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SYNOPSIS

Several neurological functions are impaired by stroke. The most common deficit is for
motor functions of the body. A stroke lesion on the left hemisphere of the brain will cause a
deficit in the opposite side of the body. Many rehabilitation techniques based on motor learning
paradigms have been developed to expedite the recovery of compromised movement in patients
with stroke. Early stroke rehabilitation is critical for enhancing motor recovery, but the optimal
time window for specific neuro-rehabilitation has yet to be developed. The concept of brain
plasticity has been shown to us in various studies wherein some brain regions in the adult brain
can change in structure and function during the process of learning. This very idea is utilized in
the recovery from deficits due to stroke through rehabilitation techniques over time.

Neuroimaging studies help to understand the functioning of various brain regions.
Functional Magnetic Resonance Imaging (fMRI), Positron Emission Tomography (PET),
Electroencephalogram (EEG), Functional Near Infrared Spectroscopy (fNIRS), etc. are the
techniques used for evaluating functional aspects of the brain. Recovery from stroke is attributed
to the reorganization of the motor cortex and associated areas in the brain. The cortical
reorganization is of interest to various neuroimaging study groups as the insight into the recovery
process will help to formulate the rehabilitation strategies for respective deficits. fMRI and PET
studies have reported the functional reorganization of the motor cortex. The concern with these
imaging modalities is the requirement for the subject to be lying in the scanner for a considerable
amount of time even during their distress due to stroke. fNIRS, an optical imaging tool which is
completely portable is an alternative to study functional brain activities barring from the fact that
it is limited to investigating the brain, not beyond cortex.

Studies have reported promising approaches to elucidate on functional components of
the reorganization of affected brain regions after stroke using fNIRS. The approaches until
recently were to study the motor response of the brain based on the task given as stimulus. The
motor cortical activations were studied using fMRI to a larger extent and fNIRS to a very little

extent. Compensatory motor activation of cortical regions in patients recovered from hemiparesis
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after cortical infarction has been evaluated successfully using fNIRS in comparison with
functional magnetic resonance imaging fMRI. The changes in cortical activations during motor
recovery after stroke were studied. Resting state functional connectivity investigates the
spontaneous cerebral hemodynamic fluctuations that reflect neuronal activity at rest.
Connectivity studies using habitual neuroimaging techniques like fMRI has been started a few
decades ago. Recent pieces of the literature suggest remarkable interest in resting state cerebral
hemodynamic fluctuations. This thesis hypothesizes a disruption in the motor cortical network
due to stroke and reorganization of the network owing to recovery that can be identified using the
resting state analysis. The motivation for this thesis comes from this fact of using fNIRS, which
is a low cost, portable and reliable neuroimaging modality for understanding brain functions
about cortical depth. In this thesis, we have attempted to evaluate the resting state data acquired
using fNIRS for functional connectivity analysis of the motor cortical area to study the changes
in the network organization of the motor cortex in the process of recovery
Thus the main objectives of this thesis are to:

. Establish the role of cortical functional connectivity in the reorganization of the
motor cortex in post-stroke recovery using fNIRS.

. Study the correlation between task-based and resting state fNIRS

The study was designed as a case-control study wherein twenty patients were recruited
from the stroke clinic of the institute and an equal number of control subjects were included in
the study. The recruitment of the patient group was under the supervision of the consultant
neurologist with strict inclusion and exclusion criteria. The study was carried out after getting
approval from the Institute Ethics Committee. Informed consent was obtained and the
information sheet was provided for all the subjects. The study included a longitudinal data
acquisition design for the patient group. The first set of data was collected from the patients on
an average of 23 days after the onset of the stroke. The second set of data was collected on their
follow up to the clinic (mean of 90 days).The mean age of the patient group was 54.4+11 years.

The data acquisition was performed using NIRSport system (NIRx Medical

Technologies LLC, Berlin, Germany) having 8 sources and 8 detectors at a sampling rate of
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7.825Hz. The device emits light at 2 distinct wavelengths, 760 and 850 nm, for discrimination of
two oxygenation states of tissue. Four sources and four detectors were used to cover areas of
interest in one hemisphere. The fNIRS signal was recorded bilaterally over the premotor area and
supplementary motor area (10-20 EEG locations corresponding areas FC3, FC1, FCz, FC2, and
FC4) and over the primary motor cortex (10-20 EEG locations corresponding areas C4, C2, Cz,
C1 and C3), as combinations of these areas were likely to be active in response to the motor
paradigm. A total of 20 channels were analysed to infer data from the motor cortex and
associated areas. The inter optode distance was maintained at 30 mm. The acquisition was
carried out in a relatively darker room in a relaxed environment. The device was calibrated for
each subject before the acquisition for gain settings. A paradigm was designed using NIRSTIM
software for task-based acquisition. It included a rest block followed by an active block of
left-hand movement. This is followed by another block of rest phase and subsequent active block
of right-hand movement. Data analysis was carried out using nirsLAB software and FC-NIRS
software along with tailor-made scripts in Matlab.

The study initially focussed on the use of fNIRS modality for studying the task-based
activations in which the left-hand movement task and right-hand movement task were analysed.
The healthy control group data showed unilateral activation pattern for the tasks given. The
dominant hand movement (right hand) showed significant contralateral activation in the primary
motor areas (M1) and supplementary motor areas (SMA) (p<0.05). Deactivation of the ipsilateral
primary motor area was observed for the dominant hand task indicating a possible inhibition by
the contralateral M1 as reported by earlier studies. The patient group was subdivided based on
the location of the infarct into right-hemispheric and left hemispheric groups. Studies using fMRI
have suggested that the sub-acute stroke patients show bilateral activation of the motor cortex in
response to motor tasks. Evaluation of the left hemispheric stroke for the affected hand (right
hand) illustrates a bilaterally activated M1 areas, premotor and supplementary motor areas which
are statistically significant (p<0.05). The recruitment of contra-lesional (right hemisphere) M1

and supplementary areas are important for the management of the stroke in the subacute phase.
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The non-affected hand (left hand) showed significant activation in the contralateral (right)
hemisphere (M1 area, premotor and SMA).

The same set of subjects were evaluated for the second time in which the subjects have
undergone physiotherapy intervention and the data were analysed for studying the changes in the
activation over time. The left hemispheric stroke group showed increased activation in the
premotor and sensory-motor areas when compared to the contra-lesional area for the affected
hand (right hand). For the left-hand movement, significant contralateral activation of M1 and
premotor area was observed (p<0.05). A decrease in contra-lesional activation is observed. The
unilateral pattern was observed in the post-recovery session when compared to the bilateral
activations during the pre-recovery session. The right hemispheric group showed a significant
contralateral increase in M1 and premotor area for the affected hand movement (left hand) during
the pre-recovery session (p<0.05). The non- affected hand (right-hand activation) also showed
contralateral activation in the pre-recovery session. More contralateral areas were activated for
the affected hand movement and non-affected hand movement during the post-recovery session.

Resting state data was analyzed for both pre-recovery and post-recovery sessions for the
patient group. The resting state functional connectivity (RSFC) pattern for the healthy group was
obtained using Pearson correlation for each channel. The coefficient was Fischer transformed to
obtain the Z values for obtaining normalized values. For the healthy group the motor cortices and
supplementary areas were correlated (mean r=0.59 for left hemisphere and mean r= 0.43). The
inter-hemispheric functional connectivity was observed between the right premotor and left
association cortex. The connectivity values were thresholded with a sparsity threshold of 0.4 for
uniformity in comparing between the groups. The left-hemispheric affected group showed a
disruption in the ipsi-lesional network between the motor cortex and supplementary areas. The
contra-lesional hemisphere has shown to have recruited more connections when compared to the
healthy controls. The intra-hemispheric connections have decreased significantly when compared
to the healthy group. The RSFC analysis of the post-recovery data showed a reappearance of the
network in the left hemisphere along with strong inter-hemispheric connections between SMA of

both hemispheres and association cortices of both hemispheres as well.
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The right hemisphere affected group, on the other hand, had disruption of the normal
network of M1, SMA and Premotor in the affected hemisphere. The group showed an
inter-hemispheric connection between premotor areas of the left hemisphere and right
hemisphere. The post-recovery analysis of the RSFC of this group has shown improvement in the
disrupted network of the M1, SMA and premotor areas of the right hemisphere. The
inter-hemispheric connections between M1, association cortices and SMA were observed in the
post-recovery session. Further, the RSFC data was utilized to study network properties using
graph theory. The healthy group and the patient groups showed significant differences (p<0.05)
for the measures of segregation such as clustering coefficient and local efficiency. The patient
group showed lesser values for the measures of segregation in the pre-recovery session
signifying the loss of dense interconnection with the neighbouring regions.

In conclusion, the task-based activations for the healthy controls presented a unilateral
engagement of the cortical areas and the results using fNIRS are in line with previous fMRI
studies. The patient group responses gave a bilateral pattern of activation for the pre-recovery
session which was shifted to unilateral activation of motor areas over time. Previous fMRI
studies have shown that during recovery a normalized hemispheric balance between the two
sides of the motor cortex could be re-established given the evidence that activation for most
well-recovered stroke patients shifts from a bilateral to a unilateral pattern. The functional
connectivity analysis also showed a change in pattern between the healthy control group and the
patient group. Significant improvements in the connections were observed for the patient group
when comparing the pre-recovery and post-recovery data. Since RSFC studies of stroke recovery
using fNIRS are few this thesis will show more light into the cortical networks and its disruption

due to stroke and its reorganization during recovery from stroke.
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Thesis Outline

Chapter 1:

The introduction gives background information about the study. It explains the
principle behind the modality used (fNIRS) for the study, problem statement and

motivation for the study.
Chapter 2:

Literature Review reviews the relevant literature about the task-based
neuroimaging of stroke recovery and longitudinal studies on the recovery from stroke.
The chapter also focuses on the research work using fNIRS modality in studying stroke

recovery and resting-state fNIRS in general.
Chapter 3:

Materials and Methods, section discusses in detail about the experimental design,
inclusion criteria, data acquisition, different pre-processing steps and software used for
the analysis of the data. The chapter also discusses the task-based and resting-state

fNIRS data analysis steps in detail.
Chapter 4:

Results, section presents the major results from the study including the task-based
results for healthy controls, left hemisphere affected patient group and right hemisphere
affected patient group. It also presents resting-state results for healthy controls and

1



patients.
Chapter 5:

Discussion, section describes the interpretation of the results in context to the
relevant existing reported studies and tries to explain the individuality of the study. It

also explains the limitations of the study and future directions.
Chapter 6:

Conclusion and Summary, section summarizes the results from the different

experiments/ trials in the study and concludes the results.



Chapter 1

Introduction

1.1 Background

In-vivo studies of human brain functions are made possible by neuroimaging
techniques. These techniques allow us to produce detailed images of the structure
(anatomical imaging) as well as capture images of the physiology associated with
different processes (functional imaging). The field of medical imaging is expanding its
clinical application and capabilities. In such a scenario newer and safer methods are
being sought. There is an urge for the development and practice of non-invasive
techniques, which are relatively safer to handle and use. For the functional
understanding of the brain, different modalities of brain imaging are followed around the
globe like Electroencephalography (EEG), functional Magnetic Resonance Imaging
(fMRI), Positron emission tomography (PET) and Magnetoencephalography (MEG).
Understanding how the brain acts under normal conditions and altered conditions have
stern clinical repercussions. Each modality used has its own pros and cons. The optimal
choice of modality is a trade-off between applicability to the population and neurological
condition being studied. This study utilizes the method called functional near-infrared
spectroscopy (fNIRS) for the measurement of brain activity during the recovery from

stroke.



1.1.1 Stroke - Neuro-vascular condition.

Stroke is defined as a neurological dysfunction that happens when the blood
supply to part of the brain is cut-off either due to cerebral infarction, intracerebral
hemorrhage, or subarachnoid hemorrhage (Stormtrooper, 2014). It is the foremost reason
of frailty and death worldwide. Stroke broadly includes two major types: a) ischemic,
mainly due to the formation of a clot in the blood vessel causing a reduction in cerebral
blood flow, and b) hemorrhagic, due to rupture of the blood vessel in the concerned area.
During ischemic stroke cerebral blood supply is disrupted by narrowing of the vessels
due to atherosclerosis or embolism. In the case of hemorrhagic stroke hypertension or
ruptured aneurysm causes reduced blood flow due to direct blood loss or vessel
compression. In both cases, a substantial drop in blood supply could be observed which
results in the injury of the neurovascular unit. Like all cells lack of oxygen supply causes
neurons to die and hence decreases the neuronal activity. Treatment to the stoke victim

depends on the type of stroke and the location of the insult.

1.1.2 Recovery from stroke

The damage to the brain caused by a stroke can lead to extensive and continuing
complications. But the concept that the brain is not hard-wired and in particular cortex
has the capability to change in both structure and function is globally accepted. This
change in structure over time with a resultant change in function is termed as the

plasticity of cortex or brain itself. This helps in planning recovery from stroke through



various rehabilitation strategies according to the nature and location of the deficit. The
extent of recuperation depends on various factors. The intensity and dose of
rehabilitation play an important role in recovery. Recent studies confirm that recovery
occurs mainly due to neuro-plastic reorganization. This, in turn, happens only when the

rehabilitation activity surpasses a certain threshold(MacLellan et al., 2011).

This thesis focuses on the modality of fNIRS and its use for studying the motor
cortex in the recovery phase of patients from stroke. It also describes the technique of

resting-state fNIRS measurement, different analysis techniques and interpretation of data.

1.2 Functional near-infrared spectroscopy (fNIRS)

FNIRS is an optical neuroimaging tool for noninvasive measurement of the brain
activity and monitoring of regional cerebral hemodynamics. This is done by sensing
light absorption and scattering mainly associated with measurable chemicals called
chromophores (water, hemoglobin, cytochrome, etc.) through the skull. Frans J6bsis
who is considered to be a pioneer in the application of optical techniques to the study of
intact organs in situ is credited to the discovery of NIRS (LaManna, 2007). The method
works by illuminating two wavelengths of near-infrared light through the scalp and
recording intensity variations resulting from the metabolic changes within brain tissue.
Each wavelength of light is absorbed by the oxygenated and de-oxygenated species of
hemoglobin differently. This allows concentration changes in each of them to be

estimated.



The brain endures various electrophysiological and neuro-chemical reactions in
response to external stimuli. These responses are the result of the concordant
communications of neurons and non-neuronal cells in the brain. The increase in local
neuronal activity is supplemented by the intake of glucose and oxygen, which in turn
tips to an increase in local blood flow and blood volume through the vessels. This will
eventually lead to the entry of oxygen-bound hemoglobin into the region. The above
description defines neurovascular coupling. During this reaction to stimuli, the amount
of oxygen supplied is typically more than that consumed locally, resulting in a
substantial increase in oxygenated hemoglobin and a slight reduction in deoxygenated
hemoglobin in the region (Fox et al., 1988; Villringer and Dirnagl, 1995). Since the
magnitude and location of both oxy- and deoxy-hemoglobin are tightly linked to the
extent and location of neuronal activity, the hemodynamic response is often measured as
an alternative marker of neuronal activity as in case of fMRI (Chance et al., 1993;
Ogawa et al., 1990; Villringer and Chance, 1997).NIRS allows us to measure relative
changes in cortical hemoglobin concentration, coupling this concentration to brain

functioning is what designates fNIRS.
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1.2.1 Comparison of fNIRS with other neuroimaging techniques

Neuroimaging scientists have always encountered the question of the modality to
be used for the study. The existing modalities offer advantages of one another and some
of them when used simultaneously compliment the method to arrive at a solution to the
problem being studied upon. Techniques like EEG and MEG, allow researchers to
observe the direct manifestations of brain electromagnetic activity with temporal
resolution on the order of milliseconds. However, these technologies have limited spatial
resolution due to the presence of multiple dipoles contributing to the signal. On the other

hand, methods such as PET and fMRI indirectly monitor the hemodynamic and



metabolic changes associated with neural activity with remarkable spatial resolution.
However, these methods are limited in temporal resolution and are associated with
neuronal activity through the neurovascular coupling function. The use of radioisotope
limits the application of PET. FMRI, being non-invasive is the most popular functional
neuroimaging technique available. The disadvantages of fMRI are that it is physically
compelling, vulnerable to motion artifacts, exposes participants to loud noises, and is
expensive. FNIRS, an emerging neuroimaging technique, offer relatively non-invasive,
safe, portable, low-cost methods of both direct and indirect monitoring of brain activity.

The summary of the comparison of fNIRS with other modalities is given in table 1.1.

Table 1.1 Comparison among brain imaging techniques

Technique Merits Demerits
MEG Neural I ms 5 mm,3D High Difficulty in
. measuring
electric Temporal some regions
EEG Neural 1 ms 10-15 mm, Low cost, Low Spatial
high resolution
electric 3D
exp.
activity
Flexibility
PET HR, metabolic | 10-45 s 4 mm,3D Quantitative High cost,
invasiveness
response measurement




fMRI Hemodynami | 0.5-5s 1-5 mm, 3D Structural High cost,
¢ Response data low exp.
availability flexibility

fNIRS Hemodynami | 0.1-1s 10-30 Low cost, Measuremen
c high t limited to
mm the lateral
Response exp. cortex
Flexibility surface

1.2.2 Light Transport in Tissue

The human brain is relatively transparent to light in a small window of near-infrared
range, which is capitalized in NIRS. The scientific basis of NIRS heavily relies on the
physics of light transport in brain tissue. Absorbing characteristics of hemoglobin are
distinctive and this helps for oxygenation-dependent quantification of NIR light
absorption(“fNIRS Analysis,” n.d.). The relative change in concentrations of
oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) is calculated using the modified

Beer-Lambert law.

When light enters the brain tissue the major interactions of light are absorption and
scattering in varied proportions depending upon the optical properties of the medium.

Absorption is the process in which the energy of the photon being transmitted to a



molecule. Such a molecule that can absorb light is called Chromophore. The energy of
the photon absorbed by the chromophore can be converted to other forms such as heat,
fluorescence or dissipated by non-radiated processes like metabolic pathways. The
absorptivity of the chromophores in the tissue can be characterized by the absorption
coefficient (Ma). For an ideal medium with no scattering the concentration of

chromophore could be derived easily from Beer-Lambert’s law as given below:

[=1,e"

o

Where, (Eq1.1)

I = intensity of the light passed through the medium
I,= intensity of the incident light

€ - Molar extinction coefficient

¢ - Concentration of the chromophore

L — distance travelled by light in the medium
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Figure 1.2 Represents the different types of interactions of the light (P,) entering a medium

Scattering occurs elastically within the medium and the degree of which is a function
of the difference in refractive index between regions within the cellular material and the
angle of incidence. The scattering properties of a medium are described by its scattering
coefficient ps. Scattering is a broad term used to report a variety of light-matter
interactions that hold back the state of the incoming photon but which may modify its
path of motion (Cooper, 2010). The anisotropy (g) is a measure of the number of

forwarding direction rays retained after a scattering event.

A fundamental consideration in optical imaging is maximizing the depth of light
dissemination into the tissue, which is limited by absorption and scattering of light.
Because absorption and scattering declines as wavelength increases, the detection of
fluorescent dyes and proteins having absorption below 700 nm are difficult. In the NIR

11



region, the absorption coefficient of tissue is at its minimum and hence light can pierce
to depths of few centimeters. Above 900 nm, light absorption by water causes
interference. Auto-fluorescence is also an important consideration. Naturally-occurring
compounds in animal tissue can cause considerable auto-fluorescence all over the visible

range up to ~700 nm, which can mask the desired signal.
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Figure 1.3 Absorption spectra of biological chromophores (hemoglobin, melanin, and water).
The orange and green vertical lines represent the boundaries of the optical window in the spectrum

which is used for NIR optical imaging

For a medium like a brain tissue, the light incident is partially absorbed and partially
scattered. The concentration of chromophores then cannot be determined by the Beer-
Lambert law as it is defined for a non-scattering medium. In such cases, the path length
is not merely equal to the width of the medium-light passing through. Instead light takes

a longer path inside the medium due to dispersion. This leads to the introduction of a
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new factor called differential path length factor (B). Also, there is a loss of photon
energy due to this phenomenon and to account for that another factor (G) is introduced
in the equation as given below (Eql.2). This modified Beer-Lambert law is used to find

the change in concentration of chromophore in a continuous wave NIRS.

A=log,,([,/1)=€cLB +G
A4 =log,,(I,/1) =€ AcLB

(Eq 1.2)
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Figure 1.4 The photon entering a living tissue undergoes multiple scattering before emerging out.
The zig-zag path taken by the photon increases the total path traveled by it. The concept of
differential path length factor accounts for this extra path taken by the photon

Generally, a model is needed to determine the tissue optical parameters a, Us, and ¢
from a set of measurements. Conversely, with knowledge of these parameters, a model
can be used to predict useful measures like the absorbed dose and the light distributions

in tissue, and the light fluxes emerging from the tissue, for a given light source and
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tissue geometry. As NIR photons are applied to the turbid liquid (similar to tissue), the
photons follow a trajectory similar to the shape of a 'banana' and exit the liquid to meet
the detector surface as shown in the figl.5. The depth resolution of the NIRS technique
is under investigation and from the studies till now, it has been formulated that the
penetration depth of photons in NIRS is almost half of the source-detector distance.
Hence the general understanding is that when the distance between the source and the
detector increases, penetration also increases. In natural tissue, the scattering particle
density is such that the interaction of scattered waves between neighboring particles

cannot be ignored and multiple scattering is bound to occur.

Source Detector

Figure 1.5 ‘Banana’ shape photon path pictorially depicted from source to detector inside a tissue.



1.2.3 Hemodynamic response function

The brain signal measured using fNIRS is the hemodynamic response which is
coupled with the neuronal activation. This gives an indirect measure of the neuronal
activation in response to the stimuli. The sequence of events is as follows: A neuronal
activation is caused in response to a stimulus. This is followed by the increased
utilization of HbO around the specific region. It induces an increase in blood flow to the
region, improving the HbO concentration which is accompanied by a decrease in HbR
concentration. Fig 1.6 depicts an optimal response to the stimulus activation. This

vascular response to activation is known as the hemodynamic response function (HRF).

Change in Concentration (a.u)

Time (s)

Figure 1.6 The hemodynamic response function to a stimulus (onset of stimulus shown in the
grey rectangle). The red curve represents oxy hemoglobin response, the green dotted line represents

total hemoglobin and the blue line represents deoxyhemoglobin.

This HRF is studied for many disorders using the specific stimulus to the brain and is
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called task-based fNIRS studies. Researchers have started using fNIRS is understanding
a variety of brain functions (Strangman et al., 2006). The initial research was focused on
the neonates and with improved instrumentation, people started using fNIRS for adult
studies. The application ranges of fNIRS include motor tasks, visual tasks, cognitive
tasks, aging, and psychiatric disorders and rehabilitation. Several studies have proved
the worth of fNIRS in the functional neuroimaging realm by comparison of results with

that of fMRI studies.

1.2.4 Resting State functional connectivity using fNIRS

The interest in functional connectivity has been increasing ever since the
discovery of synchronous neurophysiological activity of spatially remote brain regions
were identified using fMRI. The correlated functional activity has been identified in
various systems in brain-like sensorimotor, visual, auditory and language. The reliability
and repeatability of the technique for RSFC measures have been established. The limited
spatial resolution of fNIRS never stopped it being used in RSFC measurement as a
complementary technique to fMRI. The common neurophysiologic basis of fMRI and
fNIRS modalities is thought to be the reason for the high consistency of the RSFC
measurement between them. More studies using fNIRS for RSFC assessment are
discussed in Chapter 2. The concept of resting-state fNIRS based brain network analysis
is possible with the help of extending graph theory to the brain network analysis.

Resting-state fNIRS has proved to demonstrate characteristics of topological attributes
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of human brain networks consistent with rs-FMRI studies. Further techniques of resting-

state TNIRS are discussed in session 3.5.2.

1.3 Motivation and Objectives

This thesis hypothesizes that fNIRS could detect the disruption in the motor
cortical network due to stroke and the reorganization of the network during the course of
recovery. The motivation for this thesis comes from this fact of using fNIRS, which is a
low cost, portable and reliable neuroimaging modality for understanding brain functions
about the depth of cortex. The portable nature of the modality in data acquisition helps to
achieve a patient-centric approach. A bedside measurement for the patients who are
unable to move around and who have difficulty in getting the fMRI scan done is a major
shift in the paradigm. The use of such modality also makes a way forward towards brain-
computer interfaces that can be used for the rehabilitation approaches in stroke recovery.
In this thesis, we have attempted to evaluate the task-based and resting-state data
acquired using fNIRS. Functional connectivity analysis of the motor cortical area is
studied longitudinally. The change in the network organization of the motor cortex in the
process of recovery is assessed using both task-based and connectivity measurements.
Cortical connectivity changes in the stroke patients during recovery are hypothesised
here. Thus the main objectives of this thesis are to a) Establish the role of cortical
functional connectivity in the reorganization of the motor cortex in post-stroke recovery

using fNIRS. b) Study the correlation between task-based and resting-state fNIRS
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Chapter 2

Literature Review

2.1 fNIRS: Technique and Analysis

The potential of {NIRS imaging is widespread in the research level as well as at the
translational application level. The technique was initially used in the early *90s by four
different research groups to measure brain function (Chance et al., 1993; Hoshi and
Tamura, 1993; Kato et al., 1993; Villringer et al., 1993). The field of {NIRS research has
grown much faster and much advancement has been reported over the years.
Technology-wise, the lion share of the fNIRS systems in the market is based on the
continuous wave instrumentation which is simplest and less expensive. They can
measure changes in oxy and deoxyhemoglobin (Scholkmann et al., 2014). Another type
of fNIRS instrumentation is based on the time domain technique utilizing a short pulse
of laser light. Such devices measure the time-spread function of the pulse. A better
spatial and depth resolution is obtained with this method. The method though is
expensive to build and hence not used by many groups (Torricelli et al., 2014). The third
technique of frequency domain fNIRS measures a shift in phase along with light

intensity attenuation. The emitted light is modulated at a particular frequency (Davies et

al., 2017).
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2.2 Task based Functional neuroimaging of stroke recovery:

Functional recovery is seen to happen in stroke patients from weeks to months
following the insult. Suggestions have come from non-human studies that cerebral
reorganization is causative of the recovery. It is therefore important to have an
understanding of the neuro-physiological processes fundamental to this reorganization in
the human brain (Baron et al., 2004). Positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI) have been used reliably to reveal motor-
related brain activations during movement of the stroke-affected upper limbs. Additional
task-related recruitment in the unaffected hemisphere has often been reported with these
modalities. The knowledge about recovery from stroke has been from the observational
studies prior to the introduction of functional imaging modalities (Calautti and Baron,

2003).

The normal patterns of movement with hands were studied by many research groups.
The areas identified typically include contralateral supplementary motor area (SMA),
Primary motor cortex (M1) and sensorimotor cortex (SM1) and ipsilateral cerebellum
for a normal self-paced or cue-based task with a dominant hand. But for a non- dominant
hand the pattern remains the same except for the addition of dorsolateral prefrontal
cortex (DLPFC), posterior parietal cortex and insular activations(Kim et al., 1993; Rao
et al., 1993; Remy et al., 1994). Though the trans-callosal inhibition was evidenced by
animal and clinical studies, fMRI studies involving unilateral motor tasks were

conducted to establish the inter-hemispheric interactions (Reddy et al., 2000). Cao Y et
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al hypothesized that the ipsilateral activation will be more in the primary sensorimotor
cortex of the non-infarcted hemisphere in comparison with normal subjects. They used
fMRI modality to study the motor function of the hemiparetic subjects who suffered a

unilateral ischemic stroke (Cao Y. et al., 1998).

The researchers, with the introduction of fNIRS, started looking at it as an
alternative to the existing modalities. The major reason for this is that the identified
areas for motor-related activities are optically available for probing. Also with the
advantage of portability, discreteness and good insulation from motion artifacts, the
modality offers to delineate cortical correlates of real-world tasks. Many investigators
used simple motor tasks like finger tapping, hand grasping, and thumb opposition to
understand the fNIRS signal corresponding to brain activation and to monitor the neuro-
vascular coupling (Franceschini et al., 2003; Hirth et al., 1996; Obrig et al., 1996). NIRS
is considered as an effective monitoring tool for stroke recovery, including upper limb,
lower limb recovery, motor learning and cortical function recovery (Mihara and Miyai,

2016).

fNIRS studies have described the role of the SM1, M1 and the PFC in tasks of daily
activities such as upholding attention and concentration required for running in healthy
subjects. Consistent results have been obtained with fNIRS studies, suggesting impaired
contralateral M1 activations, up-regulation of ipsilateral motor activations, and
longitudinal improvements in laterality toward contralateral M1 activation following

rehabilitation (Leff et al., 2011). The research by Arenth, Ricker, and Schultheis

20



described the various applications of Functional Near-Infrared Spectroscopy (fNIRS) to
Neurorehabilitation of cognitive disabilities. They focussed on the areas of Motor and
Visual Tasks, cognition, aging and psychiatric population, stroke and traumatic brain
injury. Keeping in line with the present study, the integration between fNIRS and
rehabilitation in the area of Stroke was given significance. Upper limb and lower limb
functional recovery, motor learning and balance control (gait) are the areas studied using
fNIRS (Arenth et al., 2007). Miyai and colleagues evaluated six non-ambulatory patients
with severe hemiplegia following stroke. The fNIRS system was utilized during the
treadmill-walking task under partial body weight support. The performance of the gait
activity was linked with increases in oxy-hemoglobin (HbO) in the medial primary
sensorimotor cortex. Also, a greater increase in the HbO was noted in the unaffected
hemisphere, as compared to the affected hemisphere. In another study, cortical activities
of patients with stroke were measured during hemiparetic gait longitudinally during
inpatient rehabilitation. They were eventually able to arrive at the conclusion that
recovery of locomotion after stroke may be associated with improved asymmetry in the
medial primary sensory cortex (SMC) activation and enhanced premotor cortex
activation in the affected hemisphere(Miyai et al., 2002, 2001). Kato et al. did a study
that compared fNIRS and fMRI to examine six patients who experienced a stroke,
specifically within the distribution of the middle cerebral artery (MCA), who exhibited
left hemiparesis, and recovered to the point that they had minimal or mild residual
hemiparesis. The Subjects were studied by administering a hand movement task of both

the unaffected and affected hand. The authors were able to communicate the conclusion
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that fNIRS was useful for the study of post-stroke alterations in motor functioning(Kato

et al., 2002, 2001).

2.2.1 Longitudinal study of motor recovery after stroke

The researchers initially studied comparison between the stroke affected subject and
normal controls or fully recovered subject at a single time point alone. These functional
studies would give the idea about the differences in activation patterns for the damaged
brain with a lesion when compared to the normal brain. But for a study that focuses on
the changes during the recovery process, it is inept. So there have been longitudinally
designed studies that allow people to acquire data from one subject multiple times
during the recovery phase. Such studies help us to determine the dynamic changes in the
activation patterns. The selection of simple motor tasks could circumvent the learning
effect often seen in longitudinal studies (Seidler et al., 2010). A few published
longitudinal neuroimaging studies have shown that neural activity in cortical motor areas
during movements of the paretic hand is enhanced in both the hemispheres two weeks
post-stroke and subsequently decreases toward levels observed in healthy subjects
concomitant to motor recovery(Tombari et al., 2004; Ward et al., 2003). One study
reported that the gradually increasing activity in the contralesional primary motor and
premotor cortex correlated with improved functional recovery in severely affected
patients. They focussed on the role of the contralesional motor cortex using fMRI in the
recovery process during the early days after stroke (Rehme et al., 2011). Further other

researchers studied the contralesional motor areas and suggested that these activations
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will impact the extent of motor function of the paretic limb in the subacute and chronic
phase post-stroke and may serve as a new target for rehabilitation treatment
strategies(Buetefisch, 2015). Grefkes et al reported that after four months of the patient
recovery the contralesional activation disappears (Grefkes and Fink, 2011).fNIRS was
useful for observing changes in hemodynamics and oxygenation in various types of

rehabilitation interventions (Saitou et al., 2000).

Functional motor recovery of upper limb studies using fNIRS has been reported
by Yang et al in a recent review. There have been only a handful of studies that focussed
on the recovery of upper limbs. Upper limb functional recovery has been attributed to
the ipsilateral motor cortex activation. All the studies concentrated on the longitudinal
task-based activations for the analysis (Brunetti et al., 2015; Gobbo et al., 2017; Hara et

al., 2013; Kato et al., 2002; Takeda et al., 2007).

2.3 Resting-state functional neuroimaging of stroke

The intrinsic activity of brain regions in the resting state has been shown to be
having a synchronous nature. fMRI research community has put more effort, time and
money into analyzing the brain at rest during recent times for obvious reasons. This
resting-state functional connectivity (RSFC) is observed in different brain systems
including language, motor, visual, etc. The technique of RSFC has been applied to study
various neurological and psychiatric conditions(Bharat Biswal et al., 1995; Fox and
Raichle, 2007). Studies have reported both anatomical and functional connectivity
changes during stroke in various conditions (Jang, 2011; Mukherjee, 2005; Son et al.,
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2009). Considerable differences occur across the patient group due to lesion location,

stroke onset time, the severity of impairment, etc (Jiang et al., 2013).

The motor system which controls the motor function will be disturbed whenever the
motor deficit occurs due to stroke. The knowledge of brain structure and alteration in
function doesn't essentially tell us how the regions interacted together to modulate the
functions. Connectivity based studies are sought for the demonstration of structural and
functional changes after stroke Since resting state acquisition does not require explicit
task execution, it allows random assessment of functional connectivity within various
neuronal networks in a single experiment(Meer et al., 2010). The advantage of these
analyses is that more understanding of network dysfunction and functional
reorganization are provided (Carter et al., 2012). The conceptual assumption for such
analysis is that the brain is considered to be anatomically segregated into distinct brain
regions and at the same time functionally integrated through a set of network
architecture. RSFC measures the temporal correlation between signals from spatially
remote brain regions(K. Smitha et al., 2017; K. A. Smitha et al., 2017). It has been
shown RSFC using fMRI is consistent among the healthy population with aberrant
results for different age groups (Damoiseaux et al., 2006). Park et al reported that the
functional connectivity was seen more lateralized to the ipsilesional M1 at the onset
when compared to the healthy subjects. This asymmetry was highest after a month and
later starts to restore to asymmetrical connectivity after three months (Park Chang-hyun
et al., 2011). Rs-fMRI studies have concentrated on motor cortex functional connectivity

for reporting cerebral reorganization during stroke recovery. The importance of the
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primary sensory cortex has been given its due along with the motor cortex as the results
suggested inter-hemispheric asymmetry reduction with chronicity as in the case of the
motor cortex(Carter et al.,, 2010; H. Xu et al., 2014). Inter-hemispheric disruption of
RSFC occurs between sensory areas apart from motor cortices. A significant loss of
sensory interconnection has been reported recently when studied using fMRI. This could
be useful when combined with anatomical measures of the lesion in describing stroke

outcomes (Frias et al., 2018).

2.3.1 Resting state fNIRS

In spite of the limited spatial resolution when compared to fMRI, fNIRS is a
promising imaging modality for RSFC assessment. This can be used complementary to
the resting-state fMRI studies (Boas et al., 2004). Recent studies have shown the
potential of RSFC using fNIRS as the acquisition modality (Niu et al., 2011; Niu and He,
2014; White et al., 2009). FNIRS could be used to describe the topological organization
of the brain network in the resting state up to the cortical depth. As in fMRI analysis of
functional connectivity, the signals from predefined seed regions are utilized in research
to identify the interaction of different brain regions. Study groups have observed strong
connections between bilateral sensorimotor, auditory and visual systems in adults (Lu et
al., 2010; White et al., 2009). Connectivity changes were observed in neurological
disorders and developmental studies of early infancy by some groups (Homae et al.,
2010; Imai et al., 2014; Nakano et al., 2009; White et al., 2012). The assessment of

RSFC using fNIRS has definite advantages due to the portability and practicality of the
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applications in neuroscience. The ease of translating the research into the clinical
domain is also another advantage (Duan et al., 2012). Zhang et al have established the
validity of RSFC results using both seed-based and independent component analysis

methods from resting fNIRS data (Zhang et al., 2010).
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Chapter 3

Materials and Method
3.1 Inclusion and Exclusion Criteria

The study was designed as a case-control study wherein twenty patients were recruited
from the stroke clinic of the institute and an equal number of healthy volunteers were
included in the study. The recruitment was under the supervision of the consultant

neurologist. The inclusion and exclusion criteria for the study are given in table 3.1

Table 3. 1 Inclusion and exclusion criteria for the selection of patients/subjects for the study

Inclusion Criteria Exclusion Criteria

Patients with Mild stroke Patients with Cognitive impairment who
cannot comprehend the commands for

task-based study

Patients with Modified Rankin Score of Patients with a strong motor impairment

4 or less who cannot perform the task

The onset of Stroke: 4 weeks to 8 weeks  Acute stroke and patients who are not

able to cooperate under the scanner

Healthy Volunteers who have no history Healthy volunteers from the same lab
of stroke or other functional who might be biased in performing the

impairments study
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3.2  Experiment Design

The study was conducted as three segments. The first segment involved a simple
hand grasping task. Both the healthy subject group and the patient group performed the
hand grasping task. The task was designed in blocks of rest and active sessions. The
active trial lasted for 20 seconds and the rest trial for 25 seconds. Five trials were
repeated for a session. The second segment of data collection involved the resting state
measurement of three minutes.It is followed by another trial of task measurement. The
subject was instructed to be relaxed without any movement of the limbs. A fixation point
was displayed on the screen during the measurement time. Figure 3.1 depicts the

experimental design and set up

Hand grasping Measurement

Rest Left Rest Right Rest Left Rest Right Rest Left Rest | ===
Hand Hand Hand Hand Hand

Resting State Measurement

Hand grasping Measurement

Rest Left Rest Right Rest Left Rest Right Rest Left Rest | e
Hand Hand Hand Hand Hand

Figure 3- 1 Experimental block design paradigm used for the study.
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3.3 Paradigm Design

The task-based measurement using fNIRS was acquired with the help of a paradigm
designed using NIRSTIM 4.0 software provided by NIRX LLC. As represented in Figure
3-1, the study was divided into blocks of active and rest phases. During the active phase,
the subject was instructed to perform the simple hand grasp of the left hand initially
followed by the rest phase for a specified duration. This is followed by the right hand in
succession and continued for five trials for each hand. The instruction should be clearly
conveyed to the subject for the best performance of the task. For close to accurate
analysis of the activation in the brain we needed a synchronized paradigm delivery. This
is achieved using the NIRSTIM software. The software has a modular and hierarchical
organization. The advantage of using this proprietary software is that it can be launched
from the acquisition software. This ensures the synchronization of the paradigm with the

data acquired.
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The task-based paradigm has three main events namely LEFT, REST and RIGHT.
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Figure 3-2 The GUI of the stimulus design and presentation software.

These events represent the left and right-hand grasp and resting block. The first step is to
add the events in the paradigm. Events can be of different types like text, picture, sound,
etc. After declaring types of the event, marker index and color should be defined. These
event markers are eventually used for the analysis of active and rest block averages. We
can also define other events like introduction text which may display the instructions for
the subjects, helping to perform the task better. In the next step, we need to define the
number of trials and the duration of the trials. This study has three main events and one
introductory text event. Here the introduction text should be shown once to subject for
ten seconds duration. So the introduction text can be given as ‘Trial ID 1°. Similarly for

the LEFT, RIGHT and REST events trials are defined for a duration of 20 seconds. The




subject is also given an auditory cue to perform the task, such that the sound stops at the

end of the ‘active’ period.

Once the trials are defined, a sequence shall be generated to display the paradigm. In
this study, there are five trials for each hand grasp. A hand grasp task was used in
previous studies to obtain motor cortex response effectively (Kato et al 2002 ). So while
generating the sequence ‘introduction text’ is given one repetition and ‘LEFT’, ‘RIGHT’

and ‘REST’ is given five repetitions alternatively.

3.4 Data Acquisition

3.4.1 Equipment

The acquisition was performed using the NIRSport system (NIRx Medical Technologies
LLC, Berlin, Germany) having 8 sources and 8 detectors at a sampling rate of 7.825Hz.
The device emits light at two distinct wavelengths, 760nm, and 850 nm, for
discrimination of two oxygenation states of tissue. The system facilitates the
illumination of multiple targets in a time-multiplexed scanning method. Four sources
and four detectors were used to cover areas of interest in each hemisphere. NIRSport is a
portable, multi-channel, continuous-wave fNIRS platform that measures hemodynamic
neuro activation via oxy-, deoxy-, and total hemoglobin changes in the cerebral cortex.
NIRSport can measure both topographic and tomographic NIRS data from the entire
cortex, yielding 3-Dimensional depth-discriminating brain activation. NIRSport system

has to be connected to the laptop loaded with the acquisition software.
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3.4.2 Subject preparation

The degree of subject tolerance needed is low, considering the modality's non-
invasive and light-weight nature, as well as its fast setup and preparation times. The
subject is seated comfortably in a chair for the data acquisition. The circumference of the
subject’s head is measured using a measuring tape. According to the circumference
NIRScap size is determined. NIRScap is a specially designed fabric cap with provision
for placing the optode holders. The optode holders are placed on the cap in the standard
EEG electrode arrangement. This makes it is easy to define probe locations with respect
to one another, head anatomy and brain regions of interest. If the NIRScap is placed
properly, the optodes will have good optical contact with the skin and the whole setup

will be robust to motion. This way, high signal quality is ensured.

Figure 3.3 The picture shows the NIRscap used for the study. The holes seen in the picture are the
optode holders
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Once the suitable sized cap is selected, the next step is to make sure optode holders
are placed according to the montage required. The cap may be populated fully or
partially in regard to the requirement of the study. There are stabilization links provided
to keep the holders within the stipulated distance of 3 cm to obtain optimal signal quality.
While placing the cap on the subject, start from the forehead and make sure it is
perfectly centered. This is important for the anatomical positioning of the optodes. As
shown in fig 3.3 the optode holder corresponding to the EEG electrode position Cz
should be positioned centrally both in the left-right direction as well as in the anterior-
posterior direction. Once it is fixed pull the chin strap and fit the cap tightly on to the

head.

Hair is the main obstacle that precludes light penetration. Since signal quality
depends on how good the interface is, it is very important to dedicate enough care to hair
preparation. The goal is to minimize light blockage, by parting any hair such that direct
contact with the scalp is achieved. A wooden applicator, a headlamp and preparation gel
may be used for achieving this and clearing the scalp. Now that the NIRScap preparation
is over, the subject can be given the instructions for a task-based paradigm. Once the
instructions are given optodes are placed in the optode holders according to the montage

used for the study.
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Figure 3-4 The standard EEG locations depicted on the NIRScap for placement of the optodes

3.4.3 Acquisition Software

The fNIRS data acquisition is done with the help of ‘NIRStar’ software. In the
software initial setup has to be completed prior to the start of the measurement. The first
step is to configure the hardware which will help to recognize the equipment settings
used for measurement. Hardware configuration involves different steps. We have to
define the montage we use for the study. Here we use a motor 8x8 montage provided by
the software. This montage helps with the placement of the optodes in the cap
conforming to 128 standard EEG positions. The 2D representation of the montage used
for acquisition is shown in fig 3.5. The sources are shown in pink shade numbers S1 up

to S8. The detectors are shown in the green shaded circles which are numbered D1 to D8.
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The purple interconnection shows the channels. The fNIRS signal was recorded
bilaterally as shown in the 3D representation in figure 3.6. The combination of 8 sources
and 8 detectors form twenty measurement channels. It is spread over the premotor area
and supplementary motor area (10-20 EEG locations corresponding areas FC3, FCl1,
FCz, FC2, and FC4) and over the primary motor cortex (10-20 EEG locations
corresponding areas C4, C2, Cz, C1 and C3). We used fNIRS Optodes Location Decider
(fOLD) which helps to automatically decide optodes positions based on 10-10 and 10-5
systems according to a set of brain regions of interest. It works on the basis of sensitivity
profile from photon transport simulations run on two head atlases. The inter optode
distance was maintained at 30 mm. Anatomical locations of the channels are listed in

table 3.3.

Figure3.5: Two-dimensional representation of the montage used for the study
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Left Hemisphere

Figure 3.6: Shows the arrangement of optodes in the montage used for acquisition. Red dots
represent sources and the pink dot represents detectors. Yellow dots represent the channels. Channel

1 to 10 is placed on the left hemisphere and 11 to 20 is placed on the right hemisphere.

Table 3.2: Anatomical locations corresponding to channels used in the subject.

Left C1 Premotor and Supplementary Cortex

Cc2 Somato sensory Association cortex
Cc3 Primary Motor Cortex
ca Premotor and Supplementary Cortex
C5 Premotor and supplementary Cortex
Cc6 Premotor and supplementary Cortex
Cc7 Somato Sensory Cortex
Cc8 Somato Sensory Cortex
Cc9 Somato Sensory Cortex
C10 Primary Sensory

Right C11 Premotor and supplementary Cortex
C12 Somato sensory Association cortex
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C13 Primary Motor Cortex

Ci14 Premotor and supplementary Cortex
C15 Premotor and supplementary Cortex
Cie Premotor and supplementary Cortex
C17 Somato Sensory Cortex

C18 Somato Sensory Cortex

C19 Somato Sensory Cortex

C20 Primary Sensory

Once the montage is defined, the setup is ready for acquisition. All the optodes in
the montage are placed in position. The next step is calibration. The device needs to be
calibrated prior to every acquisition. During this process, the software automatically
assigns the appropriate amplification level (gain) for each of the detectors. After
calibration, the optimal signal quality for each channel is displayed. The indication is
given in four levels of color gradation. The green color indicates excellent signal quality,
yellow indicates acceptable signal quality, red indicates the critical level and white
represents no signal at all. A channel may fall into ‘red’ or ‘white’ level because of a
lack of good contact between the skin and tip of the optode. This can be fixed by
identifying the channel by using ‘Show Topo Labels’ function and removing the
corresponding optodes to try and improve the contact. Once this is done a re-calibration
is performed to analyze the signal quality. If the signal quality is acceptable, we can
proceed to ‘PREVIEW’ of the data. This option helps us to visually inspect the data
prior to recording. The next step is to record the data for the required duration according

to the task. The stimulus presentation software is invoked from this software and runs
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parallel to the acquisition for the synchrony. Once the paradigm is complete the

recording can be stopped and the data will be saved in the predefined location.

3.5 Data Analysis

3.5.1 Task-based fNIRS data Processing

Task-based data was processed using a Matlab based versatile software analysis
environment called NirsLab software (NIRx Medical Technologies LLC) developed to
support the study of time-varying near-infrared measurements of tissue (Y. Xu et al.,
2014). The software interface is divided into sections like - Experimental Conditions
and Data, Data pre-processing, Hemodynamic states, Data Viewer, Data Analysis, and

Utilities.
3.5.1.1 Loading Data

The data acquired from NIRSport can be loaded in two different ways. One is to
load the experiment configuration file, comprising details of the experiment conditions
such as the duration of the experiment, source-detector arrangement, etc. This will
initiate a ‘nirsinfo’ file which is a Matlab variable. The second option is to load the
‘nirsinfo’ file directly. We also need to add/ cross-check the information regarding the
event markers and the probe setup. After each step, the ‘nirsinfo’ file will be updated

and saved.
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3.5.1.2 Raw Data Quality Check

Data pre-processing starts with checking the quality of the raw data acquired.
Initially, during the acquisition, we ensured the data quality by calibrating the equipment
and checking for the optimal signal quality. The data quality was analyzed for bad/noisy
channels and then such channels were excluded from further analysis. Electronic gain
that is used to amplify the signal for each channel and the coefficient of variation (CV)
of each channel were the criteria for the signal quality. As a rule, the signal-to-noise
ratio of data decreases as the gain factor increases. Consequently, nirsLAB identifies the
channels that have gain factors higher than a threshold value of 8, and exclude them
from consideration in the subsequent processing and analysis steps. For each wavelength,

we compute a CV which is given by the equation 3.1

Standard Deviation of the signal

CV=100 =

(3.1)

Mean of the signal

If the data has a high noise level, a considerable long-term drift, or cut-offs resulting
from poor skin-optode contact, then the standard deviation, and due to that the CV
would be significantly greater. The threshold value was kept at 7.5 for the CVs. The
‘check raw data’ option thus check for gain and CVs of the raw data and give the ‘good’

and ‘bad’ channels based on the thresholding of the values.

3.5.1.3 Data Pre-processing

Pre-processing involves four steps: Truncating, Spike removal, Discontinuities

removal, and Filtering. The data needs to be truncated generally if a) the baseline period
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prior to the first event is substantially long b) a continuous recording of trials is done
with a cool-down period in between c) you need to isolate a particular event type d) need
to remove the time while the subject was given instructions, practice sessions, etc. The
raw data was truncated for a uniform baseline period of 30 seconds before the first

marker for every subject.

The data is then cleaned for discontinuities and jumps. It is extremely important to
remove artifacts of this nature. In the absence of any correction, significant artifacts can
remain in block averages. These residual artifacts can bring significant biases in results
obtained from subsequent statistical analyses such as GLM computations. The data
acquired during the study very rarely showed such a ‘jump’ artifact. The algorithm
working behind discontinuity removal and spike removal computes the standard
deviation (Sq) of the time series first. The difference between two successive time points
(Tq) is calculated and the ratio of this difference to the Sqis found out. The ratio (J) is

compared to a threshold value to identify the discontinuity or spike in the time series.

J=7 (3.2)

Once the jump artifact is identified a constant value is subtracted from the remaining

time series so the discontinuity is removed.

The spikes in the time series could be identified and selected manually in the
spike removal window. Once the time window is selected using the mouse, the time

series within the selected time window is imputed with either nearest values or random
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values. The algorithm computes the difference (D) between maximum (dmax) value and
minimum value (dmin) Within the selected time window and divides the difference with
the Sq to compute the ratio K. If K is greater than the threshold set then the data points
are to be replaced. If the nearest signal option is selected the algorithm identifies the two
nearest neighboring channels with clean data (iteratively) in the same time interval of the
selection. The raw data values from this time interval of the two channels are averaged

and those values are assigned for the identified spikes

Till now we have removed the different type of data artifacts and drifts in the data
which were data values that changes over time in a manner not related to the
experimental design. Such artifacts were limited to time intervals. But there may be
artifacts that are distributed over the entire measurement duration. Such fluctuations can

be removed by applying frequency filtering to the raw data.

A bandpass filter is used to filter out the fluctuations which are physiologic in origin.
Higher cut off frequency of the band-pass filter is chosen in a way that physiological
noises such as respiration (~0.5 Hz), heart rate-blood pressure (~1 Hz) are being filtered
out. In the task-based fNIRS studies, the higher cut off frequency is chosen as 0.2 Hz as
it is lower than 0.5 Hz. The frequency of stimulation must be in the range of filtering.
The tasks are created based on the fact that the hemodynamic response of the brain
changes very slowly. The task used in the study lasts about 25 seconds duration i.e the
frequency of stimulation will be 0.04 Hz. The lower cut-off frequency was set at 0.01 Hz

in order to suppress slow drifts and physiological noise contamination in the signal.

41



3.5.1.4 Computing Hemodynamic states

The pre-processed data is converted to the relative changes of hemodynamic states
like oxyhemoglobin (HbO), deoxyhemoglobin (HbR) and total hemoglobin (Hbt). As
explained in Chapter 1, we employ Modified Beer Lambert’s Law (MBLL) for the
calculation of the hemodynamic states. Initially set of parameters for MBLL are defined.
a) Wavelengths b) Source —detector distance c) Baseline duration d) Background
hemoglobin content in uM and mean venous oxygen saturation value e) Differential path
length factor (DPF) which accounts for the additional path traversed by the due to
scattering. Baseline duration is identified with the time before the first event marker
where the subject is under rest condition. DPF values are essentially obtained from the
literature(Kohl et al., 1998). After setting up all the parameters the hemodynamic states
are computed. The data can be visualized in different ways to review the analysis. The
block average can be displayed for different conditions of the task and different
hemodynamic states. The signal variation in HbO and HbR has been reported in many

studies. HbO signal variation shows higher amplitude than the HbR signal.

3.5.1.5 GLM Analysis

The task-related features from the hemodynamic time series data are extracted using
the general linear model (GLM) analysis. The GLM has traditionally been the standard
method to analyze data in functional magnetic resonance imaging (fMRI), which is a
widely used functional imaging technique with standardized methods of analysis.

Similar to fNIRS, fMRI measures changes in blood flow due to neurovascular coupling,
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so the GLM can also be used to analyze fNIRS data (Ye et al., 2009). Comparisons
among different channels of measurement within a single subject are performed using
Level 1and comparisons across multiple subjects are done with Level 2 of GLM analysis.
We employed Statistical Parametric Mapping (SPM) freeware package to perform this
subject level and group level analysis. The GLM approach uses a regressor created from
the convolution of a standard HRF and a boxcar function, which indicates whether or not
the stimulus is present. We analyze the changes in HbO to determine in which cortical
regions have significantly higher amplitude hemodynamic fluctuations compared to
background fluctuations occurring during the resting period. The GLM expresses a
dependent variable, in this case, changes in HbO over time, as a linear combination of
reference functions. The basic GLM equation is given below in equation 3.3 (Jenkinson

and Chappell, 2017).
Y = Xﬂ + & (33)

where Y is the m x n matrix containing HbO time series for each m time points and
n channels. X is the m x p regressor matrix containing m regressors which tries to model
the HbO time series in Y.J is the p x n matrix of beta value which indicates the weights
of the regressors which is used to match the HbO time series in Y. € is the model error

term, which is the variation in the HbO time-series not explained by the regressors.

In the present study we have HbO time series and a boxcar design for the
experiment involving Left-hand task( LHT), Right-hand task(RHT), and resting phase.
Therefore the X matrix will have three columns as three models for each task are
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designed as shown in fig 3.8. The Beta values are computed from equation 3.4 by using
ordinary least square estimation. Once the beta values have been computed they are used
in a t-test to determine if significant activation is present in the individual channels for
any of the experimental conditions. To determine if either of the regressors explained a
statistically significant amount of the variance in any of the channels, t-values were
calculated using the following equation

‘= c'B
J Var(s)e' (X' X) " Le

(3.4)

where ¢ is the contrast vector which has the weights corresponding to the

experimental conditions.
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Figure 3.7 The three models created for GLM analysis. Boxcar design is indicated in black color. The
ideal response is indicated in green color and the obtained response is represented in red color. Model

lis for LHT, Model 2 is for rest and Model 3 is for LHT.

Individual subject data were arranged for three different groups for analysis. The
groups were defined as the healthy control group (HC), right hemisphere stroke affected
group (RHS), and left hemisphere stroke affected group (LHS) on the basis of the

stroke-affected side of the brain. Each subject data were analyzed for multi-condition

comparisons like
a) LHT vs RHT
b) LHT vs Rest

c) RHT vs Rest
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Statistical analysis: Design
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Figure 3.8: The Design matrix generated after the GLM design for the task-based analysis.

Healthy group data were analyzed for the typical motor lateralization pattern. The task
was split into two different runs of LHT and RHT. Both hemoglobin and
deoxyhemoglobin data were examined for the changes. For the HC group, the
hemoglobin concentration changes during both LHT and RHT from the left hemisphere

and right hemisphere channels were separately averaged
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3.5.2 Resting State fNIRS Analysis

The resting-state fNIRS data preprocessing analysis was performed using a Matlab
based freeware called FC-NIRS v1.0 developed by the McGovern Institute for Brain
Research, Peking University (Xu et al., 2015). Further, the functional connectivity
analysis was conducted using the Brain Connectivity toolbox developed in Matlab by
Rubinov and Sporns. The visualization of the network properties was done with

BrainNet Viewer (Xia et al., 2013)

3.5.2.1 Data Pre-processing

The resting-state data collection is done as explained in section 3.2 and 3.4. FC-
NIRS software reads the fNIRS data in the universal format of ‘.nirs’. There are two
options to get the data in the ‘.nirs’ format. One option is to directly convert the data
using the acquisition software ‘NIRSTAR’ and save the raw data in the desired format.
The second option is to convert the data obtained using a custom made Matlab code.
Once the data is in the ‘.nirs’ format it can be loaded using the interface. The raw data

can be displayed channel by channel by selecting the links in the montage.

The software provides a bunch of options for the pre-processing of the raw data.
The preprocessing steps used for the analysis are depicted in fig 3.9 The first step is to
cut down the time series length to the desired time. This is important for the group

analysis as the measurement time may involve the extra length due to personal errors
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and delays. The study was designed for three minutes of resting-state acquisition. So the
data is cut to make sure 180 seconds of data is available uniformly across the subject.
The second step is to convert the raw intensity values to optical density values. An
optional step of detrending the data can be used if the data has long trends. The Optical
density values are converted to the concentration of HbO and HbR using the modified
Beer-Lambert law. A third-order Butterworth digital filter is used for bandpass filtering.
A band-pass range from 0.01 to 0.1Hz, which represents the frequency range of
hemodynamic signals that are thought to come up from instinctive neural activity, is

used for filtering.
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on changes
of HbO and
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frequency
fluctuations

Motion G

Corre Ct_CB movement
SI artifacts

Figure 3.9 Diagrammatic representation of the steps involved in the processing of resting-state data.
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3.5.2.2 Quality control

For motion artifact correction a correlation-based signal improvement (CBSI)
method is used. It is a channel-by-channel method based on the hypothesis that HbO and
HbR will be negatively correlated during functional activation, while at the same time
they should be more positively correlated when a motion artifact occurred. These
approaches have demonstrated an improvement in the data quality through reducing
motion artifacts. For the SNR check of the hemodynamic signal, FC-NIRS primarily
examined the signal quality from the SNR optical intensity values and the signal

correlation values in the concentration signal among all of the measurement channels.

3.5.2.3 Functional Connectivity

A seed-based correlation approach and whole brain correlation approach is used to
calculate functional connectivity. Seed based approach estimates the strength of the
pairwise Pearson’s correlation between the selected seed regions and all other channels

in the montage. It is defined as

cov,, (3.5)
ryr,G =— .
v Sd,.Sd,

where x and y represent time series from two channels, Sdx and Sdy are the standard

deviations and covyy is the covariance of the time series.

49



The whole brain approach, on the other hand, gives the correlation strength between
any two measurement channels. The group-level analysis is performed and a T map

consisting of uncorrected t values after one-sample t-test is obtained.

3.5.3 Network Analysis

Real-world complex systems like the brain can be represented mathematically using
networks which are a collection of nodes and links connecting the nodes. For brain
networks, the different brain regions are considered as nodes and the links represent the
connectivity between them. The network analysis is performed using the Brain
Connectivity toolbox. The toolbox provides the opportunity to explore different complex
connectivity measures defined using graph theory. Individual measures in a brain
network may characterize different aspects of local and global brain connectivity. The
connectivity data from the FC-NIRS is used for the network analysis. Here the nodes
represent the individual channels in the montage which in turn represent the anatomical
regions underlying them as in table 3.3. The links or edges are representative of the
correlation strength between those channels calculated by the Pearson correlation

method using FC-NIRS.

Functional connectivity studies, in general, try to understand two main concepts i.e
Functional segregation and Functional integration. Functional segregation is the concept
of having specialized processing groups within interconnected brain regions. Such
measures of segregation denote the presence of clusters or modules within the network

of interest. It is suggestive of an organized segregated neural processing within the
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network. The measures of segregation are based on the number of interconnected nodes
that forms clusters. The ability of the brain to combine information from distributed
brain regions is explained by measures of integration. The estimate of the
communication ability of brain regions is based on the concept of path. The study
focuses on the measures of segregation such as the clustering coefficient and modularity

as well as the measures of integration such as global efficiency and local efficiency.

Modules/Clusters

Figure 3.10 A representation of the brain network having two modules ( blue and red). Nodes are

colored blue and orange in respective clusters.

The clustering coefficient of a node represents the ability to cluster together with the
neighboring nodes (Watts and Strogatz, 1998). It is defined by the proportion of links
between the nodes within its neighborhood divided by the number of links that could

possibly exist between them.
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C, ZLZL
n ieN ki(ki _1) (3.6)

Where n is the number of nodes and N is set of all the nodes in the network, t; is the
number of triangles around a node i and k; is the degree of the node i denoting the
number of links connected to the node. As shown in fig 3.10 the central node in the blue
cluster has the highest clustering coefficient where a maximum number of triangles are

formed.

The clustering coefficient for the network is given by the mean of all the individual
clustering coefficients of the nodes in the network.

Clustering Coefficient,C = lz C, (3.7)

ieN

Efficiency is the network measure that indicates the ability to transmit information
at a global and local level. Global efficiency is considered as the inverse of the average
shortest path length. The shortest path length is calculated by the minimum number of
edges that are linked between any two nodes of the network. For a network, the mean of
shortest path length is considered and is known as Characteristic path length. It is
interpreted as an indication of parallel information processing within a network. Local
efficiency is defined for a local subgroup of the nodes which is confined to the

immediate neighboring nodes. For a node, efficiency (¢) is calculated as

(3.8)

~

path
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Where Lpamn is the shortest path length of the node.

Another measure of segregation which gives the composition and degree of
clustering is the modularity. The modular or community structure indicates the division
of the network into subgroups having maximum within-group links and minimum inter-
group links. The modularity gives quantitative data of the degree of the division into
non-overlapping groups. The demerit of this measure is that it is calculated by
optimization algorithm which may compromise accuracy for computational speed. The
method is a greedy optimization that tries to optimize the modularity of a partition of the
network. The optimization is performed first by looking for local communities by
optimizing modularity locally. Second, it aggregates nodes belonging to the same
community and builds a new network whose nodes are the communities. These steps are
repeated iteratively until a maximum of modularity is attained and a hierarchy of

communities is produced.
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Chapter 4

Results

According to the criteria mentioned in the previous chapter, patients were
recruited for the study from the stroke clinic of the institute. The median age of the
patients in the study was 54.5 and range (36,81). The median onset time of stoke
patients recruited was 20 days. The median age of the control group is 48 with a range
(28,65). The study was carried out after getting approval from the institute ethics
committee. All the subjects were provided with an informed consent and information
sheet. The subjects were explained about the nature of the data acquisition and signature
in the consent was obtained. The patient data was also acquired for the second time after

approximately 45 days to 60 days. The subject demographics are given table 4.1
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4.1 Task based Analysis

The initial analysis of the study was concentrated on the task-based experiments.
The finger/hand grasping task performed by a healthy group showed noticeable changes
in oxyhemoglobin and to a lesser extent in the deoxyhemoglobin. The task phase and
rest phase could be identified distinctly from the hemodynamic response curves obtained.
The results from the healthy group were in line with previous studies (Leff et al., 2011).
The subjects were able to perform left hand and right-hand finger movement and the
average HbO response showed increased activation in the contralateral hemisphere. Fig
4.1 shows the hemodynamic response of one of the subjects in which the channel 5 from
the left hemisphere and channel 16 from the right hemisphere are shown. The dominant
hand movement (right hand) resulted in increased activation in channel 5 which is the
contralateral channel. The non-dominant hand activation was seen similar in both the

hemisphere.
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a) Left hand movement b) Left hand movement

d) Right hand movement

04

Figure 4.1: The hemodynamic response from one channel from the left hemisphere (Channel 5) and
one channel from the right hemisphere (Channel 16). a & c represent the HbO and HbR response for
the left and right hand movement from Channel 5 respectively. b & d represent the HbO and HbR

response for the left and right hand movement from channel 16 respectively

4.1.1 Healthy Group Task based Results

Group analysis of the healthy group also confirmed the contralateral activation
patterns. Fig 4.2 shows the increase in HbO values for left-hand movement in the right
hemisphere and a similar increase for right-hand movement in the left hemisphere. The

HbR variation is very small when compared to the HbO variation.
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Figure 4.2 a) The task-based group average response for a healthy group for 25 s task window in the
left hemisphere. b) The task-based group average response for a healthy group for 25 s task window
in the right hemisphere. LHM- Left-hand movement, RHM — Right-hand movement

The GLM analysis is performed to extract the task-based activation for the left-
hand task (LHT) and right-hand task (RHT). For RHT, M1 area (Channel 3) and
premotor and supplementary cortical area ( Channel 1) in the left hemisphere have
shown a significant increase (p<0.05,FDR corrected) in activation after the GLM
analysis when the main effect of RHT was studied by giving full weight to RHT
(contrast [RHT -1 LHT-0]). Similarly for LHT, M1 area (Channel 13) and premotor and
supplementary cortical area (Channel 11,14 and 15 ) in the right hemisphere. The paired

t-test revealed that channel 1(p<0.05) and channel 3(p<0.02) for the right-hand task and
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channel 12 (p<0.02) and channel 14 (p<0.05) for the left-hand task showed a significant
increase after the false discovery rate(FDR) correction. A decrease in activation is seen
in the contralateral M1 area (Channel 13) for the RHT task. The fig 4.3 and 4.4 show the

T stat plot for all the channels.

SPME Image: t-statistic map for Hboxy

a ) RIGHT HAND MOVEMENT

Right Hand Movement

=

=
=
=
S
E
20
e
5
2
(=]
[}
=

0,000

[

NO. OF CHANNELS

Figure 4.3 a) Task-based activation for all the channels is shown in the picture for the main effect of
the right hand movement for a healthy group. The blue rings indicate the most activated channels in
the healthy group. b) The graph represents the task activation in terms of T-stat values. The
statistically significant (p<0.05,FDR corrected) channels are highlighted.
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SPMt Image: t-statistic map for Hbexy
a ) LEFT HAND MOVEMENT

Left Hand Movement

.M.

56T 9 10 11 12 13 14 15 16 17 18 19 20

Figure 4.4 a) Task-based activation for all the channels is shown in the picture for the main effect of
the left-hand movement for a healthy group. The blue rings indicate the most activated channels in
the healthy group and b) The graph represents the task activation in terms of T-stat values. The
statistically significant (p<0.05,FDR corrected) channels are highlighted

GLM analysis was done for identifying the activations in the motor areas for
RHT >LHT condition and the contralateral M1 area and supplementary area activations

were observed as shown in fig 4.5.
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SPMt Image: t-statistic map for Hboxy
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Figure 4.5a) Task-based activation for all the channels is shown in the picture for the effect of
comparison of right-hand task over the left-hand task for a healthy group and b) The graph represents

the task activation in terms of T-stat values.

4.1.2 Patient Group Task based Results.

The patient group was grouped into the left hemisphere affected stroke group and
the right hemisphere affected the group. When the patient group was considered as a
whole and the difference of left hand and right-hand movement did not yield any

significant activation(p<0.05) in any of the channels after FDR correction. Hence the
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group analysis was performed for both the left affected and right affected group
separately and also between the groups. Individual analysis of hemodynamic changes for
both the tasks was done as explained in section 4.1. The response curve was indicative
of some patients with difficulty in doing the task. Fig 4.6 shows the response of a subject
who had difficulty in performing the task along with the response of a subject who could
perform the task. The average HbO response of both hemispheres for both the tasks in
Fig 4.6a and fig 4.6.b has been seen declining. The Fig 4.6¢c and 4.6d show that when the
subject performs the task relatively better, the response is close to normal. The
significant difference in HbO response in premotor and associated areas was seen

patients while HbR response was minimal.

a) Left_hemisphere b) Right_hemisphere
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Fig 4.6a) and b) shows the average response from both hemisphere of the subject who had difficulty

in moving the right hand. The HbO response (red line) of the right hand movement is having lesser

62



amplitude when compared to the left hand (yellow line). ¢) and d) shows the average response from

both hemispheres of a subject who could perform a task and had left hemiparesis.

But most of the subjects performed the task in a way such that the hemodynamic
response shows little difference in the task. Individual analyses of the subjects were
performed. The analysis was performed for two sets of data. As shown in table 4.1 the
initial data was acquired two to four weeks after the onset of stroke. The second set of

data is acquired for assessing the recovery from the insult.

4.1.2.1 Task Based result for Left Hemisphere Affected group
The task-related response from the patient group whose left hemisphere areas

were affected showed a difference from that of the normal group as detailed in 4.1.1.
This group of subjects had difficulty in the right hand after stroke. Fig 4.7 shows the
average response from different areas for a left hemisphere affected the subject. The
subject performed the task. The response shows that the affected hand movement causes
low response from M1 areas when compared to the premotor and supplementary areas.
The premotor areas showed contralateral activation for the affected hand (right hand).
GLM analysis was performed at the subject level and the activation for each task was
compared statistically. Fig 4.8 shows the T statistic for each of the channel activations
representing the HbO activations from each channel. The right-hand task yields a
bilateral activation pattern from the M1 areas and somatosensory areas with significant
(p<0.05, FDR corrected) activation in ipsilateral/contra-lesional areas. The left/normal
hand activation shows a unilateral pattern with significant (p<0.05,FDR corrected)

activation in the contralateral M1 areas. Fig 4.7 and 4.8 represent one subject from the
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SPMt Image (Hboxy): ~ t-statistic map SPMt Image (Hboxy):  t-statistic map

Left Hand Task Right Hand Task

Figure 4.8 Task-based activation for all the channels is shown in the picture for the main effect of the
left-hand movement and right hand movement for the Left hemisphere affected the subject. The blue

rings indicate the significantly (p<<0.05,FDR corrected) activated channels.

The group analysis results are given in fig 4.9. The results showed contralateral
activation for the normal (left) hand movement task. The affected (right) hand
movement task yielded a contra-lesional motor and premotor activation. The ipsilesional
hemisphere produced deactivation in the M1 area while activations were observed in
supplementary and premotor areas. GLM analysis revealed statistically significant
channels for each task when compared to the rest period. Left-hand task produced
significant (p<0.05,FDR corrected) activations in contralateral M1 areas(Channel 13).
Right-hand task produced significant (p<0.05,FDR corrected) activations in the

ipsilateral M1 and premotor areas.
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SPMt Image: I-statistic map for Hboxy SPMt Image: t-statistic map for Hboxy

Left Hand Task

Right Hand Task

Figure 4.9 Task-based activation for all the channels is shown in the picture for the effect of the left-
hand movement and right hand movement over rest, for the Left hemisphere affected group. The blue

rings indicate the significantly (p<0.05,FDR corrected) activated channels.

4.1.2.2 Task Based result for Right Hemisphere Affected group
The task-related response from the patient group whose right hemisphere areas

were affected showed a difference from that of the normal group as detailed in 4.1.1.
This group of subjects had difficulty in the left hand after stroke. Fig 4.10 shows the
average response from different areas for the right hemisphere affected subject. The
subject could perform the task. The response shows that the affected hand movement
causes responses in bilateral M1 areas, premotor and supplementary areas. GLM
analysis was performed at the subject level and the activation for each task was
compared statistically. Fig 4.11 shows the T statistics for each of the channel activations
representing the HbO activation from each channel. The affected (left) hand task yields a

significant (p<0.05,FDR corrected) bilateral activation pattern from the premotor areas.
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The right/normal hand activation shows a unilateral pattern with significant
(p<0.05,FDR corrected) activation in the contralateral M1 areas. The fig 4.10 and 4.11

represent one subject from the group.
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SPMt Image (Hboxy):  t-statistic map

SPMt Image (Hboxy).  t-statistic map

Left Hand Task Right Hand Task

Figure 4.11 Task-based activation for all the channels is shown in the picture for the main effect of
the left-hand movement and right hand movement for the right hemisphere affected subject. The blue

rings indicate the significantly (p<0.05,FDR corrected) activated channels.

The group analysis results are given in fig 4.12. The results showed bilateral
activation for the affected (left) hand movement task. The normal (right) hand
movement task also yielded a bilateral motor and premotor activation. GLM analysis
revealed statistically significant channels for each task when compared to the rest period.
Left-hand task produced significant (p<0.05,FDR corrected) activations in contralateral
M1 areas and ipsilateral supplementary motor areas. Right-hand task produced
significant (p<0.05,FDR corrected) activations in the ipsilateral M1 and premotor areas

as well as ipsilateral M1 and supplementary motor areas.
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SPMt Image: I-statistic map for Hboxy

Right Hand Task

SPMt Image: t-statistic map for Hboxy

Left Hand Task

Figure 4.12 Task-based activation for all the channels is shown in the picture for the effect of the
left-hand movement and right hand movement over rest, for the right hemisphere affected group. The

blue rings indicate the significantly (p<0.05,FDR corrected) activated channels.

4.1.2.3 Task based results for post-recovery data
The post-recovery data acquired for each subject were analyzed with the same

processing steps as explained in section 3.5.1. The data acquisition took place on an
average of two months from the day of first acquisition. Fig 4.13 shows the HbO
activations for the right hemisphere affected patients. The bilateral activations shown in
figure 4.12 has been changed over the recovery phase. The significant (p<0.05,FDR
corrected) increases in HbO activation are present in the contralateral M1 areas for the
affected (left) hand. The normal (right) hand movement results indicate a unilateral
pattern. Significant (p<0.05 FDR corrected) activations are seen in the contralateral

premotor areas.
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SPMt Image: t-statistic map for Hboxy

SPMt Image: t-statistic map for Hboxy %
Left Hand Task Right Hand Task

Figure 4.13 Task-based activation for all the channels is shown in the picture for the effect of the left-
hand movement and right hand movement over rest, for the right hemisphere affected group for the

recovered phase. The blue rings indicate the significantly (p<0.05,FDR corrected) activated channels.

SPM Image: t-statistic map for Hboxy SPMt Image: t-statistic map for Hhoxy

Left Hand Task Right Hand Task

Figure 4.14 Task-based activation for all the channels is shown in the picture for the effect of the left-
hand movement and right hand movement over rest, for the left hemisphere affected group for the

recovered phase. There were no statistically significant channels
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4.2 Resting state fNIRS results:

4.2.1 Healthy Group RSFC

The resting-state data from the healthy subject group was processed and the
correlation analysis was performed to obtain the RSFC. The average HbO activations
from each channel were used for the correlation analysis. Fig 4.15 shows the

connectivity matrix obtained from the correlation of HbO data from the healthy subject

group.

2 4 5] 8 10 12 14 16 18 20

Figure 4.15 The figure shows the correlation coefficient values for oxyhemoglobin data from each of
the 20 channels for healthy subjects. Channel 1 to 10 represent left hemisphere and channels 11 to 20

represent right hemisphere. The * represents the significant connections(P<0.05,FDR corrected).
The M1 area and premotor areas (Channels 3 and 4 and 11 to 14) of both left

hemisphere and right hemisphere are shown to have a strong correlation indicating
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strong intra-hemispheric connections. Inter-hemispheric connections are strong between
the somatosensory regions and association cortex regions (Channels 2, 15 and 17). Fig
4.16 gives an idea of these stronger connections after thresholding the connectivity

matrix. The thresholding leaves out connections that are not stronger than 50 %

proportion of the correlation.

0.8

10.8

N R HBASO,ONTS 08820

Figure 4.16 shows the thresholded RSFC for the healthy group. The correlation scores obtained in the
matrix where r values are thresholded for a sparsity threshold of 0.5. The black star represents the

significant connections(P<0.05,FDR corrected).
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4.2.2 Healthy Group Network Analysis

Considering the channels as nodes and the connectivity strength as edges,
network theory can be applied to the resting state data. As a measure for segregation
modularity/community structure of the healthy group data was computed. Fig 4.17
shows the visualization of community structure in the thresholded RSFC network. The
nodes (channels) are color-coded for the different modules. The degree of interaction
between the nodes (channels) was studied using the modularity of the nodes. The fig
4.22a shows the channels divided into three modules. The green nodes represent the
right hemispheric motor area channels. The red module includes the left-hemisphere
motor area and right hemisphere supplementary areas. The golden yellow modules have
somatosensory channels from both hemispheres. The edges represent the fisher
transformed correlation coefficients between the channels. The inter-modular and inter-
hemispheric patterns were also looked upon. The connections between modules were

negligible.

The network properties like efficiency and clustering coefficient were calculated.
Fig 4.17a shows that the primary motor, supplementary area and somatosensory areas
(Channel no. 1, 3, 4, 7, 11) in the left hemisphere and premotor areas (Channel no. 14) in
the right hemisphere have the maximum clustering coefficient. These areas tend to form
a maximum cluster around and give the nature of network which can form specialized
regions. The average clustering coefficient of the network is 0.716. Fig 4.17b indicates

the efficiency of the nodes/channels. Higher efficiency means shorter the path length for
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the nodes and thereby efficient information flow. For a healthy group, most of the nodes
have high local efficiency indicating an intact network system for healthy volunteers.

The global efficiency of the group was 0.738.

a) Clustering Coefficient b) Local Efficiency
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Figure 4.17 a) shows the clustering coefficient of all the nodes/channels for the healthy

volunteer group. b) shows the efficiency of all the nodes/channel for the healthy volunteer group

4.2.3 Resting State Results For Left Hemisphere Affected Group.

As in the case of task-based analysis, the data of the patient group were divided into
the left hemisphere affected and the right hemisphere affected group. These data were
also examined for the network comparison of the modular/community structure and
compared with the healthy control group. Fig 4.18a explains the RSFC for the left
hemisphere affected group. For comparison with the healthy group, the thresholding
parameters were kept the same (sparsity threshold of 0.5) and thresholded RSFC is
obtained as shown in fig 4.18b. The RSFC strength in the left hemisphere areas was low
compared to the RSFC in the contra-lesional hemisphere. The inter-hemispheric
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connectivity also is disrupted in the left hemisphere affected group. Fig 4.22b shows the
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community structure of the group. The areas are divided into two modules. The red
nodes represent the ipsilesional areas and the green represents the contra-lesional areas

except the somatosensory area (Channel 7) in the left hemisphere.

The clustering coefficients for each channel were calculated. The ipsilesional
areas show less ability to form clusters when compared to the areas in the contralesional
side as seen in fig 4.19a. The local efficiency of the areas though was high for most

channels except the ipsilesional motor areas. The global efficiency of the group is 0.637.
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Figure 4.19a) shows the clustering coefficient of all the nodes/channels for the left hemisphere

affected group. b) shows the local efficiency of all the nodes/channels

4.2.4 Resting State Results For Right Hemisphere Affected Group.

RSFC for the right hemisphere affected group was calculated. For comparison
with the healthy group, the thresholding parameters were kept the same (sparsity
threshold of 0.5) and thresholded RSFC is obtained as shown in fig 4.20b. The RSFC
strength in both the hemisphere areas was seen high. The inter-hemispheric connectivity
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is seen disrupted in the right hemisphere affected group. Fig 4.22d shows the community
structure of the group. The areas are divided into three modules. The red nodes represent
the somatosensory and primary sensory areas of both hemisphere, the dark green nodes
represent the ipsilesional premotor and motor areas and the premotor areas of the contra-
lesional. The light green nodes represent the ipsilesional somatosensory areas and

contra-lesional motor areas and somatosensory areas.

The clustering coefficients for each channel were calculated. The ipsilesional
areas and contra-lesional areas show a high ability to form clusters as seen in fig 4.21a.
The somatosensory areas (Channel 9 and 20) at sparsity of 0.5 do not form clusters
around. The local efficiency of the areas though was high for most channels except the

somatosensory areas of both hemispheres. The global efficiency of the group is 0.623.

78



(P21001100 YA SO (0>d) JULITFFIUSIS T8 YOTYAL SUOTIOUUOD N[} SYUSSAIAT , OYL, "¢'() JO P[OYSIM[ AJISIRAS
© JOJ POP[OYSAIY) OJe SON[RA I QJOUM XINRW ) UI UDS SOJI00S UONR[AII0d JY] "dnoid pajosyge o1oydstway s oy 10 DJISY PopIoysay
o smoys  (q -oroydsrwoy WS Juasaxdar g 01 T S[euueyd pue 2roydstiady 3391 Judsaxdar 1 01 1 [ouuey)) ‘spodlqns pajospe dxoydsiwoy

JYSII o) JOJ S[ouUuURYd ()7 2} JO (OB WO BJeP UIO[SOW AXO JOJ SON[RA JUIIOIFO0D UONR[OIIOD ) SMOYS 2InsIy oy, (8 (7 + 2InS1g

PR RN E I PRI T S SRV S SR A Y O R L R R
0z Vo (174
| KB A | O | 6l
[ o O N TEEEN CHER 81
EEE | g o] B apt
9l | 9
oY
| | IIIEI | T _,@e £0 EE ERNNEEEEE m:
N Tk 2
| o L "
| 0 0
g 50 6
R S
x| L | [#] |!
BE CERT BETHE
BN Bg | S
g0 ik

g B RN EEEEEEE

79



a) Clustering Coefficient b) Local Efficiency
08

1
0.9
08 |
08
07 |
0.7
06 |
0.6
05
05
0.4
0.4
0.3 03
i 02 |
0.1 0.1 |
0 0
34566

1 2 7 8 9 1011 12 13 14 15 16 17 18 19 20 12 3 4 5 6 7 8 9 10111213 14 1516 17 18 19 20

Figure 4.21a) shows the clustering coefficient of all the nodes/channels for the right hemisphere

affected group. b) shows the local efficiency of all the nodes/channels

4.2.5 Comparison of Pre and Post Recovery

Since the main aim of the study is the identification of resting-state changes over the
recovery from stroke, the resting state data acquired post-recovery were analyzed. The
RSFC for both the patient groups is shown in fig 4.22 along with the healthy group. Fig
4.22 b) and c) is the RSFC of the left hemisphere thresholded for the sparsity of 0.5 for
both the pre and post-recovery respectively. The inter-hemispheric connections have
appeared more in the post-recovery analysis. The difference in RSFC is shown in the fig
4.23a and 4.23b for the patient groups. The premotor areas and supplementary areas
show an increase in the inter-hemispheric RSFC for the left hemisphere affected the

patient group. The ipsilesional hemisphere post-recovery has been shown to have
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increased RSFC in the M1 areas and connection to the ipsilesional premotor and

somatosensory areas from the M1 area.
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The contra-lesional side shows a decrease in the RSFC. For the right hemisphere
affected patient group, the RSFC has increased over both the hemispheres. The inter-
hemispheric connections are increased between the somatosensory cortex of the contra-
lesional hemisphere and the premotor and supplementary areas and the somatosensory

channels in the ipsilesional hemisphere.
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Figure 4.23 a) shows the difference in RSFC between the pre and post-recovery for the left
hemisphere affected patient group b) shows the difference in RSFC between the pre and post-
recovery for the right hemisphere affected the patient group. The nodes are represented in blue

spheres.
4.2.6 Comparison of Network Measures

The network measures were calculated for a range (0,1) of sparsity thresholds. A
significant difference (p<0.05,FDR corrected) was seen in the clustering coefficients of

healthy groups when compared with both the left hemisphere affected patient group and
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right hemisphere affected the patient group. Similarly, Global efficiency and Local

efficiency (measures of integration) were compared among the groups. Global efficiency

was not showing a significant difference among the groups. But the local efficiency is

showing a significant difference (p<0.05,FDR corrected) in healthy and affected groups.

0.8

0.6

0.4

0.2

0

Ciustering Coefficient
—@— LSS —@— RSS —®— Healthy

0O 01 02 03 04 05 06 07 08 09 1
Sparsity Threshold

i

0.8

0.6

0.4

0.2

0

Local Efficiency
—@— LSS —@— RSS —®— Healthy

0 031 02 03 04 05 06 07 08 09 1
Sparsity Threshold

Figure 4.24 a) shows the comparison of clustering coefficient values for different sparsity thresholds

for the healthy group and patient groups. b) shows the comparison of global efficiency values for

different sparsity thresholds for the healthy group and patient groups.*p<0.05
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Chapter 5

Discussion

The study utilized optical neuroimaging technique, fNIRS for examining the brain
signals from the motor cortex and analyzing them for task-based and resting-state motor
cortical activations in healthy controls and stroke-affected patients. The use of this
modality is advantageous for such a population of patients due to its low restraint nature
of data measurement and insensitiveness to small motion artifacts. The consistency of
the method of fNIRS being used for neuroimaging studies has been validated in various
applications. The fNIRS data mostly corresponds to functional neuroimaging data
acquired using other methods, suggests that the technique reliably monitors brain
activation. The upper limb recovery from stroke was studied here by analyzing the
changes in both tasks related and resting-state based results. The individuality of the
study lies in the fact that resting-state pattern changes for upper limb recovery from
stroke are not reported heavily. The results from the resting state analysis for the patients

in post-recovery will add more value to the rehabilitation research.

5.1 Normal Brain Response for Motor Tasks

In a healthy group, the study investigated the brain response to the motor tasks,
especially for the upper limb. The results agree to the common theory of the
contralateral activation. There was a task-based increase in AHbO and the accompanying
decrease in AHbR in the contralateral hemisphere during hand grasp by the healthy
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subject. These are typical time courses in NIRS recording. For the normal brain,
previous studies have reported that concomitant inhibition of the ipsilateral motor cortex
associated with the contralateral activation during the motor tasks (Ocklenburg et al.,
2015) as shown in fig 5.1. Results from this study could also show this phenomenon of
ipsilateral inhibition for the healthy subject group. Channel 13 which is corresponding to
the primary motor area in the right hemisphere is shown to have deactivation during the
right-hand task while the left hemisphere motor areas are activated (Channel 3). Apart
from the primary motor area, premotor (Channels 4, 6) and supplementary area (1, 5)
were also activated contralaterally (though these areas failed to survive statistical
significance). These areas are found out to have contralateral activation in the normal
subject from the fMRI studies as well for the dominant hand.

Normal Motor Cortex
Activation for Right Hand

Movement

LEF RIGHT

Y |
Contralateral Ipsilateral
Activation Inhibition /

Figure 5.1 Model of normal motor cortex functioning during right-hand task showing

contralateral activation.
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5.2 Resting state activity of the normal motor cortex

The main objective of the study was to assess the resting state activity of the motor
cortex and its role in reorganization during recovery. For understanding this, it is
essential to study the RSFC pattern for the normal brain. The current study shows there
are strong connections between left M1 areas and ipsilateral premotor and
supplementary motor areas. Similarly, for the right M1 area, there were strong functional
connections towards the right premotor and supplementary motor areas. The right and
left somatosensory areas showed strong inter-hemispheric correlation as well. This
pattern of RSFC has been reported before using fMRI in other studies concerning brain
motor assessment during resting state (B. Biswal et al., 1995; Bonzano et al., 2015;
Saiote et al., 2016). The fMRI based studies also have the leverage of assessing the
whole brain without depth restriction. For the current study, the RSFC is confined to the
motor cortex and associated areas up to the cortical depth. A very large cohort study
revealing similar insights from this result will be helpful in planning rehabilitation
strategies for patients affected with stroke. The recovery from stroke due to the
rehabilitation strategy used could be assessed by looking into information from RSFC
measures of the patients. RSFC also possesses the advantage of being effortless for the

patient as no task is involved in the measurement paradigm.

5.3 Stroke Affected Brain Response to Motor task

The stroke affected brain activation in response to the upper limb task is different

from the normal brain. Unlike the unilateral activation pattern seen in the healthy group,
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the patient group largely exhibit bilateral activation pattern for the affected hand
movement. The hand grasp task was used for the study. The left hemisphere affected
patient group showed a bilateral increase in the activation for the affected (right) hand.
This indicates a contra-lesional/ipsilateral activation in addition to the expected
contralateral activation is present. The unaffected (left) hand, however, showed a
significant increase in activation for the contralateral hemisphere only. In the case of the
right hemisphere affected group also displayed bilateral activation especially in the
premotor areas and SMA for the affected (left) hand movement. The unaffected (right)
hand movement for this group, however, showed a close to the normal unilateral pattern
of increase in activation in the contralesional hemisphere. Here the unaffected hand is
the dominant hand for the patients and the unilateral activation could be attributed to this
fact. A bilateral increase in HbO appears to cause a reduction in the contra-laterality in
the patient group, unlike the clearer contralateral-dominant activations seen in previous
fMRI studies during unilateral hand movement (Dodd et al., 2017). This also suggests
that the ipsilesional primary motor area no longer inhibits the contra-lesional side
causing an imbalance in the inter-hemispheric activities. It is also reported that the
degree of this imbalance would be dependent on the severity of the impairment due to

stroke (Murase et al., 2004).

Enhanced activity of contra-lesional activity has been studied by different groups
using fMRI. The results of the current study also showed enhanced contra-lesional
activity after the onset of stroke for both the group of patients. The median onset time

for the study was about 20 days. Patients with earlier onset could not be recruited for the
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study as acute stroke cases will be difficult to get the scanning done due to already
sstressed out conditions. The increased contralesional activation may be linked to
suggesting that motor regions in the unaffected cortex progressively pay costs for the
damage. Evidence from the previous research using fNIRS modality also suggest the

same (Calautti and Baron, 2003; Kato et al., 2002)

5.4 Resting State Pattern for the Stroke Affected Motor Cortex

The RSFC analysis also revealed changes from a healthy pattern. It is always
advantageous to be able to determine changes in the RSFC measures for the patient
population from the healthy group. This can be a marker, indicative of the underlying
physiology changes and could be appreciated without the struggle of doing the task for
the patients. Asymmetry of the RSFC of the motor network has been reported after the
onset of stroke (Carter et al., 2010; Park Chang-hyun et al., 2011). Sensory-motor RSFC
is also seen to be disrupted in some studies using fMRI. The left hemisphere affected
group showed disrupted ipsilesional connectivity and an increased contra-lesional RSFC.
One of the objectives of the study was to study the correlation between the task and
resting-state data analysis using the modality of fNIRS. The increased connectivity
observed on the contra-lesional side correlates well with the increase in the contra-

lesional activity during the motor task by the patient group.

5.5 Assessment of Recovery using fNIRS

Longitudinal studies allow researchers to study the same group of subjects/patients,

assess the changes in the stimulus-based activation pattern or RSFC in the course of the
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recovery process. Longitudinal fMRI studies reported the role of the contra-lesional
hemisphere in stroke recovery (Baron et al., 2004; Gretkes and Fink, 2011; Rehme et al.,
2011). According to a recent comprehensive review by Yang et al, upper limb motor
recovery using task-based fNIRS has been reported a few studies (Gobbo et al., 2017;
Kato et al., 2001; Takeda et al., 2007; Yang et al., 2019). The task-based results of the
study show an improvement in the responses from motor areas of the patient group over
a period of time. The post-recovery data when analyzed reveals that during the affected
hand movement the contra-lateral M1 area has increased significant activation unlike the
bilateral increase activation seen in the pre-recovery analysis. This shows a reduction in
activation ipsilateral hemisphere for the affected hand as reported by Takeda et
al(Takeda et al., 2007). This is suggestive and consistent with the hypothesis that motor

reorganization occurs during the recovery process.

Resting-state {NIRS based studies for assessment of the recovery of the upper limb
from a stroke in adults has not been reported. One study reported RSFC using a wavelet
coherence analysis of fNIRS for cerebral infarction. The results suggested a disruption in
RSFC due to cerebral infarction(Tan et al., 2015). Another study used fNIRS for bedside
monitoring of neonates to assess the prognosis longitudinally (White et al., 2012). The
differences in the RSFC for the patient group in the pre and post-recovery period were
analyzed. In the case of the right hemisphere affected group, the inter-hemispheric
connections between somatosensory areas of the contralesional hemisphere and the
premotor areas of the ipsilesional hemisphere are increased. (Channel 7-14). The Left

hemisphere affected group showed improved connections in the ipsilesional hemisphere
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between M1 area and somatosensory area and between somatosensory and premotor
areas (Channel 7-3, 7-8, 7-1). A strong inter-hemispheric increase was seen between the
premotor and supplementary areas of both hemispheres (Channel 1-11, 4-11). The
ipsilesional disruption which was observed after the onset of stroke may be reorganized
to strengthen the ipsilesional connections. The inter-hemispheric M1 connections were
seen decreasing after the recovery suggestive of a more unilateral activation pattern
(Channel 3-13). The study results are suggestive of detecting the disruption in the RSFC

due to stroke and also the reorganisation of the connections during the recovery process.

Using the graph-theoretical methods the study tries to describe the changes network
organization of the motor cortex. To understand this, topological features like the
clustering coefficient, global efficiency, and local efficiency were explored. The brain
network analysis concept identifies the brain as a network of specialized areas (nodes)
that are interconnected functionally through RSFC (edges). The comparison of
clustering coefficients between the groups yielded a significant difference for the healthy
group when compared with both patient groups. This comparison was made using a
range of thresholds from 0 to 0.50 as the clustering coefficient value may be dependent
on the sparsity threshold. The value is seen increasing with increasing the density of
connections. The patient group also showed an increase in values with an increase in
threshold values. But there is a decrease in the value of the clustering coefficient for the
patient groups when compared to the healthy group. This suggests the nodes in the

patient group have less ability to form specialized clusters to process information.
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The community structure of the three groups also differed significantly. This was
analyzed by stratifying the RSFC based on the Louvain algorithm where the modularity
of the division is optimized. For the healthy group, the RSFC between the nodes were
divided into three modules after multiple iterative steps. The primary motor areas of
both hemispheres were segregated into two different modules. This may be expected as
contralateral hemispheres act for the corresponding tasks. Most of the somatosensory
areas from both hemispheres constituted the third hemisphere. It is already reported that
the somatosensory area can drive motor function with or without M1 activity (Borich et
al., 2015). This independent nature may be attributed to the segregated community
formation of the somatosensory module in normal healthy controls. In the case of the
patient groups, the left hemisphere affected group showed a community structure with
two modules. The nodes in the affected hemisphere formed one module and the nodes
from the unaffected hemisphere were grouped into the second module. This structure is
a deviation from the normal pattern. The right hemisphere affected group also showed

deviation from the normal pattern.

5.6 Limitations of the Study and Future Directions

The study focused on the motor cortex activations and the RSFC of the limited area.
This restriction of the study comes from the fact that the fNIRS equipment for the
measurement is a device with eight sources and eight detectors; hence the coverage of
the brain area is limited to the motor cortex. This limited the assessment of RSFC from

other parts of the brain which may contribute to stroke recovery. A direct comparison of
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the patient response obtained using fNIRS with that of fMRI would have been ideal. The
study did not have the leverage of recruiting the patient again for fMRI. The method of
EEG location-based optode positioning is followed in the study. The optode positioning
for the measurement was done without the help of a 3D digitizer or an MRI
coregistration of the optode position using marker pills which are considered more
advanced. Since no studies are reported for upper motor limb recovery assessment using
RSFC fNIRS, the interpretations of the results require more support from larger cohort
studies in the future. A more comprehensive motor functional network study using

fNIRS is possible with a higher number of optodes to cover larger brain areas.

The future areas of research from the study are to translate the results into the
patient domain. The RSFC parameters could be identified as markers for recovery from
stroke if a larger population is studied. This, in turn, could be used to design machine
learning-based classification of the patients on the basis of chances of recovery. Another
encouraging future research using fNIRS in the rehabilitation domain can be the use of a
brain-computer interface to design subject-specific rehabilitation strategies for stroke

SUrvivors.
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CHAPTER 6

Summary and Conclusion

The main aim of the study was to study the role of cortical functional
connectivity in the motor cortex reorganization in the recovery and how far we can
compare the task and resting-state results using fNIRS. The results from the study can be
summarized in the following lines. The task-based responses from the healthy group
aligned with previously reported results from fMRI and a few fNIRS studies. The
contralateral activation pattern for the healthy subjects and ipsilateral inhibition were
obtained individually and in the group analysis. The patient group showed deviation in
the task-based response from the healthy group. There were significant bilateral
responses from the M1 areas and the premotor areas after the onset of the stroke. The
task-related responses shifted to a unilateral activation of M1 areas, SMA and premotor

arcas.

The RSFC analysis yielded a symmetric correlation pattern for the M1 areas and
SMA for the healthy group. Stroke causes a disruption of this symmetry in the RSFC as
is seen for the patient group. The same patient group when assessed over time and in due
course of recovery, the RSFC pattern has changed towards normalcy. The cortical
functional connectivity changes indicating the reorganization of functional connections

could be seen in the post-recovery assessment. The motor area connections were seen
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increasing in the affected hemisphere and the inter-hemispheric somatosensory

connections also improved.

In this study, with the help of fNIRS modality, the task-based results and the
RSFC results indicate a change in the cortical activations and functional connections
occur over a period of time in the process of recovery. The fNIRS modality could be
used in such assessments, as the measurement of the patient’s response is obtained at the
bedside (the convenient place for the subject). The major implication of the study will be
the potential of fNIRS being used as a marker for upper limb recovery using the RSFC
results. This information from a larger cohort can be used in designing the prediction of
recovery from a stroke when applied to a robust classification algorithm. This may be
useful in planning subject-specific rehabilitation strategies for stroke survivors using a
brain-computer interface. The portable nature of the neuroimaging modality used will be

an added advantage when used in such systems.
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