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ivABSTRACTSUBBAND FILTERING OF FNIRS DATA FROMSCHIZOPHRENIC SUBJECTS
Shizophrenia is a neurologial disorder and typially persists for a life. Inves-tigation of the erebral hemodynamis of shizophreni patients with a rapid, non-invasive and preise tehnique is required to improve the prognosis and guide thera-peuti interventions.Funtional Near-Infrared Spetrosopy (fNIRS) is a non-invasive brain imagingtehnique measuring the hanges in oxy-hemoglobin and deoxy-hemoglobin partiularlyin prefrontal ortex.In this study, fNIRS was used during a Stroop task to investigate the di�erenesin osillatory dynamis between shizophreni patients and ontrol subjets. Spetralanalysis and dyadi wavelet transform were employed to quantify the degree of loss oferebral ativation and to loalize the major areas of loss of ativation in the prefrontalortex.In this study, it was found that spei� brain areas are responsible for generatingspei� osillatory patterns and energies of these patterns are signi�antly redued inshizophreni patients.Keywords: Shizophrenia, Funtional Near Infrared Spetrosopy (fNIRS), SpetralAnalysis, Wavelet Deomposition, Stroop Task.



vÖZET��ZOFREN DENEKLERDEN ALINAN ��LEVSEL YAKINKIZILÖTES� SPEKTROSKOP� VER�LER�N�N ALTBANDF�LTRELENMES�
�izofreni sinirbilimsel bir bozukluktur ve genelde hayat boyuna devam eder.�izofreni hastalar�n�n beyinsel hemodinamiklerinin h�zl�, noninvazif ve keskin sonuçlarveren bir teknikle inelenmesi, hastal�§�n tahmini ve tedavi edii 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 dereesini 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 Sözükler: �izofreni, �³levsel Yak�n K�z�l Ötesi Spektroskopi, SpektralÇözümleme, Dalga�k Ayr�³mas�, Stroop Test.
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11. INTRODUCTION
Shizophrenia is haraterized by a loss of ontat with reality and a disrup-tion of thought, pereption, mood, and movement. The disorder typially beomesapparent during adolesene or early adulthood and usually persists for life. Thename, introdued in 1911 by Swiss psyhiatrist Eugen Bleuler, roughly means "dividedmind", beause of his observation that many patients seemed to osillate between nor-mal and anormal states. There are, however, many variations in the manifestations ofshizophrenia, inluding those that show a steadily deteriorating ourse. Indeed, it isstill not lear whether what is alled shizophrenia is a single disease or several [1℄.Computerized tomography, magneti resonane imaging, and erebral blood �owstudies have revealed that some patients with shizophrenia have one or more of fourmajor anatomial abnormalities. First, early in the disease there is a redution inthe blood �ow to the left globus pallidus, suggestive of a disturbane in the systemthat onnets the basal ganglia to the frontal lobes. Seond, there appears to be adisturbane in the frontal lobes themselves sine blood �ow does not inrease duringtests of frontal funtion involving working memory, as it does in normal subjets.Third, the ortex of the medial temporal lobe is thinner and the anterior portion of thehippoampus is smaller than in normal people, espeially on the left side, onsistentwith a defet in memory. Finally, the lateral and third ventriles are enlarged andthere is widening of the suli, espeially in the thinner temporal lobe and in the frontallobe, re�eting a redution in the volume of this lobe as well [2℄.To date, several funtional neuroimaging tehniques have been tested on shizophren-is while they were performing several ognitive psyhophysis tasks. The hallenge inall these studies has been to onverge to a rapid, non-invasive and preise tehnique.We have deided to apply the funtional near infrared spetrosopy (fNIRS)measurement during ognitive ativity to reprodue the similar di�erenes observed by



2other modalities. Sine optial imaging tehniques o�er rapid and non-invasive aessto brain oxygenation and blood �ow, we deided to investigate the erebral the erebralativation during a olor-word mathing Stroop task.The problems we addressed are listed below1. Is it possible to quantify the degree of loss of erebral ativation in shizophrenisby NIRS?2. Is it possible to loalize the major areas of loss of ativation?3. Are there any further dynamis within these ativities that might eluidate theloss of ativation and hene help us understood the pathophysiology in a morepreise manner?
1.1 Motivation and ObjetiveEarly detetion of shizophrenia and understanding its pathophysiology mightimprove prognosis and guide therapeuti interventions. Hene, a rapid, non-invasiveand preise means of investigation of the erebral dynamis of these patients is re-quired. We have deided to use the fNIRS imaging modality during a Stroop task andinvestigate the osillatory dynamis between ontrols and patients. The tehniques weemployed were the band pass �ltering and dyadi wavelet transform.Our results show that there are spei� brain areas responsible for generatingspei� osillatory patterns and that these are signi�antly redued in shizophrenis.



32. PRINCIPLES OF FUNCTIONAL NEAR INFRAREDSPECTROSCOPY
Neuroimaging is a tehnique used for obtaining strutural and funtional imagesof the nervous system, i.e., the peripheral nervous system, the spinal ord and the brain.Brain ativity is assoiated with a number of physiologial events. By usingoptial tehniques, two of these events an be assessed. During neural ativity, ioni�uxes aross the ell's membrane (e.g., shifts in sodium and potassium ions) result in ahange in the membrane potential. The ioni �uxes also ause hanges in the magnetiand eletrial �elds, whih, when summed aross a large number of synhronouslyativated neurons, an be assessed using EEG or MEG. Neuronal ativity is fueledby gluose metabolism, so inreases in neural ativity result in inreased gluose andoxygen onsumption from the loal apillary bed. A redution in loal gluose andoxygen stimulates the brain to inrease loal arteriolar vasodilation, whih inreasesloal erebral blood �ow (CBF) and erebral blood volume (CBV), a mehanism knownas neurovasular oupling. Over a period of several seonds, the inreased CBF arriesboth gluose and oxygen to the area, the latter of whih is transported via oxygenatedhemoglobin in the blood. The inreased oxygen transported to the area typiallyexeeds the loal neuronal rate of oxygen utilization, resulting in an overabundane oferebral blood oxygenation in ative areas [3℄. Although the initial inrease in neuralativity is thought to result in a foal inrease in deoxygenated hemoglobin in theapillary bed as oxygen is withdrawn from the hemoglobin for use in the metabolizationof gluose, this feature of the vasular response has been muh more di�ult to measure,and more ontroversial, than hyperoxygenation [4℄.Beause oxygenated and deoxygenated hemoglobin (oxy-Hb, deoxy-Hb) haveharateristi optial properties in the visible and near-infrared light range, the hangein onentration of these moleules during neurovasular oupling an be measuredusing optial methods [5℄. The most ommonly used method of near-infrared spe-
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Figure 2.1 The absorption spetrum of hromophores [4℄.trosopy measures hanges in the ratio of oxy-Hb to blood volume. Most biologialtissues are relatively transparent to light in the near-infrared range between 700 - 900nm, largely beause 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 suh, this spetral band is often referred to as the optialwindow for the noninvasive assessment of brain ativation. In optial window, lightpenetrates the biologial tissue suh as the skull quite easily and an thus be injetedinto the head. In erebrum, near infrared light is mainly absorbed by oxy-Hb and deoxy-Hb. The fration of light that is not absorbed on its path within the erebrum an inpart be deteted by an optial probe when it leaves the head again. If near infraredlight is emitted from the salp surfae and the re�eted light is deteted in a distaneof 2-5 m from the light soure at the salp surfae again, the injeted light travels ina "banana shape" form from soure to detetor passing through the subjaent braintissue, as illustrated in Figure 2.2. From the amount of re�eted(i.e, not absorbed) nearinfrared light, it is now possible to alulate hanges in the onentration of oxy-Hband deoxy-Hb in living brain tissue using a modi�ed Beer-Lambert law (Appendix A),employing near infrared light absorption harateristis and two wavelength absorptiondata. By adding the onentration hanges of oxy-Hb and deoxy-Hb, the third vasular
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Figure 2.2 Banana-shaped photon path [4℄.parameter an be obtained (total hemoglobin, total-Hb), whih orresponds to theorpusular blood volume [6, 4℄.For the onsideration of penetration depth of near infrared light, photon migra-tion models predited it to be diretly proportional to the inter optode distane. Thereis an agreement on the fat that when used on the salp surfae, NIRS an detet thehanges in hemoglobin onentration on the ortial surfae, although the signal maybe limited to the top 2-3 mm of the ortex.The underlying idea is that when brain ativity inreases within the a partiularpart of the erebral ortex, blood supply to that area inreases as well, as does thelevel of oxy-Hb. The onsumption of oxygen during brain ativity furthermore leadsto an inrease in deoxygenated hemoglobin that is, however, soon ompensated by theinrease in blood supply, and deoxy-Hb usually dereases as a result. In other words,ativation of a partiular brain region is supposed to be re�eted in an inrease inoxy-Hb and total-Hb and a orresponding derease in deoxy-Hb. These hanges in theonentration of oxy-Hb and deoxy-Hb an now be deteted by means of NIRS [6℄.



63. FUNCTIONAL NEUROIMAGING IN SCHIZOPHRENIA
Advanes in neuroimaging tehnologies have greatly failitated our understand-ing of brain funtion in psyhiatri and neurologial disorders suh as shizophrenia,mood disorders, anxiety disorders, Alzheimer's disease, Parkinson's disease, epilepsy,traumati brain injury, and personal disorders. Neuroimaging tehniques suh as ele-troenephalography (EEG), event-related brain potentials (ERPs), magnetoenephalog-raphy (MEG), positron emission tomography (PET), single-positron emission om-puted tomography (SPECT), and funtional magneti resonane imaging (fMRI) havepermitted signi�ant advanes in our understanding of the neurobiologial substrates ofmany of these brain disorders. In addition, eah of the neurophysiologial/neuroimagingtehniques used the study these brain proesses has its own inherent limitations. Inomparison to traditional neuroimaging tehnologies, emerging tehniques suh as fun-tional near infrared spetrosopy (fNIRS) o�er relatively non-invasive, safe, portable,low-ost methods of monitoring of brain ativity [7℄.In addition to funtional imaging studies, reent researh revealed abnormalitiesof various neurotransmitter systems in the prefrontal regions, suh as Brodmann areas9, 10 and 46 (Figure 3.1). A�eted neurotransmitters inlude aetylholine, serotonin,glutamate, -aminobutyri aid and holeystokinin. Disorder of synapti formation,ytoarhiteture, and glial omponents were also suggested in the same regions. Thesebiohemial and morphologi hanges support the role of prefrontal ortex in the patho-physiology of shizophrenia [8℄.Neuroimaging studies have identi�ed shizophrenia as being assoiated withdysfuntion of the prefrontal ortex. The prefrontal parts play an important role inshizophrenia. The dorsolateral prefrontal ortex is the most ommonly a�eted pre-frontal site (BA 46). Until reent studies, most of the studies show that the physiologiabnormality in this brain region was seen as hypofrontality. However, hyperfrontalityin shizophreni patients was observed in some researhes. Manoah onluded that
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Figure 3.1 Broadmann Areas - Sagital View.both hypofrontality and hyperfrontality should be onsidered as valid and informativere�etions of prefrontal ortex dysfuntion in shizophrenia [9℄. Quantana et al. saidthat the manifestation of the prefrontal dysfuntion depends on task spei�ations ande�ets of the task in orresponding areas [10, 11℄.3.1 Funtional Near Infrared Spetrosopy In ShizophreniaOkada et al. utilized multi-hannel fNIRS to investigate disturbanes in inter-hemispheri integration of brain oxygen metabolism and hemodynamis. They uti-lized a mirror drawing task (MDT) and found that ontrols showed distint and well-integrated patterns of hanges in oxy-Hb, deoxy-Hb, and total blood volume duringthe MDT. In ontrast, half of the patients with shizophrenia showed "dysregulatedpatterns" in the frontal regions between hemispheres, suh that inreases in oxy-Hbwere not paralleled by dereases in deoxy-Hb. This led the authors to suggest thatertain symptoms of shizophrenia might be related to problems in interhemispheriintegration [7, 12℄.Similarly, Fallgatter and Strik examined the relationship between lateralizedfrontal fNIRS ativation patterns during the exeution of a ontinuous performane test



8(CPT). Interestingly, they did not �nd any overall or hemispheri ativation e�ets intheir ohort. However, when ompared to healty ontrols they found group di�erenes,with a lateralized ativation in shizophrenia. Furthermore, a trend towards higherleft relative to right oxy-Hb and deoxy-Hb ratios at rest and during ativation wereobserved in subjets with shizophrenia. This led the authors to suggest that there maybe a redued spei� lateralized frontal ativity, possibly based on a left hemispherefuntional de�it in shizophrenia [7, 13℄.Another more reent investigation has utilized frontally based tasks suh as ran-dom number generation (RNG), ruler-athing (RC), and sequential �nger-to-thumb(SFT) tasks to show that there are task dependent funtional abnormalities frontalbrain metabolism in shizophrenia [8℄. Spei�ally, during the RNG task, total-Hband oxy-Hb onentrations inreased and deoxy-Hb dereased, but the responses weresigni�antly smaller in shizophreni patients. During RC task, oxy-Hb in patientswith shizophrenia tended to derease, in ontrast to the mostly inreasing response inontrol subjets. No group di�erene was observed during the SFT task [7, 8℄.Verbal �ueny tests (VFTs) have also been utilized to larify the nature oflanguage-related problems in shizophrenia. Kubota et al. found that while healthysubjets performed both semanti and phonemi �ueny equivalently, subjets withshizophrenia showed more ompromised performane in semanti VFTs ompared tothe phonemi VFTs. FNIRS measurement revealed that the pattern of prefrontalortex (PFC) ativation was greater during the phonemi VFT when ompared to thesemanti VFT in healthy subjets, suggesting more prominent PFC involvement inphonemi-ued retrieval. In ontrast, subjets with shizophrenia showed the oppositepattern of ativation, implying that the semanti mode of lexial aess might imposegreater ognitive demands on the PFC for this patient group [7, 14℄.Similarly, another study also utilized VFT to demonstrate harateristi timeourses of oxy-Hb hanges in the frontal lobe for shizophrenia as ompared to a sampledepressed patients [15℄. Spei�ally, depressed patients demonstrated smaller oxy-Hbinreases during the �rst half of the task period, while patients with shizophrenia had



9a small trough of oxy-Hb at the start of the task period and oxy-Hb reinrease in thepost-task period. The dereased oxy-Hb ativation in depression was onsistent withdereased regional erebral blood �ow and metabolism in the dorsolateral prefrontalortex in the resting state observed in funtional neuroimaging studies using othermethodologies suh as PET, SPECT, and fMRI. Yet these results did not support eitherthe hypofrontolity [16℄ observed when the task performanes of shizophreni patientsare poorer, or the hyperfrontality [17℄ observed when the task performaes mathed.This might be related to the authors' modi�ation to their VFT task (inreased length)due to their interest in monitoring time oure hanges in blood volume [7℄.In ontrast, Watanabe and Kato showed �ndings onsistent with task dependentfuntional hypofrontality demonstrated by other neuroimaging studies [18℄. They foundthat oxy-Hb inreased during VFT and letter-number (LN) sequening, shizophreniapatients showed lower performane and a smaller inrease in oxy-Hb during VFTs thanontrols. This redued oxy-Hb response during VFTs in shizophrenia patients wasalso observed even when their performane was mathed with ontrols' performane.In ontrast, inrease in oxy-Hb during LN in shizophrenia patients was omparablewith that of ontrols. In addition, patients mediated with atypial antipsyhotisshowed a larger inrease in oxy-Hb during VFT and LN than those mediated withtypial antipsyhotis [7, 18℄.Perlstein et al. applied n-bak sequential-letter working memory task to shizo-phreni patients and ontrol subjets. Aording to fMRI results, shizophreni pa-tients showed a de�it in physiologial ativation of the right dorsolateral prefrontalortex (BA 46/9) in the ontext of normal task-dependent ativity in other regions, butonly under the ondition that distinguished them from omparison subjets on task per-formane. Patients with greater dorsolateral prefrontal ortex dysfuntion performedmore poorly. Dorsolateral prefrontal ortex dysfuntion was seletively assoiated withdisorganization symptoms.



104. STROOP PERFORMANCE IN SCHIZOPHRENIA
Stroop task is a lassial neuropsyhologial test of frontal lobe funtion oftenemployed in both linial and researh settings. As its basi priniple, it omprises of aon�it between ertain stimulus dimensions, typially between a olor word name andits ink olor, thus reating interferene between word reading and olor naming. Theareas spei�ally ativated by the Stroop interferene 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 spei�ally ativated during Stroop interferene, partiularly withinleft inferior-frontal (BA 44,45 and 47) and frontopolar (BA 10) regions as well as inthe inferior part of the left preentral gyrus(BA 6) [6℄.In Stroop task, subjets are asked to name the olor of ink in whih olor wordsprinted. There are three onditions: neutral (a nonolor word printed in some inkolor, suh as XXXX written in blue ink), ongruent (olor and word are the same,suh as Turkish word of BLUE written in a blue ink), inongruent (olor and wordon�it, suh as Turkish word of GREEN written in blue ink) as illustrated in Figure4.1. Barh and Carter show that shizophreni patients exhibits an inreased reationtime for eah type of stimulus as ompared with healthy ontrols. Interesting pointis that mean reation times of shizophreni patients and ontrol subjets 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.



11

Figure 4.1 Examples of single trials for the neutral, ongruent and inongruent ondition of theStroop task. For the upper three examples, the orret answer would be "no", for the lower threeexamples, the orret answer would be "yes" [27℄.



125. METHOD
5.1 SubjetsTwelve healthy ontrol partiipants and twenty seven shizophreni patients(age, 34.69 � 10.31 years) were involved in this study. Healthy ontrol subjets had nohistory of psyhiatri or neurologi disorders. Data from healthy ontrol partiipantswere aquired at Biomedial Engineering Laboratories in Bo§aziçi University. Datafrom shizophreni patients were aquired at Department of Psyhiatry of PamukkaleUniversity Medial Faulty in Denizli, Turkey. Written inform onsent was obtainedfrom eah subjet for partiipation in this study. The protool has been approved bythe Ethis Board of both Pamukkale and Bo§aziçi Universities.
5.2 Experimental ProedureEah partiipant sat on a hair with their eyes open during experiments asshown in Figure 5.1. The partiipants were instruted to minimize movement suh ashead movements during the NIRS measurements beause they might produe artifatsor hanges in erebral perfusion unrelated to the task. Furthermore, experiments wereperformed in a silent and dimmed room to prevent any other nuisane.In this study, the olor-word mathing Stroop task was used to explore thedi�erenes in frontal lobe funtions between shizophrenia and ontrol subjets. Tworows of letters appeared on the sreen and subjets were instruted to deide, whetherthe olor of the top row letters orresponds to the olor name written on the bottomrow. If the answer is yes, they were instruted to press the right button of the mouse. Ifthe answer is no, they were instruted to press the left button of the mouse. Partiipantsused 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 inongruent ondition, the olorword was printed in a di�erent olor to produe interferene between olor word andword name.At the beginning of the experiment, �xation point ("+" sign) was displayed forone minute on the sreen. An experiment onsisted of 15 blok stimuli (5 neutral,5 ongruent and 5 inongruent) in a random order. Eah blok onsisted of 6 trials.Between eah bloks, there was a 20 se wait and �xation point was displayed on thesreen. Word remained on the omputer sreen until the response was given with amaximum time of 4 se. The sreen was blank between the trials.Subjets were tested prior to the experiment with a small version of Stroop taskfor training.
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Figure 5.2 16 hannels Niroxope Probe 1-Grey Phantom 2- LED 3- Detetors 4- PCB 5- Cable[21℄.5.3 Data Aquisition By NIRSHemodynami hanges in the prefrontal ortex were measured using NIROX-COPE 301 whih was developed at the Biophotonis Laboratory of the Institute ofBiomedial Engineering in Bo§aziçi University. NIROXCOPE 301 is omposed ofFlexible Sensor that onsists of four LED light soures and ten detetors whih ov-ers forehead as shown in Figure 5.2. The distane between soure and detetor is2.5 m. The LED light soures an emit at three wavelenghts of 730nm, 805nmand 850nm. The detetors are sensitive in the near infrared spetrum.Control Box mainly onsists of transmitter, reeiver iruits and usb data aquisitionardSoftware that ontrols the devie 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 shizopreni patient.5.4 Analysis of fNIRS Data and StatistisSignal hanges at the detetors during the Stroop task was olleted by meansof NIROXCOPE 301. Oxy-Hb and deoxy-Hb hanges were alulated by using themodi�ed Beer Lambert law (Appendix A). Figure 5.3 and 5.4 show the oxy-Hb anddeoxy-Hb hanges of shizophreni patient and ontrol subjet during the Stroop taskrespetively. The red lines show the time stimulus was applied.In the �rst part of our study, analysis of hemodynami signals in the frequenydomain was performed. The algorithm of frequeny domain analysis is shown in Figure5.5. After the alulation of oxy-Hb and deoxy-Hb signals, the butterworth low pass�lter with a ut o� frequeny of 0.25 Hz was used to eliminate the �utuations dueto heart rate, respiration et. Fourth order band pass butterworth �lter was used toseparate the oxy-Hb and deoxy-Hb signals into very low frequeny (VLF) (0.02 - 0.05Hz), low frequeny (LF) (0.08 - 0.12 Hz) and high frequeny (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 partiipant.bands. These bands were found partly from the literature and partly as a result ofretrospetive spetral analysis. The VLF band has been shown to arry informationregarding the main frequeny lobe of the hemodynami response by several authors.While the LF band is known to represent the vasomotor reativity and is named theMayer's wave. In a previous study, (not published) we have seen the emergene of athird band that is speulated to re�et the ontrol of autonomi nervous system onvasomotor dynamis. Hene, the hoie of the band intervals were mainly arbitrary.The energies of the signals for the neutral, ongruent and inongruent trials wereomputed in eah frequeny band for eah detetor. Figure 5.6 shows the means ofdeoxy-Hb signal with a standard deviation during inongruent trials for eah detetorin very low, low and high frequeny bands. As seen from the �gure, it is di�ult todi�erentiate the energies of shizophreni patients and healthy ontrols. Therefore,ANOVA test was used to ompare the energies of deoxy-Hb and oxy-Hb signals of theshizophreni patients and ontrol subjets in the very low, low and high frequenybands. The statistially signi�ant level is p<0.05. The results of ANOVA will be
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Figure 5.5 Algorithm of frequeny domain analysis.disussed in Results and Disussion setion.In the seond part of the thesis, wavelet deomposition analysis was performed.Wavelet transform o�ers unguided division of the spetral band resulting in a morepreise approah to the hoie of signi�antly di�erent frequeny bands between twogroups. The signal proessing algorithm is shown in Figure 5.7. Oxy-Hb and deoxy-Hb signals were deomposed using a �ve level wavelet deomposition. Daubehies 10('db10') was used for deomposition. The frequeny 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 inongruent trials.D5 band (0.026-0.053 Hz) roughly orresponds to very low frequeny band inspetral analysis method. Also, D4 (0.053-0.11 Hz) and D3(0.11-0.21 Hz) bands or-respond to low frequeny and high frequeny bands respetively.Figure 5.8 shows the original and deomposed oxy-Hb signals as an example.After the deomposition, the energy of eah subband signal for eah detetor wasalulated. Then, the energy of the oxy-Hb and deoxy-Hb during the neutral, ongruentand inongruent trials was omputed.In order to ompare data from shizophreni patients and healthy ontrol group,one-way ANOVA was used. The statistially signi�ant level of di�erene is taken asp<0.05. It indiates that one group mean is signi�antly di�erent from the other. Theresults of ANOVA will be disussed in Results and Disussion setion.Also, we employed brain mapping tehnique whose software was developed atthe Institute of Biomedial Engineering in Bo§aziçi University to loalize the ativities
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Figure 5.7 Signal Proessing Algorithm.
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Figure 5.8 Deomposed Signals.



21on forehead. The orresponding Figures of spetral analysis and wavelet deompositionare shown in Appendix D and E.



226. RESULTS AND DISCUSSION
6.1 Behavioral ResultsIn several, shizophrenia patients have poor performane on ognitive tasks.Therefore, we expet inreased reation times and higher error rates. Table 6.1 showsthe mean and standard deviation of the reation times and error rates of ontrol andshizophreni group. Reation times were alulated as the average of only orretanswers. The results show that the reation times inrease from neutral to inon-gruent trials in both group. Furthermore, the mean reation times of shizophrenigroup 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 shizophreni patients is signi�antly longer than the response time of ontrol sub-jets for neural, ongruent and inongruent trials (p<0.05). The mean error rates ofshizophreni patients are higher than that of ontrol group as shown in Figure 6.2. Thestandard deviations of shizophreni patients are higher. However, for only inongruenttrials, error rates of shizophreni patients are signi�antly di�erent (p<0.05).To sum up, shizophrenia patients were slower than ontrols under three ondi-tions (neutral, ongruent and inongruent) as expeted. Also, their results were faultierthan ontrols.
6.2 NIRS ResultsThe onentration hanges of oxy-Hb and deoxy-Hb signals were observed duringthe Stroop task. The Stroop task was used beause it shown to ativate the frontal loberegions whih is aessible with fNIRS systems. Aording to most of the researhers,there is a hypofuntionality of the frontal lobes of shizophreni patients. Therefore, aderease in signal energies of shizophreni patients was expeted in this study.
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Table 6.1Reation Times and Error Rates for Stroop Task.Healthy Control Shizophrenia ANOVAPartiipants Patients ResultsMean Std Mean Std F Value P ValueReation 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<0.05Inongruent 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 0.0912Inongruent 0.07 0.08 0.30 0.21 13.03 0.0009, p<0.05
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Neutral Stimulus Incongruent Stimulus Congruent Stimulus Figure 6.2 Error Rates of of Shizophreni Patients and Healthy Controls.In the �rst setion, we analyzed fNIRS data with spetral analysis method.Energies of oxy-Hb and deoxy-Hb signals for neutral, ongruent and inongruent trialswere alulated in very low, low and high frequeny regions. Anova test was used toshow the energies of shizophreni and ontrol group are signi�antly di�erent. Whiteregions in Figures 6.3, 6.4 and 6.5 show that the energies of the shizophreni patientsand ontrol subjets are statistially di�erent and blak regions show that there is nosuh di�erene. The detetors 1, 2, 3, and 4 orrespond to left region of the brain.The detetors 5, 6, 7, and 8 over mid-left region ,and 9, 10, 11 and 12 over mid-rightregion. The detetors 13-14-15-16 orrespond to right region.As understood from the �gures, there are more detetors at whih 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 frequeny bands during neutral trials.During ongruent trials, energy of ontrols is higher at left region of the frontal ortexin very low frequeny band, and there is a bilateral ativation in low frequeny band.For inongruent trials, mid-left region is more ativated in very low frequeny band,and right and left regions are more ativated in low frequeny band. In high frequenyband, there are very few detetors at whih the deoxy-Hb and oxy-Hb signals aresigni�antly di�erent.
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HF Figure 6.5 Anova Results for Inongruent Stimulus.The following �gures demonstrate the deoxy-Hb di�erene during inongruenttrials in very low and low frequeny bands more learly (Fig 6.6, 6.7,and 6.8). Ativa-tion is inreasing from dark blue to red.

      0

2.49438

Figure 6.6 Very low frequeny-HB-Inongruent.       0

0.98947

Figure 6.7 Low frequeny-HB-Inongruent.In the seond part of the thesis, wavelet deomposition of fNIRS data was per-formed. After �ve level wavelet deomposition of deoxy-Hb and oxy-Hb signals withDaubehies 10, the energies of eah detetor in eah subband were alulated. The�gures C.1 to C.12 show the energies of deomposed oxy-Hb and deoxy-Hb signals forneural, ongruent and inongruent situations. In deomposed deoxy-Hb signals, thehanges are not distinguishable with eye. On the other hand, deomposed oxy-Hbsignals are notieable espeially in A5 band.
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     0

1.0077

Figure 6.8 High frequeny-HB-Inongruent.We applied one way ANOVA test in order to �nd at whih detetors the energiesof shizophrenia patients and ontrol subjets are statistially di�erent. As in the �rstsetion, white regions in Figures 6.9, 6.10 and 6.11 show that the energies of theshizophreni patients and ontrol subjets are statistially di�erent.There are no hanges in deomposed deoxy-Hb signals exept for a few detetors,as shown in Figure 6.9. However, the deomposed oxy-Hb signal of shizophrenipatients is signi�antly di�erent from that of ontrol subjets in almost all detetorsin A5 frequeny band (detetors 2, 4, 5, 6, 7, 9, 11, 12, 13, 15 and 16).In the ase of ongruent situation, the energy of the shizophreni group is lessthan ontrol group in right and mid-left region in A5 frequeny band (detetors 2, 5,7, 9, 11, 12, 13, 14, 15, and 16).At detetors 2, 4, 5, 6, 7, 9, 11, 12, 13, 15, and 16, there is a signi�ant di�erenein terms of energies of oxy-HB and deoxy-Hb signals in A5 band.The results of ANOVA show that energies of shizophreni patients are lowerthan energies of ontrol subjets in low frequeny band (A5 band). Also, there is asigni�ant di�erene in D1 band. However, we do not know how to explain these resultsine this frequeny band orresponds to Fs/4, Fs/2Hz and sampling frequeny is about1.7 Hz. We do not expet signi�ant hanges in very high frequeny band.
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Figure 6.12 D5 band-HB-Inongruent.        0
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Figure 6.13 D4 band-HB-Inongruent.
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Figure 6.14 D3 band-HB-Inongruent.



307. CONCLUSION
In this study, funtional near infrared spetrosopy is used to explore the dif-ferenes of prefrontal ortex hemodynamis during Stroop task between shizophrenipatients and healthy ontrol group. Twenty seven shizophreni patients and twelvehealthy ontrol subjets were inluded in this study.In literature, researh onduted on shizophreni patients shows that they havefuntional hypofrontality during the ognitive tasks. In our study, similar to others,the behavioral performane of shizophreni patients on Stroop task were worse thanthe ontrol group. Their response times are remarkably longer. Moreover, their errorrates were higher than ontrols.Frontal ativation of shizophreni patients and healthy ontrol partiipants isinvestigated during Stroop task. After Oxy-Hb and deoxy-Hb hanges were alulated,spetral analysis and 5-level wavelet deomposition was performed to these signals andenergies of the deomposed signals were alulated for sixteen detetors. In both spe-tral analysis and wavelet deomposition method, the energy of shizophreni patientsis less than the energy of ontrol subjets. This result is similar to the �ndings inliterature. Furthermore, in spetral analysis, highly ativated regions are mostly theleft parts of the prefrontal ortex and the energy di�erene between the shizophrenipatients and ontrol subjets is learer in oxy-Hb signals. In the wavelet deompositionmethod, signi�antly redued prefrontal ativation in a group of shizophreni patientsas ompared with healthy ontrol group were found in very low frequeny band (0 -0.026 Hz) in mid-left, mid-right and right region of the brain. This result may in-diate a spei� hemodynami response de�it within these regions of the ortex ofshizophreni patients.As a onlusion, spetral analysis and wavelet deomposition appear suitable toobserve the frontal ativation in shizophreni patients. Moreover, the wavelet deom-



31position is more appropriate to explore the di�erenes of hemodynami responses invery preise subband regions.



32APPENDIX A. The Modi�ed Beer Lambert Law
In highly sattered medium suh as brain, the oxy-Hb and deoxy-Hb onen-tration hanges was alulated using modi�ed beer lambert law. This law states thatoptial density (OD) is proportional to the onentration of deoxy-Hb (Hb), oxy-Hb(HbO2) and the optial 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 reeived 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 bealulated 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 Graphis of Frequeny Band Analysis
Figures of Frequeny Band Analysis
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Figure B.1 HB signal for the neutral trials.
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Figure B.2 HB signal for the ongruent trials.
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Figure B.3 HB signal for the inongruent 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 inongruent trials.



38APPENDIX C. Energy Graphis of Wavelet Analysis
Figures of Frequeny 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.

0 2 4 6 8 10 12 14 16 18
−0.2

0

0.2

0.4

0.6

E
ne

rg
y 

of
 [H

B
]

D3 − Congruent

Schizophrenic
Control

0 2 4 6 8 10 12 14 16 18
−0.5

0

0.5

1

E
ne

rg
y 

of
 [H

B
]

D4 − Congruent

Schizophrenic
Control

0 2 4 6 8 10 12 14 16 18
−1

0

1

2

E
ne

rg
y 

of
 [H

B
]

D5 − Congruent

Schizophrenic
Control

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 inongruent stimulus in A5, D1, and D2 bands.
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Figure C.6 Energy of deoxy-Hb signal for inongruent 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 inongruent stimulus in A5, D1, and D2 bands.
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Figure C.12 Energy of oxy-Hb signal for inongruent stimulus in D3, D4, and D5 bands.
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