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ANNUAL REPORT

PCRP 060814----“Transrectal Near-Infrared Optical Tomography for Prostate Imaging”

INTRODUCTION

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

BODY

1. Proposed Specific Aims:

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

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

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

(4) To demonstrate that trans-rectal multi-spectral NIR tomography can quantify the hemoglobin
concentration and oxygenation saturation in phantom, and further in prostate tumor model if the
time of research allows.

2. Progresses toward trans-rectal ultrasound-coupled near-infrared optical tomography
In the 1% year of this research (Mar, 2007—Feb. 2008), we have successfully developed an
axial-imaging 20mm diameter trans-rectal NIR tomography probe which is equivalent in size to a
standard trans-rectal ultrasound (TRUS) probe. Calibrations and simulations were conducted to
evaluate the imaging capabilities of this axial-imaging probe, and it was found that the imaging—
depth of this axial probe may be limited to 15mm [Musgrove 2007]. In vivo axial trans-rectal
imaging using this probe has been conducted on healthy canine prostate as shown in Fig. 1. For
this study a planar array trans-rectal US probe was used to evaluate the location and ultrasonic
structure of the prostate prior to imaging with this stand-alone axial-imaging NIR probe. The
depth of imaging the prostate tissue seemed to be at the 1cm range. The tissue being imaged
was therefore primary the peripheral tissue. The limited imaging depth may be caused partially
by the axial-imaging geometry, and partially by the strong absorption of prostate tissue.
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We have since investigated the approach of sagittal-imaging trans-rectal NIR optical
tomography which has the potential of interrogating deeper tissues, and developed TRUS-
coupled NIR tomography for concurrent multimodality trans-rectal NIR/US imaging.

Non-concurrently acquired
trans-rectal NIR

u, (mm™)
vt
narmal canine 0015 0 0008
prostate in vivo ' : .

Figure 1. Axial trans-rectal NIR optical tomography of normal canine prostate in vivo. The
absorption value of the prostate tissues agrees with that in Fig. 4.

2.1 Principle of trans-rectal NIR/US

The schematic configuration of our trans-rectal NIR/US prostate imaging is illustrated in Fig. 2.
In order to interrogate deep prostatic tissues, it is necessary to have longitudinally distributed
NIR arrays because the NIR imaging depth is approximately %2 of the array dimension. By
arranging the longitudinal NIR arrays symmetrically on the lateral sides of the sagittal US
transducer, the correlation between the NIR imaging and sagittal US can be made. The NIR
arrays could have a number of optode configurations. However, the design of having sources or
detectors exclusively on one of the two NIR arrays is adopted after evaluating the performance,
the endo-rectal applicability, and the prototyping challenge [Xu et al, 2008].

NIR/USimaging-----Sagittal view NIR/US imaging---—Axial view
Prostate

Ullrasound
Imaging
plane

: Peri-prostafic
tissue

Urethra
Tumor

Prostate

NIR array US transducer

Ultrasound Transaucer—"
Figure 2. lllustration of trans-rectal NIR/US of the prostate. Trans-retal US is placed in the

middle of the trans-rectal NIR applicator (optodes distributed longitudinally) to perform
combined NIR/US imaging.

The completed trans-rectal NIR/US probe and imager are shown in Fig. 3. The probe
was developed based on the ALOKA Veterinary US unit. The NIR applicator was integrated
over the intact 7.5MHz sagittal-imaging transducer of the bi-plane ALOKA trans-rectal US
probe. The ALOKA US probe also had a 5MHz axial-imaging transducer. The NIR probe
consisted of one source and one detector array separated laterally 20mm and placed symmetric
to the sagittal US transducer. The NIR source and detector array, each having 7 channels, were
60mm in longitudinal dimension, which was identical to the longitudinal imaging view of the
sagittal US transducer. Each NIR optode channel had a micro prism-lens pair for coupling the
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light to and from the probe surface. The NIR light from a super-luminescent diode of 100mW at
840nm was focused sequentially onto 7 source fibers of the NIR applicator by a home-made
translating fiber multiplexer. The NIR remissions collected by the 7 detection fibers were
acquired by a 16-bit intensified CCD camera through a spectrometer. Acquisition of signals for
all 7 source channels usually took 5 seconds after the prostate was localized on the sagittal
trans-rectal US. An Aloka-900 (in our lab) or Aloka-3500 (belonging to OSU Vet-Med) US
scanner acquired the bi-plane US images, of which the sagittal US had accurate position
correlation with the trans-rectal NIR. The absorption and reduced scattering images of the
prostate were reconstructed from steady-state measurements [Farrell 1992] using non-linear
optimization method [Xu, 2005, Iftimia 2000, Jiang et al, 2008].

Using this probe/imager, trans-rectal NIR/US has been performed on normal and
diseased canine prostate in vivo. Dogs have been previously used for prostate studies because
of the similarity between canine and human prostate glands [Hazle 2002; Forsberg 2002; Rivera
2005]. We have successfully developed a canine prostate tumor model in OSU Center for
Veterinary Health Sciences with this New Investigator. This study was approved by the
university's Institutional Animal Care and Use Committee. The protocol was also approved and
underwent an on-site inspection by the US Army Medical Research and Material Command. In
the following sections we will discuss the results obtained from normal canine prostate and
canine prostate cancer models. It should be noted that all the in vivo NIR images presented
were reconstructed purely from NIR signal, without any US priori mformatlon

r R "‘1.’3‘1’;‘!’»:’»’!;

Spectrometer _ |
& ccD NIR

NIR/US imaging system configuration

NIR/US probe based on Aloka US transducer

Figure 3 (Left). Photograph of the Aloka trans-rectal US transducer and the completed
NIR/US probe used for canine imaging. (Right) Schematic diagram of the trans-rectal
NIR/US imaging system that consists of a custom-built NIR imager and a commercial
ALOKA SSD-3500 US scanner.

2.2. In vivo trans-rectal NIR/US of normal canine prostate

Figure 4 displays the trans-rectal NIR/US imaging results performed on normal canine prostate
in vivo. The sagittal US was conducted at the middle of the right lobe, the middle-line of the
prostate gland, and the middle of the left lobe. The trans-rectal NIR images were in 3-dimension
but only the sagittal plane aligned with the US were displayed here. The NIR images were for
absorption coefficient and reduced scattering coefficient, respectively. The prostate was shown
as hyper-absorbing (as prostate is more vascular), and slightly hyper-scattering, with respect to
the peripheral tissues. The absolute values as well as the large ranges of the absorption and
reduced scattering coefficients of the prostate agree with the values reported in literatures
[Svensson et al, 2007 reviewed optical properties of human prostate].



Figure 4. Trans-rectal NIR/US of normal canine prostate in vivo: The US images were
taken at the right lobe, middle-line, and the left lobe. (Left), US/NIR absorption; (right)
US/NIR reduced scattering. The dimensions of the images are 50mmx30mm (cranial-
caudal x dorsal-ventral).

2.3. In vivo trans-rectal NIR/US of transmissible venereal tumors in canine pelvic canal
We have developed a canine prostate cancer model using canine transmissible venereal tumor
(TVT). The unique canine TVT is a round cell tumor of dogs that mainly affects the external
genitalia and can be transmitted from animal to animal during copulation, regardless of
histocompatibility. The neoplastic cells are generally thought to be of histiocytic origin [Mozos et
al, 1996]. TVT cells can be propagated in immunocompromised (SCID) mice and transferred to
different tissues (such as the prostate gland) of the dog to result in a neoplastic mass effect
useful for imaging studies [Rivera 2005]. For these studies, an existing TVT cell line was
obtained as cryopreserved tissue from MD Anderson Cancer Center (Houston, TX). The tumor
tissue was quick-thawed, homogenized and inoculated into the subcutis of a NOD/SCID mouse.
After approximately 12 weeks, the tumor reached an appropriate volume (4.0-4.5cm?®) for
recovery and were processed and inoculated into a second NOD/SCID mouse. Following
growth in the second mouse (8 weeks), the neoplastic cells were recovered and homogenized
for inoculation into the canine prostate gland.

A 12 kg sexually intact adult Beagle dog estimated to be approximately 4 years of age
was housed and administered using general anesthesia for TVT cell injection. A 6-inch 16
gauge hypodermic needle was inserted transperineally into the right lobe of the prostate where
~3 cc of the prepared TVT cells were injected. During retraction of the injection needle, it was
considered unavoidable that TVT cells would leak from the prostate injection site and be
"seeded" along the needle insertion tract. The dog was examined weekly by US using the trans-
rectal NIR/US probe covered by condom as did with standard trans-rectal US. During the first
two weeks following TVT cell injection there was no evidence of tumor growth on US and rectal
examination. The next US examination occurred 5 weeks post-injection when hypoechoic
masses were observed both in the prostatic parenchyma and peri-prostatically around the right
lobe of the prostate. The dog underwent weekly trans-rectal US monitoring for 2 more weeks,
and was then humanly euthanized 8 weeks after the initial TVT cell injection for a complete
necropsy and histological examination of prostate and peri-prostatic tissues.
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The NIR absorption and reduced scattering images taken at 5 weeks post-injection are
displayed in Fig. 5(a) and (b), respectively. The US and NIR images have the same dimension
of 60mmx30mm (cranial-caudalxdorsal-ventral) for sagittal, 40mmx30mm (right lateral—left
lateralxdorsal-ventral) for axial, and 60mmx40mm (cranial-caudalxright lateral-left lateral) for
coronal views, respectively. The sagittal trans-rectal US images were taken at the middle
portion of the right lobe. The hypo-echoic region L1 indicates an intra-prostatic mass. The large
hypo-echoic region L2 indicates a mass ventral and caudal to the prostate that may have
connection with L1. The NT on the right lobe US image denotes the needle trajectory for
introducing the TVT cells. Longitudinal hypo-echoic regions including L3 are seen along the NT.
The hyper-absorptive regions on sagittal NIR images correspond to L1, L2, and L3 on sagittal
US image. The 10mm-medial NIR image displays the absorptive masses at reduced NIR
contrast, and the 10mm-lateral NIR reveals connected strong absorptive masses. The bladder is
seen as slightly hypo-echoic at other medial sagittal US images (not shown here); however, no
hyper-absorptive mass corresponding to the bladder is presented at the left-most region of the
sagittal NIR images. The three axial TRUS images were taken at the cranial edge of the
prostate crossing L1, the caudal edge of the prostate crossing L2, and the peri-rectal region
crossing L3. The axial US images show a small hypo-echoic intra-prostatic mass at cranial side
of the prostate, the distortion of the right lobe boundary and extending of the L2 over the
prostate mid-line that correlates with the findings on mid-line sagittal US (shown in Fig. 6), and
large peri-rectal hypo-echoic mass cranial to the perineum. The locations of axial NIR images
are comparable to those of the axial trans-rectal US. The axial NIR image A2 should contain L1,
and the axial NIR image A5 should contain L3. The coronal NIR images correspond to 5mm,
10mm, and 15mm ventral to the rectum. The no-show of the lesions on the 15mm coronal
image is due to the decreased NIR sensitivity of side-firing and the reconstruction without any
spatial prior. The hyper-absorptive mass indicative of L1 is seen medial to the hyper-absorptive
masses indicative of L2 and L3. The appearance of the NIR hyper-absorptive masses in 3-views
agrees with that of the US hypo-echoic regions in 2-views.

The hyper-absorptive masses in (a) being suspicious of TVTs are shown in (b) with
different contrast patterns for the reduced scattering coefficient. In the NIR scattering images,
L3 has much higher contrast than do the other masses corresponding to L1 and L2. The
contrast elsewhere is also more homogenous compared with that in the absorption image.

In Fig. 6 we present the retrospective comparisons of the trans-rectal US and the NIR
images obtained at the middle of the right lobe, the middle-line of the prostate, and the middle of
the left lobe, before the TVT injection, 2 weeks after the TVT injection when the US and rectal
examination showed no evidence of tumor growth, and 5 weeks after the TVT injection when
the tumor growth was evident on both US and rectal examination. Both the absorption and
reduced scattering images, correlating to the same set of US images, are shown. At the 2-week
NIR absorption images, hyper-absorptive regions were found dorsal to the prostate in the right
lobe only, and dorsal to the pelvic bone in the right lobe with potential extension to the middle
line. The locations of these hyper-absorptive regions correlated very well with those of the hypo-
echoic and hyper-absorptive regions found in week-5. The NT in week-5 US image indicated the
needle track for injecting the tumor cells. The dimensions and contrasts of the hyper-absorptive
regions implied a tumor growing in right lobe and extending toward the middle-line. The growth
of the tumor was indicated earlier by the absorption images of trans-rectal NIR than by the
trans-rectal US. The growth of the tumor on reduced scattering images, although not as evident
as in the absorption images, did correlate with the findings in trans-rectal US. It is evident that
combining the information of trans-rectal US and trans-rectal NIR renders earlier and much
more accurate findings of the tumor growth.
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Figure 5 TVTs developed in canine pelvic canal assessed by trans-rectal NIR and US in
vivo at 5-weeks post TVT-injection. The NIR images are in sagittal, axial, and coronal
views. The US images are in sagittal and axial views. The dimensions of the images are:
60mmx30mm (cranial-caudalxdorsal-ventral) for sagittal, 40mmx30mm (right lateral—left
lateralxdorsal-ventral) for axial, and 60mmx40mm (cranial-caudalxright lateral-left
lateral) for coronal views, respectively.
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Figure 6 Comparison between the image-monitoring of TVT development in canine pelvic
canal assessed by trans-rectal NIR and US in vivo, over a period of 5 weeks. The images
were taken at the middle of the right lobe, the middle-line of the prostate, and the middle
of the left lobe, before the TVT injection, 2 weeks after the TVT injection when the US
and rectal examination showed no evidence of tumor growth, and 5 weeks after the TVT

injection when the tumor growth was evident on both US and rectal examination.
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The gross and histological findings (taken at 8-week after the TVT injection) given in Fig.
7 confirmed intra- and peri-prostatic neoplastic infiltrates with masses also located along the
urethra and peri-rectal tissue; the latter related to dissemination along the needle track during
TVT inoculation. All masses consist of diffuse sheets of a monomorphic population of neoplastic
round cells dissecting through pre-existing fibrovascular stroma. The neoplastic cells have large
hyperchromatic nuclei, single conspicuous nucleoli and moderate amounts of featureless
cytoplasm. The cytological features are consistent with canine transmissible venereal tumor

(TVT).
“ .:‘3: a ﬁ

K

> 5
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Figure 7. (Top) Postate gland taken after removal of the urinary bladder and intra-pelvic
urethra immediately following euthanasia. The prostate gland is markedly expanded and
misshapen secondary to intra-prostatic (L1) and peri-prostatic (L2) neoplastic masses.
Neoplastic masses were also distributed along the distal intra-pelvic urethra (L3) and in
the peri-rectal subcutaneous tissues (not shown). Histologically, expansile masses of
transmissible venereal tumor cells (TVT, bottom left panel) displace and compress
prostatic tissue (P). Prostatic capsule (arrowheads), Bar = 230um. The TVT infiltrate
(bottom right panel) consists of sheets of neoplastic round cells dissecting through pre-
existing fibrovascular stroma (arrowheads), Bar = 300um.

Among the US hypo-echoic masses obtained in week-5, the L1 was intra-prostatic, the
L2 was largely ventral to the prostate, and the L3 was caudal to the prostate. These 3 masses
were shown at similar depths on NIR images, which was patrtially due to the depth-dependent
NIR sensitivity [Xu et al, 2008] and partially due to the large volume of diffuse photon
interrogation with the tumor. Despite the depth inaccuracy, the TVT nodules had been detected
by use of trans-rectal NIR alone. If the image reconstruction of trans-rectal NIR could be guided
by the US structural information of the prostate (and the tumor if the tumor is visible to US), the
characterization of the TVT nodules on NIR would become more accurate.

It is known that most prostate cancers are presented as multi-focal [Wise et al, 2002]. It
must be noted that the intraprostatic TVT tumors were initiated in a non-immunosuppressed
canine model on which the TVT nodules developed at multiple sites intra-prostatically and peri-
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prostatically. Although not all of the TVT tumors were confined to the prostate, the successful
imaging of multiple TVT nodules by trans-rectal NIR tomography implies the utility of detecting
multiple intra-prostatic tumors. On trans-rectal US all of the TVT tumor nodules developed in
this subject were shown strongly hypo-echoic that correlated with the strongly hyper-absorptive
and moderately hyper-scattering findings on NIR imaging. The bladder, on the other hand,
showed as hypo-echoic on US; however it was shown as iso-absorptive or iso-scattering on
NIR. This suggests that trans-rectal NIR tomography has higher specificity in imaging the
regions hypo-echoic to TRUS.

The feature of TVT as strongly hyper-absorptive on NIR tomography is likely due to the
hyper-chromatic nuclei unique to TVT. The relatively higher scattering of the TVT may be due to
the hyper-density and larger nuclei of the neoplastic cells [Wang et al, 2006]. As the neoplastic
cells are arranged into microlobules by the pre-existing fibrovascular stroma, the TVT may also
present certain polarization-sensitivity. Overall, the characteristic features of TVT on NIR
tomography are comparable to those of breast cancer angiogenesis on NIR. The micro-
architecture of spontaneous prostate cancer may be different from that of TVT. So the intrinsic
NIR contrast of human prostate cancer may not be as pronounced as those of TVT, but it can
be expected that the human prostate cancer will have notable contrast on trans-rectal NIR
tomography if the contrast is taken for hemoglobin concentration, and oxygenation saturation.
These contrasts, which are difficult for trans-rectal US to acquire, could help to characterize the
malignancy of the prostate lesions.

2.4. Detecting single prostate cancer using the prototype NIR/US probe---simulation
studies

We have also conducted simulation studies on the performance of prostate cancer detection
using the above-mentioned prototype NIR/US probe and a prior-guided NIR reconstruction
method developed specifically for prostate NIR tomography [Xu et al, 2008]. The purpose was
to evaluate the detectability of the cancer when it shows conspicuous on US, therefore it was
assumed that the morphological information of the prostate and lesion was available from trans-
rectal US. This is not entirely representative of the actual clinical cases as many cancers are not
visible on trans-rectal US, but it will provide valuable insights. Trans-rectal US images of human
prostate available in open sources were used for the simulation study. The TRUS image was
first converted to COMSOL Multiphysics compatible format. The prostate tumor is mimicked
using a spherical shape to allow for flexibility of adjusting its size. The absorption and reduced
scattering coefficients of the rectum, peri-prostate tissue, prostate and the tumor are assigned
with values as suggested by literature [Li, 2007].

Figure 8 Finite-element mesh of the prostate for simulation

Figure 8 illustrates one example of the completed FEM-mesh for trans-rectal NIR optical
tomography derived from a trans-rectal US image, where X, y and z denote the longitudinal,
lateral and the depth coordinates, respectively. A typical mesh used for this work contains
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approximately 4000 nodes and 20000 linear tetrahedral elements. The mesh in the figure
corresponds to a volume of 80x80x80 mm?® and the ‘walnut’ shaped prostate has a dimension of
50x50%x30 mm?®. The rectum wall is 4mm thick with a curvature radius of 80 mm. The choice of
the curvature radius is due to the fact that the NIR array added to a TRUS probe may have a flat
surface that would transform the rectum lumen to an elliptical shape. The source modulation
frequency is set at 100MHz, and 1% Gaussian noise is added to all forward calculations to form
the measurement data. Comparisons of detection sensitivity are made between the prototype
probe of 7sd (indicating 7 source or detector on one lateral side of US) and an NIR probe of
26ssdd (indicating 26 source or detector—separated to 2 lines--on each lateral side of US), both
having 6cm span of NIR array.

2.4.1 Reconstruction accuracy versus target longitudinal location

A target of 10mm in diameter is placed at the middle-sagittal plane of y=40mm, z=26mm, and
varied in longitudinal coordinates from x=25 to 55mm with a step of 5mm (Fig. 9(a)). The optical
properties reconstructed by the two geometries are plotted versus the true values in Fig. 9(b)
and (c). The optical properties recovered by 26ssdd and 7sd are close to each other at most of
the longitudinal locations, but the 7sd design shows a larger variation in the recovered
absorption contrast at x=30mm and x=50mm compared to other positions. This may be related
to fewer source-detector pairs that contribute to the target detection when close to the boundary
or the existence of any irregular elements in the mesh.

0.06 2
7 —&— 26ssdd —e— 26ssdd
£ —-7sd 18 +— 7sd
oo4t /S N - Expectedj— | |- Expected
/ % = 16
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Lorogrer™ T um = &
© = s I B "o 14T~ g .
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) / = T
3 1.2
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Figure 9 Comparison of two geometries for a target varying in longitudinal location in the
middle-sagittal plane: (a) illustration of the target location change [Unit: mm™]; (b)
comparison of absorption coefficient reconstruction; (c) comparison of reduced scattering
coefficient reconstruction

2.4.2 Reconstruction accuracy versus target depth

A target of 10mm in diameter is placed at the middle-sagittal plane at x=40mm, y=40mm, and
the depth is varied from z=25 to 40mm at a step of 2.5mm (the last data point is simulated at
z=39mm as at 40mm the target is out of the prostate) (Fig. 10(a)). The reconstructed optical
properties are plotted in Fig. 10(b) and (c). The 26ssdd configuration outperforms the 7sd one
again, however beyond z=30mm, both designs are incapable of recovering the absorption
coefficient of the target from the prostate background. This depth limitation is related to the
maximum span of the NIR array, the large absorption coefficient (0.06mm™) of the prostate, and
the size of the target. For a larger target with a diameter of 14mm, it is verified that the target
may be resolved up to 36mm depth from the NIR array in comparison to 30mm for a target of
10mm diameter. A potentially smaller absorption coefficient of intact prostate may also increase
the depth limit of target detection due to an increase in the depth sensitivity.
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Fig. 10 Comparison of two geometries for a target varying in depth in the middle-sagittal
plane: (a) illustration of the target location change [Unit: mm™]; (b) comparison of
absorption coefficient reconstruction; (c) comparison of reduced scattering coefficient
reconstruction

2.4.3 Reconstruction accuracy versus target size

A target is placed at middle-sagittal plane of x=40mm, y=40mm and z=26mm, and the diameter
of the target is varied from 4mm to 14mm with a step of LI mm. The change of the target
diameter is illustrated in Fig. 11(a). The reconstructed optical properties are shown in Fig. 11(b)
and (c). It is clear that the larger the target, the better the accuracy of reconstruction. The
26ssdd can recover the absorption contrast of the target when the diameter is greater than 6mm
and the 7sd can recover the target for target diameter greater than 8mm.

These comparisons suggest that the accuracy of recovering the absorption properties is
strongly dependent on the number of NIR optodes, which weakly affects that of scattering
properties.
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Fig. 11 Comparison of two geometries for a target varying in size in the middle-sagittal
plane: (a) illustration of the target size change [Unit: mm™]; (b) comparison of absorption
coefficient reconstruction; (c) comparison of reduced scattering coefficient reconstruction

2.5. Detecting dual-center prostate cancer using the prototype NIR/US probe---simulation
studies

Capability of differentiating two targets is of particular relevance to prostate cancer imaging
owing to the existence of secondary or multifocal tumors. In this section, we investigate only the
case of having two targets in the same sagittal plane and conduct the simulations with the 7sd
probe design only.

2.5.1 Reconstruction of two targets located at the same depth in sagittal plane

Figure 12 shows two 10mm-diameter regions being added to the prostate, at coordinates (25,
40, 26) and (55, 40, 26), respectively. In (a) only one region has optical contrast, and in (b) both
regions have optical contrasts. In both cases the optical contrast can be reconstructed with
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good accuracy. The g, of the target with true optical contrast is reconstructed within +20% of

the set value and 4, can be reconstructed within +23% of the set values. The target with no

optical contrast is reconstructed with some artifacts, nevertheless, the target with optical
contrast can be easily differentiated from the one without.

004 00608 10 1.2 14 186
Fig. 12 Two suspicious regions at the same depth [Units: mm and mm™]

2.5.2 Reconstruction of two targets located at different depth in sagittal plane

Two targets of 10mm diameter are added in the prostate at coordinates of (25, 40, 28) and (55,
40, 24), respectively. Figure 13 shows the reconstructed images for the case of both targets
having negative contrast.
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Fig. 13 Two targets at different depths: negative tumor contrast cases
[Unit: mm and mm™]

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

and +25% of the set values, respectively. However, a target at 28mm depth cannot be
reconstructed. This is due to the high absorption coefficient of the prostate set at 0.06mm-1.
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When the prostate absoption coefficient is reduced to 0.006mm-1 which will provide positive
optical contrast in the two target regions, both tartgets can be recovered as shown in Fig. 14.
The , of the target can be reconstructed within 5% of the set value, while the ,; is still
reconstructed within £23% of the expected values.
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Fig. 14 Two targets at different depths: positive tumor contrast cases [Unit: mm and mm™]

KEY RESEARCH ACCOMPLISHMENTS
The following research accomplishments have been made during the 2™ year of this project:

1. The 20mm diameter axial-imaging trans-rectal NIR tomography probe has been tested on
imaging healthy canine prostate in vivo. Prostate tissues in the peripheral zone were imaged
and reconstructed with optical contrasts agree with literature values.

2. A TRUS-coupled trans-rectal NIR tomography probe has been developed. The combined
probe performs sagittal US and NIR imaging concurrently. The NIR imaging at the middle-
sagittal plane correlates with the TRUS image.

3. Invivo trans-rectal NIR/US imaging of normal canine prostate has been demonstrated.

4. A canine prostate tumor model has been developed using canine TVT cells. We now have a
reproducible large animal prostate tumor model.

5. In vivo trans-rectal NIR/US imaging of canine TVT development has been demonstrated.
There is evidence that when TRUS is aided by trans-rectal NIR, the tumor development can be
detected earlier and more accurately.

6. Quantitative evaluation of the imaging performance of the combined trans-rectal NIR/US
imaging has been conducted by simulation. The evaluation includes both detecting single tumor
and multi-centric tumors.

13



REPORTABLE OUTCOMES
The progress in the 2" year of this project has results in following publications or manuscripts:

Provisional Patent Applications

1. Daging Piao, Zhen Jiang, Guan Xu, Charles F. Bunting, “Method and Apparatus for
combined/concurrent trans-channel near-infrared optical tomography and ultrasound for
imaging internal organs”, US provisional patent application, #61/144,556, filed on Jan. 16,
2009.

Journal Papers

1. Jiang Z, Piao D, Xu G, Ritchey JW, Holyoak GR, Bartels KE, Bunting CF, Slobodov G,
Krasinski JS, “Trans-rectal ultrasound-coupled near-infrared optical tomography of the
prostate Part Il: Experimental demonstration,” Optics Express, 16(22): 17505-17520 (2008).
[PubMed index: 18958031].

2. Xu G, Piao D, Musgrove CH, Bunting CF, Dehghani H, “Trans-rectal ultrasound-coupled
near-infrared optical tomography of the prostate Part I: Simulation,” Optics Express, 16(22):
17484-17504 (2008). [PubMed index: 18958030].

Proceeding Papers and Conference Presentations

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

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

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

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

Students Fully or Partially Supported During The 2nd Year:

1. JIANG, Zhen PhD student
2. XU, Guan PhD student
3. Mukherjee, Sovanlal PhD student
4. XIE, Hao MS degree in May, 2008.

Grants Being Awarded That Can Be Attributed To This Research:
1. Big XII Faculty Fellowship Program ----- Faculty Fellow Award

Piao, D (PI), 02/2009----08/2009, $2,500
Title: Faculty Fellowship in University of Missouri, Columbia
Objective: This is a faculty fellowship award for visiting Big XII universities to

enhance research collaborations.

2. Oklahoma EPSCoR ---- Research Opportunity Award
Piao, D (Supporting PI), 06/2009----08/2009, OSU- $3,500
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Jiang, Y (P1) University of Central Oklahoma (Total $10,000)
Title: Advanced Reconstruction Method for Optical and Ultrasonic Imaging
Objective: This is a summer research opportunity award grant for faculties in

Oklahoma regional universities to conduct research in Oklahoma

research-intensive universities, including Oklahoma State University.

3. Oklahoma State University-----Technology Business Assessment Group (TBAG)

Piao, D (PI), 12/01/2008----11/30/2009,  $25,000
Title: Clinical Trans-rectal Optical Imaging Applicator for Prostate Biopsy
Objective: To develop a B&K ultrasound-coupled near-infrared optical imaging

applicator for trans-rectal near-infrared tomography of human prostate for
future clinical trials.

CONCLUSIONS

The objective of this research is to explore the technology of trans-rectal near-infrared (NIR)
optical tomography that may benefit accurate, selective prostate biopsy. The research in the 2™
year has made important advancements. The advancements include the invention of TRUS-
coupled NIR tomography, the development of a canine prostate tumor model, the demonstration
of TRUS-coupled NIR tomography of canine prostate tumor in vivo, and the establishment of
preliminary evidence that augmenting the NIR imaging to the standard TRUS detects the
prostate tumor earlier and with better accuracy. The proposed technology has advanced an
important step, from trans-rectal NIR optical tomography to TRUS-coupled NIR optical
tomography, toward clinical validations.
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Trans-rectal ultrasound-coupled

near -infrared optical tomography of the prostate

Part | Simulation
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Abstract: We investigate the feasibility of trans-rectal optical tomography
of the prostate using an endo-rectal near-infrared (NIR) applicator that is to
be integrated with a trans-rectal ultrasound (TRUS) probe. Integration with
TRUS ensures accurate endo-rectal positioning of the NIR applicator and
the utility of using TRUS spatial prior information to guide NIR image
reconstruction. The prostate NIR image reconstruction is chalenging even
with the use of spatial prior owing to the anatomic complexity of the
imaging domain. A hierarchical reconstruction algorithm is developed that
implements cascaded initial-guesses for nested domains. This hierarchical
image reconstruction method is then applied to evaluating a number of NIR
applicator designs for integration with a sagittal TRUS transducer. A NIR
applicator configuration feasible for instrumentation development is
proposed that contains one linear array of optodes on each lateral side of the
sagittal TRUS transducer. The performance of this NIR applicator is
characterized for the recovery of single tumor mimicking lesion as well as
dual targets in the prostate. The results suggest a strong feasibility of trans-
rectal prostate imaging by use of the endo-rectal NIR/US probe.
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OCI Scodes: (170.3880) Medical and biological imaging; (170.6960) Tomography; (170.7230)
Urology.
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1. Introduction

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

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

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

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

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

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

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

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

(a)

O, )
Transverse

r
Sagittaltransduce tiansdirear

O x areoptodes

o gaﬁ‘m

Working geometry of sagittal NIR
coupled with sagittal TRUS transducer

(c) (d)

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

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

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

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

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

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

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

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

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

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

J= a/ua_rect a/ua_lesi azuvsfreci . . a/uvsiles'
Py ¢y, ¢y, ¢y, ¢y, . . 99y,
a:uafrect a:ua7 peri a:ua7 pros a/ua\flesi alus_rect alus_leé
A4, . . . . .
aﬂafrem . . . . . . .
_alua_rect a:ua_l&d aluvsfreci aluvsilesi |
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where 1;; (i,j=12,...,7) and @, (i,] =12,...,7) are the intensity and phase terms of
U (F,w), respectively. In Equ. 3, “rect”, “peri”, “pros’, and “les” denote “rectum wall”,

“peri-prostate tissue”, “prostate’, and “ prostate lesion”, respectively.
The Levenberg-Marquart (LM) algorithm [35] governs the iterative recovery of the optical
properties by updating the ROI-specific values of 4, and 4 according to

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

where x is the array of parameters to be optimized, Av is the forward projection error and A4
is a pendty or regularization term. A small damping factor ¢ in the range of (0, 1) is
introduced in Equ. 4 to stabilize the convergence. It is shown that an empirically chosen «
could make the LM algorithm more reliable and computationally more efficient [36].

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

The TRUS prostate images which are available in open sources [37] are used for the
simulation study. The TRUS image was first imported into a pre-processing software 3ds-
MAX [Autodesk Inc] (shown in Fig. 2(a)). The 3dssMAX provides very flexible geometry-
deforming functions, with which a basic 3-D geometry of the prostate can be outlined
manually. The finalized 3-D mesh of the prostate is then converted to COM SOL Multiphysics
[COMSOL AB] compatible format (shown in Fig. 2(b)) using MeshToSolid [Syncode Inc].
The prostate tumor is then mimicked using a spherical shape to alow for flexibility of
adjusting its size. The absorption and reduced scattering coefficients of the rectum, peri-
prostate tissue, prostate and the tumor are assigned with values as suggested by literature [27].
Figure 3 illustrates one example of the completed FEM-mesh for trans-rectal optical
tomography derived from a TRUS image, where x, y and z denoting the longitudinal, lateral
and the depth coordinates, respectively. A typical mesh used for this work contains
approximately 4000 nodes and 20000 linear tetrahedral elements.
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The mesh in Fig. 3 corresponds to a volume of 80x80x80 mm? and the ‘walnut’ shaped
prostate has a dimension of 50x50x30 mm?. The rectum wall is 4mm thick with a curvature
radius of 80 mm. The choice of the curvature radius is due to the fact that the NIR array added
to a TRUS probe may have a flat surface that would transform the rectum lumen to an
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elliptical shape. A larger radius aso gives more flexibility in handling the posterior prostate
region within the mesh.

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

(a) Transverse View (b) Sagittal View (c) Coronal View (d) Perspective View
Fig. 3. FEM mesh generated based on approachesin Fig. 2. [Unit: mm].

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

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

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

(CY (b) (©

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

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

3.2 Trans-rectal NIR image reconstruction without a priori information

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

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

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

—, — !

0.02_0.04 006 0.0: 0.04 0.06 0.04 006 08 1.0 1.2 141608 1.0 1.2 14 1608 10 12 1416

[ e I \ﬁ

0.01 0.015 0.02 0.01 0015 70.02°0.01 0.015 002 1.2 15 2512 15 2512 1.5

Fig. 5. NIR-only eement-based reconstruction of a tumor target in various longitudinal
locations. Row 1: target image for calculating the forward data; Row 2: Images reconstructed

without any spatial prior. (a): y75 images; (b): ﬂls images. [Unit: mm]

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

The tissue volume interrogated by trans-rectal NIR imaging constitutes a nested-domain
including a thin layer of rectum wall, a large volume of peri-prostate tissue, a relatively
absorbing prostate, and the lesion within the prostate. These nested imaging domains may be
further complicated by the pelvic bone that could interfere with the light propagation.
Schweiger, et al. [38], Kolehmainen et al. [39-41], and Srinivasan et a. [42] have previously
investigated the issue of recovering the shapes and optical properties of regions with optical
contrast inside a non-nested or nested domains, where the shapes of the ROIs were derived
from optical information when no spatial prior is available from other complementary
imaging modalities. These methods have shown sufficient robustness in recovering the shapes
and optical properties of the ROIs, yet the problem of stability and/or slow convergence was
noticed in such approaches dealing with nested-domains. In trans-rectal NIR tomography
reconstruction the spatial information from TRUS may be implemented by assigning
homogenous optical properties within each ROIs of the imaging domain. However the
convergence and the accuracy of recongtruction will still depend upon the initial guess in
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addition to the accuracy of the prior information. The dependence on initial guess in a
gradient based solver is due to the local minimum feature [36], as indicated in Fig. 6, which
could be exaggerated in prostate imaging due to the possible multiple combinations of optical
properties in the nested-structures. The image reconstruction in trans-rectal optica
tomography is further complicated by the discrepancy regarding the optical contrast that the
prostate tumor could have, namely positive or negative [19-22, 27].

Fig. 6. Local-minimum issue in reconstruction. The forward calculation is based on Fig. 3(a)
with assumption of homogeneous imaging volume. The projection error is calculated by using
reduced scattering coefficient of the true value (0.008mm™), and using an absorption
coefficient value from 0 to 0.15mm™ at a step of 0.002mm™, with respect to the forward data.
Other than the global minimum, three local minimums can be observed where the iteration can
stop incorrectly. This is the effect of varying only one parameter. More local minimums may
occur when reconstructing more parameters.

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

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

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

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

(mm'™) (mm'*)

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

Update

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

will be used asthe initial guess for the second step.

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

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

The change of the overall projection error for the three steps is plotted in Fig. 7(d), and
as evident, rapid and reliable convergence is observed. The hierarchy of the implementation of
initial valuesfor iteration isillustrated aternatively in Fig. 7(e).
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Fig. 7. The 3-step hierarchical reconstruction method (a) Step 1—one ROI for the entire
volume; (b) step 2—three ROIs representing rectum wall, peri-prostate tissue, prostate; (c) step
3—four ROIs representing rectum wall, peri-prostate tissue, prostate, tumor; (d) change of the
overall projection error, where the dash lines separate the converging of the three stepsin (a)—
(c); () block chart of the hierarchical initial guess assignment. [Unit in (a)---(c): mm™]

3.4 Validation of the hierarchical spatial prior method

Recently Li et a. reported simulation results for trans-rectal optical tomography in the context
of using MRI anatomic information [27], which is referred to as “NIR/MRI” in the following
text. The proposed hierarchical spatial prior method is evaluated using the same probe
geometry, prostate geometry and the optical properties (also in Table 1) presented in the
NIR/MRI work. The size and depth of the tumor for simulation were not specified in the
NIR/MRI work, but a tumor with diameter of 10 mm and a depth of 15mm from the planar
probe surface is considerably close to the one presented in the NIR/MRI paper. The NIR/MRI
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work also indicated the challenge of recongtruction that may be due to the local minimum.
The authors set an arbitrary searching range for the optical properties (4, :0-0.1mm™, y_:0-
2mm™), and in 4 sets of the results, 3 of the tumor absorption value reached the limits and
were stopped from further iteration, whereas the 4™ value converged at a value more than 2
folds of the set value.

80
@ (b) (]

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

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

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

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

Table 2 lists the results of the hierarchica method in comparison with those given in

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

The recongtructed images for targets of both negative and positive contrasts are listed in
Fig. 9. These results demonstrate the capability of our hierarchical spatial prior method in
reconstructing prostate lesion with either negative or positive absorption contrast.
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Fig. 9. Reconstructed images for a target with absorption contrast: (a) negative contrast (b)
positive contrast. Top row: target setting; Bottom row: reconstructed i mage. [Unit: mm™]
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Fig. 10. NIR array designs. The dimension of the sagittal TRUS is shown in (a). The number
of the Fig. caption denotes the number of opdotes on each lateral side of the TRUS as is
depicted in (a). “sd” denotes one line of source and one line of detector; “ssdd” denotes two
lines of source and two lines of detector; “sdsd” denotes mixed source/detector in one line;
“sym” denotes symmetric distribution of the optodes with respect to the sagittal TRUS. [Unit:
mm]
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4. Assessment of NIR applicator designsfor coupling NIR with TRUS

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

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

4.1 Sensitivity comparison

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

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

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

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

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

4.2.1 Reconstruction accuracy versus target longitudinal location

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

of absorption coefficient reconstruction; (c) comparison of reduced scattering coefficient
reconstruction

4.2.2 Reconstruction accuracy versus target depth

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

0.02 0.04 :30:6
€) (b) (c)

Fig. 13. Comparison of two geometries for a target varying in depth in the middle-sagittal
plane: (a) illustration of the target location change [Unit: mm™]; (b) comparison of absorption
coefficient reconstruction; (¢) comparison of reduced scattering coefficient reconstruction

4.2.3 Reconstruction accuracy versustarget size

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

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

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

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

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

Figure 15 shows two 10mm-diameter 