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ABSTRACT

GDOT: Gated Diffuse Optical Tomography

by

Yongyi Zhao

Time-of-flight diffuse optical tomography (ToF-DOT) is a promising technology
for non-invasive functional neuroimaging. Such an imaging device could lead to wear-
able brain-computer interfaces (BCIs) for prosthetics and faster communication. Un-
fortunately, ToF-DOT suffers from low spatial resolution and poor temporal reso-
lution. The low spatial resolution is caused by the scattering of light in biological
tissue and complex electronics, which limit the detector size. The poor temporal
resolution is due to the large volume of measurements that must be transferred and
processed. To address these challenges, we propose Gated Diffuse Optical Tomog-
raphy (GDOT). GDOT uses time-gating to mitigate the effects of optical scattering
while reducing the hardware and computational complexity associated with collect-
ing full light transport transients. To demonstrate the capabilities of our proposed
system, we conducted a simulated performance analysis and image reconstruction on
experimental data collected from our prototype system. We showed over two orders
of magnitude reduction in the algorithm runtime and enhanced image reconstruction

quality using our GDOT technique.
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model is established to solve the inverse problem. The key to
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model that accurately represents the effects of scattering. . . . . . . .
ToF-DOT Overview: In time-of-flight DOT, a similar geometry
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2.1

2.2

2.3

3.1

3.2

3.3

Forward Model: Overview of the linear forward model for
ToF-DOT. The scene (u) is related to the measurements (m) through
a linear transformation, represented by the Jacobian matrix (J). . . .
Visualization of sensitivity at multiple time bins: At later
time bins (i.e. longer time of flight) there is increased sensitivity to
deeper features. This can aid in imaging features that are embedded
deeper in an optically thick scattering media. . . . . . . . . ... ...
Monte Carlo Overview: (a) An illustration of the procedure for
the Monte Carlo algorithm for a single photon. Visualizations of
simulated photon paths as the scattering coefficient increases for (b)
ps =2mm™ Y (¢) ps =9mm™; (d) ps = 15mm~; (e) py = 20mm=".

We see that the photon paths undergo more scattering events and are

more concentrated at the surface as the scattering coefficient increases.

GDOT Introduction: GDOT preserves the benefits of time-gating
while bypassing the need to collect a full light transport transient.
Instead the value recorded by each detector is a scalar. . . . . . . ..
Forming Gated DOT Measurements: The standard forward
model described in section 2.1.1 can be applied to GDOT by
summing over measurements corresponding to the “pass gate.” . . . .
Confocal GDOT Shift-Invariance: (a) visualization of rows of the
Jacobian for the confocal geometry (b) X and Y slices, showing that
the profiles in the rows of the Jacobian are approximately the same,
but shifted in space. Combined with the linearity assumption, we can

therefore apply a convolutional approximation. . . . . . . .. ... ..

vii

11

15

19

20



4.1

4.2

5.1

5.2

Experimental Setup: An image of the experimental setup is shown
above. The MPD SPAD is outlined in white. The single-pixel
detector and laser beam are steered by a pair of galvos (red outline).
The Eink display is outlined in orange. Placed above it is the skull
phantom (blue outline). On the right, we show a rendering of the
same experimental setup (rendering courtesy of Ankit Raghuram). . .
Optical Phantom Calibration: (a.) Image of the synthesized
tissue phantom obscuring the imaging target, which is displayed on
the Eink display (b.) Simulated (blue) and experimentally captured
(orange) TPSF for a scattering slab in transmission geometry. The
results show good agreement between the 3D printed and simulated

phantoms with js = 9mm=t . . ...

Singular Value Falloff: Singular value decomposition for DOT,
ToF-DOT and GDOT at multiple scan resolutions. For DOT and
ToF-DOT different source-detector pair separations were used, while
for GDOT only collocated source-detector pairs were used. We see
that GDOT has a better conditioned Jacobian matrix. . . . .. . ..
Simulated Resolution Test: The modulation transfer function
(MTF) provides a means of quantifying the spatial resolution as a
value between 0 and 1. (a) Image reconstructions of a series of lines
with varying thicknesses and increasing scattering thickness. (b)
Plots of the MTF as a function of spatial resolution for multiple

scattering thicknesses. . . . . . . .. . ... L.

viil

27



5.3

5.4

6.1

6.2

6.3

Algorithm Runtime Tests: We compare the run time of the
GDOT algorithm with in-house implementations of standard DOT
and ToF-DOT algorithms [2, 3]. We tested the runtime as we vary
(a) the number of time bins and (b) the dimensions of the
source-detector array. . . . . . . . ..o
Optimal Gating: In simulation, we determine the optimal gate
start time by optimizing the signal-to-noise ratio (SNR). (a) The plot
of SNR versus the gate start time across different optical thicknesses;
(b) the SNR vs gate start specifically for 27 mfp; (c) the image

reconstructions for multiple gate start times. . . . . . . . . ... ...

Imaging through skull phantom: Above, we show the results of
imaging through a 6.5 mm (~ 60mfp) tissue phantom. The ground
truth targets are shown in column one. The reconstructions using
different techniques are shown in subsequent columns: widefield,
DOT with an 8 x 8 source-detector array, ToF-DOT with an 8 x 8
source-detector array, and GDOT with a 32 x 32 source-detector array
Image reconstruction with high-resolution detector: (a)
Rendering of the scan procedure (rendering courtesy of Ankit
Raghuram); (b) Ground truth image of the Rice owl; (¢) Raw
measurements; (d) Image reconstruction. At reduced optical
thicknesses, using a higher resolution GDOT source-detector array
allows us to achieve higher-resolution image reconstruction. . . . . .
Image reconstruction for multiple optical thicknesses and
scan resolution: Using a finer scan resolution, GDOT achieves

improved image reconstruction quality at multiple imaging depths. . .

1X

33

35

38

39

40



6.4 Fluorescence Image Reconstruction: (a) ground truth image;
(b) noisy raw measurement in free-running (un-gated) mode; (c)
gated measurements show clearer image of underlying feature; (d)
reconstructed circline line using time-gated measurements. We see
that time-gating significantly improves the SNR of time-gated

measurements. . . ... .. L L 41



Chapter 1

Introduction

Over the past few years, there has been increasing interest in brain-computer interface
(BCIs), a technology that can extract signals from neural activity and convert these
signals into the input for an external device [4]. Such a technology could lead to in-
creased control and flexibility for prosthetic devices [4], novel approaches to providing
input to a computer [4, 5], and a faster means of inter-person communication, which
would not require any verbal or physical signaling [6]. The first step to constructing a
BCI would be to extract the neural signals, i.e., to perform functional neuroimaging.
To be of practical use, such a device would need to satisfy certain criteria. Namely,
it would need to be safe, portable, and achieve high temporal and spatial resolution
(figure 1.1). While several technologies have been developed for functional neuroimag-
ing, no existing device satisfies all four requirements of an ideal BCI. Here we will
briefly review a subset of these existing technologies, including functional magnetic
resonance imaging (fMRI), electroencephalogram (EEG), and optical imaging, before
delving into how we can advance the state-of-the-art with our proposed technology.
fMRI: In functional magnetic resonance imaging, neural activity is correlated
with a surrogate signal, known as the blood-oxygenation-level-dependent (BOLD)
signal [7]. The BOLD signal produces a change in the magnetic field, which can be
detected by the MRI [7]. This technology achieves a relatively high spatial resolution
of approximately 1 mm [7]. Unfortunately, the primary limitation of fMRI is its

immobility since the patient must be placed in a bulky apparatus and cannot move
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Figure 1.1 : Objectives: The diagram on the left shows an overview of our ultimate
goal, which is to construct a wearable functional neuroimaging device that is safe,
portable, fast (performs in real-time), and accurate (achieves high spatial resolution).
On the right, we include current methods for performing non-invasive, functional
neuroimaging.

during the procedure. This is an enormous limitation, as many applications and
potential neurological studies require the patient to be mobile.

EEG: EEG measures neural activity by recording the voltage-based signals di-
rectly through the skull and scalp. EEG can be built into a compact, wearable form
factor. Unfortunately, this voltage-based signal is heavily attenuated and blurred as
it passes through the human skull, resulting in low spatial resolution on the order of

centimeters [4]. This makes EEG also impractical in the application of BCls.

1.1 Optical Imaging

Optical imaging is safe, can be built into a compact form factor, and is relatively
inexpensive [8, 9]. However, one of the greatest challenges for optical imaging is
the optical scattering of light, which results in reduced contrast and lower spatial
resolution [9]. Thus, to construct the desired high-spatial-resolution, fast, wearable
imaging technology using optical imaging techniques, one must first mitigate the

effects of optical scattering.



1.1.1 Ballistic Imaging

One approach to reducing the effects of scattering is ballistic imaging. Such imaging
techniques focus on the unscattered photons, which are referred to as ballistic photons.
A variety of techniques are used to filter out the diffuse photons and extract only the
ballistic photons. One example is confocal microscopy [10, 2]. The core idea of
confocal microscopy is to use spatial filtering. This can be achieved by incorporating
a pinhole onto the microscope. This pinhole will reject out-of-plane scattered photons
[10].

Another example of ballistic imaging is optical coherence tomography (OCT). In
OCT, the interference patterns produced by the backscattered light and a reference
beam are used to derive information along the axial dimension. This allows OCT to
produce 3-dimensional image reconstructions with up to 1pm spatial resolution [11].
Unfortunately, OCT can only penetrate a few mm below the surface of the tissue due
to the scattering of light. As a result, OCT cannot be applied in imaging through a
thick, optically-scattering human skull.

While spatial filtering and OCT have led to improvements in imaging through scat-
tering media, multiphoton techniques are generally considered to achieve the greatest
imaging depth among existing ballistic imaging techniques [12]. In this discussion, we
will refer to the technology as “two-photon” microscopy, though three-photon excita-
tion is also possible [13]. In two-photon microscopy, fluorophores are excited by two
photons that are double the wavelength of excitation light in single-photon imaging.
Because the excitation pulses are a longer wavelength, typically in the near-infrared
regime, they can penetrate far deeper into the biological tissue. Additionally, at
shallower depths, two-photon imaging is able to focus the excitation light to a sin-

gle plane, thus obviating the need for a separate mechanism to reject out-of-plane



excitation [12].
Unfortunately, in all cases ballistic imaging fails beyond a limited depth penetra-

tion. This is because the number of ballistic photons decreases exponentially [2]:

T(x) = exp(—psz) (1.1)
Here, T'(x) is the “ballistic transmittance”, or the number of ballistic photons
that penetrate through a scattering media of thickness x and scattering coefficient
is. The scattering coefficient is a constant that can be loosely interpreted as the
probability that a photon will scatter within a finite length of a scattering media [2].
The scattering coefficient is a material-dependent property.
As an example of the imfeasibility of ballistic imaging in the highly diffuse regime,
consider the task of imaging through 10 mm of a scattering media with scattering
coefficient of p; = 10mm™', which is a reasonable value for biological tissue [14]. In

this case, the ballistic transmittance is:

T(10mm) = exp(—(10mm*)(10mm)) = exp(—100) ~ 3.72 * 10~*

In other words, for every ~ 2.69 * 103 photons emitted, on average, one will be
detected. In this case, the signal would be overwhelmed by noise. Thus, ballistic
imaging is impractical in the highly diffuse regime. As shown in figure 1.2, ballistic

imaging technologies can generally only image through approximately 4-20 mfp [15].

1.1.2 Diffuse Optical Tomography

One technology that has gained interest for diffuse imaging is continuous-wave diffuse
optical tomography (henceforth referred to as DOT). DOT is an optical imaging tech-

nique that uses an array of light sources and detectors [9]. Each detector captures an
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Figure 1.2 : Imaging depth comparison: Ballistic imaging techniques can only
image shallow features. The deepest imaging is achieved by 2-photon imaging, on the
order of 20 mfp. In comparison, DOT/ToF-DOT can image >100 mfp.

intensity measurement corresponding to the illumination from each source. Therefore
for Ny sources and N, detectors, we would have N,N,; total measurements. These
measurements then become the input to an inverse solver, which uses a physically
accurate model of light propagation, known as the forward model, to create an image

reconstruction of the desired scene [8, 9]. This overall pipeline is shown in figure 1.3.

® > ® ".°'°. min [m — f ()]
1. Scene: imaging 2. Measurements: 3. Forward Model: 4. Inverse Problem:
targets embedded in multiple angles of physical model of incorporate forward
scattering media information from all light propagation =~ model and measurements
pairs of sources and
detectors

Figure 1.3 : Overview of the DOT pipeline: In DOT, the scene is modeled as
a homogeneous scattering slab with embedded targets. To recover the target scene,
a set of measurements are collected, and a forward model is established to solve the
inverse problem. The key to reconstructing images through densely scattering media
is a forward model that accurately represents the effects of scattering.



One of the key insights that has allowed it to achieve this imaging depth is by
incorporating both ballistic and diffuse photons in its measurements [9]. Unfortu-
nately, this increased imaging depth comes at the cost of spatial resolution. Most
DOT imaging techniques achieve a spatial resolution on the order of centimeters
or several millimeters. This poor spatial resolution is partially due to the densely
scattering substrate, as well as the sparse number of sources and detectors that are
used. The sources and detectors are often separated by several millimeters, or even
centimeters [16].

Additionally, the inverse solver is often a very computationally intensive operation.
This is generally due to the computational resources that are required to evaluate the
forward model. Traditional DOT inverse solvers can require hours to complete a
single image reconstruction [17]. Therefore, to make DOT a more feasible technology
for real-time medical imaging, we must improve the spatial resolution and algorithm

speeds.

1.1.3 Time-of-flight Diffuse Optical Tomography

Time of flight diffuse optical tomography (ToF-DOT) extends the ideas of DOT
into the time-domain, shown in figure 1.4. In ToF-DOT, a histogram of photon
arrival times is recorded at each source-detector pair [1, 18]. By introducing transient
information, there is additional information that can be exploited for improved image
reconstruction quality.

Additionally, time-domain information provides the ability to perform time-gating.
A large amount of the noise in DOT measurements is due to short path length pho-
tons. In time-gating, early arriving photons, corresponding to the short path length

photons, are rejected. This dramatically improves the signal-to-noise ratio (SNR).
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Figure 1.4 : ToF-DOT Overview: In time-of-flight DOT, a similar geometry can
be modeled: a homogeneous scattering slab with a light source and detector placed
on the surface. The primary innovation of ToF-DOT is to measure a light transport
transient at each detector, rather than a scalar intensity value. This provides a greater
diversity of measurements.

Unfortunately, there are numerous challenges with incorporating time-domain in-
formation. Generating time-domain measurements requires complex hardware. This
leads to low fill factors and reduced sensor resolution [19]. Additionally, the greater
volume of data from introducing time-domain measurements can lead to reduced
data transfer rates and increased computational complexity, and therefore preclude
the system from achieving a real-time response. Therefore, the focus of this thesis will
be to establish techniques that improve the spatial resolution and the reconstruction

time of ToF-DOT.



Chapter 2

DOT Forward Model and Inverse Problem

2.1 Forward Model Equations

The goal of diffuse optical tomography is to recover the spatial distribution of optical
properties, i.e. to perform a 2/3D image reconstruction. To perform this image re-
construction, we must first establish an accurate forward model. The forward model
determines how a specific scene, or distribution of optical parameters, leads to a cor-
responding set of measurements based on a physically accurate model of light propa-
gation through the scattering media. Our ability to perform image reconstruction is
largely determined based on the alignment between the experimentally captured mea-
surements and the measurements predicted by the forward model [20]. Therefore, an
accurate forward model is critical to performing high-quality image reconstructions.
In this section, we present the forward model for time of flight diffuse optical to-
mography (ToF-DOT). Subsequently, in chapter 3, we will outline how this forward

model can be adapted to GDOT.

2.1.1 Radiative Transfer Equation

The radiative transfer equation (RTE) is generally considered to be the most accurate
equation for modeling light propagation in a scattering media [21, 2, 22]. The RTE
assumes a particle model of light. Therefore, it does not model the effects of polar-

ization nor coherence, which is a reasonable assumption in the highly diffuse regime.



The RTE is expressed as [2]:

OL(F, 5,t)/c

Y = —§-VL(7,8,t) — u L(T, 5,t) + us/ L(7, 8, t)P(§ - 8)dQY + S(7, §,t)

4

(2.1)
The RTE describes the distribution of light, i.e. the radiance L(), as a function of
position, time, and solid angle, represented by the variables 7, ¢, and 3, respectively.

The main idea represented by the RTE is the balance of energy: the changes in

OL(75.t)/c

radiance, =

, is equal to the light gained minus the light lost [2]. Light is
lost due to divergence and extinction, which are represented by the § - VL(7, §, 1),
and u,L(7, 5,t) terms, respectively. Light is gained due to in-scattering and light
al

sources, which are represented by the i, [, L(7,8,t)P (8 - §)dQY and S(F, §,t) terms,

respectively.

Jacobian: J,, = amy Spatial Map of Measurements (m):
Pa - dug absorbers () 5-D light transport transients
Timebin k F
Photon In
Count [a
Time (ps) _ Photon
Source i Detector I r —_ m Count
0 -
TEE’ - Time (ps)

Scattering media

Figure 2.1 : Forward Model: Overview of the linear forward model for ToF-DOT.
The scene () is related to the measurements (m) through a linear transformation,
represented by the Jacobian matrix (J).

In the form shown in equation (2.1), it is difficult to directly perform image re-
construction. To perform reconstruction, we must first determine how changes in the

optical parameters lead to the set of measurements that are created. Therefore, to
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establish this relationship, we use the Born Approximation. Under the Born Approx-

imation, a linear forward relationship can be created [22, 23, 24]:

m=Ju (2.2)

Here, vector p is the spatial distribution of absorbers. m is the set of light trans-
port transients, our measurements. J is the Jacobian, or sensitivity matrix, which
establishes a linear relationship between m and u. The vector p is of dimension
N, where N is the number of voxels in the discretized scene. m is of dimension
Q = NysNygNrp, i.e. the product of the number of sources, detectors, and time bins,
respectively. Finally, the Jacobian, which is a mapping from p to m is of dimension
@ x N. Figure 2.1 provides an illustration of the linear model.

The Jacobian is the key to the forward model in our image reconstructions, as
it establishes a linear mapping between the set of optical parameters and the set of
measurements. Formally each entry of the Jacobian is defined as the partial derivative

_ 9my

of the measurement with respect to optical parameters: Jp, = e i.e. what influence

does a small change in the optical parameters have on the detected number of photons
[22, 21]. On a high level, the Jacobian can be interpreted as the likelihood that a
photon will pass through a particular point in space. If there is a greater likelihood
that a photon will pass through a particular point in space, then a change in the optical
parameters at that position will result in a larger change in the measurements.

In the time-of-flight measurements, the sensitivity becomes a function of time and
space. This can be used to recover information on features that are embedded deeper
within the scattering slab. The later time bins possess increased sensitivity to deeper
features. This is because the later arriving time bins are related to photons with

longer path lengths and are more likely to propagate deeper within the scattering



11

media. This phenomenon is shown in figure 2.2. The left side shows visualizations of
the sensitivity in 3-dimensional space for different time bins. On the right, the light
transport transient shows the corresponding time bins highlighted in green. We see
that at early arriving time bins, there is higher sensitivity to shallower features, which
are related to early arriving time bins. As we look to later time bins, the sensitivity

at greater depths increases.

Visualizations of
Sensitivity

Transients with selected
bins highlighted

Figure 2.2 : Visualization of sensitivity at multiple time bins: At later time
bins (i.e. longer time of flight) there is increased sensitivity to deeper features. This
can aid in imaging features that are embedded deeper in an optically thick scattering
media.

2.1.2 Diffusion approximation

While the RTE is an accurate and very general equation for modeling the distribution
of photons, it can be mathematically challenging and computationally expensive to
solve in a closed form for certain imaging geometries [2]. Therefore, a number of
mathematical expressions and computational techniques have been established to

approximate or estimate solutions to the radiative transfer equation.
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Under certain approximations, it has been established that the RTE can be sub-
stituted for the diffusion equation (DE), using the diffusion approximation [2]. The

DE can be expressed as [2]:

0D (7,t)
cot

As shown in (2.3), the diffusion equation describes the behavior of light in terms

+ 1 ® (7, ) — V - [DVO(F,1)] = S(7, 1) (2.3)

of the fluence rate ®(7,¢) [2]. We see that this value ®(7,¢) is no longer a function
of the solid angle §. This is because, under the diffusion approximation, we assume
that light now scatters isotropically. Therefore, we are no longer concerned with the
scattering direction at a particular position.

The diffusion equation cannot be applied in all cases. For example, it is not ap-
propriate to use the DE in low-scattering regimes, in which the scattering anisotropy
of the photon is important, such as in regions with a small scattering coefficient [25].
However, it is appropriate in the highly scattering regime, which is often the case
in diffuse optical tomography. If the DE can be applied appropriately, then it is
preferable to the RTE because the problem becomes more computationally tractable.

In fact, using the diffusion approximation it is possible to directly use analytical
expressions to solve the equations directly. Several prior works have shown that

for simple geometries, the diffusion equation can be expressed in a closed form as

[1, 3, 26]:

m(Ty, 7s) = /J(Fd,FS,Fy)M(Fv)dﬁ) (2.4)
J(Fd7 7?57 Fv) = q)O(Fv - Fs’ t) & R(Fd - Fw t) (25)
In equation 2.4, the wu(7,), m(7y, 7s), J(Fq, s, ) terms correspond to the scene,

measurements, and Jacobian, analogous to the p, m, J terms in the linear model,
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equation (2.2). From equation 2.5, we see that the Jacobian is equal to the convolution
of the Green’s function for the source path, ®y(7, — 7, t), and reflectance term,
R(ry — 7,,t) [3, 26]. The sensitivity correspond to the probability that a photon will
pass from the source at r, to a voxel at r, then pass from the voxel to the detector at

position r4 [2]. The convolution arises as a consequence of the conditional probability.

2.1.3 Monte Carlo estimation of photon distribution

As described above, the diffusion approximation is not appropriate in all case. There-
fore, as an alternative to solving the diffusion equation, it is also possible to estimate a
solution for the RTE itself. This can be done using the Monte carlo (MC) algorithm.
In MC, the distribution of light is estimated by averaging information from multiple
photon samples. Each photon sample follows a random trajectory. This trajectory
can be sampled from a distribution that is determined by the optical properties of
the scattering media [1]. For each photon sample, we perform the procedure outlined

in algorithm 1:
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Algorithm 1: Monte Carlo procedure for each photon

position = [0,0,0];

dir = [0,0,1];

Ha <= Hao;

s <= 05

9 < 9o;

n < ng:

w <+ 1;

while in_bounds(position) do

position = position + sample_scatter length(pia, jis);
dir = sample_hg(dir, g);

wew(%);

[dir, a4, ps, g, n] = check_layer(position, dir, n);

According to this model, as the photon propagates, it will travel in a straight-line
trajectory until it reaches a scattering-absorption event. The length of this trajec-
tory is sampled from an exponential distribution due to the exponential falloff in
the number of unscattered photons [27]. At this scattering-absorption event, the
photon is scattered in a new direction. The updated direction is sampled from the
Henyey-Greenstein (HG) distribution, which is an accurate model of scattering in
biological tissue [28]. The HG function is a probability distribution that determines
the likelihood that a photon will scatter in a particular direction. The HG function
is parameterized by a value g, known as the anisotropy factor. The anisotropy factor
range from 0 to 1, with higher g indicating that the material is more forward scatter-
ing. For example, a value of g = 0 indicates isotropic scattering (i.e. equal likelihood

of scattering in any direction), and a value of g = 1 indicating that the photon will
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continue traveling in a forward direction. Biological tissue, which is highly forward
scattering, generally has an anisotropy factor of g = 0.9 [29].

Additionally, the weight of this photon is scaled by the albedo to account for
the loss of photons due to optical absorption. This procedure is repeated until the
trajectory reaches the bounds of the simulated phantom. An illustration of the Monte
Carlo procedure is shown in figure 2.3. For each photon sample, we can also track its
time of flight based on its propagation length. The final measurement is a histogram of
the time-tagged photon samples. More details of this algorithm are described by Wang
et al. [27]. The panels on the right (b-e) of figure 2.3 show simulated photons paths
for increasing scattering coefficients. We see there are a larger number of scattering

coefficients and less depth penetration as the scattering coefficient increases.
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Figure 2.3 : Monte Carlo Overview: (a) An illustration of the procedure for
the Monte Carlo algorithm for a single photon. Visualizations of simulated photon
paths as the scattering coefficient increases for (b) pu, = 2mm™'; (c¢) pus = 9mm™;
(d) ps = 15mm™'; (e) ps = 20mm~'. We see that the photon paths undergo more
scattering events and are more concentrated at the surface as the scattering coefficient
increases.



16
2.2 Fluorescence versus Absorption mode imaging

While the theory and algorithms described thus far have focused on optical absorption-
based imaging targets, fluorescent targets can be modeled using a similar procedure.
To image an absorbing target, we must capture a set of differential measurements.
The Jacobian relates changes in the optical parameter to changes in the collected
measurements. Therefore, each measurement consists of a pair of measurements: a
background measurement when the target is in the unperturbed state and a target
measurement when the change or perturbation has been introduced [22]. This can
result in a large amount of noise. Since the ToF-DOT imaging system is typically
limited by Poisson noise, the noise term is related to the intensity of the background
signal. In contrast, when a fluorescent contrast agent is used, the differential mea-
surement is the emission signal. This is because the differential measurement is equal
to the number of photons that are absorbed due to the perturbation, which is directly
proportional to the number of emission photons.

Finally, fluorescence contrast agents also affect the time-domain profile. There is
a time delay between the instance when a photon is absorbed by a fluorophore and
when it is re-released as an emission photon. This time delay can be modeled as a
random variable sampled from an exponential distribution. The rate parameter of
this exponential distribution is the fluorescence lifetime, which is dependent on the
specific fluorophore. In the time domain, this delay can be modeled by convolving
the zero-lifetime transient profile with an exponential function, parameterized by
the lifetime of the fluorophore [30, 31, 32]. The zero-lifetime transient refers to the
differential signal that would have been obtained if the fluorescence lifetime was zero,

in other words, if there was no delay between photon absorption and re-emission.
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2.2.1 Implementation using Monte Carlo

Both fluorescence and absorption-based imaging use the same iterative procedure for
sampling photon trajectories, as described in algorithm 1. The differences outlined in
section 2.2 can be modeled in the post-processing steps. After a time domain profile
has been estimated, Poisson noise is applied. Poisson noise is applied to the simulated
“background” and “target” measurements. The noisy differential measurement is the
difference between these two simulated measurements. For fluorescence simulations,
the Poisson noise is applied directly to the simulated differential measurement. There-
fore the rate parameter is equal to the signal intensity rather than the background
intensity.

Finally, since the zero-lifetime transient can be directly simulated with Monte
Carlo, this transient is convolved with an exponential distribution to simulate the

delay due to the fluorescence lifetime.

2.3 Solving the Inverse Problem

The inverse problem can be formulated as an optimization problem:

p' = min|[f(x) = mll. (2.6)

Here, 1 and p’ are the absorber image and reconstructed image, respectively. m
is the set of measurements, and f() is a function that applies the forward model. On
a high level, this equation implies that we solve the inverse problem by determining
the reconstructed scene, u’, that would minimize the error between the expected
measurements, f(x'), and the actual measurements that were collected, m.

Using the linear forward model, the inverse problem can be set up according to
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the following form [22, 33]:

= minl s = s + Mgl + 3l (2.7)

Here, ||Ju — ml|5 is the fidelity term. Additionally, we include two regularization
terms: ||||2 is the Tikhonov regularization term, and ||u||; enforces image sparsity. A
and ~ are two hyper-parameters that tune the regularization terms. Image sparsity is
an acceptable assumption in this case because regions of neural activity are assumed
to be sparse. Additionally, for cases in which we cannot assume image sparsity, we
can instead enforce sparsity in the DCT and wavelet domain. This is done using the
following term: ||[Wzx||;, where W is the wavelet or DCT transform [33].

Finally, equation (2.7) can be solved using a standard linear solver, such as the
fast iterative shrinkage thresholding algorithm (FISTA) or the alternating direction
method of multipliers (ADMM) [33, 34]. For the experimental results shown in sub-
sequent sections, the reconstructions were done using FISTA, as it is sufficiently fast

for our applications.
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Chapter 3

GDOT: Gated Diffuse Optical Tomography

3.1 GDOT Overview

Sensitivity for Gated Transient ToF-DOT: Selected bins highlighted GDOT: Gated transient

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Figure 3.1 : GDOT Introduction: GDOT preserves the benefits of time-gating
while bypassing the need to collect a full light transport transient. Instead the value
recorded by each detector is a scalar.

As noted in section 1.1.3, ToF-DOT suffers from a number of challenges due to
the introduction of transient information. This includes reduced sensor resolution and
increased computational complexity. Both challenges can be mitigated by using time-
gated measurements. For time-gated measurements, the transient is integrated from
a pre-determined gate start time to the cycle limit. In this case, the measurement
from each pair of sources and detectors is a scalar (figure 3.1). At the same time,
the use of time-gating maintains the SNR improvements of rejecting early-arriving

photons.
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3.1.1 Forward model for GDOT

The forward model can be adapted from the standard ToF-DOT forward model.
Recall that each entry of the measurement vector, and consequently each row of
the Jacobian, corresponds to a specific source-detector-time-bin triplet. Therefore,
the gated measurements can be obtained by integrating selected entries and rows
of the measurement vector and Jacobian, respectively, as shown in figure 3.2. The
selected entries/rows would correspond to the time bins that fall within the selected
“pass-gate.” This operation is a linear transform, which can be implemented in a

computationally efficient manner.
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Figure 3.2 : Forming Gated DOT Measurements: The standard forward model
described in section 2.1.1 can be applied to GDOT by summing over measurements
corresponding to the “pass gate.”

3.2 Confocal Geometry for GDOT

In DOT, it is common to use all pairs of sources and detectors. However, this would
not be appropriate for a GDOT system because it would scale poorly as the number
of sources and detectors increased. In this case, the number of measurements would

be proportional to the product of the number of sources and detectors. Increasing
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the size of the source-detector array from 16 x 16 to just 64 x 64 would result in a
256 increase in the number of measurements.

Additionally, not all the data is equally useful for performing image reconstruction.
For example, the measurement collected from a source-detector pair that is separated
by a large distance (greater than a few millimeters) will be much noisier and diffuse,
which will provide little information compared to nearby source-detector pairs. This
is because photons will have greater sensitivity to deeper features at close source-
detector separations. While close source-detector separations are typically not used
in DOT due to large background noise, this can be mitigated by collecting time-
domain measurements, which possess decreased sensitivity to shallower features at

later time bins [35, 36].

3.2.1 Forward model for confocal geometry

The forward model in ToF-DOT outlined in section 2.1.1 uses all pairs of sources and
detectors. Since the confocal geometry only uses the collocated pairs of sources and
detectors, we would expect the measurements in the confocal geometry to be a subset
of the set of measurements for standard ToF-DOT. For the confocal geometry, only
entries of the measurement vector, which correspond to the collocated source-detector
pair, are used. The Jacobian is updated in an analogous manner. Only rows of the
Jacobian corresponding to the collocated pair are used since the rows of the Jacobian

correspond to the entries of the measurement vector.

3.2.2 Convolutional Approximation

Next, we will show that we can apply a convolutional approximation for the confocal

geometry. From our analysis in section 2.1.1 we have already shown that the forward
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model can be represented as a linear system. Therefore, what remains is to demon-
strate that the system is shift-invariant. In figure 3.3, we see a visualization of rows
of the Jacobian. The scene consists of a 32 x 32 x 1 array of voxels. From the 1-
dimensional profiles, we see that the profile for each row of the Jacobian is the same,
albeit shifted. Additionally, this shift corresponds to the shift in the source-detector
pair. Thus, we have demonstrated in simulation that the system is shift-invariant,

and therefore applying the forward model can be approximated by a convolution.
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Figure 3.3 : Confocal GDOT Shift-Invariance: (a) visualization of rows of the
Jacobian for the confocal geometry (b) X and Y slices, showing that the profiles in
the rows of the Jacobian are approximately the same, but shifted in space. Combined
with the linearity assumption, we can therefore apply a convolutional approximation.

The convolutional approximation can be used to achieve greater speed-ups in the
reconstruction algorithm. Most algorithms that solve linear inverse problems require
the forward model to be applied repeatedly. Repeatedly calculating a matrix-vector
multiplication can become very computationally expensive, particularly when the Ja-

cobian matrix grows large. Alternatively, the convolutional approximation can be
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efficiently implemented using the fast Fourier transform (FFT). To see the improve-
ments in the convolutional approximation, we consider an M x M array of sources
and detectors, T time bins per transient measurement, and a target scene consisting
of M x M voxels. In this case, the Jacobian would be of size TM* x M?, resulting in a
computational complexity of O(T'M?®). In contrast, the convolutional approximation,
using the FFT, achieves a computational complexity of O(TM?log(M)).

The point spread function (PSF) that is used in the convolutional model can be
simulated using the Monte Carlo algorithm. To recover the PSF, we must simulate
the impulse response. The most straightforward way to obtain the impulse response
is to obtain a full set of measurements for a single absorber, analogous to an optical
delta function. Since the run time of the Monte Carlo simulation is proportional to
the number of light sources that are simulated, a faster approach to obtaining the
PSF is by determining a row of the Jacobian: simulate a single source-detector pair
and a voxel array corresponding to the desired PSF dimensions.

As it is currently described, the convolutional approximation requires the target
scene to be fixed to a specific depth. This requires a two-dimensional convolution. To
obtain depth information, this two-dimensional convolution can be applied over mul-
tiple depths. However, this does not allow for an efficient 3-dimensional convolutional
approximation because the relationship between the depth dimension of the scene and
the time dimension of the measurements cannot be approximated by a convolution.
Extending the convolutional approximation to three-dimensional convolutions will
be further explored in future work. One alternative to producing three-dimensional
image reconstructions is to utilize the full Jacobian. While this sacrifices the compu-
tational efficiency of the convolutional approximation, it allows for three-dimensional

reconstruction.
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Chapter 4

Materials and Methods

4.1 Simulation Methods

An in-house Monte Carlo simulator was created to generate both the simulated mea-
surements, which are used in the performance characterization, as well as the Jacobian
matrix, which is used for image reconstruction on both simulated and experimental
data. All Monte Carlo algorithms were implemented in CUDA C++ and run on a
server that hosted 8 Nvidia 2080Ti GPUs.

The traditional Monte Carlo algorithm described by Wang et al. is highly amenable
to parallelization [27]. This is because each photon sample requires a large number
of arithmetic calculations to sample a random trajectory; however, it uses very little
memory, storing only its position, direction, and the photon “weight.” In contrast,
the Jacobian matrix typically requires a much larger amount of memory because each
photon sample must now store information regarding its interaction with every voxel
along its trajectory. To address this challenge, we implemented a version of the pho-
ton replay algorithm described by Yao et al. [22]. Because the efficient estimation
of the Jacobian is essential to the subsequent image reconstruction algorithm, we
summarize the approach of Yao et al. as follows [22]:

The key insight of this algorithm is that only a small fraction of simulated photons
will pass from the source to the detector. It would be computationally wasteful to

allocate blocks of memory for the photon to store data on its interaction with voxels,
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only for the sample to be tossed out because it did not reach the detector. To
address this, a two-step procedure is used. First, a standard Monte Carlo simulation
is performed to determine which photon trajectories will reach the detector, i.e. which
are the “successful” paths. The random seeds for these “successful” paths are stored.
Second, another Monte Carlo simulation is run, using only the random seeds of the
“successful” paths, which results in the same photon trajectory. As a result, the
memory-intensive simulations, which require the GPU to store information regarding
the interaction of the photon with each voxel, are run for only paths that reach the
detector. In this way, the Jacobian can be efficiently estimated on a GPU, using the
Monte Carlo algorithm.

Simulated measurements were generated by applying the forward model to a sim-
ulated scene. A simulated scene consisted of a 2/3-dimensional array representing a
voxel grid. The simulated scene was assumed to be binary, and so each entry took on
either a value of 0 or u,, representing the absorption coefficient. The forward model
can then be applied. If the standard forward model is used, then the array represent-
ing the scene is vectorized and multiplied with the Jacobian matrix to obtain the set
of ground truth measurements. If the convolutional approximation is applied, then
the ground truth measurements are obtained through a 2-dimensional convolution be-
tween the ground truth scene and the simulated point spread function for each time
bin. Finally, noise is applied to the simulated ground truth measurements. Because
our system is shot noise limited, we apply Poisson noise to the measurements.

Additionally, the analytical expressions described in section 2.1.2 were used in
certain performance analysis experiments. This is because these experiments require
the generation of a large number of Jacobians, which can be done more efficiently

using analytical expressions. The assumptions of the diffusion approximation are
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appropriate here because a densely scattering slab (thickness of 6.5 mm, js = 9mm™1)
is used. All computational experiments, except the Monte Carlo simulations, were

run on an Intel Xeon E-2136 3.30 GHz CPU. This includes evaluating the analytical

expressions and running the inverse solver.

4.2 Experimental Methods

While an eventual ToF-DOT imaging system would utilize an integrated array of light
sources and detectors, such a technology is still under development. Thus, to test the
capabilities of the proposed system under real-world conditions, we constructed an
experimental prototype. Our prototype system consists of several components. A
single-pixel single-photon avalanche diode (SPAD) is used to detect photons. For our
system, we use the MPD FastGatedSPAD. A Picoquant Hydraharp 400 is used as the
time-correlated single-photon counter (TCSPC) for the timestamping and histogram-
ming hardware. An MPD Picosecond Delayer (PSD) is used to control the gate rise
time for hardware-based time gating. Finally, an NK'T Supercontinuum laser provides
the light source.

To emulate the effect of an array of sources and detectors, the single-pixel detector
and the laser beam path are steered using a pair of galvo mirrors (Thorlabs GVS012),
as shown in Fig. 4.1. A checkerboard calibration procedure is used to map the galvo
mirror settings to points on the imaging target. The details of this procedure are

described in [37].

4.2.1 Imaging Target

The imaging targets are also a key component of the imaging system. Since the

ultimate target of our imaging system is for biomedical applications, we test the
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Figure 4.1 : Experimental Setup: An image of the experimental setup is shown
above. The MPD SPAD is outlined in white. The single-pixel detector and laser
beam are steered by a pair of galvos (red outline). The Eink display is outlined in
orange. Placed above it is the skull phantom (blue outline). On the right, we show a
rendering of the same experimental setup (rendering courtesy of Ankit Raghuram).

system on tissue phantoms that mimic the relevant optical properties of true biological
tissue.

Electronic Ink Display: The imaging target consists of an Eink display, the Dasung
Paperlike 3. Rather than tuning the color and brightness of an array of light sources,
Eink displays images by tuning the optical scattering and absorption properties at
different locations along the screen, i.e. tuning the grayscale levels [38]. This makes
the Eink display an ideal imaging target because the spatial distribution of absorbers
and scatterers can be programmatically controlled. The primary limitation of the
Eink display is that the imaging target is constrained to a fixed depth. However, the
models described in section 2.1 can naturally be extended from 2-dimensions to 3-
dimensions by changing the dimensionality of the sensitivity matrix. In future work,
we plan to demonstrate our ability to image on 3D targets.

Scattering tissue phantom: Additionally, our tissue phantoms are synthesized
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in-house. These tissue phantoms mimic the relevant optical properties of biological
tissue. Since tissue is heavily dominated by optical scattering, we focus on synthesiz-

ing and characterizing phantoms with the correct scattering properties.
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Figure 4.2 : Optical Phantom Calibration: (a.) Image of the synthesized tissue
phantom obscuring the imaging target, which is displayed on the Eink display (b.)
Simulated (blue) and experimentally captured (orange) TPSF for a scattering slab

in transmission geometry. The results show good agreement between the 3D printed

and simulated phantoms with j, = 9mm™1.

Our tissue phantoms are synthesized using a Formlabs Form 3 printer. Our pro-
cedure is adapted from the synthesis technique described by Dempsey et al [39]. We
can control the optical scattering properties of the resulting tissue phantom by tun-
ing the relative volumes of the Form clear and white resins, which, as the names
suggest, are optically transparent and scattering, respectively. Rather than estab-
lishing a mathematical relationship between the concentrations of the resins and the
scattering properties, we establish an empirical relationship by directly measuring the
optical scattering properties. This procedure is described by Bouchard et al. [40].
The key idea is that optical scattering and absorption cause changes in the tem-

poral point spread function (TPSF). More specifically, as the scattering coefficient
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increases, there is a broadening of the TPSF. Therefore, the scattering coefficient can
be experimentally determined by fitting the simulated and experimental TPSF. Fig-
ure 4.2 shows good agreement between the experimental and simulated TPSF. Also,
note that we convolve the simulated TPSF with an experimentally measured instru-
ment response function (IRF) to account for temporal broadening from the imaging
system.

In conclusion, our imaging hardware consists of a laser and a single-pixel time-of-
flight imaging system. Our system uses galvo mirrors to raster scan the scene. The
scene is composed of a scattering tissue phantom, which is placed on top of an Eink
display that displays the target. Finally, our Monte Carlo simulator is capable of
generating both simulated measurements and the forward model that is needed for

image reconstruction on experimental data.
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Chapter 5

Performance Characterization and Analysis

We want to gauge how the imaging system performs under various imaging settings.
This performance characterization is performed using simulations. We specifically test
four parameters, which are the algorithm runtime, the conditioning of the Jacobian

matrix, the optimal gating position, and the spatial resolution of the system.

5.1 Jacobian Matrix Conditioning
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Figure 5.1 : Singular Value Falloff: Singular value decomposition for DOT, ToF-
DOT and GDOT at multiple scan resolutions. For DOT and ToF-DOT different
source-detector pair separations were used, while for GDOT only collocated source-
detector pairs were used. We see that GDOT has a better conditioned Jacobian
matrix.
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In our linear model, inverting the Jacobian matrix is the key to performing image
reconstruction. Therefore, it is important to characterize how well-conditioned the
Jacobian is to determine our ability to invert the Jacobian and solve the inverse prob-
lem. Here, we characterize the Jacobian matrix based on the falloff of its singular
values. Though the DOT, ToF-DOT, and GDOT systems all use the same number of
measurements, GDOT performs the best. This is because GDOT uses only collocated
measurements, while DOT and ToF-DOT use measurements from sources and detec-
tors at multiple positions, which leads to measurements from multiple source-detector
separations. This suggests that our GDOT system, using a confocal geometry, can

achieve better image reconstruction quality.

5.2 Simulated Resolution Test

The spatial resolution establishes the minimum feature size that can be resolved
by our imaging system. One method for characterizing the spatial resolution is to
determine the minimum separation distance at which two features, usually two lines
or two point sources, can be resolved as distinct features [18]. However, a binary
output, which determines whether two features are resolved or unresolved, may not
be a satisfactory output. As we can see in figure 5.2, in certain cases, the output may
not show two fully fused features, nor does it show two fully distinct peaks.

In our simulated experiments, we characterize the spatial resolution based on the
modulation transfer function (MTF) [41]. The ground truth images consist of a series
of lines with a specific spacing. A set of measurements and image reconstruction are

simulated for each ground truth image. For each line spacing, a value between 0 and
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1 can be calculated using the following equation [41]:

o Amax - Amin
B Amax + Amin

(5.1)
This value measures how well our system can resolve the series of lines. We can see
that as M goes to zero as the lines become fused together (i.e. the regions that should
be high and low intensity have the same intensity). Conversely, as M goes to one, we
are perfectly able to resolve between the high and low intensities. We see that this

function establishes a relationship between the line spacing, i.e. the spatial frequency,

and the system’s ability to resolve fine features, hence the name “modulation transfer

function.”
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Figure 5.2 : Simulated Resolution Test: The modulation transfer function (MTF)
provides a means of quantifying the spatial resolution as a value between 0 and 1.
(a) Image reconstructions of a series of lines with varying thicknesses and increasing
scattering thickness. (b) Plots of the MTF as a function of spatial resolution for
multiple scattering thicknesses.

In Figure 5.2, we show plots of the MTF for various scattering thicknesses. As

expected, the system performance degrades as the scattering thickness increases.
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5.3 Algorithm Runtime

One of the primary objectives for implementing confocal GDOT was to reduce the
runtime for the reconstruction algorithms. Therefore we test the image reconstruction
speeds for confocal GDOT and compare it to the runtime for DOT and ToF-DOT
reconstruction. To perform this characterization, we implemented in-house versions
of the forward model for the DOT and ToF-DOT algorithms described by Wang et
al and Hyde et al, respectively [2, 3]. We then timed the inverse solver using each
of these three forward models: DOT, ToF-DOT, and GDOT. To establish a fair
comparison across the three different techniques, we use the FISTA algorithm for all

three approaches and run 100 iterations for each forward model.
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Figure 5.3 : Algorithm Runtime Tests: We compare the run time of the GDOT
algorithm with in-house implementations of standard DOT and ToF-DOT algorithms
2, 3]. We tested the runtime as we vary (a) the number of time bins and (b) the
dimensions of the source-detector array.

Additionally, for each algorithm, we test the reconstruction time as certain scene

parameters are varied. In particular, the parameters of interest include the number
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of time bins, the number of sources, the number of detectors, and the size of the voxel

array that represents the scene.

5.4 Optimal Gating

Finally, it is essential to determine the optimal start time for the time gate. On a
high level, if the gate start time is too early, then the background noise will be very
large; conversely, if the gate start time is too late, then too much of the signal itself
will be rejected by the time gate. This intuition can be formalized by analyzing the
signal-to-noise ratio (SNR) as a function of the gate start time.

The various sources of noise include dark count noise, shot noise, and background
noise. Dark noise is due to the sensing electronics, which may log a count, even in
the absence of a detected photon. Dark noise can be modeled as a Poisson random
variable with a rate parameter that is based on the hardware. Typically this value is
characterized and documented for the specific SPAD. For the FastGatedSPAD this
value is 200 counts per second [42]. This is the only source of noise that is independent
of both the signal and background intensity.

Shot noise is also present in our system. This value is a Poisson random variable
with a rate parameter equal to the signal intensity. Finally, background noise must
also be accounted for. This noise can also be modeled as a Poisson random variable;
however, it is dependent on the intensity of the background intensity rather than the
signal intensity. In determining the optimal gate start time, we focus on optimizing
the signal to background ratio because this is the dominant source of noise in our

system.
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Figure 5.4 : Optimal Gating: In simulation, we determine the optimal gate start
time by optimizing the signal-to-noise ratio (SNR). (a) The plot of SNR versus the
gate start time across different optical thicknesses; (b) the SNR vs gate start specifi-
cally for 27 mfp; (c) the image reconstructions for multiple gate start times.
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Chapter 6

Experimental Results

Finally, we test our results on experimental data, which was collected with our proto-
type setup. For most of these experiments, the test target consisted of an Eink display
with a skull phantom of variable thickness placed in front of the target. The primary
exception is the fluorescent imaging target. For these targets, the tissue phantoms
consisted of a PDMS base with the fluorescent feature embedded in the substrate.

In these experiments, our primary aim is the following:

1. Compare GDOT to existing techniques for imaging through scattering media
2. Test the performance of GDOT at a variety of optical thicknesses

3. Demonstrate that GDOT can be applied for both absorption-mode and fluorescence-

mode imaging

6.1 Comparison of multiple imaging techniques

We first tested imaging through a tissue phantom, which mimics all the relevant
optical properties of the human skull. The details of this synthesis procedure are
described in section 4.2.1. There is no single value that can be used for the scattering
coefficient and physical thickness of all human skulls, as this will vary from person
to person and even across different regions of the skull for the same person [43].

However, we chose values that are considered to be within the acceptable range in
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the literature. For this experiment, we used a scattering coefficient of i, = 9mm™1,

and a physical thickness of 6.5 mm, which are values that are considered within the
reasonable range [14, 43]. The 6.5 mm physical thickness corresponds to an optical
thickness of ~ 60 mfp.

Using this skull phantom, we tested the image reconstruction quality over several
imaging methods. This included widefield microscopy, diffuse optical tomography
(DOT), time-of-flight diffuse optical tomography (ToF-DOT), and gated diffuse opti-
cal tomography (GDOT). Additionally, we imaged on multiple ground truth targets,
including the letter R, a circle and a line, and a pattern mimicking a vasculature
structure. The results of this image reconstruction procedure are shown in figure 6.1.

We see that the widefield images fail to resolve any features due to the optical
thickness of the skull phantom. The DOT and ToF-DOT images were captured with a
sparse source-detector array scan of 8 x 8 source-detector pairs, using measurements
from all pairs of sources and detectors in the array. For GDOT, we used a dense
scan of 32 x 32 sources and detectors. We see that all three imaging modalities are
able to resolve the main features of the respective images. GDOT appears to achieve
the highest image reconstruction quality in this case. Additionally, in this case, the
ToF-DOT image reconstructions use the temporal filters described by [44]. For this
reason, the ToF-DOT image reconstructions could still achieve further improvements.

This will be left for future work.

6.2 High-resolution GDOT

One of the primary benefits of GDOT is the ability to use a higher-resolution array of
sources and detectors. To showcase this benefit, we also tested image reconstruction

through optically thinner skull phantoms. In figure 6.2., we see the results of per-
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Figure 6.1 : Imaging through skull phantom: Above, we show the results of
imaging through a 6.5 mm (~ 60mfp) tissue phantom. The ground truth targets are
shown in column one. The reconstructions using different techniques are shown in
subsequent columns: widefield, DOT with an 8 x 8 source-detector array, ToF-DOT
with an 8 x 8 source-detector array, and GDOT with a 32 x 32 source-detector array

forming image reconstruction through a 9 mfp optically thick phantom. The ground
truth target is the Rice owl. For this image reconstruction, a source-detector array of
size 128 x 128 was used. We see that GDOT is able to resolve the fine features and
thin lines that are present in the Rice owl image.

Additionally, we tested the image reconstruction quality at several imaging depths.
The same ground truth image was used for all image reconstructions: a vasculature
pattern consisting of three different line thicknesses: 2 mm, 1 mm, and 0.5 mm. We
tested the image reconstruction quality at optical thicknesses of 9, 27, 36, 45, and 58.5

mfp. Finally, we also compared the image reconstruction quality of GDOT against
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Figure 6.2 : Image reconstruction with high-resolution detector: (a) Render-
ing of the scan procedure (rendering courtesy of Ankit Raghuram); (b) Ground truth
image of the Rice owl; (¢) Raw measurements; (d) Image reconstruction. At reduced
optical thicknesses, using a higher resolution GDOT source-detector array allows us
to achieve higher-resolution image reconstruction.

DOT and ToF-DOT, as well as testing a variety of scan resolutions for GDOT at
each optical thickness. The DOT and ToF-DOT image reconstructions used an 8 x 8
source-detector array. The size of the GDOT source-detector array varied from 16 to
64. The results of this experiment are shown in figure 6.3.

We see that GDOT generally achieves the highest image reconstruction quality
at each imaging depth. Particularly at shallower imaging depths, a higher resolution
source-detector array is necessary for constructing high-quality image reconstructions.
Additionally, GDOT is still capable of achieving relatively high-quality image recon-
structions at higher optical thicknesses. This demonstrates that GDOT is also a
flexible technology, which can be applied to imaging at a variety of optical thick-

nesses and consequently can be targetted for multiple applications.

6.3 Fluorescence imaging

Finally, to demonstrate the flexibility of the GDOT system, we show that GDOT

can image fluorescence image targets, in addition to imaging optical-absorption-based
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Figure 6.3 : Image reconstruction for multiple optical thicknesses and scan
resolution: Using a finer scan resolution, GDOT achieves improved image recon-

struction quality at multiple imaging depths.

imaging targets. Time gating is particularly effective for fluorescence imaging because

the fluorescence lifetime increases the signal intensity at later time of arrival, at which

time the background signal has been significantly reduced.

In figure 6.4, we see an image reconstruction performed for the “circle and line”

target scene. Here, the fluorophores were embedded in a PDMS substrate. A source-

detector array of size 32 x 32 was used. These measurements were captured using a

confocal geometry rather than collecting measurements from all pairs of sources and

detectors. In this experiment, a hardware-based time-gate was applied. Therefore,
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the measurements were directly captured in gated mode.

Raw measurements Raw measurements Image Reconstruction
Ground truth (Un-Gated) (Gated) (Gated Measurements)

O

Figure 6.4 : Fluorescence Image Reconstruction: (a) ground truth image; (b)
noisy raw measurement in free-running (un-gated) mode; (c¢) gated measurements
show clearer image of underlying feature; (d) reconstructed circline line using time-
gated measurements. We see that time-gating significantly improves the SNR of
time-gated measurements.

From this result, we see that fluorescence imaging highly benefits from time-gating,
which can remove a significant portion of the background noise from the excitation
light. In panel b, we see that the un-gated measurement is overwhelmed by the
background noise. Consequently, this would result in poor image reconstruction.
However, after a time-gate is applied, the signal-to-noise ratio is significantly increased

(panel ¢), and the image reconstruction shows good alignment with the ground truth

(panel d).
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Chapter 7

Discussion and Conclusion

7.1 Future Work

Two of the principal challenges that remain in this work are to extend the image
reconstructions to 3-dimensional reconstructions, as well as to perform image recon-
struction on in-vivo test subjects. With regards to 3-dimensional reconstruction, one
of the principal challenges is the technical challenges associated with synthesizing
a 3-dimensional tissue phantom. This challenge can be resolved using 3D printing
to generate targets with an embedded vasculature structure. With regards to the
algorithms, as noted in section 3.2.2, 3-dimensional reconstructions can be achieved
directly using the Jacobian matrix with a confocal geometry.

Additionally, another future goal of GDOT is to test on in-vivo test subjects.
One of the primary challenges for transitioning from tissue phantoms to in-vivo test
subjects is the reduced contrast and increased background noise in a biological sample.
Imaging under these conditions would require algorithms that are robust to reduced
SNR. In this case, machine learning methods may be promising. Such algorithms

would likely be trained on simulated data to provide sufficient training examples.

7.2 Conclusion

Optical imaging is a promising avenue for developing novel brain-computer interfaces,

as it is safe for users and can be built into a compact, wearable devices. Due to the
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effects of optical scattering, diffuse optical tomography and its time-domain variant,
time-of-flight diffuse optical tomography, are two of the few existing technologies that
can image through densely scattering biological tissue, in particular the human skull.
In this work, we present a novel technology, which we have coined gated diffuse opti-
cal tomography (GDOT), which advances these existing technologies. In particular,
GDOT uses only time-gating and does not require the imaging system to capture
full light transport transients. As a result, GDOT retains the benefit of an increased
signal-to-noise ratio from rejecting early-arriving background photons using time-
gating. At the same time, GDOT is able to reduce the amount of data that must be
transferred and processed and utilizes a higher resolution detector. This simultane-
ously increases the spatial resolution at various optical depths and decreases the run
time of the associated image reconstruction algorithms. In simulation, we conducted
a performance analysis. We demonstrated the superior algorithm run time of GDOT,
demonstrated that GDOT could achieve mm-scale spatial resolution for imaging at
optical thicknesses that are appropriate for biological tissue, tested the conditioning
of the sensitivity matrix, and finally characterized the optimal time-gate start time.
In addition, we constructed an experimental prototype consisting of a single-pixel de-
tector, a pulsed laser, and a pair of galvo mirrors to raster-scan the source and virtual
detector at different points on the imaging target. Using experimental data collected
from this prototype system, we tested our image reconstruction algorithms. We de-
termined that our system achieves a superior image reconstruction quality compared
to traditional optical imaging techniques, including DOT, ToF-DOT, and widefield
imaging. In our future work, we will extend our system to imaging 3-dimensional

imaging targets and eventually test on in-vivo test subjects.
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