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Abstract

BACKGROUND: Schizophrenia can be understood as a disturbance of functional connections 

within brain networks. However, functional alterations that involve white matter (WM) 

specifically, or their cognitive correlates, have seldomly been investigated, especially during tasks.

METHODS: Resting state and task fMRI images were acquired on 84 patients and 67 controls. 

Functional connectivities (FC) between 46 WM bundles and 82 cortical regions were compared 

between the groups under two conditions (i.e., resting state and during working memory retention 

period). The FC density of each WM bundle was then compared between groups. Associations of 

FC with cognitive scores were evaluated.

RESULTS: FC measures were lower in schizophrenia relative to controls for external capsule, 

cingulum (cingulate and hippocampus), uncinate fasciculus, as well as corpus callosum (genu and 

body) under the rest or the task condition, and were higher in the posterior corona radiata and 

posterior thalamic radiation during the task condition. FC for specific WM bundles was correlated 

with cognitive performance assessed by working memory and processing speed metrics.

CONCLUSIONS: The findings suggest that the functional abnormalities in patients’ WM are 

heterogeneous, possibly reflecting several underlying mechanisms such as structural damage, 

functional compensation and excessive effort on task, and that WM FC disruption may contribute 
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to the impairments of working memory and processing speed. This is the first report on WM FC 

abnormalities in schizophrenia relative to controls and their cognitive associates during both rest 

and task and highlights the need to consider WM functions as components of brain functional 

networks in schizophrenia.
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1. Introduction

Schizophrenia, a disorder characterized by cognitive impairments (Blanchard and Neale, 

1994; Heinrichs and Zakzanis, 1998; Lee and Park, 2005) Blanchard and Neale, 1994), 

can be understood as abnormalities of connectivities within neural system (Andreasen 

et al., 1999; Friston and Frith, 1995). This understanding is supported by neuroimaging 

studies showing disturbed functional synchronizations between gray matter (GM) regions in 

schizophrenia and their links to cognitive impairments, in particular within fronto-temporal 

(Lawrie et al., 2002), fronto-parietal (Kim et al., 2003; Venkataraman et al., 2012), fronto

hippocampal (Meyer-Lindenberg et al., 2005) and thalamo-cortical (Andreasen et al., 1998; 

Woodward and Heckers, 2016) circuits.

White matter (WM), another fundamental component of the neural system, is the conduit 

conveying neural signals between GM regions. Pathological changes in WM have been 

found in patients with schizophrenia, such as dysfunction of myelin sheath lamellae (Davis 

et al., 2003; Miyakawa et al., 1972), decreases in WM integrity (Ardekani et al., 2003; 

Kubicki et al., 2003; Nestor et al., 2004; Park et al., 2003), and WM atrophy (Christensen et 

al., 2004; Haijma et al., 2013; Paillère-Martinot et al., 2001; Sigmundsson et al., 2001), 

which may undermine the fidelity of neural transmission between WM and GM. We 

therefore postulated that the functional connectivity (FC) between WM and GM may be 

disturbed in schizophrenia.

Unlike the FC between GM regions that have been extensively reported in neuroimaging 

studies, FC involving WM has been largely ignored (Logothetis and Wandell, 2004) partly 

because there are weaker blood-oxygenation-level-dependent (BOLD) fluctuations expected 

in WM where much lower blood flow and volume have been found (Helenius et al., 2003). 

However, emerging evidence has demonstrated that BOLD effects in WM are robustly 

detectable (Gawryluk et al., 2014; Gore et al., 2019; Li et al., 2019; Mazerolle et al., 2013; 

Wu et al., 2016), and resting state BOLD signals in WM bundles correlate with those in GM 

regions to which the bundles connect (Ding et al., 2018; Li et al., 2020; Wu et al., 2019), 

revealing an apparent functional synchronization between WM and GM. Measurements 

of FC between WM and GM have been applied to investigate functional alterations in 

various brain diseases (Bu et al., 2020; Cui et al., 2021; Gao et al., 2020; Ji et al., 2019; 

Lin et al., 2020). With regard to schizophrenia, a few studies have revealed FC disruption 

in schizophrenia in WM bundles (Yang et al., 2020) or subnetworks (Fan et al., 2020). 

However, those studies were limited to an Asian population in a resting state only.
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Deficits in working memory, defined as the temporary retention of information in 

response to immediate information processing demands (Baddeley, 1992), are considered 

a central cognitive impairment in schizophrenia (Lett et al., 2014). FMRI scans during 

working memory tasks, in which regional BOLD effects increase in response to the task

induced neural activation, are able to highlight memory-related hypoactive GM regions in 

schizophrenia (Huang et al., 2019; Manoach et al., 1999). Our previous study found that 

visual stimuli modulate FC between WM and GM regions within visual circuits in healthy 

subjects (Ding et al., 2018), but there have been no previous studies reporting whether 

and how correlations between WM and GM BOLD signals differ in a working memory 

task between subjects with schizophrenia and normal cognition. Given this background, we 

hypothesized that FC involving WM, whether during rest or a working memory task, would 

be altered in schizophrenia and be associated with cognitive functions. Accordingly, in this 

study we extend our previous analyses (Ding et al., 2018; Gao et al., 2020, 2019) to a cohort 

of patients with schizophrenia and cognitively healthy controls, quantlifying correlations 

between BOLD signals during a resting state and during a spatial working memory task. Our 

specific goals were to: (1) characterize the alterations of FC between WM and GM regions 

in schizophrenia relative to cognitively normal subjects under rest and task conditions; (2) 

explore associations between FC of WM and cognitive functions across the cohort.

2. Methods

2.1. Participants

Sixty-seven healthy controls (CON) and 84 patients with schizophrenia spectrum disorders 

(SCZ) (Table 1) were recruited at Vanderbilt Psychiatric Hospital. The SCZ patients 

included individuals diagnosed with schizophrenia (n=51), schizoaffective disorder (n=10) 

and schizophreniform disorder (n=23). The Structured Clinical Interview for DSM-IV 

Disorders (First et al., 2008) was administered to confirm diagnoses in patients and rule 

out current or past psychiatric illnesses in healthy participants. Patients were further assessed 

with the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) to quantify 

severity of clinical symptoms. Study procedures and exclusion criteria are described in 

detail in Supplementary material. This study was approved by the Vanderbilt University 

Institutional Review Board and all participants provided written informed consent.

2.2. Cognitive Assessments

Each participant was administered the same cognitive tests as follows. The Wechsler Test 

of Adult Reading (WTAR; (Venegas and Clark, 2011)), a single word-reading test, was 

performed to estimate premorbid intellect. The spatial span and letter-number sequencing 

subtests from Wechsler Memory Scale-3rd edition (WMS-III; (Wechsler, 1945)) were 

completed and together yielded the working memory index. The administered Screen for 

Cognitive Impairment in Psychiatry (SCIP; (Tourjman et al., 2019)) included a word list 

learning test of verbal memory, a version of the auditory consonant trigrams test of working 

memory, phonemic verbal fluency and a coding test of processing speed. SCIP subtests raw 

scores were converted to z-scores and averaged to create a global cognition z-score. The AX 

Continuous Performance Task (AX-CPT; (Rosvold et al., 1956)) was administered and the 

d-prime (d’), referred to as d’-context, was computed from the AX hits and BX false alarm 
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(Cohen et al., 1999). In addition, the Wisconsin Card Sorting Test (WCST; (Grant and Berg, 

1948)), a test of executive function, was scored. All the cognitive assessment scores acquired 

in this study are listed in Table 1.

2.3. Spatial Working Memory Task

Each task fMRI scan comprised 5 spatial working memory trials and 3 non-memory-related 

trials (Fig. 1A). Subjects were instructed to remember positions of three spatial locations in 

the memory trial and performed a sensorimotor task without memory requirements in the 

non-memory-related trial. Each trial started with a 4-second fixation, followed by three dots 

appearing sequentially within the next 3.5 seconds. After a 16-second retention period, a 

probe stimulus of 1 second appeared, and the subjects responded to a probe location with a 

button press indicating whether this stimulus was at one of the three memorized locations. 

At the end of each trial, there was an inter-trial interval of 13.5 seconds that included the 

response to the stimulus (Fig. 1B). The non-memory-related trial was identical except that 

the subjects were instructed not to remember anything but simply to press both buttons when 

the probe appeared. Different colored dots were used to cue subjects to working memory 

trial (red dots) or non-memory trial (grey dots). More details were described in a previous 

study (Huang et al., 2019). The total correct number and total response time were recorded 

to measure performance of this spatial working memory task, as listed in Table 1.

2.4. MRI Image Acquisition and Preprocessing

One resting state fMRI scan (sequence=gradient-echo echo-planar imaging, TR/TE=2s/

35ms, resolution=3×3×3 mm3, matrix=80×80×38, dynamic volumes per scan=300, eyes 

closed), six working-memory task fMRI scans (same parameters except dynamics per 

scan=152) and one T1-weighted scan (sequence=turbo field echo, TR/TE=8ms/3.7ms, 

resolution=1×1×1mm3, matrix=256×256×170) were acquired for each subject using one of 

two identical 3T MRI scanners (Philips Healthcare Inc., Best, Netherlands) with 32-channel 

head coils at Vanderbilt University Institute of Imaging Science.

Image preprocessing is described in detail in Supplementary material. Briefly, preprocessing 

of fMRI images included correcting slice timing and head motion, regressing out 24 motion 

parameters and mean cerebrospinal fluid (CSF) signal, temporal filtering (passband=0.01–

0.1Hz), co-registering to the Montreal Neurological Institute (MNI) space, detrending, and 

voxel-wise normalization of the time-courses into zero mean and unit variance. In order to 

avoid signal contamination between WM and GM in preprocessing, we did not spatially 

smooth fMRI data. Preprocessing of T1-weighted images included segmenting WM, GM, 

and CSF and co-registering the resultant tissue probability maps to the MNI space.

2.5. Analyses of Functional Connectivity between White Matter and Gray Matter

All further analyses in this study were based on calculation of the functional correlation 

matrix (FCM), which is a matrix of correlations between 46 WM bundles and 82 GM 

regions of interest (ROIs). The WM bundles and GM ROIs were initially defined by the 

Eve atlas (Oishi et al., 2009) (20 deep WM bundles in each hemisphere and 6 commissure 

bundles, shown in Fig. 1C and Table 2) and PickAtlas (Lancaster et al., 2000) (41 Brodmann 

areas in each hemisphere, shown in Fig. 1D and Table 2), respectively, and were further 
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constrained within whole-brain WM or GM masks generated by thresholding the WM 

or GM tissue probability maps at 0.8 (Fig. 1E) in order to avoid partial volume effects. 

The preprocessed time-courses were spatially averaged over each ROI. The two averaged 

time-courses from each pair of WM and GM ROIs were then linearly correlated, excluding 

any frames with large head motions (i.e., frame-wise displacement (Power et al., 2012) >0.5; 

average number of excluded frames per SCZ subject = 16; average number of excluded 

frames per CON subject = 9; minimum number of remaining frames per subject = 205). 

The resulting correlation coefficients comprised an FCM (size: 46×82) of WM-GM pairs. 

The possible influences of sex, race, age, maternal and paternal years of education were 

regressed out from the FCM using a general linear model. Fisher’s z-transforms were 

applied to all the correlation coefficients in FCM.

To compare WM-GM FC between SCZ and CON groups, we averaged the FCMs across 

subjects within each group, denoted as the mean FCM (mFCM; size=46×82), and then 

subtracted mFCM of the SCZ group from mFCM of the CON group element by element. 

Meanwhile, an unpaired t-test was conducted for each FCM element to determine the 

significance of the inter-group difference in FC. The resulting p-values (n=46×82) were 

corrected for multiple comparisons using a false discovery rate (FDR) (Benjamini and 

Hochberg, 1995), denoted as pFDR. The effect size of the difference (Cohen, 2013) for each 

FCM element between groups was also calculated.

2.6. Analyses of White Matter Functional Connectivity Density

Inspired by the idea of FC density mapping proposed in a previous study (Tomasi and 

Volkow, 2010), we defined WM FC density as the average FC between one WM bundle and 

all GM ROIs across the entire cerebral cortex. Specifically, the density for each WM bundle 

was calculated by averaging the magnitudes of the 82 FCM elements corresponding to this 

WM bundle. The mean and standard deviation of the WM FC density for each WM bundle 

across subjects within each group were then computed. The group means were compared 

using permutation tests (100,000 permutations) with a correction of multiple comparisons 

p<(1/N)=(1/46)=0.022. This correction means that less than one false-positive bundle is 

expected among all 46 bundles (Lynall et al., 2010).

2.7. Association with Cognitive Scores

The association between each single FCM element, i.e., FC of one WM-GM pair, and each 

cognitive score was evaluated by calculating the Pearson’s correlation coefficient, r, between 

them across all subjects. The resulting p-values (n=46×82) for each score were corrected 

using FDR. Accordingly, for each score, each WM bundle had 82 correlation coefficients 

from which the one with maximum amplitude and pFDR<0.05, which reflected the strongest 

and most significant correlation, was selected to represent the association between the WM 

bundle FC and the score. This association measure is more sensitive to local correlations but 

may also be less resistant to local noise. Considering this, we report only the non-negligible 

correlations, i.e., |r|>0.3 (Cohen, 2013). Furthermore, the pFDR values of 46 bundles were 

further corrected for multiple comparisons using pFDR<(1/46)=0.022.
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2.8. Resting State and Task Conditions

The above analyses were separately performed under resting state and task conditions. 

Under the resting state condition, each time-course for FCM computation included all 

eligible frames from the resting state fMRI scans. Under the working memory task 

condition, each time-course included only the frames acquired during the memory retention 

periods (8s-24s) in all 30 memory trials (5 trials per scan × 6 scans per subject). For 

comparison, we also did the same analyses based on the entire time-courses of the working 

memory task.

3. Results

3.1. Participant Characteristics

Table 1 summarizes the demographic, clinical, and cognitive characteristics of all 151 

participants from the CON group (n=67) and SCZ group (n=84). No significant differences 

in age (p=0.302), sex (p=0.394), race (p=0.063), handedness (p=0.656), maternal education 

(p=0.874) and paternal education (p=0.571) were observed between the two groups. As 

anticipated, all the cognitive scores and fMRI task scores were significantly different 

between the two groups (p<0.010).

3.2. Functional Connectivity between WM and GM

Fig. 2 shows the mFCM of the CON and SCZ groups under two conditions: resting state and 

retention period during working memory task. The general patterns of mFCM under the two 

conditions appeared similar at first glance, but significant differences were in FC of some 

WM-GM pairs between conditions, as shown in Supplementary Fig. 1. Compared to mFCM 

of the CON group, mFCM of the SCZ group under the same condition appeared to have a 

generally similar but weaker FC pattern.

The element-wise differences of mFCM between the CON and SCZ groups under rest and 

task conditions are shown in Fig. 3A and 3C, where only the differences with statistical 

significance (pFDR < 0.05) are presented with non-zero values. Clearly, the SCZ group had 

lower FC at several WM-GM pairs but also higher FC at a few WM-GM pairs than the CON 

group under each condition. The effect sizes of the group differences for the elements with 

pFDR < 0.05 were all higher than 0.45 under the two conditions, as shown in Fig. 3B and 3D, 

indicating that the differences were not trivial.

3.3. White Matter Functional Connectivity Density

A group comparison of the FC density of each WM bundle under each condition is 

presented in Fig. 4 and Supplementary Table 1. In a resting state (Fig. 4A), FC densities 

in SCZ relative to CON were significantly lower (p<0.022) in bilateral external capsule 

(EC; both p<0.001), bilateral cingulum near cingulate gyrus (CGC; p=0.014 and 0.016, 

respectively), bilateral uncinate fasciculus (UF; p=0.006 and 0.017, respectively), genu of 

corpus callosum (GCC; p=0.004) and body of the corpus callosum (BCC; p=0.006). In the 

working memory task condition (Fig. 4B), significant lower FC densities in SCZ relative to 

CON were found at bilateral EC (p=0.010 and 0.021, respectively), bilateral CGC (p=0.015 

and 0.021, respectively) and right cingulum near hippocampus (CGH; p=0.017). Besides, 
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BCC (p=0.027) and right fornix cres (FXC; p=0.025) exhibited a trend to a significant 

lower density in SCZ. By contrast, left posterior thalamic radiation (PTR; p=0.013) and 

right posterior corona radiata (PCR; p=0.012) had significantly higher FC densities in SCZ 

relative to CON.

3.4. Associations between White Matter Functional Connectivity and Cognitive Scores

The significant and non-negligible associations (thresholding criteria: pFDR<0.022 and |r|

>0.3) between FC and cognitive scores are depicted in Fig. 5.

Under a resting state condition (Fig. 5A), positive correlations (pFDR<0.022 and r>0.3) were 

found between FC and WMS-III working memory index in left EC (r=0.38, pFDR=0.003), 

bilateral CGC (r=0.36, pFDR=0.003 and r=0.35, pFDR=0.004, respectively), left UF (r=0.39, 

pFDR=0.003), pontine crossing tract (PCT; r=0.33, pFDR=0.005), right CGH (r=0.38, 

pFDR=0.002), right posterior limb of internal capsule (PLIC; r=0.32, pFDR=0.007), right 

anterior limb of internal capsule (ALIC; r=0.33, pFDR=0.006) and right medial lemniscus 

(ML; r=0.35, pFDR=0.004). Positive correlations were also found between FC and SCIP 

processing speed in bilateral superior longitudinal fasciculus (SLF; r=0.37, pFDR=0.011 

and r=0.35, pFDR=0.019, respectively). Non-negligible correlations were not observed 

between FC and other cognitive scores including WTAR Premorbid IQ, SCIP verbal 

learning-immediate/delayed z-score, SCIP working memory z-score, SCIP verbal fluency 

z-score, SCIP global cognition z-score, AX-CPT d’-context, and WCST total correct score.

Under a working memory task condition (Fig. 5B), WMS-III working memory index 

was positively correlated (pFDR<0.022 and r>0.3) with FC in middle cerebellar peduncle 

(MCBP; r=0.37, pFDR=0.010). Meanwhile, the SCIP processing speed was positively 

correlated with FC at left superior corona radiata (SCR; r=0.31, pFDR=0.017), bilateral 

CGC (r=0.33, pFDR=0.016 and r=0.36, pFDR=0.010, respectively), bilateral SLF (r=0.33, 

pFDR=0.020 and r=0.37, pFDR=0.010, respectively), BCC (r=0.35, pFDR=0.016), and right 

FXC (r=0.32, pFDR=0.017). Non-negligible correlations were not observed between FC and 

other cognitive scores.

4. Discussion

We evaluated measures of FC within WM bundles, their differences between subjects with 

schizophrenia and normal cognition, and their correlations with cognitive scores under both 

resting state and working memory task conditions. We found that 1) FC values between 

WM and GM ROIs were mainly lower in schizophrenia compared to controls under both 

conditions, with a few exceptions; 2) WM FC densities were lower in schizophrenia relative 

to normal in several WM bundles (e.g., long association and commissural bundles) under 

the two conditions, again with a few exceptions (e.g., parietal projection bundles) in the task 

condition; and 3) WM-GM FC was non-negligibly associated with measures of cognition 

including working memory as well as processing speed in both conditions. Together, 

these findings indicate that FC measures within WM reflect functional abnormalities in 

schizophrenia and suggest a role for FC alterations within WM in cognitive impairments in 

schizophrenia.
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Although overall patients and controls exhibited a similar pattern of WM-GM FCM during 

both rest and task (Fig. 2), differences in FC were evident for several WM-GM pairs (Fig. 

3). These differences indicate mainly a reduced functional synchronization between WM 

and GM regions in schizophrenia relative to controls, with some notable exceptions in 

areas in which controls appear less engaged than patients. WM-GM FCM patterns were 

very similar between rest and task, convergent with existing evidence showing a strong 

correlation of GM-GM at rest and during a memory task (Cole et al., 2014), suggesting that 

rest and task share the same intrinsic networks.

When the brains were at rest, lower WM FC densities in the SCZ group relative to the 

CON group were detected at long association bundles (i.e., bilateral EC, CGC, and UF) 

and commissural bundles (i.e., GCC and BCC) (Fig. 4A). Reduced fractional anisotropy 

(FA), increased radial diffusivity and other microstructural abnormality in schizophrenia in 

these structures have been repeatedly reported in prior diffusion MRI studies (Koshiyama et 

al., 2020; Kubicki et al., 2003; Lee et al., 2013; Nestor et al., 2004; Schilling et al., 2018; 

Skudlarski et al., 2013). The consistency between functional and structural disruptions in 

these bundles indicates that the disrupted synchronization between the bundles and cerebral 

cortices in schizophrenia at rest may be partially explained by the structural degradation 

reported by others in these bundles. By contrast, when there was a working memory 

demand, lower FC density in right CGH in schizophrenia became apparent (Fig. 4B). 

Previous lesion studies have directly demonstrated that cingulum participates in working 

memory functioning (Ennaceur et al., 1997; Gaffan, 1994) and diffusion MRI studies have 

revealed that FA at CGH decreased in schizophrenia compared to controls (Abdul-Rahman 

et al., 2011). Additionally, FC values between right CGH and bilateral BA8 areas (frontal 

eye field; FEF) were lower in schizophrenia during only task (Fig. 1). FEF has been 

demonstrated to be activated during working memory retention stage (Pessoa et al., 2002; 

Rottschy et al., 2012) and be hypo-activated in schizophrenia (Driesen et al., 2008; Huang 

et al., 2019). Combining these findings, the possible explanations for our observed lower 

FC density in CGH during memory retention may involve structural degradation of the 

bundle and dysfunction within impaired working memory circuit in schizophrenia. These 

findings also suggest that adding functional loads to a brain network may increase the 

chance of observation of FC abnormalities in those WM bundles that are highly engaged 

in the function. Besides, one recent resting state fMRI study reported lower FC in treated 

patients relative to controls in GCC, PCT, CGH and CST (Yang et al., 2020), which were a 

subset of our results from two conditions when using the uncorrected significance level of 

0.05.

Interestingly but not surprisingly, PTR and PCR in the SCZ group showed a higher FC 

density than the CON group during working memory retention. There is literature revealing 

microstructural damage to PTR and PCR (Koshiyama et al., 2020) and involvement of 

thalamic dysfunction in working memory deficits in schizophrenia (Eryilmaz et al., 2016). 

In turn, the hyper-FC density of PCR may be explained by excessive recruitment of local 

neural circuitry in patients due to inefficiency of neural communication (Ramsey et al., 

2002). Alternatively, hyper-FC on PTR may be related to a compensatory mechanism during 

a task in patients, especially considering that posterior parietal lobe appears to serve for 
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phonological storage of information (Cohen et al., 1997) and is hyper-activated during 

working memory tasks (Mendrek et al., 2005).

The FC density calculated from the entire time-course of the working memory task 

(Supplementary Fig 2E) revealed that ALIC and CP had a tendency to lower FC in 

schizophrenia relative to controls. The two stages of the task other than memory retention 

(i.e., encoding and retrieval, Supplementary Fig. 3) may contribute to this result. Comparing 

the two task conditions (Fig. 3C and Supplementary Fig. 2C), the ALIC-paired GM ROIs 

with a lower FC only when including the entire time-course included BA5 (superior 

parietal lobe), BA18/19 (visual cortex V2-V5), BA24 (anterior cingulate cortex) and BA37 

(fusiform gyrus), which are more engaged in sensory, attention, decision making and visual 

recognition than memory retention. Several studies have reported smaller diffusion metrics 

or volume size of ALIC in schizophrenia (Levitt et al., 2010; Rosenberger et al., 2012; 

Zhou et al., 2003), although others did not find a consistent result (Levitt et al., 2010; 

Paillère-Martinot et al., 2001). ALIC contains fibers passing through CP, which may at 

least in part explain the similarity in alterations of FC density between ALIC and CP 

(Supplementary Fig. 2C).

The observed associations between FC of WM and cognitive performance (Fig. 5) are 

supported by other evidence. First, the positive associations with WMS-III working memory 

index were non-negligible not only in long association bundles (e.g., EC, CGC and UF) 

and projection bundles (e.g., ALIC and PLIC) in cerebrum during the rest but also in 

cerebellar bundles (i.e., MCBP) during the task. Previous diffusion MRI studies reveal that 

the same working memory index or other working memory metrics positively correlated 

with FA in EC, CGC, UF and ALIC in schizophrenia or Parkinson’s disease (Kubicki 

et al., 2003; Levitt et al., 2010; Nestor et al., 2004; Theilmann et al., 2013), providing 

a possible structural explanation for the FC-cognition association in cerebrum during the 

rest. As to cerebellar bundle, accumulating evidence reveals that cerebellar abnormalities in 

schizophrenia, such as diminished blood flow and impaired synaptic architecture, are linked 

to deficits in working memory and disturbances of the prefronto-thalamo-cerebellar circuit 

contribute to the pathophysiology of schizophrenia (Andreasen et al., 1996; Wiser et al., 

1998; Yeganeh-Doost et al., 2011). Thus, we may infer that the observed associations with 

cerebellar bundle may be an extension of the association of cerebellum produced through 

the prefronto-thalamo-cerebellar circuit. Second, the association with SCIP processing 

speed, but not with other SCIP sub-functions (verbal learning-immediate/delayed, working 

memory, verbal fluency, and global cognition), is in accordance with a prior diffusion MRI 

study showing that degradation of WM integrity is correlated with impairment of processing 

speed but no other functions measured by SCIP (Karbasforoushan et al., 2015). In particular, 

the related WM bundles (i.e., SLF, UF, BCC, SCR, CGC and FXC) found in the present 

study are highly consistent with the findings (i.e. corpus callosum, cingulum, bundles 

under superior and inferior frontal gyri and precuneus) in the previous diffusion study 

(Karbasforoushan et al., 2015). To sum up, the above evidence repeatedly suggests that the 

FC-cognition covariation in WM is consistent with known structure-cognition covariations 

in WM bundles, and with FC-cognition or structure-cognition covariations in GM engaged 

in the same circuits.
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The measurement of WM-GM FC in our study followed the same methodology that has 

commonly been used to estimate GM-GM FC, but the interpretation of WM-GM FC 

remains uncertain. However, the possibility that the WM-GM FC could arise from partial 

volumes effect (PVE) between WM and GM ROIs was reduced because we skipped spatial 

smoothing, used the deep WM atlas (Fig. 1C) and applied a highly conservative mask to 

constrain WM and GM ROIs (Fig. 1E). Another common concern is that the BOLD signal 

changes observed in WM could arise from neighboring GM by vascular drainage effects, 

rather than originating from intrinsic processes in WM. However, Millan et al. found that 

the deep venous system draining deoxygenated blood in deep WM is separate from the 

superficial venous system draining blood in GM and superficial WM (Ruíz et al., 2009), 

suggesting that BOLD signals in deep WM are unlikely to be affected by vascular changes 

in GM.

Our investigation has several potential limitations. First, the WM atlas we used here covers 

the WM bundles primarily deep in the brain, some of which lack the portions extending 

to the surface. Matched diffusion MRI data and WM tractography will allow us to obtain 

more accurate WM bundles for individuals in future investigations. Second, one major 

WM bundle may be comprised of multiple pathways connecting different cortical regions 

(Schmahmann and Pandya, 2009) and be engaged in different neural activities, so BOLD 

signals could be inhomogeneous over the WM bundle. In this case, averaging the time

courses over the bundle probably compromised the spatial specificity of the origins of 

the signal variations. Third, a potential confounding variable for the analyses under task 

condition could be the task performance, which was different between the CON and SCZ 

groups (Table 1). Specifically, the decrease of functional connectivity in SCZ relative to 

CON might due to the worse performance of working memory task in SCZ rather than 

schizophrenic disorder (Eryilmaz et al., 2016; Rodrigue et al., 2018; Thermenos et al., 2005; 

Van Snellenberg et al., 2006). Controlling for the task performance might be a solution to 

rule out this effect but meanwhile might bring overfitting bias because the task performance 

has been found positively associated with retention-related activations in GM regions using 

the same data (Huang et al., 2019). Another solution could be selecting only correct trials for 

FC measurement, but it would reduce the signal to noise ratio.

5. Conclusions

In conclusion, findings from this study indicate that the FC abnormalities in WM may have 

a heterogenous underlying mechanism and be a contributor to reduced working memory 

and impaired processing speed in schizophrenia. To the best of our knowledge, this study 

provides a first evaluation of FC alterations in WM bundles under task conditions in 

schizophrenia compared to healthy controls and their associations with cognitive functions, 

highlighting the importance of understanding WM functions as components of brain 

functional networks in schizophrenia.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic diagram of spatial working memory task, atlases of white matter (WM)/gray 

matter (GM) ROIs, and tissue masks. (A) One task scan comprised eight trials, of which 

five were memory trials (dark gray blocks) and the other three were non-memory trials (light 

gray blocks). (B) Each memory trial lasted 38s, including 4s of fixation, 3.5s of encoding, 

16s of retention, 1s of probe and 13.5s of interval. The non-memory trial had the same 

sequence of events, except that the subjects were instructed not to remember the target 

locations. (C) WM parcellation atlas and (D) GM parcellation atlas in MNI space were 

used to initially define WM and GM ROIs. See Table 2 for the lists of these ROIs. (E) 
Whole-brain WM and GM tissue masks of one subject that were used to further constrain 

WM and GM ROIs to avoid partial volume effect.
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Fig. 2. 
Group mean of functional correlation matrix (mFCM) within CON group and SCZ group 

under two conditions: (A, B) resting state and (C, D) retention period during the spatial 

working memory task. The blue/red numbers labeling columns of mFCM indicate the 

indices of Brodmann area (BA) in left/right hemisphere. The blue/green/red abbreviations 

labeling rows of mFCM indicate the WM bundles in left/middle/right portion of brain. See 

Table 2 for the lists of these ROIs.
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Fig. 3. 
Differences and effect sizes of FCM between CON group and SCZ group under two 

conditions. Difference of subtracting mFCM of SCZ from mFCM of CON and effect size of 

the difference under two conditions: (A, B) resting state and (C, D) working memory task. 

The differences of FCM elements with pFDR>0.05 were set to zero and the corresponding 

effect sizes were also set to zero. The blue/red numbers labeling columns indicate indices 

of Brodmann areas in left/right hemisphere. The blue/green/red abbreviations labeling rows 

indicate WM bundles in left/middle/right portion of brain. See Table 2 for the lists of these 

ROIs.
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Fig. 4. 
Comparison of WM FC density between CON group and SCZ group under two conditions. 

Mean and standard deviation of FC density within CON group (light gray bar and error bar) 

and SCZ group (dark gray bar and error bar) under two conditions: (A) resting state and (B) 
working memory task. * indicates p<0.05 (uncorrected significance level) and ** indicates 

p<1/N=0.022 (corrected significance level). See Supplementary Table 1 for a summary of 

group mean, standard deviation and p-values of each WM bundle.
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Fig. 5. 
Correlation coefficients between FC and cognitive scores under two conditions: (A) resting 

state and (B) working memory task. Given one WM bundle and one score, the correlation 

coefficient shown here is the one with maximum amplitude among all 82 correlation 

coefficients between the score and 82 FC that the WM bundle corresponds to. All 

the coefficients with |r|<0.3 or p>0.05 are set to zero. * indicates p<0.05 (uncorrected 

significance level) and ** indicates p <1/N=0.022 (corrected significance level).
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Table 1.

Demographics, clinical and cognitive characteristics

CON SCZ Statistics

n=67 n=84 t/χ2 p

Sex [male:female] 41:26 57:27 0.73 0.394

Race [W:AA:O] 48:13:6 55:27:2 5.53 0.063

Handedness [R:L] 60:7 77:7 0.20 0.656

Mean±SD Mean±SD

Age [years] 28.8±9.1 27.3±9.4 1.04 0.302

Maternal education [years] 14.6±2.4 14.6±2.7 −0.16 0.874

Paternal education [years] 15.1±2.8 14.8±3.6 0.57 0.571

Illness duration [months] - 76.9±97.1 - -

Antipsychotic dosage (Chlorpromazine equivalents) - 368.0±220.4 - -

PANSS Positive - 15.8±8.8 - -

PANSS Negative - 14.3±5.4 - -

PANSS General - 28.7±8.1 - -

WTAR Premorbid IQ 107.9±15.0 102.1±9.5 2.93 0.004

WMS-III Working Memory Index 106.7±12.4 94.8±11.0 6.25 <0.001

SCIP Verbal Leaning-Immediate z-score 0.39±0.88 −0.86±1.26 6.88 <0.001

SCIP Verbal Leaning-Delayed z-score 0.17±0.97 −0.83±1.20 5.54 <0.001

SCIP Working Memory z-score 0.32±0.97 −0.70±1.32 5.32 <0.001

SCIP Verbal Fluency z-score 0.64±1.04 −0.10±1.10 4.19 <0.001

SCIP Processing Speed z-score −0.20±1.05 −1.59±1.06 7.99 <0.001

SCIP Global Cognition z-score 0.26±0.59 −0.81±0.76 9.54 <0.001

AX-CPT d’-Context 3.6±0.7 2.7±1.0 5.92 <0.001

WCST Total Correct 52.4±6.5 45.7±11.4 4.18 <0.001

tfMRI Total Correct Number 25.1±3.8 22.5±5.6 3.20 0.002

tfMRI Total Response Time [ms] 1085.7±381.3 1306.0±591.0 −2.64 0.009

W-white; AA-African American; O-others; WTAR-Wechsler Test of Adult Reading; PANSS-Positive and Negative Syndrome Scale; WMS-III: 
Wechsler Memory Scale, third version; SCIP-Screen for Cognitive Impairment in Psychiatry; AX-CPT-AX Continuous Performance Task; 
WCST-Wisconsin Card Sorting Test.
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Table 2.

List of white matter and gray matter ROIs (BA: Brodmann area).

White Matter (WM) ROIs Gray Matter (GM) ROIs

CST: Corticospinal Tract

ML: Medial Lemniscus

ICBP: Inferior Cerebellar Peduncle

SCBP: Superior Cerebellar Peduncle

CP: Cerebral Peduncle

ALIC: Anterior Limb of Internal Capsule

PLIC: Posterior Limb of Internal Capsule

RLIC: Retrolenticular Limb of Internal Capsule

ACR: Anterior Corona Radiata

SCR: Superior Corona Radiata

PCR: Posterior Corona Radiata

PTR: Posterior Thalamic Radiation (include Optic 
Radiation)

SS: Sagittal Stratum (include inferior longitudinal 
fasciculus and fronto-occipital fasciculus)

EC: External Capsule

CGC: Cingulum (Cingulate Gyrus)

CGH: Cingulum (Hippocampus)

FXC: Fornix (Cres)

SLF: Superior Longitudinal Fasciculus

SFO: Superior Fronto-Occipital Fasciculus

UF: Uncinate Fasciculus

MCBP: Middle Cerebellar Peduncle

PCT: Pontine Crossing Tract

GCC: Genu of Corpus Callosum

BCC: Body of Corpus Callosum

SCC: Splenium of Corpus Callosum

FX: Fornix

BA1: Primary Somatosensory Cortex 1

BA2: Primary Somatosensory Cortex 2

BA3: Primary Somatosensory Cortex 3

BA4: Primary Motor Cortex

BA5: Somatosensory Association Cortex

BA6: Premotor and Supplementary Motor

BA7: Visuo-Motor Coordination

BA8: Frontal Eye Fields

BA9: Dorsolateral Prefrontal Cortex

BA10: Anterior Prefrontal Cortex

BA11: Orbitofrontal Area

BA13: Insular Cortex

BA17: Primary Visual Cortex (V1)

BA18: Secondary Visual Cortex (V2)

BA19: Associative Visual Cortex (V3–5)

BA20: Inferior Temporal Gyrus

BA21: Middle Temporal Gyrus

BA22: Superior Temporal Gyrus

BA23: Ventral Posterior Cingulate Cortex

BA24: Ventral Anterior Cingulate Cortex

BA25: Subgenual Area

BA26: Ectosplenial Portion of Retrosplenial Region

BA27: Piriform Cortex

BA28: Ventral Entorhinal Cortex

BA29: Retrosplenial Cingulate Cortex

BA30: Part of Cingulate Cortex

BA32: Dorsal Anterior Cingulate Cortex

BA34: Dorsal Entorhinal Cortex

BA35: Perirhinal Cortex

BA36: Ectorhinal Area

BA37: Occipitotemporal Area (part of fusiform gyrus and interior 
temporal gyrus

BA38: Temporopolar Area

BA39: Angular Gyrus

BA40: Supramarginal Gyrus

BA41: Auditory Cortex 1

BA42: Auditory Cortex 2

BA43: Primary Gustatory Cortex

BA44: Pars Opercularis

BA45: Pars Triangularis
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White Matter (WM) ROIs Gray Matter (GM) ROIs

BA46: Dorsolateral Prefrontal Cortex

BA47: Pars Orbitalis
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