12

Optical Tomographic Brain Imaging
with Diffusion and Transport Theory Based Algorithms

Andreas H. Hielscher ®, Gassan S.Abdoulaev?,
Avraham Y. Bluestone™®, Joseph Lasker®, Alexander Klose®
“Depts. of Biomedical Engineering & Radiology, Columbia University, New York, NY 10027
bDept. of Pathology, State Univ. of New York - Downstate Medical Center, Brooklyn NY 11203

ABSTRACT

There has been considerable discussion concerning the effects of the cerebrospinal fluid on measurements of blood-
related parameters in the human brain, and if diffusion-theory-based image reconstruction algorithms can accurately
account for the light propagation in the head. All of these studies have been performed either with synthetic data generate
from numerical models or from phantom studies. We present here the first comparative study that involves clinical data
from optical tomographic measurements. Data obtained from the human forehead during a Valsalva maneuver were
input to two different model-based iterative image reconstruction algorithms recently developed in our laboratories. One
code is based on the equation of radiative transfer, while the other algorithm uses a diffusion model to describe the light
propagation in the head. Both codes use finite-element formulations of the respective theories and were used to obtain
three-dimensional volumetric images of oxy, dexoy and total hemoglobin. The reconstructed overall spatial
heterogeneity in changes of these parameters is similar using both algorithms. The two codes differ mostly in the
amplitude of the observed changes. In general the transport based codes reconstructs changes 10-40% stronger than the
diffusion code.
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1. INTRODUCTION

Several groups are currently pursuing the possibility of imaging the brain with diffuse optical tomography
(DOT) [1-15]. Applications range from functional imaging [2-4,7,14] to the detection of hematomas [6,15]. For
example, Benaron ez a/ studied physiological changes in brain oxygenation in male adults during mixed motor and
sensory cortex activation [1]. Hoshi ef al [2] obtained quantitative images of hemoglobin concentration changes
associated with neuronal activation in the human brain during a forward (DF) and backward (DB) digit span task, which
assesses verbal working memory. Watanabe et al. have developed an optical system for obtaining 2-dimensional maps
pinpointing the location of epileptic foci [3], and Franceschini ef a/ have reported on imaging arterial pulsation and
motor activation in healthy human subjects [4].

All clinical work in brain imaging and most tissue phantom studies use the diffusion theory and related
equations in the analysis of the data. However, it is well know that the diffusion theory is only an approximation to the
more widely applicable theory of radiative transfer [16,17]. While in many cases the diffusion theory is indeed a good
approximation for describing light propagation in biological tissues, several researchers have theoretically and
experimentally determined what the limits of this approximation are [18-24]. For example, it has been shown that the
diffusion approximation fails when small sample geometries are considered in which source-detector separations are
small and boundaries effects are dominant. Furthermore, transport theory is more accurate when the medium contains
regions in which the absorption coefficient is not much smaller than the scattering coefficient or when regions are
considered in which the scattering and absorption are very low, so-called void-like regions. An example for void-like
regions are the cerebrospinal-fluid-filled space in the brain. How these spaces affect light propagation has been the
subject of many studies and discussions [20-24]. These studies, including our own work, have in general been limited to
numerical examples, and a few studies involving measurements on tissue phantoms. An example is shown in Fig. 1,
which shows results obtained with a 4x4cm tissue phantom that is made out of highly scattering resin (U, = 0.35 cni,
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U, = 116 cm') and contains a ring of water. Directing laser light onto one side of this sample we measured the
transmitted light intensities at the adjacent side (y-axis) and the far-side (x-axis) of the sample, and compared the results
with a diffusion-theory-based code and a transport code. The calculation were done on a 241x241 x-y-grid with grid
point x separations of Ax = Ay =0.0167 cm. For the diffusion code Robin boundary conditions were implemented, while
in the transport code non-reentry boundary conditions were used. In both cases the difference of refractive index
between the resin (n, = 1.56) and air (n = 1) was considered. For the transport calculation an anisotropy factor of g = 0.8
was assumed and the angular variable was discretized into 32 ordinates. To match the experimental condition to the two-
dimensional simulation, a line source that extend + Scm beyond the plane of measurement. (For more details concerning
the transport code and the experimental setup see reference [25]). As Figs. 1b and 1c show the experimental results agree
well with the numerical results obtained with the transport theory algorithm, while considerable difference between
diffusion theory results and experiments exists.

In the here presented work we go beyond these phantom studies and show the first clinical reconstruction
results that were generated with a model-based iterative image reconstruction (MOBIIR) code, which uses the equation
of radiative transfer (ERT) as a model of light propagation in tissue. The results are compared to previously presented
reconstructions that relied on a diffusion model.
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Fig 1. a,b,c. Experimental and numerical results for a highly scattering medium (uy'= (1-g) u, = 10 em™, p,= 0.1 em™) that contains
a low-scattering, water-filled ring. For an incident laser beam (red arrow left figure) the transmitted light intensities along the y-axis
(middle) and x-axis (right) were measured. In addition, numerical calculations were performed with a 3D finite-difference algorithm
that use either the diffusion equation or the equation of radiative transfer. Clearly visible are the good agreement between
measurements and the transport model, whereas the diffusion model is less accurate.

2. METHODS

2.1. Image Reconstruction Algorithm

The 3-dimensional reconstruction of the optical properties in the human head is achieved using a model-based
iterative image reconstruction (MOBIIR) scheme [26-29]. Our MOBIIR scheme comprises three major parts: (1) a
forward model that predicts the detector readings based on a given spatial distribution of optical properties, (2) an
objective function © that compares predicted with measured signals, and (3) an updating scheme that uses the gradient
of the objective function with respect to the optical properties to provide a means of updating the optical parameters for
subsequent forward calculations.

As forward model we employ the time-independent equation of radiative transfer [30]
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as well as the time-independent diffusion equation
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To bring the transport equation (1) into a suitable form for a finite-element scheme and to be able to apply an efficient
adjoint differention algorithm for the inverse problem, we employ an even parity approach. This leads to a representation
of Eq. 1 that allows to introduce a variational principle [31,32] and to use the finite element method to solve the problem
numerically. For more details concerning this approach see reference [30]. The diffusion equation (2) is solved using a
finite-element forward solver based on the Galerkin weak form of Eq. 1 [33-35]. This approach incorporates a Bramble-
Pasciak XU (BPX) multi-grid preconditioner and an optimized conjugate gradient matrix solver. Furthermore we
imposed Robin boundary conditions along all exterior surfaces.

The objective function that determines the goodness-of-fit between measured data, M, and predicted detector
data, P, has been defined as
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distribution &y := (u40 , Do) of the optical properties (typically assumed to be homogeneous). In subsequent iterations a

distribution &:= (u, , D) is sought that produces the prediction P; 4(§) that most closely matches (M Spgrt /M Srgf WPs 4(&p).

The resulting distribution (§- &) is then a spatial representation of the differences in optical properties that led to the
differences measured between Msf’g'tand Msrgf. Generally, one can look at the difference between rest Msrg and

Here the relative changes (M Spgrt /M ) are multiplied with the predicted detector readings P, obtained from an initial

corresponding time points M Spg”(t) during a perturbation, where s and d refer to sums over all sources and detectors,

respectively.

This definition allows for the use of difference data. In a “difference” measurement approach one is unable to
determine the absolute detector readings for a single time point and hence must compare the change in detector readings
between two states; a pre and post perturbation state. This method has two main advantages: first, it is less sensitive to
boundary effects and second; it is less sensitive to the initial guess chosen for the background medium [36]. Its major
disadvantage is that one cannot determine the absolute distribution of optical properties, only the change in optical
properties from a baseline. Many groups have used this approach, however, for localizing brain activity and for
determining general trends in the oxygenation state [1,8,37].

The image reconstruction process is started with an initial guess of optical properties, in our case § = (¢, = 0.1
em’, u,' =10 cm™) . Using this initial guess the detector readings P, (&) are calculated with the finite element forward
solver over the domain of interest, and the value of the objective function is determined. To update the initial distribution
of optical properties, we calculate the gradient of the objective function with respect to all optical properties ( in the
transport case[d® /du, .00 /dug]; in the diffusion case[#0 /gu,.90/9D]). This gradient defines a “direction” of minimum

descent, which is then used in a multidimensional conjugate gradient descent algorithm that minimizes the objective
function [26,27,35].

The calculation of the gradient was performed using the technique of adjoint differentiation [26-28, 35, 38, and
39]. In this case, the computational burden for the gradient calculation is on the order of one forward calculation. The
objective function and gradient algorithm is incorporated in a multidimensional conjugate gradient descent algorithm
where typically 15-30 iterations with different gradients are necessary before convergence is achieved.

2.2. Determination of surface coordinates and mesh generation

For model-based optical tomographic imaging reconstructions one has to determine the surface geometry and
source-detector locations. To achieve this we employed the techniques of photogrammetry [40-42]. To determine the 3-
dimensional coordinates of the surface of the forehead as well as all source-detector locations we placed circular
reflective markers on the head. These markers have the advantage of allowing sub-pixel precision when used in
combination with the centroid-locating algorithm. Once all markers were placed on the surface of the head, the area of
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interest was photographed from different angles with a digital camera (SONY Mavika FD-90). These images of the
head were then transferred to a desktop computer for analysis with the commercially available Photogrammetry software
package (Photomodeler, Eos Systems Inc., Vancouver, Canada). After the targets in the photographs were marked and
referenced we processed the images using the “bundle adjustment algorithm,” which computed all 3D coordinates of all
referenced points.

Having generated the surface coordinates of the human head, the boundary of our domain, it was necessary to
build the corresponding volume. To this end, the coordinates of the surface points obtained using the photogrammetric
approach were exported to a volumetric mesh generator. For this procedure, we used the CAD style volume generator
GID software package (GID, CIMNE Inter. Center for Num. Methods, Barcelona, Spain). This package allowed us to
manually extend the surface in the z direction by 4.0 cm and build the corresponding volume mesh, which are required
for the reconstruction. Since computational time depends on the number of mesh nodes, we limited the volume to a 4.0
cm zone beneath the surface of interest, and not to the entire head. We found that larger volumes are not necessary to
consider, since their influence on the reconstruction results is negligible. The final mesh used for the forehead
calculations consisted out of 11255 nodes, resulting in an average distance between nodes of ~ 0.2cm. More details on
the photogrammetry approach and the mesh generation can be found in reference [43].

2.3. Instrumentation and data acquisition

Measurements on the human forehead are performed with the dynamic near-infrared optical tomography
instrument, recently developed by Schmitz ef al [44,45]. This instrument operates in continuous-wave mode. Beams
from two laser diodes with wavelength of A; = 760 nm and A, = 830 nm are coupled into a set of source fiber bundles.
The laser diodes are modulated at SKHz and 7KHz, respectively. The demodulated signal allows for the simultaneous
measurement of the intensity at all detectors for a given source position at both wavelengths. Having this dual-
wavelength capability allows for the elucidation of both oxyhemoglobin and deoxyhemoglobin. For the measurements
presented in this work we used 4 sources and 15 detectors, resulting in 60 source-detector combinations. Figure 2 shows
the locations of the sources and detectors on the forechead. A three-tiered band was used to secure 3 sets of 5 optodes per
tier to the left forehead. Each optode consisted of a co-located source and detector, and all measurements were
performed simultaneously at the two wavelength. Three tomographic data sets, involving all 60 source-detector pairs,
were acquired per second.

Fig. 2: Placement of sources and detectors on forehead. The 15 source/detector position are indicated by the encircled numbers.
Other round dots indicate reference points used for the photogrammetric surface determination. The lighter shaded area depicts the
outer surface of the finite-element mesh, which was used for the volumetric image reconstruction (see Figs. 4-6).

2.4. Experimental Protocol

The experiment was designed to look at functional hemodynamic changes in the forehead of a single patient
induced by a Valsalva maneuver. For the measurement the patient was placed in the supine position. Three epochs
consisting of Valsalva maneuvers with one-minute rest periods interspersed were performed. During the Valsalva
maneuver a forced expiration against a closed glottis demonstrates the effects of changes in intrathoracic pressure on
blood pressure, and the brain’s autoregulatory response to decreased vascular perfusion pressure in cerebral vessels [46].

Proc. of SPIE Vol. 4955 15



16

Assuming that the primary influences on the changes in the absorption coefficients at each wavelength are a
linear combination of oxyhemoglobin and deoxyhemoglobin, one arrives at two equation for oxyhemoglobin, (HbO,),
and deoxyhemoglobin (Hb) concentration changes [47,48]:

%) N _ A )
£ Auy' —¢€ Au
A[Hb]r’neas = Hli]O a HbO a ) (5)
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The parameters &y, and &g, are the known extinction coefficients for deoxyhemoglobin and oxyhemoglobin at the given
wavelengths [48], respectively. The Au,'s are the calculated changes in the absorption coefficients at each node of the
mesh determined using the MOBIIR reconstruction algorithm.

3. RESULTS

A trace of the measured output produced by the optical image system is shown in Fig. 2. Displayed are fifteen
traces of the normalized (to the rest period) and smoothed (length 5 median filter) measured intensity profiles during one
Valsalva maneuvers for source position three at a wavelength of 760nm. At t = 10 seconds the Valsalva maneuver began.
After a small initial dip an increase in signal was observed, which returned to baseline within 25-35 seconds. Then the
signal decreased steadily and approached a minimum at t = 95 seconds, at which point the subject started to breath
normally again. The signal rapidly recovered and returned to base line.

Signal [au]

0 20 40 60 80 100 120
Time [sec]

Fig. 3. Median-filtered time series for a Valsalva maneuver epoch.
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Fig. 4. Diffusion-theory-based reconstructed of changes in deoxyhemoglobin at time points T2 (a), T5 (b), T8(c) and T9 (d) (see Fig.
3) during a Valsalva maneuver. Shown are frontal views of the forehead as seen in Fig. 1. The calculations were performed on a
finite-element mesh with 11255 nodes, resulting in an average distance between nodes of ~ 0.2cm.

@ )
e~

© | @

Fig. 5. Transport-theory-based reconstructed of changes in deoxyhemoglobin at time points T2 (a), T5 (b), T8(c) and T9 (d) (see Fig.
3) during a Valsalva maneuver. Shown are frontal views of the forehead as seen in Fig. 2. The calculations were performed on a
finite-element mesh with 11255 nodes, resulting in an average distance between nodes of ~ 0.2cm.
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Fig. 6: Comparison of diffusion and transport based reconstruction results at time Ty (see Fig.3). The top row shows diffusion-theory-
based results calculated from data obtained from the forehead of a human subject during a Valsalva experiment. Displayed are head-
on view on the left and aerial view (from the top of the head) on the right. The bottom row shows the same views, however, the image
reconstruction was based on the equation of radiative transfer. The calculations were performed on a finite-element mesh with 11255
nodes, resulting in an average distance between nodes of ~ 0.2cm.

For the “difference” reconstruction we used the ratio of the data at the time points indicated by the black
arrows, with respect to data at time point t = T, (Fig. 3). Figures 4-6 show the three-dimensional distribution of the
reconstructed values for changes in deoxyhemoglobin (Hb) and oxyhemoglobin (HbO,) at selected time points. The
different colors (shadings) represent isosurfaces of constant oxyhemoglobin and deoxyhemoglobin concentration
changes relative to the reference point at Ty. All diffusion reconstructions were stopped after 25 iterations. At that time
no further changes in the reconstructed distributions were observed. The time for a reconstruction of an oxy or
deoxyhemoglobin image using the diffusion code was approximately 4 hours on a Pentium III 550Mhz processor. This
time includes the reconstruction of the absorption changes at two wavelengths for a mesh with 11255 notes. The
transport-theory based code converged after 12 iterations, which took approximately 16 hours on the same workstation.
The difference in the number of iterations required for convergence, most likely results from different optimization
schemes used in the diffusion and transport algorithms. While the diffusion-based code employs a conjugate-gradient
method, which requires complete line minimization, the transport code used a BFGS minimization method [49], which
does not require complete line searches.

In Figs. 4 and 5 front views of changes in oxyhemoglobin distribution in the forehead are shown for 4 different
time points (T,, Ts, Ts, and Ty). Figure 4 shows the reconstruction results based on the diffusion model, while Fig. 5
shows the results obtained with the transport-theory-based code. Changes are only visibile in the area of measurements
on the right side of the forehead. No optical probes were placed on the left side of the head (see Fig. 2). One observes
that the overall time evolution of changes and the distribution at any given time point are similar. Yet. the two
reconstruction scheme also produce notable differences. For example, at timepoint Tg (Figs. 4c and 5c), the diffusion
code reconstruct a decrease in [HbO,] for a large triangular regions in the center of the right forehead, while the transport
code shows a small increase. Furthermore, we noted that the value of the maximal changes can differ substantially. For
example, the maximal change at time point Ty is 0.15mM if a diffusion code is used, but almost 50% higher (0.22mM)
when a transport code is employed.

Similar results are found when changes in deoxyhemoglobin are reconstructed. Figure 6 shows an example for
for data obtained at time-point To. While one observes similarities in the overall spatial distribution, the values of the
maximal changes in deoxyhemoglobin concentration differ markedly. The diffusion code finds maximal changes in
[Hb] of 0.047mM, while the transport code finds 0.065mM. Also the center of this change is slightly shifter to larger
depth, which can be see most clearly in the aerial view. The transport results locate the maximal change approximately
0.5 cm deeper inside the head than the diffusion analysis.
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That no larger differences are observed may have several reasons. First it should be noted that only changes in
optical and physiological properties were reconstructed. Pei et al [36] have recently shown that in this case the forward
model does not play such an important role. Hillman ef a/ [50], however, have reported in another study that even for
relative data the accuracy of the forward model cannot be neglected. Another reason for the small difference could be
the fact that the transport code was used with an isotropic scattering phase function, instead of an anisotropic scattering
phase function. Anisotropic scattering phase function require a fine angular discretization, which leads to increased
memory requirements and computation times. Furthermore, the spatial discretization of ~0.2cm between adjacend notes
may not be small enough to capture all effects. Finally, the expected effect of the cerebrospinal-fluid layer may be
smaller than expected. Additional studies will be necessary to explore all these aspect and to determine in what cases the
diffusion approximation suffices and when a transport-theory-based algorithm is required.

4. SUMMARY

We presented the first study that compares diffusion-theory-based and transport-theory-based image
reconstruction codes using clinical data from optical tomographic measurements. Data were obtained from the human
forehead during a Valsalva maneuver. The data were input to two different model-based iterative image reconstruction
algorithms recently developed in our laboratories. The algorithms were used to obtain three-dimensional volumetric
images of oxy- and dexoy-hemoglobin. The reconstructed overall spatial heterogeneity in changes of these parameters is
similar for both algorithms. The two codes differ mostly in the amplitude of the observed changes. In general the
transport based codes reconstructs changes 10-40% stronger than the diffusion code. Furthermore, using a transport-
theory-based algorithm, the changes appeared to be located deeper inside the head. That the observed differences
between diffusion-theory-based and transport-theory based reconstruction were not as large as expected may be due to
the fact that relative measurements and reconstruction were performed. Other factors, such as level of spatial and angular
discretization or the geometry of the subarachnoid space and unknown optical properties of certain parts of the brain,
may also be responsible for the observed similarities. More work is necessary to fully resolve these issues.
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