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1. INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer death in men after lung cancer.
Approximately one in nine men will be diagnosed with prostate cancer but when detected early and
treated promptly the five-year relative survival rate approaches 100%.  The motivation of this project
is to develop improved means for detecting prostate cancer.  Magnetic resonance imaging (MRI) has
been applied to the imaging of prostate cancer for several decades.  The typical MRI prostate exam
today consists of several “pulse sequences:” (i) T2-weighted spin-echo imaging; (ii) diffusion-
weighted imaging (DWI); (iii) dynamic contrast-enhanced (DCE) perfusion MRI.  While prostate
cancer can be visualized using each sequence, only sequence (iii) provides dynamic information
about the temporal enhancement pattern of any PCa lesions.  The purpose of this project is to develop
10× improved spatiotemporal resolution DCE-MRI of prostate.

2. KEYWORDS

ADC Apparent Diffusion Coefficient 
CAPR Cartesian Acquisition with Projection Reconstruction-like Sampling 
CE-MRA Contrast-Enhanced Magnetic Resonance Angiography 
DCE-MRI Dynamic-Constrast-Enhanced Magnetic Resonance Imaging 
MRI Magnetic Resonance Imaging 
PCa Prostate Cancer 
SENSE
SNR

Sensitivity Encoding (a type of MRI acceleration technique) 
Signal-to-Noise Ratio 

3. ACCOMPLISHMENTS:

What were the major goals of the project?

Tasks for Months 1-36 (encompassing August 15, 2015 through August 14, 2018) taken from the
grant application Statement of Work are shown below.  Completed tasks reported in the July
2016 Progress Report are shown with the month of completion in blue (in parentheses).
Completed tasks reported in the July 2017 Progress Report with the completion month are shown
in red.  Tasks completed within the time since the July 2017 report are shown in green.

Specific Aim 1: Development of MRI Acquisition Method Months Investigator 

Major Task 1: Optimization of pCAPR Pulse Sequence Applied 
to Prostate Imaging 

Subtask 1.1: Determine parameter options for various 
spatiotemporal resolution combinations 

1-6
(5)

Dr. Riederer;  
Dr. Kawashima; 

Mr. Borisch 

Subtask 1.2: Design, construct, and test phantom which mimics 
geometry for prostate MRI 

1-6
(6)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 1.3: Experimentally test and evaluate versions of pulse 
sequence with prostate phantom and select optimum 
sequence with standard receiver coil array 

6-12
(9,ongoing) 

(12) 

Dr. Riederer; 
Mr. Hulshizer 

Subtask 1.4: Apply initial optimized pulse sequence to three 
volunteers with standard receiver coil array 

13-15
(15)

Dr. Riederer; 
Dr. Kawashima 
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Subtask 1.5: Experimentally test and evaluate pulse sequence and 
triangular array with prostate phantom and select optimum 
sequence  

16-24
(20)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 1.6: Determine parameter options for pulse sequence 
using prototype triangular coil array 

18-24
(20, ongoing) 

Dr. Riederer; 
Mr. Borisch 

Subtask 1.7: Apply optimized pulse sequence and triangular coil 
array in nonrealtime human studies 

25-27
(27)

Dr. Riederer; 
Dr. Kawashima 

Milestone Achieved: development of accelerated CAPR pulse 
sequence with 1 mm3 resolution and 2 sec frame time with 
triangular coil array 

Specific Aim 2: Development of Special Purpose Receiver 
Coil Arrays 

Major Task 2: Optimization of pCAPR Pulse Sequence Applied 
to Prostate Imaging 

Subtask 2.1: Select optimum triangular element size and 
construct matched single pair of coils 

1-6
(3)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 2.2: Construct, tune, and match multiple pairs of 
triangular coils 

7-12
(9)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 2.3: Test modular triangular coil element prototype array 
with up to 16 elements (8 coil pairs) in experimental 
phantom studies 

13-18
(18)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 2.4: Redesign phase of adjusted coil geometry based on 
evaluation of prototype triangular coil 

28-30
(30)

Dr. Riederer; 
Mr. Hulshizer 

Subtask 2.5: Construct and test revision of triangular-based 
modular array 

31-36
(34)

Dr. Riederer; 
Mr. Hulshizer 

Milestone Achieved: development of modular array of triangular-
element coils with circumferential placement around pelvis 
allowing L/R, A/P, and S/I acceleration 

 

Specific Aim 3: Formation of Optimized pCAPR Images 

Major Task 3.1: Image Reconstruction and System Integration 

Subtask 3.1: Allowance for arbitrary acceleration factors 
(RY,RZ) and CAIPIRINHA kernels for arbitrary R 

1-6
(6) Mr. Borisch 

Subtask 3.2: Incorporate pCAPR pulse sequence into image 
reconstruction framework 

7-12
(7) Mr. Borisch 

Subtask 3.3: Implement multi-processor execution of individual 
modules of reconstruction process 

12-24
(18) Mr. Borisch 
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Subtask 3.4: Perform high speed “real time” image reconstruction 

of optimized pCAPR pulse sequence, and triangular coil 
array in phantom studies 

24-32
(36) Mr. Borisch 

Subtask 3.5: Test optimized pCAPR pulse sequence, triangular 
coil array, and realtime reconstruction in human studies 

33-36
(36)

Dr. Riederer; 
Dr. Kawashima; 

Mr. Borisch 

Milestone Achieved: development of optimized pulse sequence, 
triangular coil array and reconstruction providing 1 mm3 
resolution and 2 sec frame times in real time with initial 
results in patients with prostate cancer 

What was accomplished under these goals? 
The grant activities were subdivided into three specific aims with subtasks for each.  We have 
completed the work for all three aims.  The following paragraphs are associated with the specific 
subtasks identified in the Statement of Work (SOW). 

Specific Aim 1 

Subtask 1.1.  For this 
subtask parameter sets 
for various 
combinations of spatial 
and temporal resolution 
and acceleration factor 
(R) were evaluated
using g-factor analysis,
signal-to-noise ratio
(SNR), and radiologist
preference.  Two target
applications of dynamic-
contrast-enhanced 
(DCE) MRI with 
potentially different 
spatiotemporal 
resolution were defined 
by our collaborating radiologist.  The first application is used to image patients suspected of prostate 
cancer.  In this case “high” temporal resolution of 6-8 sec per image is desired.  The second application 
is for patients who have undergone intervention such as prostatectomy or radiation therapy for prostate 
cancer but have had subsequent nonzero PSA measurements.  For these cases of what is referred to as 
“biochemical recurrence” high spatial resolution is desired with potentially coarser image update 
times.  G-factor analysis takes images of the sensitivity across the 3D volume of each individual coil 
element and algebraically computes the level of noise amplification when acceleration is performed. 
As increased acceleration factors R are used in the acquisition, the resultant SNR deteriorates.  Folding 
these considerations of adequate SNR and target spatiotemporal resolution together, two target 
working parameter sets have been identified and implemented in baseline acquisitions.  The parameter 
sets are indicated and resultant images illustrated in Figure 1 for the pre-intervention prostate patient 
(A) and for the biochemical recurrence application (B).  The arrows identify one specific anatomic
feature which illustrates the improved spatial resolution in (B).

Figure 1.  Axial images of prostate in the same subject.  Example of standard
(A) and high (B) spatial resolution images.  Arrow points to edge of pubic
symphysis as an example of improved sharpness in (B).  (A) was taken from an 
image sequence with higher (6.5 sec) temporal resolution than (B) (15.0 sec). 

(A) (B)

0.94 x 1.15 x 3.0 mm3; 6.5 sec; R = 2.8 0.76 x 0.76 x 2.0 mm3; 15.0 sec; R = 4
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Subtask 1.2.  For 

Subtask 1.2 we 
have designed and 
constructed a 
phantom which 
mimics the male 
pelvis for MR 
imaging (Figure 2).  
We started with a 
plastic shell of the 
male pelvis which 
corresponds to a 
male with BMI of 
approximately 25.  We wished to incorporate inclusions to 
simulate both the bladder and the prostate gland.  This was 
done using latex balloons filled with 50 ml of differing B-
gel solutions as shown in (A).  These balloons were then 
positioned within the overall plastic shell while it was 
filled with B-gel, sorbic acid, and NaCl  in distilled water. 
The solution then solidifies.  A photograph of the final 
phantom is shown in (B), with marking showing the 
locations of the two inclusions.  The overall weight is 21.5 
kg.  We have initiated studies for Subtask 1.3 in which 
MR images are acquired (e.g. C).  Such images were used 
to aid in selecting the optimum. 

Subtask 1.3.  Work on this subtask continued since the 
time of the first year progress report.  The phantom 
previously developed was further modified to include 
several simulated lesions within the 
inclusion simulating the prostate.  A 
sagittal MR image of the phantom is 
shown in Figure 3. The overall size of the 
phantom simulates a patient of an 
approximate BMI of 23.  A larger phantom 
is also being constructed.  Related to this 
we have studied the effect of temporal 
resolution on the fidelity with which 
perfusion parameters are estimated.  This 
was done by starting with the data acquired 
at 6.5 sec frame time and down sampling; 
i.e. taking every other point or possibly
every third point.  Results similar to those
in Figure 4 show that temporal sampling
coarser than the 6.5 sec used in this work
causes underestimation of perfusion
parameters.

Subtask 1.4.  This subtask involved use of the optimized pulse sequence in three volunteers using 
the standard receiver coil array.  The principal target group of patients is that which is “treatment-
naïve” in that prostate cancer is suspected but the presence or degree of disease must be determined 

Figure 2.  Male pelvis phantom.  Figure parts are described in text. 

Latex balloons

(A) (B) (C)

Bladder

Prostate

Figure 3.  Sagittal MR image of 
prostate phantom with simulated 
lesion. 

Bladder

Prostate

Lesion

Simulated
Endorectal Coil 
within Rectum

Figure 4.  Plot illustrating (A) downsampled even and odd 
time points and maps of Ktrans using all data (6.5 sec) (B) 
and only the odd timepoints (C).  The latter markedly 
causes underestimation of Ktrans. 

(A)

(B)

(C)
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prior to determination of 
possible treatment.  The 
optimum sequence was 
identified in the first 
year, and for such 
patients temporal 
sampling the realm of 5 
to 7 seconds represented 
a good tradeoff between 
spatial and temporal 
resolution.  Volunteers 
have been imaged using 
the standard 12-element 
receiver coil array, and 
in fact this has been 
expanded to include 
studies of patients who 
are referred for prostate 
MRI.  Further, we have 
studied to possible 
extension of the 
acquisition to include 
more, specifically 32, of 
the multicoil elements 
available. These 
additional elements are 
generally positioned 
more laterally than the 
reference 12 elements.  For the 
same scan, use of 32 elements 
consistently provides improved 
image quality.  Sample results are 
shown in Figure 5, and we have 
published these finding. 

Subtask 1.5.  For this task we 
used a 12-element array composed 
of the new triangular elements and 
imaged a prostate phantom to 
assess performance using the 
target prostate perfusion pulse 
sequence.  Sample results are 
shown in Figure 6.  This figure 
shows maximum intensity 
projection (MIP) images of the g-
factor, a measure of the noise 
amplification of the coil array for 
sagittal (A), coronal (B) and axial 
(C) orientations. Also shown in (D) is the cumulative g-factor as measured over the 3D volume being
imaged.  Based on this work, we selected this acceleration combination, which with TR 5.3 msec
provides the optimum sequence with 6.5 sec time resolution with 256×384×38 spatial resolution.

Figure 5.  Comparison of images of the prostate acquired using 12-
element standard coil (left) and 32-element coil (right).  Prostate is 
identified within the dashed ellipse.  The right image has superior 
signal-to-noise ratio. 

Figure 6.  Plot of g-factors for 12-element coil composed of 
triangular elements. 

(A) Sagittal (B) Coronal

(C) Axial(D)
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Subtask 1.6.  In the progress 
report from 2017 we presented data 
showing that temporal resolution 
inferior to 6.5 sec update times can 
cause underestimation of 
quantitative parameters such as 
Ktrans which are used to 
characterize the behavior of the 
DCE-MRI signal as contrast 
material perfuses through the 
prostate gland.  We have studied 
this phenomenon in work going 
beyond that initially proposed in 
the grant application by developing 
a new algorithm for quantitative 
modeling of the DCE-MRI data.  It 
uses the variable projection or 
“Varpro” technique to modify the 
process of estimating multiple 
variables (in this case the volume 
transfer constant Ktrans and the 
rate constant kep, both meaused in 
min-1) in parallel into separate one-
dimensional estimation processes.  We 
have found that this works effectively for 
prostate DCE-MRI, as it more reliably 
converges to a solution using the DCE-
MRI data set and provides some 
improvement in speed in the estimation 
process.  We have recently published this 
work in the refereed literature in the 
journal article by Kargar as indicated later 
in this report.  The material in Figure 7 
illustrates this method, showing how the 
minimum of a cost function can be 
determined from the DCE-MRI data for a 
cancerous region (A) and a normal region 
(B) of the prostate.  The curves in (C) 
show acquired DCE-MRI data in the 
jagged curves and the estimates made 
using the fitted parameters resulting from this algorithm as dashed curves.  A clinical example of the 
use of the Varpro technique in a patient with prostate cancer is shown in Figure 8.  Here the lesion is 
well seen in the ADC map (B, arrow), but is further well characterized in the elevated Ktrans and kep 
values (C, D).   Further details are provided in the journal article by Kargar et al provided in the 
Appendix. 

 
Subtask 1.7.  The final task of Specific Aim 1 was to apply the optimized pulse sequence and 

triangular coil arrays in non-realtime imaging of humans.  This has been accomplished.  Results from 
human studies are presented in Figure 9.  Shown are axial images of a male subject at a level through 
the prostate. These are individual images from a 3D image set acquired with the DCE-MRI sequence 

Figure 7.   Schematic showing estimation of optimal perfusion 
parameters kep from experimental DCE-MRI data of the prostate. 

𝑘�𝑒𝑝 𝑘�𝑒𝑝

Figure 8.  Axial images of the prostate using T2-weighted 
spin-echo (A), and ADC map (B).  (C, D) Images of 
quantitative DCE-MRI parameters calculated with Varpro 
using optimized DCE-MRI sequence.  
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as studied in Specific Aim #1.  Shown are the result (A) using the standard 12-element phased array 
which is embedded within the patient table.  This is compared with a separate scan performed on the 
same subject but using the newly developed array with 12 triangular elements for signal reception.  
The overall image quality is very similar for both results.  The result using the triangular elements (B) 
has an approximate 20% improvement in the visual SNR in the region of the prostate.  We are very 
pleased with these results.  

  
Specific Aim 2 
 

Subtask 2.1.  For Subtask 2.1 we 
evaluated a variety of triangular 
coil elements with different apex 
angles and sizes using simulations 
based on the Biot-Savart Law as 
well as experimental measurements 
of sensitivity.  Sample results of a 
simulation are shown in Figure 
10A.  This shows the sensitivity 
across a plane at a depth of 10 cm 
from an assumed triangular 
element with each element shown 
as the white outline.  As desired, 
the sensitivity varies along the x-
direction of the plot (left-right for 
these), corresponding to the 
superior-inferior (S/I) direction for 
a patient.  From results like this the 
coil element in (A) was large 
enough to have adequate 

Figure 10.  Plots of sensitivity of triangular-shaped coils at a fixed 
depth 10 cm from the coil face.  Coil element outline is shown in 
white for each with same color scale for all cases.  Triangle Base × 
Height values are (cm) (A) 22.5 × 22.5; (B) 15.5 × 15.5; (C) 22.5 × 
10.0; (D) 10.0 × 22.5. 

40 cm

40 cm

(C)

(A) (B)

(D)

 

Figure 9.  Comparison of in vivo results acquired using the optimized DCE-MRI acquisition sequence 
acquired using (A) a standard 12-element receiver coil  and (B) an array using 12 of the triangular elements. 

(A) 12 element standard array (B) 12 triangular element array
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sensitivity at depth and had adequate variation of sensitivity along the x-direction.  This element (22.5 
cm base × 22.5 cm height) was chosen for further study.  Use of the sensitivity data from a single coil 
was then replicated at 
assumed coil locations and 
then used together to 
synthesize multi-coil 
acquisition.  From this 
information g-factor maps 
were calculated.  Based on 
results to minimize g-factor 
for acceleration factors no 
higher than about R = 4 as 
well as consideration of the 
need to image a S/I field of 
view of 10 cm or more to 
encompass the prostate, 
this coil element size was 
chosen for construction. 
 

Subtask 2.2.   
For Subtask 2.2 two 

pairs of elements, four elements total, of this target size were constructed.  Use of such paired modules 
allows patient-specific selection of the number of modules as based on patient size.  Two such 
modules are shown in Figure 11.  This was further studied during the subsequent year. Part of this 
study will be to compare performance of the proposed triangular-element-based array with other multi-
element arrays.  
 

Subtask 2.3. 
The results in Figure 11 show two two-element coils.  As specified in this subtask, we have further 

constructed a 16-element coil composed of the triangular elements.  The design using two-element 
modules allows the total number of elements to be matched to the body habitus, i.e. patient diameter.  
A photograph of the 16-element coil is shown in Figure 12. 
 

Subtask 2.4.  In a continuation of work initiated and reported in Year 2, comparisons of performance 
of the triangular-element coil array and 12- and 32-element standard arrays were done.  Specifically, 
the coil arrays were compared on the basis of the ability to retain signal-to-noise ratio (SNR) in 
accelerated scans.  This is done using the “geometry” or “g-factor.”  Sample results are shown in 
Figure 13 for two-dimensional SENSE acceleration R=3.35, typical for what is allowable in prostate 

Figure 11.  Photograph of two two-element modules based on the triangular 
element design.  Each element is 22.5 cm base × 22.5 cm height. 

Figure 12.  Photograph of 16-element coil composed of triangular elements. 
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imaging.  Here the left-right (L/R) acceleration 
is 3.00, and the superior-inferior (S/I) 
acceleration is 1.12, the product of the two 
resulting in 3.35.  The superiority of 
performance of the 32-element array is due not 
only to the use of more elements (32 vs. 12), 
but also to the ability to position the elements 
more laterally about the patient, allowing 
improved (reduced) g-factors for the L/R 
acceleration.  These results led us to reconsider 
the design of an adjusted coil geometry having 
16 elements.  However, for elements of the 
same size this necessarily causes the 
circumference of the array to be much larger 
than the typical prostate patient.  On the other 
hand, accommodating 16 elements by reducing 
the element size necessarily causes a decrease 
in performance due to the rapid falloff of SNR 
with depth. Thus, the 12-element coil 
comprised of 22.5 cm x 22.5 cm height 
triangles is optimum for this configuration when placed circumferentially around the patient. 

 
Subtask 2.5.  This subtask of construction of the optimum coil array was performed.  A photograph 

of the 12-element array is shown in Figure 14. 
 

Specific Aim 3 
 

Subtask 3.1. 
For Subtask 3.1 we have modified our reconstruction software to allow for arbitrary acceleration 

factors and kernels as desired.  Examples of this were shown previously in Figure 1 in which the image 
in (A) was reconstructed using SENSE acceleration R = RY × RZ = 2.50 × 1.12 = 2.80 while that in (B) 
used R = 3.56 × 1.27 = 4.17. 
 

Subtask 3.2. 
For Subtask 3.2 we have installed the basic dynamic contrast-enhanced (DCE-MRI) pulse sequence 

based on our CAPR k-space sampling onto several GE 3.0 Tesla MRI scanners and developed the 
software to direct the acquired MRI data to our custom computation hardware for online reconstruction  
This allows rapid reconstruction of scans made of phantoms or of human subjects originating from 

Figure 14.  Photograph of 12-element coil array comprised of triangular elements and used for in vivo 
studies of the DCE-MRI pulse sequence. 

Figure 13.  Plto of cumulative g-facror statistics 
comparing 12 and 32-coil signal reception in prostate 
studies. 

Plot of Cumulative Histograms of g-Factor Values



13  
multiple MRI scanners across Mayo. 

 
Subtask 3.3. 
The reconstruction hardware was identified last year, further developed and is shown schematically 

in Figure 15.  We have made progress on this aim and have updated the hardware to include two 
CPU packages, each with 14 physical cores and 28 threads, and thus a total of 28 cores (processor 
elements) and 56 threads. This routinely allows fast, clinically acceptable reconstruction times of 3D 
time-resolved, multi-coil (32 element) accelerated images of dynamic-contrast-enhanced (DCE) MRI. 
Each of the steps in the reconstruction comprises an individual module. 

 
Subtask 3.4. 
We have applied the reconstruction hardware developed previously to studies in phantoms 

performed using the triangular coil arrays.  The time to reconstruct approximately 40 3D high 
resolution (220 x 440 x 122 sampling resolution) time frames is approximately one minute.  These 
reconstructed images are passed back to the native MRI scanner on which the acquisition was done 
and are made available for viewing within this time. 

 
Subtask 3.5.   
We have also used the reconstruction hardware in human studies with the optimized pulse 

sequence and the triangular coil array.  Results presented in Figure 9 were reconstructed using this.  
We also note that this reconstruction apparatus has been interfaced directly into the clinical MRI 
practice at Mayo Clinic Rochester.  It can be used with arbitrary receiver coil arrays and is not limited 
to the triangular element arrays which were the focus of this grant.  This is currently used for the 
DCE-MRI pulse sequence which is a standard component of the multi-parameter prostate MRI exam 
of treatment-naïve subjects in whom the presence of prostate cancer is to be determined.  In our 
clinical practice this sequence and the associated high speed reconstruction are used in approximately 
11 patient exams per day.  At the request of our colleagues in the clinical MRI practice at Mayo 
Clinic Arizona we have also assembled a clone of this reconstruction hardware and installed it within 
at the Mayo Hospital in Phoenix, Arizona.  Since the time of installation there this technology has 
been used in over 100 patient studies at that site. 

 
 

 
  

Figure 15.   Schematic showing host MRI scanner (left) and custom 
computation hardware (right). 
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What opportunities for training and professional development has the project provided? 
Nothing to report. 

 
 

How were the results disseminated to communities of interest? 
Nothing to report other than that in Section 6 of this report. 

 
What do you plan to do during the next reporting period to accomplish the goals?  
This is the Final Report of this grant. 

 
 
 
4.   IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or 

any change in practice or behavior that has come about as a result of the project relative to: 
 

What was the impact on the development of the principal discipline(s) of the project? 
The tasks completed in this three-year project provide a good basis for future work in the areas of study. 

 
What was the impact on other disciplines? 
Nothing to Report 

 
What was the impact on technology transfer? 
Our baseline DCE-MRI pulse sequences are now used clinically at Mayo Clinic, both in Rochester and 
at Mayo Clinic Arizona.  This is approximately 11 patient studies per day. 

 
What was the impact on society beyond science and technology? 
Nothing to Report 

 
 
 
 
5.   CHANGES/PROBLEMS: The PD/PI is reminded that the recipient organization is required to 

obtain prior written approval from the awarding agency grants official whenever there are significant 
changes in the project or its direction.  If not previously reported in writing, provide the following 
additional information or state, “Nothing to Report,” if applicable: 

 
Changes in approach and reasons for change 
Nothing to Report 

 
Actual or anticipated problems or delays and actions or plans to resolve them 
Nothing to Report 

 
Changes that had a significant impact on expenditures 
Nothing to Report 

 
Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 

 
Significant changes in use or care of human subjects 
Nothing to Report 

 
Significant changes in use or care of vertebrate animals 
Nothing to Report 
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Significant changes in use of biohazards and/or select agents 
Nothing to Report 

 
 

 
 

6.   PRODUCTS:   List any products resulting from the project during the reporting period.   If there is 
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Purpose: To assess whether acquisition with 32 receiver coils rather than the vendor-recommended 12 coils pro-
vides significantly improved performance in 3D dynamic contrast-enhanced MRI (DCE-MRI) of the prostate.
Materials: The study was approved by the institutional review board and was compliant with HIPAA. 50 consec-
utive male patients in whom prostate MRI was clinically indicated were prospectively imaged in March 2015
with an accelerated DCE-MRI sequence in which image reconstruction was performed using 12 and 32 coil
elements. The two reconstructionswere compared quantitatively and qualitatively. The first was done using sig-
nal-to-noise ratio (SNR) and g-factor analysis to assess sensitivity to acceleration. The second was done using a
five-point scale by two experienced radiologists using criteria of perceived SNR, artifact, sharpness, and overall
preference. Significance was assessed with the Wilcoxon signed rank test. Extension to T2-weighted spin-echo
and diffusion sequences was assessed in phantom studies.
Results: Reconstruction using 32 vs. 12 coil elements provided improved performance in DCE-MRI based on
intrinsic SNR (18% higher) and g-factor statistics (14% higher), with a median 32% higher overall SNR within
the prostate volume over all subjects. Reconstruction using 32 coils was qualitatively rated significantly im-
proved (p b 0.001) vs. 12 coils on the basis of perceived SNR and radiologist preference and equivalent for sharp-
ness and artifact. Phantom studies suggested the improvement in intrinsic SNR could extend to T2-weighted
spin-echo and diffusion sequences.
Conclusions: Reconstruction of 3D accelerated DCE-MRI studies of the prostate using 32 independent receiver
coils provides improved overall performance vs. using 12 coils.

© 2017 Elsevier Inc. All rights reserved.
Keywords:
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DCE-MRI
Multi-element receiver coil
1. Introduction

MR imaging of the prostate is commonly performed using a multi-
parametric approach in whichmultiple sequences are used to aid in ra-
diologic interpretation [1–3]. In addition to T2-weighted spin-echo
(T2SE) and diffusion-weighted image (DWI) a pulse sequence typically
used within this exam is three-dimensional (3D) dynamic contrast-
enhanced MRI (DCE-MRI) [4–6] in which a contrast agent is adminis-
tered intravenously, and images are acquired of the prostate to observe
washin and washout of the contrast-enhanced blood over the entire
prostate volume. DCE-MRI continues to be used in the context of the
PI-RADS version 2 reporting system for prostate cancer for treatment-
orisch.eric@mayo.edu
ing), Grimm.Roger@mayo.edu
a), Mynderse.Lance@mayo.edu
.

naïve prostate glands [7]. Further, recurrence of prostate cancer after
definitive treatment has been reported to be in the 15 to 40% range [8,
9], and in such cases DCE-MRI has been shown to be of high value [10,
11]. Because the desired spatiotemporal resolution of the DCE-MRI se-
quence typically pushes the limits of signal-to-noise ratio (SNR), the
need for good performance of the receiver coils is important [12].

For prostate MRI the coil usage reported in the literature is highly
variable. One significant choice is whether an endorectal (ER) coil should
be used, and several studies have compared ER with non-ER acquisition
[13–16]. However, whether an ER coil is used or not, in contemporary
prostate MRI some kind of multi-element receiver coil is generally used.
A sampling of the recent literature shows use of multi-element coils hav-
ing four [17], six [18], eight [11,15,19], 12 to 15 [6], and 18 [20] elements,
or with the number of elements not explicitly given [4,5].

Formany contemporaryMRI systems the number of receiver channels
available is 32 or more. Also, coil arrays with literally dozens of elements
are now embedded within the patient table. Although both of these fac-
tors can greatly facilitate the usage of a large number of elements for a
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given exam, it is not clear what the number or combination of elements
should be for prostate MRI. If an ER coil is not used, then it is important
to have a multicoil setup which provides high SNR in the region of the
prostate. The results of Ref. [16] indicated superior performance for the
combination of an ER coil and a 16-element multicoil vs. use of a six-ele-
mentmulticoil alone. However, separation of the improvement due to the
change of the multicoil vs. use of the ER coil was not determined.

ProstateMRI at our institution is principally performed using awide-
bore 3 TMRI systemwith features similar to those described above. The
vendor-recommended, default coil selection for prostate DCE-MRI calls
for 12 channels of data acquisition to be used of the 32 available on the
system. These 12 channels include eight active elements from the array
contained within the table posterior to the supine patient and four ac-
tive elements used from a 16-element array placed anteriorly. In inves-
tigating to what extent the DCE-MRI sequence could be accelerated, we
considered whether additional coil elements could be used. To fully ex-
ploit the capability of the MRI system, the option for use of all 32 chan-
nels was considered. Thus, the specific hypothesis of this work was that
the use of 32 vs. 12 independent receiver coils would provide improved
performance in DCE-MRI of the prostate. The feasibility of improved
performance for other sequences of a multi-parametric prostate MRI
exam was also assessed with phantom studies.

2. Materials and methods

This study was approved by the institutional review board which
waived the need for written consent. The study was compliant with
HIPAA.

2.1. Subjects

50 consecutive male subjects for whom a prostate MRI exam was
clinically indicated and who gave their assent for their exam results to
be used for research purposes were prospectively enrolled in the
study over the period March 10–27, 2015. The age, weight, and body
mass index (BMI) ranges were 51 to 86 years, 63.5 to 155.1 kg, and
22.5 to 46.8, respectively. Forty-four of the 50 had intact prostates; six
were evaluated post-prostatectomy. Other information on the patient
cohort, including radiological interpretation, is shown in Table 1. Of
note is that 34% (17/50) of the patients were imaged as followup to pre-
vious treatment for prostate cancer.

2.2. MRI acquisition

All studieswere performed on either of two identical 3.0 TMRI scan-
ners (DiscoveryMR750w, GE Healthcare,WaukeshaWI) utilizing an in-
stitutional clinical exam protocol. Each machine has a 70 cm diameter
bore, a vendor-provided 40-element receiver coil array (Geometry
Embracing Method “GEM” array) embedded within the patient table,
and 32 receiver channels. Each patient exam included a localizer, T2-
weighted spin-echo, and diffusion-weighted sequences, followed by a
DCE-MRI study performed with intravenous contrast administration.
Table 1
Summary of patient information and radiological interpretation. Interpretation was based on t

Patients with no prior treatment Number Inte
no s

33
Patients with prior treatment Number Inte

no w
lesio

Radical prostatectomy 6
Radiation therapy (external beam or brachytherapy,
including with possible adjuvant hormonal therapy)

10

Hormonal therapy only 1
Total (patients with prior treatment) 17
Total (all patients) 50
Details of the RF-spoiled gradient echo DCE-MRI sequence are shown
in Table 2. Contrast material (Dotarem, Guerbet, Paris, France) was ad-
ministered into an arm vein at a rate of 3ml/s followed by a 20ml saline
flush at 3 ml/s. The contrast dose was 0.1mmol/kg, with a maximum of
20 ml for patients weighing 100 kg or more.

The impetus for this study was to push the acceleration of the DCE-
MRI sequence for improved spatiotemporal resolution. The sequence
used is based on one developed for time-resolved contrast-enhanced
MR angiography (CE-MRA) using two-dimensional (2D) SENSE acceler-
ation [21] and view sharing [22]. For this work the slab orientation was
approximately axial but with slight forward tilting to align the slab se-
lect direction with the central axis of the prostate gland as determined
in the sagittal localizer. SENSE acceleration factors of 2.49 and 1.12
were applied along the left/right (L/R) phase encode and approximate
superior/inferior (S/I) slice encode directions, respectively, yielding a
net acceleration factor of R = 2.78. DCE-MRI acquisition was initiated
20 s prior to the start of contrast injection, the frame time was approx-
imately 6.6 s, and a total of 33 time frames were collected. Versions of
the sequence with higher accelerations were considered for shorter
frame times; e.g. R = 5.0 for 4.0 s frame time, but for the same spatial
resolution the SNR loss was considered too severe.

2.3. Selection of receiver coil elements

This work made use of the 40-element GEM receiver coil array
shown schematically in Fig. 1A with a male torso and prostate shown
approximately to scale. The array consists of five columns of elements
oriented longitudinallywithin the patient tablewhich for the supine pa-
tient are located posteriorly. Also used was a 16-element coil array
placed anteriorly consisting of four longitudinally oriented columns
each comprised of four elements (Fig. 1B). In both figures an approxi-
mate 75 cm3 sphere, simulating the prostate gland, is shown in red to
give a sense of scale of typical gland size to extent of coil coverage.

The combinations of coil elements available for usage are limited by
the vendor, and recommendations are made according to the type of
exam. For prostate MRI this calls for 12 active receiver coil elements,
eight from the GEM array and four from the anterior array. These are
highlighted in yellow in Figs. 1A and B, respectively. The elements se-
lected from the GEM array (A) are the two central-most elements
which encompass the S/I extent of the prostate, as identified from the
sagittal scout images, and the three elements from the next closest col-
umns on each side. For the anterior coil (B) the two central elements
from the two rowswhich similarly encompass the S/I extent of the pros-
tate are selected. All other coil elements from both arrays are electroni-
cally disabled during acquisition, and data from the 12 elements are
individually digitized and used in reconstruction.

To attempt to exploit the full 32-channel capability of the MRI
systems for accelerated DCE-MRI, we next considered use of the ven-
dor-allowed 16 elements from each array. This is also depicted in Figs.
1A–B. Coil elements used for the 12-element case were expanded to in-
clude those shown in blue. For theGEMcoil (A) the two central-most el-
ements best aligned with the S/I prostate extent are selected as before.
he full multi-parametric MRI exam, not just the DCE-MRI sequence.

rpretation:
uspicion of significant prostate cancer

Interpretation:
suspicion of significant prostate cancer

16 17
rpretation:
orrisome
n

Interpretation:
worrisome
lesion

2 4
2 8

0 1
4 13
20 30



Table 2
Parameters for 3D RF-spoiled gradient echo prostate DCE-MRI sequence. Acquisition
of coil calibration images used the same sequence applied oncewith phase resolution
reduced from 384 to 192.

Parameter Value

Repetition time (TR) 5.3 msec
Echo time (TE) 2.2 msec
aField of view 220 × 440 × 114 mm3

aSampling resolution 256 × 384 × 38
aSpatial resolution 0.86 × 1.15 × 3.0 mm3

Acceleration 2.49 (RY) × 1.12
(RZ) = 2.78

Frame time 6.6 s
Temporal footprint ≈19 s
Number of frames 33
Scan time ≈3.5 min

a These parameters are all expressed as (frequency × phase × slice) = (A/P × L/R × S/I).
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The lateral rows containing those elements are supplemented with the
rows of elements next positioned superiorly and inferiorly. For each row
the leftmost and rightmost elements (e.g. elements 6 and 36 of Fig. 1A)
are automatically combined in vendor hardware prior to digitization, in
effect forming one virtual coil from two coil elements. Thus, the 20 ele-
ments contained within the four selected rows of the GEM coil are
encoded in 16 individual coils, with four of these being two-element
combinations. For the anterior array all 16 elements are used (B). It is
noted that the channels used for the 12-coil acquisition are a subset of
those used for the 32-coil reconstruction. The remaining 20 coil ele-
ments located at the ends of the GEM array are electronically disabled
during the 32-coil acquisition.

2.4. Image reconstruction

Reconstruction was performed offline with standard SENSE
unfolding [23] using a custom-built computing system described in
[24]. To avoid the complications and potential variability of performing
two separate DCE-MRI studies on each subject, we investigated if a sin-
gle 32-coil acquisition could be done and the 12-coil acquisition accu-
rately simulated by using only the appropriate 12 data sets for
reconstruction. The risk with this approach is that the electronically ac-
tive but unused 20 coil elements in the 32-active-element acquisition
would interfere through undesirable coupling with the 12 elements se-
lected for reconstruction. To assess this we first performed test scans in
a volunteer in which separate acquisitions were done with the 12-ac-
tive-coil and 32-active-coil approaches using the accelerated DCE-MRI
sequence without contrast injection. Unaccelerated coil calibration
image sets were also acquired with both approaches. Data from the
32-coil acquisition were reconstructed two ways: (i) using all 32 coils;
and (ii) using data from only the same 12 coils as for the 12-active-
coil acquisition. Reconstruction (iii) was done using all 12 coils of the
12-active-coil acquisition.

The images from reconstructions (i), (ii), and (iii) were compared in
two ways. First, images of absolute SNRwere formed from data sets (i),
(ii), and (iii) using themethod of Refs [25,26]. As the coil sensitivity pro-
files used in these calculations were estimated empirically via the root-
sum-of-square demodulation, these SNR values are quantitatively ap-
proximate. Reconstructed SNR values were taken of a 3D volume just
encompassing the prostate, in this case approximately 65 cm3 and com-
prised of N20,000 pixels. Second, using the coil calibration data and as-
suming the acceleration factors of the DCE-MRI sequence in Table 2,
imageswere formed of the g-factor, amathematicalmeasure of the abil-
ity of a receiver coil array to retain SNR in accelerated MR acquisition
[23]. These comparisons, shown in Fig. 2, indicated that the SNR (A)
and g-factor statistics (B) of reconstructions (ii) and (iii) were essential-
ly indistinguishable, and both were different from results for recon-
struction (i). Consequently, results for the 12-coil reconstruction were
generated in the patient study by selecting data only from those 12
elements from the 32-active-coil acquisition and reconstructing that
data. Comparisons were then made with the reconstruction using the
full 32-coil data set.

2.5. Radiological evaluation

For each of the 50 patient studies the 32-coil DCE-MRI sequencewas
reconstructed, and images were zero padded by a factor of 2 and
cropped to effectively magnify the region surrounding the prostate. An
observer not performing the radiological evaluation selected an axial
partition midway through the S/I extent of the prostate at the time
frame closest to 50 s post injection. This typically corresponded to a
time 10 to 20 s after peak contrast enhancement of any rapidly enhanc-
ing lesions in the prostate. The magnified 32-coil and 12-coil images
from this partition and time frame were then placed side-by-side ran-
domly and in blinded fashion for each study. This set of 50 composite
images was then provided to each reviewer.

The two radiologist reviewers (ATF, six years' experience in prostate
MRI; AK, 20 years' experience) then independently graded each image
pair using a five-point scale (−2 = left (L) image significantly better
than right (R) image;−1= L slightly better than R; 0= L and R images
equivalent; +1 = R slightly better than L; +2 = R significantly better
than L). This was done for each of the four criteria of perceived SNR,
level of artifact, sharpness, and overall preference.

In addition, images of absolute SNR were made for the 32-coil and
12-coil reconstructions for each of the studies using the coil calibration
images as described previously for the volunteer study. For this analysis
images from the six of the 50patientswhowere imaged post-prostatec-
tomy were excluded. For each study the 3D rectangular volume was
identified on the reconstructed images which just encompassed the
prostate, histograms of the SNR values were generated for all voxels
within the volume for the two reconstructions, and the ratio of median
values of the 32-coil vs. 12-coil histograms was taken as a measure of
SNR improvement for that study. These volumes ranged from 28 to
265 cm3 with a median of 101 cm3, typically including several tens of
thousands of pixels. This process was repeated for the g-factor for the
acceleration used in the DCE-MRI run, and the ratio of median g-factor
values determined.

2.6. Statistical significance

For the radiological evaluation after accounting for the blinded pre-
sentation, significant (defined as p b 0.05) difference from the null hy-
pothesis of equivalent performance was assessed with the Wilcoxon
signed rank test.

2.7. Extension to other pulse sequences for prostate MRI

After having demonstrated improved performance in prostate DCE-
MRI, it was of interest to assess potential improvement in the other
sequences of multi-parametric prostate MRI, namely T2-weighted
spin-echo (T2SE) and diffusion-weighted imaging (DWI). This was not
possible with the 50 patient studies described previously. To study
this in a controlled manner a phantom was used, consisting of a plastic,
male-like pelvic shell filled with B-gel, sorbic acid, and salt dissolved in
water which upon congealing mimics soft tissue. During the pouring
two inclusions were added, one a 50 cm3 balloon to mimic the bladder
and the second a 40 cm3 balloon to mimic the prostate. For both
balloons the B-gel concentration was adjusted to provide slight but
discernible signal differences vs. background. A photograph of the phan-
tom is shown in Fig. 8A. Based on phantom size, it corresponds to a BMI
of approximately 24.

The phantom was imaged with the 12- and 32-coil arrangements
using the sequences: (i) DCE-MRI described above, (ii) coronal T2SE,
(iii) full lateral-FOV “conventional” axial DWI, and (iv) limited-lateral-
FOV axial DWI [27]. Sequence parameters are shown in Table 3. The



Fig. 1. Schematics of coil elements and element selection for 12-coil and 32-coil operation. (A) 40-elementGEMarray containedwithin thepatient table and locatedposterior to the supine
patient. (B) Schematic of 16-element array placed anteriorly to the supine patient. For 12-channel operation the coil elements shown in yellow are selected, eight from the posterior array
and four from the anterior array. For 32-channel operation all coils in yellow and additionally those in blue are selected. For the posterior GEM array signals from the lateral-most elements
are paired (4 with 34, 5 with 35, etc.) and combined in hardware into one virtual coil per pair. For 32-channel operation all 16 elements of the anterior array are used.
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DCE-MRI data was used to reconstruct 3D images of absolute SNR as de-
scribed previously, and the ratio between the 32- vs. 12-coil images
taken as a measure of absolute intrinsic SNR improvement. Each of the
other sequences was run twice, the same gain settings for both runs.
For each sequence an image from one of the runs was selected of a sec-
tion midway through the prostate inclusion. The signal S was taken as
the mean over a circular, approximate 2 cm2 region-of-interest (ROI)
within the inclusion. Noise σ was assessed by forming the difference
image between the two acquired images of the same anatomic section,
measuring the standard deviation in the sameROI as used for signal, and
dividing the result by √2 to account for the subtraction. SNR was then
defined as S/σ, and the ratio of SNRs of 32- and 12-coil acquisition
determined.

3. Results

Fig. 2B shows the cumulative histograms of the g-factor values for
the 32-coil and 12-coil reconstructions. The solid green, blue, and red



Fig. 2. (A) Box and whisker plots of the reconstructed SNR values from the non-contrast-
enhanced test case evaluating reconstructions (i) 32-coil acquisition with 32-coil
reconstruction, (ii) 32-coil acquisition with 12-coil reconstruction (“masked”), and (iii)
12-coil acquisition with 12-coil reconstruction (“native”). Each figure shows the median,
±25% values (box boundaries), and ±45% boundaries (whiskers). Median values are
28.7, 23.9, and 23.5 (a.u.). (B) Plot of the cumulative g-factor statistics for the 32-
channel acquisition with 32-coil (green lines and curves) and 12-coil (blue lines and
curves) reconstructions and for the 12-channel acquisition with 12-coil reconstruction
(solid red line). The three solid curves are for the non-contrast-enhanced test scans. The
shaded green and blue zones show the ranges of g-factor values measured across the
32-coil and 12-coil reconstructions for all 50 patient studies, respectively. The dotted
green and blue lines correspond to the median values, the dark shaded zones to ±12.5%
about the median and the light shaded zones to ±37.5% about the median. For all plots
the statistics are measured over the 3D volume encompassing the prostate.

Table 3
Technical parameters of T2SE and DWI pulse sequences used for phantom-based SNR
analysis.

Parameter T2SE Conventional Limited-FOV
DWI DWI

Format Coronal Axial Axial
Field of View (mm2)
(FOVX × FOVY)

220 × 220 360 × 360 260 × 130

Acquisition matrix
(X × Y)

320 × 320 192 × 192 144 × 72

Inplane resolution (mm2)
(X × Y)

0.688 × 0.688 1.875 × 1.875 1.8 × 1.8

Slice Thickness/spacing
(mm for both)

3/3.3 3/0 4/0

TR (ms) 4951 5888 3925
TE (ms) 96 70 75
Number of slices 26 23 16
b-Values (s/mm2) – 100/1000 100/1000
Number of averages 1 1 1

The T2SE sequence used a fast-spin-echo readout with an echo train length of 4.

Fig. 3. Histograms showing the results of the radiological review for perceived SNR (A),
level of artifact (B), sharpness (C), and overall preference (D). For SNR (A) and overall
preference (D) the preference for the 32-coil reconstruction (positive scores) was
significant (p b 0.001) for both reviewers individually and in aggregate. For artifact (B)
and sharpness (C) there was no significant preference.
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lines are for the unenhanced test scans of the volunteer. The green shad-
ed region shows the cumulative g-factor histogram for the 32-coil re-
construction based upon all 50 patient studies. The dashed green line
is the median value; the dark green zone encompasses the central
25%, and the light green zone the central 75% at that cumulative per-
centage. Similarly, the blue shaded region shows analogous results for
the 12-coil reconstruction. The more rapid approach to 100% of the
green 32-coil reconstruction indicates the overall smaller g-factor
values and better retention of SNR vs. the two 12-coil reconstructions
(blue curves and blue regions and red curve). This distinction between
curves is maintained across all 50 patient studies in that the shaded
green and blue regions are well separated. The close match of the blue
regions and red curve indicates the equivalence in performance of re-
construction (ii) and (iii).

Fig. 3 shows results from the qualitative evaluation of the two radi-
ologists. 32-coil reconstruction (positive scores) was evaluated as
significantly superior (p b 0.001) to 12-coil reconstruction using the
criteria of SNR (A) and overall preference (D) by both reviewers individ-
ually and in aggregate. 32-coil and 12-coil reconstructions were evalu-
ated as equivalent for the criteria of level of artifact (B) and sharpness
(C) by both reviewers individually and in aggregate. For perceived
SNR the two reviewers' scores matched in 38/50 cases and were within
one value on the five-point −2 to +2 scale in all 50/50. For artifact
these corresponding results were 34/50 and 50/50; for sharpness 27/
50 and 46/50; for overall preference 22/50 and 47/50.

Fig. 4 shows the percent improvement in SNR values providedby the
32-coil vs. 12-coil reconstruction plotted vs. the BMI of the patient. The
red circles show the case with no acceleration, as determined from the
images of SNR using the coil calibration data. The median increase
(18%) over the 44 studies is noted with the red hashmark on the ordi-
nate axis, and the trend line, determined by least squares regression,



Fig. 4. Plot of the ratio of median reconstructed SNR values without (red circles) and with (black triangles) the additional effect of g-factor improvements for the 32-coil and 12-coil
reconstructions plotted vs. BMI of the patient. In each case values were computed from a volume encompassing the prostate. The median increase for each is shown in the
corresponding colored hashmark on the ordinate, and trend lines of each with BMI, as determined from least square regression, are also noted.
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shown in red. The triangles show the case when acceleration is addi-
tionally used at the acceleration factors employed in this study with
analogous median (32%) and trend lines shown in black. The median
BMI (29.1) for the 50 studies is also noted as a hashmark on the abscissa.
Fig. 5.Comparison of 12-coil (left) and 32-coil (right) reconstructions of prostate DCE-MRI in a p
both assigned scores of (+2, 0, 0, +2) for (perceived SNR, artifact level, sharpness, overall pre
Figs. 5-7 show sample results from three patient studies inwhich the
32-coil and 12-coil reconstructions are compared. Video V1 compares
all 31 time frames for 12- vs. 32-coil reconstructions for the study pre-
sented in Fig. 5.
atientwith BMI 26.6. Prostate is identifiedwithin thewhite ellipse. Radiologists #1 and #2
ference) where positive scores reflect preference for the 32-coil result.



Fig. 6. Comparison of 12-coil (left) and 32-coil (right) reconstructions of prostate DCE-MRI in a patientwith BMI 30.4. Radiologists #1 and #2 assigned scores of (+1, 0, 0, +1) and (+1, 0,
0, +2).
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Table 4 summarizes results for relative SNR for the phantom studies
which show an SNR increase ranging from 9.7% for T2SE to 34.3% for the
b-1000 conventional DWI. Fig. 8B is a axial image of the phantom show-
ing the SNR increase determined from theDCE-MRI coil calibration data.
Fig. 7. Comparison of 12-coil (left) and 32-coil (right) reconstructions of prostate DCE-MRI in
short white arrows). In this exam an endorectal coil used for sequences other than DCE-MRI
sequence. Radiologists #1 and #2 assigned scores of (+1, 0, 0, +1) and (0, 0, 0, 0).
The position of the prostate inclusion is designated by the dashed circle.
Fig. 8C is a side-by-side comparison of unsubtracted coronal T2SE im-
ages of the phantomusing12- (left) and 32-coil (right) acquisition illus-
trating the size and placement of the bladder and prostate inclusions.
a patient with BMI 33.4 and with implanted seeds for brachytherapy (black dropouts, e.g.
was applied within a gel-filled insert (long white arrow) but not active for the DCE-MRI



Table 4
Relative SNR of 32- vs. 12-coil acquisition as measured in prostate phantom.

Comparison Sequence Relative SNR

1 T2SE 1.097
2 Conventional DWI

(b = 100 s/mm2, 1 average)
1.163

3 Conventional DWI
(b = 1000 s/mm2, 1 average)

1.346

4 Limited-FOV DWI
(b = 100 s/mm2, 1 average)

1.116

5 Limited-FOV DWI
(b = 1000 s/mm2, 1 average)

1.338

Fig. 8. (A) Photograph of phantom used for assessment of prostate MRI. Superior/inferior
levels of bladder and prostate inclusions are noted. (B) Axial image of the phantom at the
level of prostate inclusion (dashed circle) showing relativepercent improvement in SNR of
32- vs. 12-coil acquisition. (C) Coronal T2SE images of the phantom acquired using 12-
(left) and 32-coil (right) acquisitions. The observed 9.7% SNR increase is difficult to
visualize, but the images show the size and location of the prostate inclusion. ROI used
for SNR measurement is indicated as dashed ellipse (left image).
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4. Discussion

For the same level of acceleration, the acquisition and reconstruction
of data from32 receiver coils encompassing the pelvis provides superior
measured and perceived SNR in dynamic-contrast-enhanced prostate
MRI vs. use of the vendor-recommended 12 receiver coils. The median
improvement in overall measured SNR was 32% over the volume of
the prostate. Although the placement of the 12 receiver elements used
already encompasses the full lateral and superior/inferior extent of the
prostate, the incorporation of data from additional coils can provide im-
proved performance without generation of artifact related to the in-
crease in number of elements.

There are possible disadvantages in the use of additional receiver
coils in image reconstruction. When done on the vendor system, the
reconstruction time for a 32-coil DCE-MRI run is 50 s vs. 15 s on our cus-
tom hardware. Lacking high speed computational hardware, recon-
struction time can possibly be reduced by grouping coil elements
together before digitization to reduce the overall number of data chan-
nels [28,29]. However, as commercial systems continue to improve in
the future, reconstruction times are expected to decrease and make
this less of an issue.

Another possible disadvantage in the use of incremental coils locat-
ed somewhat distantly from the FOV of interest is thatmotion of distant
objects might alias into the reconstructed FOV owing to the high sensi-
tivity of the incremental coils to the moving object. The evaluation per-
formed in this work indicated that this was not a significant problem. If
artifact were present and could be associatedwith some specific distant
body region, then conceivably the reconstruction could be repeated
with data from the coils nearby to that region excluded.

In thiswork data fromeach 32-coil DCE-MRI acquisitionwere recon-
structed two ways, the first using all 32 coils and the second using only
12 coils, and the results compared. This study design eliminated the ad-
ditional uncertainty and expense associated with a study in which each
subject would have been imaged twice with contrast material, once
with each coil set. We validated this approach by comparing 12-coil re-
construction from 32- and 12-coil acquisitions and showed negligible
difference in SNR and g-factor.

This study evaluated two vendor-provided configurations of the coil
arrays available with theMRI system. It is possible that other configura-
tions might provide improved performance. Specifically, acceleration
applied along a particular direction benefits from coil elements which
tend to face each other along that direction. Electrically combining the
two most lateral elements of the GEM array into one virtual coil, as
done by the vendor, might not be optimal for this array for L/R acceler-
ation. Also, other styles of receiver coil arrays may provide improved
performance, such as arrays placed in better proximity or wrapped
around the pelvis. Incorporation of an endorectal coil can be expected
to provide some improvement in SNR near that coil. In this work al-
though an endorectal coil was placed in some subjects as seen in
Fig. 7, it was active only for sequences other than DCE-MRI.

The quantitative analysis distinguished between SNR improvement
solely due to the increase in the number of coils in an unaccelerated
scan (red dots of Fig. 4) as well as that due to improvement in g-factor
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statistics (increment between red dot and black triangle for each pa-
tient) at the specific acceleration factor used. The first of these should
benefit any sequence. The 32-coil array provided improvement in
both SNR and in g-factor statistics vs. the 12-coil array. Both are impor-
tant in acquisitions such as DCE-MRI in which acceleration is used. It is
interesting that the level of improvement of SNR (red circles of Fig. 4)
appeared to correlate positively with BMI.

Extending this to sequences beyond DCE-MRI, the phantom study
results in Table 4 indicate that both T2SE and DWI are expected to ben-
efit with improved SNRwith 32-coil acquisition. Consistentwith the re-
sults shown, sequences which are particularly signal-starved, such as
high-b value DWI,might in practice benefitmore from the SNR increase.
This can potentially be used to reduce the level of averaging commonly
done in DWI.

The benefit of increased SNR can be used for DCE-MRI in various
ways. As stated, we initially investigated but opted not to go to faster
frame rates.We have developed a version for assessment of biochemical
recurrence with higher spatial resolution (0.76 × 0.87 × 2.24 mm3 vs.
the 0.86 × 1.15 × 3.0 mm3 of this work) with a 15 s vs. 6.6 s frame time.

In addition to the above-described extended reconstruction time
and possible motion artifact from distant objects, another limitation of
this work is that further study is necessary to determine whether pros-
tate lesion detection and characterization are improved with 32-coil
DCE-MRI. Also, study of the impact in T2SE and DWI sequences should
be extended to a detailed patient series for amore complete assessment.

In summary, for the same level of acceleration, the acquisition and
reconstruction of data from 32 receiver coils encompassing the pelvis
provides superior measured and perceived SNR in dynamic-contrast-
enhanced prostate MRI vs. use of 12 receiver coils.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mri.2017.01.017.
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A B S T R A C T

Purpose: To describe an efficient numerical optimization technique using non-linear least squares to estimate
perfusion parameters for the Tofts and extended Tofts models from dynamic contrast enhanced (DCE) MRI data
and apply the technique to prostate cancer.
Methods: Parameters were estimated by fitting the two Tofts-based perfusion models to the acquired data via
non-linear least squares. We apply Variable Projection (VP) to convert the fitting problem from a multi-di-
mensional to a one-dimensional line search to improve computational efficiency and robustness. Using simu-
lation and DCE-MRI studies in twenty patients with suspected prostate cancer, the VP-based solver was com-
pared against the traditional Levenberg-Marquardt (LM) strategy for accuracy, noise amplification, robustness to
converge, and computation time.
Results: The simulation demonstrated that VP and LM were both accurate in that the medians closely matched
assumed values across typical signal to noise ratio (SNR) levels for both Tofts models. VP and LM showed similar
noise sensitivity. Studies using the patient data showed that the VP method reliably converged and matched
results from LM with approximate 3× and 2× reductions in computation time for the standard (two-parameter)
and extended (three-parameter) Tofts models. While LM failed to converge in 14% of the patient data, VP
converged in the ideal 100%.
Conclusion: The VP-based method for non-linear least squares estimation of perfusion parameters for prostate
MRI is equivalent in accuracy and robustness to noise, while being more reliably (100%) convergent and
computationally about 3× (TM) and 2× (ETM) faster than the LM-based method.

1. Introduction

Perfusion imaging via dynamic contrast-enhanced (DCE) MRI uses
pathological angiogenesis as a biomarker for differentiation of can-
cerous vs. normal tissue [1]. In tumors, due to abnormal angiogenesis,
there is a corresponding increase in the amount of blood delivered to
the capillary bed and perfusing the tissue, and this can be detectable
with MRI. A number of perfusion models applicable to DCE-MRI have
been proposed [2–4]. Among these models, the Tofts model (TM) [5]
and extended Tofts model (ETM) [6] are often used in perfusion ana-
lysis [7–23]. In the two-parameter TM, the perfusion parameters Ktrans,
the volume transfer constant between blood plasma and extra-vascular
extra-cellular space (EES), and kep, the rate constant, are estimated from
the DCE-MRI data. Ktrans and kep are related by kep = Ktrans/ve, where ve

represents the fractional volume of the EES. With the ETM, a third
parameter, the vascular fractional volume, vp, is also allowed. It is
known that parameters Ktrans and kepboth tend to increase in malignant
vs. benign tissue [24–28]. Thus, it is desirable to obtain accurate esti-
mates of these parameters.

The contrast concentration vs. time curves from DCE-MRI are used
to estimate the pharmacokinetic parameters by fitting a perfusion
model to the acquired data. This is done traditionally by using an im-
plementation of non-linear or linear least-squares estimation [29]. Non-
linear least squares (NLLS) such as the Levenberg-Marquardt (LM) al-
gorithm [30,31] allow mathematical flexibility in the perfusion model
but often require an iterative search and selecting the initial search
point. NLLS methods have been used in DCE-MRI [32–34]. Use of
multiple search starting points can provide higher accuracy in the

https://doi.org/10.1016/j.mri.2017.12.021
Received 9 September 2017; Received in revised form 9 December 2017; Accepted 21 December 2017

⁎ Corresponding author at: Biomedical Engineering and Physiology Program, Mayo Graduate School, Rochester, MN, United States.
E-mail address: riederer@mayo.edu (S.J. Riederer).

Magnetic Resonance Imaging 48 (2018) 50–61

0730-725X/ © 2017 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0730725X
https://www.elsevier.com/locate/mri
https://doi.org/10.1016/j.mri.2017.12.021
https://doi.org/10.1016/j.mri.2017.12.021
mailto:riederer@mayo.edu
https://doi.org/10.1016/j.mri.2017.12.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mri.2017.12.021&domain=pdf


results but with increased computation time [33]. Linear least squares
(LLSQ) optimizations have also been used in DCE-MRI [32,34,35].
However, the linearization of a non-linear problem can result in dif-
ferences in data weighting and possible bias [34,36].

The goal of this work is to use the variable projection (VP) approach
[37] to develop a robust and efficient numerical optimization strategy
which addresses current limitations of both NLLS and LLSQ methods in
DCE-MRI. The VP-based NLLS framework arises naturally from the TM
and ETM perfusion models with no additional assumptions or simpli-
fications. At the same time, the VP-based approach is shown to have
superior characteristics such as speed, simplicity of implementation,
and overall robustness vs. a widely-used NLLS implementation, LM.

The fitting algorithm presented here is based on the general ap-
proach of variable projection (VARPRO or “VP”), described in the
mathematical literature several decades ago [37]. This approach re-
duces the dimensionality of the problem of estimation of multiple
parameters from a data set according to some mathematical model and
has been used in multiple applications. Examples in MR include de-
termining the localized polynomial approximation parameters for
model-based reconstruction [38], MR spectroscopy [39–41], T1 map-
ping in single [42] and multichannel [43] acquisition, T1ρ mapping as a
biomarker for liver cirrhosis [44], fat-water estimation [45–50], and
MR fingerprinting [51]. Variable projection has been also used in ki-
netic parameter estimation of DCE-MRI to account for an unknown
arterial input function (AIF) via multichannel blind identification
[52,53]. However, to our knowledge VARPRO has not been applied to
the TM and ETM where the perfusion parameters are estimated with
this technique.

The VP-based method for estimating the perfusion parameters is
presented here in the context of prostate cancer, the most common non-
cutaneous cancer among men in the United States [54]. If found in its
early stages, a number of treatment options can lead to high survival
rates. Due to the limited specificity of monitoring the prostate specific
antigen (PSA) level the use of MRI for diagnosis or staging of prostate
cancer has increased in recent years. Prostate MRI is typically per-
formed using a multi-parametric MRI (mpMRI) exam [55–57] which
includes T2-weighted spin-echo (T2SE), diffusion-weighted imaging
(DWI), and T1-weighted DCE-MRI sequences. Quantitative perfusion
based on the DCE-MRI has been widely studied in the prostate
[9,18–20,24,27,58–61], and DCE-MRI plays a role in risk stratification
for patients with suspected prostate cancer in the PI-RADS v2 reporting
system [57]. DCE-MRI is especially important in the evaluation of local
recurrence after radiotherapy or radical prostatectomy [62,63].

In the following sections we derive formulas for DCE-MRI perfusion
parameter estimation for the TM and ETM using the VARPRO approach,
compare performance with traditional Levenberg-Marquardt methods,
and demonstrate its applicability in a group of 20 patients with known
prostate cancer as validated by histology. This work is an expansion of
material presented previously in abstract form [64,65].

2. Materials and methods

2.1. Parameter estimation using VARPRO for the Tofts model

Perfusion is modeled as a two compartment system in which a low-
molecular weight gadolinium contrast agent can diffuse out of the
blood vessels into the EES but not enter the cells. Therefore, the two
compartments of the tracer distribution are the blood plasma and the
EES. In the derivations which follow, lower and upper case bold denote
vector and matrix, respectively, [∙]∗ denotes the conjugate transpose of
[∙], and [∙]t denotes that the first dimension of [∙] has length N, with
each entry corresponding to a different time t for N total time frames.
Using the original Tofts model (TM) [5] the modeled tissue contrast
concentration p(t) is given by Eq. (1) for each voxel:

∫= − −p t K a τ e dτ( ) ( )trans t k t τ
0

( )ep
(1)

where Ktrans and kep are the transfer constant and rate constant re-
spectively, each measured in min−1, and a(τ) is the measured or as-
sumed AIF. This integral form of the TM can subsequently be dis-
cretized to yield:

= ⊗p a h k K( )t t t ep
trans (2)

where ⊗ is the convolution operator and at and pt are the vector ver-
sions of a(t) and p(t). Also note that ht(kep) is defined as e−kept. Eq. (2)
can be re-expressed in linear algebraic form using the N × N matrix A
comprised of elements of at:

=p Ah k K( )t t ep
trans (3)

where A is given by:
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and zero-padded boundary conditions are assumed to include only the
first N points to match the acquired perfusion data, ct.

The goal of pharmacokinetic parameter estimation is to fit the
model pt to the measurements ct for each voxel of interest. That is to
say, Ktrans and kep are selected to best fit the model, pt, to the measured
data, ct.

The discrete parametric model in Eq. (2) can be fit on a pixel-wise
basis to the time-course data associated with DCE-MR image series via
NLLS regression, wherein the difference between the model as realized
with a specific parameter set and the data is minimized. This fitting can
be done by first defining the NLLS cost function J(Ktrans,kep):

= − = −p c Ah cJ K k k K( , ) ‖ ‖ ‖ ( ) ‖trans
ep t t t ep

trans
t2

2
2
2 (5)

and minimizing it through some iterative numerical process to find the
optimum values of the model parameters, K trans and ̂kep. For the TM the
cost function depends on both Ktrans and kep, and thus a two-dimen-
sional (2D) optimization problem must be solved for each voxel. As J
(Ktrans,kep) is quadratic with respect to Ktrans, one can derive a closed-
form analytical expression for its NLLS-optimal value which will be a
(non-linear) function of the other parameter, kep, and the data vector, ct.
As shown in Appendix A, the closed-form expression for K trans is:

 = ∗ − ∗b b b cK k k k{ ( ) ( )} ( )trans
t ep t ep t ep t

1 (6)

where:

=b Ahk k( ) ( )t ep t ep (7)

Using the VARPRO method, the parametric expression for K trans can
then be inserted back into Eq. (5) which causes the dimensionality of J
to be reduced from 2D to 1D. Doing so, as developed further in Ap-
pendix A, leads to the following simplified cost function expression:

 = − ∗ ∗ − ∗c b b b b cJ K k k k k k k( ( ), ) ( ){ ( ) ( )} ( )trans
ep ep t t ep t ep t ep t ep t

1 (8)

To find ̂kep from Eq. (8), one can evaluate the cost function for a
range of kepvalues and find the minimum of J K k k( ( ), )

trans
ep ep via line

search. The found ̂kep is then used to directly determine K trans via Eq.
(6), completing the optimization. The simplification in the search for
optimum values K trans and ̂kep provided by VARPRO is illustrated in
Supplemental Fig. S1.

2.2. Parameter estimation using VARPRO for the extended Tofts model
(ETM)

Compared to the standard Tofts Model, the extended Tofts Model
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(ETM) has an additional term, the vascular fraction, vp, as shown below:

∫= + − −p t a t v K a τ e dτ( ) ( ) ( )p
trans t k t τ

0
( )ep

(9)

The VARPRO technique can be applied to the ETM similarly to the
TM. Again, the integral form can be expressed in algebraic form but
now with the linear terms Ktrans and vp combined into a vector x:

= + = ⎡
⎣

⎤
⎦

=p a Ah a Ah B xv k K k
v

K
k( ) [ ( )] ( )t t p t ep

trans t t ep
p

trans t ep (10)

where the dimension N × 2 matrix Bt(kep) is defined by:

=B a Ahk k( ) [ ( )]t ep t t ep (11)

Eq. (10) for ETM is similar to Eq. (3) for TM in that the linear term is
projected onto the other non-linear term to reduce the dimensionality
of the problem to only one dimension. The only difference in ETM is the
above-described vector vs. a scalar. The remainder of the optimization
of ETM is essentially the same as for the TM, shown in Appendix B, and
leading to the results:

 = ∗ − ∗x B B B ck k k{ ( ) ( )} ( )t ep t ep t p t
1

e (12)

 = − ∗ ∗ − ∗x c B B B B cJ k k k k k k( ( ), ) ( ){ ( ) ( )} ( )ep ep t t ep t ep t ep t ep t
1 (13)

2.3. Implementation

For efficient optimization, we used the Golden Section Search (GSS)
technique [66], in which the minimum is found by sequentially nar-
rowing the search range until reaching a prescribed tolerance. The GSS
technique substantially reduces the number of iterations to find the
minimum. An advantage of GSS is that given the viable range of search
for the optimum parameter, the number of iterations is predictable
based on the desired estimation resolution or tolerance [66]. Also, the
one-dimensionality of the problem eliminates any uncertainty about the
initialization of the optimization process. The search range need only
encompass possible values of kep. For this work, the search range for
kep = [0.03 – 6] min−1 with tolerance of 0.0005 requires twelve
iterations for VARPRO-based method. To match both methods, the LM
iteration was stopped at twelve iterations as well and found to be
adequate. We have used the magnitude of the MRI data for our patient
studies and not the complex data.

The additional term in the ETM, vp, must physiologically be a value
between 0 and 1, and it is expected to be small, the order of 0.01. No
constraints were placed on its estimation, and for LM vp was initialized
as 0.01.

2.4. Patient studies

The VP-based perfusion analysis described above was evaluated in
numerical simulations as well as in human studies performed under a
protocol approved by the Institutional Review Board. All enrolled
subjects gave formal informed consent. All patients who met the fol-
lowing criteria were enrolled: (i) underwent the standard protocol for
prostate MRI exam at 3 Tesla (Discovery MR750w, GE Healthcare,
Milwaukee, WI), (ii) exam interpretation by one of the coauthors (ATF,
five years experience in prostate MRI), (iii) subsequent histological
evaluation of a prostate specimen after transrectal ultrasound-guided
biopsy in either the 2nd or 4th quarter of 2016. This was a total of 20
subjects, 16 of which had subsequent radical prostatectomy. Patient
characteristics are summarized in Table 1. Prostate adenocarcinoma
was documented in 19 of the 20 patients after biopsy.

In all cases, an mpMRI exam was done, which included T2SE, DWI
with DWI-derived apparent diffusion coefficient (ADC) map, and DCE-
MRI sequences utilizing our institutional protocol. Relevant to this
work are the acquisition parameters for the DCE-MRI sequence [67],
summarized in Table 2, based on a 3D fast spoiled gradient-echo

(SPGR) acquisition [68] with view sharing [69]. Gadolinium based MR
contrast agent (Dotarem, gadoterate meglumine, Guerbet, Roissy CdG,
France) at a dose of 0.1 mmol/kg was administered intravenously at
3 ml/s followed by a 20 ml saline flush at 3 ml/s using a mechanical
power injector. Signal reception was done using 32 coil elements, 16 in
an anterior array and 16 in a posterior array.

For each case there were one or more foci of suspected prostate
cancer depicted on mpMRI, and the index lesion was noted in the
radiological report. The representative axial section containing this
index lesion was selected for subsequent analysis. For all 31 time frames
of the DCE-MRI acquisition, the MRI signals in the target section were
converted to concentration of contrast material by using the SPGR
signal model [70]. Specifically, using the SPGR and fast exchange
model equations, as well as the imaging parameters, the MRI signal was
mapped to concentration, assuming known T10 for blood and tissue
(1600 ms, and 1597 ms), the contrast agent relaxivity, r1
(4.0 mM−1 s−1), and arterial maximum concentration (6 mM). The
relative ratio between the arterial and tissue MRI signal was preserved.
The resultant converted signals were then used for subsequent analysis.
Ideally, the T1 relaxation times of the tissue and blood are estimated by
T1-mapping [43]. However, in this work the relaxivity, r1, and pre-
contrast, T10 value were assumed known from the literature [71]. The
blood concentration curve vs. time was normalized for each individual
by matching the area under the curve (first-pass) to the total con-
centration based on the weight of each patient. The blood volume was
estimated as 5 L for a 70 kg man and extrapolated for lower or higher
weights.

For each case the AIF, at in the derivation, was selected from a
3 × 3 voxel ROI chosen from within the lumen of the subject's left or
right external iliac or proximal femoral artery in the same axial section
as the dominant lesion. This is illustrated for one of the twenty patient
studies in Fig. 1. Prior to this work we found that an ROI of this size
provided good signal averaging across multiple pixels without con-
tamination by edge effects at the lumen edge.

2.5. Comparison with Levenberg-Marquardt algorithm

The proposed VP-based parameter estimation, which entails solving
a one-dimensional optimization problem, was compared with conven-
tional multi-dimensional non-linear estimation based on the Levenberg-
Marquardt (LM) method. Comparisons of accuracy and precision were
performed as well as comparisons of the speed of convergence, i.e., the
number of iterations and elapsed time from the onset of fitting until a
stable cost function minimum value was achieved. All computations
were performed using MATLAB (R2016a, The Mathworks, Natick, MA)
on a Linux (CentOS 6.8)-based workstation with two E5-2670v2 CPUs
(each with 10 cores at 2.5 GHz) and 64 GB of RAM.

2.5.1. Accuracy and precision
To validate the accuracy and precision of VP-based perfusion esti-

mation, a numeric simulation was developed as described schematically
in the flowchart in Supporting Fig. S2. Thirty-one time frames with 6.6 s
sampling were assumed, matching the clinical DCE-MRI protocol of
Table 2. Tissue perfusion was simulated according to the TM with
various assumed values of Ktrans (0.1, 0.2, 0.3, and 0.4 min−1) and ve
(0.1, 0.2, and 0.3) that created a total of twelve combinations of (Ktrans,
kep = Ktrans/ve) that span those reported for normal and malignant
tissue. Additionally for the ETM a vp value of 0.01 was assumed. A
population-based AIF was used [72].

Simulated MRI signals were then generated from these assumed
tissue and arterial contrast concentration curves with the SPGR signal
model. To approximate the statistical properties of the magnitude MR
images that are typically obtained clinically, zero-mean Gaussian noise
was added to the simulated signals (AIF and tissue) which were then
converted back into concentration curves for perfusion analysis using
both the VP and LM techniques. This was performed for all
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combinations and for each of six different signal to noise ratio (SNR)
levels which spanned those observed in our patient studies.

For this work the noise added to the simulated MR signal was ex-
pressed as a fraction of the peak signal enhancement over the time series.
To relate this to that observed clinically, the standard deviation, σ, was
measured in an ROI within an enhancing region of the prostate of a dif-
ference image [73] made between consecutive DCE-MRI images near the
end of the 31-frame acquisition; i.e. having negligible frame-to-frame
change in mean signal. The SNR was then defined as the highest mean
signal enhancement of that ROI over the unsubtracted time series divided
by σ/ 2 . This was performed for ten consecutive DCE-MRI prostate stu-
dies acquired similarly to those of Table 1 and having suspicious enhan-
cing lesions. SNR values measured with this approach ranged from 16 to
31. The analogous SNR levels used in the simulation were chosen to en-
compass this range and ranged from 10 to 35.

For each estimation method (VP and LM), for each (Ktrans, kep) or
(Ktrans, kep, vp) combination, and for each assumed SNR level, Monte
Carlo simulation was performed 500 times for both TM and ETM. The
resultant estimated perfusion parameters were then tabulated.

2.5.2. Convergence
To compare the speed of convergence of VP with LM, perfusion

analysis was performed using the patient data. For each patient, ten
voxels were selected by a radiologist coauthor (AK,> 20 years ex-
perience in prostate MRI) from the axial section previously identified:
five pixels from within the index lesion and five from normal tissue,
typically from the same zone of the prostate as the malignant tissue but
on the contralateral side. The mean time per iteration was noted in
performing the fit for each voxel for both the VP and LM methods. This
was done by executing each method 100 times and determining the
average computation time. Next, for each voxel the full estimation
process was performed and the residual determined after each iteration,
where the residual is defined as the root-mean-square (RMS) deviation
of the difference between the estimated and acquired perfusion signals.
The residual was plotted separately vs. the absolute cumulative com-
putation time. The estimated Ktrans and kep values were noted.

For each voxel the LM estimation processes were initialized with a
starting (Ktrans, kep) randomly selected from the range of [0.05–2]
min−1 for both TM and ETM, and the additional term in ETM, vp was
initialized with 0.01. The VP optimization process, which does not need
an initial guess, searches the range of [0.03–6] min−1 for ̂kep using GSS
as described.

3. Results

The fitting performed using our VARPRO-based strategy is illu-
strated in Fig. 2. Fig. 2a–b show examples of the cost function, J, (Eq.

Table 1
Characteristics of patients used for evaluation of VARPRO-based estimation technique.

Case # Age
(year)

Weight
(kg)

DCE-MRI
frame time (s)

PSA at the time of
mpMRI a (ng/mL)

Gleason score Tumor description
(number, location, size)

Biopsy RP b

1 66 110 6.374 8.7 4 + 3 3 + 4 Single lesion/right superior-mid posterior/1.5 × 1.1 × 0.5 cm
2 64 73 6.597 11.0 4 + 3 4 + 3 Dominant lesion/posterior right peripheral zone/1.0 × 0.8 × 0.4 cm
3 59 75 6.768 3.0 3 + 3 3 + 3 Single lesion/right posterior/base/extruded BPH nodule at the prostate base/

0.4 cm
4 57 87 6.781 9.5 3 + 4 3 + 4 Multifocal/left superior posterior/Left dominant peripheral zone/

0.9 × 0.5 × 0.4 cm
5 69 82 6.087 20.5 4 + 4 3 + 4 Multifocal/Left peripheral zone/dominant nodule, in left anterior inferior to left

posterior superior/0.6 × 0.4 × 0.4 cm
6 62 88 6.659 5.9 Benign NP c No evidence of malignancy at biopsy.
7 75 92 7.073 6.0 3 + 3 NP c Midline posterior peripheral zone/needle biopsy
8 64 70 5.836 5.3 3 + 3 NP c Left apex/needle biopsy
9 71 85 6.630 4.8 3 + 3 NP c Bilateral/dominant right peripheral zone/needle biopsy
10 68 86 5.295 6.5 3 + 3 3 + 4 Multifocal/dominant lesion right anterior prostate/2.3 × 1.8 × 1.1 cm/Multiple

tumor foci left posterior prostate
11 64 82 6.592 7.7 4 + 3 4 + 3 Single lesion/left anterior mid prostate/1.0 × 0.5 × 0.4 cm
12 60 75 6.380 7.8 4 + 3 (R) 4 + 3 Two lesions/right mid inferior posterior prostate/1.3 × 1.1 × 0.8 cm/left superior

mid posterior prostate/1.4 × 1.2 × 0.5 cm
13 67 111 6.369 4.7 3 + 4 3 + 4 Single tumor/right posterior/2.4 × 1.2 × 1.0 cm
14 71 84 6.329 6.5 4 + 3 (L) 3 + 4 Two lesions/left superior mid anterior posterior prostate/1.2 × 0.8 × 0.6 cm/right

superior mid inferior anterior posterior prostate/1.1 × 1.1 × 0.9 cm
15 64 153 5.640 8 3 + 4 3 + 4 Multifocal/posterior aspect of right and left prostatic lobes
16 59 82 6.340 21.4 4 + 4 Benign Prostatectomy revealed benign prostatic tissue with scattered foamy histiocytic

aggregates, consistent with positive response to neoadjuvant androgen deprivation
therapy (ADT). Note mpMRI of the prostate was performed prior to ADT.

17 67 84 6.448 13.4 3 + 4(L)/3 + 3(R) 4 + 3 Two lesions/left and right lobes/1.8 and 0.7 cm
18 70 71 6.231 4.8 3 + 3 3 + 4 Single lesion/left posterior/1.2 × 0.8 × 0.8 cm
19 56 98 6.099 5.3 4 + 4 3 + 4 Single lesion/involves right and left prostate/2.6 × 1.6 × 1.0 cm
20 60 111 6.395 19.9 3 + 4 3 + 4 Single lesion/left prostate/1.5 × 1.5 × 1.4 cm

a mpMRI = multi-parametric MRI.
b RP = radical prostatectomy.
c NP = not performed.

Table 2
Typical imaging parameters for DCE-MRI.

TR (repetition time) 5.3 ms a

TE (echo time) 2.2 ms a

Sampling resolution b (in-plane matrix) × slice 256 × 384 × 38
Field of view b 220 × 442 × 114 mm3

Spatial resolutionb 0.86 × 1.15 × 3.0 mm3

Acceleration RY 2.49
RZ 1.12

Bandwidth ± 62.5 kHz
Flip angle 12°
Scan time ~4 min a

Frame time 6.6 s a

Temporal footprint 19 s a

a May change slightly depending on body habitus.
b Expressed as anterior/posterior (A/P) × left/right (L/R) × superior/inferior (S/I),

corresponding to frequency × phase × slice encode directions.
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(8)) plotted vs. kep for two representative voxels from cancerous (a) and
normal (b) tissue selected from the study shown in Fig. 1 (red and blue
points). In each case ̂kep is selected as that corresponding to the
minimum of J, and K trans is then calculated via Eq. (6). The resultant

estimated tissue perfusion signals, pt, generated using the calculated
K trans and ̂kep values (dashed lines) are plotted vs. time and compared to
the acquired perfusion data (solid lines), ct, in Fig. 2c for both the
cancerous (red) and normal (blue) tissues.

Fig. 3 shows box-and-whisker plots which compare the VP and LM

a

c d e

b

Fig. 1. (a) Axial slice of the pelvis (Patient #1) through the
prostate showing the bilateral femoral arteries, prostate
(within yellow oval) and endo-rectal coil (yellow circle, not
active for DCE-MRI sequence). The arteries are enhanced at
time 38.2 s post-injection. (b) Graph of the average (bold
curve) arterial input function selected from the left deep
femoral artery as shown. The average is from nine (3 × 3)
individual voxels (non-bold curves). (c–e) Source DCE-MRI
images demonstrate an area of hyperenhancement of can-
cerous tissue in the right peripheral zone at the apex
compared to the non-cancerous tissue in the contralateral
side at times 44.6 s (c), 51.0 s (d), and 127.5 s (e). Red and
blue points show the representative voxels in the cancer
and non-cancerous regions respectively. These are used in
Fig. 2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)

a

c

b

Fig. 2. Cost function (J) vs. kep shown for one voxel in (a)
the cancerous region (red line) and one voxel in (b) the
non-cancerous region (blue line) in the same patient shown
in Fig. 1. Black dots correspond to points selected each
iteration by Golden Section Search (GSS) method. (c) Es-
timated perfusion (dashed line) vs. acquired perfusion
(solid line) for the two representative voxels shown in
Fig. 1c–e. The optimum kep values (cost function minimum)
found via GSS method and the subsequently computed
Ktrans are indicated. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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estimation methods for a range of assumed SNR levels for the specific
case of (Ktrans=0.2 min−1, kep=1.0 min−1, vp=0.01(for ETM)), for
both perfusion models, TM (a) and ETM (b). A summary of results for
TM over all of the combinations considered is presented in Supporting
Tables S1, S2. The summary of results for ETM is similar and not

presented for brevity.
Results illustrating the convergence process for VP vs. LM are shown

in Supporting Fig. S3a–b for Tofts and extended Tofts model respec-
tively. In this figure the ten selected points from Patient #4 were used
to demonstrate the convergence process. Five points from the dominant
lesion were shown on top and five points from the normal region at the
bottom. Each plot shows the results for VP (blue) and LM (red). The
plots are representative of those seen for all ten patient studies.

Fig. 4a compares the computation times required to attain con-
vergence for the first ten patient studies, with results for Patients #1 to
#5 in the first row and #6 to #10 in the second row. Each plot is
comprised of comparisons of VP with LM for each of the ten points
selected for that patient. For all 100 points in these ten patient cases VP
converged. As indicated on top of each plot, in some cases the LM failed
to converge, e.g. one point in Patient #2, and these were excluded from
the plots. The quantization of times along the abscissa is due to the
discrete computation time per iteration for each method. Fig. 4b shows
the same results for the ETM.

Fig. 4c shows the combination of all of the computation time data of
Fig. 4a,b. Of the 100 points analyzed (ten for each patient) a total of 15
for TM (14 for ETM) failed to converge using the LM method. Box-and
whisker plots of the remaining 85 (86 for ETM) comparisons are shown.
The mean values using the TM were 0.244 ms for LM and 0.079 ms for
VP, and the ratio (0.244/0.079 = 3.08) is taken as the average speed-
up in computation time provided by VP. The equivalent numbers for
ETM are: LM = 0.477 ms, VP = 0.263 ms, ratio = 0.477/0.263 = 1.8.
Similar results to those in Fig. 4 were found for Patients #11-#20. In
aggregate, for Patients, #1 - #20 LM failed to converge for the Tofts
model for 29 of the 200 points analyzed (14.5%). 7/29 (24.1%) of the
failed points occurred in cancerous tissue and 22/29 (75.9%) in normal
tissue. Similar results were found for LM for the Extended Tofts Model.
The VP method successfully converged for 200/200 points (100%) for
both models.

Fig. 5 summarizes the results in all twenty patients. Fig. 5a is a
summary presentation of the estimated Ktrans pharmacokinetic para-
meters for all voxels analyzed from the twenty patient studies using the
VP method for TM and ETM. Fig. 5b shows the ROC curve using the
pathology results from biopsy and prostatectomy as the standard and
calculated based on Ktrans for TM (solid line) and ETM (dashed line).
Fig. 5c,d shows the same results for kep. The cut-off values for Ktrans and
kep, sensitivity, specificity and area under the curve (AUC) are noted on
the figure.

Results from mpMRI exams that include T2SE, ADC map, and the
VARPRO-based perfusion maps are shown for two representative pa-
tients in Fig. 6 and Fig. 7. No artifact related to the VARPRO technique
was observed in any of 20 clinical patients.

4. Discussion

In this work we have demonstrated how the Variable Projection
(VARPRO) approach can be used to computationally simplify and im-
prove the reliability of non-linear least squares (NLLS) estimation of the
Tofts and extended Tofts model for determining pharmacokinetic
parameters, Ktrans and kep, (and vp) from 4D DCE-MRI data. NLLS esti-
mation of perfusion parameters using our VARPRO-based optimization
strategy is fundamentally more efficient than alternative NLLS fitting
techniques because the search is performed only across one dimension
as opposed to throughout a two or three-dimensional space. In our
numerical implementation, this strategy enabled an approximate 5×
reduction in computation time per iteration (as seen in Figs. S2 and
Fig. 4) and 3× reduction in overall fitting time for TM and 2× re-
duction for ETM.

The robustness of the perfusion estimation through noise was
evaluated with a numeric simulation in which true perfusion values
were assumed and noise was added to the simulated MR signals. The
SNR levels used in the simulation and the assumed Ktrans, kep, and vp

a

b
Fig. 3. The results of the numeric simulation using Monte Carlo simulation. Ktrans (top)
and kep (bottom) box-and-whisker plots are depicted for VP and LM for six SNR levels (10,
15, 20, 25, 30, 35). The boxes depict the median, first and third quartiles and the whiskers
mark the 10th and 90th percentiles across 500 Monte Carlo samples for the specific
combination of Ktrans =0.2 min−1, kep =1.0 min−1, vp =0.01. Fig. 3a,b show the results
for Tofts and extended Tofts model respectively.
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a

b
Fig. 4. (a) Absolute computation time for convergence for each point (total of ten points for each patient) shown for VP and LM using the Tofts model. The VP-based method converged
for all 100 points. At the top of each plot, the number of points (out of ten) that failed for LM method is noted. The failed points are not shown in the plots. (b) the equivalent plots for the
extended Tofts model. (c) Absolute computation time for convergence for all the analyzed points in (a,b). 15 out of 100 points failed to converge for the LM method using the Tofts model
and 14 failed using the extended Tofts model. Box-and-whisker plots depict median (dashed line), mean (solid line), first and third quartiles, and 10th and 90th percentiles.
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values spanned those found to be typical in prostate DCE-MRI patient
studies from our institution. As demonstrated through numeric simu-
lation, VP-based perfusion parameter estimation exhibits comparable
accuracy and precision to the standard LM algorithm for a broad range
of SNR levels, assuming the LM technique is properly initialized and

appropriately terminated. If the LM method is initialized far from the
optimum value, for this problem class, the optimization process was
commonly observed to fall into suboptimal local minima.

Both VP and LM algorithms have more computation burden for the
ETM compared to TM. This is expected due to the more involved
computations at each iteration. However, for the VP technique, the
computational advantage is less because for TM the term being inverted
is a scalar (Eq. (8)) but in Eq. (13), it is a matrix. Thus a bigger step for
VP and that is why the speed ratio changes from 3 to 1.8.

The clinical applicability of the VARPRO-based technique was
shown by generating perfusion maps from 3D DCE-MRI image se-
quences from 20 subjects with known or highly suspected prostate
cancer. In the patient studies, the LM method failed to converge in 29/
200 points (14.5%) for the TM fitting and 30/200 (15%) for ETM fit-
ting. Almost one quarter of these failures were in points within cancer
and the remainder in the contralateral normal tissue. On the other
hand, the VP-based optimization successfully converged in 200/200
(100%) of the points for both TM and ETM fitting. This ideal perfor-
mance realized by VP is desirable in any clinical test (including prostate
DCE-MRI) where the presence and location of cancer are typically not
known prior to the exam. Eliminating technical failure (in this case a
failure to converge) is one of the earliest necessary steps in showing
efficacy of a possible new clinical test [74].

c
Fig. 4. (continued)

Fig. 5. (a) The Ktrans range estimated for normal and
cancer region in twenty patients for Tofts and extended
Tofts model via the VARPRO technique. (b) The ROC
curve based on Ktrans, for Tofts and extended Tofts model.
The equivalent information for kep is shown in (c,d). The
cut-off values (solid dot on the ROC curve), sensitivity,
specificity, and the AUC are noted on the figures (b,d) for
TM and ETM.
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As described in the Introduction, the VARPRO technique can be
applied to the group of non-linear least squares problems that are se-
parable and have a linear combination of non-linear and/or linear
terms. Conceivably this technique could be used to reduce the di-
mensionality of the search for optimum parameters for other models of
perfusion using DCE-MRI data; e.g [34].

This work does have limitations. One of these is the lack of subject- and
system-specific T1- and B1+-mapping (i.e., RF flip angle) before contrast
injection. Doing so would provide patient-specific, pre-contrast T1 values
and improve the accuracy and precision with which MR signal is con-
verted to concentration. However, many of the findings presented here,
such as the basic derivation and simulation studies, did not rely on this
conversion process. Another limitation is that motion correction was not
used in the VARPRO-based analysis, but motion did not seem problematic
in any of the 20 cases. Also, the VP method could conceivably have been
compared with other estimation methods. For NLLS this could have been,
for example, a trust-region-based approach [33,75]. However, this is still a
multi-dimensional optimization, like LM is dependent on the initialization,

and has been shown to have problems in convergence similar to LM [33].
Detailed comparison with LLSQ was considered to be beyond the scope of
this work. Finally, the relatively low number of patient studies, 20 in this
case, is limiting from a statistical power standpoint. However, these were
used simply to show the applicability of the VARPRO-based method to
prostate DCE-MRI data of known cancer. A larger number would be
warranted for any studies of sensitivity, specificity, or accuracy.

In summary, we have shown mathematically how the Variable
Projection (VP) approach can be applied to non-linear least squares
estimation of perfusion parameters from a time series of DCE-MR
images for both the Tofts and Extended Tofts models. The conversion of
the problem to a one-dimensional optimization simplifies the search
and initialization. Compared to the standard Levenberg-Marquardt
method the VP approach provides similar accuracy and noise sensi-
tivity, approximately three-fold reduced computation time, and 100%
reliability in convergence in both cancerous and non-cancerous tissues.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2017.12.021.

a c e

b d f
Fig. 6. 66-year-old male (Patient #1) with PSA of 8.7 ng/ml. Prostate biopsy revealed adenocarcinoma, Gleason 4 + 3= 7 on the right and benign tissue on the left.: (a) T2-weighted
spin echo (T2SE) image, and (b) apparent diffusion coefficient (ADC) map demonstrate an ill-defined heterogeneous tumor of hypointensity in the right posterolateral peripheral zone at
the mid gland (b, arrow). (c–f) Corresponding perfusion abnormality is comparably shown on Ktrans and kep maps from VARPRO (VP) using Tofts model (TM) and extended Tofts model
(ETM). The 10 representative points used for computation speed comparisons, are shown in the major tumor and the contralateral side in (c) and (d).

a c e

b d f
Fig. 7. 64-year-old male (Patient #2) with PSA of 11 ng/mL.: (a) T2 signal abnormalities and (b) diffusion restriction (ADC map) in the right posterior peripheral zone (b, arrow). (c,e)
Ktrans and (d,f) kep maps from VARPRO (VP) using Tofts model (TM) and extended Tofts model (ETM), reveal hyperenhancing lesion in the right posterolateral peripheral zone. The 10
representative points used for computation speed comparisons are shown in the major tumor and the contralateral side in (c) and (d). Prostate biopsy yielded adenocarcinoma, Gleason
score 4 + 3 = 7 disease on the right.
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Appendix A

Here the steps to derive Eq. (6) from Eq. (5) are shown. Eq. (5) is repeated as Eq. (A.1)
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where bt(kep) = Aht(kep) Eq. (A.1) can be expanded to:
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To minimize J, the cost function is differentiated with respect to (Ktrans)∗ and set to zero:

∇ = − =∗ ∗∗ b b b cJ k k K k( ) ( ) ( ) ( ) 0K t ep t ep
trans

t ep t( )trans (A.3)

Solving for Ktrans gives the optimum value, K trans, as a function of kep:

 = ∗ − ∗b b b cK k k k{ ( ) ( )} ( )trans
t ep t ep t ep t

1 (A.4)

which is Eq. (6) in the text. The final expression for the cost function, Eq. (8), is developed by inserting the expression for K trans from Eq. (A.4) into
Eq. (A.1) leading to:
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For brevity bt(kep) is shown as bt in the remainder of the derivation. Eq. (A.5) can be expanded to:
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Upon noting in the first term that bt∗bt{bt∗bt}−1 equals unity, the first and second terms of Eq. (A.6) cancel, resulting in:

 = − +∗ ∗ − ∗ ∗c b b b b c c cJ K k k( ( ), ) { }trans
ep ep t t t t t t t t

1 (A.7)

Because ct∗ct is independent of kep it can be dropped for the optimization, resulting in Eq. (8).

Appendix B

The VARPRO technique can similarly be applied to the extended Tofts Model (ETM). Starting with Eq. (10) from the text, repeated here as Eq. (B.1)
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⎣

⎤
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K
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The cost function J is then:

= − = −p c B x cJ K k v k( , , ) ‖ ‖ ‖ ( ) ‖trans
ep p t t t ep t2

2
2
2 (B.2)

which can be expanded (similar to Eq. (A.2)) to the expression shown here:

= − − +∗ ∗ ∗ ∗ ∗ ∗x x B B x B c c B x c cJ k x( , )ep t t t t t t t t (B.3)

where Bt(kep) is shown as Bt for brevity. The only difference vs. Eq. (A.2) is that x is a vector replacing Ktrans and Bt is a matrix replacing vector bt. To
minimize J, the cost function is differentiated with respect to x∗ and set to zero:

∇ = − =∗ ∗∗ B B x B cJ( ) 0x t t t t (B.4)

Solving for x gives the optimum value, x , as a function of kep:

 = ∗ − ∗x B B B c{ }t t t t
1 (B.5)

Insertion into Eq. (B.2), expansion, and simplification similar to that in Appendix A leads to the final expression for the cost function, dependent
only on the single variable kep, and the final term ct∗ct is dropped to form Eq. (13) in the text.

 = − +∗ ∗ − ∗ ∗x c B B B B c c cJ k k( ( ), ) { }ep ep t t t t t t t t
1 (B.6)

The optimum value for kep, can be found by line search and then used in Eq. (B.5) to calculate the optimum Ktrans, vp that are imbedded in x .
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