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ABSTRACT

SUBBAND FILTERING OF FNIRS DATA FROM
SCHIZOPHRENIC SUBJECTS

Schizophrenia is a neurological disorder and typically persists for a life. Inves-
tigation of the cerebral hemodynamics of schizophrenic patients with a rapid, non-
invasive and precise technique is required to improve the prognosis and guide thera-

peutic interventions.

Functional Near-Infrared Spectroscopy (fNIRS) is a non-invasive brain imaging
technique measuring the changes in oxy-hemoglobin and deoxy-hemoglobin particularly

in prefrontal cortex.

In this study, fNIRS was used during a Stroop task to investigate the differences
in oscillatory dynamics between schizophrenic patients and control subjects. Spectral
analysis and dyadic wavelet transform were employed to quantify the degree of loss of
cerebral activation and to localize the major areas of loss of activation in the prefrontal

cortex.

In this study, it was found that specific brain areas are responsible for generating
specific oscillatory patterns and energies of these patterns are significantly reduced in

schizophrenic patients.

Keywords: Schizophrenia, Functional Near Infrared Spectroscopy (fNIRS), Spectral
Analysis, Wavelet Decomposition, Stroop Task.



OZET

SIZOFREN DENEKLERDEN ALINAN ISLEVSEL YAKIN
KIZILOTESI SPEKTROSKOPI VERILERININ ALTBAND
FILTRELENMESI

Sizofreni sinirbilimsel bir bozukluktur ve genelde hayat boyunca devam eder.
Sizofreni hastalarinin beyinsel hemodinamiklerinin hizli, noninvazif ve keskin sonuclar
veren bir teknikle incelenmesi, hastaligin tahmini ve tedavi edici miidahalelerde bu-

lunma agisindan gereklidir.

Islevsel yakin kizil 6tesi spektroskopi, ozellikle prefrontal korteksteki oksijenli
hemoglobin ve oksijensiz hemoglobin miktarindaki degisimleri 6l¢gmek icin kullanilan

noninvazif beyin goriintiileme teknigidir.

Bu calismada, sizofren ve saglikli deneklerin, salinimsal dinamik farklarini in-
celemek icin iglevsel yakin kizil 6tesi spektroskopi ve Stroop test kullanilmigtir. Beyin-
sel aktivasyon kayiplarinin derecesini ve bu kayiplarin prefrontal korteksteki basglica
bolgelerin yerini belirlemek icin spektral ¢éziimleme ve dalgacik ayrigmasi teknikleri

kullanilmigtir.

Bu ¢aligmada, beyindeki belli bolgelerin 6zgiil salinimsal paternler iirettigi ve

bu paternlerin enerjisinin sizofren hastalarda daha diisiik oldugu bulunmustur.

Anahtar Sozciikler: Sizofreni, Islevsel Yakin Kizil Otesi Spektroskopi, Spektral
Coztimleme, Dalgacik Ayrigsmasi, Stroop Test.
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1. INTRODUCTION

Schizophrenia is characterized by a loss of contact with reality and a disrup-
tion of thought, perception, mood, and movement. The disorder typically becomes
apparent during adolescence or early adulthood and usually persists for life. The
name, introduced in 1911 by Swiss psychiatrist Eugen Bleuler, roughly means "divided
mind", because of his observation that many patients seemed to oscillate between nor-
mal and anormal states. There are, however, many variations in the manifestations of
schizophrenia, including those that show a steadily deteriorating course. Indeed, it is

still not clear whether what is called schizophrenia is a single disease or several [1].

Computerized tomography, magnetic resonance imaging, and cerebral blood flow
studies have revealed that some patients with schizophrenia have one or more of four
major anatomical abnormalities. First, early in the disease there is a reduction in
the blood flow to the left globus pallidus, suggestive of a disturbance in the system
that connects the basal ganglia to the frontal lobes. Second, there appears to be a
disturbance in the frontal lobes themselves since blood flow does not increase during
tests of frontal function involving working memory, as it does in normal subjects.
Third, the cortex of the medial temporal lobe is thinner and the anterior portion of the
hippocampus is smaller than in normal people, especially on the left side, consistent
with a defect in memory. Finally, the lateral and third ventricles are enlarged and
there is widening of the sulci, especially in the thinner temporal lobe and in the frontal

lobe, reflecting a reduction in the volume of this lobe as well [2].

To date, several functional neuroimaging techniques have been tested on schizophren-
ics while they were performing several cognitive psychophysics tasks. The challenge in

all these studies has been to converge to a rapid, non-invasive and precise technique.

We have decided to apply the functional near infrared spectroscopy (fNIRS)

measurement during cognitive activity to reproduce the similar differences observed by



other modalities. Since optical imaging techniques offer rapid and non-invasive access
to brain oxygenation and blood flow, we decided to investigate the cerebral the cerebral

activation during a color-word matching Stroop task.

The problems we addressed are listed below

1. Is it possible to quantify the degree of loss of cerebral activation in schizophrenics

by NIRS?
2. Is it possible to localize the major areas of loss of activation?

3. Are there any further dynamics within these activities that might elucidate the
loss of activation and hence help us understood the pathophysiology in a more

precise manner?

1.1 Motivation and Objective

Early detection of schizophrenia and understanding its pathophysiology might
improve prognosis and guide therapeutic interventions. Hence, a rapid, non-invasive
and precise means of investigation of the cerebral dynamics of these patients is re-
quired. We have decided to use the fNIRS imaging modality during a Stroop task and
investigate the oscillatory dynamics between controls and patients. The techniques we

employed were the band pass filtering and dyadic wavelet transform.

Our results show that there are specific brain areas responsible for generating

specific oscillatory patterns and that these are significantly reduced in schizophrenics.



2. PRINCIPLES OF FUNCTIONAL NEAR INFRARED
SPECTROSCOPY

Neuroimaging is a technique used for obtaining structural and functional images

of the nervous system, i.e., the peripheral nervous system, the spinal cord and the brain.

Brain activity is associated with a number of physiological events. By using
optical techniques, two of these events can be assessed. During neural activity, ionic
fluxes across the cell’s membrane (e.g., shifts in sodium and potassium ions) result in a
change in the membrane potential. The ionic fluxes also cause changes in the magnetic
and electrical fields, which, when summed across a large number of synchronously
activated neurons, can be assessed using EEG or MEG. Neuronal activity is fueled
by glucose metabolism, so increases in neural activity result in increased glucose and
oxygen consumption from the local capillary bed. A reduction in local glucose and
oxygen stimulates the brain to increase local arteriolar vasodilation, which increases
local cerebral blood flow (CBF) and cerebral blood volume (CBV), a mechanism known
as neurovascular coupling. Over a period of several seconds, the increased CBF carries
both glucose and oxygen to the area, the latter of which is transported via oxygenated
hemoglobin in the blood. The increased oxygen transported to the area typically
exceeds the local neuronal rate of oxygen utilization, resulting in an overabundance of
cerebral blood oxygenation in active areas [3]. Although the initial increase in neural
activity is thought to result in a focal increase in deoxygenated hemoglobin in the
capillary bed as oxygen is withdrawn from the hemoglobin for use in the metabolization
of glucose, this feature of the vascular response has been much more difficult to measure,

and more controversial, than hyperoxygenation [4].

Because oxygenated and deoxygenated hemoglobin (oxy-Hb, deoxy-Hb) have
characteristic optical properties in the visible and near-infrared light range, the change
in concentration of these molecules during neurovascular coupling can be measured

using optical methods [5]. The most commonly used method of near-infrared spec-
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Figure 2.1 The absorption spectrum of chromophores [4].

troscopy measures changes in the ratio of oxy-Hb to blood volume. Most biological
tissues are relatively transparent to light in the near-infrared range between 700 - 900
nm, largely because water, a major component of most tissues, absorbs very little

energy at these wavelengths (Fig. 2.1).

However, the chromophores oxy-Hb and deoxy-Hb do absorb a fair amount of
energy in this range. As such, this spectral band is often referred to as the optical
window for the noninvasive assessment of brain activation. In optical window, light
penetrates the biological tissue such as the skull quite easily and can thus be injected
into the head. In cerebrum, near infrared light is mainly absorbed by oxy-Hb and deoxy-
Hb. The fraction of light that is not absorbed on its path within the cerebrum can in
part be detected by an optical probe when it leaves the head again. If near infrared
light is emitted from the scalp surface and the reflected light is detected in a distance
of 2-5 cm from the light source at the scalp surface again, the injected light travels in
a "banana shape" form from source to detector passing through the subjacent brain
tissue, as illustrated in Figure 2.2. From the amount of reflected(i.e, not absorbed) near
infrared light, it is now possible to calculate changes in the concentration of oxy-Hb
and deoxy-Hb in living brain tissue using a modified Beer-Lambert law (Appendix A),
employing near infrared light absorption characteristics and two wavelength absorption

data. By adding the concentration changes of oxy-Hb and deoxy-Hb, the third vascular
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Figure 2.2 Banana-shaped photon path [4].

parameter can be obtained (total hemoglobin, total-Hb), which corresponds to the

corpuscular blood volume |6, 4.

For the consideration of penetration depth of near infrared light, photon migra-
tion models predicted it to be directly proportional to the inter optode distance. There
is an agreement on the fact that when used on the scalp surface, NIRS can detect the
changes in hemoglobin concentration on the cortical surface, although the signal may

be limited to the top 2-3 mm of the cortex.

The underlying idea is that when brain activity increases within the a particular
part of the cerebral cortex, blood supply to that area increases as well, as does the
level of oxy-Hb. The consumption of oxygen during brain activity furthermore leads
to an increase in deoxygenated hemoglobin that is, however, soon compensated by the
increase in blood supply, and deoxy-Hb usually decreases as a result. In other words,
activation of a particular brain region is supposed to be reflected in an increase in
oxy-Hb and total-Hb and a corresponding decrease in deoxy-Hb. These changes in the
concentration of oxy-Hb and deoxy-Hb can now be detected by means of NIRS [6].



3. FUNCTIONAL NEUROIMAGING IN SCHIZOPHRENIA

Advances in neuroimaging technologies have greatly facilitated our understand-
ing of brain function in psychiatric and neurological disorders such as schizophrenia,
mood disorders, anxiety disorders, Alzheimer’s disease, Parkinson’s disease, epilepsy,
traumatic brain injury, and personal disorders. Neuroimaging techniques such as elec-
troencephalography (EEG), event-related brain potentials (ERPs), magnetoencephalog-
raphy (MEG), positron emission tomography (PET), single-positron emission com-
puted tomography (SPECT), and functional magnetic resonance imaging (fMRI) have
permitted significant advances in our understanding of the neurobiological substrates of
many of these brain disorders. In addition, each of the neurophysiological /neuroimaging
techniques used the study these brain processes has its own inherent limitations. In
comparison to traditional neuroimaging technologies, emerging techniques such as func-
tional near infrared spectroscopy (fNIRS) offer relatively non-invasive, safe, portable,

low-cost methods of monitoring of brain activity [7].

In addition to functional imaging studies, recent research revealed abnormalities
of various neurotransmitter systems in the prefrontal regions, such as Brodmann areas
9, 10 and 46 (Figure 3.1). Affected neurotransmitters include acetylcholine, serotonin,
glutamate, y-aminobutyric acid and choleccystokinin. Disorder of synaptic formation,
cytoarchitecture, and glial components were also suggested in the same regions. These
biochemical and morphologic changes support the role of prefrontal cortex in the patho-

physiology of schizophrenia |[8§].

Neuroimaging studies have identified schizophrenia as being associated with
dysfunction of the prefrontal cortex. The prefrontal parts play an important role in
schizophrenia. The dorsolateral prefrontal cortex is the most commonly affected pre-
frontal site (BA 46). Until recent studies, most of the studies show that the physiologic
abnormality in this brain region was seen as hypofrontality. However, hyperfrontality

in schizophrenic patients was observed in some researches. Manoach concluded that



Figure 3.1 Broadmann Areas - Sagital View.

both hypofrontality and hyperfrontality should be considered as valid and informative
reflections of prefrontal cortex dysfunction in schizophrenia [9]. Quantana et al. said
that the manifestation of the prefrontal dysfunction depends on task specifications and

effects of the task in corresponding areas [10, 11].

3.1 Functional Near Infrared Spectroscopy In Schizophrenia

Okada et al. utilized multi-channel fNIRS to investigate disturbances in inter-
hemispheric integration of brain oxygen metabolism and hemodynamics. They uti-
lized a mirror drawing task (MDT) and found that controls showed distinct and well-
integrated patterns of changes in oxy-Hb, deoxy-Hb, and total blood volume during
the MDT. In contrast, half of the patients with schizophrenia showed "dysregulated
patterns" in the frontal regions between hemispheres, such that increases in oxy-Hb
were not paralleled by decreases in deoxy-Hb. This led the authors to suggest that
certain symptoms of schizophrenia might be related to problems in interhemispheric

integration [7, 12].

Similarly, Fallgatter and Strik examined the relationship between lateralized

frontal {NIRS activation patterns during the execution of a continuous performance test



(CPT). Interestingly, they did not find any overall or hemispheric activation effects in
their cohort. However, when compared to healty controls they found group differences,
with a lateralized activation in schizophrenia. Furthermore, a trend towards higher
left relative to right oxy-Hb and deoxy-Hb ratios at rest and during activation were
observed in subjects with schizophrenia. This led the authors to suggest that there may
be a reduced specific lateralized frontal activity, possibly based on a left hemisphere

functional deficit in schizophrenia [7, 13].

Another more recent investigation has utilized frontally based tasks such as ran-
dom number generation (RNG), ruler-catching (RC), and sequential finger-to-thumb
(SFT) tasks to show that there are task dependent functional abnormalities frontal
brain metabolism in schizophrenia [8]|. Specifically, during the RNG task, total-Hb
and oxy-Hb concentrations increased and deoxy-Hb decreased, but the responses were
significantly smaller in schizophrenic patients. During RC task, oxy-Hb in patients
with schizophrenia tended to decrease, in contrast to the mostly increasing response in

control subjects. No group difference was observed during the SFT task |7, 8|.

Verbal fluency tests (VFTs) have also been utilized to clarify the nature of
language-related problems in schizophrenia. Kubota et al. found that while healthy
subjects performed both semantic and phonemic fluency equivalently, subjects with
schizophrenia showed more compromised performance in semantic VF'Ts compared to
the phonemic VFTs. FNIRS measurement revealed that the pattern of prefrontal
cortex (PFC) activation was greater during the phonemic VFT when compared to the
semantic VFT in healthy subjects, suggesting more prominent PFC involvement in
phonemic-cued retrieval. In contrast, subjects with schizophrenia showed the opposite
pattern of activation, implying that the semantic mode of lexical access might impose

greater cognitive demands on the PFC for this patient group [7, 14].

Similarly, another study also utilized VF'T to demonstrate characteristic time
courses of oxy-Hb changes in the frontal lobe for schizophrenia as compared to a sample
depressed patients [15]. Specifically, depressed patients demonstrated smaller oxy-Hb

increases during the first half of the task period, while patients with schizophrenia had



a small trough of oxy-Hb at the start of the task period and oxy-Hb reincrease in the
post-task period. The decreased oxy-Hb activation in depression was consistent with
decreased regional cerebral blood flow and metabolism in the dorsolateral prefrontal
cortex in the resting state observed in functional neuroimaging studies using other
methodologies such as PET, SPECT, and fMRI. Yet these results did not support either
the hypofrontolity [16] observed when the task performances of schizophrenic patients
are poorer, or the hyperfrontality [17] observed when the task performaces matched.
This might be related to the authors’ modification to their VET task (increased length)

due to their interest in monitoring time cource changes in blood volume |[7].

In contrast, Watanabe and Kato showed findings consistent with task dependent
functional hypofrontality demonstrated by other neuroimaging studies [18]. They found
that oxy-Hb increased during VFT and letter-number (LN) sequencing, schizophrenia
patients showed lower performance and a smaller increase in oxy-Hb during VF'Ts than
controls. This reduced oxy-Hb response during VFTs in schizophrenia patients was
also observed even when their performance was matched with controls’ performance.
In contrast, increase in oxy-Hb during LN in schizophrenia patients was comparable
with that of controls. In addition, patients medicated with atypical antipsychotics
showed a larger increase in oxy-Hb during VFT and LN than those medicated with
typical antipsychotics [7, 18].

Perlstein et al. applied n-back sequential-letter working memory task to schizo-
phrenic patients and control subjects. According to fMRI results, schizophrenic pa-
tients showed a deficit in physiological activation of the right dorsolateral prefrontal
cortex (BA 46/9) in the context of normal task-dependent activity in other regions, but
only under the condition that distinguished them from comparison subjects on task per-
formance. Patients with greater dorsolateral prefrontal cortex dysfunction performed
more poorly. Dorsolateral prefrontal cortex dysfunction was selectively associated with

disorganization symptoms.
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4. STROOP PERFORMANCE IN SCHIZOPHRENIA

Stroop task is a classical neuropsychological test of frontal lobe function often
employed in both clinical and research settings. As its basic principle, it comprises of a
conflict between certain stimulus dimensions, typically between a color word name and
its ink color, thus creating interference between word reading and color naming. The
areas specifically activated by the Stroop interference condition have been extensively
studied by means of both fMRI and PET. Besides the anterior cingulate cortex, func-
tional neuroimaging studies have repeatedly found several areas of the frontal cortex
that seem to be specifically activated during Stroop interference, particularly within
left inferior-frontal (BA 44,45 and 47) and frontopolar (BA 10) regions as well as in
the inferior part of the left precentral gyrus(BA 6) [6].

In Stroop task, subjects are asked to name the color of ink in which color words
printed. There are three conditions: neutral (a noncolor word printed in some ink
color, such as XXXX written in blue ink), congruent (color and word are the same,
such as Turkish word of BLUE written in a blue ink), incongruent (color and word
conflict, such as Turkish word of GREEN written in blue ink) as illustrated in Figure
4.1.

Barch and Carter show that schizophrenic patients exhibits an increased reaction
time for each type of stimulus as compared with healthy controls. Interesting point
is that mean reaction times of schizophrenic patients and control subjects for neutral
stimulus is longer than that for congruent stimulus. The same situation is valid for
the mean error rates. In other words, both group’s error rate is higher in congruent

stimulus.
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NE ] Congruent  Incongruent

MAVI MAVI MAVI

MAVI MAVI MAVI

Figure 4.1 Examples of single trials for the neutral, congruent and incongruent condition of the
Stroop task. For the upper three examples, the correct answer would be "no", for the lower three
examples, the correct answer would be "yes" [27].
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5. METHOD

5.1 Subjects

Twelve healthy control participants and twenty seven schizophrenic patients
(age, 34.69 4 10.31 years) were involved in this study. Healthy control subjects had no
history of psychiatric or neurologic disorders. Data from healthy control participants
were acquired at Biomedical Engineering Laboratories in Bogazi¢i University. Data
from schizophrenic patients were acquired at Department of Psychiatry of Pamukkale
University Medical Faculty in Denizli, Turkey. Written inform consent was obtained
from each subject for participation in this study. The protocol has been approved by

the Ethics Board of both Pamukkale and Bogazici Universities.

5.2 Experimental Procedure

Each participant sat on a chair with their eyes open during experiments as
shown in Figure 5.1. The participants were instructed to minimize movement such as
head movements during the NIRS measurements because they might produce artifacts
or changes in cerebral perfusion unrelated to the task. Furthermore, experiments were

performed in a silent and dimmed room to prevent any other nuisance.

In this study, the color-word matching Stroop task was used to explore the
differences in frontal lobe functions between schizophrenia and control subjects. Two
rows of letters appeared on the screen and subjects were instructed to decide, whether
the color of the top row letters corresponds to the color name written on the bottom
row. If the answer is yes, they were instructed to press the right button of the mouse. If
the answer is no, they were instructed to press the left button of the mouse. Participants

used only their right hands.
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Figure 5.1 Experimental Setup [21].

During the neutral trials, the letters in the top row were "XXXX" printed in
red, green, blue or yellow, and the bottom row consisted of Turkish color words of
"RED", "GREEN", "BLUE", and "YELLOW™" printed in white. For congruent trials,
the top row consisted of the Turkish color words of "RED", "GREEN", "BLUE", and
"YELLOW" printed in the congruent color. For the incongruent condition, the color
word was printed in a different color to produce interference between color word and

word name.

At the beginning of the experiment, fixation point ("+" sign) was displayed for
one minute on the screen. An experiment consisted of 15 block stimuli (5 neutral,
5 congruent and 5 incongruent) in a random order. Each block consisted of 6 trials.
Between each blocks, there was a 20 sec wait and fixation point was displayed on the
screen. Word remained on the computer screen until the response was given with a

maximum time of 4 sec. The screen was blank between the trials.

Subjects were tested prior to the experiment with a small version of Stroop task

for training.
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Figure 5.2 16 channels Niroxcope Probe 1-Grey Phantom 2- LED 3- Detectors 4- PCB 5- Cable
[21].

5.3 Data Acquisition By NIRS

Hemodynamic changes in the prefrontal cortex were measured using NIROX-
COPE 301 which was developed at the Biophotonics Laboratory of the Institute of

Biomedical Engineering in Bogazici University. NIROXCOPE 301 is composed of

Flexible Sensor that consists of four LED light sources and ten detectors which cov-
ers forehead as shown in Figure 5.2. The distance between source and detector is
2.5 cm. The LED light sources can emit at three wavelenghts of 730nm, 805nm

and 850nm. The detectors are sensitive in the near infrared spectrum.

Control Box mainly consists of transmitter, receiver circuits and usb data acquisition

card

Software that controls the device and store the data on the computer for offline

analysis
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Figure 5.3 Oxy-Hb and deoxy-Hb changes during the Stroop task from schizoprenic patient.

5.4 Analysis of fNIRS Data and Statistics

Signal changes at the detectors during the Stroop task was collected by means
of NTIROXCOPE 301. Oxy-Hb and deoxy-Hb changes were calculated by using the
modified Beer Lambert law (Appendix A). Figure 5.3 and 5.4 show the oxy-Hb and
deoxy-Hb changes of schizophrenic patient and control subject during the Stroop task

respectively. The red lines show the time stimulus was applied.

In the first part of our study, analysis of hemodynamic signals in the frequency
domain was performed. The algorithm of frequency domain analysis is shown in Figure
5.5. After the calculation of oxy-Hb and deoxy-Hb signals, the butterworth low pass
filter with a cut off frequency of 0.25 Hz was used to eliminate the fluctuations due
to heart rate, respiration etc. Fourth order band pass butterworth filter was used to
separate the oxy-Hb and deoxy-Hb signals into very low frequency (VLF) (0.02 - 0.05
Hz), low frequency (LF) (0.08 - 0.12 Hz) and high frequency (HF) (0.12 - 0.18 Hz)
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Figure 5.4 Oxy-Hb and deoxy-Hb changes during the Stroop task from control participant.

bands. These bands were found partly from the literature and partly as a result of
retrospective spectral analysis. The VLF band has been shown to carry information
regarding the main frequency lobe of the hemodynamic response by several authors.
While the LF band is known to represent the vasomotor reactivity and is named the
Mayer’s wave. In a previous study, (not published) we have seen the emergence of a
third band that is speculated to reflect the control of autonomic nervous system on
vasomotor dynamics. Hence, the choice of the band intervals were mainly arbitrary.
The energies of the signals for the neutral, congruent and incongruent trials were
computed in each frequency band for each detector. Figure 5.6 shows the means of
deoxy-Hb signal with a standard deviation during incongruent trials for each detector
in very low, low and high frequency bands. As seen from the figure, it is difficult to
differentiate the energies of schizophrenic patients and healthy controls. Therefore,
ANOVA test was used to compare the energies of deoxy-Hb and oxy-Hb signals of the
schizophrenic patients and control subjects in the very low, low and high frequency

bands. The statistically significant level is p<<0.05. The results of ANOVA will be
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Figure 5.5 Algorithm of frequency domain analysis.

discussed in Results and Discussion section.
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In the second part of the thesis, wavelet decomposition analysis was performed.

Wavelet transform offers unguided division of the spectral band resulting in a more

precise approach to the choice of significantly different frequency bands between two

groups. The signal processing algorithm is shown in Figure 5.7. Oxy-Hb and deoxy-

Hb signals were decomposed using a five level wavelet decomposition. Daubechies 10

(’db10’) was used for decomposition. The frequency bands are:

A5— [0, Fs/64] Hz = [0, 0.026] Hz

D5— [Fs/64, Fs/32] Hz 2 [0.026, 0.053] Hz
D4— [Fs/32, Fs/16] Hz = [0.053, 0.11] Hz
D3— [Fs/16, Fs/8] Hz 2 [0.11, 0.21] Hz
D2— [Fs/8, Fs/4] Hz 2 [0.21, 0.42] Hz

D1— [Fs/4, Fs/2] Hz 2 [0.42, 0.85] Hz
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Figure 5.6 HB signal for the incongruent trials.

D5 band (0.026-0.053 Hz) roughly corresponds to very low frequency band in
spectral analysis method. Also, D4 (0.053-0.11 Hz) and D3(0.11-0.21 Hz) bands cor-

respond to low frequency and high frequency bands respectively.

Figure 5.8 shows the original and decomposed oxy-Hb signals as an example.
After the decomposition, the energy of each subband signal for each detector was
calculated. Then, the energy of the oxy-Hb and deoxy-Hb during the neutral, congruent

and incongruent trials was computed.

In order to compare data from schizophrenic patients and healthy control group,
one-way ANOVA was used. The statistically significant level of difference is taken as
p<0.05. It indicates that one group mean is significantly different from the other. The

results of ANOVA will be discussed in Results and Discussion section.

Also, we employed brain mapping technique whose software was developed at

the Institute of Biomedical Engineering in Bogazici University to localize the activities
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on forehead. The corresponding Figures of spectral analysis and wavelet decomposition

are shown in Appendix D and E.
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6. RESULTS AND DISCUSSION

6.1 Behavioral Results

In several, schizophrenia patients have poor performance on cognitive tasks.
Therefore, we expect increased reaction times and higher error rates. Table 6.1 shows
the mean and standard deviation of the reaction times and error rates of control and
schizophrenic group. Reaction times were calculated as the average of only correct
answers. The results show that the reaction times increase from neutral to incon-
gruent trials in both group. Furthermore, the mean reaction times of schizophrenic
group are higher than the control group as shown in Figure 6.1. The standard de-
viations of healthy group are higher. Also, ANOVA results show that response time
of schizophrenic patients is significantly longer than the response time of control sub-
jects for neural, congruent and incongruent trials (p<<0.05). The mean error rates of
schizophrenic patients are higher than that of control group as shown in Figure 6.2. The
standard deviations of schizophrenic patients are higher. However, for only incongruent

trials, error rates of schizophrenic patients are significantly different (p<0.05).

To sum up, schizophrenia patients were slower than controls under three condi-
tions (neutral, congruent and incongruent) as expected. Also, their results were faultier

than controls.

6.2 NIRS Results

The concentration changes of oxy-Hb and deoxy-Hb signals were observed during
the Stroop task. The Stroop task was used because it shown to activate the frontal lobe
regions which is accessible with fNIRS systems. According to most of the researchers,
there is a hypofunctionality of the frontal lobes of schizophrenic patients. Therefore, a

decrease in signal energies of schizophrenic patients was expected in this study.



Table 6.1
Reaction Times and Error Rates for Stroop Task.

Healthy Control | Schizophrenia ANOVA
Participants Patients Results
Mean Std Mean Std F Value P Value
Reaction Times
Neutral | 0.98 0.45 1.75 0.14 33.27 1.29e-6, p<0.05
Congruent 1.05 0.32 1.81 0.19 56.14 6.31e-9, p<0.05
Incongruent 1.18 0.34 2.20 0.24 88.31 2.43e-11, p<0.05
Error Rates
Neutral | 0.02 0.02 0.08 0.14 2.71 0.1083
Congruent | 0.03 0.05 0.10 0.13 3.01 0.0912
Incongruent 0.07 0.08 0.30 0.21 13.03 0.0009, p<0.05
al + ]
25} C
T 5 =
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Neutral Stimulus

Congruent Stimulus

. . . . . .
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Figure 6.1 Response Times of Schizophrenic Patients and Healthy Controls.
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Figure 6.2 Error Rates of of Schizophrenic Patients and Healthy Controls.

In the first section, we analyzed fNIRS data with spectral analysis method.
Energies of oxy-Hb and deoxy-Hb signals for neutral, congruent and incongruent trials
were calculated in very low, low and high frequency regions. Anova test was used to
show the energies of schizophrenic and control group are significantly different. White
regions in Figures 6.3, 6.4 and 6.5 show that the energies of the schizophrenic patients
and control subjects are statistically different and black regions show that there is no
such difference. The detectors 1, 2, 3, and 4 correspond to left region of the brain.
The detectors 5, 6, 7, and 8 cover mid-left region ,and 9, 10, 11 and 12 cover mid-right

region. The detectors 13-14-15-16 correspond to right region.

As understood from the figures, there are more detectors at which changes in
oxy-Hb are more significantly. For oxy-Hb signals, controls have higher energy at left
region of the frontal cortex in low and very low frequency bands during neutral trials.
During congruent trials, energy of controls is higher at left region of the frontal cortex
in very low frequency band, and there is a bilateral activation in low frequency band.
For incongruent trials, mid-left region is more activated in very low frequency band,
and right and left regions are more activated in low frequency band. In high frequency
band, there are very few detectors at which the deoxy-Hb and oxy-Hb signals are
significantly different.
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Figure 6.5 Anova Results for Incongruent Stimulus.

The following figures demonstrate the deoxy-Hb difference during incongruent
trials in very low and low frequency bands more clearly (Fig 6.6, 6.7,and 6.8). Activa-

tion is increasing from dark blue to red.

Figure 6.6 Very low frequency-HB-Incongruent. Figure 6.7 Low frequency-HB-Incongruent.

In the second part of the thesis, wavelet decomposition of fNIRS data was per-
formed. After five level wavelet decomposition of deoxy-Hb and oxy-Hb signals with
Daubechies 10, the energies of each detector in each subband were calculated. The
figures C.1 to C.12 show the energies of decomposed oxy-Hb and deoxy-Hb signals for
neural, congruent and incongruent situations. In decomposed deoxy-Hb signals, the
changes are not distinguishable with eye. On the other hand, decomposed oxy-Hb

signals are noticeable especially in A5 band.
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Figure 6.8 High frequency-HB-Incongruent.

We applied one way ANOVA test in order to find at which detectors the energies
of schizophrenia patients and control subjects are statistically different. As in the first
section, white regions in Figures 6.9, 6.10 and 6.11 show that the energies of the

schizophrenic patients and control subjects are statistically different.

There are no changes in decomposed deoxy-Hb signals except for a few detectors,
as shown in Figure 6.9. However, the decomposed oxy-Hb signal of schizophrenic
patients is significantly different from that of control subjects in almost all detectors

in A5 frequency band (detectors 2, 4, 5, 6, 7, 9, 11, 12, 13, 15 and 16).

In the case of congruent situation, the energy of the schizophrenic group is less
than control group in right and mid-left region in A5 frequency band (detectors 2, 5,
7,9, 11, 12, 13, 14, 15, and 16).

At detectors 2, 4, 5,6, 7,9, 11, 12, 13, 15, and 16, there is a significant difference

in terms of energies of oxy-HB and deoxy-Hb signals in A5 band.

The results of ANOVA show that energies of schizophrenic patients are lower
than energies of control subjects in low frequency band (A5 band). Also, there is a
significant difference in D1 band. However, we do not know how to explain these result
since this frequency band corresponds to Fs/4, Fs/2Hz and sampling frequency is about

1.7 Hz. We do not expect significant changes in very high frequency band.
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Figure 6.12 D5 band-HB-Incongruent.

Figure 6.14 D3 band-HB-Incongruent.
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7. CONCLUSION

In this study, functional near infrared spectroscopy is used to explore the dif-
ferences of prefrontal cortex hemodynamics during Stroop task between schizophrenic
patients and healthy control group. Twenty seven schizophrenic patients and twelve

healthy control subjects were included in this study.

In literature, research conducted on schizophrenic patients shows that they have
functional hypofrontality during the cognitive tasks. In our study, similar to others,
the behavioral performance of schizophrenic patients on Stroop task were worse than
the control group. Their response times are remarkably longer. Moreover, their error

rates were higher than controls.

Frontal activation of schizophrenic patients and healthy control participants is
investigated during Stroop task. After Oxy-Hb and deoxy-Hb changes were calculated,
spectral analysis and 5-level wavelet decomposition was performed to these signals and
energies of the decomposed signals were calculated for sixteen detectors. In both spec-
tral analysis and wavelet decomposition method, the energy of schizophrenic patients
is less than the energy of control subjects. This result is similar to the findings in
literature. Furthermore, in spectral analysis, highly activated regions are mostly the
left parts of the prefrontal cortex and the energy difference between the schizophrenic
patients and control subjects is clearer in oxy-Hb signals. In the wavelet decomposition
method, significantly reduced prefrontal activation in a group of schizophrenic patients
as compared with healthy control group were found in very low frequency band (0 -
0.026 Hz) in mid-left, mid-right and right region of the brain. This result may in-
dicate a specific hemodynamic response deficit within these regions of the cortex of

schizophrenic patients.

As a conclusion, spectral analysis and wavelet decomposition appear suitable to

observe the frontal activation in schizophrenic patients. Moreover, the wavelet decom-
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position is more appropriate to explore the differences of hemodynamic responses in

very precise subband regions.
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APPENDIX A. The Modified Beer Lambert Law

In highly scattered medium such as brain, the oxy-Hb and deoxy-Hb concen-
tration changes was calculated using modified beer lambert law. This law states that
optical density (OD) is proportional to the concentration of deoxy-Hb (Hb), oxy-Hb
(HbO,) and the optical pathlength (L):

OD(\,) = 1og[?((:11))] = 21150, (M) [HDOS).L + ey (A1 ).[HB).L (A.1)
OD(\y) = log[IIO &2))] = 230, (Vo) [HBO).L + £ (No).[HB]. L (A.2)

where [ is the received light intensity, I is the transmitted light intensity, A\; is wave-
lengthl and )\, is wavelength2. The oxy-Hb and deoxy-Hb changes in the brain can be

calculated as follows:

AOD(A) = 0, (M) A[HBO].L + 255 (A1) A[HB].L (A.3)

AOD()\l) _ EHbO, ()\1) SH()()\I) A[HbOQ] I (A 5)
AOD()y) o, (V) Em(o) A[HY) '



(

A[HbO,]
A[HD]

)

Emboy (M) emp(A1)

EHbO, ()\2) €Hb()\2)
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APPENDIX B. Energy Graphics of Frequency Band Analysis

Figures of Frequency Band Analysis
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Figures of Frequency Band Analysis
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Figure C.1 Energy of deoxy-Hb signal for neutral stimulus in A5, D1, and D2 bands.
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Figure C.2 Energy of deoxy-Hb signal for neutral stimulus in D3, D4, and D5 bands.
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Figure C.3 Energy of deoxy-Hb signal for congruent stimulus in A5, D1, and D2 bands.
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Figure C.4 Energy of deoxy-Hb signal for congruent stimulus in D3, D4, and D5 bands.
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Figure C.6 Energy of deoxy-Hb signal for incongruent stimulus in D3, D4, and D5 bands.
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Figure C.7 Energy of oxy-Hb signal for neutral stimulus in A5, D1, and D2 bands.
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Figure C.8 Energy of oxy-Hb signal for neutral stimulus in D3, D4, and D5 bands.
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Figure C.9 Energy of oxy-Hb signal for congruent stimulus in A5, D1, and D2 bands.
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Figure C.10 Energy of oxy-Hb signal for congruent stimulus in D3, D4, and D5 bands.
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Figure E.23 D3 band-HB-Incongruent.
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Figure E.20 D3 band-HBO2-Neutral.
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Figure E.22 D3 band-HBO2-Congruent.
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Figure E.24 D3 band-HBO2-Incongruent.
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Figure E.25 D2 band-HB-Neutral.
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Figure E.27 D2 band-HB-Congruent.
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Figure E.29 D2 band-HB-Incongruent.
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Figure E.28 D2 band-HBO2-Congruent.
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Figure E.31 D1 band-HB-Neutral. Figure E.32 D1 band-HBO2-Neutral.
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