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ivABSTRACTSUBBAND FILTERING OF FNIRS DATA FROMSCHIZOPHRENIC SUBJECTS
S
hizophrenia is a neurologi
al disorder and typi
ally persists for a life. Inves-tigation of the 
erebral hemodynami
s of s
hizophreni
 patients with a rapid, non-invasive and pre
ise te
hnique is required to improve the prognosis and guide thera-peuti
 interventions.Fun
tional Near-Infrared Spe
tros
opy (fNIRS) is a non-invasive brain imagingte
hnique measuring the 
hanges in oxy-hemoglobin and deoxy-hemoglobin parti
ularlyin prefrontal 
ortex.In this study, fNIRS was used during a Stroop task to investigate the di�eren
esin os
illatory dynami
s between s
hizophreni
 patients and 
ontrol subje
ts. Spe
tralanalysis and dyadi
 wavelet transform were employed to quantify the degree of loss of
erebral a
tivation and to lo
alize the major areas of loss of a
tivation in the prefrontal
ortex.In this study, it was found that spe
i�
 brain areas are responsible for generatingspe
i�
 os
illatory patterns and energies of these patterns are signi�
antly redu
ed ins
hizophreni
 patients.Keywords: S
hizophrenia, Fun
tional Near Infrared Spe
tros
opy (fNIRS), Spe
tralAnalysis, Wavelet De
omposition, Stroop Task.



vÖZET��ZOFREN DENEKLERDEN ALINAN ��LEVSEL YAKINKIZILÖTES� SPEKTROSKOP� VER�LER�N�N ALTBANDF�LTRELENMES�
�izofreni sinirbilimsel bir bozukluktur ve genelde hayat boyun
a devam eder.�izofreni hastalar�n�n beyinsel hemodinamiklerinin h�zl�, noninvazif ve keskin sonuçlarveren bir teknikle in
elenmesi, hastal�§�n tahmini ve tedavi edi
i müdahalelerde bu-lunma aç�s�ndan gereklidir.�³levsel yak�n k�z�l ötesi spektroskopi, özellikle prefrontal korteksteki oksijenlihemoglobin ve oksijensiz hemoglobin miktar�ndaki de§i³imleri ölçmek için kullan�lannoninvazif beyin görüntüleme tekni§idir.Bu çal�³mada, ³izofren ve sa§l�kl� deneklerin, sal�n�msal dinamik farklar�n� in-
elemek için i³levsel yak�n k�z�l ötesi spektroskopi ve Stroop test kullan�lm�³t�r. Beyin-sel aktivasyon kay�plar�n�n dere
esini ve bu kay�plar�n prefrontal korteksteki ba³l�
abölgelerin yerini belirlemek için spektral çözümleme ve dalga
�k ayr�³mas� tekniklerikullan�lm�³t�r.Bu çal�³mada, beyindeki belli bölgelerin özgül sal�n�msal paternler üretti§i vebu paternlerin enerjisinin ³izofren hastalarda daha dü³ük oldu§u bulunmu³tur.Anahtar Söz
ükler: �izofreni, �³levsel Yak�n K�z�l Ötesi Spektroskopi, SpektralÇözümleme, Dalga
�k Ayr�³mas�, Stroop Test.
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11. INTRODUCTION
S
hizophrenia is 
hara
terized by a loss of 
onta
t with reality and a disrup-tion of thought, per
eption, mood, and movement. The disorder typi
ally be
omesapparent during adoles
en
e or early adulthood and usually persists for life. Thename, introdu
ed in 1911 by Swiss psy
hiatrist Eugen Bleuler, roughly means "dividedmind", be
ause of his observation that many patients seemed to os
illate between nor-mal and anormal states. There are, however, many variations in the manifestations ofs
hizophrenia, in
luding those that show a steadily deteriorating 
ourse. Indeed, it isstill not 
lear whether what is 
alled s
hizophrenia is a single disease or several [1℄.Computerized tomography, magneti
 resonan
e imaging, and 
erebral blood �owstudies have revealed that some patients with s
hizophrenia have one or more of fourmajor anatomi
al abnormalities. First, early in the disease there is a redu
tion inthe blood �ow to the left globus pallidus, suggestive of a disturban
e in the systemthat 
onne
ts the basal ganglia to the frontal lobes. Se
ond, there appears to be adisturban
e in the frontal lobes themselves sin
e blood �ow does not in
rease duringtests of frontal fun
tion involving working memory, as it does in normal subje
ts.Third, the 
ortex of the medial temporal lobe is thinner and the anterior portion of thehippo
ampus is smaller than in normal people, espe
ially on the left side, 
onsistentwith a defe
t in memory. Finally, the lateral and third ventri
les are enlarged andthere is widening of the sul
i, espe
ially in the thinner temporal lobe and in the frontallobe, re�e
ting a redu
tion in the volume of this lobe as well [2℄.To date, several fun
tional neuroimaging te
hniques have been tested on s
hizophren-i
s while they were performing several 
ognitive psy
hophysi
s tasks. The 
hallenge inall these studies has been to 
onverge to a rapid, non-invasive and pre
ise te
hnique.We have de
ided to apply the fun
tional near infrared spe
tros
opy (fNIRS)measurement during 
ognitive a
tivity to reprodu
e the similar di�eren
es observed by



2other modalities. Sin
e opti
al imaging te
hniques o�er rapid and non-invasive a

essto brain oxygenation and blood �ow, we de
ided to investigate the 
erebral the 
erebrala
tivation during a 
olor-word mat
hing Stroop task.The problems we addressed are listed below1. Is it possible to quantify the degree of loss of 
erebral a
tivation in s
hizophreni
sby NIRS?2. Is it possible to lo
alize the major areas of loss of a
tivation?3. Are there any further dynami
s within these a
tivities that might elu
idate theloss of a
tivation and hen
e help us understood the pathophysiology in a morepre
ise manner?
1.1 Motivation and Obje
tiveEarly dete
tion of s
hizophrenia and understanding its pathophysiology mightimprove prognosis and guide therapeuti
 interventions. Hen
e, a rapid, non-invasiveand pre
ise means of investigation of the 
erebral dynami
s of these patients is re-quired. We have de
ided to use the fNIRS imaging modality during a Stroop task andinvestigate the os
illatory dynami
s between 
ontrols and patients. The te
hniques weemployed were the band pass �ltering and dyadi
 wavelet transform.Our results show that there are spe
i�
 brain areas responsible for generatingspe
i�
 os
illatory patterns and that these are signi�
antly redu
ed in s
hizophreni
s.



32. PRINCIPLES OF FUNCTIONAL NEAR INFRAREDSPECTROSCOPY
Neuroimaging is a te
hnique used for obtaining stru
tural and fun
tional imagesof the nervous system, i.e., the peripheral nervous system, the spinal 
ord and the brain.Brain a
tivity is asso
iated with a number of physiologi
al events. By usingopti
al te
hniques, two of these events 
an be assessed. During neural a
tivity, ioni
�uxes a
ross the 
ell's membrane (e.g., shifts in sodium and potassium ions) result in a
hange in the membrane potential. The ioni
 �uxes also 
ause 
hanges in the magneti
and ele
tri
al �elds, whi
h, when summed a
ross a large number of syn
hronouslya
tivated neurons, 
an be assessed using EEG or MEG. Neuronal a
tivity is fueledby glu
ose metabolism, so in
reases in neural a
tivity result in in
reased glu
ose andoxygen 
onsumption from the lo
al 
apillary bed. A redu
tion in lo
al glu
ose andoxygen stimulates the brain to in
rease lo
al arteriolar vasodilation, whi
h in
reaseslo
al 
erebral blood �ow (CBF) and 
erebral blood volume (CBV), a me
hanism knownas neurovas
ular 
oupling. Over a period of several se
onds, the in
reased CBF 
arriesboth glu
ose and oxygen to the area, the latter of whi
h is transported via oxygenatedhemoglobin in the blood. The in
reased oxygen transported to the area typi
allyex
eeds the lo
al neuronal rate of oxygen utilization, resulting in an overabundan
e of
erebral blood oxygenation in a
tive areas [3℄. Although the initial in
rease in neurala
tivity is thought to result in a fo
al in
rease in deoxygenated hemoglobin in the
apillary bed as oxygen is withdrawn from the hemoglobin for use in the metabolizationof glu
ose, this feature of the vas
ular response has been mu
h more di�
ult to measure,and more 
ontroversial, than hyperoxygenation [4℄.Be
ause oxygenated and deoxygenated hemoglobin (oxy-Hb, deoxy-Hb) have
hara
teristi
 opti
al properties in the visible and near-infrared light range, the 
hangein 
on
entration of these mole
ules during neurovas
ular 
oupling 
an be measuredusing opti
al methods [5℄. The most 
ommonly used method of near-infrared spe
-
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Figure 2.1 The absorption spe
trum of 
hromophores [4℄.tros
opy measures 
hanges in the ratio of oxy-Hb to blood volume. Most biologi
altissues are relatively transparent to light in the near-infrared range between 700 - 900nm, largely be
ause water, a major 
omponent of most tissues, absorbs very littleenergy at these wavelengths (Fig. 2.1).However, the 
hromophores oxy-Hb and deoxy-Hb do absorb a fair amount ofenergy in this range. As su
h, this spe
tral band is often referred to as the opti
alwindow for the noninvasive assessment of brain a
tivation. In opti
al window, lightpenetrates the biologi
al tissue su
h as the skull quite easily and 
an thus be inje
tedinto the head. In 
erebrum, near infrared light is mainly absorbed by oxy-Hb and deoxy-Hb. The fra
tion of light that is not absorbed on its path within the 
erebrum 
an inpart be dete
ted by an opti
al probe when it leaves the head again. If near infraredlight is emitted from the s
alp surfa
e and the re�e
ted light is dete
ted in a distan
eof 2-5 
m from the light sour
e at the s
alp surfa
e again, the inje
ted light travels ina "banana shape" form from sour
e to dete
tor passing through the subja
ent braintissue, as illustrated in Figure 2.2. From the amount of re�e
ted(i.e, not absorbed) nearinfrared light, it is now possible to 
al
ulate 
hanges in the 
on
entration of oxy-Hband deoxy-Hb in living brain tissue using a modi�ed Beer-Lambert law (Appendix A),employing near infrared light absorption 
hara
teristi
s and two wavelength absorptiondata. By adding the 
on
entration 
hanges of oxy-Hb and deoxy-Hb, the third vas
ular
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Figure 2.2 Banana-shaped photon path [4℄.parameter 
an be obtained (total hemoglobin, total-Hb), whi
h 
orresponds to the
orpus
ular blood volume [6, 4℄.For the 
onsideration of penetration depth of near infrared light, photon migra-tion models predi
ted it to be dire
tly proportional to the inter optode distan
e. Thereis an agreement on the fa
t that when used on the s
alp surfa
e, NIRS 
an dete
t the
hanges in hemoglobin 
on
entration on the 
orti
al surfa
e, although the signal maybe limited to the top 2-3 mm of the 
ortex.The underlying idea is that when brain a
tivity in
reases within the a parti
ularpart of the 
erebral 
ortex, blood supply to that area in
reases as well, as does thelevel of oxy-Hb. The 
onsumption of oxygen during brain a
tivity furthermore leadsto an in
rease in deoxygenated hemoglobin that is, however, soon 
ompensated by thein
rease in blood supply, and deoxy-Hb usually de
reases as a result. In other words,a
tivation of a parti
ular brain region is supposed to be re�e
ted in an in
rease inoxy-Hb and total-Hb and a 
orresponding de
rease in deoxy-Hb. These 
hanges in the
on
entration of oxy-Hb and deoxy-Hb 
an now be dete
ted by means of NIRS [6℄.



63. FUNCTIONAL NEUROIMAGING IN SCHIZOPHRENIA
Advan
es in neuroimaging te
hnologies have greatly fa
ilitated our understand-ing of brain fun
tion in psy
hiatri
 and neurologi
al disorders su
h as s
hizophrenia,mood disorders, anxiety disorders, Alzheimer's disease, Parkinson's disease, epilepsy,traumati
 brain injury, and personal disorders. Neuroimaging te
hniques su
h as ele
-troen
ephalography (EEG), event-related brain potentials (ERPs), magnetoen
ephalog-raphy (MEG), positron emission tomography (PET), single-positron emission 
om-puted tomography (SPECT), and fun
tional magneti
 resonan
e imaging (fMRI) havepermitted signi�
ant advan
es in our understanding of the neurobiologi
al substrates ofmany of these brain disorders. In addition, ea
h of the neurophysiologi
al/neuroimagingte
hniques used the study these brain pro
esses has its own inherent limitations. In
omparison to traditional neuroimaging te
hnologies, emerging te
hniques su
h as fun
-tional near infrared spe
tros
opy (fNIRS) o�er relatively non-invasive, safe, portable,low-
ost methods of monitoring of brain a
tivity [7℄.In addition to fun
tional imaging studies, re
ent resear
h revealed abnormalitiesof various neurotransmitter systems in the prefrontal regions, su
h as Brodmann areas9, 10 and 46 (Figure 3.1). A�e
ted neurotransmitters in
lude a
etyl
holine, serotonin,glutamate, 
-aminobutyri
 a
id and 
hole

ystokinin. Disorder of synapti
 formation,
ytoar
hite
ture, and glial 
omponents were also suggested in the same regions. Thesebio
hemi
al and morphologi
 
hanges support the role of prefrontal 
ortex in the patho-physiology of s
hizophrenia [8℄.Neuroimaging studies have identi�ed s
hizophrenia as being asso
iated withdysfun
tion of the prefrontal 
ortex. The prefrontal parts play an important role ins
hizophrenia. The dorsolateral prefrontal 
ortex is the most 
ommonly a�e
ted pre-frontal site (BA 46). Until re
ent studies, most of the studies show that the physiologi
abnormality in this brain region was seen as hypofrontality. However, hyperfrontalityin s
hizophreni
 patients was observed in some resear
hes. Manoa
h 
on
luded that
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Figure 3.1 Broadmann Areas - Sagital View.both hypofrontality and hyperfrontality should be 
onsidered as valid and informativere�e
tions of prefrontal 
ortex dysfun
tion in s
hizophrenia [9℄. Quantana et al. saidthat the manifestation of the prefrontal dysfun
tion depends on task spe
i�
ations ande�e
ts of the task in 
orresponding areas [10, 11℄.3.1 Fun
tional Near Infrared Spe
tros
opy In S
hizophreniaOkada et al. utilized multi-
hannel fNIRS to investigate disturban
es in inter-hemispheri
 integration of brain oxygen metabolism and hemodynami
s. They uti-lized a mirror drawing task (MDT) and found that 
ontrols showed distin
t and well-integrated patterns of 
hanges in oxy-Hb, deoxy-Hb, and total blood volume duringthe MDT. In 
ontrast, half of the patients with s
hizophrenia showed "dysregulatedpatterns" in the frontal regions between hemispheres, su
h that in
reases in oxy-Hbwere not paralleled by de
reases in deoxy-Hb. This led the authors to suggest that
ertain symptoms of s
hizophrenia might be related to problems in interhemispheri
integration [7, 12℄.Similarly, Fallgatter and Strik examined the relationship between lateralizedfrontal fNIRS a
tivation patterns during the exe
ution of a 
ontinuous performan
e test



8(CPT). Interestingly, they did not �nd any overall or hemispheri
 a
tivation e�e
ts intheir 
ohort. However, when 
ompared to healty 
ontrols they found group di�eren
es,with a lateralized a
tivation in s
hizophrenia. Furthermore, a trend towards higherleft relative to right oxy-Hb and deoxy-Hb ratios at rest and during a
tivation wereobserved in subje
ts with s
hizophrenia. This led the authors to suggest that there maybe a redu
ed spe
i�
 lateralized frontal a
tivity, possibly based on a left hemispherefun
tional de�
it in s
hizophrenia [7, 13℄.Another more re
ent investigation has utilized frontally based tasks su
h as ran-dom number generation (RNG), ruler-
at
hing (RC), and sequential �nger-to-thumb(SFT) tasks to show that there are task dependent fun
tional abnormalities frontalbrain metabolism in s
hizophrenia [8℄. Spe
i�
ally, during the RNG task, total-Hband oxy-Hb 
on
entrations in
reased and deoxy-Hb de
reased, but the responses weresigni�
antly smaller in s
hizophreni
 patients. During RC task, oxy-Hb in patientswith s
hizophrenia tended to de
rease, in 
ontrast to the mostly in
reasing response in
ontrol subje
ts. No group di�eren
e was observed during the SFT task [7, 8℄.Verbal �uen
y tests (VFTs) have also been utilized to 
larify the nature oflanguage-related problems in s
hizophrenia. Kubota et al. found that while healthysubje
ts performed both semanti
 and phonemi
 �uen
y equivalently, subje
ts withs
hizophrenia showed more 
ompromised performan
e in semanti
 VFTs 
ompared tothe phonemi
 VFTs. FNIRS measurement revealed that the pattern of prefrontal
ortex (PFC) a
tivation was greater during the phonemi
 VFT when 
ompared to thesemanti
 VFT in healthy subje
ts, suggesting more prominent PFC involvement inphonemi
-
ued retrieval. In 
ontrast, subje
ts with s
hizophrenia showed the oppositepattern of a
tivation, implying that the semanti
 mode of lexi
al a

ess might imposegreater 
ognitive demands on the PFC for this patient group [7, 14℄.Similarly, another study also utilized VFT to demonstrate 
hara
teristi
 time
ourses of oxy-Hb 
hanges in the frontal lobe for s
hizophrenia as 
ompared to a sampledepressed patients [15℄. Spe
i�
ally, depressed patients demonstrated smaller oxy-Hbin
reases during the �rst half of the task period, while patients with s
hizophrenia had



9a small trough of oxy-Hb at the start of the task period and oxy-Hb rein
rease in thepost-task period. The de
reased oxy-Hb a
tivation in depression was 
onsistent withde
reased regional 
erebral blood �ow and metabolism in the dorsolateral prefrontal
ortex in the resting state observed in fun
tional neuroimaging studies using othermethodologies su
h as PET, SPECT, and fMRI. Yet these results did not support eitherthe hypofrontolity [16℄ observed when the task performan
es of s
hizophreni
 patientsare poorer, or the hyperfrontality [17℄ observed when the task performa
es mat
hed.This might be related to the authors' modi�
ation to their VFT task (in
reased length)due to their interest in monitoring time 
our
e 
hanges in blood volume [7℄.In 
ontrast, Watanabe and Kato showed �ndings 
onsistent with task dependentfun
tional hypofrontality demonstrated by other neuroimaging studies [18℄. They foundthat oxy-Hb in
reased during VFT and letter-number (LN) sequen
ing, s
hizophreniapatients showed lower performan
e and a smaller in
rease in oxy-Hb during VFTs than
ontrols. This redu
ed oxy-Hb response during VFTs in s
hizophrenia patients wasalso observed even when their performan
e was mat
hed with 
ontrols' performan
e.In 
ontrast, in
rease in oxy-Hb during LN in s
hizophrenia patients was 
omparablewith that of 
ontrols. In addition, patients medi
ated with atypi
al antipsy
hoti
sshowed a larger in
rease in oxy-Hb during VFT and LN than those medi
ated withtypi
al antipsy
hoti
s [7, 18℄.Perlstein et al. applied n-ba
k sequential-letter working memory task to s
hizo-phreni
 patients and 
ontrol subje
ts. A

ording to fMRI results, s
hizophreni
 pa-tients showed a de�
it in physiologi
al a
tivation of the right dorsolateral prefrontal
ortex (BA 46/9) in the 
ontext of normal task-dependent a
tivity in other regions, butonly under the 
ondition that distinguished them from 
omparison subje
ts on task per-forman
e. Patients with greater dorsolateral prefrontal 
ortex dysfun
tion performedmore poorly. Dorsolateral prefrontal 
ortex dysfun
tion was sele
tively asso
iated withdisorganization symptoms.



104. STROOP PERFORMANCE IN SCHIZOPHRENIA
Stroop task is a 
lassi
al neuropsy
hologi
al test of frontal lobe fun
tion oftenemployed in both 
lini
al and resear
h settings. As its basi
 prin
iple, it 
omprises of a
on�i
t between 
ertain stimulus dimensions, typi
ally between a 
olor word name andits ink 
olor, thus 
reating interferen
e between word reading and 
olor naming. Theareas spe
i�
ally a
tivated by the Stroop interferen
e 
ondition have been extensivelystudied by means of both fMRI and PET. Besides the anterior 
ingulate 
ortex, fun
-tional neuroimaging studies have repeatedly found several areas of the frontal 
ortexthat seem to be spe
i�
ally a
tivated during Stroop interferen
e, parti
ularly withinleft inferior-frontal (BA 44,45 and 47) and frontopolar (BA 10) regions as well as inthe inferior part of the left pre
entral gyrus(BA 6) [6℄.In Stroop task, subje
ts are asked to name the 
olor of ink in whi
h 
olor wordsprinted. There are three 
onditions: neutral (a non
olor word printed in some ink
olor, su
h as XXXX written in blue ink), 
ongruent (
olor and word are the same,su
h as Turkish word of BLUE written in a blue ink), in
ongruent (
olor and word
on�i
t, su
h as Turkish word of GREEN written in blue ink) as illustrated in Figure4.1. Bar
h and Carter show that s
hizophreni
 patients exhibits an in
reased rea
tiontime for ea
h type of stimulus as 
ompared with healthy 
ontrols. Interesting pointis that mean rea
tion times of s
hizophreni
 patients and 
ontrol subje
ts for neutralstimulus is longer than that for 
ongruent stimulus. The same situation is valid forthe mean error rates. In other words, both group's error rate is higher in 
ongruentstimulus.
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Figure 4.1 Examples of single trials for the neutral, 
ongruent and in
ongruent 
ondition of theStroop task. For the upper three examples, the 
orre
t answer would be "no", for the lower threeexamples, the 
orre
t answer would be "yes" [27℄.



125. METHOD
5.1 Subje
tsTwelve healthy 
ontrol parti
ipants and twenty seven s
hizophreni
 patients(age, 34.69 � 10.31 years) were involved in this study. Healthy 
ontrol subje
ts had nohistory of psy
hiatri
 or neurologi
 disorders. Data from healthy 
ontrol parti
ipantswere a
quired at Biomedi
al Engineering Laboratories in Bo§aziçi University. Datafrom s
hizophreni
 patients were a
quired at Department of Psy
hiatry of PamukkaleUniversity Medi
al Fa
ulty in Denizli, Turkey. Written inform 
onsent was obtainedfrom ea
h subje
t for parti
ipation in this study. The proto
ol has been approved bythe Ethi
s Board of both Pamukkale and Bo§aziçi Universities.
5.2 Experimental Pro
edureEa
h parti
ipant sat on a 
hair with their eyes open during experiments asshown in Figure 5.1. The parti
ipants were instru
ted to minimize movement su
h ashead movements during the NIRS measurements be
ause they might produ
e artifa
tsor 
hanges in 
erebral perfusion unrelated to the task. Furthermore, experiments wereperformed in a silent and dimmed room to prevent any other nuisan
e.In this study, the 
olor-word mat
hing Stroop task was used to explore thedi�eren
es in frontal lobe fun
tions between s
hizophrenia and 
ontrol subje
ts. Tworows of letters appeared on the s
reen and subje
ts were instru
ted to de
ide, whetherthe 
olor of the top row letters 
orresponds to the 
olor name written on the bottomrow. If the answer is yes, they were instru
ted to press the right button of the mouse. Ifthe answer is no, they were instru
ted to press the left button of the mouse. Parti
ipantsused 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 inred, green, blue or yellow, and the bottom row 
onsisted of Turkish 
olor words of"RED", "GREEN", "BLUE", and "YELLOW" printed in white. For 
ongruent trials,the top row 
onsisted of the Turkish 
olor words of "RED", "GREEN", "BLUE", and"YELLOW" printed in the 
ongruent 
olor. For the in
ongruent 
ondition, the 
olorword was printed in a di�erent 
olor to produ
e interferen
e between 
olor word andword name.At the beginning of the experiment, �xation point ("+" sign) was displayed forone minute on the s
reen. An experiment 
onsisted of 15 blo
k stimuli (5 neutral,5 
ongruent and 5 in
ongruent) in a random order. Ea
h blo
k 
onsisted of 6 trials.Between ea
h blo
ks, there was a 20 se
 wait and �xation point was displayed on thes
reen. Word remained on the 
omputer s
reen until the response was given with amaximum time of 4 se
. The s
reen was blank between the trials.Subje
ts were tested prior to the experiment with a small version of Stroop taskfor training.
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Figure 5.2 16 
hannels Nirox
ope Probe 1-Grey Phantom 2- LED 3- Dete
tors 4- PCB 5- Cable[21℄.5.3 Data A
quisition By NIRSHemodynami
 
hanges in the prefrontal 
ortex were measured using NIROX-COPE 301 whi
h was developed at the Biophotoni
s Laboratory of the Institute ofBiomedi
al Engineering in Bo§aziçi University. NIROXCOPE 301 is 
omposed ofFlexible Sensor that 
onsists of four LED light sour
es and ten dete
tors whi
h 
ov-ers forehead as shown in Figure 5.2. The distan
e between sour
e and dete
tor is2.5 
m. The LED light sour
es 
an emit at three wavelenghts of 730nm, 805nmand 850nm. The dete
tors are sensitive in the near infrared spe
trum.Control Box mainly 
onsists of transmitter, re
eiver 
ir
uits and usb data a
quisition
ardSoftware that 
ontrols the devi
e and store the data on the 
omputer for o�ineanalysis
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Time [sec]Figure 5.3 Oxy-Hb and deoxy-Hb 
hanges during the Stroop task from s
hizopreni
 patient.5.4 Analysis of fNIRS Data and Statisti
sSignal 
hanges at the dete
tors during the Stroop task was 
olle
ted by meansof NIROXCOPE 301. Oxy-Hb and deoxy-Hb 
hanges were 
al
ulated by using themodi�ed Beer Lambert law (Appendix A). Figure 5.3 and 5.4 show the oxy-Hb anddeoxy-Hb 
hanges of s
hizophreni
 patient and 
ontrol subje
t during the Stroop taskrespe
tively. The red lines show the time stimulus was applied.In the �rst part of our study, analysis of hemodynami
 signals in the frequen
ydomain was performed. The algorithm of frequen
y domain analysis is shown in Figure5.5. After the 
al
ulation of oxy-Hb and deoxy-Hb signals, the butterworth low pass�lter with a 
ut o� frequen
y of 0.25 Hz was used to eliminate the �u
tuations dueto heart rate, respiration et
. Fourth order band pass butterworth �lter was used toseparate the oxy-Hb and deoxy-Hb signals into very low frequen
y (VLF) (0.02 - 0.05Hz), low frequen
y (LF) (0.08 - 0.12 Hz) and high frequen
y (HF) (0.12 - 0.18 Hz)
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Time [sec]Figure 5.4 Oxy-Hb and deoxy-Hb 
hanges during the Stroop task from 
ontrol parti
ipant.bands. These bands were found partly from the literature and partly as a result ofretrospe
tive spe
tral analysis. The VLF band has been shown to 
arry informationregarding the main frequen
y lobe of the hemodynami
 response by several authors.While the LF band is known to represent the vasomotor rea
tivity and is named theMayer's wave. In a previous study, (not published) we have seen the emergen
e of athird band that is spe
ulated to re�e
t the 
ontrol of autonomi
 nervous system onvasomotor dynami
s. Hen
e, the 
hoi
e of the band intervals were mainly arbitrary.The energies of the signals for the neutral, 
ongruent and in
ongruent trials were
omputed in ea
h frequen
y band for ea
h dete
tor. Figure 5.6 shows the means ofdeoxy-Hb signal with a standard deviation during in
ongruent trials for ea
h dete
torin very low, low and high frequen
y bands. As seen from the �gure, it is di�
ult todi�erentiate the energies of s
hizophreni
 patients and healthy 
ontrols. Therefore,ANOVA test was used to 
ompare the energies of deoxy-Hb and oxy-Hb signals of thes
hizophreni
 patients and 
ontrol subje
ts in the very low, low and high frequen
ybands. The statisti
ally signi�
ant level is p<0.05. The results of ANOVA will be
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Figure 5.5 Algorithm of frequen
y domain analysis.dis
ussed in Results and Dis
ussion se
tion.In the se
ond part of the thesis, wavelet de
omposition analysis was performed.Wavelet transform o�ers unguided division of the spe
tral band resulting in a morepre
ise approa
h to the 
hoi
e of signi�
antly di�erent frequen
y bands between twogroups. The signal pro
essing algorithm is shown in Figure 5.7. Oxy-Hb and deoxy-Hb signals were de
omposed using a �ve level wavelet de
omposition. Daube
hies 10('db10') was used for de
omposition. The frequen
y bands are:� A5! [0, Fs/64℄ Hz �= [0, 0.026℄ Hz� D5! [Fs/64, Fs/32℄ Hz �= [0.026, 0.053℄ Hz� D4! [Fs/32, Fs/16℄ Hz �= [0.053, 0.11℄ Hz� D3! [Fs/16, Fs/8℄ Hz �= [0.11, 0.21℄ Hz� D2! [Fs/8, Fs/4℄ Hz �= [0.21, 0.42℄ Hz� D1! [Fs/4, Fs/2℄ Hz �= [0.42, 0.85℄ Hz
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Figure 5.6 HB signal for the in
ongruent trials.D5 band (0.026-0.053 Hz) roughly 
orresponds to very low frequen
y band inspe
tral analysis method. Also, D4 (0.053-0.11 Hz) and D3(0.11-0.21 Hz) bands 
or-respond to low frequen
y and high frequen
y bands respe
tively.Figure 5.8 shows the original and de
omposed oxy-Hb signals as an example.After the de
omposition, the energy of ea
h subband signal for ea
h dete
tor was
al
ulated. Then, the energy of the oxy-Hb and deoxy-Hb during the neutral, 
ongruentand in
ongruent trials was 
omputed.In order to 
ompare data from s
hizophreni
 patients and healthy 
ontrol group,one-way ANOVA was used. The statisti
ally signi�
ant level of di�eren
e is taken asp<0.05. It indi
ates that one group mean is signi�
antly di�erent from the other. Theresults of ANOVA will be dis
ussed in Results and Dis
ussion se
tion.Also, we employed brain mapping te
hnique whose software was developed atthe Institute of Biomedi
al Engineering in Bo§aziçi University to lo
alize the a
tivities
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Figure 5.7 Signal Pro
essing Algorithm.
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Figure 5.8 De
omposed Signals.



21on forehead. The 
orresponding Figures of spe
tral analysis and wavelet de
ompositionare shown in Appendix D and E.



226. RESULTS AND DISCUSSION
6.1 Behavioral ResultsIn several, s
hizophrenia patients have poor performan
e on 
ognitive tasks.Therefore, we expe
t in
reased rea
tion times and higher error rates. Table 6.1 showsthe mean and standard deviation of the rea
tion times and error rates of 
ontrol ands
hizophreni
 group. Rea
tion times were 
al
ulated as the average of only 
orre
tanswers. The results show that the rea
tion times in
rease from neutral to in
on-gruent trials in both group. Furthermore, the mean rea
tion times of s
hizophreni
group are higher than the 
ontrol group as shown in Figure 6.1. The standard de-viations of healthy group are higher. Also, ANOVA results show that response timeof s
hizophreni
 patients is signi�
antly longer than the response time of 
ontrol sub-je
ts for neural, 
ongruent and in
ongruent trials (p<0.05). The mean error rates ofs
hizophreni
 patients are higher than that of 
ontrol group as shown in Figure 6.2. Thestandard deviations of s
hizophreni
 patients are higher. However, for only in
ongruenttrials, error rates of s
hizophreni
 patients are signi�
antly di�erent (p<0.05).To sum up, s
hizophrenia patients were slower than 
ontrols under three 
ondi-tions (neutral, 
ongruent and in
ongruent) as expe
ted. Also, their results were faultierthan 
ontrols.
6.2 NIRS ResultsThe 
on
entration 
hanges of oxy-Hb and deoxy-Hb signals were observed duringthe Stroop task. The Stroop task was used be
ause it shown to a
tivate the frontal loberegions whi
h is a

essible with fNIRS systems. A

ording to most of the resear
hers,there is a hypofun
tionality of the frontal lobes of s
hizophreni
 patients. Therefore, ade
rease in signal energies of s
hizophreni
 patients was expe
ted in this study.
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Table 6.1Rea
tion Times and Error Rates for Stroop Task.Healthy Control S
hizophrenia ANOVAParti
ipants Patients ResultsMean Std Mean Std F Value P ValueRea
tion TimesNeutral 0.98 0.45 1.75 0.14 33.27 1.29e-6, p<0.05Congruent 1.05 0.32 1.81 0.19 56.14 6.31e-9, p<0.05In
ongruent 1.18 0.34 2.20 0.24 88.31 2.43e-11, p<0.05Error RatesNeutral 0.02 0.02 0.08 0.14 2.71 0.1083Congruent 0.03 0.05 0.10 0.13 3.01 0.0912In
ongruent 0.07 0.08 0.30 0.21 13.03 0.0009, p<0.05
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hizophreni
 Patients and Healthy Controls.
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Neutral Stimulus Incongruent Stimulus Congruent Stimulus Figure 6.2 Error Rates of of S
hizophreni
 Patients and Healthy Controls.In the �rst se
tion, we analyzed fNIRS data with spe
tral analysis method.Energies of oxy-Hb and deoxy-Hb signals for neutral, 
ongruent and in
ongruent trialswere 
al
ulated in very low, low and high frequen
y regions. Anova test was used toshow the energies of s
hizophreni
 and 
ontrol group are signi�
antly di�erent. Whiteregions in Figures 6.3, 6.4 and 6.5 show that the energies of the s
hizophreni
 patientsand 
ontrol subje
ts are statisti
ally di�erent and bla
k regions show that there is nosu
h di�eren
e. The dete
tors 1, 2, 3, and 4 
orrespond to left region of the brain.The dete
tors 5, 6, 7, and 8 
over mid-left region ,and 9, 10, 11 and 12 
over mid-rightregion. The dete
tors 13-14-15-16 
orrespond to right region.As understood from the �gures, there are more dete
tors at whi
h 
hanges inoxy-Hb are more signi�
antly. For oxy-Hb signals, 
ontrols have higher energy at leftregion of the frontal 
ortex in low and very low frequen
y bands during neutral trials.During 
ongruent trials, energy of 
ontrols is higher at left region of the frontal 
ortexin very low frequen
y band, and there is a bilateral a
tivation in low frequen
y band.For in
ongruent trials, mid-left region is more a
tivated in very low frequen
y band,and right and left regions are more a
tivated in low frequen
y band. In high frequen
yband, there are very few dete
tors at whi
h the deoxy-Hb and oxy-Hb signals aresigni�
antly di�erent.
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HB Difference for ns

Detector No

0 0 9 0 0 0 0 0 0 0 0 0 0 0 0 6.8

0 6.5 2.3 3.3 0 0 0 0 0 0 0 0 0 0 0 2.3

0 6.8 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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HBO Difference for ns

Detector No

0 0 17 23 34 0 0 0 28 0 19 0 0 0 0 0

0 0 4.1 5.1 5.1 5.8 0 0 3.7 0 2.9 0 0 0 0 0

0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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HF Figure 6.3 Anova Results for Neutral Stimulus.
HB Difference for cs

Detector No

0 7.2 7 16 0 0 0 0 0 0 0 0 0 0 0 5.2
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0 9.4 8.3 31 21 19 0 0 17 0 0 0 0 0 8.5 11

2.2 4.2 4.2 6.1 4.5 5.9 0 0 0 0 0 3.7 5 7 2.6 2.4

0 9.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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HF Figure 6.4 Anova Results for Congruent Stimulus.
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HB Difference for is

Detector No

0 10 11 15 5.5 14 0 0 0 0 0 0 0 0 0 13

0 5.8 2 5.9 0 2 0 0 0 0 0 0 0 2 0 4.4

0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 1.1

2 4 6 8 10 12 14 16

VLF

LF

HF

HBO Difference for is

Detector No

0 0 10 34 27 27 0 0 30 0 0 0 13 0 0 13

2.1 8.6 0 5.5 4.6 5.8 0 0 4.8 0 0 8.4 5 7.4 2.4 3.8

0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 4 6 8 10 12 14 16

VLF

LF

HF Figure 6.5 Anova Results for In
ongruent Stimulus.The following �gures demonstrate the deoxy-Hb di�eren
e during in
ongruenttrials in very low and low frequen
y bands more 
learly (Fig 6.6, 6.7,and 6.8). A
tiva-tion is in
reasing from dark blue to red.

      0

2.49438

Figure 6.6 Very low frequen
y-HB-In
ongruent.       0

0.98947

Figure 6.7 Low frequen
y-HB-In
ongruent.In the se
ond part of the thesis, wavelet de
omposition of fNIRS data was per-formed. After �ve level wavelet de
omposition of deoxy-Hb and oxy-Hb signals withDaube
hies 10, the energies of ea
h dete
tor in ea
h subband were 
al
ulated. The�gures C.1 to C.12 show the energies of de
omposed oxy-Hb and deoxy-Hb signals forneural, 
ongruent and in
ongruent situations. In de
omposed deoxy-Hb signals, the
hanges are not distinguishable with eye. On the other hand, de
omposed oxy-Hbsignals are noti
eable espe
ially in A5 band.
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     0

1.0077

Figure 6.8 High frequen
y-HB-In
ongruent.We applied one way ANOVA test in order to �nd at whi
h dete
tors the energiesof s
hizophrenia patients and 
ontrol subje
ts are statisti
ally di�erent. As in the �rstse
tion, white regions in Figures 6.9, 6.10 and 6.11 show that the energies of thes
hizophreni
 patients and 
ontrol subje
ts are statisti
ally di�erent.There are no 
hanges in de
omposed deoxy-Hb signals ex
ept for a few dete
tors,as shown in Figure 6.9. However, the de
omposed oxy-Hb signal of s
hizophreni
patients is signi�
antly di�erent from that of 
ontrol subje
ts in almost all dete
torsin A5 frequen
y band (dete
tors 2, 4, 5, 6, 7, 9, 11, 12, 13, 15 and 16).In the 
ase of 
ongruent situation, the energy of the s
hizophreni
 group is lessthan 
ontrol group in right and mid-left region in A5 frequen
y band (dete
tors 2, 5,7, 9, 11, 12, 13, 14, 15, and 16).At dete
tors 2, 4, 5, 6, 7, 9, 11, 12, 13, 15, and 16, there is a signi�
ant di�eren
ein terms of energies of oxy-HB and deoxy-Hb signals in A5 band.The results of ANOVA show that energies of s
hizophreni
 patients are lowerthan energies of 
ontrol subje
ts in low frequen
y band (A5 band). Also, there is asigni�
ant di�eren
e in D1 band. However, we do not know how to explain these resultsin
e this frequen
y band 
orresponds to Fs/4, Fs/2Hz and sampling frequen
y is about1.7 Hz. We do not expe
t signi�
ant 
hanges in very high frequen
y band.
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HB Difference for ns

Detector No

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.9

0 0.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0.18 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.0240 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0.35 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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HBO Difference for ns

Detector No

0 37 0 28 8.7 8.1 3.1 0 6.5 0 6.8 5.7 3.7 0 1.9 5.4
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0 3.1 0 0 0 0 0 0 0 0 0 0 0 0.0750 0
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D5 Figure 6.9 Anova Results for Neutral Stimulus.
HB Difference for cs

Detector No
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0 0 0 0 0 0 0 0 0 0 0 0 0 0.0410 0

0 0 0 0 0 0.0220 0 0 0 0 0 0 0.0810 0.014

0 0 0 0 0 0 0 0 0 0 0 0 0 0.0940 0.017
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D5 Figure 6.10 Anova Results for Congruent Stimulus.
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HB Difference for is

Detector No

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.7

0 0.23 0 0.0130 0.0060 0 0 0 0 0 0 0 0 0.0048

0 0.12 0 0.0190 0 0 0 0 0 0 0 0 0 0 0.0045

0 0.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0052

0.0320.14 0 0 0 0 0 0 0 0.0570 0 0 0 0 0.015
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2 4 6 8 10 12 14 16

A5

D1

D2

D3

D4

D5

HBO Difference for is

Detector No
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0.03 0 0.0470.13 0.0410.0490 0 0 0 0 0.0320.0490.14 0 0.017

0 0.36 0 0 0.0120 0 0 0 0 0 0 0.0190 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0.0440 0
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2 4 6 8 10 12 14 16
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D5 Figure 6.11 Anova Results for In
ongruent Stimulus.

       0

0.052269

Figure 6.12 D5 band-HB-In
ongruent.        0

0.022779

Figure 6.13 D4 band-HB-In
ongruent.

       0

0.019929

Figure 6.14 D3 band-HB-In
ongruent.



307. CONCLUSION
In this study, fun
tional near infrared spe
tros
opy is used to explore the dif-feren
es of prefrontal 
ortex hemodynami
s during Stroop task between s
hizophreni
patients and healthy 
ontrol group. Twenty seven s
hizophreni
 patients and twelvehealthy 
ontrol subje
ts were in
luded in this study.In literature, resear
h 
ondu
ted on s
hizophreni
 patients shows that they havefun
tional hypofrontality during the 
ognitive tasks. In our study, similar to others,the behavioral performan
e of s
hizophreni
 patients on Stroop task were worse thanthe 
ontrol group. Their response times are remarkably longer. Moreover, their errorrates were higher than 
ontrols.Frontal a
tivation of s
hizophreni
 patients and healthy 
ontrol parti
ipants isinvestigated during Stroop task. After Oxy-Hb and deoxy-Hb 
hanges were 
al
ulated,spe
tral analysis and 5-level wavelet de
omposition was performed to these signals andenergies of the de
omposed signals were 
al
ulated for sixteen dete
tors. In both spe
-tral analysis and wavelet de
omposition method, the energy of s
hizophreni
 patientsis less than the energy of 
ontrol subje
ts. This result is similar to the �ndings inliterature. Furthermore, in spe
tral analysis, highly a
tivated regions are mostly theleft parts of the prefrontal 
ortex and the energy di�eren
e between the s
hizophreni
patients and 
ontrol subje
ts is 
learer in oxy-Hb signals. In the wavelet de
ompositionmethod, signi�
antly redu
ed prefrontal a
tivation in a group of s
hizophreni
 patientsas 
ompared with healthy 
ontrol group were found in very low frequen
y band (0 -0.026 Hz) in mid-left, mid-right and right region of the brain. This result may in-di
ate a spe
i�
 hemodynami
 response de�
it within these regions of the 
ortex ofs
hizophreni
 patients.As a 
on
lusion, spe
tral analysis and wavelet de
omposition appear suitable toobserve the frontal a
tivation in s
hizophreni
 patients. Moreover, the wavelet de
om-



31position is more appropriate to explore the di�eren
es of hemodynami
 responses invery pre
ise subband regions.



32APPENDIX A. The Modi�ed Beer Lambert Law
In highly s
attered medium su
h as brain, the oxy-Hb and deoxy-Hb 
on
en-tration 
hanges was 
al
ulated using modi�ed beer lambert law. This law states thatopti
al density (OD) is proportional to the 
on
entration of deoxy-Hb (Hb), oxy-Hb(HbO2) and the opti
al pathlength (L):

OD(�1) = log[I0(�1)I(�1) ℄ = "HbO2(�1):[HbO2℄:L + "Hb(�1):[Hb℄:L (A.1)
OD(�2) = log[I0(�2)I(�2) ℄ = "HbO2(�2):[HbO2℄:L + "Hb(�2):[Hb℄:L (A.2)where I0 is the re
eived light intensity, I is the transmitted light intensity, �1 is wave-length1 and �2 is wavelength2. The oxy-Hb and deoxy-Hb 
hanges in the brain 
an be
al
ulated as follows:

�OD(�1) = "HbO2(�1):�[HbO2℄:L+ "Hb(�1):�[Hb℄:L (A.3)
�OD(�2) = "HbO2(�2):�[HbO2℄:L+ "Hb(�2):�[Hb℄:L (A.4)

0B� �OD(�1)�OD(�2) 1CA = 0B� "HbO2(�1) "Hb(�1)"HbO2(�2) "Hb(�2) 1CA0B� �[HbO2℄�[Hb℄ 1CAL (A.5)



330B� �[HbO2℄�[Hb℄ 1CA = 0B� "HbO2(�1) "Hb(�1)"HbO2(�2) "Hb(�2) 1CA�10B� �OD(�1)�OD(�2) 1CA 1L (A.6)



34APPENDIX B. Energy Graphi
s of Frequen
y Band Analysis
Figures of Frequen
y Band Analysis
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Figure B.1 HB signal for the neutral trials.
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ongruent trials.
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Figure B.3 HB signal for the in
ongruent trials.
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Figure B.4 HBO2 signal for the neutral trials.
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Figure B.5 HBO2 signal for the 
ongruent trials.
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Figure B.6 HBO2 signal for the in
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38APPENDIX C. Energy Graphi
s of Wavelet Analysis
Figures of Frequen
y 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 
ongruent stimulus in A5, D1, and D2 bands.
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Figure C.4 Energy of deoxy-Hb signal for 
ongruent stimulus in D3, D4, and D5 bands.
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Figure C.5 Energy of deoxy-Hb signal for in
ongruent stimulus in A5, D1, and D2 bands.
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Figure C.6 Energy of deoxy-Hb signal for in
ongruent 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 
ongruent stimulus in A5, D1, and D2 bands.
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Figure C.10 Energy of oxy-Hb signal for 
ongruent stimulus in D3, D4, and D5 bands.
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Figure C.11 Energy of oxy-Hb signal for in
ongruent stimulus in A5, D1, and D2 bands.
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Figure C.12 Energy of oxy-Hb signal for in
ongruent stimulus in D3, D4, and D5 bands.
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Figure E.36 D1 band-HBO2-In
ongruent.
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