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White matter abnormalities associated with schizophre-
nia have been widely reported, although the consistency 
of findings across studies is moderate. In this study, neu-
roimaging was used to investigate white matter pathology 
and its impact on whole-brain white matter connectivity in 
one of the largest samples of patients with schizophrenia. 
Fractional anisotropy (FA) and mean diffusivity (MD) were 
compared between patients with schizophrenia or schizoaf-
fective disorder (n = 326) and age-matched healthy controls 
(n = 197). Between-group differences in FA and MD were 
assessed using voxel-based analysis and permutation testing. 
Automated whole-brain white matter fiber tracking and the 
network-based statistic were used to characterize the impact 
of white matter pathology on the connectome and its rich 
club. Significant reductions in FA associated with schizophre-
nia were widespread, encompassing more than 40% (234 ml) 
of cerebral white matter by volume and involving all cerebral 
lobes. Significant increases in MD were also widespread and 
distributed similarly. The corpus callosum, cingulum, and 
thalamic radiations exhibited the most extensive pathology 
according to effect size. More than 50% of cortico-cortical 
and cortico-subcortical white matter fiber bundles comprising 

the connectome were disrupted in schizophrenia. Connections 
between hub regions comprising the rich club were dispropor-
tionately affected. Pathology did not differ between patients 
with schizophrenia and schizoaffective disorder and was not 
mediated by medication. In conclusion, although connectivity 
between cerebral hubs is most extensively disturbed in schizo-
phrenia, white matter pathology is widespread, affecting all 
cerebral lobes and the cerebellum, leading to disruptions in 
the majority of the brain’s fiber bundles.

Key words:   magnetic resonance imaging/fractional  
anisotropy/tractography/schizophrenia/white matter/rich 
club/diffusion tensor imaging/mean diffusivity

Introduction

The underlying pathophysiology of mental illness is intrin-
sically linked to disturbances of brain connectivity.1–5 
Dysconnectivity hypotheses were formulated early in the 
study of schizophrenia6 but have only been intensively 
studied recently.7–9 Early neuroimaging evidence of altered 
fronto-temporal interactions in schizophrenia, as measured 
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with positron emission tomography, revived interest in dys-
connectivity as a central paradigm for the disorder.10 New 
pathophysiological theories emerged, integrating brain plas-
ticity mechanisms11 and neurodevelopmental alterations12 in 
cortical but also subcortical and cerebellar structures.13

Recent technological advances in magnetic resonance 
imaging (MRI), particularly diffusion-weighted imaging 
(DWI), have led to a new wave of studies mapping white 
matter connectivity disruptions in schizophrenia. Most 
of this work has examined fractional anisotropy (FA), 
an established and widely used neuroimaging measure of 
overall white matter microstructure. Reductions in this 
composite measure are considered a marker of myelin 
abnormalities and/or axonal disruption,14 but can also be 
caused by differences in fiber organization.15,16

While several region-of-interest (ROI) studies have 
reported schizophrenia-related reductions of FA in the 
white matter of all 4 cerebral lobes,17,18 other studies 
have revealed more heterogeneous findings. This includes 
reports of decreased FA limited to frontal and/or tempo-
ral regions (see ref.19 for a recent review), increased FA in 
the arcuate fasciculus,20,21 and no difference in FA between 
patients with schizophrenia and controls,22–24 suggesting 
that dysconnectivity in schizophrenia could be primar-
ily mediated by synaptic changes in cortical gray matter 
rather than macroscopic alterations of white matter.9

Several explanations for these inconsistencies have 
been posited, including the presence of confounds such 
as medication25 and insufficient statistical power due to 
inadequate sample sizes,26,27 which may have obscured 
the identification of more widespread or diffuse effects.19 
Despite inconsistencies in the literature, a reduction of 
FA in frontal and temporal areas is a robust finding in 
systematic reviews19 and meta-analyses.28,29

Studies examining specific white matter fiber bundles, as 
reconstructed using automated fiber tracking techniques 
(tractography), have confirmed the presence of white mat-
ter disruptions in schizophrenia.30 These studies have shown 
widespread structural dysconnectivity between all 4 cere-
bral lobes,31 with the most extensive disruptions identified 
between putative brain hub regions comprising the so-called 
rich club.32 Accordingly, the location of these brain hubs 
coincides with areas of gray matter loss in schizophrenia.5

Taken together, while schizophrenia is classically asso-
ciated with fronto-temporal connectivity disturbances, 
recent investigations of the human connectome suggest 
that white matter pathology is more widespread than sug-
gested by seminal studies focusing on specific regions. 
Moreover, recent evidence suggests that white matter con-
nectivity between hub regions of the cortex is particularly 
affected. To test these hypotheses, we examined between-
group differences in the directional preference of water dif-
fusion in white matter (FA) and the molecular diffusion 
rate (mean diffusivity [MD]33) in one of the largest schizo-
phrenia cohorts investigated to date, comprising more 
than 500 individuals recruited from 5 different sites in 

Australia.34 We hypothesized that white matter pathology 
would be widespread; recapitulating the diversity of aber-
rant white matter structures reported in previous smaller 
studies (ie, uncinate, arcuate, superior/inferior longitudinal 
fasciculi). We also hypothesized that long association and 
commissural fibers would be disproportionately affected 
by white matter pathology because they span a larger vol-
ume of white matter and they underpin the brain’s putative 
rich club. The main novelty of our study is its exceptional 
size, the clinically well-characterized nature of our sample, 
and the combined use of voxel- and network-based analy-
ses, which enabled us to characterize both the widespread 
spatial extent of white matter pathology in schizophrenia 
and its disproportionate impact on hub regions.

Materials and Methods

This study was approved by the Melbourne Health Human 
Research Ethics Committee (Project ID: 2010.250). All 
participants provided written informed consent for the 
analysis of their data.

Participants

Participants were recruited from 5 states and territo-
ries in Australia under the auspices of the Australian 
Schizophrenia Research Bank (ASRB). The full description 
of recruitment strategies and data collection are described 
elsewhere.34 Briefly, participants were recruited through 
medical treatment settings and national multimedia cam-
paigns. Participants were English speaking and aged 
between 18 and 65 years. Exclusion criteria included any 
organic brain disorder, history of brain trauma followed 
by a long period of amnesia (>24 hours), mental retarda-
tion (full-scale IQ < 70), movement disorders, current drug 
or alcohol dependence, and electroconvulsive therapy in 
the past 6 months. Control subjects were excluded if they 
had a personal or family history of psychosis or bipolar 
I disorder. A total of 328 patients with a confirmed diag-
nosis of schizophrenia (n = 275) or schizoaffective disorder 
(n = 53), based on DSM-IV criteria, and 197 healthy con-
trols participated in the present study. Two patients with 
schizophrenia were later excluded from our analyses due to 
the presence of artifacts in their imaging data (see below), 
leaving a total sample of 523. Full demographics from the 
ASRB dataset can be found in previous papers.34–37

Clinical Assessment

Clinical status was assessed using the Diagnostic Interview 
for Psychosis (DIP)38 and the Scale for the Assessment of 
Negative Symptoms (SANS).39 Current IQ was assessed 
with the Wechsler Abbreviated Scale of Intelligence.40 
Type of medication used during the past month was self-
reported by patients. Regular reviews of clinical assess-
ments as well as inter-rater and intersite reliability tests 
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were part of the regular procedures conducted to ensure 
the quality and integrity of the ASRB data.34

Image Acquisition

Diffusion-weighted magnetic resonance images were 
acquired in each participant with a Siemens Avanto 
1.5 Tesla system across 5 different sites in Australia (ie, 
Brisbane, Melbourne, Newcastle, Perth, Sydney). After 
calibration using an identical Siemens phantom, the exact 
same MRI system and acquisition sequence was used at 
each of the 5 sites. A  total of 64 unique gradient direc-
tions distributed on the half-sphere were acquired using a 
spin-echo EPI sequence with the following parameters: b 
value, 1000 s/mm2; 65 consecutive axial slices of thickness 
2.4 mm; 104 × 104 image matrix with an in-plane voxel res-
olution of 2.4 × 2.4 mm; field of view, 25 × 25 cm; repetition 
time, 8.4/8.5 seconds; echo time, 88 ms; and flip angle, 90°. 
Additionally, a separate T2-weighted (ie, b  =  0) volume 
was acquired before acquisition of the diffusion-weighted 
volumes. A T1-weighted image of brain anatomy using an 
optimized magnetization-prepared rapid acquisition gra-
dient echo was also acquired as part of the MRI proto-
col. It is important to note that the same image acquisition 
protocol was used at all sites and nuisance confounds were 
included in all statistical analyses to remove any systematic 
site-related variance in white matter measurements.

Preprocessing

MRtrix 0.2.12 (http://www.nitrc.org/projects/mrtrix/) 
was used to generate FA and MD maps. FA measures the 
degree to which water diffusion is oriented toward one 
particular direction in space and restricted along oth-
ers. MD measures the average displacement of water by 
diffusion, with larger values indicating less coherence in 
white matter microstructure. Diffusion-weighted images 
were corrected for distortions and head movement using 
affine registration to the T2-weighted volume (eddy_cor-
rect command in FSL 5.0.7, http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/). Gradient tables were rotated according to the 
rotations that were applied to correct for head movement, 
using an in-house script for MATLAB version 2011a 
(MathWorks). Finally, diffusion tensors were fitted to the 
DWI using least squares estimation, enabling the compu-
tation of an FA and MD image for each participant.

Image Registration.  Each FA map was normalized to 
MNI standard space using a nonlinear registration pro-
cedure (sequential use of FLIRT and FNIRT commands 
with default parameters for registration of FA images 
as implemented in FSL 5.0.7). For MD, the same warp 
field generated for FA was used. FA and MD maps were 
smoothed with a Gaussian kernel of SD = 1 mm. Quality 
control included careful manual inspection of each FA map 
for gross abnormalities and/or artifacts. No participant was 

excluded on the basis of poor quality or corrupted imaging 
data. Two participants were excluded due to artifacts result-
ing from registration failure of their FA images.

Diffusion Tractography.  For each individual, 1 million 
streamlines were seeded throughout all of white matter and 
propagated using a deterministic white matter fiber track-
ing algorithm that was guided by the principal direction of 
diffusion inferred from the diffusion tensor. Crossing fiber 
models were avoided due to the relatively low field strength 
of the MRI system (1.5 T), which can result in excessive 
dispersion in the orientation distribution functions associ-
ated with higher order models, potentially leading to spu-
rious tracking results.41 All streamlines were registered to 
MNI space using standard procedures and parameters in 
MRtrix 0.2.12. An in-house MATLAB script was used to 
average FA across all voxels traversed by streamlines link-
ing a pair of regions comprising the 116-node Automated 
Anatomical Labeling atlas42 (see supplementary material 
and methods for details). This was repeated for all possible 
pairs of regions, yielding a 116 × 116 connectivity matrix 
for each individual, where each matrix element stored the 
average FA across the fiber bundle linking a particular pair 
of regions. Each non-zero matrix element was indepen-
dently tested for a between-group difference in FA.

Rich Club Delineation.  Some brain regions are con-
nected to a remarkably large number of other regions. 
Moreover, some of these so-called hub regions are also 
more likely to be interconnected among each other than 
expected by chance. This densely interconnected group of 
hub regions is called a rich club. The rich club is thought 
to facilitate the integration of neural information by pro-
viding shorter and faster routes of information transfer 
between remote brain areas.43,44

The rich club was delineated for a binary network com-
prising connections that were consistently identified across 
the group of controls.45 This yielded a group representative 
network with a connection density of approximately 30% 
and a maximal node degree of 50. The rich club coefficient 
was calculated as the connection density of the subnetwork 
defined by the set of nodes with degrees exceeding k. The 
degree threshold, k, was systematically varied to test rich 
club organization at different levels. The rich club coeffi-
cient was normalized with respect to an ensemble of 1000 
surrogate networks with the same number of nodes, edges, 
and degree distribution as the empirical data, but which 
was randomized in all other respects. These networks were 
generated using the Maslov-Sneppen46 rewiring procedure, 
as implemented in the Brain Connectivity Toolbox.47

Statistical Analysis

Voxel-Based Analysis.  The spatial extent of any between-
group differences in FA, or correlation between FA and 
symptom scores, was independently tested at all white matter 
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voxels using the general linear model. Age, gender, and site 
were set as nuisance factors in the model. We restricted sta-
tistical testing to white matter by using an inclusive mask 
(ie, FMRIB58_FA_1mm template from FSL, thresholded 
at 2500). All results were corrected for Type I errors with 
Randomise (FSL 5.0.7) using the Threshold-Free Cluster 
Enhancement method, a nonparametric cluster-size-based 
procedure.48,49 A  family-wise error corrected P value was 
calculated for each cluster (10 000 permutations). Corrected 
P < .05 values were considered significant.

Connectivity Analysis.  The impact of white matter 
pathology on whole-brain white matter connectivity was 
tested with the network-based statistic (NBS).50 The NBS 
is a procedure for controlling the family-wise error rate 
across the set of all connections that were tested for a 
between-group difference in FA (4230 in total). Age, 
gender, and site were included as nuisance factors in the 
model. The NBS identified between-group differences 
at the level of connected subnetworks of fiber bundles. 
Connected subnetworks were considered significant 
if  their corrected P values were <.05 at the whole-net-
work level using a preliminary t-statistic threshold of 3 
(P = .001) and 10 000 permutations.

Results

Demographics

The patient and control groups are compared demographi-
cally in table  1. Notably, the patient group comprised a 
significantly higher proportion of males. Current IQ was 
significantly lower in the patient group. Demographic com-
parisons across sites are available in supplementary material.

White Matter Pathology

Spatial clusters of significantly reduced FA (233 746 vox-
els or 234 ml by total volume) were found in the patient 
group (n = 326) compared to the control group (n = 197). 
These clusters were widespread, encompassing 44% of 
white matter and involving all cerebral lobes and the cer-
ebellum (figure  1; supplementary movie S1). No white 
matter location was found to show significantly increased 
FA in the patient group. Significant increases in MD were 
also widespread and distributed similarly. The corpus 
callosum, cingulum, and thalamic radiations exhibited 
the most extensive reductions in FA according to effect 
size, as quantified with the t-statistic image (figure  2). 
Between-group comparisons of FA across sites (supple-
mentary figure S3 and table S1) and analyses involving 
axial and radial diffusivities (supplementary figure S4) 
are available in supplementary material.

FA in the patient group was not significantly associated 
with any lifetime positive symptoms (ie, olfactory, audi-
tory, and visual hallucinations or delusions, as derived 
from the DIP) or current negative symptoms (ie, SANS). 

We found no significant group differences in FA between 
patients with schizophrenia and schizoaffective disorder. 
The between-group differences in FA were not mediated 
by antipsychotic medication; namely, FA averaged across 
all voxels associated with a significant reduction in the 
patient group showed no difference between medicated 
(n = 259) and unmedicated (n = 42) patients.

Connectivity Disruptions

A total of 4230 cortico-cortical and cortico-subcortical 
white matter fiber bundles were consistently delineated 
across all individuals. A  subnetwork comprising 52% 
(2190 connections) of these connections was disrupted 
in the patient group (supplementary figure S1). No white 
matter fiber bundle was found to show significantly 
increased connectivity in the patient group. Differences 
in white matter connectivity between the patient and 
control groups were tested individually for each of the 
5 scanning sites (supplementary figure S3 and table S1).

A connectogram was used to visualize the network of 
disrupted white matter fiber bundles (figure 3). It can be 
seen that white matter connectivity is disrupted between 
virtually all gray matter regions. The most severe dis-
ruptions according to effect size, as quantified with the 
t-statistic, were between the frontal lobes, subcortical 
structures, and the cerebellum. The summary matrix in 
supplementary figure S2 shows that disruptions were 

Table 1.  Demographics of Control and Patient Groups 

Controls Patients P value

n = 197 n = 326

Age 41 (18–65) 38 (20–65) .214
Sex (males; females) 99/98 225/101 <.001
WASI 119 (80–138) 104 (58–133) <.001
Positive symptoms — 8 (0–18) —
Negative symptoms — 25.5 (0–85) —
Illness duration — 14 (1–47) —
Diagnostic (SCZA; 
SCZP)

— 53; 275 —

Taking typical 
antipsychotics

— 31 (10%) —

Taking atypical 
antipsychotics

— 246 (82%) —

Taking antidepressants — 89 (30%) —

Note: Negative symptoms score, total score from the Scale for the 
Assessment of Negative Symptoms (data were unavailable for 14 
cases); positive symptoms score, sum of lifetime hallucinations 
and lifetime delusions from the Diagnostic Interview for Psychosis 
(data were unavailable for 34 cases); SCZA, schizoaffective 
disorder; SCZP, schizophrenia; WASI, Wechsler Abbreviated 
Scale of Intelligence. If  not otherwise specified, the values 
represent the median and the range is given in brackets. Age 
and illness duration are given in years. Medication data were 
unavailable for 25 cases; percentage was calculated on reported 
cases (n = 301).
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more extensive in the right hemisphere and that disrupted 
intrahemispheric fiber bundles were greater in number 
than interhemispheric disruptions.

The rich club coefficient was plotted as a function of k for 
the group-representative network and an ensemble of 1000 
degree-preserving random networks (figure 4A). It can be 
seen that the rich club coefficient significantly exceeded that 
of the random networks over a broad range of rich club lev-
els (degrees), thereby indicating significant rich club organi-
zation. The proportion of connections comprising the rich 

club that were also significantly disrupted in the patient 
group was plotted as a function of the rich club level (fig-
ure 4B). Approximately 77%–90% of hub-to-hub connec-
tions comprising the rich club were disrupted in the patient 
group. To determine whether this proportion was unexpect-
edly high, 5000 random subnetworks matched in size to the 
rich club were defined on the group-representative network 
and the extent to which each of these subnetworks over-
lapped the disrupted schizophrenia network was quantified. 
Each random subnetwork comprised the same number of 
connections as the rich club. The overlap expected due to 
chance was approximately 73%. Not one of the 5000 ran-
dom subnetworks comprised more disrupted connections 
than the rich club (ie, P = 0). Hub nodes comprising the rich 
club included the precuneus, cingulate cortex, superior fron-
tal cortex, and superior parietal cortex (figure 4C).

Discussion

Reports of white matter pathology in schizophrenia are 
numerous, but a precise understanding of the extent of 
these changes and their effect on whole-brain white matter 
connectivity remains elusive. In the largest diffusion-imag-
ing sample of patients with schizophrenia to date, we iden-
tified a widespread and diffuse reduction in FA, involving 
white matter in all cerebral lobes. These findings were iden-
tified spatially using voxel-based analysis and topologically 
using tractography-delineated white matter fiber bundles.

The few previous studies of schizophrenia patients that 
have suggested global effects of the disease on white mat-
ter microstructure were based on substantially smaller 
sample sizes and typically relied on the comparison of 
FA averaged across selected ROI: cerebral lobes17,18 or 
white matter tracts.51 Interpretation and comparison 
of their findings is challenging due to the poor spatial 

Fig. 1.  White matter pathology in schizophrenia is widespread, 
encompassing all cerebral lobes and the cerebellum. White 
matter showing reduced fractional anisotropy in patients with 
schizophrenia is colored red (corrected P < .05). Light gray 
regions denote unaffected white matter. See also supplementary 
movie. 

Fig. 2.  Effect size of white matter pathology in schizophrenia. Effect size of the significant reduction in fractional anisotropy in patients 
with schizophrenia, as quantified with the t-statistic and represented as a series of axial brain slices. Z coordinates are shown at the top 
of each slice. The color bar indicates the t-statistic. Right side of the brain is on the right side of the figure. See supplementary figure S5 
for Cohen’s d. 
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resolution and the different ROI choices across the stud-
ies. Independent of any ROI choice and with the largest 
sample size to date, our study is the first to demonstrate 
that abnormalities in white matter microstructure and 
disruptions to white matter connectivity are widespread 
in schizophrenia, encompassing more than 40% of cere-
bral white matter and disrupting 52% of the connections 
comprising the human connectome. These findings are in 
agreement with functional imaging evidence for a wide-
spread and generalized connectivity deficit in patients 
with schizophrenia.8,52,53

This widespread deterioration of white matter in 
schizophrenia is consistent with the substantial hetero-
geneity in clinical presentations seen between patients. 
If  distinct clinical subtypes are indeed associated with 
distinct patterns of white matter disruption, a cohort of 
patients that includes multiple clinical subtypes is likely 
to show a widespread distribution of deficits that rep-
resent a superposition of the pathology associated with 
each constituent subtype. Our study therefore highlights 
the importance of future work aimed at disaggregating 
schizophrenia into biologically delineated subtypes and 
shows that measures of brain network topology (eg, rich 
club) may provide greater specificity in delineating these 
subtypes. Furthermore, our study points to the limitations 
of analyses that focus on circumscribed regions or tracts 
of interest. While significant deterioration may be found 
in these circumscribed structures, this belies the possibil-
ity of widespread deterioration spanning the entire brain.

It has been suggested that the inconsistent results 
of previous studies of FA may be driven by inaccurate 

intersubject registration of brain scans. Subtle varia-
tions in gross brain anatomy in patients could have led 
to the misregistration of their brain scans to the tem-
plate and driven differences in FA relative to controls.54 
Studies using tract-based spatial statistics55 that involve 
a skeletonization step of FA maps may improve residual 
misalignment errors remaining after intersubject regis-
tration; however, several methodological studies have 
demonstrated that the skeletonization process can itself  
introduce artifacts and confines inference to a limited 
“skeleton” of white matter regions.56–58 In the present 
study, these concerns motivated the use of a more conven-
tional voxel-based analysis involving nonlinear intersub-
ject registration followed by application of a smoothing 
kernel to reduce residual misalignment errors. We also 
performed tractography to ensure our findings were not 
driven by misalignment errors. Crucially, the tractog-
raphy-based analysis was performed such that FA was 
averaged across white matter bundles delineated in each 
individual’s native space. This approach is less prone to 
subtle intersubject variations in brain anatomy that were 
poorly accounted for by the nonlinear registration algo-
rithm. The same widespread effects in the patient group 
were observed with both analyses, thereby confirming the 
robustness of our findings and suggesting that residual 
registration inaccuracies were inconsequential.

Additional analyses performed for each site individu-
ally (see supplementary material) showed that a mini-
mum number of participants was required to observe a 
comparable widespread reduction in FA in any particular 
ASRB subsample (ie, Melbourne, n = 163 or Brisbane, 

Fig. 3.  Connectograms of disrupted white matter connectivity in schizophrenia. The network has been thresholded to show 200 and 
1000 edges (left and right circles, respectively), showing the largest group differences, based on their individual t-statistic values (scale bar 
in the middle). Within each circle, left hemisphere structures are represented on the left (indicated by orange dots in the inner circle), with 
right hemisphere structures indicated by green dots in the inner circle. 
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n = 154). This is not surprising given the modest effect 
sizes observed in most white matter structures (figure 2) 
and confirms that sample size is an important limiting 
factor to detect these subtle differences with the current 
methodology employed.

As illustrated in supplementary figure S3, ordering the 
sites by sample size shows an increase in both the num-
ber of significant clusters and their size. We have also 
reproduced at the single-site level some of these previous 
findings, including no change in FA (ie, Perth, n = 68), 
one small and isolated cluster (ie, Newcastle, n  =  35), 
or several clusters mostly limited to one hemisphere 
(ie, Sydney, n  =  103). Analyses of smaller sample sizes 
employing ROI approaches might therefore be prone to 
concluding that white matter deficits in schizophrenia 
are focal and confined to specific white matter struc-
tures. These analyses might identify ROI associated with 
the greatest effect sizes, but white matter pathology is 
in fact substantially more widespread than indicated by 

previous analyses, albeit with a relatively modest effect 
size. Spatial variations in effect size can indicate hetero-
geneity in the sample and/or differences in the severity of 
white matter disruptions (eg, demyelination). In the lat-
ter case, it is imperative for future work to investigate the 
functional consequences of these significant but relatively 
modest effect sizes, and to elucidate specific subdisorders, 
clinical symptoms, and specific genetic factors or back-
grounds associated with each disruption. In this study, 
white matter pathology did not differ between patients 
with schizophrenia and schizoaffective disorder, and it 
was not mediated by medication status.

A significant association between FA and measures of 
lifetime positive and negative symptoms was not found. 
This suggests that enduring expression of symptoms may 
not vary as a simple function of regional diffusion prop-
erties but may be due to complex interactions that could 
involve the timing of the pathophysiological process as 
well as individual genetic vulnerabilities.59 Findings from 

Fig. 4.  Hub-to-hub connections forming the rich club are disproportionately affected by white matter pathology in schizophrenia.  
(A) Rich club coefficient plotted as a function of the rich club level (degree) in a network representative of the control group (red 
line). Null data are an ensemble of degree-preserving random networks (black line). The shaded area comprises regions where the null 
hypothesis of absent rich club structure cannot be rejected (α = .05). It can be seen that rich club organization is particularly evident in the 
range of degrees from 40 to 50. (B) Proportion of connections comprising the rich club that also form part of the disrupted schizophrenia 
network (red crosses). The line of best fit is shown in red. An ensemble of random subnetworks comprising the same number of edges as 
the rich club was generated and the proportion to which each of them overlapped with the disrupted schizophrenia network was quantified 
(black line). None of the random subnetworks comprised more disrupted connections than the rich club. (C) Visualization of the rich 
club for a nodal degree threshold of 50. Rich club connections that overlap with the schizophrenia network are colored yellow. Rich club 
connections that are not disrupted in the patients with schizophrenia are colored blue.  
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previous studies reporting associations between FA and 
positive symptoms in chronic patients are difficult to com-
pare, first because they focused on the current expression 
of symptoms (in contrast to lifetime) and second because 
they found either positive20,60–62 or negative correlations.63 
Nakamura and colleagues reported a negative correlation 
between FA from a small cluster in the anterior corpus 
callosum and the severity of avolition in patients with 
established schizophrenia.64

Our negative findings could also be related to the high 
clinical heterogeneity of schizophrenia. Identification of 
patients with a deficit syndrome, characterized by persis-
tent, trait-like negative symptoms65 could represent a more 
homogeneous population that can be identified using the 
Schedule for the Deficit Syndrome or a “proxy” extracted 
from the Positive And Negative Syndrome Scale.66 
Multidimensional analyses that may emerge within the 
Research Domain Criteria framework67–69 should be consid-
ered in future work with respect to functional consequences.

Intrahemispheric fibers extensively featured in the 
network of disrupted connections. Disruption to inter-
hemispheric fibers, particularly transcallosal pathways, is 
perhaps one of the most replicated finding in schizophre-
nia,19 and this has been linked to the reduced functional 
and structural asymmetry observed in patients.70 However, 
it has been suggested that callosal abnormalities could be 
secondary to intrahemispheric dysfunctions.71 This is in 
line with more recent work highlighting the dependence 
of distant, interregional connectivity on the integrity 
of closer and more local interconnections.72 The more 
extensive disruption of the right hemisphere is difficult 
to interpret. One previous meta-analysis reported frontal 
and temporal FA reductions in the left hemisphere only,28 
while 2 others did not report any laterality effect.29,54

White matter fiber bundles between hub regions com-
prising the rich club were disproportionately affected by 
white matter pathology. This result is consistent with evi-
dence that hub-to-hub connections extend across long 
anatomical distances to connect functionally diverse neu-
ral systems.73 Given that these connections comprise a 
greater proportion of white matter by volume, it is more 
likely that they traverse an abnormal white matter region 
than a shorter or more circumscribed fiber. Cerebral 
hubs are thought to play an important role in integrat-
ing neuronal signals and their dysfunction is most likely 
associated with brain disorders.43 Hub disruptions have 
been reported in schizophrenia in structural31,74 and func-
tional32,75 connectivity studies (see also ref.76).

Interpretation of our findings is limited to the spatial and 
topological localization of differences in white matter dif-
fusion properties. As previously mentioned in the methods, 
FA is a broad index, sensitive to the directionality of white 
matter diffusion, and under the influence of not only cellular 
compartments (ie, axons, myelin) but also the surrounding 
extracellular matrix. In the context of cumulative evidence 
for the role of neuroinflammation in the pathogenesis of 

schizophrenia,77 free water imaging techniques78 may help 
to differentiate between alterations of the extracellular 
compartment, most likely related to inflammation, from 
alterations of white matter fibers themselves.79

A limitation of the current study is the absence of data 
on antipsychotic medication dosage. Indeed, it has been 
suggested that antipsychotics could affect white matter 
diffusion properties. However, disentangling the pos-
sible effects of medication from the consequences of ill-
ness progression remains challenging. Therefore, results 
are very heterogeneous and even contradictory, report-
ing either decreases,80,81 increases,82 or no changes in FA83 
following the first months of treatment. In any case, 
decreased FA has been reported during the prodromal 
and early stages of the disease, before the introduction of 
any antipsychotic medication, suggesting that alterations 
of FA in schizophrenia may represent a core feature of 
the disease and not only an epiphenomenon secondary to 
pharmacological interventions.84

Finally, the findings reported in this study may poten-
tially be interpreted as effects arising from the significantly 
lower IQ of the patient group. However, disassociating 
low IQ from the disorder per se is generally difficult, 
given the pervasive cognitive difficulties shown by most 
patients85 and controlling for IQ in our statistical model 
might be considered inappropriate.86 Indeed, our findings 
are consistent with a widespread cognitive impairment.

In conclusion, we have reported on the largest neuroim-
aging study to date of white matter pathology and white 
matter connectivity in patients with schizophrenia. Our 
findings indicate that white matter pathology associated 
with schizophrenia is substantially more widespread than 
suggested by previous studies, extending to all cerebral 
lobes as well as the cerebellum and disrupting a majority 
of cortico-cortical and cortico-subcortical connections, 
with long association fibers interconnecting hub regions 
disproportionately affected.
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