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ABSTRACT
Endoscopic near-infrared (NIR) optical tomography is a novel approach that allows the blood-based high intrinsic
optical contrast to be imaged for the detection of cancer in internal organs. In endoscopic NIR tomography, the imaging
array is arranged within the interior of the medium as opposed to the exterior as seen in conventional NIR tomography
approaches. The source illuminates outward from the circular NIR probe, and the detector collects the diffused light
from the medium surrounding the NIR probe. This new imaging geometry may involve forward and inverse approaches
that are significantly different from those used in conventional NIR tomography. The implementation of a hollowcentered forward mesh within the context of conventional NIR tomography reconstruction has already led to the first
demonstration of endoscopic NIR optical tomography. This paper presents some fundamental computational aspects
regarding the performance and sensitivity of this endoscopic NIR tomography configuration. The NIRFAST modeling
and image reconstruction package developed for conventional circular NIR geometry is used for endoscopic NIR
tomography, and initial quantitative analysis has been conducted to investigate the “effective” imaging depth, required
mesh resolution, and limit in contrast resolution, among other parameters. This study will define the performance
expected and may provide insights into hardware requirements needed for revision of NIRFAST for the endoscopic NIR
tomography geometry.
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1. INTRODUCTION
Near-infrared (NIR) optical tomography is a non-invasive diagnostic imaging technique. During the last two decades, the
advances in NIR tomography technique and application have demonstrated the potential of acquiring unique tissuespecific contrast with NIR interrogation and tomographic interpretation. The high contrast of NIR optical tomography
originates primarily from the stronger light attenuation by hemoglobin relative to water in parenchymal tissue, as well as
the distinct spectral differences of hemoglobin between the oxygenated and deoxygenated states.1 The advantage of NIR
tomography, in terms of imaging the hemodynamic functions that are otherwise inconvenient to acquire, has also been
rigorously conveyed in imaging the physiological conditions in the brain, as well as small joints.2,3
Although there is high NIR contrast, non-invasive imaging by NIR has been restricted to specific organs that can be
trans-illuminated externally, such as the breast, where the tissue can be easily interrogated by direct contact with NIR
sources/detectors. Breast imaging validation studies have shown improved sensitivity and specificity based upon
vasculature differences, and multiple clinical trials are still ongoing.4-7 The hypervasculature present in tumors of other
internal organs, such as prostate, colon, and rectum, likely has similar high tumor-tissue contrast in NIR imaging.
However, the key factor in attempting these studies is the development of an appropriate applicator array. For the
prostate, studies have focused on NIR measurement of optical properties in experimental prostate tumors in vivo8 and
human prostate,9 as well as surface measurements of implanted prostate tumors to quantify the hemodynamic changes.10
All of these studies have demonstrated that the physical principles of NIR measurements can be used on internal organ
tissues subject to new advantages and perhaps new challenges; however, these measurements are either non-localized or
limited to the superficial area. If NIR measurements of internal organs can be performed in tomographic mode, it may
provide 2-dimensional mapping of endogenous (and exogenous) contrasts at depths up to a few centimeters below the
surface. This will render new tissue-contrast information on a distance scale comparable to ultrasound.
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The imaging of internal organs, like the prostate, requires that NIR tomography be implemented in the scale and
geometry that may not have been practiced before. The most convenient way of prostate imaging is through trans-rectal
probing, similar to the standard trans-rectal ultrasound technique. Due to the lumen size of the rectum, the NIR
tomography probe may not be bigger than 25mm in diameter. Deploying many source-detector channels in a trans-rectal
probe would potentially invalidate the diffusion approximation that is commonly used for NIR tomography, since the
source-detector distances becomes comparable to the free scattering length. The boundary geometry becomes convex,
rather than planar or circular in shape, which may interrupt the most sensitive part of the photon diffusion paths. As the
prostate is in close proximity to the rectal tissue, the NIR tomography may require a field-of-view that is closer and
smaller than the conventional NIR tomography for the breast and brain. This close proximity also poses another
limitation if the conventional diffusion-based model is used for trans-rectal NIR tomography.
The accurate interpretation of trans-rectal (TR) NIR tomography may require a forward-model that is significantly
different from existing ones. Nevertheless, the use of well-established models of diffusion-approximation based NIR
tomography may at least give qualitative insights on the image quality and technical “bottle-neck” of trans-rectal NIR
tomography approach. Therefore, this paper is intended to address the limitations that existing forward models may
have for the trans-rectal NIR tomography geometry, and provide guidance on the design of the TR-NIR probe and
development of more relevant forward models.

2. METHODOLOGY
2.1 Endoscopic (trans-rectal) imaging geometry for circular probe
Endoscopic (trans-rectal) near-infrared optical tomography approach can be considered as an extension of the
conventional near-infrared optical tomography (shown in Figure 1(a)), in the sense that the imaging geometry becomes
out-ward imaging from an endoscopic NIR probe (shown in Figure 1(b)). This novel imaging geometry needs
implementation of modeling and reconstruction methods that may be different from those previously known. However,
the direct use of existing image reconstruction methods with relevant geometry-based modifications becomes attractive
for initial investigations to understand the qualitative characteristics of imaging and limitations of conventional methods.
Thus we directly apply a modeling package developed for conventional NIR tomography, and implement an annular
(hollow-center) imaging mesh to account for the trans-rectal imaging geometry when a circular probe is used. The major
interest is to investigate the “effective” imaging depth for detecting circular-shaped heterogeneities at different contrast
levels.

(a)

(b)

Fig. 1. (a) Typical NIR optical tomography geometry where optodes are placed outside of the body, surrounding the target
organs. (b) New endoscopic NIR optical tomography geometry where a ring of optodes image the surrounding tissue.
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2.2 NIRFAST software
NIRFAST is a reconstruction package developed at Dartmouth College for NIR optical tomography. NIRFAST solves
both forward and inverse problems. The forward problem determines the resulting detector measurements based on
knowledge of the tissue properties and sources.11 The inverse problem calculates the tissue properties given source
information and detector measurements.11
The forward problem calculations in NIRFAST use equation 1, the frequency domain diffusion approximation to the
radiative transfer equation12

iω ⎞
⎛
− ∇ ⋅ κ (r )∇Φ (r , ω ) + ⎜ µ a + ⎟Φ(r , ω ) = qo (r , ω )
c ⎠
⎝

(1)

Where Φ ( r , t ) is the photon fluence rate at position r, µa is the absorption coefficient, c is the speed of light, qo(r,ω) is
the source term, and κ is the diffusion coefficient.12 The diffusion coefficient is defined as12

1
3 µa + µ s'

(

)
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Where µa is the absorption coefficient and µs’ is the reduced scattering coefficient.
NIRFAST has been an excellent tool for NIR tomography modeling and image reconstruction. However, as NIRFAST
is based on the diffusion approximation of the radiative transport equation, it is anticipated that the direct
implementation of NIRFAST to the trans-rectal imaging geometry may introduce perceptive errors in forward modeling,
which in turn gives inaccurate image reconstruction.

3. ESTABLISHMENT OF THE PRIMARY SIMULATION PARAMETERS
The simulation parameters follow the physical parameters of a prototype system. The 20mm diameter NIR probe
approximates the size of a trans-rectal ultrasound probe. The imaging field-of-view is set to be 20mm from the probe
surface (60mm total simulation diameter) for both the simulation and measurement image reconstruction. All
simulations use 1% Gaussian distributed zero mean noise in the source-detector measurement data. The size of the
phantom is set to a 7.7mm diameter. The background µa value is 0.002mm-1 and µs’ value is 0.5mm-1 to approximate a
5% intralipid solution.
3.1 Detection sensitivity profile
It is assumed that the most accurate mesh uses the most nodes possible.13 The biggest mesh available is 40674 nodes,
however, it is not practical to use the 40674 node mesh for reconstruction since it requires over 500 seconds to calculate
the Jacobian, and at least 7.6 GB of memory. A balance between computation time and accuracy needs to be determined
to find the optimum mesh size for image reconstruction. One method to evaluate the accuracy of the mesh, in the case of
NIRFAST, is to compare the Jacobian matrix values between the two meshes at each node. By definition, the Jacobian
matrix values relate the change in boundary measurements to changes in the material properties of the medium; in effect,
the sensitivity of the mesh is indicated by the magnitude of the Jacobian matrix values.
To compare the Jacobian values, the sum of all source-detector measurements were normalized with respect to the
element areas of each mesh. Then, using a modified approach from Yalavarthy,13 the normalized Jacobian values were
interpolated to a 60mm by 60mm grid with 0.25mm spacing. Figure 2 shows a plot of the normalized, interpolated
Jacobian values for the 40674 node mesh. For comparison, the Jacobian values were extracted along a 2 degree radial
slice at 0.25mm intervals from the probe surface to the outer boundary.
A qualitative analysis of the Jacobian values can be obtained from Figure 3. For small mesh sizes, the Jacobian values
are drastically different than the reference, especially near the sources and detectors. There is little difference between
the 1700 mesh and the 28030 mesh as compared to the reference 40674 mesh. A quantitative analysis of the error and
computation time is conducted to determine the optimum mesh size.
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Fig. 2. Plot of the Jacobian values summed over all source-detector measurements
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Fig. 3. Jacobian values along radial line from probe surface for different mesh sizes
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3.2 Optimum mesh size
The difference between the curves were quantified by computing the RMS value of the difference between each mesh
and reference by13

1 N
(J test ,i − J reference,i )2
∑
N i =1

(3)

Where N is the number of values within the radial Jacobian values, Jtest,i is the ith value of the test Jacobian value, and
Jreference,i is the ith reference Jacobian value. The value from equation 3 is a measure of the average difference between
the reference Jacobian and the Jacobian under test. The Jacobian calculation is one of the most time consuming
calculations during reconstruction, and will be used for speed comparisons. Table 1 lists the RMS error to the reference
mesh and Jacobian calculation times for each mesh size. Figure 4 plots the RMS error values as a function of mesh size
to visualize the data in Table 1. To determine the Jacobian computation time, MATLAB tic and toc statements were
used before and after the Jacobian calculation function. The time factor increase in Table 1 is calculated by dividing the
current mesh size computation time by the previous mesh size computation time.
From the results in Table 1 and inspection of Figure 3, every mesh has error relative to the 40674 node mesh. The error
difference values in Table 1 show that the total error decrease for node sizes above 1700 to 28030 is not as much as the
error decrease from 1165 nodes to 1700 nodes; furthermore the calculation time for the 2628 node mesh is nearly twice
the time as the 1700 node mesh, while the time factor increase between mesh sizes below 1700 nodes is nearly 1.50.
Therefore, the 1700 node mesh is chosen as a good balance between accuracy and computation time.
Table 1. Error between Jacobian matrices for various mesh sizes compared to the reference mesh

Mesh Size

RMS Error

Error Decrease

28030
20795
10284
8061
6619
3291
2628
1700
1165
856
685
495
361
287
212

0.11528
0.11549
0.11634
0.11726
0.11713
0.1218
0.12264
0.12858
0.14233
0.14926
0.16579
0.18328
0.20781
0.23714
0.25637

0.0002
0.0009
0.0009
-0.0001
0.0047
0.0008
0.0059
0.0138
0.0069
0.0165
0.0175
0.0245
0.0293
0.0192

Jacobian
Computation
Time (s)
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107.40
68.47
24.05
17.34
13.40
2.89
2.04
1.26
0.85
0.60
0.56
0.33
0.25
0.24
0.15

Time Factor
Increase from
Previous Mesh
Size
1.57
2.85
1.39
1.29
4.64
1.42
1.62
1.48
1.42
1.07
1.70
1.32
1.04
1.60

Fig. 4. Plot of the RMS error values in Table 1

4. SIMULATION AND MEASUREMENTS ON PHANTOMS
One of the most critical parameters in endoscopic NIR tomography may be the imaging depth, for applications such as
prostate cancer detection. Using the chosen mesh of 1700 nodes, two different contrast levels with respect to the
background µa value were evaluated to determine the maximum depth the phantom is detectable: 100X to simulate an
infinite absorbing phantom, and 3X to simulate a tissue-like phantom. All distances are quoted as the distance from the
center of the phantom to the surface of the probe.
4.1 Infinite absorption contrast
The infinite phantom µa value is set at 0.2mm-1, and the µs’ value is maintained at the background value of 0.5mm-1.
Between each reconstruction, even for the same phantom location, it was noticed that there is some variability associated
with the maximum reconstructed µa value. Due to this variability, each simulation was executed three times. Figure 5
shows the variability of the maximum reconstructed µa values as a function of distance between phantom center to probe
surface. The general decrease in reconstructed µa values shown in Figure 5 is to be expected, since as the phantom is
moved away from the probe’s surface, the Jacobian value decreases. Figure 6 shows the simulation is unable to
reconstruct the radial location beyond 5mm, however the azimuthal location is correctly determined through a depth of
15mm. Although Figure 5 indicates a depth 15mm has the lowest maximum µa, Figure 6 shows the phantom is still
distinguishable from the background. The reconstructed phantom locations in Figure 6 correspond to areas of high
sensitivity for the Jacobian value plot in Figure 2.
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Fig. 5. Plot of the maximum reconstructed µa value for each reconstructed infinite absorbing phantom image plotted by
distance between center of phantom and surface of the probe.

(a) 5mm

(b) 10mm

(c) 15mm

(d) 5mm

(e) 10mm

(f) 15mm

Fig. 6 Reconstructed Images for the infinite phantom case. (a)-(c) Phantom locations. (d)-(f) Reconstructed images.
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4.2 Finite absorption contrast of 3:1
The tissue-like phantom properties were set at µa of 0.0059mm-1 and µs’ of 1.03mm-1. The variability of the maximum
reconstructed µa value was also measured for this phantom at various distances and plotted in Figure 7. Although the
values for each distance are not as consistent as the infinite phantom case, there appears to be some reduction in the
average maximum reconstructed µa values as distance increases. Figure 8 shows the reconstructed images for various
depths of the tissue-like phantom. As with the infinite phantom case, the reconstructed tissue-like phantom appears
within the region with a high Jacobian value (5mm from the probe surface). The azimuthal location cannot be correctly
determined as deep as the infinite case, but is determinable within 9mm.
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Fig. 7. Plot of the maximum reconstructed µa value for each reconstructed tissue-like phantom image plotted by distance
between center of phantom and surface of the probe.

Proc. of SPIE Vol. 6434 643409-8

(a) 5mm

(b) 7mm

(c) 9mm

(d) 5mm

(e) 7mm

(f) 9mm

Fig. 8. Reconstructed images for the tissue-like phantom. (a)-(c) Phantom locations. (d)-(f) Reconstructed images.

5. DISCUSSIONS AND SUMMARY
In this paper, NIRFAST has been modified to execute simulations for the endoscopic near-infrared tomography
application. The optimum mesh size has been evaluated for the Jacobian sensitivity against computational resources
associated with increasing mesh size. A balance between computation efficiency and error has been chosen at 1700
nodes. NIRFAST has made predictions of the performance of the endoscopic imaging system for the infinite absorber
and tissue-like phantom cases. It has been predicted by NIRFAST that the infinite absorber phantom can be detected up
to a depth of 15mm; also, the tissue-like phantom is resolvable to a depth of 7mm. The simulation is able to correctly
determine the azimuthal location for the infinite phantom at depths of 15mm, and for the tissue-like phantom up to 7mm
depth. The simulation parameters of number of sources and detectors, source and detector placement, and material
properties are such to be mimicked by future laboratory measurements by a prototype trans-rectal NIR imaging system.
The experimental measurements have validated the simulation results in that the radial location of a target with
absorption contrast over the homogonous background medium cannot be accurately revealed for this trans-rectal circular
imaging geometry, when the diffusion approximation-based NIRFAST modeling is directly applied. The confirmation
of the anticipated results suggests that a modified forward model is necessary for this trans-rectal circular imaging
geometry to be maintained. On the other hand, a modified trans-rectal imaging geometry may give better fitting to the
diffusion-based models. These two options are under investigation, and results are anticipated in near future.
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