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Abstract

Increasing evidence suggests that abnormal white matter is central to the pathophysiology and, potentially, the
pathogenesis of schizophrenia (SCZ). The spatial distribution of observed abnormalities and the type of white
matter involved remain to be elucidated. Seventeen chronically ill individuals with SCZ and 17 age- and
gender-matched controls were studied using a 3T magnetic resonance imaging diffusion tensor imaging protocol
designed to examine the abnormalities of white matter by region and by level of architectural infrastructure as
assessed by fractional anisotropy (FA) in native space. After assessing whole-brain FA, FA was divided into quar-
tiles, capturing all brain regions with FA values from 0 to 0.25, 0.25 to 0.5, 0.5 to 0.75, and 0.75 to 1.0. Mean whole-
brain FA was 4.6% smaller in the SCZ group than in healthy controls. This difference was largely accounted for by
FA values from the second quartile (between 0.25 and 0.5). Second quartile FA was decreased in all 130 brain re-
gions of the template in the SCZ group, with the difference reaching statistical significance in 41 regions. Corre-
spondingly, the amount of brain tissue with an FA of *0.4 was significantly reduced in the SCZ group, while the
amount of brain tissue falling in the lowest quartile of FA was increased. These findings strongly imply a diffuse
loss of white matter integrity in SCZ. Our finding that the loss of integrity disproportionately involves white mat-
ter of low to moderate organization suggests an approach to the specificity of white matter abnormalities in SCZ
based on microstructure rather than spatial distribution.
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Introduction

The neurobiological underpinnings of schizophrenia
(SCZ), despite large-scale efforts and a multitude of ap-

proaches, remain little understood. An emerging hypothesis
is the concept of disconnectivity (Friston and Frith, 1995), in
which symptoms are argued to arise from either regional or
localized disconnection or misconnection of nodes within
the brain, essentially a disruption of circuitry. The corollary
to the disconnectivity hypothesis is that white matter, the

substrate of connectivity, should be functionally or structur-
ally abnormal. Determining the timing, extent, and nature
of white matter involvement in SCZ is, therefore, essential
in exploring the disconnectivity hypothesis, with implications
for understanding disease etiology and pathogenesis, and for
the development of biomarkers that help guide nosology and
therapeutic interventions.

Volumetric imaging has consistently demonstrated lower
white matter volumes in multiple tracts (Kubicki et al.,
2005). More recently, diffusion tensor imaging (DTI), which
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can assess the integrity of white matter tracts by measuring
the properties of water diffusivity, has been used to show
white matter disruption in SCZ. Region of interest (ROI)
methods, extensively used for precise measurements of pre-
specified regions or tracts, have demonstrated abnormal dif-
fusivity in frontal (Buchsbaum et al., 2006b; Minami et al.,
2003; Schlosser et al., 2007), temporal (Lim et al., 1999; Min-
ami et al., 2003; Schlosser et al., 2007), and parietal and occip-
ital lobes (Lim et al., 1999; Minami et al., 2003). Abnormalities
have been found in cortical connecting tracts, including the su-
perior longitudinal fasciculus (Mitelman et al., 2007; Shergill
et al., 2007), fronto-occipital longitudinal fascicule (Mitelman
et al., 2007), uncinate fascicule (Mori et al., 2007), frontal longi-
tudinal fasciculus (Buchsbaum et al., 2006a; Mitelman et al.,
2007), and the arcuate fasciculus (de Weijer et al., 2011). Less
consistently, abnormalities have been detected in other regions
of the brain, including the cerebellar peduncles (Okugawa
et al., 2005), the fornix (Abdul-Rahman et al., 2011; Okugawa
et al., 2005), the hippocampus and parahippocampal gyrus
(Ardekani et al., 2003), and the thalamic (Ardekani et al.,
2003) and optic radiations (Mitelman et al., 2007). Taken to-
gether, ROI investigations suggest that white matter abnormal-
ities exist in multiple regions, but results have not been entirely
consistent, and ROI approaches do not sample the entire brain.

Alternatively, a voxel-based method (VBM) has been ap-
plied to DTI. Each scan can be normalized to a standard
space, spatially filtered ( Jones et al., 2005), and statistically
adjusted for multiple comparisons; this permits comparisons
across the entire brain. The use of this approach in a relatively
large sample suggests that reductions in fractional anisotropy
(FA) are widespread in SCZ (Kanaan et al., 2009). However,
VBMs depend on accurate registration between brain scans.
Misregistration due to either the registration algorithm or,
more likely, anatomical differences among study participants
can generate artifactual differences in diffusivity. Consistent
both with recent findings that white matter changes in SCZ
are widespread and with methodological limitations, VBM
has not yielded consistent findings based on which brain re-
gions are most affected (Melonakos et al., 2011).

Here, we use a methodological approach that takes advan-
tage of the strengths of both ROI and VBM to test the hypoth-
esis that disruption of specific types of white matter is
widespread in the brain of individuals with SCZ. First, we de-
termined the overall difference in brain anisotropy in patients
compared with controls while simultaneously examining the
regional contributions to that difference, minimizing error
from misregistration by employing a novel method of extract-
ing FA from each subject’s ‘‘native’’ space, and using a
subject-specific segmentation template that covers the entire
cerebrum. Second, we determined the difference in the distri-
bution of brain volume with specific FA scores in patients
compared with controls, providing insight into the nature
of the white matter affected in SCZ.

Materials and Methods

Participants

The study was approved by the Johns Hopkins Medicine
Institutional Review Board, and all participants provided writ-
ten informed consent. Inclusion criteria for the affected indi-
viduals were a diagnosis of SCZ as confirmed by interview
and medical records, and a stable psychotropic medicine regi-

men for at least 6 weeks (see Supplementary Table S1; Supple-
mentary Data are available online at www.liebertonline.com/
brain). Inclusion criteria for healthy controls included the
absence of a psychiatric disorder as assessed by the Mini-
International Neuropsychiatric Interview (MINI) (Sheehan
et al., 1998), the absence of prescription psychotropic medicine,
and the absence of first-degree family members with a psy-
chotic disorder or bipolar disorder (by participant self report).
Exclusion criteria for all participants included a history of a
central nervous system disease, significant neurologic trauma,
loss of consciousness for more than 20 min, and alcohol or ille-
gal substance abuse or dependence during the previous year
(as assessed by the MINI). All participants were administered
the Hopkins Adult Reading Test (HART), an estimate of pre-
morbid IQ (Schretlen et al., 2009). Affected individuals were
administered the Scale for Assessment of Positive Symptoms
(SAPS) and the Scale for the Assessment of Negative Symp-
toms (SANS) (Andreasen and Olsen 1982).

Data acquisition

Participants underwent less than 1 h of magnetic resonance
imaging (MRI) scanning. Diffusion-weighted images (DWI)
were acquired on a 3.0-Tesla Philips Intera scanner (Philips
Medical Systems, Best, The Netherlands) equipped with
Dual Quasar gradients (80 mT/m at 110 mT/m/s or 40 mT/
m at 220 mT/m/s). A parallel imaging technique using sensi-
tivity encoding (Pruessmann et al., 1999) with a reduction fac-
tor of 2.5 was used for signal reception using an eight-element
arrayed radio frequency (RF) head coil with a six-channel re-
ceiver. A diffusion-weighted spin-echo sequence with single-
shot echo-planar imaging in contiguous axial planes covering
the whole brain was used: time of repetition (TR) = 6500 ms,
time of echo delay (TE) = 71 ms, flip angle = 90�, matrix = 96 · 96
(reconstructed 256 · 256), field of view (FOV) = 212 · 212 mm2,
slice thickness = 2.2 mm without inter-slice gaps, and 60 slices
covered the whole brain. The axial plane was adjusted to be
parallel to the AC-PC line. Diffusion weighting was applied
at each slice position with b = 700 sec/mm2 along 32 indepen-
dent, noncollinear orientations. One additional image without
diffusion weighting (b = 0 sec/mm2) was also acquired at each
slice position. The reconstructed voxel size = 2.2 · 2.2 · 2.2 mm.
Two DWI sequences were acquired for each participant to en-
hance the signal-to-noise ratio (SNR).

Data processing

All data was processed using the MRI Studioª suite of soft-
ware tools (www.mristudio.org, Resource for Quantitative
Functional MRI, F.M. Kirby Research Center, Kennedy Krieger
Institute, and the Department of Radiology, Johns Hopkins
University School of Medicine). Using DTI-Studioª Version
3.0.0 beta ( Jiang et al., 2006), the DWI of both data sets were
first co-registered to the unweighted image (b = 0) of the first
data set and corrected for motion and eddy current distortion
using a 12-parameter affine transformation of Automated
Image Registration (AIR) (Woods et al., 1998), and then a resul-
tant single set of FA and mean b = 0 maps was generated. The
maps were resampled to 1 mm isotropic resolution in Montreal
Neurological Institute (MNI) space (181 · 217 · 181 mm ma-
trix) using Landmarkerª Version 1.4 (Forsberg et al., 2009).
The mean b = 0 maps were skull stripped using ROIEditorª

Version 1.3 (http://cmrm.med.jhmi.edu/), the mask of which
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applied the resampled data to obtain skull-stripped FA maps.
All whole-brain data excluded ventricles.

Statistical analysis

The resampled and skull-stripped data were used to ac-
quire mean whole-brain FA and volume using ROIEditorª.
Whole-brain mean FA (i.e., FA between 0 and 1.0) and vol-
ume (excluding ventricles) were compared using SPSS ver-
sion 16 (SPSS, Inc., Chicago, IL) with group difference
assessed by the two-sample independent t-test (Fig. 1a).
Due to the significant group difference in years of education,
all data were covaried for years of education. Next, with the
same statistical method, we determined the volume of each
quartile of FA, such that quartile 1 captured all pixels with
FA between 0 and 0.25, quartile 2 captured all pixels with
FA between 0.25 and 0.50, quartile 3 captured all pixels
with FA between 0.5 and 0.75, and quartile 4 captured all pix-
els with FA values between 0.75 and 1.0 (Fig. 1b–e, respective-
ly). For each quartile, we determined the total number of
pixels, the mean FA, and, as each isotropic pixel is 1 mm3,
total brain volume encompassed by each quartile. A univari-
ate analysis of variance was used to assess the contribution of
volume differences to mean FA across quartiles. This analysis
was further refined by dividing FA into 20 smaller bins,
extending .05 rather than .25 U. Voxels were counted for
each individual within each bin, normalizing by the total
number of voxels for each subject. For each bin, the centered
rank sum statistic was computed, with p values estimated
using random permutations of the rank sums, thus account-
ing for multiple comparisons.

Large deformation diffeomorphic
metric mapping transformation

For generation of the nonlinear warping transformation ma-
trix, we utilized the large deformation diffeomorphic metric
mapping (LDDMM) (Miller et al., 2005) tool within Land-
markerª. The skull-stripped mean b = 0 and FA maps from
each participant were individually registered to the available
and software-specific single-subject mean b = 0 and FA atlas
images in MNI space (for atlas details, see Oishi et al., 2009)
using a linear transformation followed by the 12-parameter af-
fine transformation option with AIR. Next, these ‘‘MNI regis-
tered’’ data (mean b = 0 and FA maps) were further
transformed to match the MNI target atlas images via the
available dual channel LDDMM tool. For this study, the resul-
tant transformation matrix was not applied to the DTI data.
Instead, a ‘‘reverse’’ transformation matrix (Hmap) was ap-
plied to a whole-brain segmentation template ensuring that
the transformation-sensitive DTI data remained unaltered
and in ‘‘native’’ space. The details of the development of the
segmentation template and the methods of transformation
have been previously described (Oishi et al., 2009). The seg-
mentation template defines 130 brain regions (65 unique re-
gions of left and right hemisphere). Regional differences of
FA and volume were evaluated with SPSS via the independent
sample t-test.

Tract tracing

Once regional abnormalities were defined, a revised seg-
mentation template was generated by incorporating only

those regions with statistically different FA. Next, the revised
templates were imported as binary maps into DTI-Studioª

for use as regional seed points for tract tracing (Hua et al.,
2008). Within the DTI-Studioª, fiber tracking is based on
fiber assignment by the continuous tracking algorithm
(Mori at al., 1999; Xue et al., 1999) with an FA in this case
of 0.25 and a principle eigenvector turning-angle threshold
of 40� between two connected pixels. In this study, tracking
was performed from all pixels inside the ROIs shown to
have a significant difference in FA between groups. The resul-
tant image is a visual display of the connections to and from
the affected regions showing all fibers potentially influenced
by measured reductions in FA.

Results

Seventeen individuals with SCZ and 17 healthy controls
matched for age and gender participated in this study
(Table 1). The population was predominantly male and mid-
dle aged. As expected, the affected participants scored lower
significantly lower on the HART and had significantly less
education than controls. In addition, as expected for individ-
uals with chronic SCZ on stable doses of medicine, positive
symptoms as measured by the SAPS were relatively well con-
trolled, while negative symptoms, measured by the SANS,
were more prominent.

Whole-brain FA and volume

Mean whole-brain FA was 4.6% smaller in the group of in-
dividuals with SCZ than in the health control (HC) group
( p = 0.027) (Table 2). The 2.2% difference in whole-brain vol-
ume between SCZ and HC was not significant ( p = 0.774)
(Table 2). The FA differences were still present after covary-
ing for the differences in whole-brain volume. Diffusivity,
reflected by FA values in this study, is distributed within

Table 1. Participant Characteristics

SCZ Control

Men/women 15/2 15/2
Age 43.4 – 11.2 42.2 – 9.8
HART 97.5 – 8.7 109.4 – 7.7a

Education 13.0 – 3.2 15.0 – 2.7b

SAPS 7.6 – 9.7 —
SANS 22.9 – 19.7 —

Mean – SD.
ap < 0.001, t = 4.75.
bp < 0.032, t = 2.23.
HART, Hopkins Adult Reading Test; SAPS, Scale for Assessment

of Positive Symptoms; SANS, Scale for the Assessment of Negative
Symptoms; SCZ, schizophrenia; SD, standard deviation.

Table 2. Whole-Brain Fractional Anisotropy

SCZ
(N = 17)

Control
(N = 17) t p

Volume
mm3 (sd)

1,258,695
(200,301)

1,273,622
(66,875)

0.291 0.774

Mean FA (sd) 0.243 (0.016) 0.255 (0.014) 2.32 0.027

FA, fractional anisotropy; sd, standard deviation.
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the brain from 0 (no directionality of water diffusion) to 1
(perfect linearity of water diffusion). Our results demon-
strated an overall lower FA in SCZ. However, an important
question is whether this decrease reflects a shift in the volume
of brain material with a specific FA value. To test this possi-
bility, the FA values were initially divided into quartiles
(Fig. 1). This division was chosen based on the previous deter-
mination that a threshold of 0.25 effectively and conserva-
tively delineated white matter tracts (Oishi et al., 2009), and
our effort to maintain equivalent divisions within the FA con-
tinuum. Most brain volume, including regions of predomi-
nant gray matter, falls into the lowest quartile, with
decreasing volume encompassed by quartiles of greater FA
value. Mean FA was significantly lower in the 2nd quartile
of SCZ than in HC (Table 3). However, SCZ had a signifi-
cantly greater percentage of overall brain volume dedicated
to the lowest FA range, quartile 1, compared with HC after
correction for overall brain volume (Table 4, Fig. 2A). In
every other quartile, volume was higher, though not to the
point of statistical significance, in HC. Binning into smaller
FA units (0.05; see Materials and Methods) facilitated a
more detailed examination of the shift in the FA values in
SCZ compared with HC, focusing on the rank sum of each
bin and using random permutations to account for multiple
comparisons. Plotting the rank sums against FA indicates
that the curve crosses the threshold of significance (�79.5,
the upper 5% of values obtained in the random permutations)
at an FA of *0.4, indicating that the proportion of pixels with
FA around 0.4 is smaller in SCZ than in HC ( p = 0.041 after
controlling for multiple comparisons) (Fig. 2B). The volume
at a given FA is lower in SCZ than HC in all but the very low-
est FA bins, consistent with the results in Table 4. This ap-
proach is quite conservative, and the depression of the value
of the rank sum in the larger region around 0.4 (roughly 0.3
to 0.5) suggests a somewhat wider actual region of reduced
FA in SCZ. The same analysis with 100 bins reached similar
conclusions (data not shown). We also tested the difference
in FA between SCZ and HC by computing the cumulative dis-
tribution functions (cdf) of both groups (the proportion of vox-

els with FA lower than a given value, pooled over all the
subjects in the group), and calculating how many times the
cdf for SCZ is larger than the cdf for HC. This analysis also
revealed a shift toward lower FA in SCZ, significant at
p = 0.02 as determined by permutation tests.

Regional analysis of FA

To determine whether the decrease in 2nd quartile mean
FA was generalized or tract specific, we used reverse
LDDMM transformation, fitting the 130 region segmentation
template to the brain anatomy of individual subjects. Our re-
sults showed lower FA in SCZ in every brain region exam-
ined. The difference reached statistical significance in 23/65
left hemisphere regions and 18/65 right hemisphere regions
(Fig. 3). This result is visually depicted in a mask image incor-
porating all 41 regions of the left and right hemispheres
with significantly lower FA in SCZ (Fig. 4). To demonstrate
the diffuse nature of the abnormality, a tract tracing was
made in a sample individual with SCZ using the 41-region
mask (Fig. 5).

Discussion

In a sample of 17 individuals with chronic SCZ and 17
matched controls, we used an MRI at 3T to measure FA in
‘‘native’’ space without transformation or alteration of the
‘‘correction’’ sensitive data within each voxel. Further, we de-
termined the range of FA values that are differentially abnor-
mal in SCZ by using a new data-driven approach. Once this
range was determined, we were able to employ methods in-
volving LDDMM transformation of a common binary tem-
plate to the data from each subject to identify those brain
regions with deficits in the volume of tissue. Our results
using these novel methods demonstrated a significant de-
crease in whole-brain FA. This loss encompasses a widely dis-
tributed subset of brain white matter with moderate levels of
organization (FA values between 0.25 and 0.5). A similar shift
was detected in a secondary analysis in a study focusing on
the genu of the corpus collosum (Kanaan et al., 2006).

FIG. 1. Distribution of FA
quartiles in a representative
control brain. Note that this
figure superimposes FA
distribution onto a single
brain for illustrative purposes.
See Table 4 for FA analysis.
(A) Depiction of whole brain
with FA values 0 to 1.0. (B–E)
Brain with FA in each quartile.
FA, fractional anisotropy.

Table 3. Mean Fractional Anisotropy by Quartile

FA
quartile

SCZ
(sd)

Control
(sd)

Independent
t tests (t, p)

Univariate analysis
of difference (F, p)

1 (0–0.25) 0.1362 (0.008) 0.1389 (0.008) 0.981, 0.334 0.326, 0.572
2 (0.26–0.5) 0.3559 (0.004) 0.3587 (0.003) 2.240, 0.032 4.932, 0.034
3 (0.51–0.75) 0.5858 (0.003) 0.5863 (0.004) 0.410, 0.684 0.002, 0.962
4 (0.76–1) 0.8126 (0.008) 0.8146 (0.008) 0.709, 0.484 0.838, 0.838
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Our findings strongly imply a diffuse loss of white matter
integrity in SCZ. This loss was detectable not just in the areas
typically implicated in SCZ pathogenesis, such as the frontal
lobe, but also in areas such as the middle and inferior cerebel-
lar peduncles of the brainstem, demonstrating a widespread
abnormality in brain white matter organization and, thus,
presumably in brain connectivity. The gray matter/white
matter junction is of particular interest, especially in the cor-
tex. One possible interpretation of our data is that low FA
in these regions arises, at least in part, from a loss of definition
of the gray matter/white matter junction. Neuroanatomi-
cally, this would be consistent with the disorganization of
small association fibers, with potentially profound effects
on cortical function. We cannot exclude the possibility that
some tracts may be more affected than others, or become
damaged later in the course of disease, or are more plastic
in response to internal or external factors.

The numbers of subjects in this study are relatively small,
and, thus, the data should be cautiously interpreted, and rep-
lication will be in order. Lower HART scores in patients com-
pared with controls suggests baseline cognitive differences
among the groups, of uncertain significance, but perhaps
reflecting subtle developmental abnormalities. Further, our
data need to be interpreted in the context of our patient pop-
ulation, chronically ill individuals treated with many differ-
ent antipsychotic agents. However, decreased FA has been
detected in individuals with recent onset SCZ who are med-
icine naı̈ve (Cheung et al., 2008; Perez-Iglesias et al., 2009),
and FA did not differ between individuals treated chronically
and those treated more acutely (Kanaan et al., 2009) or be-
tween individuals receiving larger doses and those receiving
smaller doses (Buchsbaum et al., 1998; Fitzsimmons et al.,

2009; Foong et al., 2000), though one small study found a pos-
itive correlation between left frontal FA and the antipsychotic
dose (Minami et al., 2003). The potential changes in FA over
time in SCZ relative to controls remains unresolved (Kanaan
et al., 2009; Voineskos et al., 2010).

Anisotropy appears to be largely generated by axonal mem-
branes and secondarily by myelination, with minimal contri-
bution of internal structures such as microtubules and
neurofilaments (Beaulieu 2002; Sexton et al., 2009). Reduced
anisotropy, therefore, may reflect reductions in myelination,
the number or density of axons in a fiber tract, or axonal adher-
ence (Konrad and Winterer 2008). Loss of FA could reflect a
loss of axons as a consequence of nonspecific neuronal damage
or a specific insult to internal or external axonal integrity. Neu-
ropathological or refined multimodal imaging methods (Pra-
sad and Keshavan 2008), potentially including the use of
higher-resolution imaging systems, may provide the tools to
distinguish among these possibilities. Our results further sug-
gest the possibility that pathways, structures, or processes es-
sential for axonal or dendritic integrity may be differentially
affected in white matter tracts with FA in the 0.25 to 0.5
range and, hence, valuable targets for neurobiological explora-
tion. For instance, the loss of function of the enzyme calcium-
independent phospholipase A(2)b results in the failure of
normal remodeling of membrane phospholipids and the dis-
ease infantile neuroaxonal dystrophy (Beck et al., 2011). Simi-
larly, normal axonal structure and function requires the
synthesis of glycosphingolipids by glucosylceramide synthase
(Watanabe et al., 2010). It is possible that subtle dysfunction of
these or other enzymes involved in membrane stability could
disproportionately affect specific types of white matter fibers,
such as small association fibers. Other processes of interest

Table 4. Volume of Tissue Meeting Fractional Anisotropy Criteria for Each Quartile

Quartile
(FA range)

SCZ mm3

(SD)
Controlmm3

(SD)
Independent
t-testsa (t, p)

Univariate analysis
of differenceb (F, p)

1 (0–0.25) 766655 (133357) 740509 (59002) �0.739, 0.465 5.863, 0.022
2 (0.26–0.50) 387094 (57432) 403422 (48877) 0.893, 0.379 0.790, 0.381
3 (0.51–0.75) 97785 (26934) 112567 (19274) 1.840, 0.075 3.190, 0.084
4 (0.76–1) 9954(3455) 11750 (4092) 1.382, 0.176 1.185, 0.188

aGroup comparisons evaluated using independent t-tests.
bGroup comparisons evaluated using univariate analysis of difference controlling for whole-brain volume.

FIG. 2. Brain volume at
different FA bins. (A) Loss of
volume in SCZ in brain
regions with higher FA. (B)
Lower volume of brain
regions with FA& 0.4 in
SCZ, rank sum analysis. Red
line is threshold of
significance. Blue line is the
point of SCZ equivalence to
HC. SCZ, schizophrenia;
HC, health control.
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FIG. 3 (A) Left brain FA is lower in multiple regions in SCZ. SPG, Superior parietal gyrus; IFG, Inferior frontal gyrus; PrCG,
Precentral gyrus; PrCu, Precuneus; MOG, Middle occipital gyrus; STG, Superior temporal gyrus; ITG, Inferior temporal gyrus;
MTG, Medial temporal gyrus; LFOG, Lateral fronto-orbital gyrus; CP, Cerebellar peduncle; ALIC, Anterior limb of internal
capsule; PLIC, Posterior limb of internal capsule; PTR, Posterior thalamic radiations; ACR, Anterior corona radiata; CGH, Pos-
terior Cingulum; SFO, Superior fronto-occipital fasciculus; IFO, Inferior fronto-occipital fasciculus; SS, Sagittal striatum; EC,
External capsule; MCP, Middle cerebellar peduncle; SCC, Splenium Corpus callosum; RLIC, Retrolenticular limb of internal
capsule; GP, Globus pallidus. p < 0.05 if unmarked. ap < 0.01; bp < 0.005; cp < 0.001; dp < 0.0005. (B) Right brain FA is lower in
multiple regions in SCZ. IFG, Inferior frontal gyrus; PHG, Parahippocampal gyrus; ITG, Inferior temporal gyrus; SMG, Supra-
marginal gyrus; ICP, Inferior cerebellar peduncle; ALIC, Anterior limb internal capsule; PTR, Posterior thalamic radiations;
ACR, Anterior corona radiata; PCR, Posterior corona radiata; CGC, Cingulum Gyrus; CGH, Posterior Cingulum; Fx_St, For-
nix, stria terminalis; SS, Sagittal striatum; EC, External capsule MCP, Middle cerebellar peduncle; GCC, Genu corpus callosum;
SCC, Splenium corpus callosum; RLIC, Retrolenticular limb of internal capsule. p < 0.05 if unmarked. ap < 0.01; bp < 0.005;
cp < 0.001; dp < 0.0005.

FIG. 4. Multislice representation of regions of significantly lower FA in SCZ. (A) Regions of significantly lower FA in SCZ
compared with controls. (B) The same regions after tract tracing.
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include mitochondrial stability (Barrientos et al., 2011) and the
Notch-1 signaling pathway (Ishikura et al., 2005).

The functional implications of decreased anisotropy in SCZ
have not been fully elucidated. One possibility is that a loss of
axonal organization would lead to a decrease in signal and a
consequent decrease in local field potential at the target,
whereas demyelination might lead to the desynchronization
of postsynaptic signal transduction and, hence, more back-
ground activity (i.e., decreased SNR) (Konrad and Winterer
2008). Either effect would be consistent with growing evi-
dence that SCZ can be considered, at least in part, a disease
of disconnectivity (Camchong et al., 2011; Friston, 1998).
Our results indicate that disconnectivity is likely widespread.

To date, it has been difficult to clinically synthesize the var-
ious regionally specific hypotheses tied to the pathology of
SCZ. While prefrontal pathology may explain aspects of cog-
nitive deficits (Volk and Lewis, 2010) and temporal pathology
may explain aspects of disturbed auditory perception (e.g.,
Chance et al., 2008), damage to neither region can fully ex-
plain the profound abnormalities of thought, affect, or relat-
edness that help define SCZ. A parsimonious explanation of
the varied and multiple presentations of SCZ should involve
the whole brain. White matter abnormalities have been impli-
cated in varied psychopathological processes such as positive
symptoms (Hubl et al., 2004; Skelly et al., 2008), tardive dys-
kinesia (Bai et al., 2009), negative symptoms (Szeszko et al.,
2008), deficit syndrome (Rowland et al., 2009), lack of insight
(Antonius et al., 2011), and cognition (Szeszko et al., 2008).
Our results, in agreement with results from other investiga-
tions (e.g., Kanaan et al., 2009; Skelly et al., 2008), suggest
that white matter change is diffuse, consistent with multiple
psychopathological abnormalities. Nonetheless, the relation-
ship between FA and specific symptoms may be complex,
as several studies have shown that while FA is diffusely
lower in patients compared with controls, symptom severity
correlates positively with FA (Camchong et al., 2011; Cheung
et al., 2011), and FA abnormalities may reflect a dysregulated

developmental trajectory with changes based on the age of
disease onset and the duration of illness (Douaud et al., 2009).

White matter disruption may serve as a useful biomarker
in studies of SCZ, as it can be readily measured during life,
examined in postmortem cases, and modeled in culture and
animal systems, and it has de facto validity as a factor in
brain function. Of particular importance, FA appears to be
heritable in SCZ, with high correlations in monozygotic-
affected twins and heritability in unaffected relatives
(Camchong et al., 2009). SNPs in ERBB4 (Konrad et al.,
2009), NEUREGULIN1 (McIntosh et al., 2008; Winterer
et al., 2008), and DISC1 (Hashimoto et al., 2006) have been as-
sociated with decreased FA in healthy controls. It is possible
that a focus on FA values of 0.25 to 0.5 will improve the sen-
sitivity and reproducibility of these types of analyses. Viral
infections in the developing mouse change myelination-
associated genes and FA (Fatemi et al., 2009) and gene-
environment interactions may influence FA (Chiang et al.,
2011), thus providing another avenue for approaching the
neurobiology of white matter in SCZ.

Conclusion

Our results, using methods that take advantage of voxel-
based atlas methods while minimizing the distortion of in-
dividual anatomy, demonstrate widespread changes in
white matter integrity in SCZ. By compartmentalizing FA
into discrete bins, reflecting different types of white matter
structure, we demonstrate that the abnormality most prom-
inently affects white matter tracts characterized by low-
to-moderate FA (0.25 to 0.5). The neurobiological basis for
this specificity remains an important question. Together
with analyses using other approaches (Kanaan et al., 2009),
our findings emphasize that future exploration of white
matter abnormalities in SCZ should include a careful exam-
ination of specific classes of white matter and their underly-
ing microstructure.
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