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Abstract

Background—Diffusion tensor imaging (DTI) studies in schizophrenia report widespread 

aberrations in brain white matter (WM). These appear related to poorer neurocognitive 

performance and higher levels of negative and positive symptomatology. However, identification 

of the most salient WM aberrations to neurocognition and clinical symptoms is limited by 

relatively small samples with divergent results.

Methods—We examined 53 well-characterized patients with schizophrenia and 62 healthy 

controls. All participants were administered a computerized neurocognitive battery, which 

evaluated performance in several domains. Patients were assessed for negative and positive 

symptoms. Fractional anisotropy (FA) of WM cortical regions and WM fiber tracts were 

compared across the groups. FA values were also used to predict neurocognitive performance and 

symptoms.

Results—We confirm widespread aberrant WM microstructure in a relatively large sample of 

well-characterized patients with schizophrenia in comparison to healthy participants. Moreover, 

we illustrate the utility of FA measures in predicting global neurocognitive performance in healthy 
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participants and schizophrenia patients, especially for reaction time. FA was less predictive of 

clinical symptomatology.

Conclusions—Using a standardized computerized neurocognitive battery and diffusion tensor 

imaging we show that behavioral performance is moderated by a particular constellation of WM 

microstructure in healthy individuals that differs in schizophrenia.
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1. Introduction

Disruptions in brain white matter (WM) organization in schizophrenia may alter neural 

communication critical for sustaining neurocognitive performance and may relate to the 

manifestation of clinical symptoms. Diffusion tensor imaging (DTI) has facilitated in vivo 

study of WM integrity, as measured by fractional anisotropy (FA). Reduced FA has been 

documented in multiple brain regions in schizophrenia (Kyriakopoulos et al., 2008). Studies 

of patients with chronic schizophrenia reported significant, widespread WM microstructural 

aberrations (Asami et al., 2014; Kyriakopoulos et al., 2008; Thomason and Thompson, 

2011), while more recent investigations of early-onset psychosis (Epstein et al., 2013; Lee et 

al., 2013) and psychosis in adolescence (Davenport et al., 2010; White et al., 2007) have 

identified focal WM abnormalities. Typically, these findings are limited to major WM fiber 

tracts and recent evidence indicates that reductions in cortical WM microstructure are 

associated with cognition (Nazeri et al., 2013). However, the specific constellation of 

affected brain regions varies across studies and there is likely regional specificity that relates 

to neurocognition or clinical symptomatology.

Impaired cognition, a core feature of schizophrenia (Gur et al., 2001a), is associated with 

WM abnormalities (Gur et al., 2001a; Kubicki et al., 2007; Phillips et al., 2009; Szeszko et 

al., 2008). Global deficits in cognition are reflective of domain-specific impairments, which 

are associated with aberrant WM microstructure including working memory (Sugranyes et 

al., 2012), executive and motor function (Perez-Iglesias et al., 2010), and verbal and visual 

learning abilities (Liu et al., 2013). We recently reported smaller correlations between a 

global measure of neurocognition, across task within-individual variability, and WM 

microstructure in schizophrenia as compared to healthy participants (Roalf et al., 2013). 

Higher within individual variability in performance speed on a computerized neurocognitive 

battery was associated with lower FA in the left cingulum bundle and left inferior frontal-

occipital fasciculus in healthy people, but not in patients with schizophrenia. Since WM 

connectivity is essential for maintaining effective communication among regions, deficits in 

neurocognitive performance may be related, in part, to complex patterns of disrupted WM 

microstructure.

The relation of WM findings and clinical variables has also been evaluated, including 

symptoms (Paillere-Martinot et al., 2001), medications (Lieberman et al., 2005) and 

treatment response (Marques et al., 2014). Clinical variables contribute to heterogeneity 

beyond demographic variables such as age and sex, which are associated with brain 
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maturation tractography patterns (Asato et al., 2010; Ingalhalikar et al., 2014). Clinical 

findings evaluating major symptom dimensions suggest that positive symptoms, such as 

hallucinations, are related to increases in FA (Hubl et al., 2004; Seok et al., 2007), but see 

(Asami et al., 2014), while negative symptoms (Bai et al., 2009) and poor outcome 

(Mitelman et al., 2007) are associated with lower FA. A recent study correlated clinical 

symptoms with global and regional measures of FA and reported significant associations 

between lower FA in the left hemisphere and negative, but not positive, symptoms (Asami et 

al., 2014). Most of these investigations have focused on localized WM regions or tracts. 

Given the inconsistency in previous findings and limited sample sizes, better estimates of 

the relation between WM microstructure and clinical symptoms are needed.

While DTI is a powerful neuroimaging technique for measuring white matter structure, 

methodological concerns often make group inference challenging. For example, spatial 

normalization, or inter-subject registration, is affected by high data dimensionality and the 

orientation component of the tensors (Ingalhalikar, 2010). Several options exist for spatial 

normalization (Alexander et al., 2001; Cao et al., 2006; Yang et al., 2008; Yeo et al., 2008; 

Zhang et al., 2006), including a deformable registration using orientation and intensity 

descriptors (DROID; Ingalhalikar et al., 2010). DROID capitalizes on the structural 

geometry of the diffusion tensor (Westin, 2002) and incorporates orientation information to 

improve the matching of white matter fiber tracts by accounting for the underlying fiber 

orientation (Ingalhalikar et al., 2010). Here, DROID is used to register all data to a common 

template; this method is efficient and produces robust results.

The goal of this study was to 1) evaluate WM microstructural abnormalities in a large 

sample of patients with schizophrenia and healthy controls, and 2) relate these measures to 

neurocognitive performance and clinical symptoms. We hypothesized that: A) patients with 

schizophrenia will have lower FA values in diffuse cortical WM and along WM fiber tracts 

compared to healthy controls; B) prediction of performance using brain WM microstructure 

will result in non-overlapping networks in controls and patients; C) abnormalities in WM 

regions and tracts will be associated with greater symptom severity.

2. Materials and methods

2.1. Participants

The sample included 53 patients with schizophrenia and 62 healthy controls recruited 

through the Penn Schizophrenia Research Center. Table 1 presents the sample 

characteristics. Participants underwent standard medical, neurological and psychiatric 

screening and received the Structured Clinical Interview (SCID) for DSM-IV-TR Axis I 

Disorders, Patient or Non-patient Edition (First et al., 2002). Patients met DSM-IV diagnosis 

of schizophrenia and healthy controls did not meet any axis I diagnosis or axis II cluster A 

personality disorder, and did not have a family history of axis I psychotic disorder in a first-

degree relative. All patients had a primary diagnosis of schizophrenia; 18 patients had a 

history of one comorbid condition, 12 patients had two comorbid conditions, and one had 

three comorbid conditions. Comorbid conditions included Mood (16 patients), Substance 

Dependence (17 patients), or Substance Use disorders (9 patients). These counts reflect total 

comorbidities and are not mutually exclusive.
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Potential participants in either group were excluded for any medical condition that might 

affect brain function, any history of neurological disorder, head trauma with loss of 

consciousness, lifetime history of substance dependence, substance abuse within the 

preceding 6 months, or any contraindication for MRI. Symptoms were rated with the Scales 

for Assessment of Negative Symptoms (SANS; (Andreasen, 1984a) and Positive Symptoms 

(SAPS; (Andreasen, 1984b). The average of patients’ global items was used as a dependent 

measure. Trained clinical research assessors completed all evaluations and scales. The 

sample was predominately right-handed and the proportion was similar in each diagnostic 

group (χ2(1)=0.77, p=0.38; 88% of controls and 81% of patients). Written informed consent 

was obtained after all procedures were fully explained, in compliance with guidelines of the 

University of Pennsylvania Institutional Review Board and the Declaration of Helsinki.

2.2. Computerized Neurocognitive Battery (CNB)

The CNB examines performance accuracy and speed (response time) in five neurocognitive 

domains including executive function (abstraction and mental flexibility, attention, working 

memory), episodic memory (verbal, face, spatial), complex cognition (language reasoning, 

spatial processing), social cognition (emotion identification) and sensorimotor processing 

speed (Table 1). The CNB development, validation and application were described in 

healthy people (Gur et al., 2014; Gur et al., 2001b; Gur et al., 2012; Gur et al., 2010) and 

individuals with schizophrenia (Gur et al., 2001a; Gur et al., 2007). A global index of 

neurocognitive performance (GNP; (Roalf et al., in press) for accuracy and speed was 

calculated by averaging the standardized scores across all available CNB tests and this 

metric was the primary dependent variable in prediction analyses.

2.3. Diffusion tensor weighted imaging acquisition

Diffusion weighted imaging (DWI) and T1-weighted MRI scan volumes were acquired for 

all participants on the same Siemens 3T Verio scanner (Siemens Tim Medical Solutions, 

Erlangen, Germany) using a 32-channel head coil. The DTI acquisition was with TR/

TE=8100/82 ms, voxel size = 1.9x1.9 mm, slice thickness = 2mm, 64 diffusion directions 

with b=1000 s/mm2 and 7 b=0 images. Seventy 2mm contiguous axial slices of 128×128 

matrix yielded 1.875*1.875*2 mm data. T1 structural imaging was performed with TR/

TE=1810/3.51 ms. Manual qualitative analysis of all images was performed.

2.4. DTI processing

We followed an established pipeline to measure FA of each individual. The diffusion tensor 

images were reconstructed using multivariate linear fitting (Pierpaoli and Basser, 1996). All 

the tensor images were spatially normalized via a high dimensional elastic registration 

known as DROID (Ingalhalikar et al., 2010) to a standard atlas known as “EVE” (Mori et 

al., 2008; Mori et al., 2005) consisting of 176 anatomical ROIs (see http://

cmrm.med.jhmi.edu/cmrm/atlas/human_data/). Following the spatial normalization, the 

mean FA was computed for each of the 176 ROIs. Subsequent analyses were restricted to 

only bilateral cortical WM regions (n=44 bilateral regions; Table 2A). In addition, FA of the 

major bilateral WM fiber tracts (n=34 bilateral tracts; Table 2B) was extracted in the same 

atlas space.
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2.5. Statistical analyses

A comparison of FA between patients and controls was performed using MANCOVAs in 

SAS. Mean FA values of cortical WM regions were entered as dependent measures with 

Group (patients, controls) as a between factor, Region and Hemisphere as within-group 

factors, and age, sex and education as covariates. FDR correction (q<.05) was used to adjust 

for multiple comparisons. Post-hoc exploratory ANOVAs were used to compare regional 

differences between groups. The same analysis was performed using FA in fiber tracts. SAS 

9.3 was used for all statistical analyses.

3. Results

3.1. Neurocognitive Performance

Global neurocognitive performance was lower in patients compared to healthy subjects 

(Table 1). Patients performed worse across most, but not all CNB tasks (Supplemental Table 

1).

3.2. Cortical white matter

FA was significantly reduced in patients with schizophrenia compared to controls in nearly 

all cortical WM regions (Figure 1). The Group x Region x Hemisphere MANCOVA 

adjusted for age, sex and education showed significant main effects of Group: F (1,106)= 

6.84, p = 0.01, and Region: F (21,86)= 8.50, p <.0001. There were also significant two-way 

interactions of Region x Hemisphere: F (21,86) = 3.75, p <.0001, and Group x Region: F 

(21,86)= 1.86, p = 0.02. Cortical WM regions that differ between patients and controls are 

shown in Figure 1A.

3.3. Fiber tracts

FA was significantly reduced in patients compared to controls in nearly all tracts (Figure 1). 

The Group x Region x Hemisphere MANCOVA adjusted for age, sex and education showed 

significant main effects of Group: F (1,107)= 10.80, p = 0.01, and Region: F (16,92)= 33.35, 

p <.0001. There were also significant two-way interactions of Region x Hemisphere: F 

(16,92) = 2.44, p=0.004, Group x Region: F (16,133)= 2.19, p = 0.01. WM fiber tracts that 

differ between patients and controls are shown in Figure 1B.

3.4. Prediction of Cognitive Performance

To examine the relationship between WM microstructure and cognitive performance, we 

used a previously validated predictive modeling approach (Roalf et al., 2014). First, FA 

values and GNP were normalized for age, sex and education across the entire sample using 

linear regressions. These factors explained between 1–21% of variance in FA ROIs in 

healthy controls and between 1– 29% of the variance in FA ROIs in patients. The residual 

values were then used to predict neurocognitive performance from regional and tract FA 

values. This approach uses the least absolute shrinkage and selection operator (LASSO) 

method of variable selection (Efron et al., 2004) with tenfold cross-validation. LASSO is a 

shrinkage and selection method that minimizes the residual sum of squares, with a bound on 

the sum of absolute values of the coefficients. It can estimate a sparse model that has strong 
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theoretical properties (Tibshirani, 1996). Model selection was achieved by minimizing the 

cross-validated predicted residual error sum of squares (CVPRESS) after the addition of 

each predictor (e.g., ROI). This combined approach was used to reduce the number of 

independent variables into a smaller set reliably associated with outcome. The LASSO 

model was run separately on controls and patients.

White matter FA values explained a substantial proportion of the variance in GNP accuracy 

(R2 = 0.40, adjusted R2 = 0.24) and speed (R2 = 0.23, adjusted R2 = 0.11) in controls after 

accounting for age, sex and education. Less variance was explained in patients for GNP 

accuracy (R2 = 0.30, adjusted R2 = 0.10), but more for GNP speed (R2 = 0.87, adjusted R2 = 

0.61). The regions contributing towards the prediction of average performance in patients 

and controls are summarized in Table 3 (values for the specific cognitive domains are in 

Supplementary Table 2).

3.5. Prediction of symptom severity

A similar LASSO approach was used to examine the relation between FA and symptom 

severity, with FA values predicting the sum of the global negative and positive symptom 

ratings from the SANS and SAPS. The linear effects of age, sex and education were 

estimated from the subsample of patients only, since controls did not have clinical 

symptoms. FA values were predictive of both negative (R2 = 0.08, adjusted R2 = 0.03, 

intercept=1.48) and positive (R2 = 0.05 adjusted R2 = 0.03, intercept=1.51) symptom 

severity. Lower FA in the superior parietal white matter (parameter estimate (PE) =−4.07) 

was associated with higher severity of negative symptoms. Lower FA in the left superior 

cerebellar peduncle (PE=−1.52), right inferior frontal occipital fasciculus (PE=−3.40) and 

the rectal gyral white matter (PE=−1.17) was associated with higher positive symptom 

severity.

4. Discussion

The present study obtained robust brain-behavior associations in schizophrenia combining 

rigorous assessment of neurocognitive ability with measures of brain microstructure. We 

confirm widespread aberrant WM microstructure in a relatively large sample of stable, well-

characterized schizophrenia patients. Cross-validated WM region-of-interest analysis 

indicated the utility of WM microstructure patterns in the prediction of neurocognitive 

performance, controlling for age, sex and education. More importantly, this analysis 

indicates that a disruption in a complex constellation of WM regions likely underlies deficits 

in neurocognitive performance in schizophrenia. We also find WM microstructural changes 

to be associated with clinical symptoms.

We report lower FA in 12 cerebral WM regions and 17 WM fiber tracts in patients with 

schizophrenia. Lower FA values in patients are consistent with the literature (Asami et al., 

2014; Lim et al., 1999; Minami et al., 2003), particularly in studies of chronic schizophrenia, 

including a recent large study of 109 patients (Skudlarski et al., 2013). Skudlarski et al., 

(2013) report differences between patients with schizophrenia (and psychotic bipolar 

patients) and healthy comparison subjects in 29 WM fiber tracts, using a higher resolution 

parcellation method. Still, we find significant overlap between studies, including lower FA 
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in: the body and splenium of the corpus callosum, anterior limb of internal capsule, sagittal 

stratum, and posterior thalamic radiation. Accumulating evidence, including data from the 

current study, suggests that WM disruption in schizophrenia is widespread, not focal. It is 

unlikely that singular disruptions in WM underlie the global neurocognitive deficits or 

clinical symptoms well documented in schizophrenia. Thus, it is necessary to consider FA 

measures from across the brain, and if possible their interrelation, when attempting to 

understand how FA abnormalities affect behavior in schizophrenia.

Numerous studies associate alterations in neurocognitive function with WM changes in 

schizophrenia. However, variability in these findings regarding the nature of WM 

impairment has emerged with some results indicating focal changes and others noting 

diffuse abnormalities (Melonakos et al., 2011). Such inconsistencies are likely influenced by 

the analytic approach that included examination of specific regions of interest (ROI), 

yielding focal abnormalities (Foong et al., 2002), VBM method examining whole brain 

(Melonakos et al., 2011), and source-based morphometry methods that examine brain 

features (SBM; Caprihan, 2011). However, the heterogeneity of these reports is probably 

attributable not only to post-acquisition processing, but other factors as well (e.g. clinical 

sample, limited clinical information, number of diffusion directions). We attempted to 

overcome some of these methodological issues by using robust DTI processing and a 

penalized regression approach. We demonstrated the possibility of predicting performance 

from FA values, after accounting for age, sex and education. Given that automated variable 

selection methods are often considered unreliable, because a large proportion of selected 

variables can be independent of the outcome (Derksen and Keselman, 1992; Flack and 

Chang, 1987), our combination of a k-folds cross-validation approach with sparse regression 

to select variables increases the confidence that can be placed on the predictors. In general, 

our results, in concert with the literature, suggest diffuse WM abnormalities in schizophrenia 

are associated with deficits in neurocognitive performance and, to a lesser degree, with 

clinical symptoms.

Patients with schizophrenia have deficits in neurocognitive ability (Gur et al., 2001a; Gur et 

al., 2007). However, elucidating brain-behavior relationships that underlie these deficits is 

challenging. Our predictive models were able to account for 24% of variance in global 

neurocognitive performance accuracy and 11% in speed in healthy adults using FA from 

both WM cortical regions and fiber tracts. This model is comprised of both cortical WM 

regions and WM fiber bundles suggesting that both intra- and inter-lobar connections 

facilitate neurocognitive performance. While the percent of variance explained may appear 

small, these predictions were achieved after accounting for age and sex, two factors known 

to significantly influence WM microstructure and neurocognitive performance. Prediction in 

patients was smaller for GNP accuracy (5%). This is reflected in overall reduction of model 

fit and a different constellation of WM regions associated with performance in patients. 

More heterogeneity of both accuracy performance and WM microstructure in the patient 

sample likely play a role in our reduced prediction. However, for GNP speed 61% of the 

variance was explained by FA measures from multiple regions, suggesting that inter-subject 

variability in overall speed of performance in schizophrenia is associated with alterations in 

the physiological properties of WM throughout the brain. Specifically, higher anisotropy of 
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the cingulum bundle (CGG, CGH) and several frontal and occipital WM regions were 

associated with faster performance. The cingulum bundle is a major fiber tract that connects 

limbic and cortical brain regions, including the thalamus, amygdala, hippocampus, and 

dorsolateral and dorsomedial prefrontal cortex (Croxson et al., 2005; Di Rosa et al., 2008; 

Goldman-Rakic et al., 1984). Reduced FA of the cingulum in schizophrenia is a common 

finding (Wheeler and Voineskos, 2014) and it is linked to poorer ability to orient attention 

(Nestor et al., 2007), including longer reaction-times during the Stroop task (Takei et al., 

2009) and with higher reaction time variability (Roalf et al., 2013).

In that latter study, we found that WM fiber tracts that were associated with the consistency 

in speed of performance in healthy controls were not related to performance in patients. 

However, we did not investigate these particular WM tracts or regions for associations in 

schizophrenia patients only. In the predictive models we report a combination of positively 

and negatively weighted predictors for neurocognitive performance indicating that both 

higher and lower FA in specific regions may portend better performance. Better 

performance was associated with more diffuse properties (negative associations) and greater 

directionality (positive associations) of regional WM. This balance of connection properties 

reflects the complex nature of information processing in the brain, as a network of different 

regions. For example, lower FA in certain regions may signify areas of crossing-fibers 

(Oouchi et al., 2007) or areas of diffuse local connections with surrounding cortex (Dong et 

al., 2004), either may be necessary for optimal performance. Notably, many regions with 

negative associations with performance are in frontal cortex, particularly in patients. A 

larger constellation of regions for patients for speed may be the result of disease-specific 

alterations culminating in a more distributed network of regions that underlie neurocognitive 

performance. Alternatively, this larger constellation of regions may reflect the heterogeneity 

of WM deficits found within schizophrenia.

There were only seven overlapping regions in controls and patients that aided in predicting 

accuracy or speed performance in healthy participants and patients. Importantly, for 

accuracy prediction each region was positively associated with performance in both groups. 

These data suggest common WM structures necessary for successful completion of 

neurocognitive tasks. However, for speed, the parameter estimates for overlapping regions 

were incongruent in direction, including the sagittal stratum and the cingulum white matter, 

indicating regions of potential importance for elucidating neurocognitive speed deficits in 

schizophrenia. Last, there are many regions that independently predict performance in either 

controls or patients, potentially signifying disease specific alterations in WM organization.

Prediction of clinical symptomatology using FA measures was small, but significant for 

negative (~3% of variance explained) and positive (~5% of variance explained) symptoms. 

In general, negative symptoms, in addition to age, are considered to be the best predictors of 

white matter change in schizophrenia (Mitelman et al., 2007; Wolkin et al., 2003). However, 

a recent finding suggests that age may be the driving force of these effects (Bijanki et al., 

2014). Negative symptoms in schizophrenia are related to structural brain abnormalities 

(Sigmundsson et al., 2001), including deficits in WM regions (Nestor et al., 2008; Skelly et 

al., 2008) and lower FA values (Mitelman et al., 2009; Mitelman et al., 2006; Sigmundsson 

et al., 2001; Wible et al., 2001). Asami (2014) reported relationships between FA and 
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negative symptoms at several anatomical levels, including whole brain, left hemispheric, 

and left frontal regions (Bijanki et al., 2014). In the current study we only find a negative 

association of FA in right superior parietal white matter and negative symptoms. The 

association between positive symptoms and brain FA is less consistent (Kelly et al., 2008; 

Lee et al., 2013; Whitford et al., 2010). We show that FA can increase the reliability of 

predicting positive symptoms from demographic characteristic in patients with 

schizophrenia to a small degree. All three significant regions (SCP, IFO, GR) associated 

with positive symptoms had negative parameter estimates, indicating lower FA is associated 

with higher positive symptom score. Moreover, of these regions the IFO (inferior frontal 

occipital fasciculus) is widely implicated in schizophrenia (Wheeler and Voineskos, 2014), 

and is associated with positive symptoms (Cheung et al., 2011). There was no overlap in 

brain regions in the prediction of both negative and positive symptoms suggesting distinct 

disruptions in WM microstructure. However, more systematic studies are necessary to 

further clarify these findings. In general, FA in WM regions is aids in predicting clinical 

symptoms, but to a lesser degree than neurocognitive ability.

Several limitations should be noted when considering the current results. Our sample, while 

larger than many DTI studies, is limited for prediction analyses. Statistical prediction suffers 

when multiple variables are used (Murtaugh, 1998) as is the case here with a number of WM 

brain regions and tracts. The number of predictors in the combined model is relatively large, 

which could affect the stability and predictive ability of the models. However, our use of a 

penalized regression method (LASSO) attempts to mitigate this issue. While we can explain 

a significant amount of variance in performance and clinical symptoms, more remains to be 

explained. In accordance with the literature (Rotarska-Jagiela et al., 2009; Skudlarski et al., 

2013), we find greater age-related changes in FA in schizophrenia. This may alter WM 

associations with neurocognition, however we attempted to remove these effects prior to 

prediction. We only include the linear age effects in our analysis however, non-linear effects 

were tested and did not alter the MANCOVA or LASSO results. Ideally, prediction models 

would be directly compared across groups; yet, larger samples are required for meaningful 

statistical inferences. Comorbid diagnoses could influence our results, but more through 

assessment of these conditions is necessary to elucidate their impact. Assessing the role of 

antipsychotic medication was outside the scope of the current study, but previous studies 

(Asami et al., 2014; Kanaan et al., 2009; Kubicki et al., 2005; Lee et al., 2013) show no 

relationship between antipsychotic medication and FA measures. We report the average 

chlorpromazine equivalent and provide detailed information about medication. Exploratory 

correlation analysis indicated no relationship between medication and FA in the current 

sample. Finally, we used global scores for performance, which may be biased by the test 

instruments used and prediction may change by neurocognitive domain or specific task (See 

Supplemental Data).

The present study addresses the need for reliable, standardized neurocognitive assessments 

combined with neuroimaging methods establishing WM connectivity correlates of 

cognition. Using a standardized computerized battery and diffusion tensor imaging we show 

that behavioral performance is moderated by a particular constellation of WM 

microstructure in healthy individuals that differs in schizophrenia. In addition, we confirm 

that lower anisotropy in a few brain regions may contribute to negative and positive 

Roalf et al. Page 9

Schizophr Res. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



symptoms. We hope that such data and the approach employed may aid in the identification 

of aberrations in neural connectivity associated with neurocognitive deficiency and 

debilitating clinical symptoms in schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
White matter regions (A) and tracts (B) that differed significantly (p<.05) in FA by 

diagnostic group. Patients with schizophrenia had lower FA in all regions and tracts 

reported. Raw mean(sem) FA values are reported in the bar graphs. ROI abbreviations are 

detailed in Table 2.
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Table 2

Cortical White Matter (A) and White Matter Fiber Tracts (B) ROI labels

2A.

Region Label Brain Lobe

Superior Frontal SF Frontal

Middle Frontal MF Frontal

Inferior Frontal IF Frontal

Precentral Gyral PrC Frontal

Lateral Fronto-Orbital LFO Frontal

Middle Fronto-Orbital MFO Frontal

Rectus Gyral RG Frontal

Cingulum Bundle Cing Frontal/Parietal

Superior Temporal ST Temporal

Inferior Temporal IT Temporal

Middle Temporal MT Temporal

Superior Parietal SP Parietal

Postcentral Gyrus PoC Parietal

Angular Gyral AG Parietal

Pre-Cuneus PrCu Parietal

Supramarginal SM Parietal

Cuneus Cu Occipital

Lingual Gyral LG Occipital

Fusiform Gyral Fu Occipital

Superior Occipital SO Occipital

Inferior Occipital IO Occipital

Middle Occipital MO Occipital

2B.

Fiber Tract Label Fiber Connections Fiber Type

Superior Cerebellar Peduncle SCP Afferent Projection Fiber

Posterior Thalamic Radiation PTR Afferent Projection Fiber

Retrolenticular Part of Internal Capsule RLIC Afferent Projection Fiber

Sagittal Stratum# SS Afferent Association Fiber

Posterior Limb of Internal Capsule PLIC Efferent Projection Fiber

Superior Corona Radiata SCR Efferent Projection Fiber

Posterior Corona Radiata PCR Efferent Projection Fiber

Anterior Limb of Internal Capsule ALIC Cortico-Striatal Projection Fiber

Fornix (Cres) / Stria Terminalis Fx/ST Cortico-Striatal Association Fiber

External Capsule EC Cortico-Striatal Association Fiber

Cingulum (Cingulate Gyrus) CGC Cortico-Cortical Association Fiber
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2B.

Fiber Tract Label Fiber Connections Fiber Type

Cingulum (Hippocampus) CGH Cortico-Cortical Association Fiber

Superior Longitudinal Fasciculus SLF Cortico-Cortical Association Fiber

Inferior Fronto-Occipital Fasciculus IFO Cortico-Cortical Association Fiber

Genu of Corpus Callosum GCC Corpus Callosum Commissural Fiber

Body of Corpus Callosum BCC Corpus Callosum Commissural Fiber

Splenium of Corpus Callosum SCC Corpus Callosum Commissural Fiber
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