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Schizophrenia: Its Pathology and Characterization Using Multiple Imaging Modalities Ankur Kumar, [email protected] Report for ECE 5180: Principles of Medical Imaging ABSTRACT Schizophrenia, a neuropsychotic disorder, is caused by the inability to filter sensory stimuli and its patients may have enhanced perceptions of sounds, colors, and other features of their environment. Most schizophrenics gradually withdraw from reality and are unable to perform basic activities on a day-to-day basis. It is believed that several genetic factors as well as environmental factors contribute to Schizophrenia. However, the pathology of the psychotic disorder still remains unclear and this leads to few possibilities for diagnosis. This investigative report aims to clarify the hypothesized pathology of the disorder. Imaging modalities such as MRI, PET, and Diffusion Tensor Imaging (DTI) prove helpful in the detection and the understanding of the neuropathology of Schizophrenia. A brief summary of the image acquisition of the relatively new DTI is also presented in this report. Keywords: Schizophrenia, fiber tractography, diffusion tensor imaging, central nervous system, neuropathology, dopamine, enlarged ventricles PATHOLOGY Marked by severely impaired thinking, emotions, motor movement, hallucinations, and other behaviors, Schizophrenia affects around 1% of the world’s population [14]. There are three phases of Schizophrenia. The first phase or the acute phase is where the patient has a complete loss of contact with reality, a psychotic episode, and this requires treatment and intervention. In the second or stabilization phase, the initial psychotic symptoms are brought under control but the patient remains at risk for relapse if treatment is interrupted. In the third or maintenance phase, the patient is stable and can be kept indefinitely on antipsychotic medications. However, in this phase relapses are still possible. The five subtypes of schizophrenia are defined below [8]: Type Catatonic Hebephrenic Paranoid Residual Undifferentiated



Description Psychomotor disturbance, uncontrollable spontaneous activity, maintenance of bizarre postures, decrease in reactivity Incoherent thought and speech, regressive behavior, inappropriate emotional responses, weak personality structure Delusions, auditory hallucinations, preservation of affect and cognitive functioning, coherent framework of delusions Individuals who have had at least one acute schizophrenic episode, but are no longer showing any symptoms Prominent symptoms are present, but cannot be classified as the other types of schizophrenics.



The symptoms of Schizophrenia can be classified as positive and negative. The characteristic symptoms of positive schizophrenia include hallucinations, delusions, and thought disorder. These symptoms are usually seen in patients with acute schizophrenia, and respond well to neuroleptics or antipsychotic medications. The characteristic symptoms of negative schizophrenia include affective flattening, loss of drive, and speechlessness. These symptoms are usually seen in chronic schizophrenics and they don’t respond well to neuroleptics. Negative schizophrenics often have structural changes in their brain [2]. Transmission It is widely accepted in the research community that Schizophrenia occurs due to a combination of genetic factors influenced mildly by a few hypothesized environmental factors [15]. Family, twin, and adoption studies have suggested that genetics play a major role in the transmission of schizophrenia. Figure 1 below summarizes the risks for developing schizophrenia amongst relatives of schizophrenic patients [11].



  Figure  1:  Schizophrenic  rates  among  relatives  of  Schizophrenic  patients  [11]



From Figure 1, it is apparent that people who share the greatest number of genes with the people who have schizophrenia have an increased risk of developing schizophrenia. This is evident in the concordance rate in monozygotic or identical twins of 48%. It can be inferred that the risk of schizophrenia increases with the number of relatives affected in a family. Children whose both parents are schizophrenic have around a 38% chance of developing it. This suggests that there might environmental factors involved with genetic liability contributing to the development of schizophrenia [15]. Since the concordance rate among monozygotic twins is not 100% and people can apparently carry the genotype for schizophrenia without ever developing the disorder, this leads to the notion of schizophrenia having a polygenic composition. As later discussed in this report, defining the schizophrenic phenotype is incomplete and research is underway. A number of brain imaging and central nervous system (CNS) post-mortem studies have revealed abnormal brain morphology appear to be symbolic of schizophrenia.



Environmental Factors It is often understood that underlying stress factors contribute to the emergence of schizophrenia in a person who is at risk for it. Other environmental factors such as migration, urbanization, cannabis use, and pregnancy complications increase the risk for schizophrenia. Migrating to areas with a lower density of people with a similar ethnic background and the encountered social adversity has been found to be associated with a higher liability for psychotic illness [12]. Urban birth and upbringing along with social pressures of the high-density urban environment has been linked to the precipitation of schizophrenia in individuals at risk as well. The use of cannabis by adolescents who are at risk etiologically also tend develop Schizophrenia. Pregnancy complications such as nutrition deficiency, fetal hypoxia, older paternal age, and maternal influence is linked with the development or onset of Schizophrenia in the child. There is also a correlation between Schizophrenia and a winter birth [12]. Genetic Factors An enormous amount of research has been conducted to narrow down the loci of susceptible genes that could explain a substantial portion of the development of Schizophrenia in patients. However, many inconsistencies exist in the determining the etiology of the disorder. There are many genes with their protein products that contribute to the etiology of Schizophrenia, and inconsistent replication of any of these genes discards the consideration of a single allelic variant as a gene for schizophrenia [12]. Definitive results for the genetic causes for schizophrenia are still in progress. Nearly a dozen chromozomes have been considered as sites for the schizophrenia polygene. Evidence is strong for chromosomal loci on linkage collaborative group for chromosomes 3,6, 8, and 13 [15)]. The abnormality of COMT gene can deplete the frontal lobes of its dopamine and this can induce hallucinations [11]. Data suggests that messenger RNAs of the genes involved in the disorder are expressed in the brain in varying amounts of the patient [12]. Research is presently being conducted in describing the dysfunction of several neurotransmitter systems such as dopamine, 5hydroxytryptamine (5-HT, Serotonin), and glutamate, which are thought to be contributors to Schizophrenia [13]. This is being done using post-mortem tissues of the CNS of schizophrenia subjects. Dopamine Dopamine hyperactivity seems to lead to positive symptoms of Schizophrenia as shown by PET scans and dopamine under activity seems to lead to negative symptoms of the disorder [13]. Hence, overactive dopaminergic pathways in the CNS of the schizophrenic have been hypothesized as being the central element to the disorder. This explains the presence of dopamine D2 receptor antagonists in antipsychotic medication. One study reported an increase in the mRNA for the dopamine D2longer receptor in the frontal cortex of schizophrenics. Another report described the increase in mRNA for the dopamine D4 receptor in the cortex suggests that there may be abnormalities in the expression of



cortical dopamine receptors associated with the disorder. It is also important to note that there appears no change in density of global dopamine D2-like or dopamine D1-like receptors in the frontal cortex from subjects with Schizophrenia [4]. Thus, there are different types of dopamine receptors and identifying the exact location of dysfunction in the dopaminergic pathway becomes difficult. Serotonin There are reports suggesting that the decrease in cortical 5-HT2A receptors is related to the pathology of Schizophrenia. However, this was seen in the post-mortem of patients who were not on any antipsychotic medication six months before their death and was not seen in young unmedicated patients. This suggests that this abnormality emerges during the course of the disorder [13]. However, it is also studied that density changes in the 5HT2A receptors in post-mortem tissue from patients is due to the taking of antipsychotic drugs as well [4]. Glutamate There is evidence that in the medial temporal lobe, glutamatergic markers are decreased and there is a reduced expression of non-NMDA subtypes of glutamate receptor, but different patters are seen in other parts of the brain [13]. Phencyclidine, a glutamate receptor ion channel blocker, has the ability to induce and exacerbate schizophrenic-like behavior and thus, its involvement in the pathology of the disorder has been hypothesized. Glutamate receptor subunit specific radioligands are not available and thus non-radioligand binding approaches must be used to address the hypothesis of glutamate receptor subunit dysregulation in schizophrenia [4]. Since Phencyclidine blocks the ion channel of the NMDA receptor, it is significant that this receptor be reported as decreased in the thalamus and hippocampus regions of post-mortem subjects with schizophrenia. However, this has failed to be reported. Current data on ionotropic receptors would suggest that there are regionally specific changes in receptor subunit expression in subjects with schizophrenia. However, data also suggests that levels of mRNA encoding subunits of the ionotropic glutamate receptors may be affected by antipsychotic drug treatment. Changes in neurotransmitter systems appear to be region specific affecting areas of hippocampus, thalamus and frontal cortex. Other neurotransmitter systems such as GABAergic system also are hypothesized to be an element of the pathology of Schizophrenia. Presynaptic proteins such as SNAP-25 and its level of mRNA in postmortem CNS from subjects with Schizophrenia have also been discussed as a possible contributor to the pathology of Schizophrenia [3]. Table 1 summarizes the changes of neurotransmitter systems in different regions of CNS determined from post-mortem tissue in schizophrenic patients [4]. Table 2 summarizes the results from the SNAP-25 protein study [3].



been reported in CA4 and CA3 of the hippocampus and layers III and V/VI of the entorhinal cortex, however this change was also present in tissue from a group of subjects with mixed psychiatric illnesses other than schizophrenia.42 By contrast, it has been reported that levels of mRNA for synaptophysin are Table 1



schizophrenia but the extent and consequence of these changes are not yet clear. In a study which examined levels of mRNA for synaptophysin, synaptotagmin I, synaptobrevin I, SNAP-25, and syntaxin 1A it was reported that levels of mRNA for these proteins



A summary of changes in different regions of the central nervous system from subjects with schizophrenia
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Table 1. Summary of Findings from Studies Examining Levels of the Presynaptic Proteins SNAP 25 and Synaptophysin as well Table  1as :  SLevels ummary   f  changes   regions   the  CSubjects NS  from  with subjects   with  Schizophrenia   [4] " = Unchanged, # = of o their mRNAin  indifferent   Postmortem CNSof  from Schizophrenia. ! = Increased, Decreased www.postgradmedj.com Protein
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Table  2:  Examining  Levels  of  Presynaptic  Protein  SNAP-25  in  Schizophrenic  subjects  [3]
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been suggested that Dopamine D3 receptor is associated with the intensity of eye movement disturbances. A study has shown that the possible mapping of this eye moving disturbance is mapped to a locus on chromosome 6, using a genomic scan for the specific region of 6q21-23. [10]. Abnormal movements of the eyes of schizophrenic patients have been recorded quantitatively along with the measurement of P300 event-related potential. MRI scans show a high correlation between abnormal eye tracking movements with enlargement of lateral ventricles [1]. However, this physical abnormality of eye tracking dysfunction might be introduced by the altered brain structure in schizophrenia. Overall, schizophrenia has heterogeneous etiology. It seems to be the result of a combination of genetics, neurotransmitter systems problems, abnormal connectivity and morphology of the brain. CHARACTERIZATION Computed Tomography (CT) The uses of CT methods as part of the diagnostic scan procedure for schizophrenia still remains debatable [6]. CT is still generally used for scanning subjects of schizophrenia because it is cheap, quick, and tolerable. The cost saving per scan for CT should be balanced against the risk of exposure to ionizing radiation and of false-negative reports. CT can find enlarged ventricles, an element of brain morphology of schizophrenia. It can also be used to identify areas of reduced grey matter in the disorder including the hippocampus, cingulated gyrus, thalamus, and the prefrontal cortex. Functional imaging research has indicated that schizophrenia is particularly associated with altered function in prefrontal, cingulate and temporal cortex [16]. CT is not widely used for determining the pathology of Schizophrenia, but functional imaging techniques such as PET and now, Diffusion Tensor Imaging are used. Magnetic Resonance Imaging (MRI) MRI scans can provide much better resolution than CT scans. It can be useful in correlating clinical outcome of schizophrenia and grey matter loss in follow up scans of the patient. Thus the development of psychosis in vulnerable individuals can be seen in progressive scans of the MRI when compared to the baseline MRI [16]. MRI can provide key information detailing volume reductions in particular brain regions of interest (ROI). This provides evidence that schizophrenia is a complex disorder with altered brain structure and not a simple disturbance in neurotransmitter systems. Structural MRI provides information about gray and white matter parenchyma of the brain and cerebrospinal fluid (CSF) filled spaces [7]. CT studies fail to visualize the parenchyma accurately. However, CT can detect tumors and infracted areas, which are not indicative of schizophrenia. Latest MRI technologies can have more precise MR morphometric volume measures with thinner slices. Supporting software for MRI such as segmentation software can sort



tissue into classes of gray matter, white matter, or CSF. The quality of the MR scanner is also important and should include assessments such as the homogeneity of the magnetic field. This homogeneity will greatly influence the post-processing segmentation of tissue into different classes. To improve the signal to noise ratio, a post-acquisition filtering mechanism can be implemented [7]. Table 3 below summarizes the changes found by structural MRI on several parts of the brain of a subject of schizophrenia. Part of Brain Lateral Ventricle Medial Temporal Lobe Superior Temporal Gyrus Thalamus Cavum Septi Pellucidi



MRI Findings in Schizophrenia Patients Enlarged ventricles Detected abnormalities, volume reduction Posterior gray matter volume reduction Volume reduction Large, associated with temporal lobe volume reduction



Table  3:  Summary  of  the  changes  found  in  the  brain  of  subjects  of  schizophrenia  over  several  studies  [7]



Schizophrenic subjects show cognitive and behavioral deficiencies in the frontal lobe. This leads to abnormalities in eye movements and poor spatial working memory. PET and fMRI studies show abnormalities in the prefrontal cortex of a schizophrenia patient. However, better imaging techniques are required in the structural MRI technology to better detect gyri in the Frontal Lobe. It is only able to detect grey matter volume change. Reductions in the prefrontal lobe volume in schizophrenia are just at the threshold for MRI detection, and do not appear to be statistically significant when using structural MRI, but can be detected in functional imaging techniques [7]. MRI in vivo studies can help determine pattern abnormalities in schizophrenics during the third trimester of gestation by examining the fetus’ temporal lobe sulco-gyral patterns. This shows how important diagnostic imaging can be to reveal abnormalities and possibly detect future cases of psychotic disorders. A number of reports have been published on the detectable changes in the brain during the onset of the first psychosis episode. Such changes include asymmetry changes in cortical regional volumes, gray matter volume reductions in cortex, frontal lobe, superior temporal gyrus, hippocampus, amygdala, and abnormalities of the corpus callosum, planum temporale, and cavium septi pellucidi [7]. In addition, repeated MRI scans done 4 or more years after initial scans showed a greater rate of volume decrease in schizophrenics in left and right hemispheres, right cerebellum, corpus collosum segment, and ventricles. MRI can differentiate between diagnosing a patient with schizophrenia or affective psychosis such as bipolar disorder. A reduction in gray matter volume in certain cortical and medial temporal lobe regions is present in patients of schizophrenia, but is absent in bipolar disorder. Smaller gray matter volume in the posterior portion of the superior temporal gyrus and significant right asymmetry characterize schizophrenic and were statistically not significant in mood disorder patients. The left amygdala was smaller and right anterior of the superior temporal gyrus was larger in bipolar disorder but not in schizophrenia patients. Bipolar disorder patients did not have heteromodal cortex volume reduction as measured by MRI. Patients with schizophrenia also had greater ventricular enlargement than patients with mood disorders [7]. Essentially, MRI is helpful in characterizing volume reductions, gray matter changes and enlargements of ventricles in



schizophrenia patients. Figure 2 shows the MRI image of an unaffected and a schizophrenic twin. The brain structures pointed out are the ventricles, which are Woolley & McGuire enlarged in the schizophrenic twin. Figure 3 shows another view of the enlarged ventricles as seen in monozygotic twins, where one is affected by schizophrenia. Radiological anomalies and abnormalities in schizophrenia



Box 1 Pathologies for which CT and MRI are useful screening tools



Computed tomography Some radiological abnormalities reflect the presence • Stroke (haemorrhagic or old ischaemic) of conditions that could account for psychosis, • Tumours (large ones) whereas others are more common in psychosis but • Bleeding (intra- or extracranial) are not themselves responsible for the disorder. A • Volume loss large cavum septum pellucidum, for example, is • Hydrocephalus more common in patients with schizophrenia than • Trauma in controls, but it is not a causal factor in the disorder (Kasai et al, 2004). Estimates of the incidence of such Magnetic resonance imaging ‘non-causal’ anomalies range between 30 and 40% • Epilepsy (compared with 5–12% in the general population), • Multiple sclerosis and it has been suggested that they are evidence of • Certain tumours (e.g. pituitary adenomas) the aberrant neurodevelopmental processes thought • Vasculitis to contribute to schizophrenia. Lubman et al (2002) found that 30% of patients with schizophrenia were reported by a neuroradiologist to have abnormal et al, 1997), especially when standardised reporting scans. Most required no further action, but 4 of 242 methods are used (Smith et al, 1997). individuals benefited directly from neuroimaging, being referred for alternative treatment. Standard Cost–benefit analyses clinical radiology can also identify some of the major   neuroanatomical changes associated with schizophrenia, such as ventriculomegaly (Fig. 1) and There is little published information on the cost– Figure  2cortical :  The  aatrophy. rrows  oThere n  the  isMaRI   of  mcorrespondence onozygotic  twins  benefit indicate   the   ifferences  in   of  ventricles.   The   good utility ofdneuroimaging insize   psychiatry. The twin  hinas  enlarged   ventricles   [11].perceived as expensive between the detection schizophrenic   of these major features cost of scanning is often research analyses and in clinical radiology (Lawrie (typically £300–400 per patient), but this should be



  Fig. 13:   Ventriculomegaly discordant on T2-weightedtwin   MRI scans. Healthy (left)are   Figure   Healthy  twin  in on   the  left  monozygotic compared  twins with  seen schizophrenic   on  the   right.  twin Twins   compared with twin with schizophrenia (right). of Dr M. Picchioni. monozygotic.   MWith RIs  apermission re  T2-weighted   [16].
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Positron Emission Tomography (PET) Functional imaging techniques such as PET can be used to examine pathology, effects of antipsychotic medication, and neurotransmitter systems. PET can be used to examine receptor occupancy and can effectively show the relationship between dopamine D2 receptor occupancy in first psychotic episode. PET helps in predicting the likelihood of clinical response based on D2 occupancy and the appropriate antipsychotic dose can be given. PET establishes the minimum dose that provides optimal D2 receptor occupancy and can help explain many of the observed clinical differences between typical and atypical antipsychotics. This functional imaging in vivo technique has helped doctors Woolley & McGuire move away from high-dose antipsychotic treatment. PET studies have shown that dopamine receptor of 65% or higher are needed to achieve antipsychotic effect, 72% non-responsiveness to conventional antipsychotics to extrapyramidal side-effects (Tauscher & Kapur, causes over 78% leads extrapyramidal side-effects [16]. (Lauriello et al, hyperprolactinaemia, 1998). Similarly, Konicki et al (2001) and 2001). This translates into theto clinically useful found that patients with the greatest degree of funcconcept of response to low-dose antipsychotic Thus, PET studies are useful in determining antipsychotic dosage. Figure 4 is of a PET tional improvement at follow-up had significantly treatment, and has allowed approximate dose lessimage prefrontal sulcal widening on baseline MRI than showing dopamine receptor binding in basal ganglia. those whose symptoms remained unchanged. In addition, there was no relationship between clozapine response and general sulcal widening. Functional imaging studies, especially those using positron emission tomography (PET) to examine receptor occupancy, have been more directly useful, but it is difficult to apply their results to individual patients. They have illustrated the relationship between dopamine D2 receptor occupancy, clinical response and side-effects, for example in first-episode schizophrenia (Kapur et al, 2000). Being able to predict that the likelihood of clinical response, hyperprolactinaemia and extrapyramidal sideeffects increases significantly as D 2 occupancy exceeds specific thresholds facilitates the selection of the appropriate antipsychotic dose. D2 occupancy can also help explain many of the observed clinical differences between typical and atypical antipsychotics. PET could be used to establish the minimum dose that provides optimal D2 receptor occupancy (instead of titrating the dose according to clinical response and side-effects). However, this is impracticable because of the general unavailability of PET and single photon emission tomography (a) (SPET), the cost (thousands of pounds per scan for PET) and the fact that Figure   many patients ill to showing   4:  Pare ET  too image   dopamine  receptor  binding  in  basal  ganglia  [16]. 100 scan. Consequently, this approach is mainly used in 90 • research, for example in evaluating the optimal dose • • • of a new antipsychotic. • 80 • • • • Neuroanatomy may predict response to electro• • • • 70 convulsive therapy (ECT), with a greater third• • • ventricle-to-brain ratio correlating with a larger 60 number of treatments required to achieve benefit 50 (Dequardo et al, 1997).
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Another important feature of PET scan is the ability to differentiate between positive schizophrenia and negative schizophrenia. PET is able to capture glucose metabolic rates of schizophrenic subjects. Subjects with mostly negative symptoms had significant differences in glucose metabolic rates compared with glucose metabolic rates of positive 40 30 schizophrenic subjects. Negative symptom subjects had a lower Dose and drug selectionsubjects and normal Neuroimaging, and in particular functional glucose metabolic rate in the right21 00 hemisphere, especially in the temporal and ventral techniques such as PET and SPET which measure prefrontal cortices. that positive schizophrenic subjects had a higher neuroreceptor occupancy in vivo PET (Fig. 2),revealed has 0 bolstered the scientific rationale for moving away 5 10 0 glucose metabolic rate in the frontal and temporal than the healthy subjects and (b) from high-dose antipsychotic treatment. These Antipsychotic doselobes (mg) methods have confirmed findings previously negative schizophrenic subjectsFig.[9]. Generally, Negative schizophrenic subjects had 2 (a) PET image showing dopamine receptor suspected from clinical experience and suggested binding in the basal ganglia; (b) measurements of by lower animal models. Scherer et al (1994) showed that especially levels of metabolism, in the middle and posterior inferior frontal gyri, an D receptor occupancy made using PET illustrate D receptor occupancy differs between patients how occupancy increases with increasing antiwith and without extrapyramidal side-effects. area associated with motor skills. Positive schizophrenic subjects had higher levels of psychotic dose. With permission of Professor Dopamine PET studies have shown that a receptor P. Grasby. Part (a) appears in colour in the online occupancy of 65%metabolism or higher is needed throughout to achieve detected the posterior right and left temporal lobes, and the version of this article (accessible via http://apt. an antipsychotic effect, but exceeding 72% rcpsych.org). prefrontal cortex. study causes hyperprolactinaemia andThe over 78% leads understood that PET technology does not allow for precise anatomical localizations to specific subcortical areas and approaches involving coregistration with the patient’s MRI template was used in verifying anatomical localization the differences in (2005), PETvol.between metabolic rates of negative in Psychiatric Treatment 11. http://apt.rcpsych.org/ 198[9]. Figure 5 showsAdvances schizophrenia patients and positive schizophrenia patients. 2
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POTKIN, ALVA, FLEMING, ET AL. FIGUREFigure   1. Surface of Mean Differences Regional Brain Metabolic Activity Assessed by PET in Schizophrenic 5:  PRenderings ET  projections   of  m etabolic  in rates   in  negative   and  positive   schizophrenics.   Negative   Subjects With Predominantly Negative Symptoms (N=7) and Predominantly Positive Symptoms (N=7), Compared With schizophrenics   h ave   l ower   r ates   o f   m etabolic   a ctivity   [ 9].   a Matched Normal Subjects (N=7) Subjects With Predominantly Negative Symptoms Versus Comparison Subjects



Subjects With Predominantly Positive Symptoms Versus Comparison Subjects



a



Mean levels of metabolic activity (mg/100 g tissue per minute) are superimposed on averaged MRI images. Red indicates a higher level of metabolic activity and blue a lower level in the schizophrenic subjects, relative to the comparison group. Statistically significant (p


Results



All significant differences were based on p values 


matter; these issues are resolved by DTI. However, the procedure for measuring the positive symptom subjects were also classified as having Comparison of Patients and Healthy Subjects correctness of the fiber the tract direction organization from DTI still remains vague, and the undifferentiated subtype; other four were and classiIn general, the schizophrenic subjects with predomified as having the paranoid subtype. Half of the patients thus, it remains a research tool in universities. nantly negative symptoms and those with predominantly



had previously received conventional neuroleptics (four positive symptoms had higher regional glucose metabolic negative symptom subjects and three positive symptom rates than the comparison groupmatrix (Figure 1and and TaFor a typical DTI technology, diffusion for each voxel is healthy described as a 3x3 is subjects), and the other half had received atypical antipsyble 1). In both groups of subjects with schizophrenia, the called a diffusion tensor. The tensor canposibe either anisotropic or isotropic such as in CSF. chotics (three negative symptom subjects and four higher levels of metabolism were more marked in the right tive symptom subjects). The mean of daystensors in the can then be used to characterize The geometric nature of thenumber diffusion hemisphere in the dorsal prefrontal cortex (Brodmann’s medication washout period was 4.3 (SD=0.5) for the negafrontal eye fields 8), motor quantitatively the local structure in tissues sucharea as 9), white matter in(Brodmann’s the brain area because theand tive symptom subjects and 5.4 (SD=1.5) for the positive premotor corticesin (Brodmann’s area 4,of 6), the supramarginal/ direction of the major diffusion axis will always be aligned the direction white symptom subjects (t=–1.6, df=12, p=0.14). angular gyrus (Brodmann’s area 40), and posterior cingu-



matter fibersymptom tracts.subjects, The DTI are acquired on high field, high performance MR All negative but images none of the positive late (Brodmann’s area 23). Both groups of schizophrenic symptom subjects, had Positive Negative Syndrome anisotropy systems, and analyzed inand terms of diffusion using [5]. in the left hemisubjects had highersoftware levels of metabolism Scale negative symptom subscale scores >25. All positive sphere in the ventral posterior occipitotemporal cortex symptom subjects, but none of the negative symptom (Brodmann’s area 21 at the border of area 37) and the To eliminate dependence of spin density – T1 and T2, two measurements of diffusionsubjects, had Positive and Negative Syndrome Scale posiamygdala and bilaterally in the anterior medial orbital corweighting bescores obtained. These two measurements be differently tive symptom must subscale >20. tex, cuneus,must and neocerebellar cortex.sensitized Both groupsto of pa-



diffusion but should remain identical in all other aspects. Image acquisition in DTI is Am J Psychiatry 159:2, February 2002 229 important to get a satisfactory resolution for white matter tracts. A single-shot diffusionweighted echo-planar (EPI) procedure can acquire a complete image after each radio-



frequency excitation. Line-scan-diffusion-imaging (LSDI) is based on sequential acquisition of parallel columns lying in the image plane. This method of acquisition is robust to motion artifacts because no phase encoding is used, however, LSDI is also 4-6 times slower than EPI. LSDI allows for a better spatial resolution, which can be critical in imaging small fiber tract bundles. LSDI can also be used on higher field strengths with a signal to noise gain and no dramatic increase of artifacts. New image acquisition techniques have also been introduced in practice to reduce artifacts further and give greater resolution. These include diffusion weighted radial acquisition of data (DIFRAD), slab scan diffusion imaging (SSDI), segmented SPI with navigator echoes correction, and single-shot EPI with parallel imaging [5]. Image acquisitions for DTI can be performed on high field, high performance gradient systems with 3-4 Tesla magnets. Higher field strengths allow for fast acquistion, higher signal to noise ratio, but they are not free of eddy current distortions, susceptibility and chemical shift artifacts, and geometric distortions of images. As a result, the 1.5 Tesla magnet is still the preferred MR field strength for clinical imaging and it requires a longer acquisition time due to decreased signal to noise ratio. For good estimation of fractional anisotropy (FA), a signal to noise ratio (SNR) for diffusion-weighted image data of 10:1 needs to be maintained. SNR values below 3:1 result in a Rician noise distribution [5]. The partial volume effect, which is due to anisotropic size of the voxel, can often exceed the size of the small fiber bundle in white matter. To avoid this problem, one can use large ROI and look at fiber coherence in the larger areas of white matter. After briefly understanding the image acquisition methods of DTI, one can see how parameters can be adjusted to give a high resolution for fiber tractography in the brains of schizophrenic subjects. White matter alterations such as dislocation, disruption, or disorganization in schizophrenic subjects can be noted using DTI. This can yield a quantitative measure of connectivity between different areas of the brain. As a result, anatomical abnormalities for schizophrenia can be clarified. However, there are no standards for acquiring images for schizophrenia using DTI [5]. Each of the 18 studies involved in using DTI for schizophrenia have variable data acquisition standards and methods of post-processing the data. Thus, to understand the results of the fiber tractography one must understand the image acquisition parameters for DTI. Frequent positive findings in schizophrenia studies using DTI include decreased FA, increased diffusivity within prefrontal and temporal lobes, and abnormalities within the fiber bundles connecting these regions, including, uncinate fasciculus, cingulum bundle and arcuate fasciculus. In addition, changes in the genu and not the splenium of the corpus callosum have been reported in schizophrenia using DTI. When a large ROI is used widespread diffusion abnormalities is reported in parietal, temporal, prefrontal, and occipital white matter regions. The measures of diffusion may change with age and this will yield different results in aged schizophrenics [5]. A study has shown that prefrontal white matter anisotropy has been correlated with negative symptoms, impulsiveness and aggressiveness [5]. White matter pathways play an important role in the neuropathology of schizophrenia, but a lack of methodology and studies cannot adequately determine the disorganization of connections between sections of the brain in a schizophrenic subject.



DTI is promising in helping researchers understand how specific brain regions are connected and this connectivity can shed some light on abnormalities and their pathology in neurological disorders such as schizophrenia. Figure 6 shows a fiber tractography. Keep in mind, the diffusion in white tissueResearch describe local 15–30 diffusion properties and M. Kubickitensors et al. / Journal of Psychiatric 41 (2007) tractography visualizes these features as field.
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  Fig. 6. Example of fiber resolution data acquired on i3s  Tesla magnetusing   and post-processed automated trackinguprocedure. Voxels Figure   6:  Etracking. xample  High of  fiber   tractography.   Data   acquired   3T  magenet  using and  p ost-processed   sing   within fiber bundles are color coded according to their FA values (i.e., blue, low anisotropy; and red, high anisotropy).



automated  tracking  procedure.  Voxels  are  color  coded  based  on  their  FA  values,  blue-low  anisotropy,   red-high  anisotropy  [5]



tropic medications. Additionally, samples need to be sor and affects the contiguity of the fiber tract thus skewcomprised of both males and females, as there is clear ing the fiber tract direction), and diffusion images samevidence to suggest that the timing, course, and clinical pled in multiple directions. With reliable fiber tracking, features of schizophrenia are manifested quite differently it shouldCONCLUSION be relatively easy to define brain regions of in males and females, and this may be related to brain interest along the fiber bundles, and to measure both The pathology is unclear, imaging modalities clear (Goldstein etaim al., to 2002). It up willthe also be impormean diffusion anisotropy,for as schizophrenia well as cross-sectional area anddifferences tant to representative sample ofinnormal conof these pathology fiber bundles. of the disorder. Imaging modalities such as evaluate MRI cana detect abnormalities trols across age, as in white matter changes Fig. 6brain provides an example of work morphologies and thisthat canwill belikely usedasto detect schizophrenia an individual. PETwith age, and such changes may be quite different in pathological popsist us in evaluating fiber bundles in patients with schizoscans can be used to monitor the neurotransmitter systems such as dopaminergic ulations such as schizophrenia. Future DTI studies need phrenia. Here, automated fiber tracking procedure pathways can et aidal.,doctors in defining medication dosetechniques, for the which highalso to include other imaging (described in detail and in Park 2003) has been usedthe antipsychotic patient. New frontiers are all being explored the use of DTI for fiber light whiteinmatter pathologies, such as proton spectrosto createschizophrenic major white matter fiber tracts. In brief, tractography of the betweencopy, different regions of the brain will and relaxation magnetization transfer techniques white matter voxels have beenbrain. used Connectivity as seeding points, times measurements. Moreover, such studies should be and thenproduce fiber bundles were understanding created by following a superior of thethe cognition network of the brain and abnormalities conducted in concert with functional largest eigenvectors of the diffusion tensor using the can be highlighted. This will be especially useful in determining the neuropathologyMRI for and PET imaging in order to characterize and to understand more Runge-Kutta algorithm (Basser et al., 2000). Next, FA schizophrenia. fully both functional and structural abnormalities in values for each voxel within the bundles have been calschizophrenia. Voxel based analyses will likely still be culated, and voxels have been color coded based on their performed in future studies, as this methodological apFA values. This work will need to be validated in postproach remains the simplest way to define possible remortem tissue so that we will have a clearer understandgions of pathology, although it should be accompanied ing of the pathological processes detectable using DTI. by ROI analyses, as well as utilize better, more precise Of further note, with today!s scanning techniques it is registration strategies. clear that results from fiber tractography do not describe Finally, we note that DTI was introduced to clinical the spatial extent of individual axons but instead deimaging only in 1995, and that such a new imaging tool scribe the average diffusion properties in white tissue has only just begun to be explored with respect to what at the scale of a millimeter. Thus, the diffusion tensors it has to offer in documenting white matter abnormaliat this scale should be regarded as estimators of local ties in schizophrenia. We are thus only at the beginning diffusion properties and tractography as a visualization stages of what will likely be further technological adof features in this field. Validation of the features capvances, as well as new white matter findings in tured in the tensor field is thus very challenging since schizophrenia. the definition of the tissue properties corresponding to the diffusion field is not well understood. However, the similarities between DT-MRI tractography and real Acknowledgments white matter fiber architecture in the human brain are compelling even at today!s limited resolution. The authors thank Marie Fairbanks for her adminisFuture studies will also need to include an evaluation
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