curvature of the mesh) for both
the target and the reconstructed images (a) Recovery of 4 . . values are intentionally plotted along the
line going through the center of the reconstructed blobs (~ y=40mm, z=26mm, actual depth is approximately
15.1mm because of the bottom curvature of the mesh), which is shallower because the non-uniform
sensitivity has dragged the reconstructed target closer to the NIR array. (b) Recovery of ,u;; for the target

locations identical to thosein (a).

3.2 Spatial prior guided trans-rectal NIR reconstruction-----simultaneous updating of all ROls

The trans-recta prostate imaging domain constitutes nested-structures including a thin layer of rectum wall in the
vicinity of NIR array, alarge and under-defined volume of peri-prostate tissue owing to the one-sided NIR array, a
relatively absorbing prostate, and the lesion within the prostate. In our approach of coupling trans-rectal NIR with
TRUS, the shapes of the ROIs for trans-rectal optical tomography reconstruction could be defined directly from
TRUS. The simplest approach of implementing the TRUS a priori information may be assigning homogenous
optical properties within each ROIs of the imaging domain. However the convergence and the accuracy of
reconstruction will still be dependent on the initial guess. This can be attributed to the gradient based solver for
which the local minimum feature would likely be exaggerated in prostate imaging in which the multiple
combinations of optical properties of the nested-structures in the imaging volume could give multiple combinations
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of optical properties that may fit with the measurements, in which case the projection error of the reconstruction
routine could converge to a very small value but the recovered optical properties may be far from the desired ones,
as is shown in Fig. 4(c). The local-minimum problem makes the reconstruction sensitive to the initial guess of
optical properties. In trans-rectal optical tomography finding the global minimum for the iterations to converge may
become particularly intriguing.

When TRUS prior is available, a conventional way of utilizing the TRUS spatial information would be the
“hard” a priori method in which the optical properties of each ROIs are set homogenous and updated simultaneously
at each iteration. However, we have found that this conventional approach may not lead to reliable convergence for
prostate imaging, which is believed due to the local-minimum problem. One example is given in Table 1 where the
calculation is taken for the NIR array in Fig. 1(c), the prostate model in Fig. 2, and a target of 10mm in diameter
located at a coordinate setting of (40, 40, 26) that is 15.1 mm from the rectal surface. When the four ROIs including
the rectum, the peri-prostate tissue, the prostate, and the prostate tumor are updated simultaneously from the same
initial guess of 4, =0.01mm™* and i, =1.0mm*, the iteration stops after 1 round due to the negative u, vaue

obtained for the rectum wall. Thisis due largely to the effect that the iteration has fallen into local minimums which
were the minimum values locally but not globally.

Fig. 4 Local-minimum issue in reconstruction. The forward calculation is based on (a). (b) Reconstruction
results with the initial values of al regions as g, =0.1mm™* and ﬂ's =2mm’, the iterations stopped with

projection error of 123.0100. (c) Reconstruction results with the initial values of al regions as 4, =0.002mm’
Yand 4 =0.5mm™, thefinal projection error of theiterationsis 0.8329.

Table 1 Results of simultaneously updating the 4 ROIs from the same initial guess

Ha (mmy H (mmt)
) Surrounding | Rectum Surrounding | Rectum
Regions Tissue wall Prostate | Tumor Tissue wall Prostate | Tumor
Setvalue 0.002 001 | 006 | 002 08 1 127 16
S'mlj‘gda;‘zous 01216 | -0.008 | 0026 | 00215 | 11482 | 23602 | 06173 | 0.7073

3.3 Spatial-prior guided trans-rectal NIR reconstruction-----hierar chical updating of the ROIs

The local minimum problem may be mitigated by a hierarchical spatial prior approach that may allow more steady
and global convergence of the iteration. The fundamental idea of this method isto first reconstruct the global optical
properties of the entire volume, then to reconstruct the optical properties of prostate and rectum wall, and last to
reconstruct the tumor lesion area. The 2™ and 3" steps use the value obtained in the previous step as the initial guess
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of that specific ROI. Therefore at each step, the perturbation by a relatively smaller region is less influential and
convergence of iteration is better warranted. The detailed steps are shown in Fig. 5 and described in below:

(a) Thefirst iterations assume an entirely homogenous imaging volume. In this round the initial projection
errors will be large and the converging process is most likely to be affected by the global minimum. Therefore, a
single set of optimum valuesof ,, and . are determined with LM algorithm and will be used as the initial guessin

the second step.

(b) The second iterations consider three regions of rectum wall, peri-prostate tissue, and prostate within the
imaging volume. The iterations of optical properties of these three ROIs start at the same initial guess provided in
step (a) and converge at different values.

(c) The values obtained from step (b) are used as the initial guess for the same three ROI's but with a tumor
added to the prostate. The tumor and the prostate take the same initial values resulted from the previous step. Now
each of the four ROIs (rectum wall, peri-prostate tissue, prostate, and tumor) convergesto different end values.

The comparison of the optical properties reconstructed at each step is shown in Fig. 5(d). The change of the
overall projection error for the three stepsis plotted in Fig. 5(€). Rapid and reliable convergence can be observed.

Fig. 5. The 3-step hierarchical reconstruction method (a) Step 1—one ROI for the entire volume; (b) step 2—
three ROIs representing rectum wall, peri-prostate tissue, prostate; (c) step 3—four ROIs representing rectum
wall, peri-prostate tissue, prostate, tumor; (d) The recovered optical properties along the z direction at
x=40mm, y=50mm. The dot line denotes the step 1, the dash line the step 2 and the solid line the step 3; (€)
changes of the projection error, where the dash lines separate the converging of the three stepsin (a)—(c).

4. Validation of the hierarchical spatial prior method

4.1 Simulation geometry

Recently, Li et a. reported simulation results for trans-rectal optical tomography reconstruction in the context of
using MRI anatomic information®. Their work is referred as “NIR/MRI” in the following text. We have tested the
performance of our hierarchical spatial prior method using the probe geometry (shown in Fig. 6) and the optical
properties presented in the NIR/MRI work.
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@ (b)
Fig. 6 The imaging geometry used in the NIR/MRI paper'®. Two source arrays are distributed laterally with
20mm distance. Each array has 5 sources with 10mm gaps, as denoted by red circles. 28 detectors are evenly
distributed within a 15mm by 30mm area, as denoted by blue crosses. (a) Sagittal view of the distribution of
the optodes. (b) Transversal view of the distribution of the optodes.

@ (b)

© (d)

Fig. 7 Comparison of the reconstruction values: (a) & (b) the tumor has a negative absorption contrast with
respect to the prostate, (¢) & (d) the tumor has a positive absorption contrast with respect to the prostate. The
“3-step” refersto the hierarchical image reconstruction method.

With the 1% noise added to the forward simulation data as is indicated in the NIR/MRI paper, the

performance of our hierarchical spatial prior method with respect to the NIR/MRI oneisgivenin Fig. 7 (a) & (b) for
a prostate lesion of negative absorption contrast. It is observed that our hierarchical method (listed as “ 3-step” in the
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table), as expected, dlightly outperforms the NIR/MRI method in terms of the accuracy of recovering optical
properties. We have also tested recovering a target of positive absorption contrast in Fig. 7(c) & (d) using the
NIR/MRI probe geometry and our 3-step method. Since no results were given in the NIR/MRI work for target of
positive absorption contrast, only the recovered properties based on our method are presented for comparison with
the set values. In (c) & (d) the absorption coefficient of prostate is set much lower than that in (a) & (b) but the
tumor optical properties are kept the same as thosein (a) & (b). If the absorption of prostate in (c) & (d) is kept the
same asin (8) & (b), the positive absorption target is hardly reconstructed at the set location. The choice of lower
prostate absorption is for testing our hierarchical method, but it does not necessarily disagree with the actual value of
prostate absorption. As a matter of fact, the absorption properties of prostate has shown large variation in literatures
where the measurement are either taken from in vitro tissue or may be interfered by bleeding of in vivo tissue under
invasive measurement. The absorption coefficient of non-exposed prostate measured in situ & in vivo is unavailable
so far, and if available, is likely lower than the values reported in literatures for non-intact prostate. The results in
Fig. 7 demonstrate the robustness of our hierarchical spatial prior method in reconstructing prostate lesion with
either negative or positive absorption contrast.

4.2 Experimental validations of the hierarchical reconstruction

Two sets of experimental data acquired with continuous-wave NIR imaging system were employed to evaluate the
hierarchical reconstruction scheme. The samples were administrated mostly with absorption contrast; therefore
results of only absorption reconstruction are displayed in the following figures.

Casel: Internal imaging of avian tissues

As shown in Fig. 8(a), the empty abdomen of a whole chicken was filled with chicken breast tissue and a piece of
chicken liver was embedded within the breast tissue. The embedded liver shows up as the hypo-echoic region
circled in Fig. 8(b). A two-ROI FEM mesh is generated to simulate the experiment setup, asis shown in Fig. 8(d).

Since there are only two ROI in this experimental case, when implementing the hierarchical reconstruction
scheme, only a two-step reconstruction is performed. The results are shown in Fig. 8(e) & (f), respectively. It can be
observed that the absorption values are reconstructed quite close to the true values of a liver tissue indicated by
literature findings. Comparing the NIR images reconstructed without structural prior in Fig. 8(c) and reconstructed
with hierarchical method in Fig. 8(f), the utility of the hierarchical reconstruction method is demonstrated.

Casell: Transrectal optical tomography of canine prostatein situ

The second experiment is conducted on a canine cadaver. The prostate was exposed and approximately 0.33ml of
homogenized foal liver was injected ventral-dorsally, paramedian in the left lobe of the prostate. The prostate was
then enclosed in thick layers of peri-prostate tissues. On the TRUS image of Fig. 9(a) the injected liver tissue is
visible by the mass proximal to the center of the prostate and the vertical hyper-echoic strip at the ventral side of the
prostate. The large hypo-echoic region at the upper half was due to absorption by thick layers of muscle, skin and
exposdal to the air. The mesh is according generated in Fig. 9(b). The rectum wall was not outlined in the mesh
because of its close proximity to the US transducer due to the small size of this canine cadaver. The finalized mesh
in Fig. 9(b) shows nested-domains including the prostate and a target region in the prostate. The NIR imagesin Fig.
9(c), (d), and (e) show the absorption distribution reconstructed at each step of the hierarchical reconstruction
method. A highly absorptive mass is clearly recovered corresponding to the injected liver tissue. The absorption
coefficient of the foal liver tissue in Fig. 9(a) is lower than that of the avian liver tissue in Fig. 8(b); nevertheless
both values are at the order of 0.1mm*, indicating high absorption by both tissues.
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Fig. 8 Experiment I: Internal imaging of avian tissues. (a) Tissue phantom. (b) Ultrasound imaging. (c) NIR-
only reconstruction. (d) FEM mesh. (€) Reconstruction step 1: background. (f) Reconstruction step 2 with
the target structure

Fig. 9 Experiment |1: Imaging on canine cadaver. (@) TRUS imaging (b) FEM mesh. (c), (d), (e) the 3 steps of
hierarchical reconstruction

5. DISCUSSION AND SUMMARY

In this paper, a structural prior guided hierarchical NIR tomography reconstruction scheme aimed at improving the
reconstruction accuracy of trans-rectal optical tomography of the prostate is presented. The method is developed
under the framework of utilizing the trans-rectal ultrasound information as the structural prior. Nevertheless, the
hierarchical method could be extended to implementing other high-resolution imaging modalities such as MRI to
guide NIR tomography and to applying NIR tomography in other complicated tissue domains. The accuracy of the
hierarchical reconstruction method, as indicated by the simulation and experimental investigations, relies on explicit
demarcation of the inner structure of the imaging volume to form the region-resolved FEM mesh. In prostate a large
amount of the cancer may be shown iso-echoic on TRUS. Thereby the utility or accuracy of this hierarchical
imaging approach is hindered when TRUS images do not specify a suspicious region. Under such circumstance, the
third step of recovering the tumor lesion in the prostate may proceed by reconstructing the optical properties on
every element within the prostate but the overall accuracy of the reconstruction must be compromised.

In summary, an approach of hierarchically implementing the spatial prior information in trans-rectal optical
tomography is introduced. Transrectal optical imaging of the prostate is challenging due to the structural
complexity as well as the optical heterogeneity. Incorporating spatial “hard” a priori information available from
complementary imaging modalities such as trans-rectal ultrasound is potentialy subject to the loca-minimum
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sensitivity if the values of all regional optical properties are to be initialized simultaneously. A hierarchical spatial
prior approach for trans-rectal optical tomography reconstruction does not assign the initial values to al sub-regions
at once, instead a region is initially assumed homogenous, and the reconstructed optical properties are used as the
initial guess for the region as a background when a sub-region is included in the next step. This approach trandates
to a 3-step iteration routine whereby the first step reconstructs the entire imaging volume as a single region, the
second step uses these results as the initial guess of peri-prostate tissue to reconstruct the prostate and the rectum
wall, and the third step assigns the updated results as the initial values of 3 existing regions to reconstruct a lesion
inside the prostate. The robustness of this approach is demonstrated in both simulations and experiments.
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Abstract: In vivo trans-rectal near-infrared (NIR) optical tomography is conducted on a tumor-bearing canine prostate
with the assistance of trans-rectal ultrasound (TRUS). The canine prostate tumor model is made possible by a unique
round cell neoplasm of dogs, transmissible venereal tumor (TVT) that can be transferred from dog to dog regardless of
histocompatibility. A characterized TVT cell line was homogenized and passed twice in subcutaneous tissue of
NOD/SCID mice. Following the second passage, the tumor was recovered, homogenized and then inoculated by
ultrasound guidance into the prostate gland of a healthy dog. The dog was then imaged with a combined trans-rectal NIR
and TRUS imager using an integrated trans-rectal NIR/US applicator. The image was taken by NIR and US modalities
concurrently, both in sagittal view. The trans-rectal NIR imager is a continuous-wave system that illuminates 7 source
channels sequentially by a fiber switch to deliver sufficient light power to the relatively more absorbing prostate tissue
and samples 7 detection channels simultaneously by a gated intensified high-resolution CCD camera. This work tests the
feasibility of detecting prostate tumor by trans-rectal NIR optical tomography and the benefit of augmenting TRUS with
trans-rectal NIR imaging.

Keywords: Prostate; near-infrared optical tomography; trans-rectal; ultrasound; transmissible venereal tumor.

1. INTRODUCTION

Prostate cancer is prevalent in the men in the U.S. and in the industrialized countries [1]. Most of the prostate cancers are
diagnosed at earlier stage now with the use of the sensitive prostate-specific antigen (PSA) test [2] aided by the digital
rectal exam (DRE). Prostate biopsy, guided by trans-recta ultrasound (TRUS), is performed when the pathological
evidence is needed to confirm or rule out the onset of carcinomain prostate [3].

The real-time utility and the excellent morphological information of TRUS make it ideal for visualizing the
needle trajectory during the biopsy. TRUS had been utilized to assess the malignant changes in prostate tissue [4],
unfortunately, the lack of specificity has limited the value of TRUS in diagnostic imaging of the prostate cancer and
transformed the role of TRUS to becoming primarily an imaging tool for placing the biopsy needle. The accuracy of
TRUS imaging may be improved by augmenting it with a functional contrast, thereby reducing unnecessary biopsies and
more accurately targeting the malignant areas for biopsy. The near-infrared (NIR) light is known to reveal significant
functional contrasts between a tumor and normal tissue originated from the angiogenic and hypoxic changes of the
malignancy [5-11]. However, using NIR alone is less viable for prostate imaging due to its low spatial resolution and
non-real time image reconstruction. An appealing approach is to combine NIR and TRUS to take advantage of the
complementary features of NIR and TRUS.

In vivo imaging of NIR tomography of the prostate to augment TRUS is confronted with difficulties uncommon
to the previous application of NIR tomography in cancer imaging. First of al, the prostate lies deep inside the pelvic
compartment wherein the imaging by trans-rectal probing may be the optimal choice. In trans-rectal probing the NIR
light will be attenuated by the condom (required when using TRUYS) first, then the rectum wall, and the peri-rectum
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tissue before reaching the prostate. As the light reaches the prostate, reflection on the prostate capsule and the potentially
strong absorption by the peripheral vascular structures may limit the amount of light interrogating the deep prostate
tissues. Secondly there is considerable chalenge of fabricating an endo-rectal NIR applicator which should contain a
number of source and detector channels if spatially-resolved imaging of large tissue volumes of the prostate is intended.
The challenge becomes more pronounced when the NIR is to be combined with TRUS[12].

Recently we have constructed a trans-rectal NIR/US probe and validated the utility of the combined trans-recta
NIR/US imaging in a cadaver canine prostate in situ [13]. In this paper, we demonstrate the in vivo utility of the trans-
rectal NIR/US imaging by use of a canine prostate bearing transmissible venereal tumor (TVT). TVT has an anechoic
response that makes it visible on the TRUS. The TVT is known to have a higher cell density that tends to absorb and
potentially scatter more NIR light than does the normal prostate tissue. In this work, the TVTs in the prostate and peri-
prostatatic tissue were located by TRUS, then imaged by NIR tomography in situ. The TV Ts are shown as strong hyper-
absorptive and moderately hyper-scattering on NIR tomography images being reconstructed without any prior.

2. METHODSAND MATERIALS

2.1 Sagittal-imaging trans-rectal NIR/US system
The details of the integrated sagittal-imaging trans-rectal NIR/US applicator and system are described elsewhere [13].
Briefly, this combined imaging applicator consists of a custom-built NIR probe and a commercia bi-plane TRUS
transducer. The 7.5MHz sagittal-imaging transducer of the TRUS probe is used to couple with the NIR. The NIR
applicator was fabricated to a cap-shape and attached to the TRUS probe on the top with a slot opened to expose the
sagittal US transducer. The NIR array substrate was fabricated from a black polycarbonate material to satisfy the
absorptive boundary condition. The NIR probe consists of two linear arrays, one for the source and the other for the
detector, separated by 20mm and placed on each side of the sagittal TRUS transducer of 60mm in length. Each linear-
array consists of 7 channels spaced 10mm apart and covering a total length of 60mm. Each NIR channel consists of a
metal-coated fiber epoxied to a gradient-index lens and a prism to deflect the light to and from the probe surface.

The geometric relation between the imaging probe and the prostate is depicted in Fig. 1 where the optical
channels are seen arranged cranial-caudally from 1 to 7. The NIR light illuminates through the condom, the rectum, and
propagates into the prostate.

(@) Sagittal view (b) axia view

Fig. 1 lllustration of the TRUS coupled trans-rectal NIR imaging of the prostate. The TRUS middle-sagittal plane
ismarked by ared dash-line. The red circles denote NIR sources and the blue crosses denote the NIR detectors.

The TRUS probe is connected to an Aloka-3500 scanner. The US images were transferred to the main computer
of the combined NIR/US imager by a PCl image acquisition card (Nationa Instruments PCI-1405). The NIR imager
uses a custom-designed superluminescent diode (SLD) (Superlumdiodes Inc.) that is pigtailed to a multi-mode fiber and
delivers 100mW of 840nm NIR light with 14.2nm FWHM bandwidth. The SLD output beam is focused and delivered
sequentially onto 7 source fibers of the NIR applicator by a trandating fiber multiplexer. The entire NIR bandwidth is
coupled to each fiber at a time. The remitted NIR light is collected by 7 detection fibers coupled to a spectrometer
(Acton Research). A 16-bit intensified CCD camera (Princeton Instruments) acquires the 7 optical signals corresponding
to one source simultaneously, and a complete set of datafor all 7 source channelsis taken within 5 seconds.

2.2 Animal model

Dogs have been previously used for prostate tumor model studies because of the similarity between canine and human
prostate glands [14-16]. For this study, the prostate of a mature dog was injected with canine TVT cells with the purpose
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of developing an in vivo prostate tumor model for NIR/US imaging. The unique canine TVT is a round cell tumor of
dogs that mainly affects the external genitalia and can be transmitted from animal to anima during copulation,
regardless of histocompatibility. The neoplastic cells are generally thought to be of histiocytic origin [17]. TVT cells can
be propagated in immunocompromised (SCID) mice and transferred to different tissues (such as the prostate gland) of
the dog to result in a neoplastic mass effect useful for imaging studies [16].

The experiments were conducted in the Center for Veterinary Health Sciences at Oklahoma State University
under a protocol approved by the university's Ingtitutional Animal Care and Use Committee. The protocol was also
approved and underwent an on-site inspection by the US Army Medical Research and Material Command. For these
studies, an existing TVT cdll line was obtained as cryopreserved tissue from MD Anderson Cancer Center (Houston,
TX). The tumor tissue was quick-thawed, homogenized and inoculated into the subcutis of a NOD/SCID mouse. After
approximately 12 weeks, the tumor reached an appropriate volume (4.0-4.5cm®) for recovery and were processed and
inoculated into a second NOD/SCID mouse. Following growth in the second mouse (8 weeks), the neoplastic cells were
recovered and homogenized for inoculation into the canine prostate gland.

A 12 kg sexually intact adult Beagle dog estimated to be approximately 4 years of age was housed single in a
inside run and given free access to water and food. For TVT cdll injection, the dog was anesthetized using an
intravenous injection of propofol (8mg/kg) followed by intubation and halothane/oxygen inhalation anesthetic
maintenance. The animal was placed in left lateral recumbency for bowel preparation and physical examination of the
prostate. The perineum was aseptically prepared for injection and under TRUS visualization, a 6-inch 16 gauge
hypodermic needle was inserted transperineally into the right lobe of the prostate where 3 cc of the prepared TVT cells
were injected. During retraction of the injection needle, it was considered unavoidable that TVT cells would leak from
the prostate injection site and be "seeded" along the needle insertion tract.

The dog was examined weekly by TRUS using a condom-covered combined NIR/US probe. For all TRUS and
NIR follow-on imaging sessions, the dog underwent general anesthesiausing a similar protocol used for TVT cell
injection. During the first two weeks following TVT cell injection there was no evidence of tumor growth. The next
TRUS examination occurred 5 weeks post-injection when hypoechoic masses were observed both in the prostatic
parenchyma and peri-prostatically around the right lobe of the prostate. The dog underwent weekly monitoring for 2
more weeks, and was then humanly euthanized 8 weeks after the initial TVT cell injection. A complete necropsy was
performed with the prostate and peri-prostatic structures submitted for histological examination.

3. SYSTEM PERFORMENCE

The combined NIR/US probe & system enables concurrent acquisition of trans-rectal NIR tomography and TRUS
images on the same sagittal plane. Our previous studies have validated that incorporating TRUS a priori information
allows trans-rectal NIR tomography to recover an absorption target accurately. We have also demonstrated that trans-
rectal NIR imaging could recover an absorptive target with no spatial prior. In this paper, the TRUS is used to locate a
suspected TVT target, and NIR image reconstruction is performed without prior information in order to examine if the
TVT shows inherent NIR contrast. Asour trans-rectal NIR probe allows 3-dimensional imaging, the system performance
is evaluated for recovering targets located on or off the sagittal plane when using only the NIR information.

3.1 Reconstruction of a target on the mid-sagittal plane---------- Simulation

The performance of reconstructing absorptive targets in the sagital-plane using continuous-wave measurement has been
investigated previously [13]. As the optical scattering properties of the prostate cancer and the benign tissue may be
different, simulation is performed to investigate reconstruction of the reduced scattering property of a target using
continuous-wave measurements. Figure 2 lists the results simulated for a single target having both absorption and
scattering contrasts over the background. The homogeneous background (for al the simulations conducted in this work)

isset at 4, (absorption coefficient) of 0.002mm™* and ,u; (reduced scattering coefficient) of 1.0mm™. The M, of the

target is set a 0.004mm™ and 0.02mm; the 4. of the target is set at 2.0mm™ and 10mm™. The target is a sphere of

10mm in diameter and located along the middle-sagittal plane (the TRUS imaging plane) at a depth of 10mm. Figure
2(a) shows the results for the target at a depth of 10mm and placed 20 mm longitudinally from the mid-line of the
sagittal plane. Figure 2(b) shows the results when the target is at the mid-line of the sagittal plane. The sagittal and
corona locations of the target are correctly reconstructed. Cross-coupling between the absorption and scattering
reconstructions out of the continuous-wave datais not observed, however, the optica properties are underestimated.
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(@) Target shift 20mm longitudinally from the mid-point

(b) Target at the mid-point

Figure 2 Reconstruction of the absorption and reduced scattering of atarget located in the sagittal plane based on
continuous-wave data. For each set of 4-image, the top row corresponds to the sagittal view, and the bottom row
corresponds to the coronal view.
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(a) Simulation for a sphere target

(b) Experimental results for a cylinder target
Figure 4. Recovering of atarget at different lateral positions.

3.2 Reconstruction of atarget off the mid-sagittal plane-----Simulation and experimental results
The geometry of the trans-rectal NIR applicator allows 3-dimensional imaging. The reconstruction of atarget located off
the middle-sagittal planeisillustrated in Fig. 4. Figure 4 (a) shows the target being displaced from left-lateral to right-
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|lateral at 5Smm per step. The target is a sphere of 10mm in diameter with £z, of 0.0056mm™ and z. of 1.03mm™. The

experiment results are shown as Fig. 4(b) for atarget of cylinder shape (10mm in diameter and 16mm in length) having
the same optical properties of the target in simulation of (a). Both the simulation and the experimental results indicated
that atarget off the middle-sagittal plane may be recovered by NIR only, but at slightly displaced spatial location.

(a) Multiple targets with the same absorption and scattering coefficients

(b) Multiple targets with different absorption but same scattering coefficients

(c) Multiple targets with same absorption but different scattering coefficients

Figure 1. Reconstruction of multiple targets

3.3 Reconstruction of multipletar gets on the mid-sagittal plane-----Simulation
The performance of differentiating multiple targets on the mid-sagittal plane is evaluated by simulation. The simulation

is performed for two sphere targets of 10mm in diameter. In (a) the two targets have the same 1, = 0.004mm™* and
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UL =2.0mm™. At 40mm longitudinal separation, the targets can be separated on both £, and 4. images. At closer
separation, overlapping of the two targetsis seen on £/, before on yé. In (b), the two targets are 20mm apart, the yg
of both is 2.0mm™, and the g, values are set a 0.004mm™ and 0.02mm™ respectively. In the £, image, only the
higher contrast target is recovered. Whilein the y; image, the lower contrast target is recovered but with cross-coupling
from the higher contrast target. In (c), the £, is 0.004mm™ for both, and the £ is set a 2.0mm™ and 10mm™ for the
two targets. The two targets are recovered on y; image, but barely separated on the g, image. The above simulation

and experimental results demonstrate the utility of reconstructing both x, and yg based on continuous-wave
measurement even though the recovery of the target is not satisfactory for all conditions.

4. INVIVORESULTS

The results of in vivo transrectal NIR tomography and TRUS of the canine are presented in Fig. 6 for the NIR
absorption images and Fig. 7 for the NIR reduced scattering images. All NIR images are displayed with consistent color

scales for both £z, and u_ . The dimensions of US and NIR images are 60mm (cranial-caudal)x30mm (posterior-

anterior) for sagittal, 40mm (right lateral —left lateral )x30mm (posterior-anterior) for axial, and 60mm (cranial-
caudal)x40mm (right lateral —eft lateral) for coronal views, respectively.

4.1 Hyper -absor ptive indication of the TVT on NIR image

The three sagittal TRUS images (Fig. 6) were taken at the mid-line of the prostate, the middle portion of the right lobe of
the prostate, and the right lateral edge of the prostate. The hypo-echoic region L1 indicates an abnormal intra-prostatic
mass. The large hypo-echoic region L2 indicates an abnormal mass anterior and cauda to the prostate that may have
connection with L1. The NT on the right lobe US image denotes the needle trgjectory for introducing the TVT cells.
Longitudinal hypo-echoic regions including L3 are seen along the NT. The three sagittal NIR images correspond to the
US taken at the middle portion of the right lobe, 10mm medial to it and 10mm lateral to it, respectively. Hyper-
absorptive regions on sagittal NIR images correspond to L1, L2, and L3 on sagittal US images. The 10mm-medial NIR
image shows reduced contrast for the absorptive masses, and the 10mm-lateral NIR reveals connected strong absorptive
masses. The bladder is seen as dightly hypo-echoic at the 2 more medial sagittal US images; however, no hyper-
absorptive massis presented at the left-most region of the sagittal NIR images.

The three axial TRUS images were taken at the cranial edge of the prostate crossing L1, the caudal edge of the
prostate crossing L2, and the peri-rectal region crossing L3. The axial US images show a small hypo-echoic intra-
prostatic mass at crania side of the prostate, the bulging of the right lobe and extending of the L2 over the prostate mid-
line that correlates with the findings on mid-line sagittal US, and large peri-rectal hypo-echoic mass cranial to the
perineum. Of the five axial NIR images, the longitudinal positions are 10mm apart from cranial to caudal. The axial NIR
image A2 should contain L1, and the axial NIR image A5 should contain L3.

The coronal NIR images correspond to 5mm, 10mm, and 15mm anterior to the anterior edge of the rectal
lumen. The hyper-absorptive mass indicative of L1 is seen medial to the hyper-absorptive masses indicative of L2 and
L 3. The anatomies of the hyper-absorptive masses on the NIR images in 3-views agree with the hypo-echoic regions on
the USimagesin 2-views.

The US and NIR imaging were also performed at the middle-line of the left lobe where no abnormal features
were found on the US, and globally homogenous and low absorption was seen in the NIR images.

4.2 Hyper-scattering indication of the TVT on NIR image
The hyper-absorptive masses in Fig.6 being suspicious of TVTs are shown in Fig. 7 with different patterns of the

reduced scattering contrast, indicating minimum cross-coupling between the reconstructions of £, and yg fromthein

Vivo continuous-wave measurement. In the scattering NIR images, L3 has much higher contrast than do the other masses
corresponding to L1 and L2. The contrast elsewhere is aso dlightly more homogenous compared with that in the
absorption image.
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Figure 2. Trans-rectal NIR imaging (absorption) in 3-viewsvs TRUS imaging in 2-views

Figure 7. Trans-rectal NIR imaging (reduced scattering) in 3-views vs TRUS imaging in 2-views
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4.3 Confirmation of the TVT growth

The mass L3 indicated by the US and NIR correlates with a large peri-prostatic nodule along the needle track site
determined by digital rectal examination prior to imaging. Necropsy confirmed that L3 was a peri-rectal nodule along
the needle track. The necropsy also confirmed a large nodule, corresponding to L2, anterior to the prostate at the caudal
side of the prostate that extended from the right-lateral aspect of the prostate to the middle-line of the prostate. Exposing
the interior of the prostate also confirmed a nodule at the right lobe of the prostate that corresponds to the mass L1.
Histological examination confirmed all nodulesto be TVT.

5. DISCUSSIONS AND CONCLUSIONS

Among the hypo-echoic masses shown on the US, L1 was intra-prostatic, L2 was largely anterior to the prostate, and L3
was caudal to the prostate. These 3 masses are however shown at similar depths on NIR images. This is attributed to the
un-even NIR sensitivity profile along the posterior-anterior direction [12]. It is however noted that the existence of TVT
nodules have been recovered by use of only the NIR information. If the anatomic location of the TV T available from the
US can be utilized as the spatia prior for NIR image reconstruction, the localization of the TVT nodules on NIR images
will certainly be more accurate.

It is known that most of the prostate cancers are presented as multi-focal [18, 19]. It must be noted that the
intraprostatic TVT tumors were initiated and developed during this project in a non-immunosuppressed canine model.
The subject in this study developed multiple TVT nodules intra-prostatically and peri-prostatically. Although the sites of
the TVT tumors were not totally confined to the prostate, the successful imaging of multiple TVT tumor nodules by
trans-rectal NIR tomography implies the feasibility of recovering multiple intra-prostatic TVT tumors. All of the TVT
tumor nodules developed in this subject were shown strongly hypo-echoic on the US, which correlates with the strongly
hyper-absorptive and moderately hyper-scattering findings on NIR imaging. The bladder, on the other hand, shows
hypo-echoic on the ultrasound; however it is not shown as hyper-absorptive or hyper-scattering on the NIR images. This
confirms that trans-rectal NIR tomography has higher specificity of imaging the regions hypo-echoic to TRUS.

It has been well-demonstrated that cancers in organs like breast are presented in NIR tomography as having
increased absorption and different reduced scattering contrast over the normal tissues when imaged intact, in situ and in
vivo. However, there was previously no information on the optical contrast of prostate cancer compared to normal
prostatic or peri-prostatic tissue taken at intact prostate in situ and in vivo. Our work presents a new paradigm for
prostate imaging that shows promises of improving the specificity of TRUS imaging by augmenting it with trans-rectal
NIR tomography.

In conclusion, this work reported in vivo imaging of TVT tumors in the canine prostate and pelvic cana by
trans-rectal NIR tomography coupled with TRUS. The TVT tumor nodules show strong NIR absorption and moderate
scattering contrasts over the normal prostatic and peri-prostatic tissues. Correlation of the TVT locations is found
between trans-rectal NIR and TRUS results.
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reconstruction using FPGA.
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1. INTRODUCTION

Diffuse optical tomography (DOT) utilizes near-infrared (NIR) light to interrogate biological tissues at a depth
up to several centimeters to recover the distribution of internal optical properties based on boundary measurements.
The image reconstruction of DOT is most often rendered by diffusion-model-based forward computation and
iterative non-linear optimization [1], which is inevitably computationally expensive. Consequently, using
application-specific computer architecture to accelerate the DOT computation becomes attractive. A number of
computer architectures useful for accelerating the data acquisition and processing in optical imaging have been
demonstrated recently. Examples include using field-programmable gate array (FPGA) technology to accelerate raw
data processing in optical imaging [2, 3], using FPGAs or graphic processing units (GPUs) to accelerate Monte
Carlo computation of photon migration [4-6], using FPGAs to solve partial differential equations (PDES) governing
heat transfer [7] or wave propagation [8], and using GPU to perform finite-element-method (FEM) computation [9].

In this work the FEM solution to photon diffusion in biological tissue is implemented using an FPGA. The
FPGA executes conjugate gradient (CG) solver of 12 linear equations formulated in an FEM framework, which are
associated with 6 sources and 6 detectors, for computing the photon fluence rate and the adjoint fluence rate.
Preliminary results demonstrate that a lower-end FPGA outperforms a higher-end PC in CG-based solution of the 12
linear equations, thereby encouraging further exploration toward efficient DOT image reconstruction using FPGA.

2. METHOD AND MATERIALS

2.1 Development of an open-code FEM-based forward solver for steady-state diffuse optical tomography
Implementing the DOT image reconstruction routine in FPGA requires an algorithm architecture that is

transparent to FPGA. An open-code forward FEM solver for steady-state DOT reconstruction is developed. The

solver is based on the steady-state photon diffusion equation [1] V. x(F)V®(F) - w, () - D(F) = —q(F) (where . is the

absorption coefficient, x is the diffusion coefficient, ® is the photon fluence rate at position I, and q is the
source at ), and the boundary condition [1] of ®(F,)+ 2AxA-V®d(F,) =0 (where T, corresponds the point on

the boundary, A is a unit vector pointing outward (from the tissue to probe) and normal to the tissue-probe interface,
and A is the boundary mismatch factor determined by the relative refractive indices of the tissue domain and the
probe (air) domain). These equations formulate into the FEM framework [K(x) +C(w,) + B/A)J>=Q,, where the K,

C and g are volume integrals of each element with regard tox, ;, and ¢, and B is the surface integral of the

boundary element. The FEM forward solver results in a set of linear equations containing sparse matrices. The
inverse problem performs a non-linear optimization of the objective function of b:Hcp q)esﬁmaﬁmﬂ by updating

the pixel or voxel-wise values of x and 4 . The inverse solver requires finding ad/ox and od/du,, which are

integrated into the forward computation process by using the adjoint method of deriving the Green’s function
associated with an impulse source at the detector position, as shown in Fig. 1(a) (b). Therefore, the number of
sources, S, and the number of detectors, S generate 25 sets of linear equations for solving by the CG method.

Our open-code FEM-solver is developed in MATLAB (Mathworks, Inc. Natick, MA) platform. A comparison
of our solver with the NIRFAST package [10] is given in Fig. 1(c), where the target has an absorption coefficient of
0.02 mm™and a reduced scattering coefficient of 1.2 mm™, in a background of 0.002 mm™ absorption and 0.8 mm™
reduced scattering. The performance of our solver is comparable to that of NIRFAST, at the same 1% noise-level.

measuremen

2.2 Implementation of the conjugate gradient solution of the linear equations in FPGA
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The FPGA implementation of the linear equations for DOT forward computation is composed of four modules.
The calculation module, which includes two floating point adders and two floating point multipliers, is capable of
two simultaneous floating point vector operations with an approximately throughput of four floating point
operations per clock cycle. The memory modules utilize on-chip block memory. And the sparse FEM matrix is
stored by compressed row storage (CRS) [11]. The DOT sources are considered Gaussian and the adjoint sources
are impulse, which also lead to sparse structure.
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Fig.1 (a) Flow chart for DOT reconstruction (b) Forward problem (c) DOT image reconstructed by NIRFAST and our codes

We have temporarily used the RS232 protocol for the data transfer between the FPGA and PC (shown in Fig.
2). We have also temporarily implemented only the forward computation in FPGA, and performed the inverse solver
algorithm on a PC. The control module, which is a finite state machine (FSM), controls the data flow in forward
computation, as shown in Fig. 3. The data flow starts from loading FEM matrix from PC and then clears all the
intermediate memories. The source profile is restored as originally vector sequence according to the address offset
and address index. At the same time, the initial calculation of residual norm, or ¢, which is out of the CG loop, is

calculated. Then it enters the CG iteration and three states, updates «, g, and @, runs iteratively until ¢, is below

a threshold. Then the FSM jumps out of the CG iteration, sends the computed fluence to PC, clears the state, and
loads the next source or adjoint source profiles. The complete fluence data set are transferred to PC for running the
inverse solver that leads to a new set of FEM matrices for being transferred to FPGA for the next iteration.

FPGA RS232 PC Load M fro
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% V| Inverse Send @ to PC/ Clear Load \d = r = @
Calculation % Problem via R$232 source Jg O =r'r
module  Mem < l
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Fig.2. System sketch Fig.3 Control flow (finite state machine)

3. RESULTS AND DISCUSSIONS

The FEM solver is implemented on PC only and on FPGA-PC unit as specified above for comparison of the speed.
On PC, the FEM-solver is executed on an Intel® quad-core 2.33 GHz processor. The linear equation is solved by
using “bicgstab” function in Matlab with the FEM matrix being specified as sparse, which means the nonzeros in the
matrix are stored together in main memory and the low spacial-locality caused by the zeros in sparse matrix is
solved. A 2-D mesh with 1,705 nodes and 11,593 non-zeros in the corresponding FEM matrix, for an imaging
dimension of 54mmx30 mm with 6 sources and 6 detectors on the boundary, is generated for DOT image
reconstruction. The background is set at absorption coefficient of 0.01mm™ and reduced scattering of Imm™, with a
target of 0.025mm™ absorption and 1.75mm™ reduced scattering. A Xilinx Virtex!l Pro FPGA (XC2VP30 Package
ff896 Speed Grade -7) is used, which contains 30,816 logic cells, 136 18x18 multipliers and 2,448 Kbits of Block
RAM [12] with maximum clock frequency of 150MHz (the actual clock frequency being used is 100MHz). The
execution speeds of PC-only and FPGA-PC unit, both in IEEE 754R double precision, are given in Fig. 4 (red and
blue bars). The bars #1 and #2 correspond to CG algorithms with 50 and 100 iterations, respectively, for a
1705x1705 matrix. The bars #3 correspond to solving one above-mentioned FEM-associated linear equation. The
bars #4 correspond to one complete forward computation of solving 12 linear equations. For each group of the bars,
there are two FPGA-runtime settings. The “one-instance” corresponds to using 32 out of 136 on-board DSP modules
that is necessary to computing the linear equation one by one, and the “two-instances” corresponds to using 64 out
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of 136 on-board DSP modules to compute two linear equations simultaneously. Compared with PC running time,
there is a 1.8 folds and 3.6 folds of speed improvements with the “1-instance” and “2-instances”, respectively. The
136 DSP modules ideally allow simultaneous computation of 4 linear equations that could lead to 7.2 folds of speed
improvement at the given clock frequency, but the insufficient on-chip memory has limited implementing more than
64 DSP modules for this study. The images reconstructed by PC only and by FPGA-PC unit are compared in Fig. 5.

It is noted that the FPGA used in this study is a low-end sample unit with limited on-board resources. Using
high-end FPGAs with more on-board resources could further speed up the above computations. Higher-end FPGAs
such as Virtex 5 and Virtex 6 families has more DSP resources which accommodate 25x18 instead of 18x18
multipliers, thereby could further improve the speed. Table 1 lists the performance improvement that could be
expected, with the present study listed as the first one, by using the existing higher-end FPGAs.

Fig.4. Runtime comparison between FPGA and PC Figure 5. Images reconstructed by PC and using FPGA

Table 1 FPGA performance improvement achieved by different FPGA

VirtexIl Pro XC2VP30

VirtexIl Pro XC2VP100

Virtex 5 XC5VSX240T

Virtex6 VSX475T

FPGA (136 18x18 DSPs) (444 18x18 DSPs) (1056 25x18 DSPs) (2016 25x18 DSPs)
100M, 1 instance | 150M,4instances 150M 12 instances 150M 40 instances 150M 76 instances
Speedup 1.8 folds 10.8 folds 32.4 folds*\ 108 folds*® 205.2 folds*®

*(1) the maximum speed improvement for system employs 6 detectors and 6 sources
*(2) the expected speed improvement for a DOT geometry with 20 detectors and 20 sources
*(3) the expected speed improvement for a DOT geometry with 38 detectors and 38 sources

The use of RS232 protocol in this initial study has resulted in overall slower DOT iteration due to the initial
and final data transmissions between the FPGA and PC. There are a number of approaches to improve the overall
performance, including implementing a real-time data transmission protocol such as USB or Ethernet, developing a
stand-alone on-board operating system, and performing both the forward and inverse solver algorithms on the FPGA.

4. CONCLUSION AND FUTURE DIRECTION

In summary, FPGA implementation of FEM based forward computation for steady-state DOT is demonstrated.
For a system employing 6 sources and 6 detectors with a mesh having 1,705 nodes, forward computations involving
12 linear equations solved by CG method are performed by FPGA. The preliminary results, even though hindered by
the slow RS232 data transfer protocol and limited resources on the FPGA, encourage implementing complete
forward and inverse iteration on FPGA for efficient reconstruction.
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1. Introduction

Using near-infrared (NIR) light to image deep tissue volumes non-invasively has largely been based upon transport
modeling with the diffusion approximation to the radiative transport equation [1]. The photon diffusion in a medium
enclosed by a circular cylindrical applicator has been analyzed previously in two elegant studies [2, 3]. The analytic
results of these studies, however, were not in an explicit format that could guide the data calibration, and it has also
been difficult to assess from these results how much the circular applicator boundary affects the photon diffusion
when compared with the more studied semi-infinite boundary. Recent work by our group [4] has investigated the
photon diffusion theory as applied to the geometries corresponding to an external ring-structure applicator or an
internal cylinder probe, which leads to analytic solutions of the photon diffusion in a homogenous medium bounded
externally or internally by an infinitely long circular cylindrical applicator. These analytic solutions can be further
developed into the form that includes an isotropic “physical” source & its image source, with respect to a semi-
infinite boundary that is tangential to the circular boundary at the location of directional physical source. As well,
there is a radial-dependent term that approaches unity as the circular cylindrical geometry reaches semi-infinite case.
Given that this theory qualitatively makes sense, the current paper attempts to confirm that the theory matches
experimental data. Initial experimental work was conducted along the azimuthal plane of the cylindrical boundary,
corresponding to a “convex” axial-imaging application, like that used in trans-lumenal diffuse optical tomography.

2. Analytic Approach and Its Numerical Evaluations
Using the modified Bessel functions of the 1% and 2™ kind, the cylindrical-coordinate solution of the steady-state
photon fluence rate in a concave geometry for an infinitely long circular cylindrical applicator with radius R, , is [4]:

S N I (kffRO) K [kﬁ(R0+Rb)] 1-

Y= dk4 coslk(z -z’ I [k (R, —R K, (kR [ 1——"= me e cogm(p—¢')]t (1-conc)
ZﬂzD'[o { [ ( )];gm m[ eff( 0 a)] m( eff 0)< Km(ksffRo) Imlkeﬁ(R0+Rh)J [ ((ﬂ ¢)]

This latter geometry is commonly seen when the sources and detectors are on the exterior of the cylindrical volume.

Similarly, the cylindrical-coordinates solution of the steady state photon fluence rate in a convex geometry imposed

by an infinitely long circular cylindrical applicator with radius R, , as seen in trans-rectal prostate imaging, is [4]:

S o e K, (ks Ry) 1 [Kes (Ry =R , )

v S bt IS o 5, e e B gy eomy
where in both (1-conc) and (1-conv) W is the photon fluence rate at position (RO,(p‘, z') with source at (Ro,go,z),
D =[3(u, + )] is the diffusion coefficient with . being the reduced or transport scattering coefficient, z, is
the absorption coefficient, S is the source term, R, =2AD, R, =1/ ! and A is a constant depending on the
relative refractive index mismatch between cylindrical applicator and tissue.

For a cylindrical applicator, a virtual “semi-infinite” image source can be introduced, as shown in Fig. 1(a)
for “concave” geometry and in Fig. 1(b) for “convex” geometry. The virtual “semi-infinite” image source is defined
as the image of the equivalent isotropic source of the physical source with respect to the semi-infinite boundary that
is tangential to the circular boundary at the location of the physical source. Using the asymptotic expressions of the
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modified Besel functions, one can have W} =Wo -\/(R0 +R, +2R,)/(R, —R,) for concave geometry and
\I’ig';g:‘{’fmeam;-\/(Ro—Ra—ZRb)/(R0+Ra) for convex geometry, where ‘Pig*;g is the fluence rate associated with the
image of the isotropic source with respect to the actual circular boundary, and ‘Pifn?g‘ is the fluence rate associated
with the virtual “semi-infinite” image source. Then for a source-detector separation of |, (1-conc) and (1-conv) can

be converted to the spherical-coordinate forms, given as:

yo S e s e R +R,+2R, o S e s e R —-R,-2R, @)
42D I, 4D |, R, — R, 42D I, 4D |, R, +R,

both of which asymptotically approach the solution for a semi-infinite boundary as the radius of the applicator R,
becomes infinity

@ ()
Figure 1. Details of the cylindrical boundary geometry indicating the equivalent isotropic source, the extrapolated
boundary, and the virtual “semi-infinite” image source. (a) Concave geometry (b) Convex geometry.

The original form of the analytic solution in (1-conc) and (1-conv) are evaluated numerically for the
specific geometries of having the source and the detector on the surface positioned only along the azimuthal or the
longitudinal directions. Placing the source-detector either azimuthally or longitudinally helps demonstrate explicitly
the effect of the applicator curvature shape, either concave or convex, and the radius of the applicator curvature on
the decay of photon fluence rate as a function of the source-detector distance, in comparison to that in the semi-
infinite geometry. In both (1-conc) and (1-conv), for sufficiently large k, hence large ke [4], the modified Bessel
functions in the integrands approach their asymptotic expressions which drop to zero. Therefore the contribution of
the integrands associated with k greater than a certain limit can be neglected. According to the IEEE standard for
floating-point arithmetic [5], there is a limit for the biggest number and the smallest number to be stored in computer.
In Matlab the criterion [6] for overflow is 1.7977x 10°® in decimal, and for underflow is 2.2251x 10°%, In (1-conc)
and (1-conv), the modified Bessel function of the 1 and 2" kinds are exponentially growing and decaying functions,
respectively, for which overflow will readily occur for a large order m and underflow for a large argument k. A
strategy of “pre-enlarge” and “pre-reduce” is implemented, based on the principle that before evaluating each
modified Bessel function individually, the modified Bessel function of the 1% kind is “pre-reduced” for large order m
and the modified Bessel function of the 2" kind is “pre-enlarged” by the same degree, by which the product of each
pair remains unchanged. Additionally, it is also found in (1-conc) and (1-conv) that the radius R, has a great effect
on the evaluation outcome. When Ry is as large as 8cm as an instance in (1-conc), for k = 40, the integrand does not
converge sufficiently even for summating m up to 500, but for a smaller radius Ry = 1cm, the same integrand
converges quickly at m = 100. A method of “repeated averaging” is thus employed to improve the convergence
when computing the integrand. The principle is to first examine if the integrand presents an oscillating pattern. If
there is an oscillation, the envelop-profile of the maxima and minima of the oscillation is implemented to form a
finite converging alternative series, and the last series of maxima and minima are averaged to get the value of the
integrand. If not, the last result is chosen as the value of the integrand.

These numerical techniques were implemented to evaluate the analytic solutions given in (1), to examine if
the theoretical predictions agree with experimental findings.

3. Experimental Examination

The initial experimental examinations were conducted for the “convex” cylinder geometry only. The experimental
setup is shown in Fig. 2(a). A 0.5% bulk Intralipid solution was used as the diffusive medium. The cylinder probe
was made of black acetal. In terms of the A parameter in diffusion approximation, a value of 2.82 is often assigned
for a tissue-air interface [7][8], which is less-likely to be true for the cylinder probe material and the probing
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geometry used in this study. To determine the A value associated with the cylinder material, we used both an infinite
geometry to determine the optical properties of the Intralipid medium and a semi-infinite geometry using a material
identical to that of the cylinder probe to determine A , based on the well-known semi-infinite theory. It was found
that A= 1.86.

—— Simulation results
------- Experimental results

— V
\I' ,_‘L’_ |
I Intralipid
\:’-:.-E"
‘{ 1 —— /
+ )
Source —» Probe
,,,,,,,,,, T cylinder
Detector
© ®

Figure 2. System diagram for the convex geometry experiments (a) and the experimental results (b)

The experimental data were compared in Fig. 2(b) with the numerical evaluations based on (1-conv), which
corresponded to photon diffusion in a homogenous medium bounded internally by a cylindrical probe that was
infinitely long, not as the finite-length probe used in experiments. The optical properties of the medium were 1, =
0.025cm™, 4! = 5cm™ and A = 1.86. The results in Fig. 2 (b) indicated that: (1) As the radius R increases, the
photon diffusion gradually reached that in a semi-infinite medium (a straight-line in Fig. 2(b)); (2) At larger source-
detector separation that renders valid diffusion process, the theory accurately predicted the change of the photon
fluence rate versus the source-detector distance and versus the boundary radius; (3) At smaller source-detector
separation, which shall be in non-diffuse regime, the theoretical prediction was inaccurate as expected.

4. Discussions and Future Work

Experimental work were conducted to examine the predictions based on the theory derived for photon diffusion
associated with an infinitely-long cylindrical applicator for axial trans-lumenal optical tomography. For finite-length
applicator, the theory could be improved by considering the effects of two longitudinal boundaries. The
experimental results, however, demonstrate that the current theory may be sufficiently accurate in the diffusion
regime. Our future plans include experimental examinations with a “concave” cylinder probe applicable to external
imaging, to further simplify the theory into a closer form to the well-known logarithm-form of the semi-infinite
geometry, and to amend the experimental examinations with Monte Carlo methods.
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1. Introduction

Diffuse optical tomography quantifies the spatial heterogeneities of NIR absorbing chromophors and scattering
particles by measurement of light diffused through biological tissue. Steady-state and frequency-domain (FD)
measurements are most commonly utilized to reconstruct the tissue absorbance and scattering distributions. Steady-
state system only measures the attenuation of the direct-current (DC) amplitude of the photon while frequency
domain system ideally acquires the same DC, the amplitude of the modulated light intensity (AC), and the phase of
the modulation of the light intensity (referred to as “Phs” in this paper). The role of DC component in FD
reconstruction has yet to be comprehensively analyzed and the confidence level of reconstruction with only the DC
information available has yet to be clearly understood.

This paper compares the image reconstructions using three sets of measurements, which are DC only, AC/Phs
and DC/AC/Phs, to evaluate the role of DC information in diffuse optical tomography reconstruction. It is found that,
DC-based method outperforms FD method in background artifacts, at the known cost of increased coupling between
absorption and scattering, and the differences of the methods diminish whenpsjpatizdn be implemented.

2 Theory

Under the assumption of accurate forward computational model to describe the light propagation, it is necessary to
consider two factors when evaluating the overall performance of the reconstruction: First, the assembled
measurement error that could be mapped to the uncertainty in image reconstruction; Second, the determinacy of the
inverse problem.

2.1 Analyses of the parameter recovery uncertainty causeby assembled measurement error (PRUAME)
The measurements for both FD and CW systems areatlypigoverned by the diffusion approximation to the
radiative transfer equation[1]. For the simplest case of recovering the optical properties of an infinite homogeneous

medium, the photon densities for DC and FD measured at a poSitidrat has a distance @f from a source at
r' are:

=y = Soc (M0) Ha (1)
Uoc (0 ==,2 5 &xpty 5 d)
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Therefore the measurements made at source-detector separatdlnarmf d2 = d1 + 0, respectively, may
results in the following parameterg: --attenuation of steady state light intensity (D@):-attenuation of the
amplitude of the modulated light intensity (AGQ§; --phase shift of the modulation of the light intensity (Phs), as
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For small variations of the source-detector distance among different source-detector pairs, the signal variations
may actually be sensed as the “assembled measurement error” [2]. Suggested by [ratimetér recovery
uncertainty caused by assembled measurement erro(PRUAME) is derived for the reconstruction methods of
DC, AC/PHs, and DC/AC/Phs, with respect to each unknown quantities, as shown in Table 1.

Table 1 PRUAME expressions.

O',ua/ﬂa op/D Ous' s
1/2 1/2 -
2 0_§ ) i; 1/2 (ijz +/12 " i; 1/2 i_ﬂ :| 1
DC %) o2 3D 2 o? ap
Estval | 2 2 2
o2 g2 2 12 2 12 _
+ 2 2 2 2 2 2 2 2 1
e | Tt (O %4% %% (1) 9 % B_uazEEUz+¢2j 9, % L_ua}
Phs o\ 2 a ¢ 3D g a’l-¢ ) \a® ¢ 3D
Est. Val. | 1.6189 1.4142 ~1.4142
2 2 12 2 \V2 2/ 5 2 2 2 -1
A/ [% AR 4‘75J (ggJ (L)% oz % B Eﬁi_ﬂa}
o ¢ a ¢ D) |a? @ a® ¢ 3D
s Est. Val. | 2.4495 1.4142 ~1.4142

To quantitatively compare the magnitude of the expressions, optical properties close to those of actual tissue,
1:=0.005mn, us=1mm, and source-detector separatiorpeflOmm are substituted into the previous equations.
Further assumptions are made by the assumption that the error magnitudes are the same for all the measurements

(o5 0% a, D%) as indicated in [2]. By normalizing the values along column 2 and 3%_93tland column 4 with

o a?

o 3D

Comparison in Table 1 indicates that from only the PRUAME perspective, AC/Phs possesses the least overall
reconstruction uncertainty, followed by AC/DC/Phs and DC only.

With ref [3,4], the above analyses for the PRUAME comparisons based on infinite medium can be extended to
semi-infinite medium and reaches qualitatively similar estimations.

Os i_# T, the reconstruction uncertainties are given in Table 1 as the “estimated value”.

2.2 Inverse problem determinacy
The inverse problem includes two scenarios. When the spéabalis unavailable, more independent measurements
are desired to reduce the under-determinacy condition of piecewise reconstruction. Under such consideration,
DC/AC/Phs measurement could be the most deterministic measurement combination, although DC components are
sometimes ignored in the sense that it may be redundant to the AC components. However, by comp¥temypithe 2
3" sub-equations in equ. (3), it can be concluded that the AC attenuation usually is not linearly proportional to the
DC attenuation. Therefore DC information may be necessary for complete recovery of tissue properties.

When a complementary imaging modality is available to provide &gmdor to the image reconstruction [5],
the inverse problem becomes over-determined. Under such condition, it is imperative to know how well DC-based
image reconstruction performs as compared to the cases of having FD information available.

3 Simulations
Numerical simulations are conducted to investigate the validity of the above theoretical analyses. The forward
model is formulated with finite element method based on diffusion approximation and Robin type boundary
condition [6]. The sensitivity matrices (Jacobian) are structured as the one in below, for each measurement category
in Fig. 1&2

o, ainl,. d@p dp. ainl, dnly 4)

_[ ou, oD ' oy, D oy, oD }
The DC/AC/Phs combination utilizes all the measurements so it contains all terms shown in equ. (4); while for CW
method, only the last two terms in equ (4) are used and the first four terms are retained for AC/Phs method. The
Levernberg-Marquardt algorithm is integrated as the inverse solver for the simulative evaluations.

3.1 Piece-wise simulation
The simulation is to solve for the optical properties at 2760 nodes in FEM mesh 240 (16x15), the location and
maximum optical properties (shown on the bar chart) within each target region are shown in Fig.1. For the target
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profile and optical property recovery, DC only reconstruction demonstrates lowest accuracy and most significant
crosstalk. DC/AC/Phs outperforms AC/Phs in most cases, especially fofdbetour of target 3 and,/D value

recovery of target 2. However, the background variatiehsalue of each reconstructed image) indicate that DC

only reconstruction presents the best background homogeneity, followed by DC/AC/Phs and AC/Phs. The
background homogenity in image reconstruction is espacially important for DOT of prostate cancer, because the
cancer target is to be resolved within the optically heterogeous prostatic tissue.

Fig.1 Piece-wise reconstruction
3.2 Region-wise simulation
With the same setup as the piecewise simulation and the assumption that the target region can be accurately
segmented, region-wise reconstructions found that the DC only method, having less measurements, performs
equivalently to the two methods with the FD information included.

Fig.2 Region-wise reconstruction
4 Conclusions
The theoretical analysis and numerical studies have several implications to make: (1) DC-only piece-wise
reconstruction outperforms other methods in background artifacts reduction but its performance on the target
recovery accuracy and cross coupling suppression is less desirable; (2) DC/AC/Phs approach shows superiority over
AC/Phs in piecewise reconstruction; (3) DC only region-wise reconstruction is equivalent to that based on FD
system when the spatial a priori constraint is available.
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1. Introduction

Prostate cancer is the leading cause of death in American men. Since its introduction [1, 2], trans-rectal ultrasound
(TRUS) guided biopsy has evolved to become a standard procedure used in prostate cancer diagnosis when
indicated by elevated serum prostate-specific antigen (PSA) levels or abnormal digital rectal examination (DRE).
However, TRUS of the prostate has limitations. The ultrasonographic finding of the classic hypoechoic peripheral
zone lesion has a sensitivity of 85.5%, specificity of 28.4%, positive predictive value of 29%, negative predictive
value of 85.2% and overall accuracy of 43% [3] in prostate cancer detection. The prevalence of isoechoic or nearly
invisible prostate cancers visualized with TRUS ranges from 25 to 42% [4]. As a result, the overall cancer detection
rates for patients undergoing repeat prostate needle biopsy with various biopsy templates range from 10% - 38% [5].
Improving the cancer detection rate using TRUS-guided biopsy requires TRUS imaging be augmented or aided with
a potentially pathognomonic indicator of prostate cancer development that can be detected non-invasively.

Recently there have been several approaches utilizing endogenous [6] or exogenous [7] near-infrared (NIR)
absorption of the tissue to assist detecting prostate cancer. We have developed a TRUS-coupled NIR optical
tomography probe, and with which the development of a transmissible venereal tumor (TVT) within the canine
prostate was detected in vivo [8]. In that study, the optical information aiding TRUS was the NIR absorption and
reduced scattering of the prostatic tissue at a single wavelength of 840nm. The tumor progression was associated
with significant elevation of the NIR absorption earlier in the tumor development, and heterogeneous/moderate
elevation of NIR reduced scattering that was resolved later than the NIR absorption at that wavelength. The
significant elevation of NIR attenuation, as a result of combined absorption and reduced scattering elevations, in the
tumor has been attributed partially to substantially denser cellular structure and morphology changes at sub-cellular
level that could increase the NIR attenuation cross-sections. However, as the tumor aggression is associated with
angiogenesis [9], the elevation of the total hemoglobin concentration ([HbT]) could have been observed in that study
if we had had the capability of spectral optical tomography in a band covering the isosbestic point of hemoglobin.

Based on this hypothesis, we have upgraded our trans-rectal NIR tomography system to spectroscopic detection,
at dual-bands of 785nm and 830nm only. Although it is theoretically feasible to quantify both hemoglobin
concentration and oxygen saturation using these two bands, providing that the absorptions by other chromophores
could be neglected in these bands, it has been reported that the accuracy of oxygen saturation based on only these
two bands or in their vicinity is limited [10]. We therefore have focused on quantifying the [HbT] only, in the
prostatic tissue. This study is the first demonstration of non-invasive optical tomographic detection of [HbT] in the
canine prostate in vivo, which reveals significant increase of the [HbT] at the cancer foci in a time-course of 6-weeks
of tumor development. Such non-invasively acquired information of the hemoglobin contrast of prostate cancer over
that of benign prostatic tissue, which shall be a result of tumor vasculature change, may improve the overall
accuracy of prostate cancer detection by coupling the ultrasonography with NIR tomography.
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2. Materials and Methods

The system is upgraded from our previously demonstrated integrated trans-rectal NIR/US sagittal-imaging system
[11]. The outputs from one 785nm and one 830nm laser diodes (Thorlabs Inc.) are combined by a bifurcated fiber
(FiberTech Optica Inc.,), as shown in Fig. 1 (a), and sequentially delivered to the 7 source channels of NIR
applicator via a fiber switch made with a linear translation stage (Zaber Technology Inc.). The 7 detection channels
are coupled to a 300mm focal-length spectrometer (Acton Research) for separating the two bands of remitted light.
The acquisition of the spectrally separated light by a 16-bit intensified CCD camera (Princeton Instruments) is
synchronized with the sequential source illumination. The acquisition time for one set of data was 3 seconds.

Fig. 1 (a) Dual-band trans-rectal NIR/US imaging system Fig.1 (b) System calibration with bovine blood

The calibration of the measurement of [HbT] was conducted with fresh bovine blood, whose optical absorption
spectra in 600-850nm are very close to that of human blood [12]. The blood was held in a cylinder-container with
H,=0.006mm™ and py’=1.0mm™, which was embedded in a 1% bulk Intralipid solution (u;=0.0023mm™ and
Hs'=1.0mm™). The blood was diluted with an isotonic saline solution to establish a hemoglobin concentration
gradient. The [HbT] of the fresh bovine blood is 12.8+0.8 grams per 100cc [13]. The absorption coefficients at the

two bands were reconstructed without spatial prior information of the cylinder, then the [HbT] was calculated by:
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where “e” denotes the extinction coefficient. The measurements given in Fig. 1(b) reveal a residue error in the
reconstructed [HbT] when no blood was present, albert it indicates a linear relationship between the reconstructed
[HbT] above that residue value and the actual [HbT], which thereafter was applied to calibrating the in vivo results.
The animal protocols were approved by the Institutional Animal Care and Use Committee of Oklahoma State
University. The canine protocol was also approved after an on-site inspection by the U.S. Army Medical Research
and Material Command. For this study, the prostate of a 20-kg sexually intact mix-bred Beagle dog estimated to be
approximately six years of age was used. The TVT cell line was propagated in non-obese-diabetic/severe combined-
immunodeficiency (NOD/SCID) mice. The neoplastic TVT cells were recovered and homogenized for injection into
the canine prostate gland. Approximately 3 cc of TVT cells were aseptically injected transperineally into the right
lobe of the prostate using a 6-in. 16-gauge hypodermic needle via TRUS visualization. The TVT cells were confined
within the right prostatic lobe during the injection in two locations, one near the cranial aspect, and the second
slightly caudal to the mid-point of the right lobe as the needle was withdrawn. The dog underwent weekly
monitoring, including physical rectal examination, TRUS, and trans-rectal NIR tomography, for 7 weeks and was
then humanly euthanized for necropsy and histological examinations. Color and power Doppler TRUS evaluations
performed at and after 5-weeks revealed blood circulating to the clearly hypo-echoic tumor masses.

3. Results

The sagittal TRUS/NIR imaging view taken across the right lobe of the prostate is given in Fig. 2 (a), and the NIR
[HbT] images are presented in Fig. 3. The image dimension is 60mmx30mm (cranial-caudalxdorsal-ventral) for
both US and NIR. A cluster of prostatic cysts looking like a “face” were used as a landmark to facilitate multiple
images to be taken in the same relative areas over time throughout the course of the imaging study. Week 0 was the
baseline images measured before the TVT cell injection. The base-line [HbT] is approximately 150uMol, that is in
the lower range of the values of human prostate obtained by invasive time-resolved method [14]. At week 3, the
tumor in the right lobe became visible in NIR images with a higher contrast while it was ambiguous in US images.
The TVT continued to expand and became a large, infiltrative mass by week 6. Post mortem examination confirmed
multiple coalescing foci of TVT in the caudal aspect of the prostate, and significant infiltration of the tumor from the

[HbT] = [HbO(Oxygenized)]+ [Hb(Deoxygenizad)]
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right lobe to the left lobe that was also indicated earlier by other NIR images. Histological examination of prostate
sections confirmed TVT. Fig. 2(b) depicts the changes of the peak and averaged [HbT] in a 10mm-diameter region-
of-interest specified in Fig. 3. Approximately 300% increase of the [HbT] has been indicated.

Fig. 2 (a). The view of sagittal US/NIR of the right lobe; (b) The changes of [HbT] at the region specified in Fig. 3, in week 0, 3 and 6

Fig. 3 The US and NIR images acquired at the right lobe, longitudinally in the middle-point and the caudal side, from week 0O to 6.

4. Discussions and Conclusions

This study reveals the first time non-invasive optical measurement of [HbT] changes associated with tumor
development in the canine prostate. If spectral trans-rectal optical tomography can be implemented with an
improved arrangement of the dual-bands or with more wavelength bands, the changes of oxygen saturation
associated with tumor progression may be detected along with the elevations of [HbT], thereby providing another
dimension of information for non-invasively characterizing the prostate cancer.
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ABSTRACT

This work examines the robustness of spectral prior to continuous-wave based, with respect to frequency domain based,
image reconstruction for unique recovering of chromophores and scattering property distributions. An analytical model
for parametric uncertainty in recovering optical property is derived, which afterwards is implemented for optimized
selection of wavelengths and quality estimation of the image. Simulation results agree with the theoretical predictionsin
the following aspects: 1) the proposed analytical model is capable of selecting the optimal set of wavelengths for CW-
based spectral reconstruction; 2) with sufficient number of wavelengths, DC-only reconstruction can resolve the
concentrations of several important chromophores and scattering parameters, with the accuracy and background artifact
level equivalent to those by DC-excluded or DC-included frequency-domain reconstructions; and 3) including DC in
frequency-domain reconstruction generally improves reconstruction outcome as compared to when neglecting DC.

Keywords: multi-spectral, optical tomography, image reconstruction

1. INTRODUCTION

The outcome of functional imaging of near-infrared (NIR) optical tomography [1-2] depends upon the information
obtained over a spectrum of light. A conventional technique of spectral optical tomography reconstruction is to
reconstruct the wavel ength-specific absorption and scattering properties first, then to derive the concentrations of tissue
chromophores and distributions of the scatterers. An aternative technique of spectral optical tomography reconstruction
utilizes a priori knowledge of the absorption and scattering spectra of tissue compositions within the NIR range to
modify the inverse problem to directly recover the chromophore concentrations and scattering parameters including
scattering power and amplitude. Such aternative technique, which is commonly stated as “ spectral-prior” method, has
been demonstrated by a number of studies [1-2]. The most successful demonstration[2] of spectral-prior method has
been in coupling with a priori knowledge of the spatial content of the tissue under frequency-domain imaging, in other
words, the spectral-prior has been implemented along with spatial-prior in frequency-domain measurement.

An interesting question thereby arises, in regards to the outcome of spectral-prior without the availability of spatial-prior,
that what the likelihood of recovering the spatially-resolved spectral information would be, given only continuous-wave
measurement. Our study on multi-wavelength optical tomography without spatial-prior has shown that implementing the
spectral-prior in DC measurements often resultsin spatial information being reconstructed in unexpected level of details.
This observation is referred to as “spectral a priori” to “spatial a posteriori”, in other words it is the likelihood of
accurately recovering spatially-resolved tissue absorption and scattering distribution from spectral reconstruction without
spatial prior. The observation that spectraly-resolved measurements in DC lead to accurate spatially-resolved
reconstruction, in our opinion, deserves further investigation. This study, as an initial exploration of the underlining
mechanism, attempts to justify one derivative issue of such mechanism, specificaly the reliability of recovering each
unknown spectral variables including chromophore concentrations and scattering contributions under DC-based
reconstruction. Based on the analytical approach demonstrated in our previous study [3], the analytical solution for
multi-spectral optical tomography and the “parametric reconstruction uncertainty level” (PRUL) of each variable being
reconstructed are derived, in a semi-infinite planar medium geometry. Such model provides quantitative means of
estimating the relative errors among the parameters subjected to spectral reconstruction, with which the quality of
spectral reconstruction may be better understood.
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In this study the analytical modd is first implemented on the optimization of the wavelength sets for the spectral
measurements. Studies [1, 4] have demonstrated selection of the optimum wavelengths for reliable recovery of
chromophore concentrations and scattering parameters based on statistical investigation, by comparing numerically
approximated sensitivity matrices derived from numerous possible wavelength combinations within the NIR spectrum,
which is computationally intensive. In this paper, a novel method of optimizing the selection of wavelengths is
investigated based on the PRUL model of multi-spectral optical tomography, which is found to be computationally less
demanding.

The analytic model introduced in this work also supports the uniqueness of continuous-wave spectral optical tomography,
which is an extension of the prediction made in our previous studies for single wavelength optical tomography [3]. The
uniqueness of continuous-wave spectral optical tomography substantiated integrating more wavelengths in direct-current
measurement to improve spectral reconstruction [1-2, 4-7]. As few studies have investigated the difference in
performance between continuous wave and frequency domain spectral optical tomography, this study extends the
approach of single-wavelength analysis in [3] to the analysis of spectral-prior, on measurement combinations of 1)
continuous wave only (DC); 2) frequency domain measurements excluding direct-current components (AC+PHS); and 3)
frequency domain measurements including direct-current (DC+AC+PHS), in the outcome of “spatial a posteriori” from
“spectral apriori”.

Finally, this study conduct numerical evaluations of synthetic models to examine the effect of “spectral a priori” on
“gpatial a posterior”. The simulation studies demonstrate that, in agreement with the analytical predictions: 1) the
proposed analytical model is capable of selecting the optimum set of wavelengths for spectral reconstruction; 2) with
sufficient number of wavelengths for a given set of tissue chromophores, the DC-only reconstruction delivers spatially-
resolved chromophore concentrations and scattering parameters with the accuracy and background artifact equivalent to
that of AC+PHS and DC+AC+PHS; and 3)including DC in frequency-domain reconstruction generally improves
reconstruction outcome more than neglecting DC.

2. THEORY

An earlier study [3] on the parametric-recovery-uncertainty-level (PRUL) has demonstrated an analytic approach of
estimating the background artifact level in single-wavelength optical tomography reconstruction. The PRUL analysisin
[3] adopted the analytic treatment originally introduced in [8], and in this study this analytic approach is extended to
spectral reconstruction. For two field points separated from a source at distances of d; and d,, respectively, in a
homogenous diffusive medium, one has:

_inf 92 Yoc @ ) ) i (A)
5(/‘t)—ln£d1 UDc(dl,/l)]_ P \/;
au):mfhU~x¢waj:ﬁ}Jﬂ4@(Jk_Zgz+q
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where Upc(d,, 1) Uac(d, 1) and ®(d, 1) are the wavelength-specific amplitude of the direct-current modulated amplitude
and phase of the modulation of the intensity measured at distance d. from the source, respectively. In equ.(1) o(L) a(4)
and ¢(%) are the attenuation of the direct-current (DC), the attenuation of the amplitude modulation (AC) and the phase
shift (PHS) accordingly between two detectors placed d; and d, from the source, p=|d;-dy| is the distance between the
two detectors, and w isthe angular modulation frequency. Also

(A=Y & (A,
pi(A) = AL",

D(4) =1/ 1, (A) + 115 (A)] 2
are the absorption, scattering and diffusion coefficients of the medium at wavelength 1, respectively, where &(1) is the
extinction coefficient of chromophorei at A and A is the scattering amplitude and b is the scattering power. The PRUL of
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the chromophore concentrations and the scattering amplitude/power can be derived by analysis of the propagation of
uncertainty and chain rule of partial derivatives as:
OX;

2
_ 9% » _|L9% ou(d)] _
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lem () ou(2) oM (4)] ou(A)

where M represents the set of d, a and ¢ for the measurement, and x represents the unknowns including derived
concentrations of the chromophores, the scattering amplitude and the scattering power. The p represents the absorption
and scattering coefficients in general. Given the extensive analyses of the PRUL of p, and ps in [3], the analytica
solution of g, given in table 2 and table 4 of [3] are directly integrated into equ. (3), with the ox/0p being newly derived.
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Equation (2) transforms to a matrix form of
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and then for the terms in PRUL of chromophore concentrations we have:
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Note that the scattering power and amplitude are not linearly related as the chromophore concentrations are in equ. (2).
The PRUL s of these two variables are derived by firstly obtaining:

log 1, =log A+ (-b)log A 7
then converting equ. (7) to amatrix form of:
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The PRUL s of scattering amplitude and power are finally expressed as:
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Up to here, by substituting expressions in table 2 and 4 in [3] to equ.s (6) (11) and (12), al the PRUL equation for
reconstruction variables in multi-spectral optical tomography are derived and a series of comparison and analysis will be
conducted to reveal the intrinsic relationships between the reconstruction parameters. It should also be noted that since
PRUL analysis is expressed in terms of the standard deviations, al comparisons will neglect common factors and
consider only the absolute values of the equations.

Integrating the results of PRUL in the previous study, the uncertainty level of the parameters to be recovered can be
guantitatively compared. Note that in equ. (5), the expression does not facilitate the normalization of ., on the right
hand side compared to the (o../us) terms in equ.s (9) and (10). Multiplication by w, values is thereby necessary when
utilizing (Ow/us) results.

It is desirable that the uncertainty values can be reduced by correctly selecting the wavelengths used in the system. One
approach is to increase absolute value of the determinant of ¢'¢ in equ. (6) and mzm:|ogz( A) _[img( g) )]Zin equ.s (9) and

i=1 i=1
(10) to reduce the overal absolute value of the PRULs. Several random attempts on the denominator terms will show

that the values of mzmllogz(/l,) —[Zmllog(i, )2 Stay in anarrow range of [0,1] but the determinant of ¢'e variesin several
i=1 i=1

orders depending on the selection of wavelengths. Such phenomenon is understandable because high similarity between
the row vectors of the extinction coefficient matrix could induce rank deficiency, making its determinant close to zero or
producing singular values in its pseudo-inverse, which reduces the accuracy of matrix inversion in equ. (4). Previous
study [1] has shown such problems and recommended to construct sensitivity matrix with small residual numbers for
improving the reliability of the inverse algorithm. From another perspective, the determinant of the matrix geometrically
quantifies the volume in the space bounded by the row factors, therefore, larger divergence of the row vectors in
extinction coefficients enclosures larger volumes in the vector space, which again supports the hypothesis that larger
determinant of the ¢"e matrix ensures more accurate reconstruction.

Further, reference [4] indicates that the uniformity of the sensitivity matrix (ox/0 M(Z) in equ. (3)) is also desired for
stable and accurate reconstruction. The criteria for wavelengths optimization in this study thereby also include the
standard deviation of (6x/0 M (%)) for each wavelength set and again the common terms [op(A)/OM(A)|-ompy IS neglected in
the quantitative evaluation.

This study is conducted for 3 sets of wavelength, each containing 5 wavelengths adopted from a previous literature [1],
in the numerical evaluation of the analytical approach for recovering concentrations of oxygenated hemoglobin,
deoxygenated hemoglobin, water, scattering power, and scattering amplitude, as is listed in table 1. Although the
previous study [1] has shown that the wavelength selection method is capable of determining the optimum wavelength
set and validated the method with simulations, it is difficult to rank the performance of the other two sets. In observation
of Table 1 as well as the expectation to have larger denominator determinant and smaller variation among the sensitivity
values, the performance ranking of the three wavelength sets can be predicted, from best to worst as: 3,1,2, which agrees
with the simulations presented in[1]. Validations from more aspects will be shown later in this paper.
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For the calculation of the PRULs in this study, the chromophore concentrations and scattering parameters are estimated
as. Cypo=Cyp=0.01mM, Cp.0=40% and A=b=1. It is also assumed that for al measurement types the relative
uncertainties of the measurements are the same, that is: %o _ Tew _ % . Further, with a given set of wavelengths
5%(2) a*(A) #*(A)
and a modulation frequency, equ.(1) implicitly determined the value of @ (A)+#°(4) ( _ . ), which is
a*(2)-¢*(2) V22 (A)

approximately 1 for all cases. With these approximations and preconditions in-place, equ.s (6) (11) and (12) can be
evauated and compared to simulation results later in this paper.

Table 1 Wavelength sets to be examined and comparison of the PRUL evaluation with the analytical solutions

Set | Wavelengths/ nm Absorption component Scattering component
Determinant of Standard deviation Absolute value Se_nS|_t|V|ty Sta”dafd
; ., T 1 | oOf chromophores . deviation of scattering
denominator: (¢'¢) of denominator .
dev(e) amplitude and power
1 740,788,866,902,926 8.18x10” 63.7 0.18 1.03
2 650,700,716,860,890 2.58x10” 388.0 0.37 0.67
3 650,716,866,914,930 1.30x10° 63.8 0.53 0.45

3. SAIMULATIONS

Simulations are conducted to quantitatively examine the accuracy of the analytically derived predictions. Similar to [3],
PRUL s of three measurement types. DC, AC+PHS, DC+AC+PHS are calculated and compared.

3.1 Synthetic model
Forward model is carried out with Finite Element Method solution of photon diffusion at each wavelength[9]:
rA %] ~ ~ S(r,w, A
—ﬂa(ﬁ )+ — U(r,w,i)+V2U(r,w,i)=—(—)
D(r,A) vD(r,A4) D(r)
Where U (F, w, 1) is the photon fluence of wavelength 2 modulated to angular frequency o (o=0 for DC) at position T in

phasor notation. S(F,w, A) is the source term. The Jacobian matrix is constructed according to the measurement type [3]
as.

(13)
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PHS| | 00, (h)  0Pu(h) | 0P ()
OX OX OX ]

where x represents the pararﬁeters to be reconstructed, including chromophore concentrations and scattering amplitude
and scattering power. The Levernberg-Marquardt algorithm isimplemented as the inverse solver.

A 43mm-radius circular geometry with 16 optode channels evenly distributed on its perimeter is used in this study for its
relatively uniform sensitivity along the azimutha direction with respect to the center of the circle. Each channel
functions as source channel sequentially while others function as detector simultaneously. Background values of each
reconstruction variables are assigned identical to those used in analytical calculation and the contrast of the anomaly are:
Chibo_arom =0.0023mM, Chib_anom = 0.0023mMM, Ch,0_anom =80% Aanom=2, and barom=2. Contrasts of each of the five variables
are assigned to a set of five 8mm-radius targets, as is shown in Fig.1 columns Set. The targets locate 25 mm away from
the center of the geometry with 0.4z angular separation. 1% randomly distributed noise is added to al forward data to
simulate the perturbations in the actual measurement system.

3.2 Resaults
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Fig.1 shows the reconstruction results and Table 2 demonstrates the maximum values of each variable within the target
regions and the percentage error of the contrast. Comparisons in Fig. 1 and table 2 infer that the set 3 outperforms the
other two in terms of the overall reliability of quantitative reconstruction and the crosstalk among the recovered variables.
Next to the set 3 is set 1, which underestimates hemoglobin concentration and has higher level of crosstalk between
hemoglobin and scattering parameters in DC reconstruction. The set 2 is the least accurate, producing severe crosstalk
between the oxygenated hemoglobin and water concentration. Besides the comparison among the sets of wavelength, it
is also noted that for most cases, DC reconstruction demonstrates the most accurate recovery of the targets when the
target presents the contrast of only one parameter, and including DC measurement in frequency domain usually improve
the estimation precision.

Further, table 3 lists the analytical PRULSs and the reconstructed background artifact levels normalized by the absolute
variable of the contrast being recovered, which is, in a more explicit way, the inverse of the contrast-noise-ratio. For
more clarity in comparison, the noise to contrast (NCR) ratios are normalized by that of the deoxygenated hemoglobin
for the absorptive chromophores and by that of the scattering amplitude for the scattering parameters.

Although the analytically estimated values of the noise to contrast ratios aways exceed those calculated from the
numerical simuléations, the data unanimously shows that, NCR ¢ 1< NCR ¢ hpo< NCRc o for the absorption part and
NCR A< NCR, for the scattering part, both of which are in agreement with the previous hypotheses. The quantitative
inaccuracy could relate to the smoothing effect of the piecewise reconstruction algorithm.

@ (b) ©
Fig.1Synthetic study on targets with independent contrast

Table 2 Target accuracy comparison

Data HbO / mM Hb / mM H20/ % A b
Abs. Err./% | Abs. Err./% | Abs. | Err./% | Abs. | Err./% | Abs. | Err./ %
Set Values 2.3E-2 2.3E-2 0.80 2.0 2.0
DC 1.7E-2 -46 1.6E-2 -55 0.82 5 2.2 21 1.9 -9

(2) AC+PHS 2.0E-2 -23 2.3E-2 -2 0.81 2 2.4 39 2.3 30
DC+AC+PHS | 2.0E-2 -24 2.2E-2 -6 0.80 04 2.3 34 2.2 23
40
26

DC 2.0E-2 -21 24E-2 4 0.72 -21 24 21 7
(2 AC+PHS 1.6E-2 -56 2.6E-2 24 0.67 -33 23 21 6
DC+AC+PHS | 1.7E-2 -48 2.7E-2 27 0.69 -27 2.2 23 2.1 10
DC 2.0E-2 -25 2.3E-2 1 0.83 8 2.3 33 1.9 -11
(3) AC+PHS 1.8E-2 -42 2.5E-2 16 0.78 -6 24 45 2.2 19
DC+AC+PHS | 1.8E-2 -39 2.5E-2 18 0.77 -8 24 39 2.2 17

Table 3 Comparison between the PRUL s and the background artifact levels normalized by variable contrast

Set Measurement HbO / mM Hb/ mM H20/ % A b
Abs. Norm. Abs. Norm. Abs. Norm. Abs. Norm. Abs. Norm.
3) g DC 5.38 5.40 1.00 1 3.24 3.26 0.79 1 3.10 3.91
< AC+PHS 7.61 5.40 1.41 1 4.59 3.26 1.12 1 4.39 391
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DC+AC+PHS | 13.17 5.40 244 1 7.94 3.26 112 1 4.39 3.91

. DC 0.0489 | 1.89 | 0.0258 1 0.0395 | 1.53 | 0.0260 1 0.0381 | 1.46
.(% AC+PHS 0.0716 | 1.62 | 0.0443 1 0.0466 | 1.05 | 0.0242 1 0.0498 | 2.06
DC+AC+PHS | 0.0521 | 1.58 | 0.0328 1 0.0367 | 1.12 | 0.0203 1 0.0404 | 1.99

4. DISCUSSIONS AND CONCLUSION

The predictions made by a novel analytical PRUL model regarding spectral a priori leading to spatial a posteriori is
supported by the results from simulation. The wavelength ranking method shows agreement with previous study, with
much less computational intensity. The PRUL values qualitatively estimates the background artifact level of the DC and
frequency domain reconstructions, although neglecting DC components in DC+AC+PHS induces explainabl e aberration.
Comparisons on both the multi-spectral tomography reconstruction PRULSs and the projected absorption and scattering
reconstruction PRULSs support the reliability of the model predictions. However, quantitative inaccuracy till existsin the
comparisons, which could be attributed to the approximation and smoothing effect of the inverse algorithm.

An interesting observation is that different from the study in [3], the DC reconstruction with spectral prior has quite
desirable reconstruction outcome. This should relate to the expectation that sufficient wavelength components will
impose the outcome as a result of the uniqueness of DC multispectral tomography, with minimized cross-coupling
among the parameters to be recover. Moreover, fewer measurement components facilitate less system noise in the
inverse problem and thereby generate less background artifacts, improving the overall DC reconstruction quality. Asto
frequency domain reconstruction, although DC component could contribute to excessive reconstruction uncertainty, its
extrainformation has actually balanced the negative effect and made DC+AC+PHS a better choice.
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Abstract

Different optical spectral characteristics were observed in a necrotic transmissible venereal tumor
(TVT) and a cystic lesion in the same canine prostate by triple-wavelength trans-rectal optical
tomography under trans-rectal ultrasound (TRUS) guidance. The NIR imager acquiring at 705nm,
785nm and 808nm was used to quantify both the total hemoglobin concentration (HbT) and oxygen
saturation (StO2) in the prostate. The TVT tumor in the canine prostate as a model of prostate cancer
was induced in a 7-year old, 27 kg dog. A 2 mL suspension of 2.5x10° cellsmL of homogenized
TVT cells recovered from an in vivo subcutaneously propagated TVT tumor in an NOD/SCID
mouse were injected in the cranial aspect of the right lobe of the canine prostate. The left |obe of the
prostate had a cystic lesion present before TVT inoculation. After the TVT homogenate injection,
the prostate was monitored weekly over a 9-week period, using trans-rectal NIR and TRUS in grey-
scale and Doppler. A TVT mass within the right lobe developed a necrotic center during the later
stages of this study, as the mass presented with substantially increased [HbT] in the periphery, with
an area of reduced StO2 less than the area of the mass itself shown on ultrasonography. Conversely,
the cystic lesion presented with dlightly increased [HbT] in the periphery of the lesion shown on
ultrasound with oxygen-reduction inside and in the periphery of the lesion. There was no detectable
change of blood flow on Doppler US in the periphery of the cystic lesion. The dlightly increased
[HbT] in the periphery of the cystic lesion was correlated with intra-lesional hemorrhage upon
histopathol ogic examination.

Keywords: Diffuse optical tomography, transmissible venereal tumor, cyst, hemoglobin, oxygen
saturation.

1. INTRODUCTION

Prostate cancer has been the second leading cause of death in American men in recent decades [1].
Digital rectal examination (DRE) and serum testing of prostate specific antigen (PSA)
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concentrations are the main screening methods in prostate cancer detection. The patients will be
referred to prostate biopsy given an abnorma DRE result or PSA level. Trans-rectal ultrasound
(TRUS) guided needle biopsy is considered an essential procedure in the definitive diagnosis of
prostate cancer [2]. However, low sensitivity and specificity of the TRUS imaging between
cancerous lesions and normal tissue leads to an overall accuracy much lower than 50% in prostate
cancer detection [2]. Diffuse optical tomography using near-infrared (NIR) light was demonstrated
as a non-invasive functional imaging technique on breast cancer [3-5] and has been extended to
prostate imaging [6]. A trans-rectal NIR imaging system with concurrent TRUS for visualization
guidance was reported on in-vivo imaging of canine prostate bearing a transmissible venereal tumor
(TVT) [7]. The growth of a TVT tumor in that subject was associated with an increased total
hemoglobin concentration [HbT] [8] indicative of angiogenesis, which agrees with the correlation
found between the prostate cancer and increased micro-vessel density in another study [9]. There
was approximately a 300% increase in [HbT] along a 7-week course of TVT tumor growth [8]. The
estimated tumor volume also grew exponentially over the same time period.

In the prostate, changes in local oxygen saturation were observed via interstitial NIR
measurement during prostate photodynamic therapy [10]. Tissue oxygenation status is considered an
important prognostic indicator for androgen-deprivation therapy of newly diagnosed metastatic
prostate cancer [11]. There is evidence that hypoxia exists in the nidus of prostate cancer [12]. The
ability of quantifying the hemoglobin concentration and oxygen saturation in prostate tissue is
important for the diagnosis, prognosis, and treatment of prostate cancer. Augmented StO2 mapping
of prostate is expected to provide more definitive information for cancer diagnosis when combined
with [HbT] mapping and Doppler US imaging.

Prostatic cysts are benign lesions in the prostate that are considered congenital or secondary
to neoplasia and prostatic hyperplasialinflammation. Regardless of etiopathogenesis, cysts are
typically lined by secretory epithelium. Generally, they are small, well defined structures filled with
prostatic fluid, and they can be predisposed for bacterial infection [13]. The appearance of cysts is
often an indication of bacterial prostatitis. The ultrasonographic appearance of the prostatic cyst is
usually hypo-echoic, remarkably similar in appearance to that of a homogenous cell type tumor. The
optical property of an intact prostate cystic lesion, has, to our knowledge, not been previously
reported. In breast cancer, some studies showed that cysts could have increased contrast of optical
absorption because of the light transmission rather than scattering effects [14]. Recent DOT studies
focusing on breast cancer research showed lower imaging contrast of the cyst on both optical
absorption and scattering [15]. Also, in several cases cystic lesions were presented with higher
contrast of optical absorption and scattering, but the [HbT] and StO2 were reported to be lower than
normal tissue [16].

This study reports the difference in the optical contrasts of a solid tumor and a contra-|ateral
cystic lesion in an intact canine prostate. In this study, a dog with a cystic lesion in prostate was
injected with TVT tumor cells and monitored over 9-week duration using a triple-wavelength trans-
rectal US-guided optical tomography system. The 3 wavelengths were 705nm, 785nm and 808nm,
covering a ~100nm bandwidth. Both [HbT] and StO2 in canine prostate were mapped in situ by
optical imaging. Each week the dog was monitored by Doppler US, TRUS and optical imaging. An
increased [HDbT] associated with the tumor foci was compared with a relatively stable [HbT] in the
periphery of the cystic lesion during 9-weeks of tumor development. Differences in StO2 were also
found between the tumor and the cyst.
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2. MATERIALSAND METHODS

2.1 Triple-band trans-rectal near-infrared optical tomography

Near-infrared light at three wavelengths were applied to a previously demonstrated trans-rectal
NIR/US sagittal-imaging system (diagram in Fig. 1-a and photograph in Fig. 1-b) [8]. The NIR
source and detector channels were placed laterally, symmetric to the sagittal US transducer to
perform volumetric imaging, of which the mid-sagittal NIR plane was co-registered with the sagittal
US plane. The outputs from laser diodes of 705nm, 785nm and 808nm (Thorlabs Inc.) were
combined by a tri-furcated fiber bundle (FiberTech Optica Inc.,), and sequentially delivered to the 7
source channels of NIR applicator via a fiber switch installed on a linear trandation stage (Zaber
Technology Inc.). Each of the laser diodes of 785nm/100mw and 808nm/200mw was controlled by
one turn-key TEC/driver module LDC3722 (ILX lightwave Inc.). The laser diode of 705nm/50mw
was controlled by a turn-key TEC/driver LDC205C (Thorlabs, Inc.). The 7 detection channels were
coupled to a spectrometer of 300mm focal-length (Acton Research) which covered around 120nm of
bandwidth for separating the three bands of remitted light. The acquisition of the spectrally separated
light by a 16-bit intensified CCD camera (Princeton Instruments) was synchronized with the
sequential source illumination. The total acquisition time for each data set was about 3 seconds. The
trans-rectal NIR/US applicator developed based on ALOKA UST 672-5/7.5 biplane prostate probeis

illustrated in Fig. 1-a. In the image formation, the absorption coefficients ( uf, ,uiz and ,ujS) were
reconstructed first, then oxygenated and deoxygenated hemoglobin concentrations were derived by

(C1=([eT 1) el e o

where [C] indicates a concentration vector of oxygenated [HbO] and deoxygenated [Hb] hemoglobin,
and ¢ denotes the vector of molar absorption coefficient of [HbO] and [Hb].

(@) (b)
Figure 1. Triple-band trans-rectal NIR optical tomography system (a) Schematic
payout of the system; (b) Photograph of the completed system.

Figure 2 illustrates the results of calibrating the system measurements on [HbT] and StO2.

The calibration of [HbT] measurements compensates the underestimation of the [HbT] due to the
non-linear reconstruction of diffuse optical tomography [17, 18]. In the calibration process, a tube of
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15mm in diameter made of tissue-mimicking phantom material filled with different concentrations
of bovine blood was placed in the middle range of the NIR probe-span and on top of the probe. In
calibration of the StO2 measurement, sodium dithionite was added to the blood to decrease the
oxygenation without destroying the blood cells. The decreased trend of the derived StO2 was
recovered linearly, though the range of averaged StO2 values in the region of the blood were much
smaller than the actual values estimated from the de-oxygenation model of sodium dithionite [19].
No conversion from the derived StO2 values to the expected ranges was made in this study.
Therefore the derived average StO2 level of 60% may correspond to StO2 values as low as 30% due
to the variation of the derivation itself, or even lower than 30%.

Figure 2 System calibration with different blood concentration and oxygenation

2.2 Animal model and imaging protocol

The animal protocols involving studies on canine and rodent species were approved by the
Institutional Animal Care and Use Committee of Oklahoma State University. The canine protocol
was also approved after an on-site inspection by the U.S. Army Medical Research and Material
Command. For this study a 7 year old, 27-kg sexually intact mixed-bred hound was used. The TVT
cell line was propagated in non-obese-diabetic/severe combined-immunodeficiency (NOD/SCID)
mice. The neoplastic TVT cells were recovered and homogenized for injection into the canine
prostate gland parenchyma. Approximately a 2 cc suspension of 2.5x10° cellsmL of homogenized
TVT cells were aseptically injected trans-perineally into the right lobe of the prostate using a 6-in.
16-gauge hypodermic needle via TRUS visualization (Fig. 3-a). The TVT cells were confined within
the cranial aspect of right prostatic lobe during injection. The dog underwent weekly monitoring,
including physical rectal examination, TRUS, Doppler US and trans-rectal NIR tomography, for 9
weeks and was then humanly euthanized for necropsy and histological examinations.
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Figure 3 Imaging protocol of trans-rectal NIR and US of canine prostate
3. RESTULSAND DISCUSSIONS

3.1 Development of atransmissible venereal tumor visualized on NIR and TRUS

Shown in Figure 4 are the imaging results, over three weeks, of the right lobe around the site of
tumor cell injection. In each column there are Doppler US, TRUS, [HbT] and StO2 images from the
top row to bottom row. The optical images of [HbT] and StO2 were set to the same color-bar
respectively for comparison. At baseline imaging, there was a hypo-echoic region in TRUS that was
suspected as the pelvic lymph node that had a higher [HbT] and alower StO2 than the prostate. At 7
days post injection, there was an indication of increased blood flow in the periphery of the injection
site in the prostate which was consistent in both Doppler US and [HbT]. The region around the
infused blood vessel had a higher StO2 than the adjacent prostate region. There was a region of
higher [HbT] inside the prostate which was clearly visualized in optical images while unremarkable
in TRUS. This region of higher [HbT] became a distinct hypo-echoic region in TRUS image at and
after 14 days post injection.
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Figure 4 Images of prostate right lobe Figure 5 Images of prostate right lobe at 56
at baseline, 7 days post-injection and days (8-week) post-injection.
14 days post-injection.

At 8 weeks post-injection (Fig. 5), the hypo-echoic region in TRUS images increased in size
as aresult of the tumor growth. The Doppler ultrasound showed that the blood flow surrounded the
tumor, which in optical imaging was presented as a region of high contrast of [HbT] encircling a
region of low [HbT], while the StO2 of the region inside the indicated tumor site was low. This
pattern of [HbT] and [StO2] indicated that the core of the solid TV T might have become necrotic.

3.2 A contra-lateral native cystic lesion visualized on NIR and TRUS

Figure 6 presents the images of the left lobe of the prostate which was visualized with acystic region
before the inoculation of the TVT cells. Shown in Figure 7 were the images of the cystic lesion taken
at the 6" week post-injection. The cyst had consistently shown a moderate [HbT] contrast and
significant lower StO2 compared with peripheral normal-appearing prostatic tissue. The region of
low StO2 region was dlightly greater than the region of higher [HbT] and definitively greater than
the region of remarkably hypo-echoic in US.
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Figure 6 Cysts in the |eft lobe prostate Figure 7 Cysts in the left lobe prostate
a three longitudinal locations before at three longitudinal locations 42 days
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—o— Tumor —&—Tumor
HbT . on St02—-—gys
120 80
100 4
80 60 4@%@%—
260 40
40
20 20
0 0
-2 3 8 -2 3 8
Week Week

Figure 8 Estimated [HbT] and StO2 in the region of interest of the tumor and cyst.

3.3 Longitudinal changes of hemoglobin and oxygen saturation in regions of tumor and cyst

Average values of [HbT] and StO2 at regions corresponding to the growth of tumor mass and
peripheral to the cyst (a circle with 1cm diameter that is approximately 200% of the area of the cyst
shown on US) were calculated and compared in Fig. 8. At each weekly measurement, the
reconstructed data were evaluated among three longitudinal locations from cranial, middle to caudal
sites accordingly to minimize sensitivity issues and artifacts [20]. At the baseline measurement
performed over atwo week duration before the tumor cell injection, the [HbT] (blue line) indicating
the normal prostate tissue had alittle higher [HbT] than that indicating the cystic lesion, and also had
higher StO2 than that indicating the cystic lesion. After injection of the tumor cells, the [HbT] at
both lobes were increased which could have been due to the inflammational response of the prostate.
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Around the cystic lesion, the [HbT] increased during the first two weeks after the injection and
dropped back to the previous normal level after 4 weeks. In the right lobe at the site of the TVT cell
injection, the [HbT] remained high for the following 5 weeks. During week 6 and week 7 the tumor
site [HbT] decreased to a value similar to that of the normal tissue. After week 7 the blood supply
around the tumor became significantly increased, which was shown as an increased [HbT] in week 8
and week 9 post-injection, while the StO2 decreased during the last four weeks.

3.4 Histological results

The dog was euthanized at 9 weeks post-inoculation of TVT and subjected to thorough gross and
histological examination. Metastasis to the regional lymph nodes in the pelvic canal was found. The
prostate was excised, and sliced sagittally by free-hand technique at positions approximately the
same as those used for in vivo NIR and TRUS monitoring, specificaly middle-line, half-way
between middle-line and right edge, slightly medial to the right edge, half-way between middle-line
and left-edge, and dlightly medial to the left edge.

Figure 9 Gross histology and H&E staining results. (a) A cystic lesion confined in
the left lobe. (b) The necrotic foci of TVT in the middle aspect of the right lobe. (c) A
concentrated infiltrate of hemosiderophages (framed by arrows) indicating old
hemorrhage in another region around the prostatic cyst lumen. Bar = 200um. (d)
Focus of necrosis within TVT mass in middle of right lobe. Portion of TVT mass
outlined by arrows. Central focus of necrosis outlined by arrowheads. Bar = 500um.

A cystic lesion was found in the middle of the |eft lobe that correlated with a cystic lesion seen
during imaging (Fig. 9-a). The right lobe contained primarily TVT tumor masses at dorsal and
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dlightly crania regions (Fig.9-b). Histologicaly, necrotic foci were observed in the solid tumor
masses, which supported the minored results of low [HbT] and low [StO2] in the tumor-indicative
region in Fig.5. Shown in Fig. 9-c is the H&E image of tissue excised from the periphery of the
cystic lesion in Fig. 9-a, wherein a concentrated infiltrate of hemosiderophages (framed by arrows)
indicates previous hemorrhage. The necrotic foci of the TVT mass shown in Fig. 9-b were confirmed
by H& E staining asillustrated in Fig. 9-d.

SUMMARY
In summary, this work reported the in-vivo optical imaging of both [HbT] and StO2 changes
associated with the growth of a TVT tumor in canine prostate during a 9-week time-source, and that
associated with a native prostate cystic lesion during the same period of evaluation. This study
demonstrated the potential to improve the accuracy of prostate cancer detection by applying multi-
wavelength optical spectral measurement to augment the US and Doppler US imaging techniques.
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Abstract: Needle-based core-biopsy to locate prostate cancer relies heavily upon trans-rectal
ultrasound (TRUS) imaging guidance. Ultrasonographic findings of classic hypoechoic
peripheral zone lesions have alow specificity of ~28%, alow positive predictive value of ~29%,
and an overall accuracy of ~43%, in prostate cancer diagnosis. The prevalence of isoechoic or
nearly invisible prostate cancers on ultrasonography ranges from 25 to 42%. As a result, TRUS
is useful and convenient to direct the needle trajectory following a systematic biopsy sampling
template rather than to target only the potentially malignant lesion for focal-biopsy. To address
this deficiency in the first-line of prostate cancer imaging, a trans-rectal ultrasound-coupled
spectral tomography (TRUST) approach is being developed to non-invasively resolve the likely
optical signatures of prostate malignancy. The approach has evolved from using one NIR
wavelength to two NIR bands, and recently to three bands of NIR spectrum information. The
concept has been evaluated on one normal canine prostate and three dogs with implanted prostate
tumor developed as a model. The initial results implementing TRUST on the canine prostate
tumor model includes: (1) quantifying substantially increased total hemoglobin concentration
over the time-course of imaging in arapidly growing prostate tumor; (2) confirming hypoxiain a
prostatic cystic lesion; and (3) imaging hypoxic changes of a necrotic prostate tumor. Despite
these interesting results, intensive technologic development is necessary for trandating the
approach to benefiting clinical practice, wherein the ultimate utility is not possibly to eliminate
needle-biopsy but to perform focal-biopsy that is only necessary to confirm the cancer, aswell as
to monitor and predict treatment responses.

l. INTRODUCTION
Prostate cancer has been the second leading cause of cancer death in American men over a

decade. In US aone an estimated 190,000 new prostate cancer cases occurred during 2010, and

Optical Biopsy IX, edited by Robert R. Alfano, Stavros G. Demos,
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an estimated 27,000 patients died from prostate cancer in 2010 [1]. The first-line screening of
prostate cancer depends upon digital rectal examination (DRE) and prostate specific antigen
(PSA) blood test in asymptotic men. The reported sensitivity, specificity, and positive predictive
value for PSA were 72.1%, 93.2% and 25.1%, respectively; and for DRE were 53.2%, 83.6%
and 17.8%, respectively [2]. Abnormal DRE or PSA test, when raising the suspicion of prostate
cancer, is usualy followed by an invasive evauation of the prostatic tissue by trans-rectal
ultrasound (TRUS) guided core-needle biopsy. During the biopsy, an 18 gauge needle is directed
under TRUS imaging to systematically selected positions, most often 12-18 of them, to extract
tissue samples for pathological examination. The need of multi-core needle biopsy in prostate is
prompted partially by the diffusiveness and multi-focal appearance of prostate cancer [3], but
largely by the inability of TRUS in accurately distinguishing prostate cancer from benign
prostatic lesion based on the sonographic features. Ultrasonographic findings of classic
hypoechoic peripheral zone lesions have a low specificity of ~28%, a low positive predictive
value of ~29%, and an overall accuracy of ~43%, in prostate cancer diagnosis [4-6]. The
prevalence of isoechoic or nearly invisible prostate cancers on ultrasonography ranges from 25 to
42% [7]. As aresult, TRUS is useful and convenient to direct the needle tragjectory following a
systematic biopsy sampling template rather than to target only the potentially malignant lesion
foci for focal-biopsy.

There is a need to develop aless invasive, idedly non-invasive, imaging technique for detection
of prostate cancer that may be utilized in the first-line screening stage for improving the accuracy
of focal-biopsy. Non-invasive detection entails identifying the signatures of tissue that can be
interrogated noninvasively by specific mechanisms, such as by applying electromagnetic or other
type of radiation. One of such signatures may associate with optical interrogations. Native
optical signature of tissues is produced by the light scattering and absorption properties of the
tissue, due to changes in blood concentration, nuclear size distribution, epithelial thickness, and
collagen content [8]. For more than two decades, optical methods, by way of spectroscopy,
tomography, or a combination of both, have been widely explored for non-invasive detection of
the onset and progression of disease including pre-malignancy and malignancy as well as other
pathological conditions [9-12]. These reported studies indicate that optical spectroscopy has
potential to improve screening and early detection of cancer. This work discusses the application
of diffuse optical spectral tomography, combined with TRUS, in exploring the optical signatures
of malignant prostatic tissues.

I. DIFFUSE OPTICAL TOMOGRAPHY FOR PROSTATE IMAGING

A. Diffuse optical tomography in the context of probing the prostatic optical properties

Diffuse optical technique refers to the use of photons undergoing many scattering events to
obtain the measurement of optical properties in deep tissue volumes for the ultimate purpose of
investigating tissue physiology. When depth-resolved cross-sectional image is the endpoint of
visualization, it is specified as diffuse optical tomography (DOT) [9-12]. DOT is becoming
increasingly interesting and important for functional imaging in biological tissues [12]. DOT
relays on non-invasive or minimally-invasive administration of light in near-infrared (NIR, 650-
900nm) spectral window. The relatively weak NIR absorption in water allows photon
propagation into deep tissue volumes. The stronger NIR absorption of hemoglobin as compared
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to other tissue constituents such as water provides intrinsic contrast between blood and
parenchymal tissues [13]. The distinct cross-over feature of NIR absorption by hemoglobin
between oxygenated and deoxygenated states enables direct quantification of tissue oxygenation
[14] by use of as few as two wavelengths at the both sides of and close to the isosbestic point of
hemoglobin. The integrative outcome of utilizing NIR light has been obtaining optically-
expressed physiological contrasts, due to differences in micro-vessel density, tissue oxygenation,
and changes of water or lipid concentrations, in deep tissue volumes by non-ionizing optical
interrogation. Such physiological contrasts offer specific and often sensitive indications of tissue
metabolic changes and malignancies at both macroscopic and microscopic scales.

Although biological tissue is a weak absorber of NIR light, it is a strong NIR scatterer owing
predominantly to the um-scale intracellular organelles. NIR light becomes essentially diffuse
after a few millimeters away from the point of a directional launching in typical soft biological
tissue where single scattering event may occur at a scale of 100 um or less [15]. The NIR diffuse
propagation makes it feasible to interrogate tissue volume that is much wider than the direct
geometric sensing region between light illumination and collection positions, and much deeper
than the depth achieved by optical imaging methods where coherent photons are utilized as in
optical coherence tomography [16] and low-coherence enhanced backscattering [17]. However,
DOT is apparently not a choice of whole-body imaging for human due to NIR’s limited
penetration of several centimeters in soft tissue and strong attenuation by bone. Nonetheless, in
many cases DOT can perform relatively large-scale imaging for tissues or organs comparable to
the size of breast, including some internal organs such as the prostate. When compared with
imaging modalities wherein ballistic illumination-detection path is employed for organ-level
imaging such as X-ray CT, DOT requires less number of illumination and measurement channels
in order to measure the same volume of tissue. However, due to the loss of precise location
information in DOT due to diffusive photon propagation, the direct information that DOT
measurement seeks to acquire is the tissue optical property, in low spatial resolution, such as
absorption coefficient and reduced scattering coefficient, upon which the relevant contrasts of
physiological parameters may be retrieved.

Near-infrared DOT is shown particularly useful over the past decades for functional imaging of
biological tissues where scattering of the photons dominates and where NIR contrast based on
intrinsic chromophore content or exogenous probe can be linked to tissue physiology such as
angiogenesis, oxygen deprivation or over-expression of specific biomarkers. Considerable
promising outcomes of NIR optical tomography are reported in diagnosis of breast cancer [10],
understanding of cortex response [12], and characterization of rheumatologic dysfunction [18,
19], in which all the tissues under imaging are interrogated externally by non-invasive method.
In terms of the utility of NIR tomography in internal imaging regime, there is however limited
information available. Interstitial measurement by use of diffuse or near-diffuse photons has
been employed for monitoring of photodynamic responses in organs such as prostate [20]. From
the diagnostic perspective, the most appealing feature of NIR tomography may be arguably its
unique functional contrast that is obtained non-invasively. Recently there are increased interests
toward understanding the challenges and benefits of non-invasive NIR optical tomography of
internal organs, in particular imaging the prostate [21, 22]. Such increased interest is prompted
by the evidence that prostate cancer development is associated with angiogenesis [23] and NIR
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imaging may provide non-invasive assessment of prostate cancer. Capability of non-invasive
prostate imaging by optical means will likely enable the study of prostate optical properties, and
augment current diagnostics if the optical properties of prostate cancer are found to have
substantial contrast with respect to those of normal prostate tissues.

B. Diffuse optical tomography in the context of ultrasound-coupled or guided imaging

The gpatia information of NIR DOT is compromised by the diffusive photon propagation and
the resulted ill-posed iterative image reconstruction. Combining DOT with other imaging
modalities that are anatomically accurate has proven effective in firstly correlating the DOT
functional contrast with the spatial anatomy of the lesion, and secondly using the structural
delineation of the lesion, if the lesion profile can be defined accurately, to guide and constrain
the DOT image reconstruction to characterize the optical properties of the lesion for augmenting
the diagnosis. In terms of the morphological imaging modalities that can be cohesively integrated
with DOT for complimentary imaging, of breast and prostate etc, one excellent choice is
ultrasound.

Ultrasound imaging is frequently used as an adjunct tool in cancer detection for differentiating
cysts from solid lesions, and it plays an important role in guiding interventional procedures such
as needle aspiration and core needle biopsy [24]. Severa studies have been reported on the
technology of combining DOT with US, for breast cancer detection [24-27]. A system developed
in University of Connecticut is implemented by simultaneously deploying optical sensors and a
commercial US transducer mounted on a hand-held probe, and utilizing co-registered lesion
structure information provided by US to improve the inverse optical imaging reconstruction. The
hand-held hybrid probe consists of acommercial US transducer located in the center and the NIR
source detector fibers distributed at the periphery. The NIR imager consists of 12 pairs of dual-
wavelength (780 and 830 nm) laser diodes for measurement of total hemoglobin and eight
photomultiplier tubes (PMTs) for detection. In that system, the NIR reconstruction takes
advantages of US localization of lesions and segments the imaging volume into a finer grid in
lesion region and a coarser grid in nonlesion background region. A modified Born approximation
is used to relate the scattered field measured at each source and detector pair to total absorption
variations at wavelength in each volume element of two regions within the sample. The
absorption distribution at each wavelength is obtained by dividing total absorption distribution
changes of lesion and background regions, respectively, by different voxel sizes in lesion and
background tissue regions. This dual-mesh scheme results in well conditioned inversion and
convergence of the image reconstruction in a few iterations [28]. The studies of DOT/US of
breast have provided strong evidence that NIR DOT’s functional imaging capability. For an
early-stage invasive ductal carcinoma [24], US showed a nodular mass with internal echoes and
the lesion was considered suspicious. The lesion, by DOT imaging, was measured with
maximum total hemoglobin concentration of 122 mmol/L. The average measured total
hemoglobin concentration within full width and half maximum (FWHM) is 91 mMol/L, and the
measured average background hemoglobin concentration is 14 mMol/L.

1.  APPROACHESOF TRANSRECTAL ULTRASOUND-COUPLED
SPECTRA TOMOGRAPHY (TRUST)
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The studies of combined DOT/US in breast cancer imaging have encouraged the development of
combined DOT/US for prostate cancer imaging. A trans-rectal spectral NIR/US probe and
imager are developed [29] and shown in Fig. 1. The TRUS probe having a bi-plane sector
(BMHz for axial imaging) and linear array (7.5MHz for sagittal imaging) transducer is
compatible to a portable ALOKA SSD-900V unit and a standard ALOKA SSD-3500 scanner.
The NIR applicator was integrated over the 7.5MHz sagittal-imaging transducer. The NIR source
and detector array, each having 7 channels, were 60mm in longitudinal dimension, which was
identical to the longitudinal length of the sagittal US transducer. The light sources used for NIR
tomography in this system have undergone three stages toward improved spectral information in
the acquired optical properties. In the first stage, which was used for the imaging of our first and
second canine subjects, a super-luminescent diode of 100mW at 840nm was used. In the second
stage, which was used for the imaging of our third canine subject, the light sources used were
two laser diodes at 785nm and 830nm. In the third stage, which was used for the imaging of our
fourth canine subject, three laser diodes were implemented at 705nm, 785nm, and 808nm. The
source lights, via single fiber for one source or multiply-branched fiber-bundle for multiple
sources, were focused sequentially onto 7 source fibers of the NIR applicator by a home-made
trandating fiber multiplexer based on a linear motorized translations stage. The spectral NIR
remissions collected by the 7 detection fibers were acquired by a 16-bit intensified CCD camera
of 12.4x12.4mm? in chip-size through a 300mm spectrometer. Acguisition of NIR signals from
the 7 source channels took less than 4 seconds after the plane of view of imaging in the prostate
was localized by the sagittal US. The absorption and reduced scattering coefficients of the
prostate were reconstructed from steady-state measurements, which are then used to derive
information such as total hemoglobin and oxygen saturation, as detailed in Table 1.

US sagittal
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Fig. 1 Schematic configurations of the spectral trans-rectal DOT coupled with TRUS
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Table 1. Configurations of the trans-rectal DOT for the studied of four dog subjects.
Configurations of the trans-rectal DOT for the studies of four dogs

#1 #2 #3 #4
{Cooper) (Spencer) (Buck) (Duke)
Near-infrared 840 nm 840 nm 785 nm 705 nm
wavelengths 830nm 785 nm
utilized (14nm FWHM) (14nm FWHM) 808 nm
MM-coupled MM-coupled
Light source Super- Super- Laser diode Laser diode
luminescent luminescent
Detection (Spectrometer)/  (Spectrometer)/ Spectrometer/ Spectrometer/
method intensified CCD intensified CCD intensified CCD intensified CCD
Image Based on Based on Based on Based on
reconstruction NIRFAST NIRFAST NIRFAST NIRFAST
Parameters
- A : IO B HD
reconstructed | “«(M) ) 4D gy Dy Y L)
Parameters [HbT] [HbT]
derivable [S:0,] [S.0,]
[?77?]
Measurements [HbT] [HbT]
calibrated [S.0,]

v A DOG MODEL OF PROSTATE CANCER FOR EVALUATING
TRANSRECTAL SPECTRAL OPTICAL TOMOGRAPHY

A. Caninetransmissible venereal tumor for evaluating prostate imaging

Large animal models for human prostatic studies are limited. Dog is considered an acceptable
model as the prostate develops abscesses, cysts, benign hyperplasia, and neoplasia as human
prostate do [30]. The neoplasia of dog prostate shares some morphological similarities to that of
human prostate. The similarities include metastatic pattern, increased occurrence of
adenocarcinoma with age, occurrences in sexually intact males, etc. However, canine prostatic
carcinoma cell lines are limited in numbers available. Lines recently derived from canine
prostatic carcinoma include DPC-1 [31], CT1258 [32], which were maintained in severe
combined-immunodeficiency (SCID) mice or tumergenetic medium.

Canine transplantable or transmissible venereal tumor (TVT) [30] known to have aviral etiology
has been specified as effective for evaluating imaging techniques. The unique canine TVT is a
round cell tumor of dogs that mainly affects the external genitalia and can be transmitted from
animal to animal during copulation, regardless of histocompatibility. It can be propagated in
immune-compromised mice and transferred to different tissues of the dog to result in a neoplastic
mass effect very useful for imaging studies. Studies have shown development or metastasis of
canine TVT in prostate, lung, hepatic lymph node, lumbar paraspinal muscle [30], etc. In canine
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prostate, the signal intensity of the TVT in T2-weighted image was similar to that of the normal
prostate tissue, resulting in an inability to completely discern tumor boundaries. The signal
intensity of the TVT in T1l-weighted MR image obtained after gadolinium administration
rendered the margin of the tumor partially discernable because the TVT enhanced less than did
the surrounding prostatic tissue [30].

Photomicrograph of canine TVT in the prostate has shown tumor groups of individual
pleomorphic histiocytic neoplatic round cells. The tumor is shown expansile. The groups of
tumor are usually separated by adistinct, reticulated, delicate network of fibrovascular septa. The
TVT in morphology is characterized by distinct tumor boundary, higher density than normal
tissue, large hyperchromatic nucleus, and single conspicuous nucleoulus. All these features,
when being interrogated by NIR light, are expected to generate different NIR absorption and
scattering contrasts. However, the optical contrasts obtained from TVT may not necessarily
represent those from prostate carcinoma because of the difference between the round-cell tumor
and adenocarcinoma. But nonetheless, the canine prostate TVT model would be sufficient for
evaluating the imaging characteristics of trans-rectal spectra tomography in distinguishing
malignant from benign and normal prostatic tissue.

B. Animal Protocol

The animal protocols implemented in these studies involve canine species for implanting the
tumor cells in prostate and rodent species for maintaining the viability of the cell-lines. These
animal protocols were approved by the Institutiona Animal Care and Use Committee of
Oklahoma State University. The canine protocol was aso approved after an on-site inspection by
the U.S. Army Medical Research and Material Command.

For all studies involving dog species, sexually intact male dogs were used after minimum 2
weeks of baseline monitoring. The TVT cell line was obtained from M.D. Anderson Cancer
Center through a biological material transfer agreement. The TVT cell lines were propagated in
non-obese-diabetic/severe combined-immunodeficiency (NOD/SCID) mice. The neoplastic TVT
cells were recovered and homogenized for injection into the canine prostate gland parenchyma.
For each study, 2-3 cc suspension of approximately 2.5x10° cells/mL of homogenized TVT cells
were aseptically injected trans-perineally into the right lobe of the prostate using a 6-in. 16-gauge
hypodermic needle. The injected tumor cells were confirmed by TRUS using the above-
mentioned bi-planar transducer. Figure 2 illustrated the harvested TVT tumor before
homogenization (a), the homogenized TVT cells housed in syringe (b), the injection of the TVT
cells to canine prostate (c), and the TRUS visualization of the injection needle in the prostate (d).
In al studies the TVT cells were confined in the right prostatic lobe during injection. Post-
injection monitoring, besides trans-rectal NIR tomography, included physical rectal examination,
and grey-scale TRUS in all studies, and Doppler US for canine subject 3 and 4. The studies all
involved gross necropsy and histological examinations after humanly euthanizing the subject.
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V.RESULTS

The comparisons of the study designs for the four canine subjects as well as the most prominent
differences in the tumor development among the canine subjects are summarized in Table 3.

Subject 1.

The subject 1 underwent TVT injection, however, the TVT growth was not observed, and
therefore it became a control. In necropsy at 9-wweks post-injection, the prostate gland exhibited
diffuse, symmetrical (and mild) enlargement (4.5cmx 4.5cmx2.5cm). On cross-section, the
tissue was grossly normal with the exception of a discrete, 0.5cm in diameter focus of grey/tan
tissue located in the region of the right prostatic lobe. Histologically, this focus corresponded to
moderate interstitial fibrosis with infiltration by primarily lymphocytic inflammatory cells. The
remainder of the prostatic tissue exhibited diffuse slight enlargement of the prostatic epithelium
with occasional papillary projections and cystic dilation of prostatic glands consistent with early
benign prostatic hyperplasia’hypertrophy. Otherwise, the tissue was histologically
unremarkable. The histological results confirmed that the NIR optical contrasts presented in this
work are of anormal canine prostate [33].

Subject 2.

The TVT injection to subject 2 differs from the rest in that the TVT cells were seeded along the
needle track during needle retraction. The gross and histological findings (8-week post-injection)
confirmed intra- and peri-prostatic neoplastic infiltrates with masses also located along the
urethra and peri-rectal tissue; the latter related to dissemination along the needle track during
TVT inoculation. All masses consist of diffuse sheets of amonomorphic population of neoplastic
round cells dissecting through pre-existing fibrovascular stroma. The neoplastic cells have large
hyperchromatic nuclei, single conspicuous nucleoli and moderate amounts of featureless
cytoplasm. The cytological features are consistent with canine TVT [34].

Subject 3.

The TVT was injected at two locations in the right aspect of the prostate of this dog, one in the
cranial aspect, one close to the middle aspect. In necropsy performed 8-weeks post-injection, the
excised prostate was approximately 10x5x5cm3 in size. The prostate was serially sectioned in
the conventional transverse orientation in ~1.5cm dices. The gross examination confirmed
multiple coalescing foci of TVT in the caudal-aspect of the gland, and significant infiltration of
the tumor from right to the left lobes. After fixation in 10% buffered formalin, the prostatic
sections were again closely examined. On one slice corresponding to the left-caudal-aspect of
the gland, a small pocketof normal prostatic tissue surrounded by multi-foci TVT was noted.
Indication of similar morphology was seen as demarcated on the sagittal NIR image obtained at
similar time as aregion of base-line [HbT] enclosed by heterogeneous hyper-[HbT] masses. The
simultaneously obtained sagittal Doppler US revealed substantially enhanced blood supply
ventral to the heterogeneously hypo-echoic mass [35].
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The subject 4 was presented in base-line imaging with a large cystic lesion at the left aspect of
the prostate. The study design therefore was benefited from a course-long contra-latera
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comparison of the expected development of the tumor in the right aspect versus any anatomic
changes of the cystic lesion in the left aspect. The tumor developed in the right aspect was
revealed sonographicaly after 7-weeks post-injection that the tumor mass reduced indicating
regression or necrosis, comparing with a relatively stable volume of the cystic lesion in the left
aspect. In gpectral DOT, the tumor mass presented with substantially increased [HbT] in the
periphery, with an area of reduced StO2 less than the area of the mass itself shown on
ultrasonography. Conversely, in spectral DOT, the cystic lesion presented with slightly increased
[HbT] in the periphery of the lesion shown on ultrasound with oxygen-reduction inside and in
the periphery of the lesion. There was no detectable change of blood flow on Doppler US in the
periphery of the cystic lesion. In necropsy performed 9weeks post-injection, the right lobe
contained primarily TVT tumor masses at dorsal and dlightly crania regions. Histologically,
necrotic foci were observed in the solid tumor masses, which agreed with the monitored results
of low [HbT] and low [StO2] in the tumor-indicative region by spectral DOT. The necropsy aso
confirmed the cystic fluid occupying the region indicative of cyst on ultrasound [36].

Vi. SUMMARY

A trans-rectal ultrasound-coupled spectral tomography (TRUST) approach is being developed to
non-invasively resolve the likely optical signatures of prostate malignancy. The approach has
evolved from using one NIR wavelength for mapping the absorption and scattering
heterogeneities in prostate, to two NIR bands for extracting total hemoglobin heterogeneities in
prostate, and to three bands of NIR spectrum information that was useful for mapping the oxygen
saturation in addition to total hemoglobin concentration. The approach of using spectral optical
tomography to discover optical signatures of malignant prostatic tissue has been evaluated on
one normal canine prostate and three dogs with implanted TVT tumor in the prostate.
Wavelength-specific reconstruction of the absorption and scattering properties demonstrated
contrasts in the optical properties of malignant and normal tissue. Absorption properties
reconstructed at multiple wavelengths were used to derive the total hemoglobin and oxygen
saturation. These information additionally indicated the potential optical signatures of malignant
prostatic tissue, as suggested by the findings of transrecta spectra DOT include: (1)
substantially increased total hemoglobin concentration was observed over the time-course of
imaging in a rapidly growing prostate tumor; (2) hypoxia in a prostatic cystic lesion was
observed with the region of the reduced oxygenation greater than the area of the cyst-indicative
region on ultrasound; and (3) hypoxic core of a necrotic prostate tumor was observed with the
region of the reduced oxygenation smaller than the area of the tumor-indicative region on
ultrasound.

Despite these interesting results, intensive technologic development is necessary for translating
the approach to clinical practice. The challenges lie in reducing the size of the combined NIR/US
applicator, incorporating more wavelengths for more spectral information, enabling three
dimensional ultrasound for providing accurate spatial reconstruction prior to trans-rectal DOT,
accelerating the trans-rectal DOT image formation, discovering the optical signatures of prostate
adenocarcinoma, etc. The ultimate utility of this approach of trans-rectal spectral DOT combined
or guided with US, is not possibly to eliminate needle-biopsy but to perform focal-biopsy that is
only necessary to confirm the cancer, as well asto monitor and predict treatment responses.
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ABSTRACT

We investigate the feasibility of rapid near infrared diffuse optical tomography by spectrally-encoded sequential light
delivery using wavelength-swept source. The wavelength-swept light beam is dispersed by a spectrometer to form
"swept-spectral-encoded” light beam which scans linearly across the exit window of the spectrometer and delivers
sequentia illumination to linearly bundled source fibers. A data acquisition rate of 0.5 frame/second is reached from a
AmW 830nm swept-source and a 20mm-diameter transverse-imaging intra-lumenal applicator with 7 source and 8
detector channels placed in a liquid phantom. Higher rate of data acquisition is achievable with more powerful
wavelength-swept source or in a smaller imaging regime. This new configuration is intended for being implemented in
rapid fluorescence diffuse optical tomography by enabling sequential source-channel-encoded excitations of
fluorophores.

Keywords: biomedical optics, tomography, medical imaging

1. INTRODUCTION

Near-infrared optical tomography has demonstrated high functional contrast in imaging applications for cancer detection
[1-3] and assessing disorders of extremity [4-5], functional status of brain [6] and hemodynamics of small animals [7-8].
Compared to other imaging modalities such as X-ray computed tomography and ultrasound imaging, NIR optical
tomography usualy is implemented at relatively slower rate of data acquisition due to the need of source-encoding in
differentiating the origin of light diffused through scattering-dominant biological tissue.

Several methods have been used for source-decoding in NIR optical tomography. One of the method being implemented
widely is by mechanically switching the light illumination among the source channels [1-2, 5], which ensures the sole-
source illumination necessary to maximizing the signal dynamic range, but it could have potential issues such as
reliability and repeatability if high-speed is desired. Frequency-multiplexing can in principle render real-time data
acquisition, but the cross-channel suppression of weak signal by stronger signal is difficult to overcome. Recent studies
have implemented digitally-controlled source-channeling coupled with frequency-multiplexing [9] to reach higher speed
in DOT data acquisition.

One configuration of source-encoding in DOT leading to the first video-rate DOT imaging acquisition has been based
upon the principle of spectral-encoding of the source channels. The spectral-encoded DOT has been demonstrated by
discrete-spectral-encoding using multiple laser diodes (LD) with individual temperature and current control for each LD
[10], and spread-spectral-encoding using a broad-band light source [11]. The configuration using multiple LDs
demonstrates higher acquisition rate (approximately 30Hz), but the inter-channel frequency-hopping and uncorrelated
channel-wise intensity fluctuation limit the accuracy of the system in resolving smaller dynamic changes of tissue optical
properties. The configuration using a broad-band light-source for spread-spectral-encoding overcomes the issues of
cross-channel frequency-hopping and intensity fluctuation because of the use of different spectral components from the
same source, which resulted in much higher sensitivity to dynamic changes of tissue optical properties. One drawback of
spread-spectral-encoding using single broadband light source is the potential overlapping of the spectrum of each source-
channel with the neighboring source-channel when using imperfect optics [11], which may require deconvolution to
remove the effect of spectral and intensity cross-talk.

Wavelength-swept light source is widely utilized in spectral-domain optical coherent tomography [12], and is recently
implemented for spectrally-encoded detection of surface profile of a subject [13]. This work demonstrates the use of
wavelength-swept light source in DOT applications by a configuration of swept-spectral-encoded sequentia light
delivery. Some advantages of this approach over previously demonstrated source-sequencing techniques are
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demonstrated, by phantom experiments, as: 1) the spectrally and temporally encoded source channeling facilitates rapid
non-mechanical switching; 2) sole-source illumination eliminatess the cross-coupling problem seen in spectral-encoding
based on a broadband light source. Temporally independent source illumination can also couple with CCD gain control
to allow adaptive CCD exposure to the range of signals specific to one source-channel.

This paper also applied a recently developed analytic model of endoscopic imaging geometry to the reconstruction
process. It is well-known that most of the system calibration in DOT image reconstruction involves fitting the
numerically solved light propagation to the experimental measurements. Most of contemporary studies seem to utilize
the analytical model for planar semi-infinite photon diffusion [14] during the first step of data calibration. Such approach
demonstrates its robustness in many frequency domain systems, in which the gradients of the measurement components
are considered in the analytical fitting process. However, as to the continuous wave systems, since multiple optical
properties cannot be strictly decoupled by merely utilizing the attenuation of light signal intensity, the accurate fitting to
the absolute intensity is also required. Therefore, more accurate anaytical model specified for the applicator geometry of
each imaging system are desired, which, for the particular case of this study targeted for endo-rectal imaging using a
circular cylindrical applicator a new model is derived and validated by Zhang et al[15]. This geometry-specific analytic
model is expected to provide more accurate estimation of the optical properties of homogeneous medium during the
initial step of data calibration asit improves the data-model match.

This paper discusses the structure of the system and presents experimental results based on phantom for assessment of
system performance as well as demonstrating the use of geometry-specific analytic model for data calibration.

2. METHODSAND MATERIALS
2.1 Principles of swept-spectral-encoding

The principle of swept-spectral-encoding is illustrated in Fig. 1(a). As is shown, the source light with swepting
wavelengths is dispersed by spectrometer #1 and sequentially coupled to the fiber channels linearly arranged at the
output plane of spectrometer #1. Therefore, the sweeping source light appears similar to a broadband light, and a
spectral-encoding of the source illumination similar to the one reported in [11] is achieved. At the detection end,
spectrometer #2 decodes the light signals for CCD acquisition, as is shown in Fig.1 (b) (with 1200 groove/mm grating)
and Fig.1(c) (with 600 groove/mm grating).

The detection signals corresponding to each source channel are acquired independently in time, per se, by spectral as
well as temporal encoding represented by equ(1):

Loop(t=1:m): {D(t) 1= (Wimn)" XT()mem ¥ SPECmem XS w1} (1)
where tis the time-dot of wavelength-sweeping controlled by PC; D(t) is the detector signal at timet, W is the weight
matrix or senditivity matrix of the imaging geometry; T(t) is the diagonal matrix representing the time-encoding,

| A A o A
T()(,0)= {(l) : : ;Spec= ’11 %2 ’13 is the spectral encoding matrix.
A A o A

The synchronization mechanism between the swept source and CCD is shown in Fig.1(a). Controlled by the PC, the
source -sweeping stops when the maximum source power is coupled to designated source channel, followed by the CCD
exposure. Therefore, for one imaging cycle, image acquisition number equals to the number of source channels
(illustrated in Fig.1(d)). Such design facilities the temporal separation of the light spots at the detection end despite the
spatia overlapping.

2.2 System configuration

A Superlum wavelength-swept light source is used. It has 4mW output power and scans in the range of 838nm to 858nm
at an increment of 0.05nm. The wavelength stability is £2.5pm per five hours. The source light is pigtailed by a single-
mode fiber and collimated by an aspherical lens of 4.51mm focal length. The collimated source light is coupled to a
spectrometer #1 (SpectroPro 500i, Princeton Instrument). The 1200 groove per mm grating and 500mm path length of
the spectrometer expands the 20nm spectral range of the source light to approximately 15mm span at the output plane of
the spectrometer, where linearly arranged 1mm-diameter fibers deliver the sequentialy coupled light to the imaging
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applicator. At the detection end, a CCD camera (ACTON PIX1S 512) with 12.3mmx12.3mm imaging area and a 300mm
focal-length spectrometer #2 (SpectroPro 2300i, Princeton Instrument) is integrated for signal acquisition. The source-
sweeping and CCD data acquisition are synchronized by a data acquisition card (Nationa Instrument) using LabView
(National Instrument). Limited by the source power, a minimum exposure time of 170msis required and an extra 150ms
CCD readout time is necessary before sweeping the source light to the next source channel. Therefore for each channel
approximately 320ms is required, which is equivaent to 0.5 frames per second. This frame rate can be improved with
stronger source.

The experiment validation utilizes a two dimensional circular endoscopic imaging geometry previously studied by our
group[16]. As is shown in Fig. 2, the 8 source channels and 8 detector channels are evenly interspersed around the
perimeter of the 20mm-diameter probe. However, one source channel (marked in Fig.2(c)) is discarded because of its
significantly low coupling efficiency due to fabrication defect. The actual experimental systemis shownin Fig.3.

Fig. 1 Principle of swept-spectral-encoding
(a) System schematics (b) Spectral encoding mode 1200 grooves/ mm
(c) Spectral encoding mode 600 grooves/ mm (d) Spectral and temporal encoding mode

Fig.2 A circular endoscopic imaging geometry

Fig.3 Experiment system constructed
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2.3 Examplesof signals

With the exposure time and source power described above, the signal intensity detected by the 16-bit CCD cameraisin
the range of maximum 60000 to minimum 1000. The background count of CCD is approximately 700. One set of images
are captured by submerging the probe into 1% intralipid solution. Figure 4(a) shows the images acquired after
subtracting dark background. By averaging through the region of interest in the center part of the light spots as seen in
Fig.4(b), the extracted data points are used for calibration and reconstruction (Fig.4(c)).

(a) Data spots captured by CCD camera
s1 s2 rs3 s4 s5 s6 37‘

. -
(b) Cropped data spots and center average (c) Extracted measurement intensities
Fig. 4 Raw data processing

2.4 Calibration methods

In this study, the calibration algorithm searches for the offset values between the experimental data, anaytical and
numerical model in log scale. A bulk 1% intralipid solution with .= 0.0023 mm? and us’=1mm'l is used in the
calibration process. The calibration involves 2 stages. 1) estimation of the optical properties of homogeneous medium
with analytical model and; 2) offset between the experimental data and the numerical model.

For the analytical fitting process, many studies use the linear model for semi-infinite homogenous turbid media [14].
However, such model does not accurately represent the light transportation pattern in cylindrical geometry, as is shown
in Fig.7(a). Zhang et a [15] have proposed and validated an analytical model for such cylindrical geometry:

S eyl Kkt By) 1olis (R~ R)
Y= dki Y g | K + 1-—2 - 7)CO —¢ )
222D jo {n; m m(keff R)) m[ketf (R) &)K Im(keff R)) Kmlkeff (R) ~ R:)J S[W((/’ 4 )]

Where Sis the source intensity; D=1/(3(uatus')) is diffusion coefficient; R, is the probe radius; R;=1/ us ,is the scattering
distance of the imaged medium; &, is 2 for m#0 and 1 for m=0; I, and K, are the modified Bessel function of the first
and second kind; kg is the attenuation coefficient; ¢ and ¢’ are the angular coordinate of detector and source,
respectively. For the evaluation of the model, since the equation consists of infinite series, approximation is applied by
cutting off the series at the 60" terms. Such approximation is computationally efficient but introduces discontinuity in
the function evaluation, which the commonly used gradient based fitting algorithms does not allow. A heuristic random
optimization approach [17] is thus integrated into the analytical calibration process. Since 1) the absolute values are
fitted; 2) the duration of the analytical model evaluation increases proportionally to the number of sampling points; and 3)
calibration process bases on homogeneous medium, the anaytical model is evaluated only at the source-detector
separations found in the experimental geometry as shown in Fig. 2. Therefore, only 4 data points are evaluated in each
round fitting iteration.
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It can be observed that S value is independent of the integral in Equ (2), and in log scale, it is an amplitude bias of the
anaytical model, which is found to bring in large projection error in the fitting process and might destabilize the
searching for other parameters. To suppress such instability, the algorithm first minimizes the log(S) value and starts the
overall parametric search, then the result (Fig.5(a) red curve) of which is assigned to the FEM model as the initial guess
of the second calibration stage. It can be clearly observed from Fig 7(a) that the algorithm recognized the larger light
intensity attenuation in a nonlinear pattern by correcting the u, initial guess of 0.005mm to 0.0029 mm™.,

The numerical fitting stage integrates finite element method on the ring geometry shown in Fig.2(c), which is disretized
to afinite element mesh with 872 nodes and 1620 elements uniformly distributed in the imaging domain. The numerical
calibration also starts from searching for the optimum amplitude bias, which is subsequently optimized along with the
optical properties of numerical model. And the final model fitting converged to the optical properties of 1,=0.0023mm*
and us =0.8982, of which the us' part could be more accurate if analytical model and measurements in frequency domain
are available.

(a)Anaytical model calibration (b) Numerical model calibration
Fig. 5 Datacalibration Fig 6 Experiment setup

3. RESULTSON PHANTOM IMAGING
The performance of this system configuration is evaluated by using liquid and solid phantoms.
3.1 Experiments setup

Asis shown in Fig.3 and Fig.6(a), the axial-imaging cylindrical probe was submerged in a tank of 10x10x5 cubic-inch
that filled with intralipid. The inner wall of the tank was painted black. The solid phantom targets to be imaged were
fabricated from a black plastic material, which was to mimic infinite absorption contrast of the target inclusion over the
background intralipid solution, and a phantom with ;= 0.0056 mm™ and xs =1.03 mm. The sizes of the cubic-shape
solid phantom ranged from 5mm to 15 mm. The targets were aligned initially at the imaging plane of the probe and
displaced by trand ation or rotation stages to positions of examination.

3.2 Experiment results

Four sets of experiments were conducted to examine system sensitivity on 1) the size, (Fig. 7()); 2) the radial position
(Fig. 8(a)); 3) the azimuthal direction (Fig. 9(a)) of the inclusion; and 4) multiple inclusions (Fig. 10(a)).

The first set of resultsis derived from experiments with target with varied sizes and materials embedded at side-to-probe
distance of 5mm. Asis expected and demonstrated by the results in Fig.9(b), the reconstructed absorption properties of
black plastic materials obviously exceed the solid tissue phantoms. For all five target sizes, the targets made with black
plastic were recovered at the same azimuthal location athough the recovered volumes decrease with respect to those of
the actual targets. For the targets fabricated from solid tissue phantom, the recovered absorption contrast fades as the
target volume decreases and background artifacts overwhelms the targets with volumes | ess than 10x10x10 mm?>.
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Fig. 7 Experiment on system resolution on inclusion size. (a) Target location and size illustration
(b) Reconstruction results on black plastic targets. (c) Reconstruction results on synthetic phantom targets

Fig. 8 Experiment on system sensitivity along radial direction
(a) Target location and sizeillustration (b) Reconstruction results on 10x10x10mm? black plastic targets embed at 3mm depth

Fig. 9 Experiment on system sensitivity along azimuthal direction
(@) Target location and sizeillustration (b) Reconstruction results on 10x10x10mm? black plastic targets

The second set of experiments examines the system sensitivity along the radial direction. A 10x10x10 mm® cube
fabricated from black plastic was imaged at side-to-probe distances from Omm to 15mm (equivalent center depths of
5mm to 20mm). Fig.8(b) shows the recovered absorption distributions. Results indicated that 1) the target could not be
recovered beyond 15mm depth; 2) the recovered volume decreased as the depth increased; and 3) similar to experiment
shown in Fig.9. Further, all of the target centers were recovered closer to the probe due to the non-uniform sensitivity of
the imaging geometry in the radial direction.

However, it is expected that the reconstruction sensitivity should be uniform aong the azimuthal direction of the probe
in the image plane. Therefore, in the third set of experiments, the 10x10x10 mm? black target is embedded 3mm away
from the probe and rotated along the azimuthal direction, asis shown in Fig.9(a). Approximately constant target volume
and optical properties can be observed in Fig.9(b) as foreseen, and since the targets locate at the most sensitive region of
the imaging geometry, all the target depths are desirably recovered.

The fourth set of experiments examine the system capacity of recovering multiple inclusions. Two 7.5x7.5x7.5 mm®
black cubes were used in this case in consideration that the dimensions of larger targets limit their center separation and
smaller targets are more difficult to be resolved. The two targets are both embedded 2mm away from the probe (center
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depth = 2+7.5/2= 5.75 mm) at different angular positions with respect to the probe, as is shown in the Fig.10(a).
Reconstruction results are shown in Fig.10(b).

Fig. 10 Experiment on recovery of multiple targets
(@) Target location and sizeillustration (b) Reconstruction results

It can be observed that for the predetermined depth, angular separation beyond 90 degrees can be recovered accurately
by the system. However, at 45 degree separation, the system cannot resolve the gap between the targets and indicates a
large light absorbing blob at the correct location. Such result is expected, because the minimum angular separation of
two neighboring sources is 45 degree and the signal intensity received by the detector between the two source channels
could be substantially reduced by the two targets located in the dominant light propagation path tracing to the detector
channel. Hence for the limited source-detector pair in thisimaging geometry, reconstruction algorithm recognize the two
sources and one detector channel within the 45 degree range as being blocked by one large light absorbing blob.

4. DISCUSSIONS AND FURTURE WORKS

The four sets of experimental evaluations demonstrated the feasibility of DOT using this novel configuration of swept-
spectral encoding. It seems that the in most experiments conducted above the rectangular contour of the phantoms was
recovered. The ability of such profile-identification may relate to the element geometries of the finite element mesh used
in reconstruction algorithm, but similar level of profile-identification was not seen in previous studies wherein identical
mesh structures were used [16]. The most likely explanation of such gain in the imaging outcome is that the temporal
and spectral encoding of the source light fundamentally reduces the source channel crosstalk between source channels,
improving the imaging resolution of a predetermined imaging geometry.

Moreover, with the 4mW source power and 170ms exposure time, targets with center depth up to 20mm (Fig.8) can be
detected. Although the previously reported broad-band spectral encoding system possesses higher total power level
(20mw), the average power coupled to each source channel could be on the same level as or even lower than the system
constructed in this study. The 0.5 frame per second data requisition rate can be readily improved given a stronger
wavelength-swept source.

The calibration of the homogenous data with analytical model is proved to be effective and accurate in the circular
geometries, although fitting experimental data to the approximately evaluated model could be computationally intensive
and impracticable with the gradient based algorithms. The more exhaustive heuristic random optimization approach [17]
is implemented in two stages to the calibration process, which is validated by the experimental results. However, the
analytical model utilized in this study is limited to steady-state measurement, which is known less accurate in estimating
the scattering properties. More accurate calibration may need measurements and models in frequency domain.

Prospectively, this configuration of swept-spectral-encoded sequential source illumination can be extended for rapid
fluorescence optical tomography[18], as the source channel for the fluorescence excitation could be differentiated by the
temporal encoding of the source channels out of sequential spectral-encoding. Works are planned to validate the use the
configuration for fluorescence optical tomography.

5. CONCLUSION

A novel near infrared tomography configuration based on wavelength swept light source is constructed. A data
acquisition rate of 0.5 frame per second is demonstrated, which can be improved with more powerful light source. This
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source-sequencing configuration based on wavelength-swept source can be extended to rapid fluorescence optical
tomography.
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Transrectal Optical Tomography With Ultrasound Guidance: A Novel Hybrid Imaging Technology
Toward Prostate Cancer Detection and Characterization
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1. Background 4. Results Dog #4

e Needle-based core-biopsy of the prostate relies heavily upon transrectal _

ultrasound (TRUS). However, TRUS is not a reliable imaging modality

for performing focal-biopsy of the prostate cancer. Class B

German short-hair

e A novel hybrid imaging technology was explored to address this ~4 years

deficiency in prostate cancer detection. gic'bs
e This new technology is based on near-infrared (NIR) optical tomography Right lobe B

: aSS
that Is coupled to TRUS. Day-10, 2.0, 30, 40. el
2 Objectives Euthanasia day-63. H&E. ~7 years
_ _ _ _ Normal & benign. [3] 27 |bs Day-7,14, 21, 28, 35, 42, 49, 56, 63
To evaluate if TRUS-coupled optical tomography can non-invasively 2cc (5x106 cells) Euthanasia day-63.  H&E, TEM.
distinguish malignant from benign lesions in the dog prostate. Dog #2 Right lobe
3. Methods and Materials S - -

A transrectal NIR array was coupled with an ALOKA bi-plane TRUS Beagle

transducer to perform concurrent NIR and ultrasound imaging of 4 years

the prostate [1, 2]. 26 lbs

3ccC

e The optical tomography system has evolved from single band (840 nm Right lobe

for NIR absorption) to dual-band (785 nm and 830 nm for [HbT]) and to

triple-band (705 nm, 785 nm, and 808 nm for [HbT] and StO2). Day-14, 35, 42, 49.

. Euthanasia day-56. H&E. .

e A canine model of prostate cancer has also been developed by lmra_pmstaﬂc,yperi_pmstatic, heri-rectal 4] 5 Conclusions

using canine transmissible venereal tumor (TVT) cells.

TRUS-coupled optical tomography is able to non-invasively
e The technology has been evaluated on one normal dog and three dogs Dog #3 image malignant prostatic lesions.

with implanted TVT tumors.

Class B 6. Impact
Tg);ggfgd Zoiiggland 835nM | ¥ This novel hybrid imaging technology will have notable impact
27 Ibs hemoglobin on patient care because the technology has the potential to:
2cc (5x10° cells) concentration e quide focal-biopsy,
Right lobe, two sites [HOT] e monitor focal-therapy,

e predict treatment response,

e perform intra-surgical imaging evaluation.

TRUS-coupled NIR applicator. System configuration. Photograph of the system AC k N ()Wl ed g ement
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Challenges of and new configurations toward fluorescence diffuse optical tomography of

zinc-specific biomarker for prostate cancer detection

Guan Xu and Daging Piao
School of Electrical and Computer Engineering, Oklahoma State University, Stillwater, OK, 74078-5032

1. Introduction

3. Swept-spectral source-encoding in DOT that is applicable to FDOT é alack
Zinc Is well established as a metabolic bio-marker for prostate cancer, T
with the concentration of it In prostatic tissue reducing at least an order of §
magnitude accompanying the cancer [1]. A zinc-tagged fluorescence reagent o
can therefore be used to detect prostate cancer with high specificity. 1%
However, opposite to the conventional scenario of usually higher “g’:
uptake of tumor-specific fluorophore within the lesion (Fig.1(a)), the zinc- ©
specific fluorophore is expected to have higher uptake in normal tissue, o Tissue
which produces a “negative-contrast” in fluorescence detection (Fig.1(b)). _ . . = phantom
Two Issues arise from such case of “reverse-uptake” fluorescence F'g: 6 Swept-spectral-muItlpIeX|r)g %
Imaging. One Is that the strong ambient fluorescence emission challenges applicable to Tuorescence detection gé
detecting of the weak emission from the lesion [2]. Novel approach of § Source-sweeping and CCD data Ic_Ts i
differential detection Is currently under investigation to tackle this problem. acquisition are synchronized. One & N
The other Is to allow rapid, steady-state fluorescence excitation and image is taken for each source > %
detection for testing the feasibility of such “reverse-uptake” fluorescence channel. | | | L o
emission using our existing diffuse optical tomography (DOT) system. F'  System illustration ©
This study proposes implementing a wavelength-swept light source for 4. Instrumentation S
rapid steady-state fluorescence diffuse optical tomography (FDOT). With exposure time of 170ms, the 2 &

2. Source-encoding configurations in DOT raw data are taken from 1% intralipid I '%
(u,=0.0023mm,p’=1mm1). With data A=
transferring time of 150ms per CCD o >
exposure. The total acquisition time for LL
all 7 sources Is ~2s.

Fig. 8 Experimental system 6. Discussion & Conclusion

(b)

a
Fig.l( I'—)Iuorescence contrast Fig. 2 Time-multiplexing
a) Positive contrast (b) Negative contrast applicable to fluorescence detection

» Swept-spectral source-encoding is demonstrated for DOT. The
encoding mechanism is applicable to FDOT.

* Phantom targets are recovered, with improvements needed In
estimations of the target volume and depth.

7. Future Works

Improving target recovery by optimizing reconstruction algorithm
Examining DOT of negative targets.

Extending to FDOT to demonstrate detection of “reverse-uptake”
Fig.10 Extracted data fluorophore concentrations.

gooooooodnd

opoooo0ooao
Qpooooooon
goooooonodd

|:||:||:||:||:||:||:||:|
gooooooodo
Qgooooooao

F1g.9 Raw data
5. Phantom Results
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phantom (u_=
0.0056 mmt, y./' =

Fig. 3 Frequency-multiplexing Fig. 4 Spectral-encoding [2, 3] NOT
applicable to fluorescence detection | gpplicable to fluorescence detection.

Spectral-encoding in Fig. 4 allows rapid steady-state DOT, but does notapply f | | To

DOT system

to steady-state FDOT due to the need of decoding the source of excitation. L
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