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ABSTRACT

INVESTIGATION OF BRAIN ACTIVITIES USING
TWO STATE-OF-THE-ART DIFFUSE

OPTICAL IMAGERS

Publication No.

Suresh Prajapati, MS

The University of Texas at Arlington, 2007

Supervising Professor: Dr. Hanli Liu

Near-Infrared Spectroscopy (NIRS) and diffuse optical imaging (DOI) are
increasingly used to detect hemodynamic changes in the cerebral cortex induced by
brain activity. The new commercially available DOI systems, CW5 and DYNOT, have
a large number of sources and detectors; by arranging them in specific patterns, one can
cover most of the adult head. This study is a preliminary step in understanding CW5
and DYNOT and exploring their capabilities for various purposes.

My work is divided in to three major parts. The first goal of this study was to
study changes in hemodynamic response of brain during breath holding using both

imagers. Three common subjects were studied with both imagers. The hemodynamic

il



results show that total hemoglobin concentration increased during breath holding, which
indicates increase in blood flow to that region. The second goal was to check the
capabilities of these imagers in mapping brain activity during finger tapping. Data from
five subjects were collected and have shown common aspects from both imagers.
Results demonstrated that oxyhemoglobin concentration increased during activity
period while exactly opposite behavior was seen for deoxyhemoglobin. The third goal
for this work was to compare and contrast the results obtained from these two imagers.
For meaningful comparison, correlation coefficients (R) were calculated between
various data sets. R values between the two imagers for the same subject were fairly
high, which indicates that the temporal responses of the two imagers match pretty well,
and both are capable of measuring the physiological responses with almost the same
accuracy.

Along with providing potentials of these imagers, this work also helps
understand the issues related to them so that they can be addressed in future to make

studies more meaningful.
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CHAPTER 1
INTRODUCTION

1.1 Diffuse Optical Imaging

Visible light and near-infrared (NIR) light interact with biological tissues
predominantly by process of absorption and elastic scattering. There are many
physiologically interesting molecules having characteristic absorption spectra at these
wavelengths. Particularly, the spectra of oxy-hemoglobin (HBO) and deoxy-
hemoglobin (HB) differ markedly, so do the spectra of other chromophores.
Hemoglobin concentrations can act as an indicator of blood volume and oxygenation in
the tissue of interest. While most of the physiological information is contained in the
absorption coefficient (the number of absorption events occurring per unit length, pa),
the scatter coefficient (the number of scattering events occurring per unit length, ps’) in
tissue is generally considerably larger, hence the signals measured over distances of a
few millimeters or larger are dominated by diffuse light.

Different absorption spectra of HBO and HB are regularly exploited in
physiological monitoring techniques such as pulse oximetry and near-infrared
spectroscopy (NIRS). Diffuse optical imaging (DOI) is a spectroscopic method capable

of non-invasively measuring changes in the concentrations of oxy- and deoxy-



hemoglobin, [HBO] and [HB], respectively, by measuring their effect on the optical
absorption properties within the tissue !,

DOI methods use a grid of interlaced source-detector pairs with overlapping
measurement volumes, such that each detector receives light from multiple
distinguishable sources. The main aim of this imaging method is to process this
information further to produce spatially resolved images. These images may display the
specific absorption and scattering properties of the tissue, or physiological parameters
such as blood volume and oxygenation, or oxy- & deoxy- hemoglobin concentrations
(21

Functional optical brain imaging techniques require a faster data acquisition rate
for filtering undesired hemoglobin changes arising from various physiological factors. It
is also necessary to cover large brain areas; such spatial coverage is not limited to the
activation area but extended to the areas that are not involved with the stimulation. This
helps in getting contrast between regions of activation and surrounding. The optical
imagers of CWS5 (TechEn Inc., Milford, MA) and DYNOT (NIRx Medical

technologies, NY) both satisfy the above requirements, hence they can be used for

functional brain imaging.

1.2 Electromagnetic Spectrum




Light is an electromagnetic wave in the visible region of the electromagnetic
spectrum, and it is characterized by its wavelength and frequency. White light is
composed of many different wavelengths. Light of different wavelengths is perceived as
different colors by the human eye. The visible part of the electromagnetic spectrum (see
Fig. 1.1) ranges from ~400 nm (violet/blue) to ~700 nm (red). The near infrared (NIR)
light is a type of electromagnetic wave that has a longer wavelength than that of visible
light region, it falls between 700 nm — 1000 nm, and it is slightly beyond what the

human eyes can see.

Frequency
1068 108 1012 1015 1018 1021
(vavespef —p———F—F——T T T T T T T T T T 1
second) )
Micro-
Gamma rays
waves
Radio waves Infnared Ultraviglet: K-rays
Wavelength _ 1 1 1 1 1 1+ 1 1 a4 11111 |
(in meters) 103 1 103 106 10 10-12

-

Visible light

Wavelength _ -

(innm) 800 700 800 500 400

Figure-1.1: Electromagnetic spectrum

The wavelengths in the NIR region are completely harmless for skin exposures,
and no radiation effects are known ©*!. The fundamentals of the diffuse optical imaging
system utilize the better penetrating near infrared light, rather than visible light, to

measure changes in blood hemoglobin concentrations in deep tissue .



1.3 Optical Window

Light absorption in tissue occurs due to excitation of atoms or molecules to
higher energetic states by photons, which are getting destroyed in the process. For a
material, the absorption coefficient (pa) varies at different wavelengths, producing so-
called absorption spectrum for that material. Different molecules or atoms have their
own characteristic absorption spectra ("spectroscopic fingerprints"). The spectra of two
principal chromophores in diffuse optical imaging (oxy- and deoxy- hemoglobin) are
shown in Fig.1.2. DOI operates at wavelengths in the near-infrared range, around 700 to
900 nanometers. This spectral range is called a “window of transparency” because it

allows light to propagate relatively deeply into the tissue before getting absorbed.

10°F

A G
10° _— >£4—\

400 500 600 700 800 900 1000

Molar extinction coeff. [cm"] M'1]

Wavelength [nm]

Figure-1.2: Absorption spectra for oxy and deoxy- hemoglobin



At longer wavelengths the absorption spectrum of water rises steeply, whereas
toward lower wavelengths, blood becomes a strong absorber, essentially blocking all
light transmission within a few millimeters. Measurements at multiple source
wavelengths allow the relative contributions of each component to be calculated
independently. Thus DOI can measure changes in [HB], [HBO] and [HBT]

simultaneously.

1.4 Modified Beer-Lambert Law (MBLL)

A model of light diffusion through tissue is required to quantify changes in
concentrations of absorbing species. A traditional approximation to the full photon
migration theory is called the modified Beer-Lambert Law (MBLL), which is an
empirical description of optical attenuation in a highly scattering medium. Whenever
there is a change in the concentration of an absorbing species, the detected light
intensity also changes. As per MBLL, the concentration change is proportional to the
logarithm of the detected light intensity during the change divided by the light intensity
before the change, as given in eq. (1.1).

OD =log(lo/1)=ecL (1.1)
where OD is the attenuation measured in optical densities, o is the light intensity before

the change of concentration, I is the light intensity after the change of concentration, ¢ is



the concentration of absorbing species, € is the extinction coefficient of absorbing
species, and L is the path length through the tissue.

This proportionality constant consists of two, simple conceptual pieces: (1) the
extinction coefficient of the absorbing species (which can be looked up in the literatures
for a particular species) and (2) a measure of the path length the scattered light actually
traveled through the tissue (decomposed as the source-detector separation times a
quantity called the differential pathlength factor, DPF, i.e. L = d.DPF). The source-
detector separation can be easily measured from the probe geometry. The differential
pathlength factor is either measured (with a time-domain or frequency domain
instrument) or estimated (for a continuous wave measurement).

As already mentioned in the previous section, in order to determine the
contribution of multiple chromophores (e.g., oxy- and deoxyhemoglobin), one must
take measurements at one or more wavelengths per chromophore to be resolved. For
example, by measuring the change in light intensity at two wavelengths, and using the
known extinction coefficients of oxyhemoglobin (gmb02 ) and deoxyhemoglobin (epp) at
those wavelengths (from Figure 2), one can then separately determine the concentration
changes of oxyhemoglobin and deoxyhemoglobin by solving the two equations with

two unknowns for A[Hb] and A [HbO2] [/,

A, A A A
e, *AOD™ —¢,, 'AOD™
A[HDO,]=—2 z

A il A Ay
L(gﬁs £Hbq —Em £Hbq )



Ar A A y
e *AODM —¢ *AOD™M
A[HD]= HbO, HbO,

o A A Ay A4
L€m " €m0 —€m  €mo ™)

ALHD ]y = ALHD ]+ ALHDO, |

where
OD" - Optical density at wavelength A
emvo2 -~ Extinction coefficient of oxy-hemoglobin at wavelength A

emy” > Extinction coefficient of deoxy-hemoglobin at wavelength A



CHAPTER 2
METHODS AND MATERIALS

2.1 Types of Optical Imaging Systems

There are three main categories of diffuse optical systems that have been
developed: Time domain, Frequency domain and Continuous Wave systems.
2.1.1. Time domain system

The systems which introduce extremely short (picosecond) incident pulses of
light into tissue are called Time domain systems. The incident pulses are attenuated and
broadened by the various tissue layers. These systems mainly detect the temporal
distribution of photons as they leave the tissue, and information about tissue absorption
and scattering can be calculated from the shape of this distribution.
Advantages- Comparatively better spatial resolution, higher penetration depth, and most
accurate separation of absorption and scattering;
Disadvantages- Lower sampling rate, bulkiness of instrument, very high cost.
2.1.2. Frequency domain systems

These systems deliver light which shines continuously but is amplitude-
modulated at very high frequencies (of the order of tens to hundreds of megahertz). The

amplitude decay and phase shift (delay) of the detected signals with respect to the



incident light are recorded and information about the absorption and scattering
properties of tissue are obtained from this.
Advantages- Better sampling rate, relatively accurate separation of absorption and
scattering;
Disadvantages- Less penetration depth.
2.1.3. Continuous-wave (CW) systems

These systems emit light continuously at constant amplitude, or modulated at
low frequencies (of the order of few tens of kilohertz) or use time multiplexed
illumination. CW systems measure only the amplitude decay of the incident light.
Advantages- Higher sampling rate, less weight, simplicity, relatively cheaper cost;

Disadvantages- Lower penetration depth, Inability to separate absorption and scattering.

2.2 Overview of Instruments

Both the studies were done using two continuous wave optical brain imagers:
1) DYNOT (NIRx Medical technologies, NY);
2) CWS5 (TechEn Inc., Milford, MA).
Hardware description and other technical details related to these imagers will be
mentioned in this section. System specifications are mentioned later in the Appendix.

2.2.1. DYNOT- DYnamic Near-Infrared Optical Tomography



DYNOT imaging system is designed to perform multi-wavelength, continuous
wave, near infrared, diffuse optical tomographic measurements at high sampling rates
on the tissues & phantoms. The system uses a time-division multiplexed illumination
technique along with a parallel readout scheme employing multiple wide-dynamic range
detectors. DYNOT employs two semiconductor laser diodes, at 760 nm and 830 nm;
multiple wavelengths are used simultaneously with the help of a frequency encoding
technique. Each laser is operated at an output power of about 100 mW, about 25 mW of
which reaches the target. The laser intensity is sine-wave modulated at a frequency in

the 4-11 kHz range.

Figure-2.1: DYNOT system '
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Communication between the various system hardware components and data
acquisition is achieved through a host computer. DYNOT system is operated using a
MS Windows-based GUI (dynaSCAN), which provides an interactive virtual control
panel on the host PC ). Figure-2.1 shows the system with seating arrangements for the

subjects.

Figure-2.2: Front (left) and back (right) view of the DYNOT instrument "/

Figure-2.2 shows the front and back view of the DYNOT system, with labels for

various subsections. The subsections are:

11



Power supply,

Motor controller,

PMD (programmable multi-channel detector) with detection
fibers,

Laser diode controller,

PC with monitor/keyboard,

Fiber optic cables,

Optical switch,

Optics shielding cover,

Laser diodes (covered).

12
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Figure-2.3: Block diagram for DYNOT instrument !

Figure-2.3 shows the block diagram for the system where:

LD: laser diodes, LDD: laser diode driver, TECD: thermo-electric cooler driver,

f 1,2: laser modulation frequencies, DPS: digital phase shifter, OS: optical time-division

multiplexer.

Light from two laser diodes (1) is combined and focused into an optical switch
(3), where it is sequentially deflected on to each of the source fiber with the help of a
rotating mirror. The mirror movement is finely controlled by a DC servo motor under
the control of a computer operated motor controller (13). Fiber bundles (6) have 32

bifurcated fibers, serving the purpose of guiding the source light to the target and the
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back reflected light from the target to a programmable multi-channel detector (PMD)
(7). The data acquisition board (8) digitizes the output from PMDs. The operation and
temperature-stabilization of the laser diodes is done by a laser controller (9) B3],
2.2.2.CW5

CWS5 is also designed to perform multi-wavelength, continuous wave, near
infrared, diffuse optical tomographic measurements at very high sampling rates (Fig.
2.4). But unlike DYNOT, CW5 system uses frequency-division multiplexed laser

sources.

Figure-2.4: CWS5 system
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The lasers are at two source wavelengths, 690 nm and 830 nm, and split evenly
between 24 sources (i.e.12 lasers at each wavelength). The odd numbered lasers
function at 690 nm and the even numbered ones at 830 nm. The measured power at the
output of 690 nm sources is adjusted to emit near 9 mW and the 830 nm sources near 5
mW power. Lasers are square-wave modulated at a frequency band ranging from 6.4
kHz to 11 kHz, with an interval of 200 Hz between adjacent frequencies. “Continuous

parallel operation of all the sources and detectors allows for rapid data collection.”!'"!

Control card
Detector Modules

- .
'3

Al
Lt
A

Power indicator
LED

Laser Modules

i
_ L |
| AR e

Figure-2.5: Front panel of CW5 !
Our CWS5 instrument has 24 transmitter channels (lasers sources) and 24
receiver channels (detectors). The unit houses 21 cards: 6 transmitter cards with the four

lasers each, 12 receiver cards with two detectors each, one control card with 3
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connectors to National Instrument data acquisition cards, and one clock buffer card.

Figure-2.5 above shows the locations of the twenty-one cards looking at the front panel

of the instrument [/,

9]

Figure-2.6: Transmitter card (left) and Receiver card (right)

Figure-2.6 shows laser source transmitter card and receiver card for the system.

Each laser source card has four sources, 2 of each wavelength. The system has 6 such
cards arranged in parallel on the front panel, giving 12 sources of each wavelength.
Each receiver card has two APD detectors, 12 such cards are present on the system
making the total number of detectors to 24. The 24 receiver channels generate a set of
24 single ended analog signals. The controller (shown in figure-2.5) buffers and
converts these 24 single ended signals to 24 differential pairs and drives them out the

analog signal connector [9].
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2.3 Data Processing Environments

Both the systems have their own data processing tools. DYNOT has a problem-
solving environment called “NAVI”, while “HomER” is the graphical interface for
CWS5 data processing. These tools are developed to assist in data processing for the
instruments. Both the tools utilize the MATLAB run-time component [Mathworks Inc.
Natick, MA USA] and are distributed as stand alone programs for Windows®. An
overview of both is given in this section; further details can be obtained from their
respective user guides.

2.3.1. NAVI (Near-infrared Analysis Visualization and Imaging)

NAVI is a software tool developed to analyze the time-varying near infrared
measurements of tissue from the DYNOT imaging system. The features of NAVI allow
performance checking, detector data editing, image formation, feature extraction, and
detector/image visualization. All the modules are linked to an “automated file manager

» [ helping the user to track the entire data

and a project specific metadata ledger
processing.

Figure 2.7 shows the home screen of NAVI labeled with different sections
which are basically graphical user interfaces for loading, processing and viewing data.

The sections are: Section-1: Image Generator, Section-2: Data Viewer, Section-3: Data

Analyzer, Section-4: Utilities, Section-5: Running Status, Section-6: Data Export.
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Figure-2.7: Home screen of NAVI with different sections

Section-1: Image Generator

This section helps in loading, filtering, normalizing and reconstructing the data.

Section-2: Data Viewer

As the name suggests, this section gives ability for visualizing the temporal
curves and 2D or 3D spatial maps (shown in Fig. 2.8). By selecting appropriate options
one can view time series for selected or complete channels or pixels, images for the

reconstructed data in axial, coronal, sagittal or orthogonal view.
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Figure-2.8: Data viewer (section-2) of NAVI

Section-3: Data Analyzer

This section provides modules that are useful for identifying physiological
features or for determining their spatial distributions, within a specified set of time
series data.

Section-4: Utilities

This section provides very useful utilities, such as FEM model generator, data
separator and data averaging (shown in Figure 2.9). FEM model generator helps the

user to create the mathematical operators necessary for image reconstruction, in cases
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where the number and/or locations of fibers do not match the existing models provided
with NAVI. The Raw Data Separator function helps in designing experiments that
require placement of optical fibers on two distinct regions of the scalp (e.g. left and
right motor cortices, prefrontal and motor) [13]. Data averaging tool can average the
temporal responses based on event timings, from source detector geometry or based

images; hence it plays a very important role in block designed and event related studies.
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Figure-2.9: Utilities (section-4) of NAVI
Section-5: Running Status
This text window shows the status of each and every operation performed,

helping user to keep track of the data processing task.
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Section-6: Data Export
This module allows the NAVI-based detector and image data to be exported in
several different formats. After exporting the data, it becomes possible to edit, view

and analyze it with other commonly available software packages, such as AFNI, SPM,

or GiD.

2.3.2. HomER (Hemodynamic Evoked Response)

HomkER is a graphical user interface developed to analyze the functional Near-
Infrared Spectroscopy (NIRS) data. It has tools for filtering, data averaging, linear
regression, and 2D image reconstruction. “HomER is designed to work with NIRS data
from most source and experimental set-ups, allowing the user full control of the
measurement configuration and probe properties.”""

HomER can be divided in to 4 sub sections: Section-1: Signal Processing,
Section-2: Response Processing, Section-3: Image Reconstruction, Section-4: Region
of Interest Analysis.

Section-1:  Signal processingThis section of HomER incorporates windows
displaying raw data and probe geometry. It contains tools for filtering time-courses with
band-pass filters and principal component analysis (Fig. 2.10). PCA helps in removal

of systemic fluctuation and artifact. '
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Figure-2.10: Signal processing section of HomER

Section-2: Response Processing

This section of HomER is dedicated for analyzing functional hemodynamic
responses (Fig. 2.11). In addition to multiple condition experimental designs, this also
supports block-designed and event-related paradigms. The hemodynamic response
curves are displayed as per their respective optode location, which helps in localization
of activity. Responses can be analyzed for entire experimental run or can be averaged

over blocks of time interval.
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Figure-2.11: Response processing section of HomER
The parameters for block averaging and stimulus markers can be adjusted with
the help of GUI in this section. Individual channels or blocks of time-points can be

selected to be disregarded in analysis, helping in rejection of motion or other artifacts

[14]

Section-3: Image Reconstruction

HomER offers various options for basic image reconstruction including back-
projection and other regularized inversion techniques. This section is capable of
reconstructing both optical density and hemoglobin concentration images. The response

time for reconstruction can be varied with the help of Slide bar, allowing better control
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over image reconstruction. The imaging parameter control menu provides the options
for varying the absorption and scattering coefficients, the voxel sizes and reconstruction

depths (Fig. 2.12).
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Figure-2.12: Image reconstruction section of HomER

Section-4: Region of Interest Analysis
Section-4 of HomER has the capability of performing Region-of-Interest (ROI)
analysis. ROI averages can be calculated for individual subjects or group of subjects

and across multiple sessions. The regions of interest can be defined by source-detector
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channel or within the reconstructed image. It calculates the Hemodynamic Response

Function (HRF) for the selected region (Fig. 2.13). Comparison between response

functions of various subjects can be done in this section.
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Figure-2.13: Region of interest analysis section of HomER
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CHAPTER 3
STUDY-1: BREATH HOLD STUDY
Aim-1: To study changes in hemodynamic responses of the brain during Breath

Holding (BH), using DYNOT and CW-5.

3.1 Physiology of BH

The respiratory system is crucial in maintaining homeostatic levels of blood
gases. Cells and tissues in our bodies are very sensitive to minor changes in levels of
oxygen and carbon dioxide in our blood. Throughout our circulatory system exist
numerous sensors that constantly monitor O2, CO2, and pH levels to insure that our
tissues are getting enough oxygen to maintain our metabolic pathways.

As one holds breath, the brain cells see an increase in partial pressure of carbon
dioxide (pCO2) and see a need for oxygen in the blood stream. Due to vasomotor
reactivity, there is a rise in CBF (cerebral blood flow), and this flow increase will enrich
the oxyhemoglobin concentration in the overall blood concentration. On the other hand,
the depletion of oxygen stores in the body during breath holding will increase the

overall concentration of deoxyhemoglobin in the blood .

3.2 Protocol
The experimental protocol was approved by the Institutional Review Board of

The University of Texas at Arlington. It was designed in the following steps:
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Step-1: An informed consent form was given to the subjects before each experiment.
Step-2: The subjects were made familiar with the experimental protocol.
Step-3: The probe was placed on the forehead of subject, and the subject was asked to
seat in a relaxed position for the entire experiment.
Step-4: The subject was asked to relax for the first 30 seconds, during which the
baseline was recorded.
Step-5: The subject was instructed to hold breath for 20 seconds and then relax (or re
breathe) for 60 seconds. These instructions were given through a laptop computer, by
running a MATLAB script for producing voice commands as “Hold” and “Relax”.
Step-6: This cycle was repeated 5 times in the same sequence.

In my study, 3 subjects were studied; all subjects were able to hold their breath

as prescribed by the study protocol, and none found it uncomfortable.

0 B 2040 R 100 120 180 200 260 280 340 360

. » e e
> < L »

4—'>E H
Baseline.  Block-1 | Block-2 Block-3
Figure-3.1: Timing diagram for the BH protocol

Figure 3.1 shows the timing diagram for the protocol used during the
experiment. The time points shown are in seconds. The experiment consisted of 5
blocks, and all were of the same length. Here,

B - Baseline period;
BH - Breath hold period;
R > Re-breath period.
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3.3 Breath Hold Studies on DYNOT

3.3.1. Probe

The probes used in DYNOT studies are geometrically adaptable helmet-like
structures that allow the optical fibers to make contact with the tissue under
investigation. They are called as ‘Measuring heads’, and they can be adjusted to adapt

to the individual differences in size and geometry of the anatomical site of interest (Fig.

3.2).

Figure-3.2: Measuring heads used for brain imaging. Left: Various components of
the configurable helmet kit; Right: Illustration of measuring head in use."!

The probe used for my study had 30 fibers placed in a ‘3x10’ configuration (as
shown in Figure 3.3). Each fiber was 1 cm apart from its neighboring fiber along axes,
making a total width of 2 cm (center-to-center) and length of 9 cm (center-to-center).

All fibers are bifurcated and can act as both source as well as detector.
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In this way the total number of source-detector channels were (30x30) 900. The

exact idea about probe location and its arrangement can be obtained from Figure 3.4.

1 cm—

Fiber #1

Helmet

Figure-3.4: The DYNOT probes placed on the forehead
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3.3.2. Finite Element Mesh (FEM) model

All the 3D reconstructions in NAVI are done using Finite Element Mesh [FEM]
models. These FEM models are calculated from 3D T1-weighted structural MRI images
of a human head (shown in Figure 3.5). A desired region is cut and removed from these

images to create a mesh, which is combined with source-detector geometry and weight

functions to create the FEM model.

Figure-3.5: 3D T1-weighted structural MRI of a human head with actual mesh
geometry
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Figure-3.6: FEM model for frontal cortex
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Figure 3.6 displays the model used for reconstructing the breath hold
measurements, along with the source-detector fiber positions and its dimensions. The
red dots indicate the locations for the fibers: there are 50 red dots representing 50
possible fiber locations. The positions of fibers can be varied among these locations.

3.3.3. Results
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Figure- 3.7: HBO, HB and HBT responses during entire BH measurement

Figure 3.7 shows the hemodynamic responses for an entire measurement set.
The solid vertical line markers indicate the start of a breath hold period while the dotted
lines indicate the end of breach hold. It gives the combined time series plots for HBO,
HB and HBT. The baseline was recorded for the first 30 seconds, followed by 5 breath
hold epsodes. The changes during the breath hold periods are calculated with respect to
the baseline.

The block-averaged time series responses of HBO, HB and HBT are shown in

Figure 3.8. The average is taken from a 3-cm, S-D separation channel, over 5 time-
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blocks. In this figure, the breath hold period started at 0 second and ended on 20 second
(shown by the dotted line). The Y-axis shows the relative changes in the respective

signals (dConcentrations) in Molar.
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Figure- 3.8: Block averaged hemodynamic response

As seen from Figure 3.8, HBO response initially went down and then started to
rise and reached its peak value after the end of breath hold period (i.e. during the re-
breath period). HB response also started to increase and reached its peak value before
HBO did though the relative changes in [HB] were lower in magnitude than [HBO].
Both the parameters gradually came back to their normal value during the re-breath

period.
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Figure-3.9: Spatial maps of breath hold data

Figure 3.9 has the spatial maps for HBT in Axial, Sagittal and Coronal views.
Orthogonal view combines all 3 views and has dimensions based on the FEM model

used for data reconstruction (shown in Figure 3.6). The display grid used was
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40x40x40, so during reconstruction the FEM model was sliced into 40 equally spaced
slices. The slice separation was 0.3 cm between consecutive slices in all 3 views.
Depending on this constant separation there are 18 (~6 cm/0.3 cm), 28 (~9 ¢cm/0.3 cm)
and 38 (~12 cm/0.3 cm) slices in coronal, axial and sagittal view, respectively. The
coronal view slices show activation from slice # 1 till slice # 11, by combining this with
0.3-cm slice separation, the measurement depth can be estimated to be around 3.0 cm
to 3.3 cm. In axial view, 9 slices show clear activation, which correspond to (9x0.3 cm
= 2.7 cm) a 2.7-cm activation width. From all the spatial maps shown, it can be seen
that the response was relatively homogeneous over the entire region crossing the
forehead covered (2 cm x 9 cm, center-to-center width and length).

3.3.4. Group Analysis
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Figure-3.10: Averaged HBT response for subject-1
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All 3 subjects were studied on DYNOT for this study. The results from all 3 are

compared in this section, Figures 3.10 to 3.12 for three respective subjects.

Figure-3.11: Averaged HBT response for subject-2

Figure-3.12: Averaged HBT response for subject-3
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As discussed in Section 3.3.3, due to BH, HBT increased; the same responses
can be seen in Figures 3.10 to 3.12 for all the 3 subjects. The responses initially went
down, giving “an initial dip” in the behavior and then started to rise, reaching their peak
value after the subjects resumed breathing.

The 3D spatial maps of HBT for 3 subjects can be seen from Figures 3.13 to
3.15. All figures also show the orthogonal views with coordinates corresponding to the
slices labeled. All 3 figures show a relatively homogeneous rise in signal over the entire

region covered on the forehead.

Caoronal Wiew Sagittal Wiew

Axial Wiew

Figure-3.13: Spatial maps of HBT for subject-1
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Figure-3.14: Spatial maps of HBT for subject-2

Coronal Wiew Sagittal Wiew

Axial Wiew

0D
Figure-3.15: Spatial maps of HBT for subject-3
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3.4 Breath Hold Studies on CW5

3.4.1. Probe
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Figure-3.16: Representation of CWS5 probe for breath hold study

Figure-3.16 shows the probe configuration for CWS5, along with its dimensions.
It is made up of a thin flexible plastic material with holes for source and detector fibers.
The red dots indicate source positions (carrying both 690 nm and 830 nm light on the
same fiber) while blue ones indicate the detector positions. In all, there were 8 sources
(4x2) and 10 detectors, forming 16 S-D channels. Figure-3.17 gives a clear idea about
the probe location and its arrangement on a forehead. The probe was held firmly on the

forehead with the help of Velcro straps around the head.
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Figure-3.17: CWS5 probes on the forehead

3.4.2. Results
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Figure-3.18: HBO, HB and HBT responses from an entire BH measurement
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Figure-3.19: Block averaged results for HBO, HB and HBT

Figure 3.18 shows HBO, HB and HBT time response curves for an entire BH
measurement. The block averaged time series responses of HBO, HB and HBT are
shown in Figure 3.19. The average is taken from a 2.5-cm, S-D separation channel,
over 5 temporal blocks. The breath hold period started from 0 second to 20 seconds (as
shown by the dotted line). All the three parameters initially decreased and then started
to rise and reached their peak values after the end of breath hold period (i.e. during the
re-breath period). All the parameters gradually came back to their baseline values

during the re-breath period.
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Figure-3.20: Spatial maps of HBO, HB and HBT with regular back projection method
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Figure-3.21: Spatial maps of HBO, HB and HBT with weighted back projection method
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Figure-3.22: Spatial maps of HBO, HB and HBT with regularized inversion method

Spatial maps of HBO, HB and HBT shown in Figures 3.20 to 3.22 are

reconstructed in HomER. Data reconstruction can be done using regular back

projection, weighted back projection and regularized inversion in HomER. From

Figures 3.20 to 3.22, it can be observed that maps reconstructed using regular back

projection and regularized inversion show ring patterns. The reason can be that data was

only reconstructed for the source detector path and not for the surrounding regions. The
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maps reconstructed using weighted back projection (Figure 3.21) show a homogeneous
response over the region covered. All 3 techniques show that [HBT] increased for the
averaged time period during one breath holding episode.
3.4.3. Group Analysis

The averaged hemodynamic responses for each of the 3 subjects can be viewed
from Figures 3.23 to 3.25. The average is taken over 5 blocks of 80 seconds each for
each subject. It can be observed that all 3 responses reached their peaks after the
subjects resumed breathing, and this behavior is consistent in all 3 subjects. Also, the
relative [HBO] changes were higher than [HB]. Overall rise in relative HBT

concentration signifies that there was an increase in the blood flow during the breath

hold period.
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Figure-3.23: Block averaged results for HBO, HB and HBT of subject-1
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Figure-3.24: Block averaged results for HBO, HB and HBT of subject-2

Figure-3.25: Block average results for HBO, HB and HBT of subject-3
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Spatial maps of the averaged responses of HBO, HB and HBT can be seen from

Figure 3.26. The HBT maps of subject 2 and subject 3 show increased responses in all

but four channels (can be due to bad contact), while for subject 1 all the 16 channels are

showing rise in HBT amplitude.
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Figure-3.26: Comparison of spatial maps of HBO, HB and HBT for 3 subjects
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3.4.4. Breath Hold Study on Forearm

Aim: To study hemodynamic responses in forearm during breath hold and
compare it with responses in the brain.

Method: The studies were done on CWS5 instrument. The experiment consisted
of three of 40-second breath hold periods. The probe was placed on the forearm of a

subject as shown in Figure 3.27. This experiment was done twice on the same subject

with a gap of 1 day.

Figure-3.27 The CW pre.la.ced n the forela for Brath hold study
Results:

The block averaged hemodynamic responses for different days are shown in
Figures 3.28 and 3.29. The responses are taken from a 2.5-cm, source-detector pair and

averaged over 3 blocks of breath hold.
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Figure-3.28: Block averaged HBO, HB and HBT responses on day-1

Figure-3.29: Block averaged HBO, HB and HBT responses on day-2
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From the plots in Figures 3.28 and 3.29, it is observed that during the breath
hold period, the relative concentration of HBT decreased, which represents a decrease
in blood flow to that region. The concentration started to rise again as soon as the
subject resumes breathing. The HBT responses on both plots show slightly wavy
behavior, and close observation reveals that the timings of that wavy nature were
approximately the same. Since the plots are from the same subject, the behavior can be

attributable to the physiological response of the subject to that task.

3.5 Conclusions

The aim of the study was to monitor changes in hemodynamic response of the
brain during breath holding, using DYNOT and CW-5.

As mentioned earlier in background, due to vasomotor reactivity, there is a rise
in CBF induced by BH. The temporal plots and the spatial maps of HBT obtained from
both the instruments clearly show an increase in relative concentration of HBT during
the breath hold period. The spatial maps of all three subjects measured by DYNOT and
CWS are almost similar and show a global increase in HBT in response to BH crossing
the entire forehead region covered. Temporal plots from both instruments show that
HBT response reaches its peak value after the subjects resume breathing, signifying that
hemodynamic reposes are relatively slow. This study has demonstrated global cerebral
blood oxygenation increases during repeated challenges of breath holding for fixed
durations. These findings are in good accordance with the results from other groups

(Stillman et al, Kastrup et al).
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The results obtained from the forearm during BH showed exactly an opposite
hemodynamic behavior from the results taken on the forehead. Hence it can be
concluded that an increase in cerebral blood flow during BH was compensated by a
decrease in blood flow in the peripheral regions (e.g. arms, legs).

From the breath hold studies it can be concluded that the two imagers are
capable of monitoring hemodynamic changes occurring in the brain. With this
knowledge confirmed, these two imagers can be applied to mapping brain activations

during functional tasks (e.g. finger tapping).
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CHAPTER 4
STUDY-2: FINGER TAPPING STUDY
Aim-2: Feasibility study of two brain imagers in mapping brain activations
during finger tapping.

4.1 Backeround

This section gives an overview about the goal of functional brain imaging, the
phenomenon behind generation of hemodynamic response function, and the brain areas
dedicated to finger tapping.

4.1.1 Goal of Functional Brain Imaging

The primary goal of functional brain imaging is to create images of
physiological activity which is correlated with neuronal activity.

Information processing or any other kind of activity of neurons increases their
metabolic requirements. To meet these requirements, energy must be provided. The
vascular system supplies cells with two fuel sources, glucose and oxygen, the latter
bound to hemoglobin molecules. So changes in activity of certain region will be
accompanied by changes in hemoglobin concentration in that region. These changes
will affect the optical density of that region and hence can be detected by an optical

brain imager.
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4.1.2 Neurovascular Coupling

Neurovascular coupling helps in understanding the relationship between
neuronal activity and the associated hemodynamic changes. A complete understanding
of this phenomenon is crucial for interpreting functional imaging data and normal brain

function.

Glutamatergic
Synapse

Astrocyte Capillary

O, Glucose

LACTATE
GLUTAMINE

ADP ‘
@ ATP @
GLUTAMATE  GLUCOSE

o o hibi

n led
respiration o
WD)

3Na

ATP
Na*/K*
ATPase (PGK )

ADP

Figure-4.1: Different stages of neurovascular coupling

Neurons have an intimate relationship with astrocytes, smooth muscle,
endothelial cells, pericytes, and erythrocytes. Neuronal chemoelectrical activity is
speculated to be linked to several metabolic cascades, collectively known as
neurovascular coupling. Neurovascular coupling includes the following stages:

(1) Glucose is metabolized to lactate in astrocytes (anaerobic glycolysis),
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(2) The lactate is then shuttled to neurons and metabolized with oxygen to form
carbon dioxide and ATP.

(3) Arteries deliver oxyhemoglobin to neurons, and oxygen is then released in
the presence of carbon dioxide, thus converting oxyhemoglobin into deoxyhemoglobin.

(4) Nitric oxide or neurotransmitters, such as acetylcholine released by active
neurons, cause relaxation of smooth muscle in arterioles, thus increasing blood flow and
volume.

Functional brain imaging techniques, such as EEG, PET, fMRI, or DOI, detect
the changes in signals during one or more of these events during neurovascular
coupling.

4.1.3 Motor cortex

The brain is divided into cerebrum, cerebellum and medulla oblongata. The
motor cortex is found in the regions of the cerebral cortex that is involved in planning,
control and execution of voluntary activities. The motor cortex is divided into five main
areas: Primary Motor Cortex (M1), Secondary Motor Cortex, Pre-motor Cortex,
Posterior Parietal Cortex, Supplementary Motor area.

The primary motor cortex is responsible for generating neural impulses
controlling movement. The M1 region connects the brain with the lower motor neurons
via the spinal cord. This helps them to know which particular muscle needs to contract.
The M1 region works in coordination with the pre-motor areas to plan the execution of

movements [18].
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The lateral area of the primary cortex is divided from top to bottom based on

different parts of the body movement (shown in Figure 4.2.B).

Supplementary Primary Central sulcus

motor cortex maotor cortex

Prima
somalosensory
cortex
Posterior
parietal corfex

Premotor cortex

Prefrontal cortex

(A)

Figure-4.2: (A) Various regions of the brain ['%; (B) Motor cortex !”!

This arrangement is known as Homunculus ("little person"). It shows that there
are disproportionate amount of cortical areas devoted to movements of the fingers and
muscles used for speech (171 Hence it is also true that movements of limbs, hands,

fingers etc. accordingly activate the associated areas of the motor cortex.
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4.2 Protocol

Same as earlier, this protocol was approved by the Institutional Review Board of
The University of Texas at Arlington. It was designed in the following manner:
Step-1: An informed consent form was given to the subjects before each experiment.
Step-2: The subjects were made familiar with the experimental protocol.
Step-3: The probe was placed on the left temporal-parietal region of the subject’s head.
The subject was asked to seat on a recliner chair with right hand in a relaxed position.
Step-4: Instructions were given to the subject to relax for the first 25 seconds, during
which the baseline was recorded.
Step-5: After the baseline acquisition, the subject was instructed to sequentially tap
his/her right hand fingers against thumb at a self paced rate (approximately 2-3 Hz) for
8 seconds, and then relaxed for 25 seconds. These instructions were given through a
laptop computer, by running a MATLAB script for producing voice commands as
“Tap” and “Relax”.
Step-6: This cycle was repeated 8 times in the same sequence.

In my study, 5 subjects were studied, and all subjects were requested to

minimize their motion during the course of experiment.
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Figure-4.3: Timing diagram for finger tapping protocol
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Figure-4.3 shows the timing diagram for the protocol used during the finger
tapping experiment. The time points shown are in seconds. The experiment consisted of
8 blocks, and all were of the same temporal length. Here,

B = Baseline period (25 sec);
FT = Finger tapping period (8 sec);

R = Relax (25 sec).
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4.3 Finger Tapping Studies on DYNOT

4.3.1 Probe

Figure-4.4: Representation of DYNOT probe for finger tapping
The probe used for finger tapping experiment has 25 fibers placed in a ‘5x5’
configuration (as shown in Figure 4.4). Each fiber was 1 cm apart from its neighboring
fiber along vertical and horizontal axes, making the total width of 4 cm and length of 4
cm. All fibers are bifurcated and can act as both source as well as detector. In this way
the total number of source-detector channels were (25x25) 625. The exact idea about

probe location and its arrangement can be seen from Figure 4.5.
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4.3.2 Finite Element Mesh (FEM) Model

Fiber #25

Helmet

Figure-4.5: DYNOT probe for finger tapping study

Figure-4.6: FEM model for motor cortex study
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Figure-4.6 displays the FEM model used for reconstructing the finger tapping
measurements, along with the source-detector positions and its dimensions.

4.3.3 Results
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Figure-4.7: HBO, HB and HBT responses for an entire measurement for subject-1

Figure 4.7 shows the hemodynamic responses for an entire measurement set.
The solid vertical lines indicate the start of a finger tapping period while the dotted lines
indicate the end. There were 8 blocks in an entire measurement, and it can be observed
that during all 8 blocks oxy- hemoglobin started to increase while deoxy- hemoglobin
decreased.

The averaged time series responses of HBO, HB and HBT (shown in Figure 4.8)
are taken from a 3.0-cm, S-D separation channel, over 8 time-blocks. The finger
tapping period started at 0 second and ended on 8 seconds (shown by the dotted line).

The Y-axis shows the relative changes in the respective signals (dConcentrations) in
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Molar. As seen in Figure 4.8, [HBO] increases, [HB] decreases, while [HBT] ([HBO] +
[HB]) also increases. After close observation of these responses, we can see that relative
changes in [HBO] are higher than those in [HB]. All the parameters reach their peak
values with a small time delay after the end of activity and gradually came back to their

normal value during the relaxing period.
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Figure- 4.8: Block averaged HBO response for subject-1
Figure-4.9 has the spatial maps for HBO in Axial, Sagittal and Coronal view. An
orthogonal view (shown in Figure 4.10) combines all 3 views and has dimensions based
on the FEM model used for data reconstruction (shown in Figure-4.6). The display grid
used was 40x40x40, so during reconstruction, the FEM model was sliced into 40
equally spaced slices. The slice separation was 0.5 cm (20cm/40) between consecutive
slices in all 3 views. Depending on this constant separation there are 14 (~8 cm/0.5 cm),

32 (~16 cm/0.5 cm) and 38 (~20 cm/0.5 cm) slices in axial, sagittal and coronal view
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respectively. The axial view slices show the activations from slice # 2 till slice # 9; by
combining this with 0.5-cm slice separation, the probing depth for activation can be
estimated to be around 4.5 cm. From all the spatial maps shown, it can be seen that the
response was localized to the region covered by the probe, although the exact

localization becomes difficult with this FEM model.

Axial View Sagittal view

Coronal view

Figure-4.9: Spatial maps for finger tapping study in Axial, Coronal and Sagittal view
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Figure-4.10: Spatial map for finger tapping study with an orthogonal view

4.3.4 Group Analysis
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Figure-4.11: Averaged HBO, HB and HBT response for subject-1
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Figure-4.12: Averaged HBO, HB and HBT response for subject-2

Figure-4.13: Averaged HBO, HB and HBT response for subject-3
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Figure-4.14: Averaged HBO, HB and HBT response for subject-4

Figure-4.15: Averaged HBO, HB and HBT response for subject-5
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Averaged HBO, HB and HBT responses of 5 subjects are plotted in Figures 4.11
to 4.15. The finger tapping period lasted from 0 second to 8 seconds (shown by the
dotted lines). All the responses are taken from 3-cm, source-detector channels. HBO
response started to increase with finger tapping and reached its maximum slightly after
the end of the activity for all 5 subjects. Conversely, HB response decreased with the
activity and reached its minimum value approximately near the end of the activity for 4
out of 5 subjects. For subject 4, HB response appears very much different from the
others: HB starts to increase initially and then decreases, reaching its minimum value
several seconds after the end of activity.

Figures 4.16(a) to 4.16(e) show HBO spatial maps with orthogonal views for all
5 subjects, respectively. These maps have coordinate values for the corresponding axial,
coronal and sagittal view slices. By varying these coordinates, various regions of the
FEM model can be browsed to observe the activations. All the maps are showing almost

similar regions of activation, with variations in the scale.

Orthogonal View Orthogonal View
Coronal View Sagittal View Coronal View Sagittal View

(a) (b)

Aial View Coordina

Axial View Coordina
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Orthogonal View Orthogonal View
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Figure-4.16: Comparison of spatial maps of HBO for 5 subjects
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4.4 Finger Tapping Studies on CW5

4.4.1 Probe
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Figure-4.17: Representation of the CW5 probe

Plastic frame

Detector 1

Source #1,2 Source #9.10

Detector #12

Velcro strap

Figure-4.18: CW5 probe for finger tapping study
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Figure 4.17 shows the probe configuration for CW5, along with its dimensions.
It is made up of a thin flexible plastic frame with holes for source and detector fibers.
The red dots indicate source positions (carrying both 690 nm and 830 nm light on the
same fiber) while blue ones indicate detector positions. In all, there were 10 sources
(5x2) and 12 detectors, forming 20 S-D channels. Figure 4.18 gives a clear
demonstration about the probe location and its arrangement on temporo-parietal region.
The probe was held firmly with the help of Velcro straps around the head, with its

center coinciding with the approximate location of motor cortex.

4.4.2 Results
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Figure-4.19: HBO, HB and HBT responses for entire measurement
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HBO, HB and HBT time response curves for an entire measurement are shown
in Figure 4.19. For all 8 blocks, during the activity period [HBO] increased while [HB]
decreased. Figure-4.20 shows the block-averaged time series responses of HBO, HB
and HBT. The responses are taken from a 3-cm, source-detector separation channel, for
8 temporal blocks. The finger tapping period lasted from 0 to 8 seconds (shown by the
dotted line). The figure shows increases in [HBO] and corresponding decreases in [HB]
in response to finger tapping challenge. Also, the relative changes in [HBO] were
higher in magnitude than the relative changes in [HB]. It can be observed that responses
reached their peak values 2-3 seconds after the end of activity, signifying that

hemodynamic responses are slower.
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Figure-4.20: Block averaged results for HBO, HB and HBT for subject-1
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Figure-4.21: Spatial maps of HBO, HB and HBT
Spatial maps of HBO, HB and HBT can be seen from Figure 4.21. The HBT
map shows that during a finger tapping period, there was an increase in signal
amplitude in the region between sources 3-4 and detectors 17-18. This region is shown

with a dotted rectangle on the probe in Figure 4.22, to emphasize the area of activation.

Figure-4.22: Region of activation marked on the probe location
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4.4.3 Group Analysis

Figure-4.23: Block averaged results for HBO, HB and HBT for subject-1

Figure-4.24: Block averaged results for HBO, HB and HBT for subject-2
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Figure-4.25: Block averaged results for HBO, HB and HBT for subject-3

Figure-4.26: Block averaged results for HBO, HB and HBT for subject-4
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Figure-4.27: Block averaged results for HBO, HB and HBT for subject-5

The averaged HBO, HB and HBT temporal responses for each of the 5 subjects
can be observed from Figures 4.23 to 4.27. HBO response started to increase with
finger tapping and reached its maximum after the end of activity for all 5 subjects.
Conversely, HB responses decreased with activity and reached their minimum values at
different times for different subjects. For subject-4, 5 HB responses appear slightly
different from the others; HB starts to decrease with activity but reaches its minimum
value several seconds after the end of activity. For all 5 cases shown here, the relative

[HBO] changes were higher than [HB] changes.
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Figure-4.28: Spatial maps of HBO, HB and HBT for subject-1
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Figure-4.30: Spatial maps of HBO, HB and HBT for subject-3
72



HBO HB
0 14 0 014
-2 -2
X1 x2 x3 x4 x5 : X x2 x3 x4 x5
-4 4
| |
-6 20 -6 b20
0 5 10 0 5 10
-5 0 5
x 10"
Figure-4.31: Spatial maps of HBO, HB and HBT for subject-4
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Figure-4.32: Spatial maps of HBO, HB and HBT for subject-5

Spatial maps of HBO, HB and HBT for all 5 subjects can be seen from Figures
4.28 to 4.32. HBT maps show that during the finger tapping period, there was an
increase in signal amplitude in a localized region. The region of activation varied

slightly from subject to subject; the reason can be the slight variation in position of

motor cortex between subjects.



4.4.4 Finger Tapping Study on Forehead

Aim: To study hemodynamic responses from prefrontal cortex during finger
tapping and compare it with the responses from motor cortex.

Method: This study was done on CWS5 instrument. The experiment consisted of
the same protocol as that used for finger tapping previously. The only difference was
that the probe was placed on the forehead of a subject instead of on the temporo-parietal

region. The exact probe placement can be seen from Figure 4.33.

Optical fiber Detector 1

Sonrce 1,2

Source 7.8 Plastic frame

Detector #10

Figure-4.33: CWS5 probe for forehead

Results: The block averaged hemodynamic responses for finger tapping taken
from the prefrontal cortex are shown in Figure 4.34. The responses are taken from a 2.5-
cm, source-detector pair and averaged over 8 blocks of activity. For comparison
purpose, HBO response from the prefrontal cortex for finger tapping is plotted with

HBO response from the motor cortex of the same subject in Figure 4.35.
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Figure-4.34: Hemodynamic responses from prefrontal cortex under finger tapping task

HBO-Forehead
HBO-Motor cortex

Figure-4.35: Comparison of HBO response from prefrontal and motor cortex
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From Figure 4.35, it can be seen that the changes in relative concentration of
HBO taken from the prefrontal cortex were much smaller than those obtained from the
motor cortex. Also, the HBO response did not follow the temporal pattern of going up

during the activation period and coming down during the relaxation time.

4.5 Conclusions

The aim of the study was to examine the capabilities of two brain imagers in
mapping brain activations during finger tapping.

As discussed earlier in the background (Section 4.1), neural activations result in
increased energy demands in the brain area activated. In response to the demand for
energy, cerebral blood flow (CBF) increases to the activated brain areas, bringing both
oxygen and glucose. As high oxygenated blood flows through the active regions, it
flushes the deoxy-hemoglobin from the capillaries supporting the active neural tissue
and from the downstream venules !'*.

The temporal curves and spatial maps from both imagers showed a significant
increase in amplitude of HBO relative to their baseline values. Conversely the relative
HB amplitudes were decreasing during activity periods. These variations were from
much localized regions of the brain. These findings are accordance with studies done by
other groups (Boas et al.).

By observing the differences in hemodynamic responses taken from the

prefrontal and motor cortex region, it can be concluded that the prefrontal region did not
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show any clear activity corresponding to finger tapping, and hence no region from the
prefrontal cortex can be considered to be involved in this activity.
The preliminary results from my study support the feasibility of both imagers as

a non-invasive imaging tool to study brain activities.
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CHAPTER 5
COMPARISON OF DYNOT WITH CW5

Aim-3: Compare and contrast results obtained from both imagers.

5.1 Breath Hold Study

This study was performed on three subjects using both imagers with the same
protocol.

5.1.1 Comparison of Probe
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Figure-5.1: Top panel- Representation of DYNOT probe for breath hold study;
Bottom panel-Representation of CWS5 probe for breath hold study.
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Figure 5.1 shows the probes used for both imaging systems with their
dimensions. The probe used for DYNOT had 30 bifurcated fibers, which act as both
source as well as detector fibers, while CW5 probe had 8 sources (4x2) and 10 detectors
with fixed source-detector distances. This comparison shows that though the DYNOT
probe had a smaller coverage size, it had a larger number of source-detector channels
(900) as compared to the CW5 probe (16).

5.1.2 Comparison of Hemodynamic Responses

Figures 5.2 to 5.4 show combined HBT responses from both imagers, for all
subjects. CW5 data was recorded at 10 Hz frequency while DYNOT data was recorded
at 1.9 Hz frequency. For the purpose of plotting the data together, the CW5 data was

down sampled to 1.9 Hz frequency using the “resample” function in MATLAB.
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Figure-5.2: Averaged HBT responses of subject-1 from both imagers
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HBT - DYNOT
HBT - CW5

Figure-5.3: Averaged HBT responses of subject-2 from both imagers

HBT - DYNOT
HBT - CW5

Figure-5.4: Averaged HBT responses of subject-3 from both imagers
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For subject 1, the response initially went down and then started rising. This
behavior was consistent and can be seen from both instruments. By visual inspection,
the HBT curves of the same subject taken from both imagers appeared to behave in the
same manner, though the relative changes in amplitudes of signals were different in all
three cases. Hence for better comparison, correlation plots were made by plotting HBT
concentrations from DYNOT on X-axis and HBT concentrations from CWS5 on Y-axis.
The correlation coefficient (R) was calculated using these plots. One such plot is shown
in Figure 5.5. The correlation coefficients for intra-subject and inter-subject

comparisons are listed in Tables 5.1 to 5.3.

Correlation Plot

y = 0.4238x + 1.5184
15 4 R?=0.79
R =0.89 ¢ o
* * N

HBT on CWS5 (uMolar)

-10 -
HBT on DYNOT(uMolar)

Figure-5.5: Correlation plot of HBT response of subject 2 between both imagers
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Table 5.1 R values for intra-subject comparison between both imagers

Correlation coefficient (R)
DYNOT v/s CW5
Subject-1 0.76
Subject-2 0.89
Subject-3 0.72

Table 5.1 shows the correlation coefficient (R) values between both imagers
from the same subject. The R value for subject 2 is 0.89 which can be considered good,
and it indicates that the responses measured from both imagers matched very well. For
subjects 1 and 3, R values were relatively less than that of subject 2. This may be due to
the slightly wavy nature of HBT curves from DYNOT, resulting in less correlation

between the two data sets.

Table 5.2 R values for inter-subject comparison taken from DYNOT

Correlation coefficient (R)
DYNOT

Subject-1

v/s 0.81
Subject-2
Subject-2

v/s 0.86
Subject-3
Subject-1

v/s 0.66
Subject-3

Table 5.2 shows the correlation coefficient (R) values between different subjects

measured with DYNOT. The R values between subjects 1 and 2 and subjects 2 and 3
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are 0.81 and 0.86, respectively, indicating that the responses of these subjects correlated
well. By these figures, I conclude that the HBT responses of all three subjects behaved

in a relatively similar manner for breath hold tasks taken from DYNOT.

Table 5.3 R values for inter-subject comparison on CW5

Correlation coefficient (R)

CWS5
Subject-1

v/s 0.81
Subject-2
Subject-2

v/s 0.86
Subject-3
Subject-1

v/s 0.86
Subject-3

R values for inter-subject correlation from CWS5 are shown in Table 5.3. R
values between subjects 1 and 2 and subjects 2 and 3 are 0.81 and 0.86, respectively,
exactly matching the correlation values for the same comparison on DYNOT
instrument. According to this comparison, I conclude that the HBT responses of all
three subjects behaved in a similar manner for breath hold challenge measured from
both imagers. R value between subjects 1 and 3 from CWS5 is 0.86, which is

comparatively better than that for the same case from DYNOT, which was 0.66.
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5.2 Finger Tapping Study

5.2.1 Comparison of Probe
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Figure-5.6: Top panel- Representation of DYNOT probe for finger tapping study;
Bottom panel- Representation of CW5 probe for finger tapping study.

This study involved 4 common subjects using both of the imagers with the same

protocol. As shown in Figure 5.6, the DYNOT probe had 25 fibers placed in a ‘5x5’
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configuration; each fiber was 1 cm apart from its neighboring fiber along axes, making
the dimensions of 4 cm x 4 cm (center to center) and total S-D channels of 625. The
CWS5 probe had 10 sources (5x2) and 12 detectors, forming 20 S-D channels. The S-D
separation was 3 cm and constant for all 20 S-D channels, making probe dimensions 6
cm x 10 cm. Being bigger in dimensions, the CWS5 probe could cover a larger area on

temporo-parietal region for subjects.

5.2.2 Comparison of Hemodynamic Responses

x 10° Subject-1
12 \ \ T
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Figure-5.7: Averaged HBO response of subject-1 from both imagers
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Figure-5.8: Averaged HBO response of subject-2 from both imagers

HBO - DYNOT
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Figure-5.9: Averaged HBO response of subject-3 from both imagers
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Figure-5.10: Averaged HBO response of subject-4 from both imagers

Figures 5.7 to 5.10 show combined HBO responses taken from both imagers for
individual subjects. CWS5 data was recorded at 10 Hz frequency while DYNOT data
was recorded at 2.15 Hz frequency. To plot both data together on the same plot, the
CWS5 data was down sampled to 2.15 Hz using the “resample” function in MATLAB.

By observing HBO curves of the same subject measured from both imagers, it is
noted that they appeared to behave in the same manner, though the relative changes in
amplitudes of signals were different in all cases. Hence for better comparison,
correlation plots were made by plotting HBO concentrations from DYNOT on X-axis
and HBT concentrations from CW5 on Y-axis. The correlation coefficient (R) was

calculated using these plots. One such plot is shown in Figure 5.11. The correlation
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coefficient values for intra-subject and inter-subject comparisons are shown in Tables

541t05.6.
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Figure-5.11: Correlation plot of HBO response from both imagers

Table 5.4 R values for intra-subject comparison between both imagers

Correlation coefficient (R)
DYNOT v/s CW5
Subject-1 0.99
Subject-2 0.85
Subject-3 0.93
Subject-4 0.88

Table 5.4 shows the correlation coefficient (R) values between both imagers

from the same subject for finger tapping study. R values for subjects 1, 2, 3 and 4 are

0.99, 0.85, 0.93 and 0.88, respectively, which are considered very good correlation.
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This implies that the subjects behaved in almost the same manner when being measured

by both imagers during finger tapping challenge..

Table 5.5 R values for inter-subject comparison using DYNOT

Correlation coefficient (R)
DYNOT

Subject-1
v/s 0.94
Subject-2
Subject-1
v/s 0.92
Subject-3
Subject-1
v/s 0.80
Subject-4
Subject-2
v/s 0.96
Subject-3
Subject-2
v/s 0.71
Subject-4
Subject-3
v/s 0.78
Subject-4

Table 5.5 shows the correlation coefficient (R) values between individual
subjects measured by DYNOT. The R values between subjects 1 and 2, subjects 1 and
3, subjects 2 and 3 are 0.94, 0.92 and 0.96, respectively. These high R values indicate
that the HBO responses of subjects 1, 2 and 3 were very much similar seen by DYNOT.
By visual inspection, it can be seen that HBO response for subject 4 was slightly

different from the others. R values between subject 4 and subjects 1, 2 and 3 are 0.80,
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0.71 and 0.78, respectively, emphasizing the difference between subject 4 and the other

subjects.
Table 5.6 R values for inter-subject comparison using CW5
Correlation coefficient (R)
CW5
Subject-1
v/s 0.82
Subject-2
Subject-1
v/s 0.88
Subject-3
Subject-1
v/s 0.84
Subject-4
Subject-2
v/s 0.93
Subject-3
Subject-2
v/s 0.84
Subject-4
Subject-3
v/s 0.83
Subject-4

The correlation coefficient (R) values between individual subjects measured by
CWS5 are shown in Table 5.6. The R values between all the individuals vary from 0.82
to 0.93, which are considered fairly good correlations. Unlike the data taken from
DYNOT, HBO responses from subject 4 were not significantly different from those of

the other subjects, and the R values for subject 4 are in the same range as the others.
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5.3 Conclusions

The aim of this chapter was to compare and contrast data from the two imagers.
For both studies (BH and finger tapping), the temporal responses from DYNOT and
CWS5 were made on the same plots, and correlation coefficients were calculated for
quantitative comparison.

For breath hold study, the temporal plots taken from both imagers showed
similar behaviors for all 3 subjects, though the responses from DYNOT showed slightly
wavy nature. The coefficients of correlation for inter-subject comparison from both
imagers were fairly good, demonstrating that the subjects behaved in a similar manner
for breath hold challenge. Due to a large number of source detector channels, spatial
maps obtained from DYNOT had a higher spatial resolution than those from CW5. Due
to the advantage of reconstructing spatial maps in 3 different views (or in 3 dimension),
DYNOT spatial maps could provide a rough estimation for depth of activation, while
CWS5 maps could not.

For finger tapping study, the coefficient of correlation between both imagers
taken from the same subject showed fairly high values. This demonstrates that both
imagers were able to detect similar physiological tasks consistently. Spatial maps
obtained for CW5 data can be overlaid with the probe geometry; hence direct
localization of hemodynamic response on the subject’s head became possible. On the

other hand, due to the use of smaller probe geometry and NAVI’s inability to provide
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probe dimensions on the spatial maps, DYNOT data could not give a clear idea about
the activated regions on the head. Hence with the current resources, despite of its

inability of providing the activation depth, CW5 can be considered a better instrument

for studying the functional responses.
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CHAPTER 6
FUTURE SCOPE

This study was a preliminary step in understanding the two recently purchased
state-of-the-art optical imagers and exploring their capabilities for various applications.
Along with providing potential utilization of these imagers, my work also helps
understand the issues related to them so that they can be addressed in the near future to
make studies more meaningful. A few suggestions for the future work on these imagers
are:

1) Dimensions of the DYNOT probe can be made bigger for similar studies
mentioned in this work, such that it covers larger regions on the head.
This will help getting better contrast between the active and non-active
regions.

2) There is a need of having better and more accurate FEM models, which
takes into consideration the optical properties of various layers of the
brain (e.g. skull, CSF, White matter, Gray matter). This will help obtain
better image reconstruction and understand the hemodynamic responses
layer by layer.

3) There is also a need for a tool which can help in viewing the data from

both imagers in a 3D view, rather than slices.
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4)

S)

6)

7)

Static and dynamic phantom studies can be performed on both imagers
for better comparison and understanding of instrumental responses of the
two imagers.

Since CW5 is MRI compatible, simultaneous studies of CWS5 with fMRI
can be helpful in correlating hemodynamic responses.

Since data from any NIR imager can be processed in to HomER (by
making necessary changes in raw data format), data from both imagers
with the same or different probe configuration can be processed on
HomER to compare or focus mainly on instrumental responses.

DYNOT data can be imported and processed into AFNI or SPM for

further processing for better 3D views.
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APPENDIX A

INSTRUMENT SPECIFICATIONS
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DYNOT Specifications

Light Sources:

TYPC e Laser diodes

[lumination power (average, per wavelength) ......... 20 mW )

[llumination radiance (per wavelength) .................... 25mJcem sr

Number of wavelengths.............cooceeiiiiiiiniiiiien, 2 to 4 (frequency-encoded)
Wavelength range...........ccceeevvevienciienieeiiecie e 680 nm to 900 nm
MoOdUIAtION.....ccocuieiiiiiiieieeeeeeeeeeee e 4-12 kHz, sine-wave

Number of illumination positions.............cccceeeveernennns 1to32

Source switching rate.........cccceceveeneniieneenenicnenn 60 Hz

[umination variation...........cceceerereereereeseeneenennene <1%

Laser Class......cueecvieeriieeeiie e 1

Detection:

Detector tyPe ....ccveeveerieeiienieeeeeeeeeee e Silicon photodiode, 2.4 mm x 2.4 mm
Number of detection channels ...........cccccecereeeenene. 32

SENSILIVILY ..ottt <10 ;gW

Dynamic range ..........ccceeeveeveerreenieenieenieesreenneeneens 7x10

Long-term stability.........cccceviiiiiiniiiiiiiiceieeeeee, 1% (30 minutes)

Data acquiSition rate ..........ccceeeevveerieenveeriieeieeeeennes 2 Hz (full tomographic) 70 Hz
(single-source, fast scan mode)

Electrical:

Input voltage ......cccevevvieeeiiieie e 110 VAC (American model) 220-
240VAC (International model)

Power consumption (Max).........ccceeeveeecuveencueeenineeenns 1500 W
Frequency.......ccoovieeiiiiiiieeeceeeeeee e 50 Hz to 60 Hz
Phases.....ccoeeiiiiiee 1

Environmental:

Temperature range..........cccveevveeerveeesieeeieeesveeeeneenn 10°C to 40°C (operating) -15°C to
+70°C (storage and transport)

Humidity......cooviiiii e 20 to 80% relative humidity non-
condensing

AMDIENT PIESSUIC.....veeeevieeeieeeireeeireeeiveeeereeeeeeeenes 700 hPa to 1060 hPa
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General:

Overall physical dimensions (W x D x H) ................... 41.0" x29.0" x 39.5" (1040 mm
x 740 mm x 1000 mm)

WEIGHE o 400 lbs
Certification.........ccueeeiieriieeiieieee e e .CE pending (European model)
Classification:

Degree of electric shock protection ...........cccceeeeeennee. Class 1

Type of electric shock protection............cceevveeeeneeennns Type BF

Degree of protection against the
ingress of liquids..................ccoeviiieeiceeeeeeeeee... IPX0 (Ot protected)
Mode of Operation ...........cecceeeeeereenieenienieeiie e Continuous
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CWS5 Specifications

Transmitters: Laser Sources

NUMDBET Of SOUICES....c.uviiiiieiieiiiiieete e 24

TYPE O SOUICE.....eieiiieiiieiieie et Laser

Source wavelengths..........cccvveviieiciiieieece e 690 and 830 nm

Optical Output

POWET PET SOUICE.....ueviiieiiiiie ettt 9mW, 3 mW

Output control

(101031 11T On/Offt, Square-wave
modulation

(0707011107 10 g . o LTSRS Optical SMA

Receivers: Detectors

NUMDBET Of TECEIVETS. ....eiiieeiiieiieiieeeiie et 24

TYPE Of TECRIVET ..ottt Avalanche Photo Diode

Photo SENSItIVILY....ccciiiieiiieeiiieeiieecee et e e 0.5 A/W @ 800 nm

Galn RaNGE.......ccoiiiiiiiiciiee e -12 To +84 dB

Optical bandwidth...........cccoviieiiiiiiiiiieeee e, 400-1000 nm

Signal bandwidth...........ccccoeiiiiiiiniiiie e 16 kHz

Control capability........ccceeecuiieiiiieiiieeieceee e On/Off &
programmable Gain

(0707011101 10 g . o 1TSS Optical SMA

External Remote Control Details:

Electrical INterface.......oooveeeeiieiiiee Serial
Control Language..........coceeveevieriinieiienienieeieeeee et Proprietary
DiAA DIE TALE. .. 5 kHz

General Physical Details (approximate as shown in photograph):

INPUL POWET ...ttt ettt saae e 10V AC 60 Hz @ 2.5A

Operating TeMPETatUure..........cocveverierierieenienieneeieeteseene e 0to40C

Storage TemMPETAtUIE. .....ccveeeriiieeiieeeiieeeiieeeireeeireeeireeeaeeesaeee e -20to 60 [1C

HUMIAIEY ..o 5 to 95 % non-
condensing

Dimensions With...........coeoiiiiiiiiinieiiiee e Length 20 inches

Enclosure Width 20 inches

Height 17 inches
Rack Mountable 19 “width
WRIGNL. ..t 1001bs in enclosure
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