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ABSTRACT OF THE DISSERTATION 

FUNCTIONAL NEAR INFRARED SPECTROSCOPY STUDY OF LANGUAGE, 

JOINT ATTENTION AND MOTOR SKILLS 

by 

Ujwal Chaudhary 

Florida International University, 2013 

Miami, Florida 

Professor Anuradha Godavarty, Major Professor 

Near infrared spectroscopy (NIRS) is an emerging non-invasive optical neuro imaging 

technique that monitors the hemodynamic response to brain activation with ms-scale temporal 

resolution and sub-cm spatial resolution.  The overall goal of my dissertation was to develop 

and apply NIRS towards investigation of neurological response to language, joint 

attention and planning and execution of motor skills in healthy adults.  Language studies 

were performed to investigate the hemodynamic response, synchrony and dominance 

feature of the frontal and fronto-temporal cortex of healthy adults in response to language 

reception and expression.  The mathematical model developed based on granger causality 

explicated the directional flow of information during the processing of language stimuli 

by the fronto-temporal cortex. Joint attention and planning/ execution of motor skill 

studies were performed to investigate the hemodynamic response, synchrony and 

dominance feature of the frontal cortex of healthy adults and in children (5-8 years old) 

with autism (for joint attention studies) and individuals with cerebral palsy (for 

planning/execution of motor skills studies). The joint attention studies on healthy adults 

showed differences in activation as well as intensity and phase dependent connectivity in 
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the frontal cortex during joint attention in comparison to rest. The joint attention studies 

on typically developing children showed differences in frontal cortical activation in 

comparison to that in children with autism. The planning and execution of motor skills 

studies on healthy adults and individuals with cerebral palsy (CP) showed difference in 

the frontal cortical dominance, that is, bilateral and ipsilateral dominance, respectively. 

The planning and execution of motor skills studies also demonstrated the plastic and 

learning behavior of brain wherein correlation was found between the relative change in 

total hemoglobin in the frontal cortex and the kinematics of the activity performed by the 

participants. Thus, during my dissertation the NIRS neuroimaging technique was 

successfully implemented to investigate the neurological response of language, joint 

attention and planning and execution of motor skills in healthy adults as well as 

preliminarily on children with autism and individuals with cerebral palsy.  These NIRS 

studies have long-term potential for the design of early stage interventions in children 

with autism and customized rehabilitation in individuals with cerebral palsy. 
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CHAPTER 1. Introduction 

Near infrared spectroscopy (NIRS) is an emerging neuro-imaging modality which 

employs near infrared light in the range of 650 nm – 900 nm to non-invasively 

investigate cerebral oxygenation changes in healthy and neurologically challenged adults 

and children (Strangman et al., 2002). During the NIRS of brain NIR light is shone onto 

the surface of the head, through an optode, and as the scattered and attenuated NIR light 

exits the head after travelling through the cortical region of the brain, it is detected by a 

detector optode placed at a certain distance from the source optode. The detected 

attenuated light intensity is then used to quantify the change in oxy hemoglobin (HbO), 

de-oxy hemoglobin (HbR) and/or total hemoglobin (HbT), which is an indication of brain 

activity (Cope et al., 1987). Thus NIRS provides functional information, i.e., change in 

oxy/de-oxy hemoglobin concentration, total hemoglobin concentration, oxygen saturation 

of blood and the rate of blood flow in the brain. There are several neuro-imaging 

modalities which are currently in use, including electroencephalography (EEG), magneto 

electroencephalography (MEG), positron emission tomography (PET) and functional 

magnetic resonance imaging (fMRI).  EEG and MEG measure the electrical activity of 

the brain, fMRI provides information regarding the hemodynamic activity of the brain 

and PET provides information regarding the glucose metabolism in the brain. EEG has 

high temporal resolution but limited spatial resolution. fMRI and PET have high spatial 

resolution but poor temporal resolution, which makes them highly susceptible to 

movement artifacts as the participants are required to be still in the claustrophobic 

imaging environment (Strangman et al., 2002). In comparison to these imaging 

modalities, NIRS can measure hemodynamic activity in the brain non-invasively without 
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the use of any harmful radiation, and with excellent temporal sensitivity as well as 

reasonable spatial sensitivity (Strangman et al., 2002).  NIRS is also relatively robust to 

movement artifacts thereby enabling the researchers to investigate the brain’s response to 

routine human activity (Strangman et al., 2002).  Thus the NIRS neuro-imaging modality 

provides the neuro-imaging community an ability to investigate the functional activity in 

the moving subject which cannot be performed using fMRI (as the subjects are required 

to stay stationary in the claustrophobic environment during the imaging). 

1.1 Objective and Significance 

The objective of my doctoral work was to apply near-infrared spectroscopy for the 

functional imaging of the brain in response to various stimuli, categorized as 1) Language 

studies, 2) Joint attention studies, and 3) Planning and execution of motor skills stimuli 

studies.  

Initially, I developed a NIRS system by modifying and adapting the intensified charged 

couple device (ICCD) based optical mammography system developed in the Optical 

Imaging Laboratory (OIL) at Florida International University (FIU) to enable NIRS of 

brain in response to different stimuli.  I also employed a commercial near-infrared optical 

imaging system; known as Imagent, which employs photomultiplier tubes (PMTs) based 

detectors to perform NIRS of brain in response to different stimuli. The ICCD based 

imaging system has an advantage over PMTs based imaging system wherein the ICCD 

based system is not limited by the numbers of detectors. Thus the main advantage of the 

ICCD based NIRS system is that the number of detectors in ICCD based NIRS 

instrument can be easily increased by increasing the number of detector fiber bundles 
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which collects and send light to the face of the ICCD camera. The number of detectors in 

the NIRS system which I developed can be increased up to 8, and in future work it can be 

increased up to 16.  The first version of the developed ICCD based NIRS system 

employed a 785 nm wavelength single source system (as described in section 3.2). The 

785 nm wavelength of light is close to the isosbestic point; the point at which the 

absorption spectra of oxy and de-oxy hemoglobin intersect. Thus the optical 

measurement taken at this wavelength provides the change in total hemoglobin 

concentration independent of the oxygen saturation content of hemoglobin (Chance et al., 

1988). The single wavelength ICCD based NIRS system was further modified to perform 

dual wavelength NIRS of the brain (as described in section 3.3) to elucidate a change in 

the concentration of oxy, de-oxy and total hemoglobin concentration.  The dual source 

based NIRS employs 830 nm and 690 nm of light to acquire optical measurements at two 

different wavelengths of light, which can be further processed to determine changes in 

oxy, de-oxy and total hemoglobin concentration. The optical data acquired using the 

NIRS system was post processed using custom developed software. During the process of 

development of a data processing algorithm a mathematical model based on the granger 

causality (Goebel et al. 2003) approach was employed to explicate the directional flow of 

information in the cortical regions of the brain. 

The reason and the significance of performing the above mentioned language, joint 

attention and planning and execution of motor skills studies are as described below. 

1) Language studies – These studies were performed on healthy adults using a 

commercial NIRS system, Imagent.  The application of language studies is in the field of 
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epilepsy. In the field of epilepsy, surgical resection of epileptogenic tissue successfully 

alleviates seizures in the majority of patients with medically resistant partial epilepsy.  

Pre-surgical evaluation is carried out to map critical regions of the brain controlling 

motor and language functions such that these regions can be preserved during surgery. 

Eloquent cortical regions can be documented noninvasively by imaging techniques such 

as PET or fMRI, but they are limited by inadequate temporal resolution. Furthermore, 

since these techniques require an awake and cooperative patient, they cannot be readily 

applied to the pediatric population.  Mapping is therefore generally performed by 

electrically stimulating the cortex via subdurally implanted electrodes. Although highly 

effective, this technique incurs a potential, albeit small risk for cortical tissue injury.  The 

use of NIRS for mapping language in pediatric epilepsy patients will prove effective over 

current functional neuro-imaging technqiues that are challenging to work with awake 

children during active stimulus.  In addition to epileptic populations, the NIRS approach 

involving activation and connectivity analyses has the potential to be applied to 

schizophrenic and aphasic populations, where abnormality in language processing is 

found.  Thus, even before applying the NIRS technique in the field of epilepsy research it 

was used to investigate the underlying neurological response of language in the frontal as 

well as fronto-temporal regions of brain in healthy adults, as described in chapters 5 and 

6 respectively. A mathematical model based on granger causality was also developed to 

investigate the directional flow of information in the language region of the brain, as 

described in chapter 6. 

2) Joint attention studies – These studies were performed on healthy adults and 

typically developing children as well as children with autism using the Imagent 
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commercial NIRS system. The application of joint attention studies is in the field of 

autism.  Joint Attention is the process of sharing one’s experience of observing an object 

or event, by following gaze or pointing gestures. One of the primary characteristics of 

children with autism is that they display robust levels of impairments in joint attention 

development from as early as 12 to 18 months of age (Osterling et al., 2002; Swettenham 

et al., 1998).  Recently, NIRS was applied for the first time at FIU-OIL (Zhu et al., 2009) 

to understand the frontal activation in healthy adults in response to joint attention skill 

and also to demonstrate the feasibility of NIRS towards autism research. The work was 

based on that done by other researchers to investigate joint attention experience in adults 

using fMRI (Williams et al., 2005).  Hence, based on the paradigm used in the earlier 

fMRI study, NIRS was employed to study the hemodynamic responses to joint attention 

experience (using responding to joint attention, or RJA-based stimuli) in the frontal 

cortex of normal adults (Zhu et al., 2009). This work demonstrated (Zhu et al., 2009) 

successful application of NIRS towards autism research, thereby setting the stage for the 

future extensive NIRS study on typically developing children and children with autism in 

response to joint attention skill based paradigm.  Herein NIRS was used to investigate the 

underlying neurological response of frontal cortex in healthy adults as well as typically 

developing children and children with autism, as described in chapters 7 and 8 

respectively. 

3) Planning and execution of motor skill studies – These studies were performed on 

healthy adults and individuals with cerebral palsy using an in-house developed single 

wavelength based NIRS system. Studies were also performed on healthy adults by 

combining the in-house developed dual wavelength based NIRS system with a 
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kinematics system to simultaneously investigate the hemodynamics in the frontal region 

of the brain and kinematics of hand movement. The application of planning and 

execution of motor studies is in the field of cerebral palsy. In the field of cerebral palsy 

(CP) research, several advanced neuroimaging techniques have been used to investigate 

and explicate the etiological basis of CP. Structural neuroimaging techniques, such as 

MRI (Griffiths et al., 2010; Horridge et al., 2011; Kułak et al., 2007; Kułak et al., 2008; 

Sööt et al., 2008), DTI (Fariaa et al., 2011; Rha et al., 2011; Yoshida et al., 2011) and CT 

(Accardo et al., 2009), have been applied to explicate the probable cause of CP because 

of structural changes in the brain due to brain mal development and/or lesion. Functional 

neuroimaging techniques, such as fMRI (Burton et al., 2009; Schwilling et al., 2012; 

Sutcliffe et al., 2009; Wingert et al., 2010) and PET/SPECT (Batista et al., 2007; Lee et 

al., 2007; Wong et al., 2006), have been employed to elucidate the functional change in 

the brain associated with activation of brain pre- and post tasks performed by individuals 

with CP.  Electrophysiological neuroimaging techniques, such as EEG/MEG (Fitzgerald 

et al., 2007; Garfinkle & Shevell, 2001; Garfinkle & Shevell, 2009; Pires et al., 2011; 

Rinaldis et al., 2010), have been used to investigate the neural and temporal dynamics of 

different tasks performed by individuals with CP. Despite the different neuroimaging 

research performed in the field of CP, the current understanding of the relationships 

between neural plasticity, neural activation, and specific motor activities are quite limited 

in individuals with CP.  To date, none of the functional neuroimaging techniques have 

been employed to investigate the functional change in the brain of individuals with CP 

during a task as these techniques (i.e. fMRI and PET/SPECT) require the participants to 

be stationary in a claustrophobic environment.  Hence it is challenging to investigate the 
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motor response of the individuals with CP during an active stimulus using the current 

functional neuro imaging modalities. These several advantages of the NIRS 

neuroimaging technique makes it a reliable tool to investigate the cerebral hemodynamics 

change in individuals with cerebral palsy in response to complex tasks. Thus the NIRS 

neuroimaging technique was first used to investigate the planning and execution of motor 

skills in the frontal cortex of healthy adults and individuals with CP as described in 

chapters 9 and 10. The planning and execution of motor skills was also combined with 

kinematics to simultaneously investigate the brain hemodynamics and hand kinematics in 

healthy adults as described in chapters 11 and 12. 

Thus the goal of my doctoral work was to apply the NIRS neuroimaging technique 

towards the extensive investigation of neurological response of language, joint attention 

and planning and execution of motor skills in healthy adults. Preliminary studies on joint 

attention and planning and execution of motor skill stimuli were also performed to 

investigate the neurological response in children with autism and individuals with 

cerebral palsy, respectively. The significance of a NIRS study of joint attention skills is 

that it has the potential to explicate the neural basis of autism, which has the potential of 

early intervention in diagnosis of children with autism. The significance of NIRS study in 

the planning and execution of motor skills is that it can be used by a physical therapist to 

design a custom rehabilitation regime to help individuals with cerebral palsy achieve 

maximum functional independence via training to improve their motor abilities. The 

layout of the dissertation is as shown below in Figure 1.1. 
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CHAPTER 2. Background: Near Infrared Spectroscopy of Brain 

2.1  Near infrared spectroscopy of brain: principle, theory and advantages 

In 1977 Jobsis discovered that the functional activity of the brain could be studied using 

light in the near infrared range (Jobsis, 1997). This discovery lead to the development of 

a new technology for monitoring functional brain activity based on the absorption and 

scattering properties of near-infrared (NIR) light, known as near infrared spectroscopy 

(NIRS). NIRS uses diffuse NIR light to perform either spectroscopy or imaging 

depending upon the number of optodes (term used to denote the optical electrode i.e. the 

source and detector) used to probe the region of brain under investigation.  If fewer 

number of optodes are used to monitor the cerebral oxygenation change from the region 

of interest and the signal obtained is displayed in terms of a waveform then it is called 

near infrared spectroscopy (NIRS). On the other hand if greater numbers of optodes are 

used and the signal obtained is reconstructed to display in terms of an image then it is 

called diffuse optical imaging (DOI).  NIRS of brain acquires cerebral oxygenation and 

hemodynamics (change in concentration of oxy (HbO), de-oxy (HbR) and total 

hemoglobin (HbT) concentration) information from the brain after travelling in and out 

through the scalp and the highly scattering brain tissue (Cope at al., 1987; Strangman et 

al., 2002).  

2.1.1  Principle of near infrared spectroscopy of brain 

NIRS monitors the hemodynamic response to brain activation, on the basis that the 

neuronal activation is tightly coupled to vascular response, giving rise to the term 

‘neurovascular coupling’ (Heeger et al., 1999; Heeger et al., 2000; Hess et al., 2000).  
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The neuronal activation in response to stimuli is followed by secretion of 

neurotransmitters, change in the size of surrounding cells, vasodilation or constriction, 

change in the cerebral blood flow and change in oxygenation state of the blood in the 

brain (Palmer & Williams, 1974; Wray et al., 1988).  NIRS measures these vascular 

responses of the cerebral blood vessels, i.e. the change in cerebral blood flow and the 

change in oxygenation state of blood in the brain using near infrared light (NIR). The 

human brain consists of different light absorbing species, known as chromophores, such 

as water, cytochrome c oxidase and hemoglobin. The brain is opaque to the visible range 

of light as this is strongly absorbed by water and tissues present in the brain, but there 

exists a NIR range of light from 650-950 nm where the brain is not totally opaque.  In the 

NIR range light absorption by water and tissues of the brain change drastically, and thus 

the only dominant chromophores present in the brain are cytochrome c oxidase and 

hemoglobin as shown in Figure 2.1. Cytochrome c oxidase and hemoglobin are vital for 

continued aerobic metabolism in the brain.  The content of hemoglobin within the brain 

tissue is approximately 600mg/100mg tissue which is several times the concentration of 

cytochrome oxidase. Thus the dominant chromophore present in the brain during NIR 

imaging is hemoglobin, which accounts for the majority of light attenuation in the brain 

(McCormick et al., 1992).  When NIR light enters the brain the photons get absorbed and 

scattered by the dominant chromophore in the brain (which in the case of NIR range of 

light is hemoglobin).  Here, the scattering event of photon dominates the absorption 

event, making optical transport of light in the brain to be scattering dominant. 
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Figure 2.1: Absorption spectra for de-oxy hemoglobin (Hb/HbR), oxy hemoglobin 
(HbO2/HbO), and water (H2O) in the near-infrared range. The isosbestic point near 800 
nm is the point where the absorptivity of HbR and HbO are equal (modified and adapted 
from Palmer & Williams, 1974; Wray et al., 1988). 

 

 In summary, near-infrared spectroscopy (NIRS) of brain employs NIR (near infrared) 

light in the range of 650-900 nm (which corresponds to ~ 2 eV photons) as there exists an 

optical window within which the light is minimally absorbed and preferentially scattered 

by the dominant chromophores oxy- (HbO) and deoxy-hemoglobin (HbR) present in the 

brain (as shown in Figure 2.1) (Benaron et al., 1993; Hebden et al., 1997; McCormick et 

al., 1992). The blood components of oxy- (HbO) and deoxy-hemoglobin (HbR) exhibit 

low absorption and enhanced scattering in the NIR range (McCormick et al., 1992; 

Palmer & Williams, 1974; Wray et al., 1988), thus allowing deeper tissue penetration of 

NIR light and quantification of oxy- and deoxy-hemoglobin concentrations in tissue.  

Two different wavelengths of NIR light are used to quantify the concentration of HbO 

and HbR in the brain.  Researchers have shown that the NIR light of wavelength close to 
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690 nm and 830 nm provide dominant information about HbR and HbO, respectively 

(Boas & Franceschini, 2004).  Along with this there also exists an isosbestic point, close 

to 800 nm (Chance et al., 1988; Palmer & Williams, 1974; Wray et al., 1988), at which 

the absorption spectra of HbR and HbO overlap thus providing information about change 

in total hemoglobin concentration (HbT) independent of the oxygen saturation content of 

hemoglobin.  Alternatively, the change in HbT is also calculated by summing up the 

changes in the concentrations of HbO and HbR.  

 During NIRS of the brain, NIR light is shone onto the surface of head, via optical fibers 

(also termed as optodes), and as the scattered and attenuated signal exits the head after 

travelling through the cortical regions, it is detected by a detector optical fiber (or 

detector optode) placed at a certain distance from the source optode (as shown in Figure 

2.2 (Ting Li et al., 2011)).  The detected attenuated light intensity is further processed to 

quantify the change in HbO, HbR and/or HbT, which is an indication of brain activity.  

The light transport model used to describe the attenuation of light as it passes through the 

highly scattering brain media is described in the following section (section 2.1.2) 
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containing chromophores. The Beer’s law is described using the expression shown in Eq. 

2.1. 

,ݐ)ܣ (ߣ = log	(	 ூ(௧,ఒ)ூబ(௧,ఒ)) = .(ߣ)ߝ	 .(ߣ)ܥ  Eq.2.1                           (ߣ)݀

where in Eq.2.1, A(t, λ) is the attenuation (or optical density) of λ wavelength light when 

it passes through a given media at time ݐ.  I(ݐ,  is the intensity of λ wavelength light (ߣ

transmitted out of the given media at time ݐ, and I଴(ݐ,  is the initial intensity of λ (ߣ

wavelength light incident on a media at time t.   ε(ߣ) is the molar extinction coefficient of 

a chromophore at λ of wavelength light, as shown in Fig. 2.1, expressed in mM-1cm-1. C(ߣ) is the concentration of chromophore in the media at λ of wavelength light and d(ߣ) 
is the direct path length of a photon from the emitting to the receiving optode placed on 

the media at λ of wavelength light, i.e. the geometrical distance or the inter optode 

distance.  

The Beer-Lambert law holds true only for a purely absorbing media and the equation falls 

apart if there is scattering in the media.  Hence the Beer-Lambert law in its standard form 

cannot be applied to describe the transport of light through a highly scattering media, 

such as brain. Therefore the Beer-Lambert law is modified to describe the attenuation of 

NIR light due to scattering and absorption by a chromophore in the brain. The modified 

Beer-Lambert law takes into account the attenuation due to scattering in the media and 

the changes in the path length of the photon due to its scattering.  In a highly scattering 

media such as the brain, the path length of the photon is greater than the geometrical 

distance between the optodes because of the scattering of the photon in the media. Delpy 

et al. (1988) defined a scaling factor to correct for the path-length; the differential path-
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length factor (DPF). Thus the modified Beer-Lambert law, after accounting for the 

scattering event, is described by the expression shown in Eq. 2.2. 

,ݐ)ܣ  (ߣ = log	(	 ூ(௧,ఒ)ூబ(௧,ఒ)) = .(ߣ)ߝ	 .(ߣ)ܥ .(ߣ)݀ (ߣ)ܨܲܦ +  Eq. 2.2                (ߣ)ܩ

where DPF(ߣ)  is the differential path length factor at λ of wavelength light as defined by 

Delpy et al. (1988) to correct for the path-length in scattering media. The differential 

pathlength factor or scaling factor depends on the number of scattering events that occur. 

The DPF is a function of the scattering coefficient (it increases with increasing scattering 

coefficient), the anisotropy g, the absorption coefficient (it decreases with increasing 

absorption coefficient), and the geometry of the medium. It is included in the Beer-

Lambert law to describe attenuation in a scattering medium (Matcher & Cooper, 1994). 

The DPF is considered approximately constant for a given tissue, since the measured 

difference in attenuation is small compared with the large constant background 

attenuation in the tissue.  (ߣ)ܩ is an unknown term representing scattering coefficient of 

the tissue together with the geometry of the optodes, i.e. the scattering losses. Therefore 

an absolute calculation of chromophore concentration cannot be derived from Eq. 2.2.  

This equation (Eq. 2.2)can only be used to calculate changes in concentration of 

chromophores by calculating changes in optical density (i.e. A(t, λ)) at two different 

wavelengths of light in order to cancel out the ܩ term, assuming the same value of (ߣ)ܩ 
for all chromophores in the medium (Matcher & Cooper, 1994). Thus the quantitative 

changes in the concentration of chromophores can be derived assuming that DPF and d 

remain constant during the measuring period.  The changes in concentration of 
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chromophores can be calculated by taking NIRS measurement at different wavelengths of 

light corresponding to the chromophore and writing the modified Beer-Lambert at 

different wavelengths of light and then solving the equations by matrix inversion.  

To quantify the change in concentration of HbO and HbR, 830 nm and 690 nm of light is 

used as these wavelengths of light are sensitive to changes in concentration of HbO and 

HbR, respectively. Then modified Beer-Lambert is written at two different wavelengths 

of light as shown in Eq. 2.3 and 2.4, respectively. ∆ܱߣܦଵ = 	 ு௕ோఒଵߝ ∗ ܮ ∗ [ܴܾܪ] ு௕ைఒଵߝ	+ ∗ ܮ ∗  Eq. 2.3                      [ܱܾܪ]

ଶߣܦܱ∆ = 	 ு௕ோఒଶߝ ∗ ܮ ∗ [ܴܾܪ] ு௕ைఒଶߝ	+ ∗ ܮ ∗  Eq. 2.4                      [ܱܾܪ]

The change in optical density calculated using Eq. 2.3 and 2.4 is then used to calculate 

the changes in concentration of HbO and HbR as shown in Eq. 2.5 and 2.6, respectively. 

[ܱܾܪ]∆ = 	 ∆ை஽ఒభ.ఌಹ್ೃഊభ ି	∆ை஽ఒమ.ఌಹ್ೃഊమ(ఌಹ್ೀഊభ .ఌಹ್ೃഊమ ି	ఌಹ್ೃഊభ .ఌಹ್ೀഊమ ).௅                               Eq. 2.5 

[ܴܾܪ]∆ = 	 ∆ை஽ఒభ.ఌಹ್ೀ(ఒమ)ି	∆ை஽ఒమ.ఌಹ್ೀഊభ(ఌಹ್ೃഊభ .ఌಹ್ೀഊమ ି	ఌಹ್ೀഊభ .ఌಹ್ೃഊమ ).௅                              Eq. 2.6 

HbT is obtained by adding the values of HbO and HbR. 

[ܾܶܪ]∆ = [ܱܾܪ]∆	  Eq. 2.7                                [ܴܾܪ]∆	+

where in Eq. 2.3, 2.4, 2.5, 2.6 and 2.7, ∆[ܱܾܪ], ∆[ܴܾܪ] & ∆[ܾܶܪ] are changes in 

concentration of HbO (oxy-hemoglobin), HbR (de-oxy hemoglobin) and HbT (total 

hemoglobin), respectively.			∆ܱߣܦଵ and ∆ܱߣܦଶ are changes in optical density at 

wavelength 1 (830 nm) & wavelength 2 (690 nm), respectively.   εୌୠୖ஛ଵ  and εୌୠୖ஛ଶ  is the 
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absorption coefficient of HbR at wavelength 1 (830 nm) & wavelength 2 (690 nm), 

respectively; and εୌୠ୓஛ଵ  and  εୌୠ୓஛ଶ  is absorption coefficient of HbO at wavelength 1 (830 

nm) & wavelength 2 (690 nm), respectively. L is the effective average path length of 

light through the tissue experiencing the absorption change. L is obtained from the 

product of the actual source-detector separation and differential pathlength factor (DPF).  

The source-detector separation is measurable along the surface of the head, and the 

extinction coefficient for a given chromophore can be looked up in tables (Strangman et 

al., 2002). The differential pathlength factor is either measured (with a time-domain or 

frequency domain instrument) or it is estimated as the distance between source and 

detector (for a continuous wave measurement) (Strangman et al., 2002).  

If the wavelength of light used in NIRS instrument is close to the isosbestic point 

(described in section 2.1) then the optical density at the isosbestic point is equal to the 

change in concentration of HbT, as shown in Eq. 2.8. 

௣௢௜௡௧	ூ௦௢௦௕௘௦௧௜௖ܦܱ∆ =  Eq. 2.8                                  [ܾܶܪ]∆	

where in Eq. 2.8, ∆ܱܦூ௦௢௦௕௘௦௧௜௖	௣௢௜௡௧ is the change in optical density calculated using the 

modified Beer Lambert law at the wavelength of light close to the isosbestic point and ∆[ܾܶܪ] is the change in total hemoglobin concentration. Equation 2.8 provides the 

change in HbT concentration without giving any information about oxygen saturation of 

blood in the brain. 
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2.1.2.2 The diffusion approximation to radiative transport equation 

A more descriptive model of light propagation in tissue is given by the radiative transport 

equation (RTE), which is restricted to interactions between photons themselves and is 

derived by considering changes in energy flow due to incoming, outgoing, absorbed and 

emitted photons within an infinitesimal volume dV in the medium (energy balance).  

Exact solutions for the RTE exist for simple cases such as isotropic scattering in simple 

geometries.  The RTE is simplified and applied to light-tissue interactions and transport 

modeling by making a diffusion approximation, which states that the model is applicable 

in cases of dominant scattering in the medium.  The diffusion approximation to the 

radiative transport equation to model light transport in the tissue is described below. 

The diffusion equation (Pogue et al., 1994) to model the transport of light through a 

highly scattering media such as brain is given by an equation as shown in Eq. 2.9 for 

continuous wave based NIRS measurements. 

∇. ,࢘)∅∇(࢘)ܦ (ݐ − ,࢘)∅(࢘)௔ߤݒ (ݐ + ,࢘)ܵݒ (ݐ = 	 డ∅(࢘,௧)డ௧                     Eq.2.9 

where ∅(࢘,  is photon fluence rate through the tissue i.e. the rate of incidence of the (ݐ

number of photons on an imaginary small sphere from all directions, divided by the 

cross-sectional area of that sphere.  The term ݒ is the speed of the light in the media and  ߤ௔ is the absorption coefficient of light in the tissue (cm-1), which is the reciprocal of the 

distance travelled by a photon before an absorption event occurs.  ܵ(࢘,  denotes the (ݐ

isotropic source that provides the number of photons emitted at a position ࢘ and time t 
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per unit volume per unit time. The term ܦ in Eq. 2.9 is known as the photon diffusion 

coefficient (cm2/sec) and is defined using the expression shown in Eq. 2.10. 

ܦ = ௩ଷ(ఓᇲೞାఓೌ)                                                  Eq.2.10 

where ߤᇱ௦ is the reduced scattering coefficient of the media (cm-1) which is defined using 

the expression shown in Eq. 2.11. 

௦′ߤ = (1 −  ௦                                                 Eq.2.11ߤ(݃

where ߤ௦ is scattering coefficient of light in the media (cm-1), which is the reciprocal of 

the distance travelled by the photon before a scattering event occurs, and g is the 

anisotropy factor which defines the scattering direction of the photon in the media. The 

anisotropy factor is defined using the expression shown in Eq. 2.12. 

݃ =	< ߠݏ݋ܿ >                                                 Eq. 2.12 

where ߠ is the angle associated with a typical single scattering event in the media. In 

human biological tissue the value for anisotropy is ~0.9, which explains the forward 

scattering nature of light in the tissue. 

In a highly scattering media such as the brain, since the scattering of photons dominates 

the absorption of the photon, Eq.2.10 can be written as shown in Eq.2.13. 

ܦ = ௩ଷ(ఓᇲೞ)                                                     Eq. 2.13 
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The forward solution of the diffusion equation is usually obtained by assuming the region 

of brain under investigation to be a semi-infinite media with spatially varying optical 

properties of the tissue using finite-difference, finite-element and Monte Carlo methods.  

2.1.3 NIRS measurement techniques 

The main target of the near infrared spectroscopic measurements is to detect the change 

in the absorption and/or scattering of light as the light propagates through the cortical 

regions of the brain (Cope et al., 1987).  These absorption changes are predominantly due 

to the dominant chromophore present in the brain, i.e., the two different states of the 

hemoglobin in the blood, HbO and HbR, changes in which are indicate brain activity 

(Cope et al., 1987).  Three different optical measurement techniques can be employed to 

detect changes in HbO and HbR.  These include: continuous wave, frequency domain and 

time domain measurements.  

2.1.3.1 Continuous wave based measurement technique 

In continuous-wave (CW) systems, light is shone continuously at constant amplitude, or 

modulated at frequencies not higher than a few tens of kilohertz (which provides stray-

light rejection).  CW systems measure only the amplitude decay of the incident light (as 

shown in Figure 2.3) (Boas & Franceschini, 2004; Strangman et al., 2002). The main 

advantages of CW NIRS are the sampling rate, the size of the instrument, weight, 

simplicity and cost, which makes CW-based NIRS ideal for bedside monitoring. 

However, CW-based NIRS has a few disadvantages, including the penetration depth and 

the difficulty to separate absorption and scattering effects.  Since CW-based technique 

cannot give distinct information about the absorption and scattering coefficients, it cannot 
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2.1.3.3 Time-Domain based measurement techniques 

In time domain (TD) system, picosecond pulses of light are incident onto the brain and 

the output light is analyzed to determine the tissue absorption and scattering across 

different layers of head (Strangman et al., 2002) (as shown in Figure 2.5).  Time domain 

systems have advantages of good spatial resolution, greater depth penetration and the 

most accurate determination of absorption and scattering (Strangman et al., 2002). 

However, there are several disadvantages including the sampling rate, instrument size, 

instrument weight, necessity for cooling (during imaging studies), lack of stabilization, 

and the cost.  Time-domain systems have been used to study cerebral oxygenation and 

hemorrhage in neonates (Benaron et al., 1993; Chance et al., 1988; Hebden et al., 1997).  

Several commercial and in-house NIRS systems have been developed using the 

continuous wave, frequency domain and time domain measurement techniques described 

in this section. Depending on the measurement techniques employed, various research 

groups have developed appropriate NIRS instrumentation (as described in Section 2.2.2).  

Regardless of the measurement technique used to investigate the cerebral oxygenation, 

NIRS has several advantages over other functional neuroimaging techniques despite its 

disadvantages, which are described in following section (section 2.1.4).  
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measures the electrical activity of the brain, and this technique has high temporal 

resolution but poor spatial resolution. fMRI provides information regarding the 

hemodynamic activity of the brain.  It has high spatial resolution but poor temporal 

resolution and highly susceptible to movement artifacts as the subjects are required to be 

still in the claustrophobic imaging environment.  In comparison to these imaging 

modalities, NIRS is the only neuroimaging modality that can measure the hemodynamic 

and metabolic responses associated with neuronal activity, as well as measure neuronal 

activity directly, as it can detect ‘fast’ signals in the order of 50-200 milliseconds 

(Franceschini et al, 2000), which is a more direct measure of the neuronal activity than 

the hemodynamic signals.  Additionally, in comparison to the EEG, fMRI, PET, or 

SPECT, NIRS can provide excellent temporal sensitivity as well as reasonable spatial 

sensitivity (Strangman et al., 2002) (as shown in Figure 2.6).  NIRS is also relatively 

robust to movement artifacts thereby enabling the researchers to investigate the brain’s 

response to routine human activity (Strangman et al., 2002).  Thus providing the neuro-

imaging community an ability to investigate the functional activity in a moving subject 

which cannot be performed using fMRI (as the subjects are required to stay stationary in 

the claustrophobic environment during the imaging). The major limitation of NIRS is 

limited depth penetration of NIR light in the brain, which limits its capability to 

investigate hemodynamics only to the surface of the cerebral cortex.  
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Figure 2.6: Temporal and spatial resolution comparison of different neuro imaging 
modalities (Figure adapted from Strangman et al., 2002). 

 

2.2 Near infrared spectroscopy of brain: Instrumentation 

Based on the techniques of continuous wave, frequency domain and time domain 

measurements different NIRS instruments have been developed by several researchers. 

These NIRS systems monitor the brain oxygenation and hemodynamic changes in 

response to stimuli or even during resting state from the surface of the human head.  The 

NIRS instrument is optically coupled to the surface of the human head using source and 

detector fiber bundles, which are held by optical caps.  

2.2.1 Optical Caps 

Optical caps are indispensable for acquiring optical measurements from the human brain. 

Many researchers have developed different optical caps based on the specific application 

of functional brain mapping and the region of the brain imaged (as shown in Table 2.1).  
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Table 2.1 depicts different optical caps that have been developed to acquire optical 

signals from the brain. As discussed in Table 2.1 these optical caps are either suitable for 

acquiring signals from specific regions of the brain or they suffer from hair interference 

during signal acquisition. Moreover, these caps are not commercially available as most of 

the time they are for proprietary use.  

Different optical caps have been developed at FIU-OIL (Florida International 

University’s Optical Imaging Laboratory) to probe different regions of the brain with 

minimal hair interference and easy placement on both pediatric and adult populations. 

The relevant optical caps developed will be described in sections 5 to 10 pertaining to the 

studies performed to investigate different regions of the brain.  The optical caps described 

in this section serve as an interface between the head and NIRS instrument, which 

acquires optical signals from the surface of the head.  

2.2.2 NIRS imaging systems 

As described in section 2.1.3, several NIRS instruments have been developed 

commercially and in-house to date to acquire optical measurements from the surface of 

the head. These instruments have been developed on the principle of continuous wave, 

frequency domain, and/or time domain based measurement technique as described in 

section 2.1.3.  

2.2.2.1  Commercial NIRS imaging systems 

There are several commercially available NIRS instruments in the market. These 

instruments differ in terms of measurement techniques used and/or the number of 
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channels provided by the manufacturer. The commercially available NIRS systems are 

shown in Table 2.2. 

Sl. 
No. 

Instrument Technique Number 
of 

channels 

Company Website 

1. Astem Hb-1 CW 2 Astem, Japan www.astem-
jp.com 

2. CerOx 3210F CW 2 Ornim,Inc.USA www.ornim.co
m 

3. Dynat CW Up to 32 NiRx, USA www.nirx.net  
4. ETG-4000 CW 44 Hitachi, Japan www.hitachim

ed.com  
5. ETG-7000 CW 72 Hitachi, Japan www.hitachim

ed.com 
6. EQUANOX 

7600 
CW 2 Nonin, USA www.nonin.co

m  
7. EQUANOX 

8004 
CW 4 Nonin, USA www.nonin.co

m 
8. FORE-SIGHT 

2040 
CW 2 Casmed, USA www.casmed.c

om  
9. Imagent FD Up to 128 ISS, USA www.iss.com  
10. Inspectra StO2 CW 4 Hutchinson, 

USA 
www.htibiome
asurement.com 

11. INVOS 5100 CW 1-4 Somanetics, 
USA 

www.somaneti
cs.com  

12. NIMO CW 1 NIROX, Italy www.nirox.it  
13. NIRO 100 CW 2 Hamamatsu, 

Japan 
www.hamamat

su.com  
14. NIRO 200 CW 8 Hamamatsu, 

Japan 
www.hamamat

su.com 
15. NIRS 4/58 CW 4 or 58 TechEn, Inc., 

USA 
www.nirsoptix.

com  
16. nScan D1200 CW 16 to 32 Arquatis, 

Switzerland  
www.arquatis.

com  
17. nScan W1200 Wireless 

CW 
16 Arquatis, 

Switzerland 
www.arquatis.

com 
18. ODISsey CW 2 Vioptix, Inc., 

USA 
www.vioptix.c

om  
19. OM 220 CW 2 Shimadzu, 

Japan 
www.med.shi
madzu.co.jp  

20. OMM 2001 CW 42 Shimadzu, 
Japan 

www.med.shi
madzu.co.jp 
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21. OMM 3000 CW 64 Shimadzu, 
Japan 

www.med.shi
madzu.co.jp 

22. OxiplexTS FD 2 ISS, USA www.iss.com 
23. O2C CW 2 LEA, Germany www.lea.de  
24. PortaLite Wireless 

CW 
1 Artinis, 

Netherlands 
www.artinis.co

m  
25. TRS-20 TD 2 Hamamatsu, 

Japan 
www.hamamat

su.com 
Table 2.2: List of commercially available NIRS systems (table modified and adapted 
from Wolf et al., 2007). In the table CW stands for Continuous wave, FD stands for 
frequency domain and TD stands for time domain. 

 

From Table 2.2 it can be seen that most of the commercially available NIRS instruments 

are based on the principle of continuous wave, while just 2 and 1 of them are based on 

frequency domain and time domain techniques, respectively. Most of the commercially 

available systems are relatively expensive and are limited by the number of channels.  

Hence NIRS systems have also been developed by several research groups in-house as 

listed in Table 2.3 of section 2.2.2.2. 

2.2.2.2  In-house developed NIRS imaging systems 

The in-house developed NIRS imaging systems are shown in Table 2.3. 

Sl. 
No. 

Author 
(reference) 

Technique Number of 
channels 

University or firm 

1.  Akin, 2006 CW 16 BonğaziҪi Univ., Turkey 
2.  Boden, 2007 CW 22 Charité, Germany 
3.  Contini, 2006 TD 16 Politecnico of Milan, Italy 
4.  Cuccia, 2005 CW CCD Irvine Univ., USA 
5.  Culver, 2006 CW 300 Washington Univ., USA 
6.  Everdell, 2005 CW 20 Univ. College London, UK 
7.  Ho, 2007 FD 16 Yonsei Univ., Japan 
8.  Kashyap, 2007 CW 64 Univ. of Texas, Arlington, 

USA 
9.  Kek, 2006 CW 64 Hokkaido Univ., Japan 
10.  Leon-Carrion, 

2006 
CW 16 Drexel Univ., USA 



33 

 

11.  Li, 2005 CW 16 Southeast Univ., China 
12.  Liebert, 2006 TD 16 Physikalisch Technische 

Bundesaustalt, Germany 
13.  Montcel, 2004 TD 8 Strasbourg Univ., France 
14.  Muhlemann, 

2006 
CW 16 Univ. Hospital Zurich, 

Switzerland 
15.  Nissila, 2005 FD 16 Helsinki Univ., Finland 
16.  Selb, 2006 TD 32 Harvard Univ., USA 
17.  Schmidt, 2000 TD 32 Univ. College London, UK 
18.  Schmitz, 2002 CW Variable Columbia Univ., USA 
19.  Ueda, 2005 TD 16 Hamamatsu, Japan 

Table 2.3: List of recently developed in-house NIRS imaging systems (table modified and 
adapted from Wolf et al., 2007). In the table CW stands for Continuous wave, FD stands 
for frequency domain and TD stands for time domain. CCD stands for Charged Coupled 
devices. 

 

From Table 2.2 and Table 2.3, it can be seen that the in-house developed systems have 

relatively greater number of channels as compared to commercially available system, 

thereby providing the capability to investigate larger regions of the brain. The 

commercial and In-house developed NIRS use different types of light sources and 

detectors to investigate cerebral hemodynamics.  Different types of sources and detectors 

used in NIRS systems are described in the following section (section 2.2.3). 

2.2.3 NIR light source 

The light source used in NIRS systems should be such that it provides a specific 

wavelength of light to quantify the change in the concentration of HbO and HbR in the 

cerebral cortex. The light sources available are: 

1) White light with filter for NIR light – provides flexible and variable color 

resolution but it has low optical power per wavelength of light (< 5mW). 
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2) Light emitting diode (LED) – provides the light in a 30 nm band surrounding the 

specific wavelength of light and the optical power of light is in low (< 1mW) to 

medium range (30 mW). 

3) Laser diode – provides specific wavelength of light within a band of ± 1nm and 

the optical power of light is in low (< 1mW) to high range (500mW). 

The factors considered in the selection light source are the discrete wavelength and 

optical power.  Hence based on the properties of different light source described above, 

the widely used light source in the NIRS instrument for brain are laser diodes of specific 

wavelengths. The specific wavelength of the light which enters the brain depends on the 

tissue chromophores of interest (e.g. HbO, HbR, HbT).   The light which exits the head 

after travelling the cortical region of brain is detected by appropriate detectors. Different 

types of detectors are used in NIRS instrument as described in following section (section 

2.2.4). 

2.2.4 Light Detector 

The light detector used in the NIRS instrument should be sensitive to detect the extremely 

low light intensity which exits the head. The optical detectors that are presently in use 

are: 

1) Silicon photodiodes (SPDs) – have low sensitivity but high dynamic range (~100 

dB). 

2) Avalanche photodiodes (APDs) – have high sensitivity and medium dynamic 

range (~60 dB). 



35 

 

3) Photomultiplier tubes (PMTs) – have very high sensitivity below 820 nm after 

which the sensitivity drops and medium dynamic range (~60 dB). 

4) Charge-coupled devices (CCDs) – have variable sensitivity which depends on the 

wavelength of light to be detected and dynamic range upto 60 dB. 

The type of detector used in NIRS instrument for brain depends upon the particulars of 

application. The neuroimaging application which requires fast data acquisition rate 

generally uses PMTs or APDs. The investigation of larger area of brain using NIRS 

requires greater number of detectors and since PMTs and APDs are expensive, increasing 

the area of investigation increases the number of detectors thereby increasing the cost and 

size of instrument.  As compared to other types of detectors, i.e. SPDs, PMTs and APDs, 

although the speed of data acquisition of CCD is relatively slow it is not limited by the 

numbers of detectors. The number of detectors in a CCD based NIRS instrument can be 

easily increased by increasing the number of detector fiber bundle which collects and 

send light to the face of CCD camera. 

Based on the advantages and disadvantages of different NIRS measurement techniques, 

sources and detectors (discussed in section 2.2), during my doctoral work I developed a 

CW based NIRS system which uses laser diode based source system and intensified 

charged coupled (ICCD) based detector. The details of the development of CW based 

NIRS system will be described in section 3.2.  

The NIRS instruments described in this section, based on any of the measurement 

technique i.e. time domain, frequency domain and continuous wave, are employed to 

acquire optical signal non-invasively from the surface of head after the incident light has 
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travelled through the cortical regions of brain. Thus the optical signal acquired contains 

information of the activity in the brain which must be processed to extract the 

information encoded in them. The different kind of brain’s optical data processing and 

analysis is described in the following section (section 2.3). 

2.3 Near infrared spectroscopy of brain: signal analysis 

The acquired optical measurement using the NIRS instruments contains raw information 

about the attenuation of the near infrared (NIR) light as it exits the head after travelling 

through the cortical regions of brain.  NIR light as it enters the cortical region of the brain 

is absorbed by the two dominant chromophores (HbO, HbR) present in the brain (Cope et 

al., 1987; Strangman et al., 2002).  The percentage of light coming out of the brain is the 

function of the concentration these chromophores (HbO, HbR) present in the cortical 

region of interest. The modified Beer Lambert law, as described in section 2.1.2.2, is used 

to calculate the attenuation at two different wavelengths of light using Eq.2.5 and Eq. 2.6. 

The wavelength dependent attenuation of light is then solved mathematically (which will 

be described in section 4.1) to calculate the change in concentration of HbO, HbR and 

HbT.  These hemodynamic changes can be used to elucidate activation (defined in 

section 2.3.1), functional connectivity (defined in section 2.3.2.2), effective connectivity 

(defined in section 2.3.2.3), and lateralization (defined in section 2.3.3) in the region of 

brain under investigation. 

2.3.1 Activation Analysis 

Activation analysis is performed to investigate the changes in relative concentration of 

HbO, HbR and total hemoglobin HbT (=HbO+HbR) as a function of time, in response to 
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and effective connectivity (Aertsen et al., 1989).  The connectivity pattern is formed by 

structural links such as synapses or fiber pathways which forms a distributed network 

wherein the different regions of the brain specializing in different function communicate 

with each other to process sensory input to provide a motor output (Friston, 1994; 

Swanson, 2003).   

Depending on the method used to ascertain the connectivity pattern in the brain, the brain 

connectivity analysis can be divided into three categories: 

(1) Anatomical connectivity which describe the anatomical links between different 

units in the brain (Lee et al., 2003). 

(2) Functional connectivity which describes the temporal correlation among the 

activity of different neurons (Friston 1994; Horwitz 2003; Lee et al. 2003). 

(3) Effective connectivity which describes the causal interaction between distinct 

units within a nervous system (Friston 1994; Horwitz 2003) 

The distributed network in the brain or the connectivity pattern is established by synapses 

between neighboring neuron representing anatomical connectivity.  The information flow 

in the established synapses or fiber pathways can be ascertained by the temporal 

correlation or coherence in the information flow representing functional connectivity 

(Friston 1994).  The network of directional effects of one neural element over another can 

be elucidated by effective connectivity (Aertsen et al., 1989).  Thus it can be stated that 

the neural activity in the brain is dependent on the connectivity in the brain.  Hence the 

study of brain connectivity is vital to explicate the information processing pattern of the 

brain. 
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described in section 4.4.  NIRS has been applied in the past to investigate the cortical 

dominance during different tasks (Watanabe et al. 1998; Watson et al. 2004). 

Thus based on NIRS neuroimaging technique described in this chapter, NIRS has been 

successfully used towards functional brain mapping in awake adults, infants and children as 

well in response to active stimuli (Lloyd-Fox  et al., 2010; Strangman et al., 2002).  Some 

of the many applications (sample references listed) of NIRS to neuroimaging include: (i) 

cerebral response to visual (Heekeren et al, 1997; Meek et al, 1995; Ruben et al, 1997), 

auditory (Sakatani et al, 1998) and somatosensory stimuli (Franceschini et al, 2003); (ii) 

cerebral response to motor system (Colier et al, 1999; Hirth et al, 1996; Schwartz et al, 

2005) and language (Sato et al, 1999); and (iii) prevention and treatment of seizures 

(Adelson et al, 1999; Sokol et al, 2000; Steinhoff et al, 2005; Watanabe et al, 2000) and 

psychiatric concerns such as depression (Eschweiler et al, 2000; Matsuo et al, 2000; 

Okada et al, 1996), Alzheimer disease (Fallgatter et al, 1997; Hanlon et al, 1999; Hock et 

al, 1996) and schizophrenia (Fallgatter et al, 2006; Okada et al, 2004), as well as stroke 

rehabilitation (Chen et al, 2000; Nemoto et al, 2000; Saitou et al, 2000; Vernieri et al, 

1999); (iv) detection of brain ischemia (Kuebler et al, 1998; Patel et al, 1998), necrosis, 

and hemorrhage (Yodh et al, 2003).    During my doctoral work, NIRS was implemented 

to investigate the neural basis of language, joint attention and planning and execution of 

motor skills in healthy adults, as described below in section 2.4.  
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2.4 Applications of NIRS during my doctoral work 

The goal of my doctoral work was to apply NIRS towards the extensive investigation of 

neurological response of language, joint attention and planning and execution of motor 

skills in healthy adults.  Joint attention and planning and execution of motor skill stimuli 

were also used preliminarily to investigate the neurological response in children with 

autism and individuals with cerebral palsy, respectively.  The neuroimaging of language, 

joint attention and planning and execution of motor skills using NIRS is described in 

details in sections 2.4.1, 2.4.2 and 2.4.3, respectively. 

2.4.1 NIRS and language 

In the area of language development and brain activation/functionality using NIRS, 

researchers have performed studies using various experimental paradigms in normal 

adults and pediatric populations (Bortfeld et al, 2009; Herrmann et al, 2003; Hermann et 

al, 2006; Kuwabara et al, 2006; Sakatani et al, 1998). The studies were focused primarily 

in understanding the differences in the hemodynamic responses in different (typically 

frontal and temporal) regions of the brain in response to language-based stimuli 

(Herrmann et al, 2003; Hermann et al, 2006; Jayakar et al, 2005; Kubota et al, 2005; 

Kuwabara et al, 2006; Quaresima et al, 2002; Sakatani et al, 1998).  In addition, a few 

researchers have analyzed the cortical lateralization and dominance features of the brain 

in different populations, based on their application focus (e.g. schizophrenia, epilepsy) 

(Gallagher et al, 2008; Hermann et al, 2003; Kennan et al, 2002; Kubota et al, 2005; 

Noguchi et al, 2002; Watanabe et al, 2000; Watson et al, 2004) .  All the language studies 

carried out so far using NIRS (Gallagher et al, 2008; Herrmann et al, 2003, Jayakar et al, 
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2005; Kennan et al, 2002; Kubota et al, 2005; Kuwabara et al, 2006; Noguchi et al, 2002; 

Qaresima et al, 2002; Sakatani et al, 1998; Watanabe et al, 1998; Watson et al, 2004) 

have focused on the brain activity differences and/or cortical dominance.    To the best of 

our knowledge none of these studies have investigated the functional and effective 

connectivity and/or lateralization in the language regions of brain simultaneously. 

Activation, functional and effective connectivity and lateralization analysis when 

performed simultaneously has the potential to elucidate the integration and synchrony 

between different region of motor cortex. Thus during my doctoral work NIRS was used 

to investigate the activation, functional and effective connectivity and/or lateralization in 

the language regions of brain simultaneously. The details of the study are described in 

chapter 5 and 6. 

2.4.2 NIRS and Joint attention 

In the field of autism research, NIRS has been applied in limited studies related to autism, 

where the focus of the research was the language processing abilities of adults with 

Persuasive Developmental Disorders, PDD) (Kuwabara et al., 2006) and also the 

language processing abilities in children and adults with autism (Kawakubo et al., 2009). 

Recently, NIRS was applied for the first time at FIU-OIL (Zhu et al., 2009) to understand 

the activation in the healthy adults in response to joint attention skill and also to 

demonstrate the feasibility of NIRS towards autism research. The Joint attention stimuli 

refer to the capacity of subject to coordinate attention with a social partner.  The work 

was based on the work done by other researchers to investigate joint attention experience 

in adult using fMRI (Williams et al., 2005). Hence, based on the paradigm used in the 
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earlier fMRI study, NIRS was employed at OIL to study the hemodynamic responses to 

joint attention experience (using responding to joint attention, or RJA-based stimuli) in 

the frontal cortex of normal adults (Zhu et al., 2009). This work demonstrated successful 

application of NIRS towards the autism research, thereby setting the stage for future 

extensive NIRS study on typically developing children and children with autism in 

response to joint attention skill based paradigm. Thus during my doctoral work NIRS was 

used to investigate the underlying neurological response of frontal cortex in healthy 

adults as well as preliminarily in typically developing children and children with autism. 

The details of the study are described in chapter 7 and 8. 

2.4.3 NIRS and planning and execution of motor skill stimuli  

Individuals with cerebral palsy (CP) often have motor impairment syndromes that occur 

as a result of a permanent, non-progressive lesion of the brain (Kułak et al., 2008).  

Several advanced neuroimaging techniques have been used to investigate and explicate 

the etiological basis of CP.  Structural neuroimaging techniques, such as MRI (Griffiths 

et al., 2010; Horridge et al., 2011; Kułak et al., 2007a; Kułak et al., 2007b; Sööt et al., 

2008), DTI (Fariaa et al., 2011; Rha et al., 2011; Yoshida et al., 2011) and CT (Accardo 

et al., 2004), have been applied to explicate the probable cause of CP because of 

structural change in the brain due to brain mal development and/or lesion.  Functional 

neuroimaging techniques, such as fMRI (Burton et al., 2009; Schwilling et al., 2012; 

Sutcliffe et al., 2009; Wingert et al., 2010) and PET/SPECT (Batista et al., 2007; Lee et 

al., 2007; Wong et al., 2006), have been employed to elucidate the functional change in 

the brain associated with activation of brain pre- and post- tasks performed by individuals 
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with CP.   None of the above mentioned functional neuroimaging techniques have been 

employed to investigate the functional change in the brain of individuals with CP during 

a task as these techniques, fMRI and PET/SPECT, requires the participants to be 

stationary in a claustrophobic environment.  The several advantages offered by NIRS 

neuroimaging technique, as described in section 2.1.4, makes NIRS technique a reliable 

tool to investigate the cerebral hemodynamics change in individuals with cerebral palsy 

in response to complex tasks during physical therapy regime of individuals with CP. 

Individuals with CP who participate in physical therapy programs generally demonstrate 

some degree of decreased motor impairment and functional improvement, in spite of the 

permanent nature of their central nervous system (CNS) lesion.  The literature strongly 

suggests that this improvement is due to plasticity of the viable portions of the CNS, and 

that plasticity is dependent, at least in part, on repeated activation of specific areas of the 

CNS. Therefore, activities to include in physical therapy programs for any given person 

with CP, or for adults with acquired brain lesions, might best be chosen based on the 

magnitude, duration, and location of CNS activation they engender, with the assumption 

that these activations will facilitate plastic changes within the CNS that will ultimately 

yield the best possible functional outcomes (Kulak et al., 2007; Rha et al., 2011).  Thus 

during my doctoral work, NIRS technique was initially used to perform a preliminary 

investigation of the planning and execution of motor skill tasks in individuals with 

cerebral palsy in comparison to the controls as described in chapter 9.  This study was 

followed by an extensive investigation of the planning and execution of various motor 

skills stimuli in controls as described in chapter 10.  The planning and execution of motor 

skill stimuli was further investigated using NIRS technique in conjunction with 
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kinematics study to simultaneously investigate the response of brain and movement of 

hand during planning and execution of motor skill in healthy adults as described in 

chapters 11 and 12.   
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CHAPTER 3. Near Infrared Spectroscopy Instrumentation 

Near infrared spectroscopy (NIRS) measures the attenuation of near infrared light after 

travelling through the cortical region of brain using NIRS instrument which measures 

attenuated light based on three different principle namely, continuous wave, frequency 

domain and time domain as described in chapter 2. During my doctoral work NIRS 

instrument which works on the principle of frequency domain and continuous wave were 

employed.  The commercial frequency domain based NIRS system used for my studies is 

described in section 3.1. The continuous wave based NIRS system developed in-house 

and used for latter part of my studies is described in section 3.2 and 3.3.  

3.1  Frequency domain based NIRS system: Commercial 

A frequency-domain based optical imaging system, Imagent (ISS, Inc., Champaign, IL) 

(shown in Figure 3.1) was used to investigate the change in hemodynamic response of the 

cortical regions of the brain in response to different stimuli.  Different studies which were 

performed using the Imagent are described in chapters 5, 6, 7 and 8. The Imagent is a 

multi-channel system with 32 intensity-modulated laser diodes (16 emit 690 nm laser 

light, and the remaining 16 at 830 nm wavelength), and four gain-modulated 

photomultiplier tube (PMT) detectors that collect the optical signals at both the 

wavelengths separately.  The light sources are electronically multiplexed at a frequency 

of 100 Hz (10 ms on-time per laser diode) to time-share the four optical detectors.  The 

modulation frequency, which can be adjusted from (100 - 300 MHz) was set at 110MHz.  

This frequency was chosen due to the fact that it allows for maximum depth penetration 

of optical signals into the tissue (Gibson et al., 2005).  The entire instrument is computer 
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controlled and the frequency-domain measurements (DC, AC, and phase shift) are 

obtained from different source-detector locations using a Fast-Fourier-Transform data 

acquisition card.  The optical signals are acquired in real time using the software package 

(BOXY) of the instrument. BOXY© provides real-time information regarding signal to 

noise ratios of the four photomultiplier tubes used by the Imagent.  On the Boxy 

software’s interface, the signal from each PMT (photo multiplier tube) detector (each 

detector) is represented as a square with either green or yellow color. The coloring is 

based on the PMT’s noise threshold level.  If the signal’s SNR (Signal to noise ratio) 

from a PMT is above the noise threshold it shows green and if the signal’s SNR from a 

PMT is below the noise threshold it shows yellow.  Since Imagent can operate in 

frequency domain it can provide optical signal in terms of change in DC, AC and phase 

shift. 

 

Figure 3.1: Frequency domain based optical imager, Imagent (ISS, Inc., Champaign, IL). 
The red circles depict the detectors and the yellow rectangles depict the sources. The 
Imagent was provided by Brain Institute at MCH (Miami Children’s Hospital). 
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The optical data acquired using the commercial NIRS instrument (Imagent) was 

processed to perform activation, functional connectivity and lateralization analysis as 

would be described in the chapters 5, 6, 7 and 8. 

The studies described in chapters 9, 10, 11, 12 and 13 were performed using in-house 

developed NIRS system. During my doctoral work I developed a NIRS system by 

modifying and adapting the intensified charged couple device (ICCD) based optical 

mammography system developed in our OIL.  The ICCD based imaging system has an 

advantage over PMTs based imaging system wherein the ICCD based system is not 

limited by the numbers of detectors. The number of detectors in ICCD based NIRS 

instrument can be easily increased by increasing the number of detector fiber bundle 

which collects and send light to the face of ICCD camera. The initially developed ICCD 

based NIRS system was single wavelength system (as described in section 3.2), which 

can only provide the relative change in total hemoglobin concentration (when the single 

wavelength is around the isosbestic point) without elucidating the change in the oxygen 

saturation content of hemoglobin.  The single wavelength ICCD based NIRS system was 

further modified to perform dual wavelength NIRS of the brain (as described in section 

3.3) to elucidate the change in the HbO, HbR, and HbT concentrations.  The in-house 

developed ICCD based NIRS system is described in the following sections (section 3.2- 

single wavelength based NIRS system and section 3.3 - dual wavelength based NIRS 

system). 
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laser mounts, described in section 3.2.1.2, which are controlled by a multichannel 

controller. 

3.2.1.1 Multichannel controller 

 The sources are driven and cooled by a Newport Irvine CA 92606, USA 8008 

multichannel controller (as shown in Figure 3.3).  The Newport 8008 features 8 

independent channels and a large range of current values.  These 8 independent channels 

were optimized individually to provide a homogenous source distribution.  The 

developed source system has six sources leaving 2 channels for future expansion. 

 

Figure 3.3: The source of the Gen-2 imager is driven by the multichannel controller that 
is a combination laser driver (LD) and thermoelectric cooler driver (TECD), which 
allows for the control of up to 8 independent laser mounts. 

 

3.2.1.2 Laser mount 

 The TCLDM9 (Thorlabs, Newton, New Jersey, TCLDM9) is a sturdy temperature 

stable laser mount accepting a 785 nm laser diode. The diode employed (Thorlabs, 

Newton, New Jersey, 785P100) emits light at 785 nm and can produce up to 100 mW of 

optical power in CW.   The laser mounts have female SMA connectors which serve as a 
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The lens assembly for the ICCD camera focuses the image of the detector fiber bundle 

onto the ICCD of the camera (Figure 3.4).   The distance between the camera's intensifier 

and the optical detection fiber bundles were adjusted based on Eq. 3.1 thin lens equation  

ଵௌభ + ଵௌమ = ଵ௙                                                Eq. 3.1 

where in Eq. 3.1, f is the focus of the lens, S1 is the distance from the lens to the hand-

held probe and S2 is the distance from the lens to the image.  The equation could be 

solved for either S1 (67mm) or S2 (106mm).  However the distance between the surface 

of the camera and the image intensifier cannot be changed in the developed ICCD based 

NIRS system and must be added to S2. 

The source and detector system described in section 3.2.1 and 3.2.2 shines light onto the 

brain and collects the attenuated light intensity from the brain, respectively via source and 

detector fiber respectively described in section 3.2.3 below. 

3.2.3 Source and detector fiber bundle 

Source fiber of core diameter of 400 mm and numerical aperture of 0.37 is used to deliver 

light to the surface of the head. The source fiber has spectral range of 400-2000 nm and is 

72” in length.  The attenuated light intensity, as it exits the head after travelling through 

the cortical regions is collected via an optode connected to the detector fiber bundle.  The 

detector fiber bundles have 2.5 mm core diameter, 0.6 numerical aperture and are 72” in 

length.  

Thus the NIRS system developed using the three major components of NIRS as described 

above in section 3.2.1, 3.2.2 and 3.2.3, is shown in Figure 3.6, and this system was used 
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connected to detector fiber bundle (as described in section 3.2.3), depicted by the 

directional flow of signal in Figure 3.2. The detector fiber bundle delivers the light to an 

ICCD based detector system (as described in section 3.2.2), which is operated in shutter 

mode at after adjusting the value of the ICCD camera as shown in Figure 3.7. The ICCD 

camera is operated at an acquisition rate of 4.76 Hz determined by the formulas shown in 

Eq. 3.2 and Eq. 3.3.  

ூܶ = 	 ௘ܶ௫ +	 ்ܶூ	                                             Eq. 3.2 

where in Eq.3.2;  ூܶ is the total time taken to acquire a single image,  ௘ܶ௫ is the exposure 

time of the CCD camera and ்ܶூ is the time taken to transfer and integrate the charge on 

the CCD camera.   ܫோ = 	 ଵ்಺                                                  Eq. 3.3 

where in Eq. 3.3; ܫோ is the acquisition rate of ICCD detector and ூܶ  is the total time taken 

to acquire a single image. 

During the study (described in chapters 9, 10 and 11) Tୣ ୶ was set at 0.2 sec as shown in 

Figure 3.7 (optimized exposure determined after a series of experimental studies), T୘୍ 
was found to be 0.01 sec after a series of experimental studies. Hence upon plugging in 

the values of  Tୣ ୶ and T୘୍ in Eq. 3.2 the total time, T୍  , taken to acquire a single image 

was calculated to be 0.21 sec. Thus the reciprocal of T୍ , which is the acquisition rate 

given by Eq. 3.3, translates into an acquisition rate of 4.76 Hz.   

The optical signal acquired from the developed NIRS system is processed to elucidate the 

change in HbT concentration using mathematical equations described in (section 2.1.2.1). 
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wavelength based NIRS system. The design and development of dual wavelength based 

NIRS system is described below in section 3.3. 

 

3.3 Continuous wave dual wavelength based NIRS system: In- house developed 

A dual source wavelength based NIRS system was developed in-house to perform NIRS 

of the brain at two different wavelengths of NIR light (830 nm and 690 nm).  NIRS of 

brain at two different of NIR light elucidate the change in concentration HbO, HbR and 

HbT (as described in section 2.2.1) in the region of brain under investigation. The 

detailed block diagram depicting the building blocks or the components used and 

connection between different components is shown in Figure 3.8.  The major components 

of the developed NIRS system (as shown in Figure 3.8) are the dual wavelength laser 

diode based source system, the intensified charge-coupled device based detector, source 

and detector fiber bundles. Different components used to develop dual wavelength based 

source system are described in section 3.3.1.   

The ICCD camera based detector is same as the one used to develop single wavelength 

based NIRS system and the only difference is the mode in which the camera is operated 

to acquire dual wavelength data (as described in section 3.3.2).  The source and detector 

fiber bundles used is the same as the one used in single wavelength based NIRS system 

as described in section 3.2.3. A signal generator described in section 3.3.3 is used to 

modulate the dual wavelength based source system. The same signal generator is also 

used to synchronize the source system and ICCD camera as described in section 3.3.5.  

Finally the developed dual wavelength NIRS system was tested (as described in section 
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3.3.1.1 Laser diodes 

The laser diodes employed are of wavelength 830 nm and 690 nm to facilitate measuring 

changes in HbO, and HbR concentrations.  The 830 nm wavelength laser diode (part 

number - DL5032-001, acquired from Thorlabs, Newton, New Jersey, 785P100) has 

maximum optical power output of 30 mW and operates in CW mode. The 690 nm 

wavelength laser diode (part number – HL6738MG, acquired from Thorlabs, Newton, 

New Jersey, 785P100) has maximum optical power output of 50 mW and it also operates 

in CW mode.  The laser diodes are mounted onto laser driver, as described in section 

3.3.1.2 below, to provide the bias voltage needed to lase the laser diode. 

3.3.1.2 Laser drivers  

Two different kinds of laser driver were acquired to drive the two different kind of laser 

diode.  To drive the 830 nm laser diodes, laser driver named EK 2000 (as shown in 

Figure 3.9A) was acquired from Thorlabs; and to drive the 690 nm laser diodes, laser 

driver named DBDL M/Q (as shown in Figure 3.9B) was acquired from Microlasers Inc. 

A 9 V DC power supply (as shown in Figure 3.9D) was connected to each laser drivers to 

provide the voltage needed to turn on the laser driver. The schematic layout of the 

connection between the laser diodes, laser driver and power supply is shown in Figure 

3.9C and the steps followed to operate the laser drivers are described below in section 

3.3.1.2.1 (for EK 2000) and 3.3.1.2.2 (for DBDL M/Q). 

3.3.1.2.1 Operating EK 2000 laser drivers 

The steps followed to operate the EK 2000 laser drivers are described below: 
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Step 1: The current limit and photo diode current trimpot is set to zero by turning the 

trimpot several  times in the anti-clockwise direction. 

Step 2: The EK 2000 board is powered using a 9V DC power supply as shown in Figure 

3.9D. 

Step 3: The jumper is installed on the pin P10 to run the laser in continuous mode. 

Step 4: The current limit trimpot is adjusted slowly while observing the voltage across the 

limit out pin to set the maximum operating current for the laser diodes. The relationship 

between the voltage observed and the operating current is 40 mA/V i.e. if the max current 

needed for the laser diode is 80 mA then the voltage was set at 2V. 

Step 5: A calibrated power meter is used to monitor the laser diode output while the 

photodiode current set trimpot is turned clockwise to obtain the desired operating power 

level. 

Step 6: The external voltage (described in section 3.3.3) source is connected to P10 to 

modulate the laser diode.  For the EK2000, an external voltage of 0 V means fully on and 

2.5 V mean fully off.  Hence, the voltage is kept between (0-2.5V). 

3.3.1.2.2 Operating DBDL M/Q laser drivers 

The steps followed to operate the EK 2000 laser drivers are described below: 

Step 1:  The limit current and set current potentiometer is set to 0 by turning the trimpot 

clockwise several times. 
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Step 5: The external voltage (described in section 3.3.3) source is connected to Vext pin in 

order to modulate the laser diode.  The external modulating voltage is supplied by 

following the relation 100mA/V, which is dependent on the specification of the laser 

diode. 

For EK 2000 laser driver, which is used to drive 830 nm laser diode, the operating 

voltage was set at 1.75V and for DBDL laser driver, which is used to drive 690 nm laser 

diode, the operating voltage was set at 0.65V. 

3.3.1.3 Signal generator  

A NI PCIe-6341X Series Data Acquisition card (shown in Figure 3.10A) is used to 

generate digital pulse to modulate the two different wavelengths of laser diodes and also 

to synchronize the dual wavelength source system with the ICCD camera, as described in 

section 3.3.2. The NI PCIe-6341X Series Data Acquisition card is installed in one of the 

data card slots of the computer.  A Labview supported NI-DAQmx driver software is also 

installed to drive the NI PCIe-6341X Series Data Acquisition card. The NI PCIe-6341X 

Series Data Acquisition card is connected to NI SHC68-68-EPM (shown in Figure 3.10 

B) cable, which delivers the signal to a connector block NI BNC-2110 (shown in Figure 

3.10 C) that has the output terminal for the desired signals.  The flow of signal from the 

NI PCIe-6341X to the connector block NI BNC-2110 through NI SHC68-68-EPM cable 

is depicted by the directional arrow in Figure 3.10. 
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3.3.3 Integration of source and detector systems  

The dual wavelength source system is synchronized with the ICCD camera so that they 

turn on and off at the same time. The synchronization is necessary to correctly monitor 

the change in hemodynamic response of the tissue. In order to synchronize the source 

system with the ICCD camera system a trigger signal generated by the signal generator is 

used (as described in section 3.3.3.3).  Various methods were attempted to synchronize 

the source system with the camera system before finalizing one method. These methods 

are described, in section 3.3.3.1, 3.3.3.2 and 3.3.3.3, below.  

 

3.3.3.1 Click Automation method 

In this method, a click automation software was used to synchronize the source system 

and the camera system. Click automation software belong to the class of the software 

which are being used to automatically click/perform multiple task at the same time. 

Hence this software was used to click the start button of both the source system and the 

camera system at the same time. The software claims to performs multiple clicks at the 

same it but its performance is computer dependent, slower the computer greater the delay 

time between two clicks and vice versa. Hence this was not a reliable method, and it was 

also observed that there was a delay time between two clicks which was difficult to 

quantify. Thus this leads to the delay between the turning ON of the camera and the 

source system, thus defeating the purpose of syncing the two systems. 
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3.3.3.2 External trigger through USB based signal generator 

 In this method, a USB based signal generator which uses the computer clock to generate 

waveform was used to provide external trigger to the camera in order to sync the source 

and camera system. By using this USB based signal generator the source system was 

synchronized with the camera system by running the camera in external trigger mode, as 

described in section 3.3.2. Whenever the camera saw the rising edge of the voltage it 

turned ON for the specified time and also one of the laser source was turned ON and 

other OFF and so on.  The main limitation of this method was that it was unable to 

control multiple laser sources at the same time. 

 

3.3.3.3 Signal generator 

 In this method external trigger mode of the ICCD camera is used, as described in section 

3.3.2, to synchronize the source system with the camera system. A 5V DC signal 

generated by the signal generator described in section 3.3.3 is supplied to the external 

trigger terminal of the ICCD camera. The same signal generator supplies the required 2.5 

V external modulating voltage to the laser diode drivers.  In order to acquire the optical 

signals, the ICCD camera is set in external trigger acquire mode as shown in Figure 3.17 

and the labview module is turned ON, as shown in Figure 3.11. The labview supplies the 

precise trigger signal to synchronize both the source and the camera system. The 

synchronized system was run several times to check the time delay and synchronization 

error and it was determined that there was no time delay or synchronization error. Also 

one of the major advantage of this method is that it can be used synchronize several 

channels of source system with the camera system. Hence in the finally developed NIRS 
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system the external trigger mode of the ICCD camera is used to synchronize with the 

source system via an external trigger signal generated by the signal generator. The tests 

performed to check the modulation of two different wavelengths of laser diodes and its 

synchronization with the camera system is described in the following section (section 

3.4). 

 

3.4 Testing of dual wavelength NIRS system 

The synchronized source and camera system was tested for the modulation of the laser 

diodes sources and its integration with the camera system by running a series of 

experiments.  In the experiments, two source and four detector fibers (optodes) were 

connected to the source and camera system, respectively.  The source and detector 

optodes were connected to a square probe with pin hole to snap in the tip of source and 

detector optodes.  The distance between the source and detector optodes was kept at 3 

cm. The probe was placed on a wooden platform by maintaining a distance of 3 cm 

between the probe and the wooden platform. During the experiment the frequency of 

modulation of source system was set as 2 Hz and the acquisition rate of camera was set as 

4 Hz. The optical power of the 830 nm and 690 nm wavelength of light was tuned to 3.5 

mW and the gain of the ICCD camera was set to 30 (abu). The source and camera system 

is synchronized in such a way that the odd and even frame of optical data acquired by the 

ICCD camera corresponds to 690 nm and 830 nm wavelength of light, respectively. 

Three different experiments were performed (as described below in sections 3.4.1, 3.4.2 

and 3.4.3) by turning one wavelength of light OFF and other ON and so on. The logic for 

this study was that if the source and camera systems had been synced properly then low 
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signal will be seen in the alternate frame, for the source which was turned OFF, and high 

signal will be seen in the alternate frame, for the source which was turned ON.  During 

the experiments optical signals were acquired by the ICCD camera for a total of 5 min 

and all the three experiments were repeated 5 times. Finally the change in intensity 

acquired by the ICCD camera was plotted as stem plot to depict the change in intensity of 

the acquired optical signal (as described in the sections below). 

3.4.1 Modulating 690 nm wavelength of light keeping 830 nm wavelength of light OFF 

In this experiment 830 nm wavelength of light was turned OFF and only 690 nm 

wavelength of light was modulated at a frequency of 2 Hz. The hypothesis for this 

experiment is that when 830 nm wavelength of light is turned OFF and only 690 nm 

wavelength of light is modulated at a frequency of 2 Hz, the stem plot should show 

higher intensity of light at odd frames and low or no intensity of light at even frame. The 

stem plot corresponding to the change in intensity acquired during the experiment from 

the four different detector fiber bundle shows the same pattern.  Hence, here the stem plot 

corresponding to one of the detector fiber bundle is shown in Figure 3.18. The Figure 

3.18 shows higher intensity of light at odd frame and less or no intensity of light at even 

frames, thereby validating the turning ON and OFF 690 nm of light while the 830 nm 

was turned OFF. It is also evident from Figure 3.18 that the intensity of light acquired 

was very stable throughout the period of acquisition. The experiment was repeated five 

times to check the stability of modulation and data acquisition by the ICCD camera. The 

repeated studies gave similar results thereby confirming the precision in modulation of 

light source and data acquisition by ICCD camera as well as the stability of the system. 
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3.4.3 Modulating both 830 nm and 690 nm wavelength of light  

In this experiment 830 nm wavelength of light and 690 nm wavelength of light were 

modulated at a frequency of 2 Hz. The hypothesis for this experiment is that the stem plot 

of the modulating 830 nm and 690 nm wavelength of light should be the sum of stem plot 

obtained from experiment described in section 3.4.1 and 3.4.2. The stem plot 

corresponding to change in intensity acquired during this experiment from the four 

different detector fiber bundle shows the same pattern.  Hence, the stem plot 

corresponding to one of the detector fiber bundle is shown in Figure 3.20.  In the Figure 

3.20, the odd frame corresponds to change in intensity acquired to 690 nm and the even 

frame corresponds to the 830 nm wavelength of light.  

The stem plot shown in Figure 3.20 is the sum of the stem plot shown in Figure 3.18 and 

3.19 thereby confirming the modulation of light source. It is also evident from Figure 

3.20 that the intensity of light acquired was very stable throughout the period of 

acquisition. The experiment was repeated five times to check the stability of modulation 

and data acquisition by the ICCD camera. The repeated studies gave similar results 

thereby confirming the precision in modulation of light source and data acquisition by 

ICCD camera as well as the stability of the system. 
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CHAPTER 4. Near Infrared Spectroscopy Data Analysis 

The NIRS instruments described in Chapter 3 acquires the attenuated light as it exits the 

head after travelling through the cortical regions of the brain.  The acquired attenuated 

light intensity contains information about the change in the hemodynamics in the region 

under investigation in response to stimuli or during rest. The different NIRS instruments 

described in chapter 3 acquires NIRS data in different formats due to the difference in 

instrumentation. In this chapter the format of data acquired by three different NIRS 

instrument described in chapter 3 and the data processing to elucidate the activation, 

functional connectivity, effective connectivity and lateralization have been described. 

4.1 Extraction and format of NIRS data from Imagent 

The commercial NIRS instrument (Imagent, ISS), described in section 3.1, is a frequency 

domain based system, which provides both the change in intensity and phase shift of the 

attenuated light, as it exits the head. The Imagent acquires data across the specified 

number of source and detector pairs (channels) used during the study and save it in a text 

file using the Boxy software of Imagent. The text file contains the change in intensity 

(DC), frequency (AC) and phase shift information with respect to time across the 

channels used during the study. The text file (.txt) is converted to Matlab file (.MAT) by 

using a program called Boxy2Homer to separate the DC, AC and phase shift information 

for each channels with respect to time. During my doctoral work the change in intensity 

(DC) was primarily used to elucidate the activation, functional connectivity, effective 

connectivity and lateralization as described in section 4.3, 4.4, 4.5 and 4.6 respectively. 
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The phase shift data was also used to elucidate the change in relative phase shift and 

phase dependent connectivity as described in chapter 7. 

4.2 Extraction and format of NIRS data from in-house developed single wavelength 

based NIRS system 

The in-house developed single wavelength based NIRS system, described in section 3.2, 

is a continuous wave based system which acquires change in intensity of single 

wavelength of light via winView software. The winView software is used to control the 

ICCD camera which collects the light from the detector fiber bundle. The detector fiber 

bundle is coupled with ICCD camera via a C-mount which is seen as a bright spot of light 

encompassing particular area of pixels, specified by the diameter of detector fiber bundle, 

on the face of ICCD camera. The attenuated light intensity acquired by the ICCD camera 

corresponding to the number of detector fiber bundles coupled to the face of ICCD 

camera is saved as .SPE file. The .SPE file is converted to a .MAT file using a program 

named RoperASCII2MAT. The change in intensity data stored in .MAT file is then 

processed to elucidate relative change in total hemoglobin (HbT), functional connectivity 

and lateralization as described in section 4.3, 4.4and 4.6 respectively.    

4.3 Extraction and format of NIRS data from in-house developed dual wavelength 

based NIRS system 

The in-house developed dual wavelength based NIRS system, described in section 3.3, is 

a continuous wave based system which acquires change in intensity at dual wavelength of 

light via WinView software. The ICCD camera acquires the change in intensity 

associated with the two different wavelengths of light in such a way that the odd frames 



81 

 

corresponds to the 690 nm wavelength of light and even frames corresponds to 830 nm of 

light. Thus the data acquired and saved in .SPE format, as described in section 4.2, 

contains both the change in intensity associated with 830 nm and 690 nm wavelengths of 

light.    The extracted change in intensity data from Imagent and in-house developed 

single or dual wavelength NIRS system was used to calculate the change in concentration 

of HbO, HbR and HbT using modified Beer Lambert law as described below. 

The modified Beer Lambert law (described in section 2.1.2.1), provides the change in 

optical density of wavelength of light λ when it travels through a media containing C 

concentration of light absorbing species. In the NIR range of light the dominant 

chromophores in the brain, as described in section 2.1.1, are HbO and HbR. Thus to 

quantify the change in concentration of HbO and HbR, 830 nm and 690 nm wavelength 

of light is used because of the maximum sensitivity of attenuation profile of HbO and 

HbR at these two wavelengths, respectively (described in section 2.1.1).  The Eq. 2.7 of 

modified Beer Lambert law is used to calculate the change in optical density at 830 nm 

and 690 nm of light using Eq. 2.3 to 2.7, as described in section 2.1.2.1. 

The change in intensity data from in-house developed single wavelength NIRS system 

was used to calculate the relative change in concentration of HbT using modified Beer 

Lambert.  The in-house developed single wavelength based NIRS utilizes 785 nm of light 

which is close to isosbestic point (Chance at al., 1988) (described in section 2.1) thereby 

providing the information about the relative change in total hemoglobin (HbT) as shown 

in Eq. 4.1.  

௣௢௜௡௧	ூ௦௢௦௕௘௦௧௜௖ܦܱ∆ =  Eq. 4.1                                    [ܾܶܪ]∆	
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where in Eq. 4.1, ∆ܱܦூ௦௢௦௕௘௦௧௜௖	௣௢௜௡௧ is the change in optical density calculated using 

modified Beer Lambert law at wavelength of light close to isosbestic point and ∆[ܾܶܪ] is 

change in total hemoglobin concentration.  The Eq. 4.1 provides change in concentration 

of HbT without giving any information about oxygen saturation of blood in the brain. 

This change in HbO, HbR and HbT is used to elucidate the change in activation 

(described in section 4.4), functional connectivity (described in section 4.5), effective 

connectivity (described in section 4.6) and lateralization (described in section 4.7) in the 

brain.. 

4.4 Activation analysis 

Activation analysis (as defined in section 2.3.1) is performed to investigate the change in 

relative concentration of HbO, HbR and total hemoglobin HbT (sum of HbO and HbR) as 

a function of time, in response to the stimulus being processed by the underlying cortical 

region. During my doctoral work, as described in chapter 3, two different NIRS systems 

(commercial system- Imagent and In-house developed system) were used to perform 

NIRS of brain. The optical data acquired using the commercial NIRS system (Imagent), 

as described in section 3.1, was processed using a HomER (Huppert et al., 2009) 

(Hemodynamic Evoked Response) software to obtain change in HbO, HbR and HbT, 

developed in the Photon Migration Lab (PMI) at Massachusetts General Hospital (MGH, 

Harvard, http://www.nmr.mgh.harvard.edu/PMI) (Huppert et al., 2009). While, the 

optical data acquired using in-house developed system was processed using custom code 

developed in Matlab.  The change in intensity data acquired from the in-house developed 

single wavelength (785 nm) NIRS system is processed until the calculation of change in 
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optical density that corresponds to the relative change in HbT. While, the change in 

intensity data acquired from the in-house developed dual wavelength (690 and 830 nm) 

NIRS system is processed to calculate the change in HbO, HbR and HbT. Thus, 

regardless of the difference in the format of optical data obtained from two different 

NIRS system, the steps followed to process the optical data acquired was similar.  

The steps followed to convert the optical signals (intensity) to HbO, HbR and HbT are 

shown below: 

Step 1:  The raw optical data acquired at 830 nm (as shown in Figure 4.1) and 690 nm (as 

shown in Figure 4.2) is filtered using a band pass filter (0.3 Hz – 0.0016 Hz) to remove 

the signals arising from systemic physiology. The optical signals acquired from the 

surface of head is contaminated by systemic signals like heartbeat, respiratory signal and 

others as tabulated in Table 4.1 (Boas & Franceschini, 2004).  Hence there is a need to 

filter the hemodynamic optical signal of this contaminated signal which is done by 

employing a band pass filter of 0.3 Hz – 0.0016 Hz (Boas & Franceschini, 2004) based 

on the frequency range of other signals as shown in Table 4.1 (Boas & Franceschini, 

2004).. The filtered optical data acquired at 830 nm and 690 nm is shown in Figure 4.3 

and 4.4 respectively. 
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The activation analysis described in this section elucidates the change in concentration of 

HbO, HbR and HbT in the cortical regions of the brain under investigation without giving 

any information about the extent of synchronization between two cortical regions.  

Functional connectivity analysis is performed to investigate the extent of synchronization 

in the activity between two regions of the brain (as described in the following section). 

 

4.5 Functional connectivity analysis 

Functional connectivity as defined in section 2.3.2.2, is fundamentally a statistical 

concept.  Functional connectivity is defined as the (Friston 1994; Horwitz 2003; Lee et al. 

2003) “temporal correlation between spatially remote neurophysiological events”.  

During my doctoral work the functional connectivity analysis was performed using by 

computing the Pearson’s correlation coefficient, as shown in Eqn. 4.4.  

Correlation coefficient = ( )( )

( ) ( )



=

=

−−

−−

n

i
ii

n

i
ii

YYXX

YYXX

1

22

1
                            Eq. 4.4 

where in Eq. 4.4, X  is the mean (across the time period of stimuli) of the averaged 

hemodynamic response (HbO, HbR, or HbT) corresponding to a given source-detector 

pair or channel in one region of brain under investigation; Y is mean (across the time 

period of stimuli) of the averaged hemodynamic response (HbO, HbR, or HbT) 

corresponding to a given source-detector pair or channel in another region of the brain 

under investigation; Xi and Yi  are the HRFs (HbO, HbR, or HbT) at each time sequence 

corresponding to two regions of the brain under investigation.  Additionally, n is the 
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number of time sequence (limited by the NIRS instrument data acquisition speed) in each 

stimulus.     

Functional connectivity measures simultaneous coupling between two time series. It does 

not give us information about whether two units are connected or not i.e. it is agnostic to 

the directional or causal relationship between two time series. Thus effective connectivity 

analysis was performed during my doctoral work to describe or make inferences about 

the direction of influence between regions (Friston 1994; Horwitz 2003). The effective 

connectivity analysis was performed using granger causality as described below in 

section 4.6. The experimental study for which the effective connectivity analysis was 

performed using granger causality is described in Chapter 6. 

4.6 Effective connectivity analysis 

Granger causality (Goebel et al. 2003; Roebroeck et al. 2005) measure is derived from 

estimated parameters of an autoregressive model and summarizes the amount of variance 

in one region that is explained by the signal history of another region. Assuming that 

U(n) and V(n) are the measured time courses of two brain regions, where n represents the 

time points in the time series, Granger causality quantifies the usefulness of unique 

information in one of the time series (U(n)) in predicting values of the other time series 

(V(n)). Specifically, if incorporating past values of U improves the prediction of the 

current value of V, we say that U Granger causes V. Thus, the temporal precedence (or 

lag) is used to identify the direction of causality from information in the data. Thereby, 

the granger causality analysis provides the directional flow of information between the 
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regions under investigation rather than just the strength of correlation or synchrony 

between the regions of brain as provided by functional connectivity.  

To statistically explicate the granger causality analysis between two regions the two time 

series, U(n) and V(n) of equal length, corresponding to those two regions is used as an 

input to the granger causality algorithm. The other inputs which are needed for the 

algorithm are the significance level (alpha) and the maximum number of lags (maxLag) 

to be considered. The steps implemented in the granger causality algorithm are shown in 

flow chart given in Figure 4.10. 

 First the linear auto regression is performed on time series U(n) to obtain residual of the 

time series U(n). The residual is then used to determine the lag length of times series 

U(n) to be included in the auto regression using Bayesian Information Criterion (Seth et 

al. 2005). The Bayesian Information Criterion (BIC) is used to find the proper model 

specification using the number of lags and it is calculated using Eq. 4.5. 

ܥܫܤ = ܶ ∗ ݃݋݈ ோௌௌ் + ݃ܽܮݔܽ݉	 ∗ log	(ܶ)	                                                                    Eq.4.5 

where in Eq. 4.5, T is the length of the time series U(n); RSS is the residual sum of square 

obtained after the auto regression of time series U(n) and maxLag is the input maximum 

number of lags. The output of the auto regression of the time series U(n) are residual sum 

of square (RSSR) and Ulag. The auto regression of time series U(n) is augmented by 

considering the lagged values of the time series V(n), which upon linear regression gives 

the residual of time series U(n) augmented with the lagged values of time series V(n).  

The residual is further used to determine the lag length of times series U(n) augmented 
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with the lagged values of time series V(n), to be included in the auto regression using 

Bayesian Information Criterion (Seth et al. 2005).  The BIC is calculated using the 

formula shown in Eq. 4.5. The output of the auto regression of the time series U(n) 

augmented with the lagged values of time series V(n) are residual sum of square (RSSV) 

and Vlag. The residual sum of squares RSSU and RSSV and the lag lengths Ulag and Vlag 

determined using BIC are employed to test the hypothesis does granger V(n) causes U(n) 

using F- statistics. Thus, the final outputs of the granger causality analysis algorithm are 

values of F- statistics and the critical values from the F- distribution as the output. The 

value of F Value and critical Value is calculated using Eq. 4.6 and Eq. 4.7, respectively. 

݁ݑ݈ܸܽ	ܨ = 	 ൬ೃೄೄೆ	ቀೆ೗ೌ೒ቁ	ష	ೃೄೄೇቀೇ೗ೌ೒ቁ൰ೇ೗ೌ೒ೃೄೄೇቀೇ೗ೌ೒ቁ൬೅షቀೆ೗ೌ೒శೇ೗ೌ೒శభቁ൰
                                              Eq. 4.6 

where in Eq. 4.6, RSSU is the residual sum of square of time series U(n), and Ulag is the 

value of lag determined using the Bayesian Information Criterion; and RSSV is the 

residual sum of square of the time series V(n), and Vlag is the value of lag determined 

using the Bayesian Information Criterion. 

݁ݑ݈ܸܽ	݈ܽܿ݅ݐ݅ݎܥ	 = ݒ݂݊݅	 ൬1 − ,ℎܽ݌݈ܽ ௟ܸ௔௚, ቀܶ − ൫ ௟ܷ௔௚ +	 ௟ܸ௔௚ + 1൯ቁ൰             Eq. 4.7 

where in Eq. 4.7, finv is the inverse of the F cumulative distribution function; alpha is the 

level of significance; Ulag and Vlag are the value of lag determined using the Bayesian 

Information Criterion.  The F value and the Critical Value from the F- distribution 

(obtained using the Eqs. 4.6 and 4.7, respectively) are compared for the inequality F 
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Critical Value from the F- distribution obtained using the granger causality algorithm are 

compared for the inequality F Value > Critical Value; where in if F Value > Critical 

Value the null hypothesis is rejected (i.e. V(n) does not granger cause U(n)).  

The activation analysis (described in section 4.4), functional connectivity analysis 

(described in section 4.5) and effective connectivity analysis (described in section 4.6) 

provides information about change in cerebral hemodynamics, synchrony in the activity 

between different region and flow of information between different regions of brain, 

respectively but none of these methods provides information about the dominance feature 

of the brain. To elucidate the dominance feature of the brain, lateralization analysis is 

performed as described below. 

4.7 Lateralization analysis 

The lateralization analysis is performed using the HbT data as it contains information 

about the total change in concentration of hemoglobin in the region under investigation. 

To perform lateralization analysis using HbT, NIRS laterality index, L, is calculated 

according to the formula shown in Eqn. 4.8. 

(ݐ)ܮ  = (ு௕்೗೐೑೟(௧)ି	ு௕்ೝ೔೒೓೟(௧))	(ு௕்೗೐೑೟(௧)ାு௕்ೝ೔೒೓೟(௧))                                         Eq. 4.8 

where in Eq 4.8, HbTleft(t) is the total hemoglobin concentration of a given left channel of 

the region under investigation with respect to time and for each stimuli time period; 

HbTright(t) is the total hemoglobin concentration of the corresponding right channel of the 

region under investigation with respect to time and for each stimuli time period.  A 

positive laterality index indicates left-side dominance (>0.25), and a negative laterality 
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index indicates right-side dominance (< -0.25) in the brain activation of the given channel 

pair (Gartus et al. 2009).  A near-zero laterality index value indicates no dominance 

(between -0.25 to 0.25) between the channel pairs, also termed as bilateral activation. 

 

4.8 Statistical analysis 

Statistical analysis was performed to elucidate the differences in the hemodynamic 

response of the brain in response to various stimuli.  Statistical tools are central to data 

processing of the optical data acquired from the brain.  In the different studies described 

in chapters 5 to 12, the various statistical tools employed include calculations of mean, 

standard deviation, paired t-test, Holm's Sequential Bonferroni Procedure, and/or 

confidence interval determination of data.  Based on the experimental study performed, 

appropriate statistical tools as listed below were employed.  

1) Mean: During optical imaging of brain the optical data is acquired from ‘p’ number of 

participant and also from a particular participant ‘b’ blocks of optical data are acquired. 

These optical data acquired either from ‘p’ number of participants or from ‘b’ blocks 

across a particular participant is averaged to obtain the average change across the entire 

participant and also across the blocks of optical data. It helps visualize the change in the 

trend of optical data acquired from all the subjects and across all the blocks of optical 

data. The mean is computed using Eq. 4.9. 

݊ܽ݁ܯ = ቂ௑భା௑మା௑యା⋯ା௑್	௕ ቃ௣                                         Eq.4.9 
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where x1, x2, x3, xn corresponds to the optical data from the brain of either participant 1, 

participant 2, participant 3, participant ‘p’ or from block 1, block 2, block 3, block ‘b’ of 

any of the participant. The Eq. 4.9, depicts that the optical data are first averaged across 

the blocks of each participants and then averaged across all the participants. 

2) Standard deviation: As stated in the description of mean of the data during brain 

imaging the optical data are acquired from p number of participant and also b blocks of 

optical data are acquired from each participant. Each participant responds in differently in 

response to a particular stimulus.  This difference in response induces variability in the 

optical data acquired from different participants.  Hence standard deviation is computed 

to calculate the measure of variability in the data acquired from different participant’s 

brain. The standard deviation is calculated using Eq. 4.10. 

݊݋݅ݐܽ݅ݒ݁݀	݀ݎܽ݀݊ܽݐܵ = 	ට ଵ௣/௕ିଵ∑ ௜ݔ) − ଶ௣/௕௜ୀଵ(ݔ̅                           Eq. 4.10 

Where xi corresponds to the data either from each individual participant or from each 

channel; ̅ݔ corresponds to the mean of the data either from all participants or from all 

channels and p/b corresponds to either total number of participants in the study or the 

total number of blocks employed in the study. 

3) Paired t-test: To compare two different stimuli student’s t-test analysis was performed 

to compute the p-value as shown below: 

Step1: The difference between change in HbO, HbR and HbT from each pair of stimuli is 

calculated, as shown in Eq. 4.11 
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݀௧ = ௧ݔ	  ௧                                                  Eq. 4.11ݕ	−

where in Eq. 4.11, ݀௧ is the difference between change in HbO, HbR and HbT from a pair 

of two different stimuli ݔ௧ and ݕ௧ at time t of the stimulus. 

Step 2: The mean difference ݀௠௘௔௡ is calculated 

Step 3: The standard deviation of the differences is calculated, which is then used to 

calculate the standard error of the mean difference, as shown in Eq. 4.11. 

(௠௘௔௡݀)ܧܵ = 	 ௌ೏√௡ )                                              Eq. 4.12 

where in Eq. 4.12,  ܵܧ(݀௠௘௔௡) is the standard deviation of the difference ܵௗ between the 

two pair of stimuli with ݊ number of time points. 

Step 4:  The t-statistics is calculated using the formula shown in Eq. 4.13 

ܶ = 	 ௗ೘೐ೌ೙ௌா(ௗ೘೐ೌ೙)                                                Eq. 4.13 

where in Eq. 4.13, T	is the value of t-statistics calculated using the mean difference d୫ୣୟ୬ 

and standard deviation ܵܧ(݀௠௘௔௡) between the two stimuli pair. Under the null 

hypothesis, this statistics follows a t-distribution with n − 1 degrees of freedom. A table 

of t-distribution is used to compare the value of ܶ to ݐ௡ିଵ distribution. This gives the p-

value for the paired t-test. At 95% confidence interval if the p-value is less than 0.05 then 

it indicates significant difference while a p-value greater than 0.05 indicates no 

significant difference between two stimuli in terms of change in HbO, HbR and HbT. 
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4) Holm's Sequential Bonferroni Procedure: If more than two stimuli are compared 

than holm's sequential bonferroni procedure is performed using the p-value computed via 

paired student’s t-test between two stimuli. The t-tests are adjusted using Holm’s 

sequential Bonferroni (http://mathworld.wolfram.com/BonferroniCorrection.html) 

procedure to control for the probability of a type I error. The steps to perform holm's 

sequential bonferroni procedure using the paired p-values are given below: 

Step 1: The p-value corresponding to change in HbO, HbR each pair of stimuli is 

computed (Stimuli 1 vs. Stimuli 2, Stimuli 1 vs. Stimuli 3, and Stimuli 2 vs. Stimuli 3). 

Step 2: The p-value of the given pair of data is sorted in ascending order. 

Step 3: Each p-value is compared with the inequality shown in Eq. 4.14.  

௜݌ ≤ ఈଵା௞ି௜                                                   Eq. 4.14 

Where in Eq. 4.14,  ݌௜ corresponds to the p-value of the particular pair among the total 

numbers of pair; α is the statistical level of significance; k is the total number of pairs in 

the comparison and i corresponds to the particular pair among the total numbers of pair. 

If the inequality given by Eq. 4.14 is not met then there is no significant different 

between the given stimuli pair in terms of change in HbO, HbR and HbT at the given 

statistical level of significance. 

5) Confidence Interval: The optical data acquired from the brain are highly variable i.e. 

the optical data acquired from the brain varies across the participants and even between 
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repetitions on each participant. Hence it is warranted to compute the confidence interval 

to determine the reliability of the estimate which is given by Eq. 4.15. 

ܫܥ = (ܺ)௠௘௔௡ ± ݐ × ௌ௧ௗ.஽௘௩	(௑)ඥௌ௔௠௣௟௘	ௌ௜௭௘	                                     Eq. 4.15 

Where (ݔ)௠௘௔௡	corresponds to the mean of the data either from each individual 

participant or from each channel computed using Eq. 4.9;ܵ݀ݐ.  is the standard ,(ݔ)	ݒ݁ܦ

deviation of the data either from each individual participant or from each channel 

computed using Eq.4.10; t is the t-value of the data either from each individual 

participant or from each channel at a particular confidence interval and sample size is 

either the total number of participant or channels employed in the study. 

Thus these statistical tools are indispensable for processing and analyzing the optical data 

acquired from the brain. These tools have been used appropriately in the various 

experimental studies described in chapters 5 to 12. 
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CHAPTER 5. Study 1a: Language Skills 

During my doctoral research, NIRS was used to investigate the activation, connectivity 

and lateralization in the frontal region of the brain as described in this chapter. This work 

was published in BRAIN RESEARCH BULLETIN. (Ujwal Chaudhary, Michael Hall, 

Joe DeCerce, Gustavo Rey, Anuradha Godavarty, “Frontal activation 

and connectivity using near-infrared spectroscopy: Verbal fluency language study”, Brain 

Research Bulletin, Volume 84, Issue 3, 28 February 2011, Pages 197-205). 

5.1 Introduction  

NIRS has been applied for various functional brain mapping studies as described in 

section 2.4.   In the area of language development and brain activation/functionality using 

NIRS, researchers have performed studies using various experimental paradigms in 

normal adults and pediatric populations (Bortfeld et al, 2009; Herrmann et al, 2003; 

Hermann et al, 2006; Kuwabara et al, 2006; Sakatani et al, 1998). The studies were 

focused primarily in understanding the differences in the hemodynamic responses in 

different (typically frontal and temporal) regions of the brain in response to language-

based stimuli (Herrmann et al, 2003; Hermann et al, 2006; Jayakar et al, 2005; Kubota et 

al, 2005; Kuwabara et al, 2006; Quaresima et al, 2002; Sakatani et al, 1998).  In addition, 

a few researchers have analyzed the cortical lateralization and dominance features of the 

brain in different populations, based on their application focus (e.g. schizophrenia, 

epilepsy) (Gallagher et al, 2008; Hermann et al, 2003; Kennan et al, 2002; Kubota et al, 

2005; Noguchi et al, 2002; Watanabe et al, 2000; Watson et al, 2004) .  All the language 

studies carried out so far using NIRS (Gallagher et al, 2008; Herrmann et al, 2003, 
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Jayakar et al, 2005; Kennan et al, 2002; Kubota et al, 2005; Kuwabara et al, 2006; 

Noguchi et al, 2002; Qaresima et al, 2002; Sakatani et al, 1998; Watanabe et al, 1998; 

Watson et al, 2004) have focused on the brain activity differences and/or cortical 

dominance.  However, the fundamental aspect of the brain connectivity across spatial 

regions of the frontal cortex during a language task has not been performed to date. 

In the current study, NIRS is used to understand the brain activation, functional 

connectivity, as well as the cortical lateralization in response to verbal fluency task.  The 

study was performed using a multi-channel NIRS instrument to non-invasively map the 

frontal cortex of 15 normal adults in response to three stimuli – a verbal fluency word 

generation task, random jaw movement task, and rest conditions.  The hemodynamic 

responses in terms of HbO, HbR, and HbT were used to statistically evaluate the 

differences in the brain activation amongst the three stimuli.  Additionally, the functional 

connectivity of the left and right cortex was evaluated along with the cortical 

lateralization for left or right dominance.  The brain activation, connectivity, and 

lateralization results were compared for any correlations amongst each other.   

5.2 Materials and methods 

5.2.1 Instrumentation 

In the current study, the frontal cortex of the brain was imaged using a frequency-domain 

based optical imaging system, Imagent ( ISS, Inc., Champaign, IL) described in section 

3.1. During this study 5 laser diodes sources (at each wavelength, 690 and 830 nm) and 4 

detectors was used. The source-detector layout (based on the international10-10 electrode 

placement system) on the pre- and anterior frontal cortex is schematically shown in 



 

F

p

fr

(d

5

F

p

w

ap

F
fr
T
re
(i
th

5

T

co

w

igure 5.1.  A

lace during t

rom each so

described in 

.2.2 Partic

ifteen norm

erformed at 

was Florida In

pproved, and

Figure 5.1: S
rontal (AF) 

The solid cir
espectively. 
i.e. channels
he odd numb

.2.3 Stimu

The current N

ognitive task

were seated i

A custom-bu

the imaging 

ource –detec

Section 5.2.

ipants 

mal and righ

The Brain I

nternational 

d written con

Source-detec
region of st
cles and ho
 The hollow

s).  All the e
ber channels

ulus and Proc

NIRS study i

ks in the pr

n a comforta

uilt “brain ca

studies.  Op

ctor pair or 

.3) using the

ht handed ad

Institute of M

University’

nsent(s) wer

ctor layout co
tandard 10-
llow circles 

w squares rep
even number
 correspond

cedure 

is focused o

re-frontal an

able chair (u

103 

ap” was used

ptical signals

channel (Ch

e software pa

dults were e

Miami Child

s (FIU) Insti

re obtained fr

orrespondin
10 (Hoshi e
used in the

epresent the 
r channels c
d to the right 

n understand

nd anterior f

upright) in a

d to hold the 

s were acqu

h.), in respo

ackage (BOX

enrolled for

dren’s Hospi

itutional Rev

from the part

ng to the pref
et al, 1994) 
e figure repr
path betwee

correspond t
t frontal cort

ding how th

frontal corte

a quiet room

source and 

ired in real-t

onse to the s

XY) of the in

r the curren

ital (Miami, 

view Board 

ticipants. 

efrontal (Fp)
electrode p

resent detec
en the sourc
to the left fro
tex. 

he brain resp

ex of the bra

m and the cus

detector fibe

time (at ~1.3

stimuli pres

nstrument. 

nt study that

FL).  This 

(IRB) and W

 and the ant
lacement sy

ctors and so
ces and dete
ontal cortex

ponds to lang

ain.  Partici

stom-built op

ers in 

3 Hz) 

ented 

t was 

study 

WIRB 

 

terior 
ystem.  
urces 

ectors 
x, and 

guage 

ipants 

ptical 



104 

 

cap was placed on their head (with minimal hair interference).  The participants were 

asked to respond to the language-based verbal fluency task(s) presented to them.  Prior to 

the block-designed tasks, there was an initial 30-sec rest period.  This was followed by 

the block-designed task that consisted of a 30-sec of word generation (W), 30-sec of 

random Jaw movement (J) and 30-sec of Rest(R).  During the rest period, the participants 

were asked to minimize their thoughts and look at the sky (through the window).  During 

the word generation task the participants were asked to say as many possible words 

(without repeating) beginning with a randomly presented alphabet.  During the jaw 

movement task, the participants were asked to randomly move their jaw without actually 

speaking.  The physiology behind the used block design is that the, W task consists both 

of cognitive thinking and jaw movement due to the requirement of task, as explained 

above, which necessitate both thinking and speaking.  The process of speaking cannot be 

separated from jaw movement and hence J task (which entails pure jaw movement) was 

used without any cognitive thinking, thus providing the contrast between the two tightly 

coupled W and J tasks.  The hypothesis of the study is that the hemodynamic response 

during a language-based cognitive task will be different from baseline rest condition or 

under random jaw movement, with no cognitive (verbal) response to presented stimuli.  

The W-J-R block was repeated 5 times on each participant.  The entire study on each 

participant was repeated a second time after a 30 minute span between repetitions.  

During these NIRS studies, the participants were asked to keep their head still with 

minimal movement.   
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5.3 Optical data analysis 

 In the current studies, only the average of the modulated light signal (i.e. DC signal) was 

employed in post-processing real-time one dimensional (1-D) hemodynamic responses 

across each source-detector pair (or channel).  The optical data was post processed to 

obtain averaged HRF data as described in section 4.1. The HbO, HbR, and HbT data was 

further averaged over all the 15 participants and 2 repetitions in each participant (i.e. 15 

participants × 2 repetitions = 30 trials).  The averaged HRF data (HbO, HbR and HbT) 

was across the 90-sec block, consisting of W, J and R task (30-sec each). The 0 - 30 sec 

period corresponded to W task, 30 - 60 sec to the J task, and 60 - 90 sec to the R task.  

Prior to averaging the hemodynamic responses (HbO, HbR, and HbT) across all trials, the 

mean and standard deviation across trials was evaluated in order to assess the consistency 

in the responses across participants and repetitions.  Three different studies were 

performed on the processed hemodynamic response data, which include: (i) activation, 

(ii) connectivity, and (iii) cortical lateralization study. 

5.3.1 Study 1-Activation  

Brain activation study (as described in section 4.4) was performed to elucidate the 

differences in the hemodynamic response (HbO, HbR and HbT) as a function of time, in 

the frontal cortex and in response to the three presented stimuli (Word, Jaw and Rest).   

5.3.2 Study 2- Connectivity  

In the present study, functional brain connectivity was performed to characterize the 

ways in which the left and right frontal cortex was functionally integrated or works in 

synchrony in response to language-based cognitive stimuli. This study is carried out by 
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computing zero lagged correlation (as described in section 4.5) to elucidate the 

correlation and synchrony in the hemodynamic response and hence the connectivity in 

the neuronal circuit between the left and right frontal cortex. Correlation calculations 

were performed between left vs. right frontal cortex for each stimulus (Word, Jaw and 

Rest) using the HRFs (HbO, HbR and HbT) data obtained from the following channels 

combinations: Ch.2 vs. Ch.1, Ch.4 vs. Ch.3, Ch.6 vs. Ch.5, and Ch.8 vs. Ch.7.  The results 

of the connectivity study are depicted as histogram plots. 

5.3.3 Study 3- Cortical Lateralization  

Cortical lateralization study is performed to understand the hemispherical dominance of 

the language in the frontal cortex and its variation across the stimuli.  The laterality index 

was computed (as described in section 4.7) between left vs. right frontal cortex for each 

stimuli (Word, Jaw and Rest) using the HbT data obtained from channels combination 

(Ch.2 vs. Ch.1, Ch.4 vs. Ch.3, Ch.6 vs.Ch.5, and Ch.8 vs. Ch.7) (Watanabe et al, 1998; 

Watson et al, 2004).  

5.4 Results 

5.4.1 Study1: Activation  

The brain activation in response to verbal fluency task(s) is plotted (see Figure 5.2) in 

terms of the averaged (across 15 participants and 2 repetitions, i.e. 30 trials) relative 

HbO, HbR and HbT changes across each stimulus (Word, Jaw and Rest) and each 

channel.  It can be observed from the averaged HRF (HbO, HbR and HbT) plots that the 

extent of activation in terms of HbO, HbR and HbT was different across the three stimuli 

(Word, Jaw and Rest).  The activation differences across stimuli were more obvious in 
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A marked increase in HbO and HbT was observed during the verbal fluency Word task in 

comparison to the baseline jaw movement and rest conditions.  The rest condition has a 

non-zero signal initially (i.e. immediately after the Jaw movement condition) and tapers 

to a zero-signal (i.e. initial baseline at the beginning of the block) by the end of the 30-sec 

rest period.  The initial non-zero condition is because the effect of any stimuli continues 

in terms of the changes in the cerebral blood volume for a few seconds after the stimulus 

ends.  Hence, the relative change in HbO, HbR, and HbT in response to the rest condition 

begins with a non-zero signal and eventually tapers to a zero-signal as seen from Figure 

5.2, validating the effectiveness of the data.  In addition, the HRFs (HbO, HbR, and HbT) 

were observed to be consistent across the 30 trials, as observed from the statistical 

analysis of the data in terms of mean and standard deviation.  This demonstrates that the 

observed average change in brain activation in response to the three stimuli (W, J, and R) 

is consistent across all the participants. 

Statistical analysis was performed to determine if differences in activation (in terms of 

HbO, HbR, and HbT) between two stimuli (Word vs. Jaw, Word vs. Rest, and Jaw vs. 

Rest) and across each channel were significant.  These results are shown in Figure 5.3, in 

terms of the evaluated p-value across the stimuli pair and for each channel.  From these 

plots, it is obvious that the brain activation in terms of HbO, HbR and HbT was 

significantly different for most of the channels when the stimuli compared were Word vs. 

Rest and Jaw vs. Rest.   
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-  

Figure 5.3: Pictorial representation of the differences in HRF (HbO, HbR, and HbT) 
across the three stimuli (W, J, and R) in each channel, obtained from a three-paired t-
test.  The grey shaded channels represent significant differences between the two stimuli 
(W vs. J, W vs. R, and J vs. R) of interest for a given HRF data.  The non-shaded white 
channels represent insignificant differences between the two stimuli of interest for a given 
HRF data. The solid black circles correspond to detectors and the hollow circles 
correspond to sources placed on the pre and anterior frontal region of brain as shown in 
Figure 5.1. 

 

5.4.2 Study 2: Connectivity  

The results from the connectivity study are shown as histogram plots (Figure 5.4) of the 

correlation coefficient obtained from the zero order correlation analysis, for each left vs. 

right paired channel, stimuli, and HRF (HbO, HbR, HbT).  

The result for the inter stimuli zero order correlation analysis is shown using the source 

detector layout and a color code in Figure 5.5. The color codes correspond to the different 

range of the correlation value.  Using the color code shown in Figure 5.5 correlation map 

was constructed for the inter stimuli (W vs. J, W vs. R and J vs. R) zero order correlation. 
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Along with the zero order correlation analysis for each left vs. right paired channel for 

each stimulus, inter stimuli i.e. W vs. J, W vs. R and J vs. R, zero order correlation 

analysis was performed across each channel to ascertain; do the correlation varied w.r.t. 

the stimuli pair (W vs. J, W vs. R and J vs. R) or does it remains the same irrespective of 

the stimuli pair (W vs. J, W vs. R and J vs. R). 

 

Figure 5.4: Bar plot of the correlation coefficient obtained from the zero order 
correlation analyses study in response to language-based stimuli on the frontal cortex.  
The plot depicts the correlation coefficient values obtained from (A) HbO, (B) HbR, and 
(C) HbT data, across the three stimuli (Word, Jaw, and Rest) and left vs. right channel 
pairs (4 of them) in the pre-frontal (PF) and anterior frontal (AF) cortex. 
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words, the left and right cortex’s response to all stimuli begin to differ in the anterior 

frontal regions (Ch.6 vs. 5 and Ch.7 vs. 8), more preferably in the oxygenated blood flow 

(i.e. HbO) than de-oxy blood flow (i.e. HbR).   

From Figure 5.5, it is apparent that the correlation varied across the stimuli because if the 

HRF data (HbO, HbR and HbT) only represented the systemic physiology, then the 

correlation across the stimuli would have been the same.  However, from the results 

(Figure 5), it can be observed that the correlation varied across the stimuli, validating that 

the correlations represent the brain activity over systemic physiology. 

 

5.4.3 Study 3: Lateralization 

The lateralization index helps determine the dominant channel in a channel pair (here left 

vs. right) in response to a given stimuli.  The schematic in Figure 5.6 shows the dominant 

channels (when comparing the left vs. right symmetric channels) in the frontal cortex in 

response to each of the stimuli, based on the overall HRF (i.e. HbT).   

From Figure 5.6, it is observed that during the Word generation task neither the left nor 

right prefrontal cortex (Ch.1 and 2) was dominant, i.e. there was a bilateral activation.  

Upon moving to the anterior frontal cortex, a distinct left cortical dominance (Ch.4 and 6) 

is observed.    

During the Jaw movement task, bilateral activation was observed in the pre-frontal cortex 

and random dominance of the channels were observed in the anterior frontal cortex (i.e., 

dominance of a single channel on the left (Ch.6) and on the right (Ch.7)).  This random 
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dominance may be due to the dominance in the muscle movement of one side of skull or 

the jaw movement pattern of the participant while performing the task.  During the Rest 

task, there was bilateral dominance in the entire frontal cortex, except in the one channel 

of the anterior frontal region (Ch.7).  The observance of bilateral dominance during Rest 

task is similar to the finding from previous fMRI study, performed by Salvador et al. 

(Salvador et al, 2005) on 5 healthy subjects during resting state, where significant 

coherence and hence bilateral activation (no dominance) was observed in superior frontal 

gyrus dorsolateral and medial. 

 

Figure 5.6: Cortical dominance representations using source detector layout as 
described in Figure 5.1 across all left vs. right channel pairs (4 of them) for each of the 
three stimuli (Word, Jaw, Rest) in the frontal cortex (averaged across all participants).  
The dominant channel pair (across the left and right cortex) is shaded grey. 

5.5 Discussion 

The brain activation in terms of HbO, HbR, and HbT were significantly different in only 

selective channels when the stimuli compared were Word vs. Jaw movement.  The verbal 

fluency Word task tends to significantly differ from the Jaw movement task in the pre-

frontal (Ch.1, 2 and 4) and right anterior frontal cortex (Ch.7) as observed from HbO and 
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HbR responses.  The physical Jaw movement typically does not affect the pre-frontal 

cortex, causing a significant difference in the hemodynamic response from language 

cognition (i.e. verbal fluency Word task) in comparison the Jaw movement task.  On the 

contrary, there is insignificant brain activation in the anterior frontal cortex (except in 

Ch.7) during Word task that it is masked by the Jaw movement task.  This probably 

causes the no difference in HbO and HbR responses between Word vs. Jaw task, as 

observed in the previous study by Jayakar et al. (Jayakar et al, 2005).  NIRS signal of 

muscular origin is present across the channels in the frontal cortex, since the muscles tend 

to move during Jaw movement (Jayakar et al, 2005).  Hence the NIRS signal of cerebral 

origin cannot be distinguished from those of muscular origin during the Word generation 

and Jaw movement task, especially in the anterior frontal.  When the HbO and HbR 

responses are combined into the overall hemodynamic (HbT) response, it is clear that the 

left frontal cortex (pre- and anterior) significantly differs in the brain activation when 

comparing the Word vs. Jaw movement task.   

The current NIRS brain activation observations are similar to past studies, demonstrating 

predominant left cortex activation over the right cortex during verbal fluency tasks 

(Sakatani et al, 1998; Watanabe et al, 2000).  In addition, the activation of the anterior 

and pre-frontal cortex observed during the Word generation task is similar to past NIRS 

studies (Elfgren et al, 1998; Hermann et al, 2003; Hermann et al, 2006; Kubota et al, 

2005; Matsuo et al, 2000; Sakatani et al, 1998), in terms of the increase in HbO and HbT, 

and decrease in HbR concentrations.  
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The connectivity studies demonstrated that there is symmetry in the hemodynamic 

response in the pre-frontal cortex independent of the stimuli, unlike in the anterior frontal 

cortex.  A past fMRI study also observed that the left and right frontal cortices were not 

in sync across the stimuli during brain activation (Binder et al, 1997).  The result 

obtained from the connectivity analysis shows that the synchrony in the activity of the 

left and the right cortex differs with the cortical location (pre- or anterior frontal) and also 

with the kind of stimuli (Word, Jaw, or Rest) presented.   

In general, the verbal fluency task consists of both executive (thinking) and language 

component.  The possible reason for the difference in the laterality in the prefrontal and 

anterior frontal region is that the prefrontal region might be principally associated with 

the executive function of the verbal fluency task than language specific activation 

(Hermann et al, 2003).   This is supported from past neuroimaging studies, such as PET 

or fMRI, which has described a bilateral prefrontal activation for executive functions 

(Baker et al, 1996; D’Esposito et al, 1995).  Additionally, in a recent NIRS study bilateral 

prefrontal activation was observed during the execution of the Wisconsin Card Sorting 

Test - a widely used test of executive function (Fallgatter et al, 1998).  This further 

supports the current NIRS studies demonstrating statistically significant bi-lateral 

activation in the left and right prefrontal cortex during the verbal fluency task. 

An earlier fMRI study performed by Binder et al. (Binder et al, 1997) demonstrated 

activation of the inferior, middle, and superior frontal gyri bilaterally during the language 

task along with Broca’s area.  The study also demonstrated that the frontal areas involved 

in language extend well beyond the traditional Broca’s area to include much of the lateral 
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and medial prefrontal cortex.  This thereby indicates the existence of language cortex in 

several prefrontal regions outside Broca’s area (Binder et al, 1997).  Also, the left cortical 

hemispheric dominance observed during the Word generation task for right handed 

individuals in the current study is similar to the finding from previous NIRS (Noguchi et 

al, 2002) and fMRI (Binder et al, 1997; Posner et al, 1990; Rueckert et al, 1994).   

In summary, significant differences in brain activation during verbal fluency (Word task) 

compared to baseline condition (Jaw and/or Rest) was observed.  Lateralization results of 

left cortical dominance of language in the anterior frontal region and bilateral activation 

in the prefrontal region supports the observations in our functional brain connectivity 

study. The bilateral activation in the pre-frontal cortex (for any given stimuli) from the 

lateralization studies (Figure 5.6) appear as strong positive correlations in the same 

region from the functional connectivity analysis (see Figure 5.4). Similarly, the left/right 

dominance in different channels of the anterior frontal (Ch.4, 6, 7) for a given stimuli, as 

observed from the lateralization studies, appear as negative or weaker positive 

correlations in the HbT functional connectivity analysis  of the anterior frontal cortex (see 

Figure 5.4).  Hence bi-lateral activation mimics the significant positive correlation found 

in pre-frontal cortex (for any stimuli) and left anterior frontal cortical language 

lateralization mimics the negative and zero correlation found in the anterior frontal cortex 

(for any stimuli).  Also differences in the connectivity in the anterior-frontal cortex across 

all the stimuli concur with the differences in the left/right dominance from the 

lateralization study. 
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Additionally, the left cortical activation during verbal fluency is observed as left 

hemispherical dominance from the cortical lateralization study.  Also, the asymmetry in 

the functional connectivity of the left and right anterior frontal cortex correlates to the left 

cortical dominance and significant activation in the same anterior frontal region.  Thus, 

the results obtained from brain activation, connectivity, and cortical lateralization 

synchronize in concluding that the left frontal cortex responds significantly in verbal 

fluency, with preferred dominance and connectivity differences in the left anterior 

frontal. 

5.6 Conclusion 

Verbal fluency task was performed using NIRS technique to elucidate the brain 

activation, connectivity and lateralization of the language in the frontal cortex of the 

normal adult brain.  In this study, the change in HRF (HbO, HbR and HbT) during the 

activation supports the hypothesis (Hoshi et al, 1994; Kleinschmidt et al, 1996) that the 

blood oxygenation of the underlying region of interest depends upon the task 

requirements.  Significant increase in brain activation was observed during the Word 

generation task in the prefrontal region of the brain as compared to baseline Jaw 

movement and Rest condition.  The activation in the anterior frontal region during the 

word generation task was significantly different from the Rest condition but not from Jaw 

movement task.  Connectivity study showed greater synchrony in the activity of the brain 

in the prefrontal region compared to the anterior frontal region. Also the synchrony in the 

activity changes with the tasks being performed by the participants. From the 

lateralization analysis it was observed that there was left cortical lateralization of 
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language in the anterior frontal region and no cortical lateralization in the prefrontal 

region i.e. a bilateral activation was observed.   

The primary future focus of the current study is towards epilepsy research.  Surgical 

resection of epileptogenic tissue successfully alleviates seizures in the majority of 

patients with medically resistant partial epilepsy.  Pre-surgical evaluation is carried out to 

map critical regions of the brain controlling motor and language functions so that these 

regions can be preserved during surgery. Eloquent cortical regions can be documented 

noninvasively by imaging techniques such as PET scans or fMRI, but they are limited by 

inadequate temporal resolution. Furthermore, since these techniques require an awake 

and cooperative patient, they cannot be readily applied to the pediatric population.  

Mapping is therefore generally performed by electrically stimulating the cortex via 

subdurally implanted electrodes. Although highly effective, this technique incurs a 

potential albeit small risk for cortical tissue injury.  The use of NIRS towards mapping 

the language and also motor functions in pediatric epilepsy patients, will prove more 

effective due to least impact from participant’s movement during the study as well as 

maximum comfort in awake children.  In addition to epileptic populations, NIRS 

approach involving activation and connectivity analyses has the potential to be applied to 

the schizophrenic and aphasic populations, where abnormality in the language processing 

is found.   
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CHAPTER 6. Study 1b: NIRS and Language Skills in Fronto-Temporal Cortex  

The study described in chapter 5 demonstrated the role of frontal cortical region of the 

brain in processing the language stimuli. Researchers have shown that along with the 

frontal region of brain several other regions situated in the fronto-temporal region also 

plays a role in processing the language stimuli. Hence in this chapter the study performed 

to investigate the activation, functional connectivity, effective connectivity and 

lateralization in the fronto-temporal region of brain in response to language stimuli has 

been described. This work has been submitted for publication in JOURNAL OF 

NEUROPHYSIOLOGY. 

6.1 Introduction 

In the area of understanding language in the brain, several researchers have applied NIRS 

to investigate either activation (Kuwabara et al. 2006; Sato et al. 1999; Quaresima et al. 

2002; Herrmann et al. 2003; Kubota et al. 2005; Kuwabara et al. 2006; Herrmann et al. 

2006; Bortfeld et al. 2009), functional connectivity (Schecklmann et al. 2008) and/or 

lateralization (Watanabe et al. 1998; Kennan et al. 2002; Noguchi et al. 2002; Watson et 

al. 2004; Gallagher et al. 2008) (in isolation).  However, the effective connectivity 

analysis of language regions using NIRS has not been attempted to date.  Hence, in the 

current study NIRS has been used to investigate the activation, functional connectivity, 

effective connectivity and lateralization across the fronto-temporal cortical regions of the 

brain in response to language-based paradigms (i.e. word expression and word reception). 

The study was performed using a multi-channel NIRS instrument to non-invasively map 

the Broca’s and Wernicke’s region of 15 normal right-handed adults in response to these 
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language paradigms. The hemodynamic response was used to statistically evaluate the 

functional connectivity, effective connectivity and lateralization across the fronto-

temporal cortical regions. The study demonstrates the feasibility of NIRS to investigate 

both the functional and effective connectivity in the language region of healthy adult 

population.  As NIRS emerges as a non-invasive functional neuro-imaging technique, it 

circumvents several practical limitations of fMRI (such as comfortable, portable, cost-

effective, robust to motion), which is well suited for clinical neuro-investigations in 

awake infants and children.  In parallel, language is of importance for development 

and/or for some kinds of disease such as epilepsy, schizophrenia and aphasia.  Therefore, 

if NIRS can be used to investigate the functional and effective connectivity across the 

language areas, complementary to fMRI, NIRS could become a promising imaging 

modality for investigating changes of language-related brain interactions during 

development and/or impairment of patients. 

6.2 Materials and methods 

6.2.1 Instrumentation 

In the current study, anterior left (AL) (which contains the Broca’s region), posterior left 

(PL) (which contains the Wernicke’s region), anterior right (AR) and posterior right (PR) 

regions were non-invasively imaged using imaged using a frequency-domain based 

optical imaging system, Imagent (ISS, Inc., Champaign, IL) described in section 3.1. 

During this study 14 laser diodes sources (at each wavelength, 690 and 830 nm) and 4 

detectors were used.  The source-detector layout (based on the 10-10 electrode 

placement) on the fronto-temporal regions is schematically shown in Figure 6.1.  A 
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6.2.2 Participants 

Fifteen healthy right-handed adults (between 18-30 years of age) were enrolled for the 

current study. All the participants were fluent English speakers, although their first 

language was not English. The handedness of the participant was based on the 

predominant use of a particular hand by the participant.  The study was performed at the 

Brain Institute of Miami Children’s Hospital (Miami, FL).  This study was approved by 

the Florida International University’s (FIU) Institutional Review Board (IRB), and 

written consent(s) were obtained from each participant before the study. 

6.2.3 Experimental design and protocol  

The current NIRS study is focused in understanding how the information flows across the 

Broca’s and Wernicke’s regions and their right homologue, as these underlying cortical 

regions responds to a language-based paradigm. During the study the participants were 

seated in a comfortable chair (upright) in a quiet room and the custom-built optical cap 

was placed on their head (with minimal hair interference). Two separate paradigms were 

presented during the study: (i) word expression paradigm and (ii) word reception 

paradigm.  Both the paradigms were a block-based experimental design, with a total of 5 

blocks in each paradigm, and each paradigm repeated twice (i.e. two replicates) by each 

participant.  

Word Expression Paradigm 

The word expression paradigm consists of 5 blocks of three 30-second stimuli, namely 

Word generation (W), Jaw movement (J), and Rest (R). Prior to the block-designed 

paradigm, an initial 30-sec rest period was employed to bring the brain activity of the 
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participants to baseline.  During the word generation (W) stimuli the participants were 

asked to say as many possible words (without repetition) beginning with a randomly 

presented alphabet (in English).  During the jaw movement (J) stimuli, the participants 

were asked to randomly move their jaw without actually speaking. During the rest (R), 

the participants were asked to minimize their thoughts and look at a white wall (Murias et 

al. 2007; Lu et al. 2010; Zhang et al. 2010; Chaudhary et al. 2011). 

Word Reception Paradigm 

The word reception task consists of 5 blocks of three 30-second stimuli, namely Forward 

audio, Reverse audio, and Rest stimuli. Prior to the block-designed paradigm, an initial 

30-sec rest period was employed to bring the brain activity of the participants to baseline.  

During the forward audio (FA) stimulus, the participants listened to a passage (rated at a 

6th grade reading level, http://www.fcat.fldoe.org).  During the reverse audio (RA) 

stimulus, the participants listened to the same passage but in reverse order (i.e. from the 

last word to the first).  During the rest (R), the participants were asked to minimize their 

thoughts and look at a white wall (Chaudhary et al. 2011; Lu et al. 2010; Murias et al. 

2007; Zhang et al. 2010).   

6.3 NIRS signal analysis 

In the current studies, the average of the modulated light signal (i.e. DC signal) was 

employed in post-processing real-time one dimensional (1-D) hemodynamic responses 

across each source-detector pair (or channel).  The optical data was post processed to 

obtain averaged hemodynamic response function (HRF) data as described in section 4.4. 

From 30 trials (i.e. 15 participants × 2 repetitions), only 19 trials were used during the 
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grand average in each task, while the 11 other trials were discarded. The trials with poor 

signal to noise ratio (SNR) were discarded based on the PMT’s noise threshold level as 

determined by the Boxy software’s interface.  Prior to averaging the hemodynamic 

responses (HbO, HbR, and HbT) across all trials, the mean and standard deviation across 

trials were evaluated in order to assess the consistency in the responses across 

participants and repetitions.  Also p-value analysis was performed to ascertain the 

difference between the grand average of the repetitions across the subjects with each 

subject’s hemodynamic response data.  The result of the p-value analysis indicated that 

there was no significant difference between the grand average of the data and each 

subject’s data. Further, the grand averaged channel-wise data was averaged to create 4 

distinct regions anterior left (AL) (which contains the Broca’s region), posterior left (PL) 

(which contains the Wernicke’s region), anterior right (AR) and posterior right (PR). 

Each region was represented by the averaged individual channels corresponding to that 

region (as shown in Figure 6.1).  The averaging is based on the reasoning that the source 

detector layout corresponding to anterior left encompasses the regions containing the 

Brodmann area BA 44 and BA 45, which represents the traditional Broca’s area.  While 

the source detector layout corresponding to posterior left encompasses the region 

containing Brodmann area BA 39 and BA 40, which represent the traditional Wernicke’s 

region.  Channels 4 and 5 were excluded from the regional analysis to circumvent the 

volume conduction effect. The volume conduction effect is potentially induced when a 

single source is shared by two different detectors (Rykhlevskaia et al. 2006).  Paired t-test 

was performed between the averaged hemodynamic data of a particular region with 

respect to every channel data of that particular region, first at 5% level of significance 



 

an

le

re

T
p
ch
p
an

 

It

th

nd then at 1

evel of signi

eception para

Table 6.1: T
articipants 
hannel data
aradigm.  A 
nd each indi

t can be obse

he averaged 

1% level of 

ificance usin

adigm is sho

The p-values
HbO, HbR 
 of that par
p-value ≥ 0

ividual chan

erved from t

channel dat

significance

ng averaged

own in Table

s of the pai
and HbT d

rticular regi
0.01 indicate
nnel data. 

these tables 

a (that form

125 

e. The p-val

d hemodynam

e 6.1 and Tab

ired t-test p
data of a p
on at 1% le

es no signific

that no sign

s a region) a

lue of the pa

mic data for

ble 6.2, resp

performed us
particular re
evel of signif
cant differen

nificant diffe

and individu

aired t-test p

r word expr

pectively.   

sing the av
egion with 
ificance for 

nce between 

erence was o

ual channels 

performed a

ression and 

verage acros
the every s
word expre
the regional

observed bet

within parti

at 1% 

word 

 

ss all 
single 
ession 
l data 

tween 

icular 



126 

 

region, across any of the stimuli/paradigm.  The t-test demonstrated that the regional data 

truly represents the average of channel data in that particular region.  Henceforth, the 

averaged regional wise HbO, HbR and HbT was used to perform 1) activation and 

lateralization, 2) functional connectivity and 3) effective connectivity across AL, PL, AR 

and PR regions for a) Word Expression paradigm and b) Word Reception paradigm.  

6.3.1 Activation and Lateralization Study 

Brain activation study, as described in section 4.4, was performed to explicate the 

differences in the hemodynamic response (HbO, HbR and HbT) as a function of time, 

across the AL, PL, AR and PR and in response to the a) Word Expression paradigm and 

b) Word Reception paradigm.  The entire window of 30 sec for each stimuli (W, J, or R 

and FA, RA or R of the word expression and word reception paradigm respectively) was 

used to plot the averaged 1-D HRF plots (HbO – oxy-hemoglobin, HbR – deoxy-

hemoglobin and HbT – total hemoglobin) with respect to time for AL, PL, AR and PR 

region.  Using the averaged hemodynamic data, three paired sample t-tests (p=0.05), as 

described in section 4.5, was performed for AL, PL, AR and PR region across two chosen 

30-sec stimuli (i.e. W vs. J, W vs. R, and J vs. R for word expression paradigm and FA 

vs. RA, FA vs. R and RA vs. R for word reception paradigm).  The three t-tests were 

adjusted using Holm’s sequential Bonferroni procedure to control for the probability of a 

type I error. Alternatively, ANOVA analysis was also performed as described in Michael 

Hall’s Master Thesis (http://digitalcommons.fiu.edu/etd/560/) where in the result of 

Holm’s sequential Bonferroni procedure and ANOVA analysis was found to be same. 

Hence in this study Holm’s sequential Bonferroni procedure was used. 
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6.3.2 Functional Connectivity Study 

In the present study, functional connectivity was performed to characterize the ways in 

which the left and right anterior and posterior regions i.e., AL, PL, AR and PR are 

functionally integrated or work in synchrony in response to language-based stimuli.  This 

study was carried out by computing zero-lagged correlation, as described in section 4.5, 

to elucidate the correlation and synchrony in the averaged hemodynamic data (i.e. HbO, 

HbR and HbT) and hence the connectivity in the neuronal circuit across AL, PL, AR and 

PR.    

6.3.3 Effective Connectivity Study 

Effective connectivity study was performed using granger causality, as described in 

section 4.7, to investigate the directional flow of information across the AL, PL, AR and 

PR as the language based stimuli was processed by these regions.  

6.4 Results 

The word expression and the word reception were two separate paradigms performed by 

the participants hence the activation and lateralization, functional connectivity and 

effective connectivity results will be presented separately for word expression and word 

reception paradigm. 

6.4.1 Study A: Word Expression Paradigm 

6.4.1.1 Activation and Lateralization Study 

  The hemodynamic response plots in terms of HbO, HbR and HbT are provided in 

Figure 6.2 for each of the four fronto-temporal regions.  



 

T

in

W

F

in

F
(A
ri
a
G

 

T

p

br

The results of

n activation 

Word vs. Res

igure 6.3.  

ncluded in th

Figure 6.2: H
AL) region, B
ight (PR) reg
veraged hem

Generation (W

These results 

air and for e

rain activati

f three-paire

(in terms o

st, and Jaw v

The result 

he Appendix

Hemodynam
B. Anterior r
gion in resp

modynamic d
W) (0-30 sec

shown in F

each AL, PL

on in terms 

ed t-test stati

of HbO, Hb

vs. Rest) and

of the three

x A.1. 

ic change p
right (AR) re
onse to the w
data across 
c), Jaw Move

igure 6.3 are

L, AR and PR

of HbO was

129 

stical analys

R, and HbT

d across each

e-paired t-te

plotted again
egion, C. Po
word expres
all participa
ement (J) (3

e in terms of

R region. Fr

s significantl

sis at p<0.05

T) between 

h AL, PL, A

est statistica

nst time (in 
osterior left (
ssion based s
ants and for 
1-60 sec), an

f the evaluat

rom these pl

ly different 

5 to determin

two stimuli

AR and PR re

al analysis a

seconds) for
(PL) region 
stimuli.  Eac
each stimul

nd Rest (R) (

ted p-value a

lots, it is can

in AL, PL a

ne the differe

i (Word vs. 

egion is show

at p<0.05 is

r A. Anterio
and D. Post

ch plot show
li including 
(61-90 sec).

across the st

n be seen tha

and PR regio

ences 

Jaw, 

wn in 

s also 

 

or left 
terior 

ws the 
Word 

timuli 

at the 

on for 



 

th

si

ex

H

th

R

F
a
T
J,
h
th

he Word vs.

ignificant di

xcept the W

HbT for the s

he AL regio

Rest and Jaw 

Figure 6.3: P
cross the thr

The grey shad
J, W vs. R, 

emodynamic
he averaged 

. Rest, Jaw 

ifference in 

ord vs. Rest

stimuli comp

on, while the

vs. Rest in a

Pictorial rep
ree stimuli (
ded channels
and J vs. R

c data.  The 
hemodynam

vs. Rest an

terms of Hb

t and Jaw vs.

parison Wor

ere was sign

all the region

presentation
(W, J, and R)
s represent s
R) of intere
non-shaded 

mic data betw

130 

nd Jaw vs. R

bR across an

. Rest compa

d vs. Jaw sig

nificant diffe

ns. 

n of the diff
) in each reg
significant d
est for a gi
white chann

ween the two

Rest stimuli 

ny of the sti

arison in AL

gnificant dif

erence for s

ferences in d
gion, obtaine

differences b
iven averag
nels represen
o stimuli of in

comparison

imuli compa

L and AR reg

fference can 

stimuli comp

data (HbO, 
ed from a th
etween the t

ged (across 
nt insignifica
nterest. 

n.  There wa

arison and re

gion.  In term

only be fou

parison Wor

HbR, and 
hree-paired t
two stimuli (
all particip
ant differenc

as no 

egion 

ms of 

und in 

rd vs. 

 

HbT) 
t-test.  
(W vs. 
pants) 
ces in 



 

T

F

is

d

F
an
P
re
(R

 

6

T

d

v

v

T

R

al

The results fr

igure 6.4 tha

s dominant 

ominance) w

Figure 6.4: L
nd right fro

Paradigm (o
egions are - 
RP). 

.4.1.2 Func

The result fro

istinct weig

alue (0 to 0

alue(0 to -0.

The correlatio

Rest using Hb

long with th

rom the later

at AL region

during the 

was observed

Lateralizatio
onto-tempor
btained from
Left Anterio

ctional Conn

om the func

ghtage of so

0.25, 0.25 to

25, -0.25 to 

on coefficie

bO, HbR and

e line repres

ralization stu

n is dominan

Jaw Movem

d during Res

on diagram 
ral regions 
m the avera

or (LA), Righ

nectivity Stu

ctional conne

olid line bas

o  0.50, 0.50

-0.50, -0.50

ents obtained

d HbT data 

senting the c

131 

udy are show

nt during the

ment task, a

st.   

showing do
during the 
aged HbT d
ht Anterior (R

udy 

ectivity as sh

sed on four 

0 to 0.75 an

0 to -0.75 and

d between tw

is also show

onnectivity b

wn in Figure

e Word Gen

and there is 

ominance (m
three stimu

data across
(RA), Left Po

hown in Fig

different ra

nd 0.75 to 0

d -0.75 to -0

wo different

wn in Figure 

between two

e 6.4, and it 

neration task

no domina

marked by gr
uli of the W
 all particip

osterior (LP)

gure 6.5 is s

anges of po

0.1), and neg

0.1).  

t regions for

6.5, using a 

o regions.  

can be seen 

.  The AR re

ance (or bila

rey) between
Word Expre
pants). The 
), Right Post

shown using

sitive correl

gative correl

r Word, Jaw

numerical v

from 

egion 

ateral 

 

n left 
ession 

four 
terior 

g four 

lation 

lation 

w and 

value, 



 

F
ze
h
G
re
re
P
re

 

Figure 6.5: P
ero order P
emodynamic

Generation, (
epresented b
egion; Anter

Posterior Lef
egion contai

Pictorial repr
Pearson’s c
c data acros
(B) Jaw Mov
by four squa
rior Right (
ft (PL) regio
ins the right 

resentation o
correlation d
ss all particip
vement, and
res, where i
(AR) region

on contains t
homologue 

132 

of the result 
during wor
pants1: HbO

d (C) Rest.  T
n the Anteri

n contains t
the Wernicke
of PL region

t of functiona
rd expressio
O, 2: HbR an
The four reg
ior Left (AL)
the right ho
e’s region; a
n.  

al connectivi
on paradigm
nd 3: HbT d
gions under 
) region con
omologue of
and the Pos

ity analysis 
m using ave
data for (A) 
investigatio
tains the Br
f AL region
terior Right 

 

using 
erage 
Word 
n are 

roca’s 
n; the 

(PR) 



133 

 

From the Figure 6.5-1 (which corresponds to functional connectivity due to change in 

HbO), Figure 6.5-2 (which corresponds to functional connectivity due to change in HbR) 

and Figure 6.5-3 (which corresponds to functional connectivity due to change in HbT) it 

can be seen that during the Word task there is significant positive correlation between AL 

vs. AR and PL vs. PR. 

During Jaw Movement task there is significant positive correlation only between PL vs. 

PR in terms of change of HbO and HbT and between AL vs. AR in terms of change in 

HbR. During Rest there is significant positive correlation between PL vs. PR and AR vs. 

PR. 

6.4.1.3 Effective Connectivity Study 

The results from the effective connectivity are shown in Figure 6.6, where a thick arrow 

depicts strong output/input flow of information (i.e signal), and thin arrow depicts 

significantly weak output/input flow of information (i.e. signal).  The strong or weak 

output/input flow of information was deduced based on the inequality F Value > Critical 

Value (as described in Sub -Section “Effective Connective Study” of Section “Optical 

Data Analysis). 

 From Figure 6.6-1 (which corresponds to the effective connectivity due to changes in 

HbO), it can be seen that during the Word task the AL region sends strong forward output 

flow of information  to PL, AR and PR region; and the  PL region sends strong forward 

output flow of information  to AL and PR region. The AR region sends strong forward 

output flow of information to AL and PR region; and the PR region sends forward output 

flow of information only to AR region. During Jaw Movement task it can be seen that 
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only AR sends strong forward output flow of information to PR, and the PR region sends 

strong forward output flow of information to AR and PL region. During Rest it can be 

seen that there is a strong forward output flow of information and backward input flow of 

information amongst AL, AR, PL and PR.   

From Figure 6.6-2 (which corresponds to the effective connectivity due to changes in 

HbR), it can be seen that during the Word task there is a strong forward output flow of 

information and backward input flow of information amongst AL, AR, PL and PR. 

During Jaw Movement task it can be seen that there is a strong forward output flow of 

information from AL to PR, PL to AL and AR and PR to PL. During Rest it can be seen 

that there is a strong forward output flow of information and backward input flow of 

information amongst AL, AR, PL and PR except from AL to PR and PL to AR. 

From Figure 6.6-3 (which corresponds to the effective connectivity due to changes in 

HbT), it can be seen that during the Word task AL region sends strong forward output 

flow of information (i.e signal) to PL, AR and PR region; and the  PL region sends strong 

forward output flow of information (i.e signal) to AL, AR and PR region.  The AR and 

PR sends strong forward output flow of information (i.e. signal) only to each other. 

During Jaw Movement, only AL sends strong output flow of information (i.e. signal) to 

PL, AR and AR; and AR to AL. During Rest it can be seen that there is a strong forward 

output flow of information (i.e. signal) and backward input flow of information (i.e. 

signal) amongst AL, AR, PL and PR except from AL to PR and PL to AR.  In short, the 

effective connectivity patterns in terms of HbO, HbR, and HbT differ across these front-
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From the Figure 6.10-1 (which corresponds to functional connectivity due to change in 

HbO) and Figure 6.10-3 (which corresponds to functional connectivity due to change in 

HbT) it can be seen that during the Forward Audio task there is significant positive 

correlation between PL vs. PR.  During Reverse Audio task there is no significant 

positive correlation between any of the region. During Rest there is significant positive 

correlation between PL vs. PR, AR vs. PR and PL vs. AR. From the Figure 6.10-2 (which 

corresponds to functional connectivity due to change in HbR) it can be seen that there is 

no significant correlation between any of the regions across Forward Audio task, Reverse 

Audio task and Rest. 

 

6.4.1.4 Effective Connectivity Study 

The results from the effective connectivity are shown in Figure 6.11, where a thick arrow 

depicts strong output/input flow of information (i.e. signal), and thin arrow depicts 

significantly weak output/input flow of information (i.e. signal).  The strong or weak 

output/input of the signal was deduced based on the inequality F Value > Critical Value 

(as described in Sub -Section “Effective Connective Study” of Section “Optical Data 

Analysis). 

 From the Figure 6.11-1 (which corresponds to the effective connectivity due to change in 

HbO), it can be seen that during the Forward Audio task the AL region sends strong 

forward output flow of information to PL and AR region; and the  PL region send strong 

forward output flow of information to AL and PR region. The AR and PR do not send 

any strong forward output flow of information. During Reverse Audio task it can be seen 
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From the Figure 6.11-2 (which correspond to the effective connectivity due to change in 

HbR), it can be seen that during the Forward Audio task AL sends strong forward output 

flow of information  to AR and PR; and PL sends strong forward output flow of 

information to AR and PR. During Reverse Audio task it can be seen that there is a strong 

forward output flow of information from AL to AR, PL to AL and AR, AR to AL and PR 

and PR to PL and AR. During Rest it can be seen that there is a strong forward output 

flow of information and backward input flow of information amongst AL, AR, PL and 

PR except from PL to AL and AR to AL. 

From the Figure 6.11-3 (which corresponds to the effective connectivity due to change in 

HbT), it can be seen that during the Forward Audio task AL region sends strong forward 

output flow of information to PL, AR and PR region; and the  PL region send strong 

forward output flow of information to AL, AR and PR region. AR and PR sends strong 

forward output flow of information only to each other. During Reverse Audio only PL 

sends strong output flow of information to AL, AR and AR. During Rest it can be seen 

that there is a strong forward output flow of information and backward input flow of 

information amongst AL, AR, PL and PR except from AL to PL and AL to AR.  In short, 

the effective connectivity patterns in terms of HbO, HbR, and HbT differ across these 

front-temporal regions w.r.t the nature of the stimuli or Rest during the word reception 

paradigm. 

6.5 Discussion  

The results of activation in the region under investigation during word generation w.r.t. 

jaw movement and rest (as shown in Figure 6.2) and forward audio w.r.t reverse audio 
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and rest (as shown in Figure 6.7) demonstrate differences in activation, as observed from 

the hemodynamic plots as well as statistical analysis.  These differences in activation 

during word generation w.r.t. jaw movement and rest and forward audio w.r.t reverse 

audio and rest concur with past research on fMRI (Gitelman et al. 2005; Papathanassiou 

et al. 2000; Wilke et al. 2009; Wonga et al. 2011; Yetkin et al. 1995) and NIRS towards 

language studies (Bortfeld et al. 2009; Herrmann et al. 2003; Herrmann et al. 2006; 

Kubota et al. 2005; Kuwabara et al. 2006; Quaresima et al. 2002; Sato et al. 1999).  In 

addition, the lateralization studies (Figure 5.10 and Figure 5.15) demonstrate that there is 

not only differences in activation in the fronto-temporal regions in response to word 

generation and word reception stimulus, but also the fact that the AL region is dominant 

during word generation and PL region is dominant during Word reception.  These results 

also concur with past work by other research groups employing NIRS (Watanabe et al. 

1998) or fMRI (Cuenod et al. 1995; Kennan et al. 2002; Wilke et al. 2006) towards 

language studies (Geschwind & Levistky 1968).  Having demonstrated that the current 

results concur with the past work, the studies were extended to functional and effective 

connectivity analysis of these average hemodynamic responses in the four fronto-

temporal regions. 

Functional and effective connectivity can be estimated either by model based methods or 

data driven methods (Friston 1994; Horwitz 2003; Lee et al. 2003).  Model based 

methods attempt to characterize the relationships between time-series extracted from two 

or more regions. A model based method requires prior knowledge of the existence of the 

relationship between the regions of interest. The model based methods for functional 
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connectivity estimation are coherence (Sun et al. 2004; Salvador et al. 2005; Murias et al. 

2007), partial coherence (Murias et al. 2007; Salvador et al. 2005; Sun et al. 2004) or 

mutual information (Jeong et al. 2001; Na et al. 2002; Salvador et al. 2005) estimation. 

The model based method for effective connectivity estimation includes SEM (Structural 

equation modeling) (Gonzalez-Lima & McIntosh 1994), MAR (multivariate 

autoregressive) modeling (Harrison et al. 2003) and DFA (dynamic factor analysis) 

(Molenaar et al. 1985; Wood & Brown, 1994). On the other hand, data driven methods 

attempt to map connectivity in the whole brain without the prior knowledge of the region 

of interest. The data driven models can be modified to attempt describe connectivity 

between two regions. In most cases, there is little or no a priori knowledge of the existing 

functional and effective connectivity between the regions of interest.  This lack of a priori 

knowledge reduces the competence of the application of model based methods to assess 

functional and effective connectivity between regions of interest. Hence, in this study, 

data driven approach was used to investigate the functional and effective connectivity 

across the regions under investigations.  Data driven methods for functional connectivity 

estimation are PCA (principal component analysis) (Andersen et al. 1999; Bullmore et al. 

1996; Friston et al. 1993; Mashal et al. 2005), ICA (independent component analysis) 

(Hyvarinen et al. 2010; Stone, 2002) calculation. In this study, a degenerate case of 

spatial PCA (principal component analysis) i.e. zero-order correlation (Biswal et al. 1995; 

Anand et al. 2005) across two chosen regions (amongst AL, PL, AR and PR) was 

employed to compute the functional connectivity. The data driven methods for effective 

connectivity estimation includes PPI (Psycho-physiological interactions) map (Friston et 

al. 1997) and Granger causal mapping (Goebel et al. 2003; Roebroeck et al. 2005). The 
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granger causality analysis is simple to apply and is one of the most commonly used 

methods to explicate the effective connectivity (Roebroeck et al. 2005). Hence the 

granger causality was used to estimate the effective connectivity across AL, PL, AR and 

PR regions because of the lack of a priori knowledge between the regions under 

investigation.   

6.5.1 Study A: Work Expression Paradigm 

6.5.1.1 Functional connectivity  

The results of strong positive functional connectivity (during Word Generation stimuli; as 

shown in Figure 6.5A) in the activity of the left vs. right anterior (AL vs. AR) and 

posterior (PL vs. PR) regions, in terms of change in HbO, HbR and HbT, indicates the 

involvement of all these fronto-temporal regions of the brain in processing the Word 

Generation stimuli.  During the Jaw Movement stimuli (as shown in Figure 6.5B) strong 

positive functional connectivity is observed in AL and AR regions in terms of change in 

HbO, HbR and HbT.  The AL and AR are those regions whose hemodynamic response 

function is expected to be affected by the Jaw Movement (based on the muscle 

movement), in comparison to the PL and PR regions (where weak functional connectivity 

was observed during Jaw Movement).  The results of strong positive functional 

connectivity, in terms of change in HbO, HbR and HbT, during the Rest (as shown in 

Figure 6.5C), in the activity of AR vs. PR and PL vs. PR indicates the synchrony in the 

activity of right regions and posterior regions of the brain, even during the resting state. 

In summary there are differences in the functional connectivity patterns in the left vs. 
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right anterior as well as posterior regions during Word Generation stimuli w.r.t the 

baseline stimuli (i.e. Jaw Movement and Rest).    

6.5.1.2 Effective connectivity  

The two language regions of the brain namely the left inferior frontal region (containing 

Broca’s area) and the left posterior temporal region (containing Wernicke’s area) are 

connected via the fibers of the arcuate fasciculus/superior longitudinal fasciculus (Brauer 

et al. 2011). Hence these two regions of brain should exert significant influence on each 

other as evident by the bidirectional flow of information between the AL and PL regions 

during the Word Generation stimuli. The result (as shown in Figure 6.6A) indicates the 

origination of the signal in the left anterior (AL) and left posterior (PL) regions of the 

brain, and its propagation to the other regions of brain under investigation. The 

unidirectional flow of information from AL region (which encompasses the Broca’s 

region) and PL region (which encompasses the Wernicke’s region) to the right region 

suggests that during the Word Generation stimuli the signal first originates in the left 

region of the brain, which then propagates to the right. These finding corroborates the 

findings from previous fMRI effective connectivity study on healthy right handed adults 

(Price et al., 1994; Wilke et al. 2005, 2006; Karunanayaka et al. 2007; Wilke et al. 2009), 

where the signal was found to originate in the left regions of the brain i.e. the Broca’s and 

Wernicke’s, which then propagates towards the right regions. The right regions of the 

brain under investigation, AR and PR, also seems to plays a significant role in processing 

the Word Generation stimuli, as there is bidirectional flow of information between AR 

and PR regions and additionally, they also receive input from AL and PL regions. The 
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bidirectional flow of information between the AR and PR region, during the Word 

Generation stimuli, suggests that these two regions influence the flow of signal between 

each other.  The significant influence of AR and PR region upon each other, during Word 

Generation stimuli indicates the involvement of right regions in the processing of 

language by the brain. This finding seems to corroborate the findings from a previous 

fMRI study on healthy right handed adults (Van Ettinger-Veenstra et al. 2010), which 

indicated the involvement of right region of brain during Word Generation stimuli.  

During the Jaw Movement stimuli (as shown in Figure 6.6B) bidirectional flow of 

information is observed in the regions of the brain whose hemodynamic response 

function is prone to be affected by the Jaw Movement (i.e. between AL and AR).  While 

no flow of information is observed between the regions of brain which are less prone to 

the effect of Jaw Movement (i.e. PL and PR).  The result of effective connectivity during 

Rest indicates bidirectional flow of information across all the brain regions under 

investigation (as shown in Figure 6.6C) or, there is no specific origination of signal 

across all the regions under investigation.  This is in contrast to the origination of signal 

in the left regions and its propagation to the right, during Word Generation.  These 

differences in the signal origination pattern between Word Generation and Rest further 

corroborates that the Broca’s and Wernicke’s region play a significant role during 

language-based stimuli and not during Rest. 
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6.5.2 Study 2: Word Reception Paradigm 

6.5.2.1 Functional connectivity  

The results of strong positive functional connectivity between PL and PR regions during 

the Forward Audio stimuli indicate synchrony in the activity between these two regions 

(as shown in Figure 6.10A).  The results of weak functional connectivity across all 

fronto-temporal regions during the Reverse Audio stimuli indicate no synchrony in the 

activity across the fronto-temporal regions of the brain (as shown in Figure 6.10B).  The 

results of strong positive functional connectivity during the Rest across the AR, PR and 

PL regions indicate the synchrony in the activity of right fronto-temporal and posterior 

regions of the brain (as shown in Figure 6.10C).   

6.5.2.2  Effective connectivity  

Sentence processing involves whole networks of brain areas (Vigneau et al. 2006; Hickok 

and Poeppel 2007; Doehrmann and Naumer 2008). Previous fMRI study of sentence 

processing (Vigneau et al. 2006) indicates that the left inferior frontal gyrus (i.e. AL 

region in this study) and the posterior temporal cortex (i.e. PL region in study) are the 

regions that support sentence processing. These findings from the present study concur 

with the previous finding, where flow of information was found across AL, AR, PL and 

PR regions. The results of effective connectivity analysis for Forward Audio stimuli 

indicate the bidirectional flow of information between AL vs. PL and PL vs. PR.  It also 

shows unidirectional flow of information from AL (which encompasses the Broca’s 

region) both to AR and PR (as shown in Figure 6.11A).  This indicates the origination of 

the signal in the left anterior (which encompasses the Broca’s region) and posterior 
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regions (which encompasses the Wernicke’s region) of the brain from where it 

propagates to the other regions of brain under investigation. It also indicates the 

involvement of right anterior and posterior regions of the brain in processing the Forward 

Audio stimuli. The results of bidirectional flow of information during Forward Audio 

stimuli, in PL vs. PR and PR vs. AR provides evidence to support the recent ongoing 

controversy of right regions’ involvement during language comprehension (Van Ettinger-

Veenstra et al. 2010).  

The results of effective connectivity analysis for Reverse Audio stimuli indicates the 

origination of signal only in the left posterior (PL) region (which encompasses the 

Wernicke’s region) of the brain, that is in cases when the language regions of the brain 

have to process the speech that is different from the normal speech syntax (as shown in 

Figure 6.11B).  The results indicate that when a non-comprehensible audio stimuli, i.e. 

one with a gibberish sentence structure, is presented to the brain the signal originates in 

the left posterior (PL) region (which encompasses the Wernicke’s region) of the brain to 

process the gibberish sentence structure. This result corroborates with the finding from 

previous fMRI studies (Price et al., 1994; Wilke et al. 2005, 2006; Karunanayaka et al. 

2007; Wilke et al. 2009), which suggested the primary role of Wernicke’s region when a 

gibberish language reception stimulus was presented to the healthy adult participant(s).  

The results of functional and effective connectivity analysis during Rest (as shown in 

Figures 6.10C and 6.11C, respectively) demonstrate that although there is a strong 

correlation across the right (AR vs. PR) and posterior regions (PL vs. PR and PL vs. AR), 

there is no specific origination of signal across all the regions under investigation.  This is 
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in contrast to the origination of signal in the left regions and its propagation to the right 

during word reception of comprehensible text (i.e. Forward Audio).  This is also in 

contrast to the signal origination only in the Wernicke’s region (i.e. PL) during word 

reception of non-comprehensible text (i.e. Reverse Audio).  These differences in the 

signal origination pattern between word reception (both comprehensible and non-

comprehensible) and Rest further corroborates that the Broca’s and Wernicke’s region 

play a significant role during Forward Audio and only Wernicke’s region during Reverse 

Audio, unlike during Rest.   

6.6 Conclusion 

In summary, the findings from the present study indicate activation in the AL and PL 

region in response to Word Generation, Forward Audio and Reverse Audio task. The 

activation in response to these tasks was also observed in the right hemisphere 

homologues of AL and PL i.e. AR and PR. These findings are consistent with the finding 

from the previous research where the inferior frontal region, consisting of Broca’s area, 

(AL in this study) has been implicated in phonological processing, semantic decision 

tasks, and sentence- and discourse-level processing. The superior temporal region, 

consisting of Wernicke’s area (PL in this study) has shown activation during auditory 

processing of speech sounds, during semantic processing, and during syntactic processing 

(mostly in anterior regions). It has also been reported that the Wernicke’s area is an 

epicenter for word comprehension.  For the activation in the AR and PR region multiple 

studies have noted right hemisphere activations for language tasks (Mazoyer et al. 1993). 

The right hemisphere has been hypothesized to be particularly activated in response to 
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interpreting sentence content, placing information in context, detecting semantic 

anomalies, interpreting prosody, and understanding metaphor (Cuenod et al., 1995). The 

right hemisphere may also be involved when the task requires the integration of 

information over time (Cuenod et al., 1995). However, as in the current study, right 

hemisphere activation has also been seen for language tasks requiring Word Generation, 

processing Forward Audio stimuli and Reverse Audio stimuli.  Although it is possible 

that right hemisphere regions were activated simply as a by-product of their connections 

with homologous regions on the left, it is also possible that these regions are playing a 

specific role in language, which has yet to be fully determined.  It is remarkable that the 

functional and effective connectivity indicates the involvement of vast network in the 

brain while processing the language based stimuli be it Word Generation, Forward Audio 

stimuli or Reverse Audio stimuli, thereby underlining the extensive network underlying 

language system (Price et al., 1994; Vigneau et al., 2006; Karunanayaka et al. 2007).  The 

lateralization result indicates that although all the regions under investigation showed 

activation in response to Word Generation, Forward Audio stimuli or Reverse Audio 

stimuli and also the existence of vast language network in the brain it is the AL 

(comprising inferior region which consist of Broca’s area) and PL regions (comprising of 

posterior temporal region which consists of Wernicke’s area) which are dominant during 

Word Generation and Forward Audio stimuli, respectively. 

The present work forms the foundation for the application of NIRS towards uncovering 

the vast language network present in the brain via investigation of activation, functional 

connectivity, effective connectivity and lateralization across different fronto-temporal 
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regions of the brain in response to language stimuli.  In our previous studies, NIRS was 

also used to investigate the brain activation, functional connectivity, as well as the 

cortical lateralization in the frontal cortex of healthy adults in response to verbal fluency 

paradigm (Chaudhary et al. 2011).  The future focus is to perform high density NIRS to 

investigate the cognitive, language, and auditory regions of the brain simultaneously in 

response to language stimuli to further explicate the involvement of different regions of 

brain. These studies will potentially lay the foundation in applying NIRS towards 

investigation of language functions in various neurological disorders (e.g. epileptic, 

schizophrenic and aphasic populations), where abnormality in the language processing is 

found. 
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CHAPTER 7. Study 2a: NIRS and Joint Attention of Frontal Cortex in Healthy Adults  

 

In this chapter the NIRS study performed to elucidate the intensity and phase dependent 

connectivity in the frontal region of brain in response to joint attention skills has been 

described. The work was published in the JOURNAL OF NEAR INFRARED 

SPECTROSCOPY. (Ujwal Chaudhary, Banghe Zhu, and Anuradha Godavarty,” Frontal 

Cortical Connectivity and Lateralization of Joint Attention Experience Using Near-

Infrared Spectroscopy”, J. Near Infrared Spectrosc. 19, 105-116 (2011)). 

7.1 Introduction  

Brain-behavior studies of joint attention may be critical to understanding autism 

because the early social communication disturbance of autism is exemplified by a 

developmental failure in this domain (Dawson et al, 2002; Mundy et al, 2000; Mundy et 

al, 2005; Mundy et al 1989). Neuro-imaging techniques are essential in examining the 

underlying neural processes and connectivity associated with autism.  Current imaging 

techniques (EEG, PET, fMRI) are limited either by temporal/spatial resolution, costs, or 

complexities in imaging awake children as described in section 2.1.4. The limitations of 

EEG, PET, or fMRI towards autism research may be overcome by the near infrared 

spectroscopy (NIRS) technology as described in section 2.1.4.  

Various research groups have demonstrated the ability of NIRS to be successfully 

implemented towards functional brain mapping in awake adults, infants and children as well 

in response to an active stimulus (Strangman et al, 2002; Tsujimoto et al, 2004). However, 

application of NIRS towards autism research has been very limited, and in particular to 



154 

 

joint attention studies there have been none to date.  Recently, in our Optical Imaging 

Laboratory, NIRS was used to understand the neuronal activity in the frontal cortex in 

response to joint attention skills in normal adults (Zhu et al, 2009). However, to date, 

NIRS has not been applied to the study of the neural correlates of social impairments 

(specifically joint attention) in children with autism, which is the focus of our ongoing 

research.   

In a recent study in our Optical Imaging Laboratory, NIRS was used for the first time 

to investigate the hemodynamic responses to joint attention experience in normal adults 

(Zhu et al, 2009). The hemodynamic responses to joint-attention experience using NIRS 

were similar to that obtained using fMRI in the frontal cortex (Williams et al, 2005), 

demonstrating the feasibility of implementing NIRS for the first time towards socio-

communication.  The study was performed using a frequency based NIRS system, 

described in section 3.1.  The intensity and phase shift component of the acquired optical 

data provide different information regarding the propagation of NIR (Near Infrared) light 

in the superficial cortical region. The intensity data provides information about the decay 

in the input signal as it propagates through the absorbing media in the superficial cortex. 

On the other hand the phase shift data elucidates the time of flight (or pathlength, or in 

other words the scattering properties) of the NIR light (Gratton et al, 2010; Rykhlevskaia 

et al, 2006). The combined intensity and phase shift can potentially provide new insight 

in the stimulus processing by the superficial cortical region as the light propagates 

through it.  The current study is focused on the functional connectivity (or correlation) 

and cortical dominance analyses along with the hemodynamic response studies (from the 

past). These studies may form a foundation in better understanding the underlying 
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7.2.2 Subjects 

Eleven healthy right handed adults were enrolled for the current study that was 

performed at The Brain Institute of Miami Children’s Hospital (Miami, FL).  This study 

was approved by the Florida International University’s (FIU) Institutional Review Board 

(IRB), and written consent(s) were obtained from the subjects. 

7.2.3 Experimental design and task 

Video clips (Williams et al, 2005) developed by other researchers that engendered an 

experience of joint attention contrasted with a very similar but non-joint attention 

condition, were used during our functional optical imaging studies.  Joint attention refers 

to the capacity of subject to coordinate attention with a social partner in relation to some 

object or event (here the moving dot).  In the case of non-joint attention, the subject(s) 

gazes the object (moving dot) without coordinating with the social partner.   

A block experimental design, similar to that performed in the past fMRI studies 

(Williams et al, 2005), was chosen in stimulating the subjects with the following 

sequence:  joint-attention clip (J), followed by a non-joint attention clip (NJ), followed by 

a baseline rest (R) (where the subject viewed a blank screen).  The sequence of tasks (J-

NJ-R, 30 sec each task) was repeated five times during an experiment and the entire 

experiment was repeated 3 times for each subject.  In all these studies, the subjects were 

asked to keep their head still and only to shift gaze by eye movements in order to follow 

red dot in the presented video clips.   
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7.3  Optical data analysis 

The NIRS imaging technique with its ms-scale temporal resolution and sub-cm 

spatial resolution can allow functional connectivity analyses from a dynamic and static 

perspective (Gratton et al, 2010; Rykhlevskaia, 2006; Gratton et al, 2001; Gratton, 2003). 

In the current study, functional brain connectivity was carried out by computing zero 

lagged correlation as described in section 4.5, elucidate the correlation and synchrony in 

the hemodynamic response and hence the connectivity in the neuronal circuit between the 

left and right pre and anterior frontal cortex.  

Optical measurements were obtained from eight source-detector pairs (or channels) in 

real-time at an update rate of 1.3 Hz in response to the different stimuli, for the entire 

experimental period and in each subject.  The acquired optical data consisted of DC, AC 

and relative phase shift component.  In the current studies, the temporal aspect of the 

time-dependent measurements (i.e. relative phase shift in frequency-domain) and 

intensity (i.e. DC, or average of AC) was employed in order to assess the connectivity in 

the frontal cortex.  The intensity data in terms of AC and DC showed similar activation 

(in terms of HbO and HbR), and hence only DC data was used in the current studies.  

Functional brain connectivity study was performed to characterize the ways in which 

the left and right frontal cortex was functionally integrated or works in synchrony in 

response to social communication based stimuli.  This study was carried out using both 

intensity (DC) and relative phase shift components of the optical data by computing zero 

lagged correlations, in order to elucidate the correlation (or synchrony) in the 

hemodynamic response and relative phase shift, respectively.  This will in turn help 
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understand the functional connectivity in the neuronal circuit between the left and right 

frontal cortex.  Herein, two different studies were performed using intensity and relative 

phase shift data, namely: (i) Connectivity and cortical lateralization using intensity data, 

and 2) Connectivity using time dependent phase shift data. 

7.3.1 Study 1: Connectivity and cortical lateralization using intensity data  

In the present work intensity (DC) data was used to study the functional connectivity 

between the left and right frontal cortex (pre- and anterior, separately).  The average of 

the modulated light signal (i.e. DC signal) was post-processed (as described in the earlier 

work8) to obtain the hemodynamic response function (HRF) of HbO, HbR, and HbT 

(HbO – oxy-hemoglobin, HbR – deoxy-hemoglobin and HbT – total hemoglobin) 

(averaged over the 5 blocks in each subject).  The HbO, HbR, and HbT data was further 

averaged over all the 11 subjects and 3 repetitions in each subject (i.e. 11 subjects× 3 

repetitions = 33 trials).  The averaged HRF data (HbO – oxy-hemoglobin, HbR – deoxy-

hemoglobin and HbT – total hemoglobin) was across the 90-sec block, consisting of J, NJ 

and R task (30-sec each). The 0 - 30 sec period corresponded to J task, 30 - 60 sec to the 

NJ task, and 60 - 90 sec to the R task. The averaged HRF data was further averaged 

across all the trials (11 subject × 3 Repetitions) to obtain a mean HRF of all subjects and 

also standard deviation was computed using the averaged HRF data across all the trials. 

The consistency (similarity in change in HRF for each stimulus) of the HRF obtained 

from each subject and repetition across the three stimuli was performed to ascertain the 

uniformity in the nature of the response during stimulus and rest conditions.  Statistical 

analysis (using the mean and standard deviation of HRF data) over all subjects has shown 
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consistency in the nature of the response during stimulus and rest conditions (Zhu et al, 

2009). 

. The entire window of 30 sec for each stimuli (J, NJ, or R) was used to plot the 

averaged 1-D HRF plots (HbO – oxy-hemoglobin, HbR – deoxy-hemoglobin and HbT – 

total hemoglobin) between the left and right pre- and anterior frontal cortex with respect 

to time.  The 1-D HRF plot demonstrated similar contrast in its trend across the three 

stimuli, independent of the time window chosen in each stimulus (i.e. 10-sec, 15-sec, or 

20-sec windows).  This demonstrates that the HRF differences across the stimuli do not 

vary with the time window of each block, but truly varies with the nature of the stimuli.   

  The averaged HRF data was used to compute zero order correlations between the left 

and right pre- and anterior frontal cortex (channels Fp1-Fpz vs. Fpz-Fp2, AF3-Fpz vs. 

AF4 -Fp4, Fp1-AFz vs. AFz -Fp2 and AF3-AFz vs. AFz-AF4 of Figure 7.1), as described 

in section 4.5.    

In addition to the correlation studies across left and right frontal cortex, zero-order 

correlation studies were also performed across the stimuli or inter stimuli (i.e. W vs. J, W 

vs. R, and J vs. R) using HbT (total hemoglobin) data.  These studies were carried out in 

an attempt to determine if the differences in the connectivity were from variation in the 

stimuli presented or from systemic physiology.  If the correlation was predominantly 

from systemic physiology, the connectivity would remain the same and independent of 

the stimuli presented.  In other words, a strong correlation would be observed from the 

inter stimuli correlation analyses if the correlation was predominantly from systemic 

physiology and independent of the presented stimuli.  The correlation coefficients 
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obtained from the functional connectivity study is tabulated as well as presented as 

histogram plots for better visual representation.  In the histogram plots, the y- axis is the 

correlation coefficient which varies from -1 to 1, where -1 depicts negative correlation, 0 

depicts no correlation, and 1 depicts positive correlation between the two channels that 

are compared. 

Additionally, cortical lateralization study was performed to understand the 

hemispherical dominance of the social communication in the frontal cortex and its 

variation across the stimuli.  The laterality index was computed between left vs. right 

frontal cortex for each stimulus (J, NJ and R) using the HbT data obtained from the 

following channels: Fp1-Fpz vs. Fp2-Fpz, AF3-Fpz vs. AF4-Fpz, Fp1-AFz vs. Fp2-AFz 

and AF3-AFz vs. AF4-AFz (see Figure 7.1).  The NIRS laterality index, L, for total 

hemoglobin (HbT) was calculated as described in section 4.7. 

7.3.2 Study 2: Connectivity using time dependent phase data 

The relative phase shift component of the optical data was post-processed differently 

compared to the intensity data.  Initially, the relative phase shift data was filtered using a 

band pass filter, with a band of 0.3 Hz and 0.0016 Hz (similar to that filtered in the DC 

data8).  The filtered data was further processed by subtracting each data point of the 30-

sec stimuli with respect to its initial onset point (i.e. at t=0 sec for each 30-sec stimuli).  

The subtracted data was then averaged across all the 5 blocks of the J-NJ-R task.  This 

resulted in a single 90-sec block of J-NJ-R task, thus providing an average relative phase 

shift over a 90-sec time period (i.e. one J-NJ-R block).  Mean and standard deviation of 

the average subtracted data across the 11 subjects and 3 repetitions on each subject (i.e. 
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33 trials) was further estimated to check the consistency in the relative phase shift data 

across the trials.  Since the standard deviation was small compared to the mean of the 

processed optical data, the relative phase shift data was considered consistent across all 

the trials.  The mean (or average) relative phase shift data across the 33 trials was thus 

used to study the correlation between the left and right frontal cortical regions of the 

brain (channels Fp1-Fpz vs. Fpz-Fp2, AF3-Fpz vs. AF4 -Fp4, Fp1-AFz vs. AFz -Fp2 and 

AF3-AFz vs. AFz-AF4 in Figure 7.1).  The correlation analysis was performed by 

computing the Pearson’s correlation coefficient, as described in section 4.5.   

7.4 Result and discussion 

7.4.1 Study 1: Connectivity and cortical lateralization using intensity data 

The relative change in HbO, HbR and HbT in response to joint attention task(s) is 

plotted (Figures 7.2, 7.3 and 7.4, respectively) in terms of the averaged (across 33 trials) 

changes for each stimulus (J, NJ and R) and each channel, in order to assess the change in 

HRF during the J, NJ and R tasks between left and right frontal cortex (in both the pre- 

and anterior regions).  It is apparent from Figure 7.2 that there is a significant correlation 

between the left and right frontal cortex (in both the pre- and anterior regions) for each 

stimuli (J, NJ and R) in terms of change in HbO and HbT (Figures 7.2 and 7.4), and  no 

significant correlation in terms of HbR (Figure 7.3).  The extents of correlation in the 

change of HbO, HbR and HbT for each stimulus are quantified via functional 

connectivity analysis described in Section 7.3.1.  The correlation coefficients obtained 

from the functional connectivity study are shown in the Table 7.1 and also as histograms 

in Figure 7.5.  It can be observed from Figure 7.5 that the extent of correlation is similar 



 

fo

7

F
te
N

 

7

st

ex

or each stim

.5C).   

Figure 7.2: H
erms of HbO

NJ, and R) an

The resul

.2. From Ta

timuli. If the

xpected acro

mulus (J, NJ 

Hemodynami
O (Oxy-Hemo
nd for each s

ts for the in

able 7.2, it i

e HRF data o

oss the stim

and R) in t

ic response f
oglobin) wit
symmetric ch

nter stimuli z

is apparent 

only represe

muli.  Howe

162 

erms of cha

function (HR
th respect to
hannel pair 

zero-order co

that there w

ented the sys

ever, from t

ange in HbO

RF) (averag
o time, plotte
(left and rig

orrelation an

was no signi

stemic physi

the results 

O and HbT (

ged across al
ed for each 3

ght) on the sa

nalysis is sh

ificant corre

iology, a stro

shown in T

(Figure 7.5A

ll participan
30-sec stimu
ame plot.   

own in the T

elation acros

ong correlati

Table 7.2, it

A and 

 

nts) in 
uli (J, 

Table 

ss the 

ion is 

t was 



 

ob

v

un

F
te
N

 

th

d

co

bserved tha

alidates that

nderlying sy

Figure 7.3: H
erms of HbR

NJ, and R) an

The funct

he activity o

ominance of

ortex was de

at there was

t the connec

ystemic phys

Hemodynami
R (deoxy-Hem
nd for each s

tional conne

of the left an

f the frontal 

etermined fo

s no signifi

ctivity resul

siology (or n

ic response f
moglobin) w
symmetric ch

ctivity analy

nd right fron

cortex in res

or each stimu

163 

icant correla

lts do repre

noise). 

function (HR
ith respect to
hannel pair 

ysis provides

tal cortex.  H

sponse to ea

ulus by perfo

ation across

sent the bra

RF) (averag
o time, plott
(left and rig

s information

However, it

ach stimuli.  

orming later

s the stimul

ain activity 

ged across al
ted for each 
ght) on the sa

n related to 

t does not he

The domina

ralization stu

li.  This fu

and not jus

ll participan
30-sec stimu

ame plot.   

the correlati

elp determin

ance of the fr

udies describ

urther 

st the 

 

nts) in 
uli (J, 

ion in 

ne the 

rontal 

bed in 



 

S

7

st

F
te
(J

(s

co

ection 7.3.1

.6.  It can b

timuli (J, NJ

Figure 7.4: H
erms of HbR
J, NJ, and R)

Case 1: Jo

The hemo

shown in F

oefficients 

.  The result

be observed

J and R) and 

Hemodynami
R (Deoxy-He
) and for eac

oint attention

odynamic res

Figures 7.2

for HbO a

ts of the late

d from Figur

across symm

ic response f
emoglobin) w
ch symmetric

n (J) related 

sponses in te

2 and 7.4, 

nd HbT (s

164 

eralization s

re 7.6 that 

metric (left v

function (HR
with respect
c channel pa

connectivity

erms of chan

respectively

hown as h

study is depi

the cortical 

vs. right) cha

RF) (averag
t to time, plo
air (left and 

y and lateral

nge in HbO a

y) and the

histograms i

icted as histo

dominance

annels.   

ged across al
otted for eac
right) on the

ization 

and HbT wit

e correspon

in Figures 

ograms in F

 differs for 

ll participan
ch 30-sec st
e same plot.

th respect to

nding correl

7.5A and 

Figure 

each 

 

nts) in 
timuli 
  

o time 

lation 

7.5C, 



165 

 

respectively and in Table 7.1) demonstrates a high level of correlation between the left 

and right frontal cortex (in both the pre- and anterior regions) during joint attention (J) 

stimulus.  The hemodynamic response in terms of change in HbR (Figure 7.3) and the 

corresponding correlation coefficient for HbR (see Figure 7.5B and Table 7.1) 

demonstrates no significant correlation between the left and right frontal cortex (in both 

the pre- and anterior regions).  Lateralization analysis (using HbT data) demonstrated a 

bilateral activation in both the pre- and anterior frontal cortex (as shown in Figure 7.6A). 

  

Source-Detector 
Pair/ Stimuli 

HbO HbR HbT 

J NJ R J NJ R J NJ R 

Fp1 – Fpz – Fp2 0.81 0.77 0.74 0.55 0.92 0.93 0.72 0.64 0.75 
AF3 – Fpz – AF4 0.92 0.74 0.72 0.18 0.34 0.70 0.88 0.74 0.80 
Fp1 – AFz – Fp2  0.91 0.86 0.86 -0.70 0.64 -0.05 0.60 0.82 0.36 
AF3 – AFz – AF4 0.84 0.50 -0.1 0.20 0.89 0.83 0.74 0.73 0.62 
Table 7.1: Zero-order correlation coefficient for changes in HbO (Oxy-Hemoglobin), 
HbR (Deoxy-Hemoglobin), and HbT (Total Hemoglobin) data (averaged across all 
participants), for each symmetric channel pair (left and right), across the three stimuli 
Joint (J), Non joint (NJ) and Rest (R).  The correlation coefficients range from -1 to +1, 
with -1 is strong negative correlation, +1 is strong positive correlation, and zero is no 
correlation. 
 
 

Case 2: Non joint attention (NJ) related connectivity and lateralization 

The hemodynamic responses in terms of change in HbO and HbT with respect to time 

(shown in Figures 7.2 and 7.4, respectively) and the corresponding correlation 

coefficients for HbO and HbT (shown as histograms in Figures 7.5A and 7.5C, 

respectively and in Table 7.1, demonstrate a high level of correlation between the left and 

right frontal cortex (in both the pre- and anterior regions) during non-joint attention (NJ) 

stimulus.  The hemodynamic response in terms of change in HbR with respect to time 
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(Figure 7.3) and the corresponding correlation coefficient for HbR (see Figure 7.5B and 

Table 7.1) demonstrates significant correlation between all the channel pairs, except 

AF3-Fpz-AF4.  The lateralization analysis (using HbT data) demonstrated right pre-

frontal dominance and bilateral activation in the anterior frontal cortex (see Figure 7.6B).   

 

Source Detector Pair/ Stimuli pair J vs. NJ J vs. R NJ vs. R 
Left 
Frontal 
Cortex 

Fp1 – Fpz  -0.30 -0.01 -0.36 
Fp1 – AFz  0.53 0.64 0.55 
AF3 – Fpz   0.63 0.02 0.47 
AF3 – AFz  0.52 -0.53 -0.44 

Right 
Frontal 
Cortex 

Fp2 – Fpz 0.21 -0.37 -0.11 
Fp2 – AFz  0.69 0.41 0.65 
AF4 – Fpz  0.31 0.22 0.68 
AF4 – AFz  0.45 -0.17 0.32 

Table 7.2: Correlation coefficients for Inter stimuli (Joint (J) vs. Non Joint, Joint (J) vs. 
Rest (R) and Non Joint (NJ) vs. Rest (R)) zero order correlation analysis using HbT 
(Total Hemoglobin) data (averaged across all participants) for all channels. The 
correlation coefficients range from -1 to +1, with -1 is strong negative correlation, +1 is 
strong positive correlation, and zero is no correlation. 

 

Case 3: Rest (R) related connectivity and lateralization 

The hemodynamic responses in terms of change in HbO, HbR, and HbT with respect 

to time (shown in Figure 7.2) demonstrate differences in the level of correlation between 

the left and right channels during rest (R) stimulus.  The quantitative analysis of 

correlation coefficients of changes in HbO, HbR, and HbT (see Figure 7.5 and Table 7.1) 

confirms that there is significant correlation between left and right pre-frontal cortex.  

However, the correlation tends to weaken in either of the anterior frontal channels, more 

predominantly in HbO and HbR (as shown in Figure 7.5 and Table 7.1).  The 
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bilateral activation was observed during J-task; whereas right dominance was observed 

during NJ and R-tasks (see Figure 7.6).  On the other hand, strong correlations (in terms 

of HbO and HbT) were observed between left and right pre-frontal cortex, irrespective of 

the stimuli (see Table 7.1 and Figures 7.5A, 7.5C).  In terms of HbR, the connectivity 

varied irrespective of the stimuli (J, NJ and R) (see Table 7.1 and Figure 7.5B).   

In the anterior frontal cortex, bilateral activation was observed for all the three stimuli 

(see Figure 7.6).  Also, strong connectivity (in terms of HbO, HbR, and HbT) was 

observed in the anterior frontal cortex irrespective of the stimuli (except for one channel 

during R-task in terms of HbO) (see Table 7.1 and Figure 7.5).   

In summary, the connectivity (in terms of HbO or HbT) demonstrated symmetry in 

the functionality of the left and right frontal cortex, irrespective of the stimuli.  This in 

turn demonstrated similarity in the structure of the left and right frontal cortex.  This is 

possibly due to similarity in the density of the underlying cortical region through which 

the optical signals propagates.  These findings corroborate with similar findings from a 

previous study of parcellation of the human frontal cortex using MRI, (Wible et al, 1997) 

which has demonstarted similarity in the volume of left and right pre frontal cortex grey 

matter and hence density.  The value of left and right frontal cortex grey matter reported 

in the literature (Wible et al, 1997) was 8.28 (1.7) and 8.92 (1.1) respectively.  Another 

study (Rant et al, 2009) reported the density of left and right frontal cortex as a whole 

(231±21 and 231±22, respectively) and also the density of left and right frontal cortex 

grey (139±9 and 139±8, respectively) and white matters (81.9±7.6 and 81.7±7.0, 

respectively) which were similar.  This similarity in volume and hence density posssibly 
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causes similar light intensity changes as it propogates through the left and right frontal 

cortex.   

While connectivity describes the synchrony in the flow pattern of the optical signals 

(either in terms of intensity, HRF or relative phase shift data), the differences in the 

cerebral blood flow volumes between the left and right is better understood from the 

cortical lateralization using HbT data.  In other words, the cortical lateralization study 

expands the findings from the brain connectivity study, by determining the cortical 

dominance for a given stimuli.  In the current study, although there is symmetry in the 

flow patterns of the optical signals (or cerebral blood flow) in terms of HbO and HbT in 

the frontal cortex (i.e. synchronous flow of signals was observed), a right pre-frontal 

cortical dominance was observed from lateralization study during NJ and R tasks.  Our 

past studies (Zhu et al, 2009) demonstrated no significant differences in brain activation 

across two stimuli (J vs. R, J vs. NJ and NJ vs. R), when the HRF data was in terms of 

HbR.  However, significant differences in the level of activation across two stimuli were 

observed in terms of HbO (and HbT).  Hence, the connectivity in terms of HbR is not 

compared with the lateralization data (in terms of HbT).   

7.4.2 Study 2: Connectivity using time dependent phase data 

The correlation analysis carried out between the left and right frontal cortex in terms 

of the relative phase shift data, elucidates the extent of synchrony in relative phase shift, 

with +/- 1 representing strong positive/negative correlation (or synchrony) and 0 

representing no correlation. The average relative phase shift (across 33 trials) in response 

to each stimulus (J, NJ, and R) and at each channel is plotted for the 830 nm and 690 nm 
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wavelengths in Figures 7.7 and 7.8, respectively; and the correlation coefficient due to 

the relative phase shift at 830 nm and 690 nm between left and right frontal cortical 

region is shown in Table 7.3.   

Source-Detector 
Pair/Stimuli 
(Left vs. Right) 

Joint Attention Non joint 
Attention 

Rest 

830 nm 690 nm 830 nm 690 nm 830 nm 690 nm 

Fp1 – Fpz – Fp2 0.99 0.98 0.99 0.98 0.97 0.98 
AF3 – Fpz – AF4 0.13 -0.12 -0.04 0.01 -0.13 0.05 
Fp1 – AFz – Fp2  0.07 0.03 0.17 0.10 0.11 0.50 
AF3 – AFz – AF4 0.07 0.06 0.04 -0.13 -0.11 0.05 
Table 7.3: Correlation coefficients for relative phase shift at 830 nm and relative phase 
shift at 690 nm (averaged across all participants), across the three stimuli Joint (J), Non 
joint (NJ) and Rest (R) and for each symmetric channel pair. The correlation coefficients 
range from -1 to +1, with -1 is strong negative correlation, +1 is strong positive 
correlation, and zero is no correlation. 

 

Based on the plot depicted in the Figures 7.7 and 7.8 and the correlation coefficient 

values shown in Table 7.3 it can be observed that there is a significant similarity in the 

relative phase shift between the left and right prefrontal region (Fp1-Fpz-Fp2) of the 

brain at both the wavelengths (690 and 830 nm) and for each stimulus (J, NJ and R).  It is 

also apparent from Figures 7.7 and 7.8 and the values in Table 7.3 that the relative phase 

shift is significantly varying in the left over the right frontal cortical regions, except for 

Fp1-Fpz-Fp2 (pre-frontal).  These differences in the relative phase shifts depict the 

possibility of a difference in the optical signal pathways between the left and right frontal 

cortex (preferably in the anterior frontal).   
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results from the present study demonstrate that there is similarity in the time of flight of 

the optical signal and possibly similarity in the pathlength travelled in left and right pre- 

frontal cortex while integrating the social cues presented to the subjects.  The result of no 

connectivity in the anterior frontal cortex demonstartes dissimilarity in time of flight of 

optical signal and possibly difference in the pathlength travelled during information 

integration in anterior frontal cortex. 

The result of bilateral pre-frontal activation during the J stimuli obtained from the 

cortical lateralization analysis of intensity (DC) data complements the result of similar 

relative phase shift between the left and right pre-frontal cortex.  While strong 

connectivity (using phase data) was observed in the pre-frontal cortex, irrespective of the 

stimulus (see Figure 7.9) (similar to connectivity in terms of HbO and HbT), the 

dominance changed with respect to the stimulus (see Figure 7.6).When the stimulus was 

either NJ or R, there was correlation in the pathlengths of the optical signals between the 

left and right pre-frontal cortex, although the cortical dominance shifted to the right.    

This explicates that although the pathways may be similar in pre-frontal, the extent of 

activation changes with stimuli.  In anterior frontal cortex, there were weak correlations 

(using phase data) between the left and right regions for all the stimuli (see Figure 7.9).  

Also, from cortical lateralization study, no significant dominance was observed (i.e. 

bilateral activation) (see Figure 7.6).  This states that although extent of activation is 

similar between left and right anterior frontal for any given stimuli, the pathways are 

different as observed from phase data.  In other words, it is apparent that eventhough the 

density of the underlying left vs. right cortical region through which the light propagates 
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is similar, this similarity does not imply that the time delay in the light propogation 

through that cortical region will be same or vice-versa.  This is because the time delay of 

the signal depends on the path length travelled and not on the density of the underlying 

cortical region. 

Hence, it can be stated that the information obtained from cortical laterlization study 

(using intensity data) and connectivity study (using relative phase shift data) has the 

potential to elucidate the density of the underlying cortical region and also the time of 

flight and eventually the length of pathways travelled during the stimulus processing by 

the underlying cortical regions.  

7.5 Conclusion 

Socio communicative study was performed using NIRS technique to elucidate the 

brain connectivity and lateralization in the fortal cortex of a normal adult.  The primary 

focus of the current study is to investigate functional connectivity and cortical dominance 

in the frontal brain based on the intensity and relative phase shift information obtained 

from the frequency-domain optical measurements.  A socio-communicative based stimuli 

was presented as a block design (J-NJ-R) to the subjects and time-dependent NIRS 

signals (in terms of intensity and phase shift data) were recorded in real-time.  The study 

demonstrated strong functional connectivity (in terms of HbO, HbT and relative phase 

shift data) in the pre-frontal cortex, irrespective of the stimuli (J, NJ, or R).  However, in 

the anterior frontal cortex, although the connectivity (based on HbO and HbT) 

demonstrated a strong correlation between the left and right regions, the connectivity 

(based on relative phase shift data) demonstrated a weaker correlation.  This analyses 
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depicts that the density and pathlengths of the optical signals in the pre-frontal cortex are 

similar.  However, the density or symmetry of the left and right anterior frontal cortex 

differs from the pathlengths of the optical signals.  Future studies involving other cortical 

regions of the brain during socio-communicative tasks can better elucidate the underlying 

phenomenon of functional connectivity.   

The cortical lateralization study on the other hand demonstrated a right pre-frontal 

dominance during NJ and R stimuli, and not so in the J stimulus.   The lateralization 

study complements the connectivity study by stating that, although both the density and 

pathlengths of the left and right pre-frontal cortex are similar, the dominance can vary 

with respect to stimuli.   

Currently,  the functionality of the brain can be obtained using other imaging 

modalities (e.g. EEG, MRI etc.).  However, the images do not provide any information 

about the neuronal pathlength or the time delay of the signal propogation across two 

different regions of the brain.  NIRS with its fast temporal resolution and also the ease 

with which it can be applied to the pediatric population, has a potential to elucidate the 

connectivity pattern of the developing brain.  This is made possible using time-dependent 

optical measurements, thus providing additional analyses of the brain’s activity in 

response to the presented stimulus.  Additionally, the ability to apply NIRS technique to 

awake pediatric populations towards real-time imaging has greater benefits over the 

currently applied imaging techniques in children.   

The next step to the current research is to carry out NIRS-based imaging studies in 

autistic and typically developing children, in response to the socio-communicative tasks 
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(e.g. joint attention experience).  Understanding the differences in the hemodynamic 

responses across the subject groups along with the differences in the functional 

connectivity and cortical lateralization will have potential to differentiate the two groups 

of children.  This in turn may have a significant impact in early stage diagnostic 

intervention of autism from NIRS studies in much younger children (< 3 years of age) 

versus psychological assessments on children, which is feasible only for children above 3 

years of age. 
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CHAPTER 8. Study 2b: NIRS and Joint Attention of Frontal Cortex in Children 

 

In this chapter the application of NIRS to investigate the difference in activation between 

typically developing children and children with autism in response to joint attention skills 

has been described.  The joint attention study performed on healthy adults, described in 

chapter 7, demonstrated the feasibility of NIRS to investigate the change in frontal region 

in response to joint attention skills.  Hence the joint attention skill was used to investigate 

the response of frontal cortex of typically developing children and children with autism 

as described in this chapter. This work was published in the conference proceedings of 

SPIE 2011. (Ujwal Chaudhary, Michael Hall, Anibal Gutierrez, Daniel Messinger, 

Gustavo Rey and Anuradha Godavarty,” Activation in Frontal Cortex of Typically 

Developing and Children with Autism in Response to Joint Attention Skill using Near Infrared 

Spectroscopy”, SPIE BiOS, 788348-788348-6). 

8.1 Introduction 

Autism is a neuro-developmental disorder that is characterized by impaired social 

interactions, communication deficits and a restricted, repetitive pattern of interests and 

activities.  Autism is classified as a part of Autism Spectrum Disorders (ASD), also 

known as Pervasive Developmental Disorders, which are a broad spectrum of 

developmental disorders affecting children and adults (American Psychiatric Association, 

2000; National Institute of Mental Health, 2004; World Health Organization, 1993). One 

of the primary characteristics of the Children with autism is that they display robust 

levels of impairments in joint attention development from as early as 12 to 18 months of 
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age (Osterling et al., 2002; Swettenham et al., 1998).  Joint Attention is the process of 

sharing one’s experience of observing an object or event, by following gaze or pointing 

gestures.  It is critical for social development, language acquisition, and cognitive 

development (Mundy & Crowson, 1997).  Thus brain-behavior studies of joint attention 

may be critical to understanding autism (Dawson et al., 2002; Mundy et al., 2000) as the 

early social communication disturbance of autism involves deficits in this domain 

(Mundy & Sigman, 1989).   

An earlier fMRI study (Williams et al., 2005) of joint attention experience demonstrated 

an increased activation in the right ventral medial frontal cortex and the left anterior 

frontal cortex during a responding to joint attention (RJA) based stimuli. The activation 

was also observed in other areas such as the cingulate cortex, bilateral caudate nuclei, and 

right anterior frontal lobe (Williams et al., 2005).  In particular, the differences amongst 

the two RJA stimuli (i.e. joint and non-joint attention) and baseline rest were distinctly 

observed in the frontal cortical brain regions.  Hence, based on the paradigm used in the 

earlier fMRI study, NIRS was employed for the first time in order to study the 

hemodynamic responses to joint attention experience (using responding to joint attention, 

or RJA-based stimuli) in normal adults (Zhu et al., 2009).  The results obtained from this 

NIRS study concurred with the results from an earlier fMRI study.  Differences in, 

hemodynamic response in terms of HbO (oxy hemoglobin) was different between Joint 

attention and Non-Joint attention (in the entire frontal cortex), and Joint attention and 

Rest (preferably on the right frontal cortex) in normal adults.  Having demonstrated the 

feasibility of studying joint attention based behavioral paradigm using NIRS, the 
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objective of the present study is to extend the application of NIRS to pediatric 

populations in the area of autism. NIRS-based imaging studies in TD and children with 

autism were performed in response to the socio-communicative (joint attention) stimuli, 

in order to understand the differences in the frontal cortical brain activation between the 

two subject groups.   

 

8.2 Materials and methods 

8.2.1 Instrumentation 

The joint attention study was performed using a frequency-domain based optical imaging 

system, Imagent (ISS, Inc., Champaign, IL) described in section 3.1.  The optical probes were 

placed on the frontal cortex, using a custom-built optical probe-based cap, in accordance 

with the 10-20 electrode placement system at the Fp1, Fp2, Fpz, AFz, AF3 and AF4 (Fp 

stands for prefrontal and AF stands for anterior frontal) locations, as shown in Figure 8.1. 

A picture depicting the placement of optical cap on a pediatric subject is shown in Figure 

8.2. 

 

Figure 8.1: Source-detector layout on the prefrontal and the anterior frontal brain 
region of the brain, in accordance to the standard 10-20 electrode placement system, 
during the NIRS joint attention studies. 
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8.2.2 Participants 

Four TD and one child diagnosed with autism in the age range of 4-8 years were enrolled 

for the current study.  The child with autism was a 5 year-old boy with a clinical 

diagnosis of autism confirmed by a research reliable rater on the Autism Diagnostic 

Observation Schedule (Lord et al., 2000).  

 

Figure 8.2: Participant with the optical cap during the brain imaging study.  The source 
and detector fibers were placed in the frontal cortex. 
 

8.2.3 Experimental design and protocol 

The subjects were shown an animated video clips, which engendered an experience of 

joint attention contrasted with a very similar but non-joint attention condition in the 

subjects. The animated video clips were developed in the FIU-OIL (Florida International 

University Optical Imaging Laboratory) by modifying and adapting the original video 

clips developed by Williams et al., 2005. The original video clip was aesthetically 

unappealing and it was very difficult to engage the visual attention of the children during 

the study. Hence, in the newly developed video clips the presenter and object of the 

existing video was replaced with animated cartoon characters such that it is more 

appealing to children.  The Joint attention stimuli presented in the video clip refers to the 
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(R) (where the subject viewed a blank screen).  The sequence of tasks (J-NJ-R, 30 sec 

each task) was repeated five times during an experiment and the entire experiment was 

performed twice on each TD subject and only once on each ASD subject. In all these 

studies, the subjects were asked to keep their head still and only to shift gaze by eye 

movements in order to follow moving cartoon characters in the presented video clips. 

8.3 NIRS signal analysis 

Frequency-domain optical measurements were obtained in real-time (every 0.7 sec) in 

response to the different stimulus for the entire experimental period, for each subject. The 

acquired optical data consisted of DC, AC and phase shift information of the attenuated 

diffuse NIR light emerging from the frontal cortex of the brain.  In the current studies, 

only the average of the modulated light signal (i.e. DC signal) was employed in post-

processing real-time hemodynamic responses across each source-detector pair (or 

channel). The optical data was post processed to obtain averaged HRF data as described 

in section 4.4. The 1-D HRF data was averaged across the five experimental blocks to 

obtain single 90 sec block consisting of J, NJ and R task (30-sec each). The 0 - 30 sec 

period corresponded to J task, 30 - 60 sec to the NJ task, and 60 - 90 sec to the R task.  

The averaged 1-D HRF data was then interpolated using the data obtained from all the 

source-detector pair to obtain 2-D activation plots. 

A brain activation study was performed to explicate the differences in the hemodynamic 

response (HbO, HbR and HbT) as a function of time, in the frontal cortex and in response 

to the three presented stimuli (J, NJ and R). A 2-D activation plot was generated using a 

window of 10, 15, 20 and 30 sec for each stimulus (J, NJ and R) from the calculated 
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averaged hemodynamic response function (HRF). The 2-D response was found to be 

similar irrespective of the window size, thereby validating the consistency of data.  

Henceforth, a window of 30 sec was used to construct 2-D activation plot. 

8.4 Results 

Activation plots depicting change in hemodynamic response during J, NJ and R in TD 

and ASD children are shown in Figures 8.4 A and B, respectively.  It is evident from 

Figure 8.4A (activation plot for TD children) that the activation in the pre and anterior 

frontal brain region of TD’s differs across the stimuli i.e., the pattern and extent of 

activation is different between the stimuli (J vs. NJ, J vs. R and NJ vs. R).  The activation 

plot for the child with autism (Figure 8.4B) shows no difference in activation across the 

stimuli.  The observation of difference between the stimuli (J vs. NJ, J vs. R and NJ vs. 

R) in TD children and of no difference between the stimuli (J vs. NJ, J vs. R and NJ vs. 

R) in child with autism indicates the difference in the response of pre and anterior frontal 

cortex to joint attention based stimuli across the two subject groups (i.e. TD and child 

with autism).  Even in the absence of an RJA-stimulus (i.e. joint or non-joint attention) to 

the brain, i.e. under rest conditions the HRF (in terms of HbO, HbR and HbT) differ 

across TD and ASD children. These preliminary results are significant in the area of 

autism research, where NIRS has potential in early stage intervention of autism in 

children at a much younger age.   
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and NJ vs. R stimuli in TD and ASD children. The activation also differs during the 

stimuli i.e., J, NJ and R between TD and ASD children. Thus the result has a potential to 

differentiate the two groups of children. These studies when performed extensively on 

many subjects can potentially form a foundation in understanding the underlying 

differences in the neuronal networks in TD and ASD children.  
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CHAPTER 9. Study 3a: Investigation of Planning and Execution in Individuals with 

Cerebral Palsy 

In this chapter the application of NIRS to investigate the difference in relative change in 

total hemoglobin and cortical lateralization between controls and individuals with 

cerebral palsy has been described. This work was published in the conference 

proceedings of OSA 2012. (Ujwal Chaudhary, Michael Hall, Jean Gonzalez, Leonard 

Elbaum, Martha Bloyer and Anuradha Godavarty, “Cognitive Response to Motor Tasks 

Using NIRS: Pilot Studies of Adults With And Without Spastic Cerebral Palsy”, optical 

society of America, 2012). 

9.1 Introduction 

The use of NIRS in field of CP provides researchers with a functional neuroimaging 

technique which can elucidate the change in cerebral hemodynamics in the brain of 

individuals with CP as they attend to stimuli, something which is not possible with the 

current functional neuroimaging technique in use.  Hence in this study NIRS is used for 

the first time, to the best of our knowledge, to investigate the planning and execution of 

motor skill tasks in the prefrontal region of the brain of individuals with CP. The 

prefrontal region of the brain plays a prominent role in memory, motor set and 

preparation for movement (Duncan & Owen, 2000). Researchers have shown that the 

initiation of motor action in response to sensory stimuli takes place in prefrontal cortex, 

where the sensory stimuli are integrated to produce a perceivable change in the 

environment (Faw, 2003). Thus the prefrontal region plays a dominant role in the 

planning and execution of motor skill tasks (Duncan & Owen, 2000; Faw, 2003). 
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9.2.2 Participants 

One left handed and one right handed adult male 26 and 28 years old respectively with a 

primary diagnosis of spastic, quadriplegic cerebral palsy (CP) and seven controls (4 right 

handed and 3 left handed) in the age range of 21-30 year old were recruited for the study.  

The individuals with CP were recruited through the physical therapy department in FIU. 

The participants conveyed their handedness based on the dominant use of their particular 

hand.  This study was FIU-IRB approved and written consent(s) were obtained from the 

participants. 

9.2.3 Stimulus and Procedure 

The focus of the current study is to investigate how the planning and execution of motor 

skill tasks manifests itself in the prefrontal region of the brain of individuals with CP. 

During the study the individuals with CP remained on their wheel chair which was 

wheeled into a quiet imaging room. The custom-built optical cap was placed on the 

prefrontal region of their head and the tasks to be performed during the study were 

explained to them by their physical therapist. While, the control participants were seated 

comfortably in an upright chair in the same quiet room imaging and the custom-built 

optical cap was also placed on the prefrontal region of their head. The study begins with a 

30-sec rest period, followed by 30 sec of ball throw task (T) and 30 sec of Rest(R). The 

T-R block was repeated for 5 times by each participant. During the rest the participants 

were asked to close their eyes and try not to think anything. During the ball throw task 

period the participants were asked to throw balls in a container placed at a distance of 

four feet from their palm. The balls used for this study were soft and spongy, with 
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grooves on their surface and of the size of golf ball (4 cm in diameter). The task of 

throwing the ball in the container involved picking up the ball from the box containing 

the ball, aiming the ball at the container placed at a distance of four feet and finally 

releasing the ball at such a trajectory that it lands in the container. The task may seem to 

be easy for controls but for individuals with CP who have impairment in muscular 

mobility the task of picking up and throwing the ball in the container is full of challenges. 

During the study it was observed that individuals with CP had to put lot of strain on their 

fingers to grab a ball from the box containing the balls, and above all they were unable to 

throw the ball in the container placed at a distance of four feet. Therefore for individuals 

with CP the container was placed right below their hand and they were asked to pick up 

the ball from the box containing the balls and drop it in the container, even this task was 

very challenging for them. On the other hand, the ball throw task was performed by seven 

controls by maintaining a distance of four feet between the palm and the container, in 

which the participant were asked to throw the balls. The participants performed the task 

with their dominant hand. 

9.3 NIRS signal analysis 

The in-house developed CW NIRS system, described in section 3.2, acquires the changes 

in the detected optical signals in response to the stimuli and as a function of time. The 

NIRS system used during the study employed 785 nm (close to isosbestic point (Chance 

et al., 1988) wavelength of NIR light. Since the absorption spectra of HbO and HbR 

intersect at isosbestic point the change in optical density calculated using wavelength of 

light close to isosbestic point is equal to the relative change in total hemoglobin 
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concentration (HbT) (Chance et al., 1988). Thus the acquired optical signal was 

processed as descried in section 4.4 to calculate the change in optical density which is 

equal to the relative change in HbT, for the reason described above. The averaged relative 

change in HbT obtained from the controls were further averaged across the right handed 

controls and left handed controls to obtain the grand average of relative change in HbT, 

separately for right handed and left handed controls.  To demonstrate the consistency in 

the relative change in HbT across the participants, mean and standard deviation of the 

relative change in HbT for each participant was calculated before averaging. The 

calculated mean of relative change in HbT across each participant was greater than the 

standard deviation in relative change in HbT across each participant demonstrating the 

consistency of the change in HbT acquired from the participants. While the relative 

change in HbT obtained from the individuals with CP was not averaged across the 

participants to obtain grand average as the study was performed on one right handed and 

one left handed individuals with CP. Herein, two different studies were performed using 

intensity data, namely: 1) Relative change in total hemoglobin (HbT), and 2) Cortical 

lateralization. 

9.3.1 Relative change in total hemoglobin  

The relative change in HbT for right handed and left handed controls as well as right 

handed and left handed individuals with CP was calculated as described in section 9.3. 

The relative change in average HbT for all the participant types was also quantified by 

computing the total change in HbT for the central 20 sec period of the ball throw task and 

rest period.  As mentioned in the section 9.3, the duration of each stimulus was 30 sec but 
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only the central 20 sec period, of each stimulus from all the participants’ type, was used 

to calculate the total change in HbT to negate the confounding effect of one stimulus over 

the other. 

9.3.2 Cortical lateralization 

 Cortical lateralization study was performed to understand the hemispherical dominance 

of the planning and execution task in the frontal cortex and its variation across the stimuli 

for each participant type.  The laterality index was computed for left vs. right frontal 

cortex for each stimulus (T and R) using the relative change in HbT obtained from the 

channels: Fp1-Fpz vs. Fp2-Fpz (see Figure 9.1), as described in section 4.7.   

9.4 Result and discussion 

9.4.1 Relative change in total hemoglobin 

The averaged relative change in total hemoglobin across the T-R block obtained from the 

prefrontal cortex (Fp1-Fpz-Fp2) of left and right handed individuals with CP and 

controls, as a function of time, is shown in Figure 9.2.  The total relative change in HbT 

obtained from right handed controls (as shown in Figure 9.2A), left handed controls (as 

shown in Figure 9.2B), right handed individuals with CP (as shown in Figure 9.2C) and 

left handed individuals with CP (as shown in Figure 9.2D) is represented by horizontal 

dotted black line for Fp1-Fpz channel and by horizontal solid red line for Fp2-Fpz 

channel in Figure 9.2. 

It can be observed from Figure 9.2A and 9.2B which correspond to relative change in 

HbT in right handed and left handed controls, respectively, that there is a difference in 

HbT between ball throw task and rest across both the channels (Fp1-Fpz and Fp2-Fpz). 
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Similarly, the quantified change in HbT across Fp1-Fpz channel during the task and rest 

performed by left handed controls, as shown in Figure 9.2B by black dotted horizontal 

lines, was 0.018 (abu) and -0.05 (abu), respectively.  The quantified change in HbT 

across Fp2-Fpz channel during the task and rest performed by left handed controls , as 

shown in Figure 9.2B by red solid  horizontal lines, was -0.05 (abu) and -0.022 (abu), 

respectively. Thus the relative change in total hemoglobin depicts greater relative change 

in HbT during the task than during the rest period both in right handed and left handed 

controls. 

 

It can be observed from Figure 9.2C and 9.2D, which correspond to the change in HbT in 

right handed and left handed adult with CP, respectively, that there is a difference in HbT 

between task and rest across both the channels (Fp1-Fpz and Fp2-Fpz).  The quantified 

change in HbT across Fp1-Fpz channel during the task and rest performed by right 

handed adult with CP , as shown in Figure 9.2C by black dotted horizontal lines, was 

0.02 (abu) and -0.02 (abu), respectively.  The quantified change in HbT across Fp2-Fpz 

channel during the task and rest performed by right handed adult with CP , as shown in 

Figure 9.2C by red solid horizontal lines, was 0.03 (abu) and -0.01 (abu), respectively. 

Similarly, the quantified change in HbT across Fp1-Fpz channel during the task and rest 

performed by left handed adult with CP, as shown in Figure 9.2D by black dotted 

horizontal lines, was 0.02 (abu) and -0.018 (abu), respectively. The quantified change in 

HbT across Fp2-Fpz channel during the task and rest performed by left handed adult with 

CP , as shown in Figure 9.2D by red solid  horizontal lines, was 0.08 (abu) and -0.001 

(abu), respectively.  Thus the relative change in total hemoglobin depicts greater change 
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in HbT during the task than during the rest period both in right handed and left handed 

controls. 

Thus the relative change in HbT across the Fp1-Fpz and Fp2-Fpz channels for all the 

participant types indicates that the change in HbT during the task is greater than the 

change in HbT during the rest (from the values plotted in the Figure 9.2).  The relatively 

greater change in HbT during the task as compared to rest indicates the increase in the 

blood flow to the prefrontal region of the brain to support the increased metabolic activity 

due to the activation of the prefrontal region of the brain during the planning and 

execution of motor skill task.  

9.4.2 Cortical lateralization 

The result of the cortical lateralization study for all the participant type is shown in Table 

9.1 and Figure 9.3, which contains the laterality index for each participant during the task 

and rest period. The laterality index value for right handed control (shown in Table 9.1A 

and Figure 9.3A) and for left handed control (shown in Table 9.1B and Figure 9.3B), 

indicates that there is a bilateral dominance during the task and contralateral dominance 

during the rest in the prefrontal cortex of controls (left/right handed).  The laterality index 

value for right handed individuals with CP (shown in Table 9.1C and Figure 9.3C) and 

for left handed individuals with CP (shown in Table 9.1D and Figure 9.3D), indicates that 

there is an ipsilateral dominance during the task and contralateral dominance during the 

rest in the prefrontal cortex of individuals with CP (left/right handed).  
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Row No. 

 

Participant Type 

Dominance 

Ball Throw Rest 

(A) Right handed control  0.02  (Bilateral) 0.38 
(Contralateral) 

(B) Left handed control  -0.1  (Bilateral) -0.29 
(Contralateral) 

 

(C) Right handed adult with 
cerebral palsy (CP)  

-0.75 (Ipsilateral) 0.29 
(Contralateral) 

(D) Left handed adult with 
cerebral palsy (CP)  

0.26 (Ipsilateral) -0.35 
(Contralateral) 

Table 9.1: Pre frontal cortical lateralization or dominance in response to planning and 
execution of motor skill task and rest task in controls and adult (s) with cerebral palsy. 
 
The result of change in HbT and cortical lateralization shows that although there was 

difference in the relative change in HbT between task and rest period across all the 

participant type the cortical lateralization differs between controls and individuals with 

CP during the task period.  The result of cortical lateralization during the task shows 

contralateral dominance in controls and ipsilateral dominance in individuals with CP. The 

present study was performed on small number of participants because of which no 

statistically significant conclusion can be made but the preliminary results suggests 

difference in the response of underlying prefrontal cortical region of controls and 

individuals with CP.  The preliminary results also raises the possibility of use of NIRS as 

a reliable tool to investigate the planning and execution of motor skills task in individuals 

with CP and upon further extensive studies NIRS has the potential to elucidate the neural 

basis of cognition in individuals with CP. 
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contralateral dominance in individuals with CP during the task period, in the prefrontal 

region of brain. 

 The main aim of the present work was to demonstrate the feasibility of NIRS towards 

investigation of the difference if any in planning and execution of simple motor tasks in 

controls vs. CP, such that it can be developed as a reliable tool to aid in the rehabilitation 

of individuals with CP. During the study it was observed that the individuals with CP had 

problem in performing the ball throw task because of the limited mobility of the upper 

extremity of individuals with CP.  Hence it was decided to change the ball throw task to a 

simpler planning and execution of motor skill stimuli, known as target touching task 

which will be described in chapter 10. Extensive studies were performed on controls in 

response to different variant of target touching tasks along with ball throw tasks to 

investigate the response of frontal cortex before applying the target touching tasks on 

individuals with CP.  
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CHAPTER 10. Study 3b: Motor Skill Investigation of Planning and Execution in 

Healthy Adults 

 

The preliminary ball throw task study described in chapter 9 demonstrated the role of pre 

frontal cortex in planning and execution of motor skill stimuli. Hence in this chapter the 

extensive studies performed to statistically validate the role of pre and anterior frontal 

cortex in response to different planning and execution of motor skills stimuli have been 

described.  

10.1 Introduction 

Dorsolateral cortex of the frontal lobe plays a prominent role in memory, motor set and 

the preparation for movement (Duncan & Owen, 2000).  The frontal cortex of the brain is 

the integration center of the brain where the integration of sensory and perceptual 

information takes place (Faw, 2003).  The motor actions which arise due to the sensory 

stimuli are organized in the frontal cortex which produces a perceivable change in the 

environment (Duncan & Owen, 2000).  The global scheme of action associated with the 

motor actions is represented and monitored during execution in prefrontal region. Thus 

the prefrontal region is responsible for planning and execution of motor skills stimuli. 

The prefrontal region is also responsible for the action of skeletal muscle in response to 

sensory stimuli (Duncan & Owen, 2000; Faw, 2003).  

In the current study NIRS was used to investigate the response of pre and anterior frontal 

cortical region of healthy adult human participants. The participants performed three 

different (novel) planning and execution of motor skills stimuli with varying level of 
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10.2.2 Participants 

Seventeen healthy right-handed adults between 21-30 years of age were enrolled for the 

current study. The participants conveyed their handedness based on the dominant use of 

their particular hand. This study was FIU-IRB approved and written consent(s) were 

obtained from the participants. 

10.2.3 Experimental design and protocol 

The goal of the current NIRS is to elucidate the response of the pre and anterior frontal 

region of brain in response to different planning and execution of motor skill tasks. 

Different innovative paradigms were designed to investigate the response of pre and 

anterior region of brain in response to the variation in complexity and kind of the task. 

The study took place in a quiet imaging room with dim ambient light.  During the study 

custom-built optical cap was placed on the frontal region of their head (with minimal hair 

interference) and the participants were asked to seat comfortably on an upright chair. The 

participants attended to three different block designed paradigm as described below in 

section 2.3.1, 2.3.2 and 2.3.3, with a break of 15 minutes between each paradigm. 

10.2.3.1 Paradigm 1: Dot placement – Coarser motor control 

The dot placement tasks were used to investigate the frontal region of brain of controls 

with the aim to design a paradigm to address the problem of motor movement in 

individuals with CP.  During this paradigm a table was placed in front of the participants 

with an A4 sheet firmly secured on the top of table within the reaching distance of 

participants’ hand. The A4 sheet consists of circular ring of 0.6” diameter drawn on its 

four corners. The paradigm used during the study consists of 3 blocks of four 30-second 



203 

 

stimuli, namely the dot placement (DP-C), rest (R1), dot placement with balance (DP-

CB) and rest (R2) in a sequential order. Prior to the block-designed paradigm, an initial 

30-sec rest period was employed to determine the baseline of the brain activity of the 

participants.  During the dot placement stimuli (DP-C) the participants were asked to hold 

a pen in writing style and place dots in the center of four circles as fast and as precisely as 

they can in such a way that their hand movement pattern resembles a “Z”. During Rest 

(R1) the participants were asked to close their eyes and try not to think anything.  During 

the dot placement with balance (DP-CB) the participants were asked to hold a pen in 

writing style and a 100 ml beaker filled with 50 ml of water was placed on their hand.  

Then the participants were asked to place dots in the center of four circles as fast and as 

precisely as they can, while balancing the beaker without spilling water, in such a way 

that their hand movement pattern resembles a “Z”. The rationale behind adding a beaker 

with water during DP-CB was to increase the complexity of the task thereby increasing 

the cognitive load on the frontal region of brain. The rest period R2 was similar to similar 

to rest period R1, the only difference was that the R1 followed DP-C and R2 followed 

DP-CB.  The participants performed the task with both of their hand, first with dominant 

hand and then with non-dominant hand.   

10.2.3.2 Paradigm 2: Dot placement – Finer motor control 

The individuals with CP often have problem with finer motor movement hence the tasks 

described in paradigm 1 was modified to address the question of finer motor movement. 

The paradigm 2 was similar to paradigm 1 except the size of the circle drawn on the A4 

sheet.  For paradigm 2 the circles drawn on the four corner of A4 sheet were 0.3” in 
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diameter, decreasing the size of circle and thus increase the complexity of the task. The 

participants performed the 3 blocks of four 30-second stimuli, namely the dot placement 

(DP-F), rest (R1), dot placement with balance (DP-FB) and rest (R2) in a sequential 

order.  The rationale of this paradigm was that the decrease in the diameter of the circle in 

which they were asked to place a dot would force the participants to adjust their motor 

skill associated with movement to perform finer movement.  Thus the goal of performing 

two different variant of same task was to elucidate the response of pre and anterior frontal 

cortex of brain as the complexity of task varies.   

10.2.3.3 Paradigm 3: Ball throws  

This paradigm was designed to investigate the grabbing and throwing aspect of motor 

movement with the future aim to apply it on individuals with CP. During this paradigm 

the participants were asked to throw balls in a cubic container of dimension 20×20×20 

cm3 placed on an elevated platform, two feet in height, at a distance of four feet from the 

participant. The paradigm used during the study again consists of 3 blocks of four 30-

second stimuli, namely the ball throw with dominant hand (BTD), rest (R1), ball throw 

with non-dominant hand (BTND) and rest (R2) in a sequential order. Prior to the block-

designed paradigm, an initial 30-sec rest period was employed to determine the baseline 

of the brain activity of the participants. During the ball throw task either with dominant 

hand (BTD) or non-dominant hand (BTND) the participants were asked to throw balls in 

a container placed at a distance of four feet from their palm. The balls used for this study 

were soft and spongy, with grooves on their surface and of the size of golf ball (4 cm in 

diameter). The task of throwing the ball in the container involved picking up the ball 
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from the box containing the ball, aiming the ball at the container placed at a distance of 

four feet and finally releasing the ball at such a trajectory that it lands in the container. 

During the rest R1 and R2 the participants were asked to close their eyes and try not to 

think anything. 

The tasks employed in paradigm 1 and 2 are completely different from the task employed 

in paradigm 3.  The rationale behind such a task was to investigate how does the response 

in pre- and anterior frontal cortex changes as the task becomes completely different. Thus 

during this experimental study three different novel and innovative paradigm were 

designed and used to investigate and elucidate the role of pre and anterior frontal cortex 

of brain; as (1) the complexity of task changes, (2) the tasks demands comparatively finer 

motor control, and (3) the tasks changes to completely different everyday task. 

10.3 NIRS signal analysis 

The acquired optical signal was post processed using custom Matlab based code to 

determine the change in total hemoglobin concentration (HbT).  The acquired optical 

signal was first filtered using a band pass filter (0.016 Hz - 0.3 Hz) to remove the 

systemic physiological noise. The filtered optical signal was then normalized and post 

processed to calculate the change in HbT using steps described in details in section 4.4. 

The averaged change in HbT obtained from each participant then was averaged across all 

the participants to obtain the grand averaged change in HbT. Prior to averaging the 

change in HbT across all participants, the mean and standard deviation across participants 

was evaluated in order to assess the consistency in the responses across participants. 

Three different kind of analyses were performed on the processed HbT data obtained 
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from paradigm 1, 2 and 3 which include: (i) change in total hemoglobin, (ii) connectivity, 

and (iii) cortical lateralization study. 

10.3.1 Relative change in total hemoglobin 

The relative change in total hemoglobin study was performed to elucidate the differences 

in HbT as a function of time, in the frontal cortex in response to the stimuli presented 

during the three different paradigms. The entire window of 30 sec for each stimulus was 

used to plot the averaged change in HbT plot with respect to time for each source–

detector pair or channel (Ch.), separately for each paradigm. Preliminary studies were 

carried out by using a smaller window (10 sec, 15 sec, and 20 sec) of the entire 30 sec 

window of the stimulus in order to observe if the contrast in the stimuli was any different. 

Using the averaged HbT data, paired t-tests (p= 0.05) was performed for each individual 

channel (Ch.) across two chosen 30-s stimuli, separately for each paradigm. The relative 

change in averaged HbT was also quantified by computing the total change in HbT for 

the central 20 sec period of each 30 sec stimulus, separately for each paradigm.  As 

mentioned in the section 10.2.3, the duration of each stimulus was 30 sec but only the 

central 20 sec period was used to calculate the total change in HbT to negate the 

confounding effect of one stimulus over the other. 

10.3.2 Functional connectivity analysis 

In the present study, functional brain connectivity was performed to characterize the 

ways in which the left and right frontal cortex was functionally integrated or works in 

synchrony in response to planning and execution of motor skill stimuli. This study is 

carried out by computing zero lagged correlation (as described in section 4.5) to elucidate 
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the correlation and synchrony in the hemodynamic response and hence the connectivity 

in the neuronal circuit between the left and right frontal cortex. Correlation calculations 

were performed between left vs. right frontal cortex for each stimulus using the HbT data 

obtained from the following channels combinations: Ch.2 vs. Ch.1 and Ch.4 vs. Ch.3, 

separately for each paradigm. 

10.3.3 Lateralization analysis 

Cortical lateralization study is performed to understand the hemispherical dominance of 

the language in the frontal cortex and its variation across the stimuli.  The laterality index 

(as described in section 4.7) was computed for left vs. right frontal cortex for each 

stimulus using the change in HbT obtained from channel combination (Ch.2 vs. Ch.1 and 

Ch.4 vs. Ch.3). 

10.4 Results and discussion 

The three different kind of data analyses described in section 3 namely change in HbT, 

functional connectivity, and lateralization were performed separately for each of the three 

different paradigms described in section 10.2.3. In this section the results obtained from 

the different analysis will be presented separately for each paradigm. 

10.4.1 Paradigm1: Dot placement – coarser motor control  

10.4.1.1 Relative change in HbT and lateralization results 

The averaged relative change in HbT across all the participants in response to dot 

placement-Coarser motor control tasks performed via both dominant and non-dominant 

hand is shown in Figure 10.2 across each stimulus (DP-C, R1, DP-CB and R2) and each 
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channel.  The Figure 10.2A and 10.2B corresponds to the averaged relative change in 

HbT for the tasks performed by participants using their dominant and non-dominant 

hand, respectively. It can be observed from the averaged relative change in HbT plots that 

the increase in HbT during DP-C and DP-CB was different from the decrease in HbT 

during R1 and R2, both for the task performed using dominant and non-dominant hand.  

The relative increase in HbT during task DP-C and DP-CB supports the hypothesis that 

when the region of the brain becomes activated in response to a task the cerebral blood 

flow to the activated region increases (Hoshi et al., 1994). The increase in blood flow in 

the activated region is to support the increased metabolic activity in the activated region 

(Kleinschmidt et al., 1996).  The results of paired t-test between DP-C vs. R1 and DP-CB 

vs. R2 indicated significant difference between DP-C and R1 as well as DP-CB and R2 at 

a significance level of 0.05, both for the task performed using dominant and non-

dominant hand. The rest conditions (R1 and R2) have a non-zero signal initially which 

tapers to a zero-signal (i.e. initial baseline at the beginning of the block) by the end of the 

rest period.  The initial non-zero condition is because the effect of any stimuli continues 

in terms of the changes in the cerebral blood volume for a few seconds after the stimulus 

ends.  Hence, the relative change in HbT in response to the rest condition begins with a 

non-zero signal and eventually tapers to a zero-signal as seen from Figure 10.2, 

validating the effectiveness of the data.  The decrease in metabolic activity during the rest 

period indicates that the participants were indeed able to decrease their thought process 

which elicited decrease in the relative change in HbT.  
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The quantified change in HbT both for the task performed using dominant and non-

dominant hand is plotted as histogram for each channel and tasks as shown in Figure 10.3 

along with the values of the relative change in HbT.  It can be observed from Figure 3, 

that the extent of change in HbT both for DP-C and DP-CB was greater in prefrontal 

channels (Ch. 1 and Ch. 2) than the anterior frontal channels (Ch. 3 and C. 4), both for 

the task performed using dominant and non-dominant hand. Within the prefrontal 

channels, the change in HbT was greater in the left channels than the right channels both 

for DP-C and DP-CB and within the tasks DP-C and DP-CB the change in HbT was 

greater during DP-C than during DP-CB, both for the task performed using dominant and 

non-dominant hand.  Finally within the task performed via either dominant or non-

dominant hand the relative change in HbT during the task performed via non-dominant 

hand was greater than during the task performed via dominant hand.   

The results from lateralization analysis are shown in Figure 10.3 by using lines of 

different style and thickness connecting a particular source and detector pair. A thin, 

thick dash and thick dash-dot horizontal line drawn between a particular source and 

detector pair indicates no dominance, left dominance and right dominance respectively. 

The left pre frontal cortex was found to be dominant over the right pre frontal when the 

participants performed the task DP-C using their dominant hand, shown by thick dash 

line connecting the pre frontal source and detector pair in Figure 10.3A. While no 

dominance was found in terms of change in HbT between left vs. right pre and anterior 

frontal cortex for task DP-CB performed using dominant hand, task DP-C and DP-CB 

performed using non-dominant hand, shown by thin line connecting the source and 

detector pair in Figure 10.3B, 10.3C and 10.3D respectively. 
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10.4.2 Dot placement – coarser motor control 

10.4.2.1 Change in HbT and lateralization results 

The averaged change in HbT across all the participants in response to dot placement-

Finer motor control tasks performed via both dominant and non-dominant hand is shown 

in Figure 10.4 across each stimulus (Dot placement finer motor control:DP-F, R1, Dot 

placement finer motor control with beaker:DP-FB and R2) and each channel. The Figure 

10.4A and 10.4B corresponds to the averaged change in HbT for the tasks performed by 

participants using their dominant and non-dominant hand, respectively.  It can be 

observed from the averaged change in HbT plots that the increase in HbT during DP-F 

and DP-FB was different from the decrease in HbT during R1 and R2, both for the task 

performed using dominant and non-dominant hand. The results of paired t-test between 

DP-F vs. R1 and DP-FB vs. R2 indicated significant difference between DP-F and R1 as 

well as DP-FB and R2 at a significance level of 0.05, both for the task performed using 

dominant and non-dominant hand. The change in HbT observed during rest conditions 

R1 and R2 of dot placement with finer motor control was similar to change in HbT 

observed during rest conditions R1 and R2 of dot placement with coarse motor control as 

described in section 10.4.1.1.  In addition, the change in HbT was observed to be 

consistent across the 17 participants, as observed from the statistical analysis of the data 

in terms of mean and standard deviation.  This demonstrates that the observed average 

change in HbT in response to the stimuli (DP-F, R1, DP-FB and R2) was consistent 

across all the participants. The averaged change in HbT across all the participants was 

also plotted along with the change in HbT obtained from each participant to demonstrate 
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the tasks performed via either non-dominant (left) or dominant (right) hand which again 

suggests the involvement of both the hemisphere of the pre and anterior frontal region to 

process the complex stimuli.  Second the increase in relative change in HbT was greatest 

when the participants performed the task DP-F with their left (non-dominant) hand, 

which suggests an increase in blood flow to support the increase in cognitive load to 

process the complex stimuli. The result of increases in cerebral blood flow to support the 

increased cognitive load to process the complex stimuli is similar to the result reported by 

fMRI (Binder et al., 1997), PET (Baker et al., 1996) and NIRS (Esposito et al., 1995; 

Fallgatter et al., 1997) studies. 

 

The dot placement with balance task of both the coarser (DP-CB) and finer motor control 

(DP-FB) was more complex than the just dot placement task DP-C and DP-F, still the 

increase in relative change in HbT during DP-C and DP-F was greater than during DP-

CB and DP-FB. This suggests increase in metabolic activity in the pre and anterior 

frontal cortical region of the brain to process the more complex DP-CB and DP-FB task 

than the task DP-C and DP-F.  The comparison of the change in HbT between the dot 

placement tasks of paradigm 1 and paradigm 2 indicates greater increase in the change in 

HbT during finer motor control than coarser motor control across any of the tasks and 

channels.  Thus this suggests that the cerebral blood flow to the pre and anterior frontal 

region of the brain surges to support the increased metabolic activity associated with the 

increase in cognitive load to process the complex and difficult finer motor control task, 

supported by findings from other neuroimaging studies (Duncan & Owen, 2000; Faw, 

2003). 
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frontal region of the brain during ball throw task may be due to the simplicity of the task.  

The results from different neuroimaging studies have shown that if the human 

participants become proficient in certain tasks then the neural response associated with 

that task decreases (Kubota et al., 1998). Since the human performs tasks similar to ball 

throws tasks knowingly or unknowingly in everyday life there may have been an 

established neural basis associated with it which explains the response of significantly no 

change in cerebral blood flow. 

Thus the pre and anterior frontal cortex of the brain plays a significant role in the 

planning and execution of motor skills and the extent of change in HbT differs based on 

the novelty, complexity and the type of task. Three different paradigms used to 

investigate the response of pre and anterior frontal region of brain elicits different 

response in pre and anterior region of brain based on the novelty and complexity of the 

task.  The result of increase in change in HbT during both dot placement coarser and finer 

motor control tasks shows greater increase in relative change in HbT in pre frontal than 

the anterior frontal region.  It was also observed that as the complexity of tasks increases 

both the left and right pre frontal cortical region of brain plays dominant role in 

processing the stimuli. Thus the pre and anterior frontal region of the brain which 

controls the planning and execution of motor skills task respond differently for each 

stimulus, based on the novelty and complexity of the task. 

 

10.5 Conclusion 

Near infrared spectroscopy was used to investigate the relative change in HbT, functional 

connectivity and lateralization in the pre and anterior frontal region of brain in response 
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to three different planning and execution of motor skills paradigm. First paradigm called 

as dot placement coarser motor control consists of four different stimuli namely DP-C, 

R1, DP-CB and R2. During task DP-C participants placed dots in the center of four 

circles printed on the four corner of A4 sheet in a sequential order called task and during 

task DP-CB participants performed the task similar to task DP-C but while balancing a 

beaker on the hand. R1 and R2 were the two rest periods at the end of each task DP-C 

and DP-CB, respectively. Second paradigm called as dot placement finer motor control 

also consisted of four different stimuli namely DP-F, R1, DP-FB and R2. The second 

paradigm was similar to first paradigm except the size of circle of in which the 

participants placed the dot. The size of the circle used in dot placement finer motor 

control task was smaller than the size of the circle of used in dot placement coarser motor 

control task.  The rationale behind such a paradigm was to investigate the relative change 

in HbT in pre and anterior frontal region in response to similar task of different 

complexity level. Third paradigm called as ball throws consisted of throwing balls in a 

container placed at a distance of 4 feet from the participants.  

The result of change in HbT shows that there was an increase in change in HbT in the pre 

and anterior frontal region of brain during tasks DP-C, DP-CB, DP-F and DP-FB of dot 

placement with coarser and finer motor control paradigms. The increase in change in 

HbT in the pre frontal region was greater than the increase in HbT in the anterior frontal 

region for both the dot placement with coarser and finer motor control paradigms. The 

increase in the change in HbT during dot placement finer motor control was greater than 

the dot placement coarser motor across any of the tasks and channels, suggesting increase 

in the cerebral blood flow to the pre and anterior frontal region. This greater increase in 
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cerebral blood flow during dot placement finer motor control was to support the 

increased metabolic activity associated with the increase in cognitive load to process the 

complex and difficult finer motor control task. The result of connectivity analysis showed 

significant synchrony in the relative change in HbT between left vs. right pre and anterior 

frontal region during any task of both the dot placement paradigms. The result of 

lateralization analysis suggests that as the task become increasingly complex both the left 

and right frontal (pre and anterior) region of the brain plays dominant role in processing 

the complex stimuli. The result of change in HbT during the ball throws paradigm was 

completely different from both the dot placement paradigms where a decrease in HbT 

was observed instead of the increase observed during the dot placement paradigm.  The 

decrease in HbT during the ball throw task was not significantly different from the rest 

period suggesting the failure of the ball throw tasks to elicit any significant change in 

blood flow in the pre and anterior frontal region of the brain. 

Thus the significance of this work is that it will help in determining the tasks to be 

included in the physical therapy regime of individuals with CP, which can maximally 

activate the frontal cortical regions of individuals with CP. 
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CHAPTER 11. Study 3c: Simultaneous NIRS and Kinematics Study of Planning and 

Execution of Motor Skills (Single Wavelength Study) 

The studies described in chapters 9 and 10 demonstrated the response of the frontal 

cortex of controls in response to planning and execution of motor skills. The goals of 

these studies are to design experimental paradigms to investigate the response of planning 

and execution of motor skill in individuals with cerebral palsy to help in their 

rehabilitation.  Thus it is imperative to investigate both the response of the brain as well 

as the movement of the arm of the participants as they are performing the task. Hence a 

study was designed to simultaneously investigate the response of the brain and the 

movement of the arm as the participants performs the planning and execution of motor 

skills.  This work was published in the conference proceeding of SPIE 2013. (Ujwal 

Chaudhary, Bryant Thompson, Jean Gonzalez, Young-Jin Jung, Jennifer Davis, Patricia 

Gonzalez, Kyle Rice, Martha Bloyer, Leonard Elbaum, Anuradha Godavarty, 

“Simultaneous NIRS and kinematics study of planning and execution of motor skill task: 

towards cerebral palsy rehabilitation”, SPIE Photonics West Bios, San Francisco, CA, 

Feb. 2-7, 2013). 

11.1 Introduction 

Individuals with cerebral palsy often have motor impairment and research have shown 

that individuals with CP who participate in physical therapy programs generally 

demonstrate some degree of decreased motor impairment and functional improvement. 

Therefore, activities to include in physical therapy programs for any given person with 

CP, (or for adults with acquired brain lesions, might best be chosen based on the 
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magnitude, duration, and location of CNS activation they engender, with the assumption 

that these activations will facilitate plastic changes within the CNS that will ultimately 

yield the best possible functional outcomes.  Unfortunately, the current understanding of 

the relationships between neural plasticity, neural activation, and specific motor activities 

are quite limited.  In order to better understand these relationships, many researchers have 

implemented neural imaging before, after, and/or in synchrony with motor activities in 

non-disabled individuals as well as in individuals with CP.  NIRS neuroimaging 

technique has several advantages as described in section 2.4 which makes it a reliable 

tool to investigate the response of brain during a motor activity performed by 

participants.  Therefore, in the present study NIRS neuroimaging technique in 

conjunction with motion capture system was used to simultaneously investigate the 

correlation between the brain’s planning and execution activity during and with arm 

movement in healthy individuals. The significance of this work is that is lays the 

foundation for the use of simultaneous NIRS and motion capture study towards 

investigation of the difference if any in planning and execution of simple motor tasks in 

controls, such that it can be developed as a reliable tool to aid in the rehabilitation of 

individuals with CP.   

11.2 Materials and methods 

11.2.1 Instrumentation 

11.2.1.1 NIRS system 

An in-house developed continuous-wave (CW) NIR spectroscopy (NIRS) system as 

described in section 3.2 was used for the study.  During this study the output optical 
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11.2.2 Participants 

Ten healthy right-handed adults between 18-25 years of age were enrolled for the current 

study.  The study was performed at the Optical Imaging Laboratory of Florida 

International University (Miami FL).  The participants conveyed their handedness based 

on the dominant use of their particular hand. This study was FIU-IRB approved and 

written consent(s) were obtained from the participants. 

11.2.3 Experimental design and protocol 

During the study the retro-reflective markers were placed on both the arms and index 

finger of the participants and the custom-built optical cap was placed on the frontal 

region of their head (with minimal hair interference).  The complete experimental set up 

during the study is shown in Figure 11.2 and the visual 3D representation of the 

placement of the retro-reflective marker on both the arm of the participants is shown in 

Figure 11.3.  The participants were seated in a comfortable upright chair (in a quiet room) 

in front a table with an A4 sheet  fastened to the table within reaching distance of the 

subjects’ hand. The A4 sheet consists of circular ring (1” in diameter) drawn on its four 

corner with the retro-reflective marker placed in the center of each circle.  The paradigm 

used during the study consists of 5 blocks of two 30-second stimuli, namely the target 

touching (TT) and rest (R).  Prior to the block-designed paradigm, an initial 30-sec rest 

period was employed to bring the brain activity of the human participants to the baseline. 

During the target touching (TT) stimuli the participants were asked to touch the center of 

four circles as fast and as precisely as they can in such a way that their touching pattern 
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The participants performed the task with both of their hand, first with dominant hand and 

then with non-dominant hand.  The motion of the arm of the participants during the study 

was visualized in real-time in 3-D using the QTM (Qualyis Track Manager) software of 

the Qualysis motion capture system. 

11.3 Data analysis 

11.3.1 NIRS signal analysis 

The in-house developed CW NIRS system used for this study employed 785 nm (close to 

isosbestic point (Chance et al., 1988) wavelength of NIR light, which provides 

information about the change in total hemoglobin concentration (HbT). The acquired 

optical signal was processed as descried in section 4.4 to calculate the change in HbT.   

The averaged change in HbT from each participant was further averaged across all 

participants in order to obtain grand averaged change in HbT for each stimulus.  The 

details of the post-processing steps employed are described elsewhere.  Prior to averaging 

the change in optical density across all the participants the mean and standard deviation 

of the change in optical density across each participant was computed to ascertain the 

consistency of the data. The grand averaged change in HbT was further used to elucidate 

1) change in total hemoglobin (HbT), 2) functional connectivity analysis, and 3) 

lateralization analysis. 

11.3.1.1 Change in total hemoglobin 

The change in total hemoglobin study was performed to elucidate the differences in HbT 

as a function of time, in the frontal cortex in response to the planning and execution of 

motor skills based stimuli. The entire window of 30 sec for each stimulus was used to 
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plot the averaged relative change in HbT plot with respect to time for Fp1-Fpz and Fp2-

Fpz source–detector pair or channel (Ch.).  Preliminary studies were carried out by using 

a smaller window (10 sec, 15 sec, and 20 sec) of the entire 30 sec window of the stimulus 

in order to observe if the contrast in the stimuli was any different. Using the averaged 

HbT data, paired t-tests (p= 0.05) was performed for each individual channel (Ch.) 

between task (TT) and rest (R) period. The change in HbT obtained from each participant 

during the five blocks of the stimuli was also plotted for each source-detector pair, both 

for the task performed using non-dominant and dominant hand.  The change in HbT 

across a particular block of task stimuli was quantified by computing the total change in 

HbT for the central 20 sec period of each 30 sec and also by changing the window size to 

15 sec and 25 sec stimulus.  It was observed that changing the window size did not 

change the result hence in this study the results using the 20 sec window have been 

presented. 

11.3.1.2 Functional Connectivity Analysis 

In the present study, functional brain connectivity was performed to characterize the 

ways in which the left and right frontal cortex was functionally integrated or works in 

synchrony in response to planning and execution of motor skill stimuli.  This study was 

carried out by computing zero lagged correlation (as described in section 4.5) to elucidate 

the correlation and synchrony in the hemodynamic response and hence the connectivity 

in the neuronal circuit between the left and right frontal cortex. 
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11.3.1.3 Cortical lateralization 

Cortical lateralization study was performed to understand the hemispherical dominance 

of the planning and execution task in the frontal cortex and its variation across the stimuli 

for each participant type.  The laterality index was computed for left vs. right frontal 

cortex for each stimulus (T and R) using the relative change in HbT obtained from the 

channels: Fp1-Fpz vs. Fp2-Fpz (see Figure 9.1), as described in section 4.7.   

11.3.2 Kinematics data analysis 

The motion data acquired were exported to Visual 3D (v4.90, C-Motion, Inc., 

Germantown, Maryland) to calculate position of the index fingertip during the target 

touching task.  Kinematic data were filtered with a 4th order single low-pass Butterworth 

filter with a cut-off frequency of 12 Hz.  The x and y coordinates were extracted from all 

the participants except the participant number 5 and 6 because of the poor resolution of 

the recorded motion data. The x and y coordinates were used to calculate the change in 

relative distance of each touch from the origin (the left most bottom corner) of the A4 

sheet, using the distance formula. Hence forth the total number of touches performed by 

each participant across the five blocks of target touching stimulus was calculated and 

averaged to obtain the average number of touches performed by each participant. 

11.4 Results 

11.4.1 NIRS data results 

11.4.1.1 Change in HbT 

The averaged change in HbT across all the participants in response to planning and 

execution of motor skill task performed via both dominant and non-dominant hand is 
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shown in Figure 11.5. The Figure 11.5A and 11.5B corresponds to the averaged change 

in HbT for the tasks performed by participants using their non-dominant and dominant 

hand, respectively. It can be observed from the averaged change in HbT increases during 

task (TT) which gradually decrease during the rest period, both for the task performed 

using non-dominant and dominant hand. The results of paired t-test between task (TT) 

and rest (R) indicated significant difference between task (TT) and rest (R) at a 

significance level of 0.05, both for the task performed using non-dominant and dominant 

hand. The rest period (R) has a non-zero signal initially which tapers to a zero-signal (i.e. 

initial baseline at the beginning of the block) by the end of the rest period.  The initial 

non-zero condition is because the effect of any stimuli continues in terms of the changes 

in the cerebral blood volume for a few seconds after the stimulus ends.  Hence, the 

change in HbT in response to the rest condition begins with a non-zero signal and 

eventually tapers to a zero-signal as seen from Figure 11.5, validating the effectiveness of 

the data.   

The block wise change in HbT across the five blocks of planning and execution of motor 

skill was plotted for each participants and the change in HbT was also quantified and 

plotted as bar plot for each participants. Here in the block wise and the quantified change 

in HbT across the five blocks of planning and execution of motor skill is shown from a 

randomly chosen participant in Figure 11.6 and Figure 11.7, respectively. 
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11.4.1.2 Functional Connectivity 

The result of the functional connectivity analysis is shown by the correlation values in 

Figure 11.5.  The functional connectivity analysis result shows significant correlation in 

the change in HbT between the left and right pre-frontal channel irrespective of the 

stimuli and hand used to perform the task.   

11.4.1.3 Lateralization 

The result of the lateralization analysis is shown in Table 11.1. The lateralization analysis 

result showed bilateral activation between the left and right pre-frontal channel during the 

task and rest whether the participants performed the task with their dominant (right) hand 

or non-dominant (left) hand.  The observance of bilateral dominance during Rest task is 

similar to the finding from previous fMRI study, performed by Salvador et al. (Salvador 

et al, 2005) on 5 healthy subjects during resting state, where significant coherence and 

hence bilateral activation (no dominance) was observed in superior frontal gyrus 

dorsolateral and medial.  

Thus over all, the averaged change in HbT across all the participants shows that the 

change in HbT increases rapidly at the onset of the task period and remains at an elevated 

level until the end of task period. The change in HbT then starts to decrease gradually at 

the onset of the rest and reaches the baseline by the end of the rest. The significant 

increase in HbT during target touching demonstrates the increase in blood flow to the 

prefrontal region of the brain to support cognitive load during planning and execution of 

motor skill task.  The left and right prefrontal region of brain worked in synchrony to 

process the planning and execution of motor skill stimuli and both the regions were non-
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Row No. 

 

Task Handedness 

Dominance 

Target Touching Rest 

(A) Dominant hand  0.18 (Bilateral) 0.10 (Bilateral) 

(B) Non-dominant hand  0.05  (Bilateral) 0.018 (Bilateral) 
 

Table 11.1: Pre frontal cortical lateralization or dominance (averaged across all 
participants) in response to planning and execution of motor skill task and rest task in 
healthy adults. 

 

11.4.2 Kinematics data results 

The result from the motion capture system showing the total number of touches 

performed by each participant using their dominant and non-dominant hand is shown by 

the bar plot in Figure 11.8.  It can be seen from Figure 11.8 that different participants 

performed different number of touches using their left and right hand. The number of 

touches performed by the right handed participants using their right (or dominant) hand 

was greater than the number of touches performed using their left (or non-dominant) 

hand except participant 8 and 10, where the trend was vice-versa..  To correlate the 

change in HbT due to the number of touches performed by each participant the number of 

touches performed by each participant during each block of the task was also plotted. The 

participant whose block wise data was plotted and quantified, his/her kinematics data was 

also plotted block wise as shown in Figure 11.9.  
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The block wise analysis of number of touches performed by each participant during each 

block of the target touching task revealed two different kind of touch pattern. It was 

observed that 50% of the participants on the average performed similar number of 

touches across the five blocks of tasks with standard deviation very less than the average 

number of touches (both with their dominant and non-dominant hand). The other 50% of 

the participants performed increasingly greater number of touches as the block progresses 

and the standard deviation of the number of touches performed across the block was 

comparable to the average number of touches performed (both with their dominant and 

non-dominant hand).  Similarly, the block wise analysis of relative change in HbT in the 

prefrontal region also revealed two different kind of pattern of relative change in HbT.  It 

was observed that in 50% of the participants the extent of increase in HbT gradually 

dropped while in another 50% it either remained same or increased as the block 

progresses (both for the task performed with their dominant and non-dominant hand).  

The comparison of block wise number of touches performed by participants and the 

change in HbT in the prefrontal region of the participants showed that when the 

participants performed similar number of touches across the block, the change in HbT 

decreases as the block progresses. While the change in HbT remained same or increased 

in the prefrontal region of participants who performed increasingly greater number of 

touches as the block progressed.  Thus the combined analysis of relative change in HbT 

in the prefrontal region of the brain of the participant as they performed the target 

touching tasks suggests two different phenomena. Firstly, if the prefrontal region of the 

brain processes similar stimulus, without any change in the intensity of the task 
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performed, as time passes the change in HbT in the prefrontal region decreases. This 

decrease in the change in HbT may be due to decrease in the cognitive load required to 

perform the task as the participants performs the same task without any change in the 

rigor or intensity of the task.  Secondly, if the prefrontal region of the brain processes 

stimuli which gradually increases in intensity as the time passes then the change in HbT 

also increases gradually. This gradual increase in change in HbT may be due to increase 

in cognitive load associated with the increase in intensity of task performed by the 

participants.  Thus this preliminary result gives an insight into the processing of planning 

and execution of motor skills stimuli by the prefrontal region of brain wherein if the 

intensity of task performed remained the same the hemodynamic activity evoked in 

response to that task decreases.  However, if the intensity of task increases then the 

hemodynamic activity associated with the task also increases.  

11.5 Conclusion 

Motor skill task was performed by right handed healthy adults, and the NIRS and motion 

capture system were simultaneously used in order to correlate the brain’s planning and 

execution activity during and with arm movement. The preliminary results show 

differences, in terms of change in HbT, between target touching and rest in healthy 

adults.  The result also demonstrate the plastic and learning behavior of brain wherein if 

the number of touches performed across the block remained the same then the change in 

HbT decreases in the prefrontal region of brain.  On the contrary, if the number of the 

touches performed by the participant increases gradually then the change in HbT either 

remains same or increase gradually in the prefrontal region of brain. 
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The main aim of the present work is to demonstrate the feasibility and importance of 

simultaneous NIRS and motion capture study towards investigation of the differences if 

any in planning and execution of simple motor tasks in controls, such that it can be 

developed as a reliable tool to aid in the rehabilitation of individuals with CP.  The 

present ongoing work is to apply simultaneous NIRS (dual wavelength based system) and 

motion capture system to elucidate the correlation (if any) between brain’s planning and 

execution activity during and with arm movement in subjects with cerebral palsy. The 

combined NIRS and kinematics study can be synchronized for a better understanding and 

intervention options offered to CP subjects, by physical therapists. The significance of 

our result is that in the long term it has the potential to help in designing treatment 

strategies to augment the rehabilitation of individuals with CP. 
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CHAPTER 12. Study 3d: Hemodynamic Response Measurement of Simultaneous NIRS 

and Kinematics Study of Planning and Execution of Motor Skills 

 
The simultaneous NIRS and kinematics study described in chapter 11 was performed 

using a single wavelength based NIRS system which only elucidates the change in HbT 

(total hemoglobin).  Moreover the change in HbT in the pre frontal region of brain was 

investigated in response to target touching task performed using index finger.  In this 

chapter the hemodynamic response function or the change in HbO, HbR and HbT both in 

the pre and anterior frontal region of brain was investigated in response to two different 

variant of target touching task i.e. with index finger and with pen. 

12.1 Introduction 

Individuals with cerebral palsy often has problem with planning and execution of motor 

skill stimuli.  The current state of art in the field of physical therapy of individuals with 

CP is that they are trained in certain motor task to help them in their everyday activity. If 

the activation in the brain of individuals with CP can be monitored during their training 

routine then an effective and customized training routine can be designed for them based 

on their brain activation pattern.  The frontal region of the brain plays a dominant role in 

planning and execution of motor skill stimuli which can be easily investigated using 

NIRS. The investigation of frontal region of brain along with the monitoring of the 

kinematics of arm will help in better understanding the effect of training on the brain’s 

response in conjunction with the measurement of the kinematics of muscle movement. 

The combined NIRS and kinematics study can be synchronized for a better understanding 

and intervention options offered to CP subjects, by physical therapists.  Thus in the 
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current study hemodynamic response function of the frontal region of brain was 

investigated along with the motion of the hand in response to planning and execution of 

motor skill stimuli.  The significance of our result is that in the long term it has the 

potential to help in designing treatment strategies to augment the rehabilitation of 

individuals with CP, using both kinematics of the arm movement and the brain activation, 

determined using NIRS, associated with arm movement. 

 
12.2 Materials and methods 

12.2.1 NIRS Instrument 

In the current study, the frontal cortex of the brain was imaged using an in-house 

developed continuous wave based NIRS system with dual wavelength light sources, 

described in section 3.3.  During this study 2 laser diodes sources (at each wavelength, 

690 and 830 nm) and 4 detector fiber bundles were used. The source-detector layout 

(based on the 10-20 electrode placement) on the pre- and anterior frontal cortex is 

schematically shown in Figure 12.1.  During this study the output optical power of the 

laser diodes was 3.5 mW and a custom-built “optical cap” was used to hold the source 

and detector fibers in place during the imaging studies.  Optical signals were acquired in 

real-time (at 2 Hz) from each source –detector pair or channel (Ch.), in response to the 

stimuli presented (described in Section 12.2.3) using the WinView software package of 

the instrument.   The sources and detectors were placed on the frontal region of the brain 

as it plays a dominant role in planning and execution of motor tasks (Duncan & Owen, 

2000; Faw, 2003). 
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During rest (R) the participants were asked to close their eyes and try not to think 

anything. The participants performed the target touching task with the index finger of 

their hand, first with dominant hand and then with their non-dominant hand.  

12.2.3.2 Paradigm 2: Target touching with pen 

The paradigm 2 is similar to paradigm 1 except that the participants performed the target 

touching task with pen in their hand.  The participants again performed the target 

touching task with pen in their hand, first with dominant hand and then with non-

dominant hand.  The motion of the hand of the participants during the study was recorded 

using the Logitech webcam. 

12.3 Data analysis 

12.3.1 Optical Data Analysis 

The in-house developed continuous wave based NIRS system with dual wavelength light 

sources acquires the attenuated light intensity of two different wavelength which is 

quantified to elucidate the hemodynamic responses (HbO, HbR and HbT) across each 

source-detector pair (or channel).  The optical data was post processed to obtain averaged 

HRF data as described in section 4.4. The HbO, HbR, and HbT data was further averaged 

over all the 13 participants and 2 repetitions in each participant (i.e. 13 participants × 2 

repetitions = 26 trials).  The averaged HRF data (HbO, HbR and HbT) was across the 60-

sec block, consisting of T and R task (30-sec each).  The 0 - 30 sec period corresponded 

to target touching task and 30 - 60 sec to the rest period.  Prior to averaging the 

hemodynamic responses (HbO, HbR, and HbT) across all trials, the mean and standard 

deviation across trials was evaluated in order to assess the consistency in the responses 
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across participants and repetitions. The data is shown in Appendix A.8.  Three different 

studies were performed on the processed hemodynamic response data, which include: (i) 

activation, (ii) connectivity, and (iii) cortical lateralization study. 

12.3.1.1 Study 1-Activation  

Brain activation study (as described in section 4.4) was performed to elucidate the 

differences in the hemodynamic response (HbO, HbR and HbT) as a function of time, in 

the frontal cortex and in response to the target touching task (T) and rest period (R) of 

paradigm 1 and 2. 

12.3.1.2 Study 2- Connectivity  

In the present study, functional brain connectivity was performed to characterize the 

ways in which the left and right frontal cortex was functionally integrated or works in 

synchrony in response to planning and execution of motor skills stimuli.  This study is 

carried out by computing zero lagged correlation (as described in section 4.5) to elucidate 

the correlation and synchrony in the hemodynamic response and hence the connectivity 

in the neuronal circuit between the left and right frontal cortex.  Correlation calculations 

were performed between left vs. right frontal cortex for each stimulus (target touching 

and rest) of paradigm1 and 2 using the HRFs (HbO, HbR and HbT) data obtained from 

the following channels combinations: Ch.2 vs. Ch.1 and Ch.4 vs. Ch.3.  The results of the 

connectivity study are depicted as histogram plots. 

12.3.1.3 Study 3- Cortical Lateralization  

Cortical lateralization study is performed to understand the hemispherical dominance of 

the language in the frontal cortex and its variation across the stimuli.  The laterality index 
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was computed (as described in section 4.7) between left vs. right frontal cortex for each 

stimuli (target touching and rest) of paradigm1 and 2 using the HbT data obtained from 

channels combination (Ch.2 vs. Ch.1 and Ch.4 vs. Ch.3).  

12.3.2 Kinematics Data Analysis 

The motion of the hand recorded during the task was analyzed to determine the number 

of touches performed by each participant. The number of touches performed by each 

participant during each block of the target touching task was counted and averaged across 

the five blocks of target touching task to determine the average number of touches 

performed by each participant during paradigm 1 and 2. 

12.4 Results and discussion 

12.4.1 Paradigm 1: Target touching with finger 

12.4.1.1 Study1: Activation  

The brain activation in response to target touching task performed with the dominant and 

non-dominant hand’s index finger is plotted, as shown in Figure 12.3 and 12.4, in terms 

of the averaged relative HbO, HbR and HbT changes across each stimulus (target 

touching and rest) and each channel.   

It can be observed from the averaged HRF (HbO, HbR and HbT) plots that the extent of 

activation in terms of HbO and HbT was different between the target touching and rest, 

for the task performed using both the dominant and non-dominant hand, only in the 

prefrontal region and also from the result of paired t-test at p-value < 0.05 (see Table 

12.1A).  There was no significant difference in activation in terms of HbO, HbR and HbT 

between the target touching and rest in the anterior frontal region of brain from the result 
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using near infrared spectroscopy.  The change in activation, functional connectivity and 

lateralization in the pre and anterior frontal region of brain in response to two different 

planning and execution of motor skills paradigms was demonstrated.  The activation 

results indicate increase in the change in HbO and HbT only in the pre frontal cortex for 

the target touching performed using index finger and with pen, for both using both 

dominant and non-dominant hand, which returned to baseline by the end of rest period. 

There was no significant difference in activation between the target touching performed 

using index finger and with pen and rest period, for both using both dominant and non-

dominant hand.  There was significant correlation in the activity of left vs. right pre and 

anterior frontal region of brain in response to target touching performed using index 

finger and with pen, for both using both dominant and non-dominant hand, as well as 

during the rest period.  Bilateral activation (no dominance) and contralateral dominance 

was observed in the pre and anterior frontal region of brain, respectively in response to 

target touching performed using index finger and with pen, for both using both dominant 

and non-dominant hand.  

The future work is to implement the developed NIRS instrument as well as the designed 

planning and execution of motor skill stimuli to investigate both the frontal cortex and 

motor cortex of individuals with CP along with kinematics study, with the future 

application towards their rehabilitation. 
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CHAPTER 13. Conclusion and Future Work 

During my doctoral work near infrared spectroscopic imaging of the brain was performed 

in response to language, joint attention and planning and execution of motor skill stimuli 

with the future application towards epilepsy, autism and cerebral palsy research, 

respectively.  Near infrared spectroscopy (NIRS) of the brain in response to language and 

joint attention stimuli were performed using commercial NIRS system, Imagent, while 

NIRS of the brain in response to planning and execution of motor skill stimuli was 

performed using in-house developed NIRS system.  The NIRS studies of planning and 

execution of motor skill stimuli was also performed in conjunction with kinematics study 

to simultaneously investigate the response of the frontal cortex and the motion of the 

hand. The significance of the language studies forms the foundation for the application of 

NIRS towards uncovering the vast language network present in the brain via investigation 

of activation, functional connectivity, effective connectivity and lateralization across 

frontal and fronto-temporal regions of the brain in response to language stimuli.  These 

studies potentially lays the foundation in applying NIRS towards investigation of 

language functions in various neurological disorders (e.g. epileptic, schizophrenic and 

aphasic populations), where abnormality in the language processing is found.  The joint 

attention studies have the potential to differentiate the two groups of children (typically 

developing and children with aurism) by understanding the differences in the 

hemodynamic responses across the subject groups along with the differences in the 

functional connectivity and cortical lateralization. This in turn may have a significant 

impact in early stage diagnostic intervention of autism from NIRS studies in much 

younger children (< 3 years of age) versus psychological assessments on children, which 
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is feasible only for children above 3 years of age. The NIRS studies of planning and 

execution of motor skills helped determine the feasibility as well as the type of planning 

and execution of motor skill stimuli to be used to investigate the frontal cortex of 

individuals with cerebral palsy. The current state of art in the field of physical therapy of 

individuals with cerebral palsy is that, they are trained in certain motor task to help them 

in their everyday activity. If the activation in the brain of individuals with CP can be 

monitored during their training routine then an effective and customized training routine 

can be designed for them based on their brain activation pattern. Hence a simultaneous 

NIRS of brain and kinematics were performed to investigate both the kinematics of the 

arm and the response of the frontal and motor region of the brain in response to the 

planning and execution of motor skill tasks. The significance of the simultaneous NIRS 

and kinematics studies is that it demonstrated the feasibility and importance of 

simultaneous NIRS and kinematics study towards investigation of the differences if any 

in planning and execution of simple motor tasks, such that it can be developed as a 

reliable tool to aid in the rehabilitation of individual with cerebral palsy.   

13.1  Ongoing and future work 

The work performed during my doctoral work addressed three major aspects of near 

infrared spectroscopy of brain. The first aspect was development of NIRS instrument to 

perform NIRS of brain. The second aspect was the development of techniques and 

software to process the neuro-optical data acquired from the different region of brain in 

response to different stimuli. The third aspect was to use the developed NIRS instrument 

and data processing technique to investigate the different regions of brain of healthy 
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participants in response to three different stimuli namely, language, joint attention and 

planning and execution of motor skill stimuli. Thus the immediate future work to address 

each aspect of my doctoral work is divided in three major categories as described below: 

13.1.1 Instrumentation 

The NIRS instrument developed during my doctoral work has three pair of sources (3 of 

830 nm laser source and 3 of 690 nm laser source) and eight detector fiber bundle. The 

immediate future work according to me on the instrumentation side is to increase the 

number of sources and detectors and design optical caps capable of holding the increased 

number of sources and detectors to enable NIRS of larger region of brain.  The current in-

house developed NIRS system is designed in such a way that the number of sources and 

detectors can be easily increased.  The number of sources can be increased to any number 

of sources required to cover larger of brain but the number of detector can only be 

increased up to 16 detector fiber bundles, limited by the size of the c-mount which 

couples with the face of ICCD camera.  Thus upon increasing the number of sources and 

detectors the in-house developed NIRS system will be capable of performing high density 

real time dynamic imaging of larger brain area which would result in better brain 

activation localization.  

13.1.2 Data processing techniques 

The neuro-optical data acquired from the different regions of brain were processed offline 

using custom developed Matlab based software. There is a need to develop software to 

perform real time online processing of neuro-optical data to enable online monitoring of 

changes in the brain in response to the stimuli being processed by the underlying cortical 
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region of the brain.  The online monitoring will enable researchers to assess and make 

changes in the stimuli attended by the participants on the go during the study thereby 

making NIRS of the brain interactive with feedback.  During my doctoral work I 

employed mathematical model based on granger causality approach to explicate the 

directional flow in the regions of brain in response to language stimuli. The neuro-optical 

which is acquired from different regions of brain is complex data, which contains 

different information pertaining to the activity in the brain.  Hence there is also a need to 

develop other mathematical models to decipher the complex neuro-optical data. The 

different mathematical models which can be applied to decode the information contained 

in the neuro-optical data are dynamic causal model, entropy, psycho-physiological 

interaction, coherence, partial coherence and mutual information among several other 

methods.  

13.1.3 Participants recruitment 

The NIRS of brain studies which I performed during my doctoral work in response to 

language, joint attention and planning and execution of motor skill stimuli were mainly 

performed on healthy participants. The NIRS of brain studies were also performed very 

preliminarily on children with autism and individuals with cerebral palsy in response to 

joint attention and planning and execution of motor skills stimuli, respectively.  

Thus the ongoing effort in the NIRS study of joint attention skill is to recruit more 

typically developing children and children with autism to statistically validate the result 

obtained from the preliminary study as described in chapter 8.  The next step to the 

current research will be to carry out NIRS-based imaging studies in typically developing 
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and children with autism, in response to different socio-communicative tasks.  

Understanding the differences in the hemodynamic responses across the subject groups 

along with the differences in the functional connectivity and cortical lateralization will 

have potential to differentiate the two groups of children.  This in turn may have a 

significant impact in early stage diagnostic intervention of autism from NIRS studies in 

much younger children (< 3 years of age) versus psychological assessments on children, 

which is feasible only for children above 3 years of age. 

The future work in the NIRS study of planning and execution of motor skill stimuli is to 

recruit more individuals with CP and controls to investigate the effect of training on the 

brain’s response in conjunction with the measurement of the kinematics of muscle 

movement. The planning and execution of motor skill stimuli will also be used to 

investigate the motor regions of brain along with the frontal region of brain. The 

combined NIRS and kinematics study can be synchronized for a better understanding and 

intervention options offered to CP subjects, by physical therapists. The significance of 

this study is that in the long term it has the potential to help in designing treatment 

strategies to augment the rehabilitation of individuals with CP, using both kinematics of 

the arm movement and the brain activation, determined using NIRS, associated with arm 

movement. 

13.2 Challenges and recommendation  

 Several challenges were encountered and lessons were learned throughout the 

dissertation process.  One lesson is the importance of maintaining a systematic 

experimental approach at every stage in the research.  If a new instrument is developed it 
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can be tempting to immediately try it to perform the studies on human participants 

without systematically testing every aspect of the instrument. However, any new 

instrument must be systematically tested in incremental stage in order to be confident that 

the data recorded truly represents the activity of the brain.  During the modification and 

adaptation of optical mammography system to perform NIRS of brain, I gained 

experience in instrument development. The development of instrument can be a strenuous 

process as it is challenging to choose the right component to develop the instrument and 

then wait for weeks for the delivery of components. Instrument development was just one 

jigsaw of a big puzzle as near infrared spectroscopy of brain is riddled with several 

challenges like the recruitment and accurate placement of optical cap on the head of 

participants. The most forbidding challenge is to recruit neurologically challenged 

participants i.e. the children with autism and individuals with cerebral palsy. Even though 

it was not so difficult to recruit healthy participants it required careful maneuvering to 

place the optical cap on the head of the participants with minimal hair interference. The 

task of placing the optical cap on the head of the participants became even more 

challenging if the participants were either children with autism or individuals with 

cerebral palsy. The accurate placement of the optical cap on the head of participants 

requires patience, practice and knowledge of the region of brain. Thus it is important to 

understand the anatomy of brain and gain expertise in accurate and efficient placement of 

optical cap on participants head. The scientific challenges are sometimes surpassed by the 

challenge of collaborating with other institutions to recruit neurologically challenged 

participants. 
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 Several major lessons were learned during this process like although the participants are 

asked to remain still during the imaging procedure; there will inevitably be some 

movement which can impact the results.  The study must be performed efficiently within 

a stipulated time frame to keep the participants motivated and not to waste their time. 

Another lesson is that the behavioral conduct of the researchers performing the 

experiment must be formal; they must exhibit friendly behavior and never coerce the 

participants if they do not want to continue with the study. It is also imperative to 

understand the condition of the participants and address any of their qualms regarding the 

procedure followed during the study. It is also important to maintain awareness of the 

challenges faced by the neurologically challenged participants and never laugh on and 

make fun of their condition.  Written consent must be taken by the participants before the 

study, the study should be clearly described to them and their concerns and questions 

should be addressed properly.  It must be kept in mind that the participant’s information 

is confidential and it must be never disclosed to person not involved in the study. The 

identity of the subject should not be associated with the data collected, and the medical 

records must be kept locked to protect the privacy of the subject. The lessons learned 

during the dissertation process will be incorporated in the ongoing and future near 

infrared spectroscopy study on neurologically challenged participants using the 

developed NIRS system.  These studies will help make NIRS a reliable tool to investigate 

the underlying neural basis of a neurological disorder in the clinical settings.  
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