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ABSTRACT

EVALUATION OF SPATIAL RESOLUTION AND LOCALIZATION ACCURACY OF
ABSORBING HETEROGENITY EMBEDDED IN HOMOGENOUS AND
LAYERED TURBID MEDIA USING FUNCTIONAL

NEAR INFRARED SPECTROSCOPY

Niranjana Nandakumar, M.S

The University of Texas at Arlington, 2011

Supervising Professor: Georgios Alexandrakis

Functional Near-Infrared Spectroscopy (fNIRS) is a non-invasive widely used technique
for imaging the brain activation patterns in the cerebral cortex of neonates and adults. For the
fNIRS imaging of these brain activation patterns, it is common to assume the head geometry as
a homogenous medium due to the resulting computational simplicity of the image reconstruction
problem. In reality the head is not a simple homogenous medium and prior research has been
conducted to show that light propagates differently in a spatially heterogeneous model of the
head compared to a homogenous one, which alters the sensitivity of NIR light detection on the
head’s surface. However, the effect of heterogeneous background tissue optical properties on
the reconstructed fNIRS images has not been systematically studied to date. In this work, a
planar layered media approximation of the head was employed as a first step towards modeling

the effect of spatially heterogeneous tissues on the reconstructed fNIRS images. The effect of



neuronal activation on fNIRS measurements was simulated as in increase in absorption due to
an increase in blood volume that occurred as a result of that activation. The increase in
localized absorption relative to baseline values resulted in a decrease of measured NIR
lightreflectance, as simulated by Monte Carlo. Subsequently, the diffusion approximation of NIR
photon propagation in homogenous and layered was used in combination with a Tikhonov
regularization procedure to reconstruct the simulated activation images. Spatial resolution,
localization accuracy, and ovality metrics were quantified in the simulated fNIRS images. These
virtual experiments were performed by placing a sub-resolution absorber of size 5 mm x 5 mm
at three different locations within the field of view and by simulating fNIRS measurements for
different source-detector geometries that ranged from sparse to very dense. Comparisons of
reconstruction results and associated image metrics were performed between the layered head
homogenous tissue models. It was found that the reconstructed images of the absorber for the
homogenous and the layered medium were qualitatively similar. In addition, as it is not possible
to know the exact optical properties of the brain tissues of each subject being imaged, the
changes in spatial resolution and localization accuracy were assessed for variations in the
background tissue transport scattering coefficient (Us') by £50% and £+25%. The results showed
that both the homogenous and the layered geometry are insensitive to incorrect knowledge of
the background ps' values. It is concluded that spatial resolution and localization accuracy
largely depend on the source-detector geometry when reconstructing fNIRS images in planar,

laterally infinite, geometry tissues.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt e et e e e et e e e e et e e e eeaa e e eeanaaaes iii
F N = IS 29 O P PPPTRPN iv
LIST OF ILLUSTRATIONS ........coivieiiieeiiesiessie st sie sttt viii
LIST OF TABLES ..ottt ettt xi
Chapter Page
1. INTRODUCTION. ... ettt e e e e e e e e e e e e e 1

1.1 Functional Near Infrared SPECtrOSCOPY ......vvvrrrrrrreriiririiieiriieiireieeeeeeeeeeeeeeeeeees 1

1.1.1 Near-Infrared Imaging Principle...........ccccc 1

1.1.2 Modified Beer-Lambert’'s Law...........ccoooooiiiiii, 4

1.1.3 Radiative Transport Equation for Photon Migration........................ 5

1.1.4 Solution to the Diffusion Equation............ccooeevvvvieiiiiiee e 6

1.1.5 The Monte Carlo Method ... 8

L3 PHON WOTK .ttt e e s e e e s 9

1.4 ObJECtiVe Of STUAY .....oi e e e 9

2. MATERIALS AND METHODS ...ttt eeeeeneeas 11

2.1 Optical Imaging Systems FOr fNIRS ........coooiiiiiii e 11

2.2 Optical Properties of the Tissues for the Simulations ............cccccccveeeeeeeeens 12

2.3 Monte Carlo Simulations for Reflectance Measurements .............cccccceevneee 15

2.4 ProbE GEOMELIES ...eeiiiiiiiiiiiie ittt ettt e e e s s e e e e e e 15

2.5 ADSOIDEr LOCALIONS ...coeeiiiiiiiieiiiee ettt e e e 17

2.6 Computation of the Sensitivity Matrix and Image Reconstruction ................ 18

2.7 Evaluation of Spatial RESOIULION ...........uuuiiiii e 19

Vi



3. RESULTS AND DISCUSSION ..ottt 22

3.1 Comparison of Image Metrics for a Homogenous and a
Layered Medium Tissue Geometry for Different Absorber

Locations and Optode GEOMELNES .........uuuuummmiiiiiii s 22
BLLANOMAIY 1 oo 22

B L2AN0MAIY 2 oo 30

B LBANOMAIY 3. 35

3.2 Effect of Wrongly Assumed Background Optical Properties

0N Reconstructed IMAages........coooiiiiiiiiiii 41

322 AN0MAlY 1 oo 41

3.2.2 Anomaly 2 and ANoOmaly 3 ... 46

4., CONCLUSIONS AND FUTURE WORK ...ttt eeeen 55

APPENDIX

A. CODE FOR DIFFUSION SOLUTION AND IMAGE
RECONSTRUCTION OF HOMOGENOUS AND

LAYERED MEDIUM......ooiiiiiiiiiiii i 57

B. CODE FOR CALCULATING THE IMAGE METRICES ... 71
REFERENCES ... 76
BIOGRAPHICAL INFORMATION. ..ottt 80

Vii



LIST OF ILLUSTRATIONS

Figure
Page

1.1 Absorption Spectra for Oxy and Deoxy Hemoglobin...................eeviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeviiieees 2
1.2 Multiple Scattering of NIR Photons in Turbid Tissue Media.............ccccoveiiiiiiiiiiiiiiiiees 3
1.3 (a) An example of sensitivity plot for light travelling in a homogenous,

highly scattering medium for an S-D separation of 3 cm, (b) A plot for

light travelling through the head of an example subject.............cc 4
2.1 HUM@N Brain @nd ItS LAYEIS ......uuuuuiiiitiiiiiiiiiiiiiiiiiiiiiiiii e 13
2.2 Layered Medium Used for the Forward MOdel ... 14
2.3 Probe Geometries Used for the Simulation (a) G1-CW5, (b) G2-DYNOT

(2.2 cm), (c) G3- DYNOT (1.1 cm) (d) G4-DYNOT (0.75CM) ..eeeeeiiiiiiiiiieeeeeeeeiiiieeeeee e e 17
2.4 Absorber Locations Shown for the CW-5 GEOMELIY .........uuuuumiiiiiier s 18
2.5 Actual Absorber (Black-Edged Square) Superimposed on the

Reconstructed Image. Ar=Area of the reconstructed absorber,

A0= Area Of aCtUal 8DSOIDEN .........oviiiiiiiiiiiiiee ettt eeeeeeeeene 20
2.6 An Example to Show Localization Error (LE).........ccuvvveuiiiiiie e eeeeeenn e e 20
2.7 An EXample t0 SNOW OVAIILY .....ccovuuiiiiiiiiicee et e e e e e e e e e e as 21
3.1 Reconstructed Images of Absorber 1 for a Homogenous Medium for

Geometries (a) G-1, (b) G-2, (€) G-3and (d) G-4.....ooovvriiie e 24
3.2 Reconstructed Images of Absorber 1 for a Layered Medium for

Geometries (a) G-1, (b) G-2, (€) G-3and (d) G-4.....ooovvriii i 25
3.3 Comparison of Reconstructed Image Metrics for Anomaly 1 as quantified

by (a) Area Ratio (b) Localization error for Homogeneous and

= VY= = To 1Y, =T [ SNt 26
3.4 Comparison of Reconstructed Image Metrics for Anomaly 1 as quantified

by (a) Average FWHM (b) Ovality for Homogeneous and Layered Media.................ccccevueee. 27
3.5 Schematic Diagram to Show the S-D pairs and their depth sampling

for G-3. The red square represents the absorber. The pink arrows

represent the S-D combinations considered whereas the pink square

shows the detectors that are less than 3 cm from the 1st source..........ccccceviviiiiin. 28

viii



3.6 Schematic Diagram to Show the S-D pairs and their depth sampling
for G-4. The red square represents the absorber. The pink arrows
represent the S-D combinations considered the irregular pink outline
shows the detectors that are less than 3 cm from the 1St SOUICe. ...........evvviiiiiiiiiiiiiiiiiiiiiiens 29

3.7 Reconstructed Images of Absorber 2 of Homogenous Medium for
Geometries () G-1, (b) G-2, (€) G-3 and (d) G-4......cooiiiiiiiiii 31

3.8 Reconstructed Images of Absorber 2 of Layered Medium for
Geometries () G-1, (b) G-2, (€) G-3 and (d) G-4......cooiiiiiiiii 32

3.9 Comparison of Reconstructed Image Metrics For Anomaly 2 as
quantified by (a) Area Ratio (b) Localization error for Homogeneous
and Layered Medial........oooiiiiiii 31

3.10 Comparison of Reconstructed Image Metrics For Anomaly 2 as
quantified by (c) Average FWHM (d) Ovality for Homogeneous and
LAYEIEA MBI ...ttt s 33

3.11 Reconstructed Images of Absorber 3 of Homogenous Medium for
Geometries () G-1, (b) G-2, (€) G-3 aNd (d) G4 .....oeeiiiiiiiiiieiiieieiieieeeveiieeeeeeeeeeeeeeeeeeeeeaeeees 36

3.12 Reconstructed Images of Absorber 3 of Layered Medium for
Geometries () G-1, (b) G-2, (€) G-3 aNd (d) G4 .....oeeriiiiiiiiiiiiieiiiieieeieeeeee e eeeeeeeeeeeeeeees 37

3.13 Comparison of Reconstructed Image Metrics for Anomaly 3 as
qguantified by (a) Area Ratio (b) Localization error for Homogeneous
o a0 I I Y= = To 1Y =T 38

3.14 Comparison of Reconstructed Image Metrics for Anomaly 3 as
quantified by (a) Average FWHM (b) Ovality for Homogeneous and
= YT =T 1Yo | 38

3.15 Sensitivity profile (a) shown on a 3-D tissue block (b) A plot of the
sensitivity profile along the x-axis at the midpoint of the source and
the detector for the homogenous and layered medium............cccoooeviiiiiiiiii e, 41

3.16 Comparisons of Ratio of Area Ratios across Four Optode Geometries
for Anomaly 1 (a) Homogenous Medium (b) Layered Medium..............ccccoeviieiiiiiiiiiiineeeenens 43

3.17 Comparisons of Localization Error Ratios Across Four Optode Geometries
for Anomaly 1 (a) Homogenous Medium (b) Layered Medium.............cccooeeeeeiiiiiiiiiiineeeeeens 44

3.18 Comparisons of Ovality Ratios Across Four Optode Geometries
for Anomaly 1 (a) Homogenous Medium (b) Layered Medium..............cccoeeeieiiiiiiiiiiineeeennns 43

3.19 Comparisons of Ratio of Area Ratios across Four Optode Geometries
for Anomaly 2 (a) Homogenous Medium (b) Layered Medium...........cccoooeiiiiiiiiiiiininiieneeennn 47

3.20 Comparisons of Localization Error Ratios across Four Optode
Geometries for Anomaly 2 (a) Homogenous Medium (b) Layered Medium..................uuvee. 48



3.21 Comparisons of Ovality Ratios across Four Optode Geometries for
ANOMALY 2 49

3.22 Comparisons of Ratio of Area Ratios across Four Optode Geometries
for Anomaly 3 (a) Homogenous Medium (b) Layered Medium..............cceoviviiiiiiiiiiiiineeeenees 51

3.23 Comparisons of Localization Error Ratios across Four Optode Geometries
for Anomaly 3 (a) Homogenous Medium (b) Layered Medium..............cceovivieiiiiiiiiiiinneeenees 52

3.24 Comparisons of Ovality Ratios across Four Optode Geometries for
Anomaly 3 (a) Homogenous Medium (b) Layered Medium ............ccoooviiiiniiiiiiiiiiiiiineeeeeees 54



LIST OF TABLES
Table

2.1 Optical Absorption and Scattering Properties at 830nm

Used in the Calculation of Tissue reflectance..........ccooevvvveiiiieiiiineieeennen.

3.1 Comparison of FWHM along the X- and Y-Directions for
Anomaly 1 for the Homogenous and Layered Medium for

the FOUr S-D GEOMEIIES ...ceuiiieieiiiee ettt e et e et e e eanes

3.2 Comparison of FWHM along the X- and Y-Directions for
Anomaly 2 for the Homogenous and Layered Medium

For the FOUr S-D GEOMELIHES ....oeuiieieeiie et e e e e

3.3 Comparison of FWHM along the X- and Y-Directions for
Anomaly 3 for the Homogenous and Layered Medium

For the FOUr S-D GEOMELIHES ....ceuiieieeiie ettt e e e e

3.4 Summary of Ovality for G-2 and G-3 under Different

Perturbation CONItIONS .........uiiiiiii e e e e e

3.5 Summary of Ovality for G-3 and G-4 under Different

Perturbation CONItIONS .........uiiiiiii e e e e e

Xi



CHAPTER 1

INTRODUCTION

1.1 Functional Near Infrared Spectroscopy

Functional brain imaging or functional neuroimaging involves non-invasive or minimally
invasive techniques that investigate the cerebral functions and metabolism. Earlier, it was
common to use Electroencephalography (EEG) for mapping of electrical signals that
corresponds to the neuronal activities in the brain [1]. Advancement in the field has lead from
mapping of neuronal signals to imaging of the structural and functional changes in the brain.
Increase in metabolic activity in a brain area causes an increase in the local blood flow by
neurovascular coupling. This increased blood flow causes an increase in local concentration of
oxy- hemoglobin (HbO;) and a decrease in the concentration of the deoxy-hemoglobin
(HbR).The hemodynamic response due to neuronal activation can be imaged by using
functional magnetic resonance imaging (fMRI), positron emission tomography (PET), single
photon emission tomography (SPECT), and near-infrared spectroscopy (NIRS) [2].Functional
Near-Infrared Spectroscopy (fNIRS) technique enables imaging of cortical activation patterns
and offers the advantage of being portable, which enables longitudinal sides in the doctor’'s
office or by the hospital bedside. As a result, fNIRS has been widely used for studying the
neurobehavioral developments in infants and young children [3, 4] and functional reorganization
during rehabilitation from stroke, among other applications [5, 6]. This technique has a spatial

resolution of about 1 cm [5] and a good temporal resolution of hundreds of ms [7].

1.1.1 Near-Infrared Imaging Principle
The NIR photons have a wavelength range of 650-950nm in the electromagnetic

spectrum. The light in this ‘optical window’ is weakly absorbed by the tissue and hence this



property allows light to penetrate several centimeters through the tissue [1].The two dominant

chromophores in the NIR range are HbR and HbO, [8].
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Figure 1.1 Absorption Spectra for Oxy and Deoxy Hemoglobin [10]

At shorter wavelengths in this optical window, the absorption of light by HbO, is
dominant whereas at longer wavelengths, absorption from HbR is higher. These differences in
the absorption spectra of HbR and HbO, allow the separate measurement of concentrations of
these two species[7].These concentration measurements provide information on blood volume
and oxygenation[7, 8].Separation of the contributions from these two hemoglobin species is
attained by performing measurements at wavelengths on either side of 800 nm (the isosbestic
point of hemoglobin) [8].

The interaction of light with biological tissues is described by the absorption coefficient
(1a) and the scattering coefficient (Us).It is the inverse of the mean distance travelled between
absorption/scattering events and they are measured in mm™. As the tissue’s scattering

coefficient is typically much larger than absorption, scattering dominates light transport and



hence the back-reflected light, even only a few millimeters away from the light source, is highly
diffused as shown in figure 1.2.
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Figure 1.2 Multiple Scattering of NIR Photons in Turbid Tissue Media

The mean pathlength travelled and the mean depth visited by NIR light in tissue both
increase for photons existing tissue at larger distances from the light source [1, 9].Therefore by
placing detectors at different distances from the source helps to gain some control over the
tissue depth that can be probed. The sensitivity region inside the tissue for each source-
detector (S-D) pair is banana-shaped [1, 5] and the depth of maximum sensitivity is
approximately half the distance of the S-D separation [1].

In Figure 1.3, for an S-D separation of 3 cm, the maximum sensitivity region is
approximately at 1.5 cm below the surface of the scalp which centers the banana-shaped
sensitivity function approximately at the depth of the cortical grey matter. When performing
fNIRS, images are typically reconstructed on the plane of the cortex and it is assumed that the
increase in local blood volume and oxygenation, secondary to neuronal activation, change only
the absorption coefficient and not the scattering coefficient of cortical tissue while the scalp and

skull contribute little or no change to these measurements[1].



Figure 1.3 (a) An example of sensitivity plot for light traveling in a homogenous, highly
scattering medium for an S-D separation of 3 cm and (b) A plot for light traveling through the
head of an example subject [1]

The fNIR imaging method employs the overlapping measurements of interlaced source-
detector pairs such that each detector receives light from multiple sources. The light detected is
further processed to produce spatially resolved images as is described below. The images
obtained are maps of changes in HbR and HbO2 that can be recalculated as images of
changes in oxygen saturation [8].

1.1.2 Modified Beer-Lambert’s law

The fNIRS method uses the modified Beer-Lambert law (MBLL) to quantify changes in

the concentration of hemoglobin, the biological chromophore [6].This law is an empirical

description of optical attenuation in a highly scattering medium.

Equation (1.1) explains the MBLL.:
I
OD=-log(+)= eCLB+G (1.1)

Where OD is optical density, | and |, are the detected and incident light intensities respectively,
€ is the extinction coefficient of the chromophore, C is the concentration of the chromophore, L
is the distance between the source and the detector, B is the pathlength factor caused by tissue

scattering and G is a factor that accounts for the measurement geometry.



A change in the concentration of an absorbing species causes a change in the detected
light intensity and the concentration change is proportional to the logarithm of the ratio of light

intensity before and after the change [6, 7]:

AOD=-log (+)=eACLB (1.2)
where AOD is the change in the optical density and AC is the change in the concentration.

The contribution to the total change in optical density from both chromophores is then
calculated as:

AOD"=(e!1,oA[HDO] + €' ,rA[HDR] )BL (1.3)
where [HbO,] and [HbR] are the concentrations of HbO, and HbR respectively, € is the
extinction co-efficient and A is the measurement at a particular wavelength.

The concentration changes of the two chromophores can be determined by taking
measurements at two different wavelengths and using the extinction coefficients of the two
chromophores at those wavelengths. Researchers have proved that pairing 660-760 nm with
830 nm provide very good separation of HbR and HbO, while noise performance is good at
870nm or 890nm [9, 10].Another research concluded that the potential for cross- talk was
reduced 10 times when using a wavelength pair of 690 and 830nm than when using 780 and
830 nm [10].Thus, it is very important to carefully consider the optimum wavelength pair while
estimating the hemoglobin concentration.

1.1.3 Radiative transport equation for photon migration
The radiative transport equation (RTE) describes light propagation in turbid media. It is

a very accurate model but is difficult to solve without introducing approximations[13].The

diffusion equation, which is an approximation to the RTE, is written as

(1Y)

V.D(OVO(r,5)-vu, (N (r,H)+vS(r,t)= P

(1.4)
where®(r,t) is the photon fluence at position r and time t.S(r,t)is the source distribution of
photons.D=v/ (3 ) is the diffusion coefficient, s is the reduced scattering coefficient with =

(1-9) Ks, W, is the absorption coefficient, and v is the speed of light in the medium.



For the combination of the two hemoglobin chromophores, p_is calculated as:
Ha=€npo[HbOJ+€rp[HD] (1.5)
and the above equation is wavelength dependent.

Solutions to the photon diffusion equation can be obtained either stochastically (Monte
Carlo method, Markov random field method, or Random walk theory) or deterministically
(Analytical method, Finite- difference or Finite-element methods) [14].
1.1.4 Solution to the Diffusion Equation

For a turbid medium in a spatially homogeneous semi-infinite geometry the photon
diffusion equation can be solved analytically by applying the extrapolated boundary condition
and Green’s function solution for an isotropic point source located at 1 mean free path from the
medium’s surface [15-19].In the extrapolated boundary condition, a point light source is placed
at a distance z, inside the tissue and a virtual negative light source is placed at —z, (outside the
tissue medium) to set the fluence of photons at an extrapolated boundary z,, (between z, and —
Zp) to zero. The Green’s function solution considers the source as a delta function, i.e. all
photons have scattered isotropically at a single mean free path, for solving the diffusion
equation with the above stated boundary conditions.
The solution of the diffusion equation for a CW source [20] is,

s exp(- 3u'sua|rs-rd|) exv(- 3u'sua|rs,i-rd|>
D (rs,rg)=———

41D [rs-ral Irs,iTal

(1.6)

where © (rq,rq) is the photon fluence at a detector position rqy due to the point source
r.D=v/(3’) is the photon diffusion coefficient, ryis the image source.

Two standard approaches to find linear solutions when the pa is spatially varying are
the Born andRytov approximations [22].In this work, we used Homer software [17] that used

rytov approximation.



The Rytov approximation is defined as:
= Oexp(Ppen) 1.7
where the total fluence ® is decomposed into ®, which only depends on the background optical

properties g and P, and Ppewhich is linearly related to spatial variations in Apy:

1 VAP, (r)

dbpert(rs,rd):-(Do(rS’rd)fCDo(rs,r) o G(rradr (1.8)

wherers and ry are the positions of the source and detectors respectively, G is the Green’s
function of the photon diffusion equation for the background optical properties given the
boundary conditions.

The above equation can be written in matrix form by rewriting the integral as a sum over the
voxels:

y=AX 1.9
where y is the vector of measurements ®pen(rs,f4), X is the vector of image voxels Au, (1), A is
the sensitivity matrix obtained from the integrand of equation 1.8 [6].

The homogenous medium is only an approximate model of the head geometry and in
this work it was hypothesized that modeling the heterogeneous background optical properties
more accurately could potentially improve the localization of activation regions. As a first
approximation to the rather complex head geometry the scalp, skull, cerebrospinal fluid (CSF)
and grey matter were modeled as semi-infinite planar layers.

The diffusion equation of light in the layered medium was solved by numerical method
using the Fourier transform approach and extrapolated boundary condition [19].

Applying the Fourier transform to the diffusion equation:

221 (2.9)- 0:0:(2,9)= 5-8(z20), Osz<l; (1.10)

—®, (2,9)- ADi(z,9)= 0, Bf7} li<z< TT I, k=2,3,....N (1.11)
Where |y is the thickness of layer k, ®y is the fluence rate, Dy=1/[3(Msk’+ Hax)] iS the diffusion

coefficient, s= (5:%+s,%)"? and a’= (Dys’+Hal)/Dk. The diffusion equation was solved for the



extrapolated boundary condition and the inverse Fourier transform was applied to the solution
obtained in Fourier space.
1.1.5 The Monte Carlo Method

One possible way of validating the approximate solutions to the RTE is to simulate the
fNIRS imaging process by Monte Carlo, which is a stochastic method that models the individual
photon trajectories [23].This is the most commonly used stochastic simulation method in the
NIR imaging field and is often regarded as the ‘gold standard’ [8].Photon propagation in the
tissue model is as follows:
1. Initial position and the direction of the photon are defined in the configuration file.
2. After a photon is launched, it is moved to a distance of As which where it can be scattered,
absorbed, propagated undisturbed, internally reflected, or transmitted out of the tissue.
As<< 1/ = 1/ (UstHa)
Mi, Ms and Y, are total attenuation, scattering and absorption coefficients respectively.
3. Photon is moved to the next scattering event after reflecting or refracting at interfaces. As the
photon is moved from voxel to voxel, it gets attenuated based on the local absorption and the
distance travelled in each tissue type is recorded.
4. As the photon moves, its position is sampled at regular time intervals and this is used to
update the accumulated photon density in each voxel of the simulated tissue volume.
5. The photon is scattered into a new direction according to some (possibly isotropic) phase
function
6. Iteration is done until the photon leaves the system, or the time limit is exceeded.
7. If the photon exists within the geometrical bounds of a detector, the path length it has spent in
each distinct tissue type is recorded in a history file before the simulation of the trajectory for the
next photon begins.

Monte Carlo can be used for computing both the change in reflectance due to the

presence of an absorber (AOD) as well as the A-matrix. In this research work, simulation was



done to obtain only AOD whereas the A-matrix was computed as described in the Methods
section.
1.3 Prior Work

Most fNIRS studies to date have considered the head as a homogeneous medium as
far as the sensitivity matrix calculation is concerned [17] due to the computational expediency of
the analytical solution to the diffusion equation for this tissue geometry. Using this simplifying
assumption prior work has been performed to test the localization accuracy and resolution in
homogeneous media [17].

A few studies have been published on studying light propagation in layered media
approximating the brain geometry, which indicated that light propagation is affected by the
presence of a low-scattering CSF layer and the sensitivity of the absorption change in gray
matter is improved [24-26].However, no study has been performed to date to assess the effect
of these differences between the A-matrix of semi-infinite versus layered media on the resulting
reconstructed images. This is also true for other published work where light migration through
the head was modeled based on an MRI model with the different segmented tissues being
assigned optical properties appropriate for each tissue type [20, 24, 25, 26].Simulations of
photon propagation and sensitivity analysis in the MRI-based head geometry have been
performed by Monte Carlo [24-26].However, reconstructed images from simulations in such
geometries have not yet been reported, possibly due to the noise involved in the stochastic
estimation of the A-matrix by this method.

1.4 Objective of Study

Previous studies of NIR photon propagation through a layered medium model of the
head have examined the changes in reflectance profiles that result from assuming such a tissue
geometry relative to a homogeneous one [24- 26]. However, there has been no study to date
focusing on how the assumption of layered tissue geometry affects the spatial resolution of

reconstructed images in fNIRS. This work focuses on answering this question, i.e. what is the



spatial resolution of fNIRS in layered media compared to homogeneous media for the same
absorber location and source-detector geometry. These comparisons are performed for rather
sparse up to very dense source-detector geometries. Also, since it is not possible to know the
actual background optical properties of each human subject's head the effect of wrongly
assumed background optical properties on the spatial resolution of reconstructed images is also
studied. More specifically, this study examined the following three specific hypotheses:
Hypothesis 1:

Spatial resolution and localization for isolated absorbers improves when using a layered
media model for the head tissues versus using a homogenous media model.
Hypothesis 2:

Spatial resolution and localization for isolated absorbers improves when increasing
source-detector density both for layered and homogeneous models of the head tissues.
Hypothesis 3:

Changes in the assumed background tissue L' values affect the spatial resolution and
localization accuracy of isolated absorbers both for layered and homogenous media

geometries.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Optical Imaging Systems for fNIRS

For most fNIRS brain imaging studies, continuous wave (CW) systems are being used
because of the higher temporal resolution that can be achieved at a good signal-to-noise and
the substantially lower cost of light sources and photon detectors compared to time-resolved
systems [8]. Recently, time domain (TD) systems using picosecond duration pulses, have
been shown to achieve good depth resolution due to their time-gating capacity relative to CW
systems, but such systems have yet to attain the commercial markets mainly due to the
aforementioned cost issues [8] [15].In this thesis work the S-D geometries simulated were
those previously employed in conjunction with commercially available CW imagers, namely the
CW-5 (Techeninc, Milford, MA) and DYNOT (dynamic near- infrared optical tomography, NIRX
Medical technologies, NY)

DYNOT wuses a time-division multiplexed illumination technique to perform
measurements from multiple S-D pairs at sampling rates of up to 10 Hz while performing
measurements at two wavelengths, 760nm and 830 nm, simultaneously by frequency
encoding.CW-5 also performs two-wavelength measurements, 690 nm and 830 nm, with
sampling rates up to 100 Hz, and uses frequency-division multiplexed sources.

In this study, no physical measurements were performed, but only the image formation
process was simulated. The idealized systems were simulated with no time dependant
hemodynamic fluctuations of the activation region, nor additional fluctuations originating from
the scalp. The latter are typically measured experimentally at short source-detector separations
and then adaptively filtered out of the signals from larger separations [5-6].Instead there were

only two snap-shots in time for each measurement — one simulation with the absorber in place
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(activation) and one without (no activation). Given the static nature of these simulations, only
the effect of S-D geometry used in prior work [28-31], was investigated for its effect on spatial
resolution in fNIRS.

Simulations for both spatially homogeneous and layered media were performed using
the optical properties described below. In the actual experimental setting, the measurements of
light intensity was done at baseline when the person was not performing any task and during
activation state where the person performed some task, say finger tapping for 10-15 seconds. In
this research work, the activation was simulated by a static absorber and the AOD for the
equation y=Ax was simulated by Monte Carlo. This helped to easily embed the absorber
anywhere within the field of view (FOV) and study the effects of the placement of the absorber
with respect to the optode geometry. The A-matrix was calculated using the semi-infinite and
layered approximations to the diffusion equations because computationally less expensive

solutions exist for these tissue geometries [15-19].

2.2 Optical Properties of the Tissues for the Simulations

The human brain is a very complex structure and is the center of human nervous
system. It is protected and surrounded by the skin, the skull, the meninges (dura mater,
arachnoid mater and the pia mater), and the watery cerebrospinal fluid (CSF). In this research
work, only the four layers that play a major role in NIR light propagation are considered. These
are the scalp, the skull, the CSF and the gray matter. Modeling the white matter was not
important for this work because very little light reaches that depth for the source-detector
geometries used. The thinner dura mater layer was lumped together with the skull and the pia

and arachnoid mater were ignored because they are very thin [22]
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Figure 2.1 Human Brain and Its Layers [23]

For the spatial resolution and localization studies performed in this work two types of media
were considered in the simulations: i) a homogenous medium and ii) a layered medium.

Figure 2.1 shows the layers considered for simulation in the layered model of the head.
The homogenous, semi- infinite model optical properties represent a value that was
representative of an average value for these tissue layers [5] [17] with, us'=1.1 mm™ and pa=
0.0186 mm™ being assumed for this simulation work. For the layered head geometry, the table
2.1 shows the tissue optical properties in each layer at a wavelength of 830nm where HbO, is
the dominant chromophore. us' of CSF was used for MC calculation but not for solving the
diffusion equation due to the instability of the solver. Hence, ps of the skull was used in the

place of s of CSF only for solving the diffusion equation.
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Figure 2.2 Layered Medium Used for the Forward Model

Table 2.1 Optical Absorption and Scattering Properties at 830nm Used in the Calculation of
Tissue reflectance [31]

Tissue type Thickness (mm) Mg Mm-1 Ms” mm-1
Scalp 4 0.0191 0.66
Skull 8 0.0136 0.86
CSF 2 0.0026 0.01

Grqy matter+ Semi- infinite 0.0186 111

white matter

As it is not possible to know precisely the optical properties of the head of each patient,
imaging simulations were performed while assuming wrong optical properties for the reflectance
computation model. Specifically the s of the scattering medium was perturbed by +25% and

+50% in both the layered and semi-infinite tissue media.
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2.3 Monte Carlo simulations for reflectance measurements

tMCimg was the software used to perform a Monte Carlo simulations of photon
transport through 3D volumes with spatially varying optical properties and arbitrary boundary
conditions [18]. It supports both the highly scattering and weakly scattering tissue types.

The output of the simulation yielded two data files: i) history files ii) two-point files.
The history file was used for the reflectance measurement and it contained the information on
the number of the detector that recorded the photon and the pathlength inside each of the n

tissue for all exiting photons. Following is the format of the history file:

d]_ t]_ Il(o) Il(l) e I]_(n)
d2 t2 |2(0) Iz(l) aee Iz(n)
doty 1,9 1,2 @

All the simulations were done using 10° photons. AOD in MBLL is the negative
logarithm of the ratio of the fluence in the presence of the absorber to the fluence without the
absorber. MATLAB was used for fluence calculation from the history file of the simulation.Since
the optical properties of that of the absorber were set to the same as that of the background
during the simulation, it has reduced the computational time of simulation for calculating the
fluence with and without the absorber separately. Thus, history file was processed twice, once
with the absorber in place and once without and then the logarithm of the ratio was computed to

give the AOD which corresponded to ‘y’ in y=Ax (equation 1.9)

2.4 Probe Geometries

Four probe geometries were considered in this work: a sparse CW5 system geometry
(Figure 2.3 a) and three DYNOT system geometries of different source-detector grid densities
with SD pair distances of 2.2cm, 1.1cm and 0.75 cm (Figure 2.3 b-d).In the CW-5 system

simulations sources (x’s in Figure 2.3 a) and detectors (o’'s in Figure 2.3 a) where physically
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separate whereas in the DYNOT system simulations these co-localized as this system uses
bifurcated fiber bundles to deliver and collect light from the scalp. Details of these source-
detector geometries were as follows:

Geometryl (G-1, Figure 2.3 a): This was CW-5 geometry with SD spacing of 3.1 cm and
source-detector separation of 2 cm. The FOV size was 6 cm x 6 cm and the number of
measurements werel2 given that SD pairs at distances greater than 3.1 cm had very low
signal.

Geometry2 (G-2, Figure 2.3 b): This was grid geometry with an inter-optode distance of 2.2
cm.The FOV for this geometry was 4.4 cm x 4.4 cm and the number of measurements was 40
after including nearest neighbor and next-nearest neighbor measurements at source-detector
separations of 2.2 cm and 3.1 cm respectively.

Geometry3 (G-3, Figure 2.3 c¢): The inter-optode distance was decreased from the previous
geometry to 1.1 cm. The FOV size remained the same at 4.4 cm x 4.4 cm but the number of
measurements increased to 336 as all detectors within 3.1 cm of each source were included.
Geometry4 (G-4, Figure 2.3 d): The inter-optode distance for this geometry was 0.75 cm and
the FOV was 4.5 cm x 4.5 cm. The number of measurements was 1170 after including all but
the 0.75 cm separation detectors within a distance of 3 cm form each source. The short-
distance measurements were excluded because they did not probe the absorber depth while

contributing significant Monte Carlo generated stochastic noise to the simulated measurements.
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Figure 2.3 Probe geometries used for the simulation. (a) G1- CW5 (b) G2- DYNOT (2.2cm).
(c) G3- DYNOT (1.1 cm) (d) G4- DYNOT (0.75 cm).
In these panels x’s are sources and o’s are detector

2.5 Absorber locations

In this work, three absorber positions were considered: i) At one corner of the FOV and
below a detector, ii) At the center of the FOV and directly below a detector position, and iii) at
the most sensitive position for detection (diagonally between S-D pairs near the center of the
FOV).The size of the simulated square absorber was 5 mm x 5 mm and was placed at a depth

of 15 mm, simulating the existence of hemodynamic activation in gray matter. The size of the
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absorber was decided such that it would be smaller than the typical known resolution limit of ~1
cm for fNIRS in semi-infinite media, but large enough to give measurable signal change in the
Monte Carlo data. The p, of the absorber used was 0.000974 mm™ higher than the baseline p,

and was calculated with AC=10"° M ([HbO,] — [HbR]) and €p0, = 974 cm™/M at 830 nm [21].

Absorber locations

Absorber 1

Absorber 2

Absorber 3

X-axis

Figure 2.4 Absorber Locations Shown for the CW-5 Geometry

2.6 Computation of the Sensitivity Matrix and Image Reconstruction

The sensitivity matrix (A matrix) was computed using the forward solution to the diffuse
photon propagation models for both the homogenous and the layered media. More specifically,
the Greens function solution was first computed from source to points in the FOV where the
absorber was placed. The Greens function solution represented the probability of the number of
photons reaching a particular point considered in the medium and the probability that a photon
originating from that location will reach a given detector. Due to principle of reversibility of light,
the probability of photons from the medium to the detector is calculated as the probability of

photon from the detector that reached the medium. These two probabilities are then multiplied
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to each other for each pixel location in the FOV for a given S-D pair, thus defining a row of A-
matrix (sensitivity matrix).

The analytical Green’s function solution to the diffusion solution for a homogenous
medium [17] was implemented in MATLAB. It was calculated for the background optical
properties and an extrapolated boundary condition. For the layered medium, a light diffusion
solver in the steady state domain [19] by AlwinKienle was used for the same calculations as
described above for the semi-infinite medium. For both geometries, after the two-point Greens
function solutions were calculated, these were multiplied together to get the A-matrix entry in
that particular voxel for the S-D pair considered, as explained above. This calculation was
repeated for all the S-D pairs and the FOV considered for the A-matrix. Thus, the A-matrix is
composed of the rows of all source-detector pairs stacked one below the other. Image
reconstruction was done in MATLAB using the Tikhonov regularized inversion [17] with a

regularization parameter of a= 0.5.

2.7 Evaluation of Spatial Resolution

Four parameters were used for studying the spatial resolution in the reconstructed
images:
1. Area ratio (AR): The reconstructed image of an absorber is often distorted or blurred due to
the diffuse nature of the light. The area of the absorber in the reconstructed image was
computed by counting all the pixels that are above a threshold value. The threshold value is the
maximum value of the noise in the image and was computed after applying the k-means
clustering algorithm which arranges each of the image pixels into one of the 3 clusters:
activation, deactivation and noise. AR was defined as
AR=%

where Ar was the area of the reconstructed absorber and Ao the true area of the absorber
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Figure 2.5 Actual Absorber (Black- Edged Square) Superimposed on the Reconstructed Image.
Ar=Area of the reconstructed absorber, Ao= Area of actual absorber

2. Localization error (LE): To determine the accuracy of localization of the center of mass of the

absorber in the reconstructed image, the shift in the center of the reconstructed absorber with

respect to the known center of the absorber was computed as:

LE=\/ (x-x0) 2+(y-yo) ?

—1 > Reconstructed absorber
center

Actual absorber and its
center

Figure 2.6 An Example to Show Localization Error (LE). The red outline indicates the
reconstructed absorber while the dotted square indicates the actual absorber.The double-
headed arrow shows the LE
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The center of the reconstructed absorber was computed from the threshold image using the

following formulae:

mlxl+m2x2+...+mnxn mlyl+m2y2+...+mnyn

Center of mass (x) = , Center of mass (y) =

ml+m2+...+mn ml+m2+...+mn

where m= image pixel value and x,y= co-ordinate of the pixel.

3.Full width at half maximum (FWHM): This was the maximum of the major or minor axis value
which was obtained from the two-dimensional fit performed for the Ovality calculation as
described below.

FWHM=2.35482 o

4. Ovality: This was used as a measure of the deviation of the reconstructed absorber’s shape
from circularity. In the reconstructed image, the absorber shape is influenced by the SD
separations and directions and often appears to be elongated in some preferential direction that
is typically along diagonals connecting source-detector pairs. A two-dimensional Gaussian fit for
the reconstructed absorber was performed to obtain the Full Width Half Maximum (FWHM) of
the major axis (a) and minor axis (b) of the absorber, which was then used for the ovality

measurement.

Ovality=%

yy
- a »
b
v

Figure 2.7 Example to Show Ovality

The error for each the above image metrics can be estimated by repeating the Monte
Carlo simulations using a different seed number and processing the resulting reconstructed
images as outlined above. Though no physical experiments were performed in this work, in a
real world scenario, estimates for these metrics could be attained from repeat measurements on
the same subjects, or by analyzing individual rest-activation intervals and subsequently

computing mean and standard deviation values.
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CHAPTER 3
RESULTS AND DISCUSSION

Cortical activation was simulated using the tMCimg Monte Carlo code [20] as an
absorber of 5 x 5 mm size placed at three different locations in the FOV and for four different
source-detector geometries, as described in the Methods Section above. The change in
reflectance for each source-detector pair due to activation was simulated for both the
homogenous and layered media for the baseline tissue optical properties listed in the Methods
Section. This Section describes how the resulting reconstructed images differ, based on a
series of quantitative metrics, for each activation location depending on the source-detector
arrangement and background optical property model used. Changes in corresponding
reconstructed results when assuming false background optical properties are also discussed.

3.1 Comparison of Image Metrics for a Homogenous and a Layered Medium Tissue Geometry
for Different Absorber Locations and Optode Geometries

3.1.1 Anomaly 1

The reconstructed images of Anomaly 1 (black-edged square located below a detector
at the top-left corner of the FOV in Figs 3.1 and 3.2) for different optode geometries were
compared for the homogenous and layered medium tissues.

Figure 3.1 shows the reconstructed images for the homogenous medium and Fig. 3.2
corresponding results for the layered medium, respectively. In the case of G1, the absorber is
projected along the diagonal linking the nearest S-D pair. For the grid S-D geometries, G2
through G4, the absorber is more localized near its true location though the spatial extent of the
activation in the reconstructed image is much larger than its true size. However, the size of

activation decreased with increasing S-D density up to a spacing of 1.1 cm. For the highest
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S-D density of 0.75 mm the size of the activation did not shrink and it in fact grew a little larger,
possibly due to the extra noise coming from the Monte Carlo simulated data for S-D pairs that
do not sample the activation region. Corresponding results for the layered tissue geometry,
shown in Fig. 3.2, show qualitatively similar trends for the reconstructed images. Changes in
spatial resolution, defined as the ratio of activation area in the image versus the true area of the
absorber, as a function of S-D geometry for the two tissue geometries is shown in Fig. 3.3a. It
was seen that spatial resolution increases from G1 to G3 for both the types of medium. This is
due to the increase of overlapping S-D pairs sampling the absorber location. In case of G4, the
spatial resolution of the absorber degrades from the previous geometry due to the presence of
too small S-D separations which do not actually sample the absorber and contribute only to the
noise in the image. Localization error decreases with decreasing inter-optode distance as
shown in Fig. 3.3b. The average of FWHM along the x- and y-directions (Table 3.1) is the
highest for G1 and then plateaus for the increasing S-D density grid geometries (Fig. 3.4 a).
Similarly, the ovality is highest for G1 and then plateaus for the grid S-D geometries. The
overall results the location of this absorber indicate that G1 geometry may result in substantial
distortions, but a grid geometry with a 2.2 cm separation can improve all of the computed image
metrics, with only marginal gains for higher S-D densities. Absorber localization seems to be
the most sensitive metric in terms of gains as one move to higher S-D densities. There were
very marginal gains to be had when assuming layered tissue geometry versus a homogeneous

one.
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Figure 3.1 Reconstructed Images of Absorber 1 for a Homogenous Medium for Geometries
(@) G-1, (b) G-2, (c) G-3 and (d) G-4
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Figure 3.2 Reconstructed Images of Absorber 1 for a Layered Medium for Geometries (a) G-1,
(b) G-2, (c) G-3 and (d) G-4
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Figure 3.3 Comparison of Reconstructed Image Metrics for Anomaly 1 as Quantified by
(a) Area Ratio (b) Localization error for
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Figure 3.4 Comparison of Reconstructed Image Metrics for Anomaly 1 as quantified by
(a) Average FWHM (b) Ovality for Homogeneous and Layered Media
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Table 3.1 Comparison of FWHM along the X- and Y-Directions for Anomaly 1 for the
Homogenous and Layered Medium for the Four S-D Geometries

. Homogenous medium Layered medium
Geometries
FWHMy(mm) | FWHMy(mm) | FWHMy(mm) | FWHMy(mm)
G-1 5.3 11.07 5.53 10.21
G-2 6.24 6.5 5.99 6
G-3 6.31 5.14 6.48 5.78
G-4 5.63 5.86 6.76 6.87
2.2¢cm
1.1 cm
source detectors
X 8 8 air

o s e s
ale § § @

Figure 3.5 Schematic Diagram to Show the S-D pairs and their depth sampling for G-3
The red square represents the absorber. The pink arrows represent the S-D combinations
considered whereas the pink square shows the detectors that are less than 3 cm from the 1%
source.
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Figure 3.6 Schematic Diagram to Show the S-D pairs and their depth sampling for G-4.

The red square represents the absorber. The pink arrows represent the S-D combinations
considered whereas the irregular pink outline shows the detectors that are less than 3 cm from
the 1% source.

The reason for the increase in the area ratio for the geometry G-4 is indicated in the
above figure: For higher S-D density geometries there are larger numbers of S-D pairs that do
not actually sample the depth in which the absorber was placed in (grey matter). These S-D

pairs therefore only contributed additional noise to the fNIRS data, which then result in more

noise and larger size absorbers in the reconstructed images.
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3.1.2 Anomaly 2

The reconstructed images for Anomaly 2 (black-edged square located below a detector
at the center of the FOV in Figs 3.4 and 3.5) for different optode geometries were compared for
the homogenous and layered medium tissues.

The G1 geometry was by far the most vulnerable to distortions in the reconstructed
images for that absorber location as the absorber can be projected along diagonals linking the 4
nearest detectors. For the G2 through G4 grid geometries, the reconstructed activation region
was more localized and shrunk to its smallest value for an S-D density of 1.1 cm (Fig. 3.7c). As
discussed previously the activation size increased for G4 due to the increased noise for multiple
S-D pairs not sampling the activation region. In terms of the reconstructed image metrics, area
ratio (Fig. 3.9a) improved down to an S-D spacing of 1.1 cm though the absorber localization
error was always small for all S-D geometries (Fig. 3.9b) with some variations due to noise in
the image affecting the detailed shape and size of the reconstructed activation region. Similarly,
the average FWHM (Fig. 3.10a and Table 3.2) and ovality (Fig. 3.10b) improved the most for an
S-D separation of 1.1 cm. There were no obvious gains in moving from a homogeneous

medium geometry to a layered medium one.
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Figure 3.7 Reconstructed Images of Absorber 1 of Homogenous Medium for Geometries
(@) G-1, (b) G-2, (c) G-3 and (d) G-4
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Figure 3.8 Reconstructed Images of Absorber 2 of Layered Medium for Geometries (a) G-1,
(b) G-2, (c) G-3 and (d) G-4
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Figure 3.9 Comparison of Reconstructed Image Metrics for Anomaly 2 as quantified by
(a) Area Ratio (b) Localization error for Homogeneous and Layered Media
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Figure 3.10 Comparison of Reconstructed Image Metrics for Anomaly 2 as quantified by
(a) Average FWHM (b) Ovality for Homogeneous and Layered Media
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Table 3.2 Comparison of FWHM along the X- and Y-Directions for Anomaly 2 for the
Homogenous and Layered Medium for the Four S-D Geometries

. Homogenous medium Layered medium
Geometries
FWHMy(mm) | FWHMy(mm) | FWHMy(mm) | FWHMy(mm)
G-1 6.02 21.25 6.19 22.99
G-2 7.64 7.72 7.22 7.23
G-3 5.42 5.33 6.14 6.29
G-4 6.81 6.10 6.87 6.30

3.1.3 Anomaly 3

The reconstructed images of Anomaly 3 (black-edged square located at the intersection
between two diagonals linking nearest neighbor S-D pairs, Figs 3.11 and 3.12) for different
optode geometries were compared for the homogenous and layered medium tissues.

The overall trend of the findings is similar to those for Anomaly 1 and Anomaly 2,
above. Interestingly, the metrics quantified from the reconstructed images (Figure 3.13a,b and
Figure 3.13 a,b) indicate that for this absorber location there are some minor differences
between the homogeneous and layered media geometries. The higher A-matrix values for the
layered geometry resulted in higher sensitivity for this absorber location that is by multiple S-D
pairs. The higher sensitivity resulted in higher reconstructed absorber values and therefore to
larger activation area size and FWHM. These results indicate that the apparent absorber size
has a weak dependence on the tissue geometry in regions of the reconstructed image that are
sampled with higher detection sensitivity. Counter-intuitively, the layered model of photon
transport results in slightly larger absorber sizes in this case, due to its larger A-matrix values
compared to the homogeneous geometry, even though it is a more accurate model of photon

transport than the latter.
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Figure 3.11 Reconstructed Images of Absorber 3 of Homogenous Medium for Geometries
(@) G-1, (b) G-2, (c) G-3 and (d) G-4
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Figure 3.12 Reconstructed Images of Absorber 3 of Layered Medium for Geometries
(@) G-1, (b) G-2, (c) G-3 and (d) G-4
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Area ratio for Absorber 3
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Figure 3.13 Comparison of Reconstructed Image Metrics for Anomaly 3 as quantified by
(a) Area Ratio (b) Localization error for Homogeneous and Layered Media
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Figure 3.14 Comparison of Reconstructed Image Metrics for Anomaly 3 as quantified by
(a) Average FWHM (b) Ovality for Homogeneous and Layered Media
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Table 3.3 Comparison of FWHM along the X- and Y-Directions for Anomaly 3 for the
Homogenous and Layered Medium for the Four S-D Geometries

) Homogenous medium Layered medium
Geometries
FWHMy(mm) | FWHMy(mm) | FWHMy(mm) | FWHMy(mm)
G-1 4.34 10.94 6.04 10.17
G-2 5.22 5.26 5.85 5.84
G-3 4.62 4.43 5.23 5.45
G-4 5.87 5.53 6.00 5.98

3.1.4 A-matrix of homogenous and layered medium

To explain the reason for which the reconstructed images looked qualitatively similar for
the homogenous and layered media tissue backgrounds, a 2-D plot of the 3-D sensitivity (A-
matrix values in the ‘banana’ intersecting by the line shown in Figure 3.15a) is shown in Figure
3.15b. The latter figure shows that there is an increase in amplitude of the sensitivity for layered
media but there is no substantial change in the overall shape of this ‘banana’ cross-section.
Thus the spatial resolution, which depends on the width of these curves, does not change much
between the homogenous and the layered media geometries. More specifically, the entire
reconstructed image appears to be multiplied by a scalar factor, which changes the FWHM
values, but a linear operation such a multiplication would not change the ability to resolve two

absorbers placed in close vicinity to each other (e.g. as is done for Rayleigh’s criterion).
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Figure 3.15 Sensitivity profile (a) shown on a 3-D tissue block (b) A plot of the sensitivity profile
along the x-axis at the midpoint of the source and the detector for the homogenous and layered
medium

3.2 Effect of Wrongly Assumed Background Optical Properties on Reconstructed Images

It is difficult to know the optical properties of the head of each patient and it is therefore
important to assess the effect of assuming wrong optical properties for different head tissues on
the resulting reconstructed images. As prior work has assessed the effect of p, in the
reconstructed images [32] this work has focused on the effect of wrongly assumed s for the
background tissues. The effect of U5’ was considered as important to investigate as its value is
substantially larger than that of , in tissues. Given that the knowledge in background optical
property values for pg’ varies considerably for all tissue types in the head [24, 32, and 33] the
size of perturbations considered were +50% and +25% away for the previously assumed

baseline values.
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3.2.1 Anomaly 1

In order to compare differences in reconstructed image metrics with respect to
corresponding baseline values results in all figures below are plotted as a ratio with respect to
the baseline values. The ratio of activation area ratios indicates variability of only a few percent
even for 50% deviations in ps for both homogeneous (Fig. 3.10a) and layered (Fig. 3.10b)
media. Higher sensitivity in background optical properties was only seen in G1. The
localization error for the homogenous medium (Fig. 3.11a) across all the S-D geometries does
not vary more than 7% for perturbations from -50% to +50%. In contrast, the layered medium
(Fig. 3.11b) showed higher sensitivity to the assumed background optical properties and
increasingly so for higher errors in ps’. The ovality appeared to be a relatively robust metric for
both a homogenous medium (Fig. 3.12a) and a layered medium (Fig. 3.12b) for all S-D

geometries, though Monte Carlo noise was responsible for some exceptions.
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Figure 3.16 Comparisons of Ratio of Area Ratios Across Four Optode Geometries for

Anomaly 1(a) Homogenous Medium, (b) Layered Medium
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Comparison of Localization error for Homogenous Medium
with £ 25% and * 50% perturbation
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Figure 3.17 Comparisons of Localization Error Ratios Across Four Optode Geometries for
Anomaly 1 (a) Homogenous Medium, (b) Layered Medium
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Comparison of Ovality for Homogenous Medium with * 25%
and * 50% perturbation
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Figure 3.18 Comparisons of Ovality Ratios Across Four Optode Geometries for Anomaly 1
(&) Homogenous Medium, (b) Layered Medium
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3.2.2 Anomaly 2 and Anomaly 3

Similar to the results for Anomaly 1, the reconstructed images for Anomaly 2 (Figures.
3.19-3.21) and Anomaly 3 (Figures. 3.22-3.24) varied litle when a homogenous tissue model
was assumed. In contrast, similar to the results for Anomaly 1, for layered tissue geometry the
reconstructed images for Anomaly 2 and 3 showed substantial dependence on the assumed
background optical properties. Though the ratio of ovality shows a large variation for the
layered medium (G-2 and G-3 for Anomaly 2, G-3 G-4 for Anomaly 3), the absolute ovality
values are very small (table 3.4, 3.5). In ongoing work it is being verified, by comparison with
Monte Carlo simulated reflectance results, whether this variability is due to the layered
geometry itself or the numerical instabilities in the diffusion equation solver for that tissue

geometry.
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* 25% and £50% perturbation
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Figure 3.15 Comparisons of Ratio of Area Ratios across Four Optode Geometries for
Anomaly 2 (a) Homogenous Medium, (b) Layered Medium
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Comparison of Localization for Homogenous Medium with *
25% and * 50% perturbation
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Figure 3.16 Comparisons of Localization Error Ratios across Four Optode Geometries for
Anomaly 2 (a) Homogenous Medium, (b) Layered Medium
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Figure 3.17 Comparisons of Ovality Ratios across Four Optode Geometries for Anomaly 2
(&) Homogenous Medium, (b) Layered Medium
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Table 3.4 Summary of Ovality for G-2 and G-3 under Different Perturbation Conditions

Geometry %Perturbation (Sgilg?,:) I(Br?;ilrl]?g (nlzaljlr?i )

50% Decrease 1.68E-02 5.04E-03 3.34
25% Decrease 7.18E-03 5.04E-03 1.42

G-2 Baseline 5.04E-03 5.04E-03 1
25% Increase 7.83E-04 5.04E-03 0.16
50% Increase 7.75E-04 5.04E-03 0.15
50% Decrease 6.27E-03 4.77E-02 0.13
25% Decrease 3.28E-02 4.77E-02 0.69

G-3 Baseline 4.77E-02 4.77E-02 1
25% Increase 5.23E-02 4.77E-02 1.1
50% Increase 5.46E-02 4.77E-02 1.14
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Comparison of Area ratios for Homogenous Medium with %

25% and * 50% perturbation
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Figure 3.18 Comparisons of Ratio of Area Ratios across Four Optode Geometries for
Anomaly 3 (a) Homogenous Medium, (b) Layered Medium

51




Comparison of Localization ratios for Homogenous
Medium with £25% and *50% perturbation
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Figure 3.19 Comparisons of Localization Error Ratios across Four Optode Geometries for
Anomaly 3 (a) Homogenous Medium, (b) Layered Medium
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Comparison of Ovality for Homogenous Medium with +25%

and #50% perturbation
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Figure 3.20 Comparisons of Ovality Ratios across Four Optode Geometries for Anomaly 3
(&) Homogenous Medium, (b) Layered Medium
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Table 3.5 Summary of Ovality for G-3 and G-4 under Different Perturbation Conditions

Geometry %Perturbation (Sc\nlilr:?;) ?ﬁjilg?g (nlza:r?i 9

50% Decrease 3.70E-02 7.94E-02 0.47
25% Decrease 6.19E-02 7.94E-02 0.78

G-3 Baseline 7.94E-02 7.94E-02 1
25% Increase 9.66E-02 7.94E-02 1.22
50% Increase 1.08E-01 7.94E-02 1.36
50% Decrease 5.78E-03 2.25E-02 1.00
25% Decrease 3.61E-02 2.25E-02 6.24

G-4 Baseline 2.25E-02 2.25E-02 3.90
25% Increase 7.87E-02 2.25E-02 13.62
50% Increase 2.75E-01 2.25E-02 47.59
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK

The aim of this study was 1) to assess the effect of S-D geometry on the spatial
resolution and localization of isolated absorbers in simulated fNIRS images when using a
homogeneous versus a layered geometry for the head tissue background,2) to study what
would be the effect of assuming the wrong background tissue optical properties during the
image reconstruction process on the spatial resolution and localization of an isolated absorber,
both for homogenous and layered tissue geometry backgrounds. The size of the isolated
absorber was set to 5 x 5 mm, which was smaller than the known spatial resolution of fNIRS
that is in the ~1.5 cm range [27]. The physical size and asymmetries in the reconstructed
activation area for three absorber locations (Anomaly 1-3), representing different scenarios in
terms of S-D sampling availability, were quantified by area ratio, localization error, FWHM and
ovality metrics.

Simulation results showed that for sparse S-D geometries, especially G1, there were
significant distortions in reconstructed images when the absorber was located near the edge of
the FOV, or right underneath a detector. However, with increasing S-D sampling density these
distortions were reduced significantly. Nevertheless there was no improvement in the size of
the reconstructed region when sampling with an S-D density beyond 1.1 cm. In fact, image
metrics for the 0.75 cm S-D distance geometry became somewhat worse as there was more
noise being incorporated into the image reconstruction by the large number of S-D pairs not
sampling the activation region. Thus, the hypothesis 2 that spatial resolution increases with
increasing S-D density can be accepted, but up to a limit of ~1 cm in S-D separation. For the
baseline optical property values used in this work image reconstruction results were qualitatively

similar for both the homogeneous and layered tissue geometries and so hypothesis 1 is
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rejected. As it is not possible to know the exact tissue optical properties for each subject’s head,
the effect of assuming the wrong background tissue optical properties on the resulting
reconstructed images was assessed for the homogeneous and layered tissue geometries. It
was found that both tissue geometries were surprisingly robust to large deviations of g’ up to
50%, which largely encompasses the known physiological variation of head tissue optical
properties reported in the literatures [24, 32, and 33].The image metrics quantified in this work
changed only by a few percent in both the homogenous and layered medium cases and thus
these changes are likely to be not significant. This is because changes in Y (and W, as
reported in prior work [32]) very nearly acted only as linear multipliers to the A-matrix values and
therefore the amplitude, but not the spatial profile of the sensitivity function that affects spatial
resolution, changed. Therefore, hypothesis 3, stating that the assumed background optical
properties affect the spatial resolution, can be refuted. These findings need to be validated in
future simulation work that takes into account the hemodynamic fluctuations [35] and detector
noise in the signal generation process. Importantly, future work on fNIRS image modeling that
takes into account the geometry of cortical folds and the head’s curvature on the resulting two-
dimensional and three-dimensional reconstructed images is heeded to improve the localization
of activation regions, which would be useful for the clinical interpretation of activation maps.
Some work along those lines, based on segmented MRI images of a subject’s head has already

been performed [26-28, 33].
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APPENDIX A

CODE FOR DIFFUSION SOLUTION AND IMAGE RECONSTRUCTIONOF HOMOGENOUS
AND LAYERED MEDIUM
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CODE FOR DIFFUSION SOLUTION OF HOMOGENOUS MEDIUM

$%This code computes the A-matrix using the diffusion equation
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SD_Size = size(SD) ;

V = 2.1898e+10; %velocity of light

Reff = 0.4684;

zBnd = 2/3 * (1+Reff)/(1-Reff) /Musp;

D = V./(3*Musp) ;

K= 1.7321;

Thickness = 15;

step x=0.1; %step size (here lmm step size is considered)
step y=0.1;

dy = [0.0l:step y:8]; %Voxels in y direction

dx = [0.0l:step x:8];%Voxels in x direction

dz=1;

size (dx);

volVoxel = step y * step x * 1;

[x y z]=meshgrid(dx,dy,dz);

x = x(:);

y = y(:);
z = 2z(:);
nPts = length (x);
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Vox = [x vy z];
nMeas = size(SD,1); % Number of measurements

Q

% Looping over each SD Pair

forimeas = 1l:1length (SD)

iSrc = SD(imeas, 1l); % Actual index

iDet = SD(imeas, 2);

iFrg = SD(imeas, 3);

Src = SrcPos(iSrc,:); % Row indicated with all the coloumns

Det = DetPos (iDet, :);

dmus = D/V;
dmua = -1;

% Move Source and Detector one scattering length into the medium.

Src(3) = Src(3) + 1/Musp;
Det (3) = Det(3) + 1/Musp;
Img = Src;

if (Thickness > 0)

Img (3) = getImageCharge(Src(3), -zBnd);
else
Img (3) = getImageCharge (Src(3), zBnd) ;
end

%% Rescale using amplitude factors from SD structure

PhiSrc = FD GF(Src, Det, D, K, V);
PhiImg = FD GF(Img, Det, D, K, V);

o)

% Convert from photon density (J/cm”3) to fluence (W/cm™2) too

Phi0O (imeas) = V * (PhiSrc - PhiImg);
PhiO (imeas) = PhiO(imeas) * 1 * 1 ;
phiSa = slabA(Src, Vox, D, K, V, Thickness, zBnd);
phiDa = slabA (Det, Vox, D, K, V, Thickness, zBnd);

[

% A Matrix Calculation

Atmp(l : nPts, 1) = phiSa .* (phiDa) .* dmua;
A(imeas, :) = volVoxel * 1* 1 * Atmp.' ;

end

B = -A;

fid= fopen('amat homo 25src 50decrease.bin', 'wb');
B=B./ (PhiO' * ones(1l,size(B,2)));
fwrite (fid, B, '"double');

fclose (fid) ;
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CODE FOR IMAGE RECONSTRUCTION OF HOMOGENOOUS AND

LAYERED

MEDIUM

$%The code is written for image reconstruction
clearall;

clc;

det=336;

total vox=6400;

Q

% load dynot amat homo 9srcdet.mat
fid = fopen('amat homogenous 25src.bin','r');
% fid = fopen('amat homo 25src 25increase.bin','r');
A= fread(fid, 'double');
A= reshape (A,det, total vox);
[p,s]=size(A);
for h=1:1:p
Atemp = reshape(A(h,:), 80, 80);
SizeAtemp = size (Atemp) ;
Atemp2 = resizing (Atemp) ;
size (Atemp) ;
Atemp3 = resizing(Atemp2');
m=size (Atemp3) ;
Atemp4 = reshape (Atemp3',1,1600);
if h==
A new= Atemp4;
else
A new = [A new;Atemp4d];
end
end
A= A new;
aftrsize=size (A);
A = [A zeros(size(A)); zeros(size(A)) A];
Size A = size(A);
loadod abs3.mat% load Y-matrix
Y=[deltaOD; deltaOD];
size (Y)

a =0.5;

AtA = A'*A;

I = eye(size(A,1),size(A,1));
C = a* max(diag (AtA))*I;

R= eye( size(A,2), size(A,2));
B = A* ( R*A");

foo = R*A'*inv (B+C) ;

% %Back Projection
Ainv = full (foo);

% YRecon =A*Img;

$ Error = (YRecon-Y);
% ModX = normest (Img) ;
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o

ModErr = normest (Error);
ModY = normest (Y);
RelErr = (ModX)/ (ModErr) ;
$GCV = (ModErr”2)/ ((trace(I-K*K'))"2)
5 size (Error);
Image =Img;
Img Size = size(Img);
cleardydx;
dy =0.1:0.2:8;
dx =0.1:0.2:8;
dz=1;
Image?2 = reshape( Image, [length(dy) length(dx) length(dz) 2
size (Image,2)] );
Image2=permute (Image2, [1 2 3 5 4]);

o° o° o°

\o

1lmin = min(min(min( min(Image2(:,:,:,:,1)) )));
12min = min(min(min( min(Image2(:,:,:,:,2)) )));
llmax = max (max (max( max(Image2(:,:,:,:,1)) )));
12max = max (max (max ( max (Image2(:,:,:,:,2)) )));
Imin = min([llmin 12min]) ;
Imax = max([llmax 12max]);
Imin = min([lmin -1lmax]);
Imax = max([lmax -1lmin]);
Image3=mean (Image2(:,:,1,:,1),4);
figure, imagesc( dx,dy, Image3, [lminlmax] );
gridon

xlabel ('Xaxis (
ylabel ('Yaxis (
title ('Geometry 3'");

[act, no, dact]= kMeansCluster (Image3) ;
Binaryimg=Image3>max (no) ;
Actimg=Binaryimg.*Image3;
figure, imagesc(dx, dy,Actimg, [lminlmax] )
gridon
figure, imagesc (Actimg)
gridon

cm) ') ;
cm) ') ;
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CODE FOR DIFFUSION SOLUTION IN LAYERED MEDIUM
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%This code calculates the A-matrix for a 4-layered medium using the

%executablefile written by Alwin
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%A1l lengths are in mm

o

Define variables:

o

o\

(in mm)
(in mm)

- length in x direction
- length in y direction
Co-ordinates of the source

volx
voly

Co-ordinates of the detector

distance from source

xd, yd
rhos

distance from detector

’

clear all
closeall
clc
tic

%

’

’

’

volx=60;
voly=60
amatrix (1,1)=0;

’

30 30 0

[

SrcPos

10 10 0O
50 10 0

[

DetPos

10 50 0
50 50 0

I

size (DetPos)

Det Size

—
— N M <
—

SD=[

size (SD) ;

length (SD)

row
A

o
)

SD Size

I

I

volx*voly)
For looping through all the source detector pairs

zeros (row,
forimeas

length (SD)

=1
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r

iSrc SD (imeas,
iDet = SD(imeas,

1)

2)

xs = SrcPos (iSrc,1);
)

)

)

’

’

ys = SrcPos(iSrc,?2
xd DetPos (iDet, 1
yd = DetPos (

’

iDet, 2);

$Distance calulation

n=1;

m=1;

for x=0.5:1:volx
m=1;

for y=0.5:1:voly

rhos=sqrt ( (x-xs) "2+ (y-ys) *2);

datal=calculation_s(rhos);

rhod=sqrt ( (x-xd) "2+ (y-yd) *2) ;
( ) ;

dataZ2=calculation_d(rhod
fl=cell2mat (datal);
f2=cell2mat (data2);
fluence=£f1*£f2;

amatrix (m,n)=fluence;
m=m+1;

end

n=n+1;

end

o

°

’

total voxels=volx*voly;
Atmp=reshape (amatrix, 1, total voxels);

A(imeas, :) =Atmp;

end

save ('cwb amat.mat', 'A');
toc;
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APPENDIX B

CODE FOR CALCULATING THE IMAGE METRICS
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CODE FOR AREA MEASUREMENT

%The purpose of this code was to compute the area of the given
threshold

%image

X=Actimg; $Threashold image

cnt=0;

[row, column]=size (X);

%To count the active pixels in the image
for j=1: column

for i=l:row

if X(i,3)~= 0

cnt=cnt+1;

end

end

end

cnt;

area=cnt*0.2
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CODE FOR CENTER OF MASS CALCULATION

o\

%The purpose of this code was to calculate the center in the
hresholdimage
enter of mass (X)=(mlxl+m2x2+...mnxn)/ (ml+m2+..mn), where m=value

o\

Q

o
°

o

f
pixel, x is the x value of (x,y) of pixel
Center of mass (Y)=(mlyl+m2y2+...mnyn)/ (ml+m2+..mn), where m=value

o O

o

% pixel, y is the y value of (x,y) of pixel

xref=0;
yref=0;
% calculation in X and Y directions
[row, column]=size (Actimg) ;
Mass=Actimg;
Xmatrix=zeros (size (Actimg)) ;
Ymatrix=zeros (size (Actimg)) ;

for i=l:row

for j=l:column

if Mass (i, 3j)~=0

xvalue=abs (xref-j);

yvalue=abs (yref-1i);
Xmatrix (i, j)=xvalue;
Ymatrix (i, j)=yvalue;

end

end

end

Xdir=Xmatrix.*Mass;
Ydir=Ymatrix.*Mass;

Tot=sum (sum(Mass) ) ;

% To get the output in cm
XX2=((sum(sum(Xdir)))/Tot) /5

YY2=((sum(sum(Ydir)))/Tot)/5
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CODE FOR 2-D GAUSSIAN FIT

$The purpose of this code was to do a 2-D Gaussian fit the image and
obtain

$the major and minor axis of the ellipse.

paramsO=[max (Image3(:)) 2 2 3 19 19]; % Initial parameters
(Amplitude,a,b,c,x,v)

[px,py] = meshgrid(1:40, 1:40);

$initial paramaters

options = optimset('TolFun',1le-30, 'TolX',le-

30, "MaxFunEvals',Inf, '"MaxIter',1000);

[params, resnorm, residual] = lsgnonlin(@objfun,
paramsO, [], []1,options);

op=params (1) .*exp (- ( (params (2) . * ( (px—

params (5)) ."2) )+ (2*params (3) . * (py-params (6) ) . * (px—

params (5)) )+ (params (4) .* ( (py-params (6)) ."2)))),; %ellipicalgaussian

figure, mesh (op) ;
figure, imagesc (op) ;
a=params (2)
b=params (4)

functionresids = objfun (params)

[Dly, Dlx] = size(Image3);

[px,py] = meshgrid(l:Dlx, 1:Dly);
pred=params (1) . *exp (- ( (params (2) . * ( (px-—

params (5)) ."2) )+ (2*params (3) . * (py-params (6) ) . * (px—
params (5)) )+ (params (4) . * ((py-params (6)) ."2))));
resids = Image3- pred ;
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