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Diffusion tensor imaging (DTI) studies in chronic schizophrenia have found widespread but often inconsistent
patterns of white matter abnormalities. These studies have typically used the conventional measure of fractional
anisotropy, which can be contaminated by extracellular free-water. A recent free-water imaging study reported
reduced free-water corrected fractional anisotropy (FAT) in chronic schizophrenia across several brain regions,
but limited changes in the extracellular volume. The present study set out to validate these findings in a substan-
tially larger sample. Tract-based spatial statistics (TBSS) was performed in 188 healthy controls and 281 chronic
schizophrenia patients. Forty-two regions of interest (ROIs), aswell as averagewhole-brain FAT and FWwere ex-
tracted from free-water corrected diffusion tensormaps. Compared to healthy controls, reduced FATwas found in
the chronic schizophrenia group in the anterior limb of the internal capsule bilaterally, the posterior thalamic ra-
diation bilaterally, as well as the genu and body of the corpus callosum. While a significant main effect of group
was observed for FW,noneof the follow-up contrasts survived correction formultiple comparisons. The observed
FAT reductions in the absence of extracellular FW changes, in a large, multi-site sample of chronic schizophrenia
patients, validate the pattern of findings reported by a previous, smaller free-water imaging study of a similar
sample. The limited number of regions inwhich FATwas reduced in the schizophrenia group suggests that actual
white matter tissue degeneration in chronic schizophrenia, independent of extracellular FW, might be more lo-
calized than suggested previously.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Diffusion-tensor imaging (DTI) studies in patients with chronic
schizophrenia have typically focused on a diffusion index termed
fractional anisotropy (FA), which quantifies the directionality of water
diffusion (Mori and Zhang, 2006). FA reductions in schizophrenia
patients, compared to healthy controls, are typically interpreted as
reflecting white matter degeneration. Tract-based spatial statistics
(TBSS) has been the most commonly used approach to study white
heUniversity of Queensland, St
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matter changes across the whole brain. The results of previous studies
have been somewhat inconsistent. Whereby some TBSS studies report
reduced FA in chronic schizophrenia in several regions across the
brain (Asami et al., 2014), specifically the frontal and temporal regions
(Scheel et al., 2013), others have failed tofindany FA changes associated
with schizophrenia (Clark et al., 2012).

Voxel-based morphometry (VBM) and tractography studies add
even further variability to the findings in chronic schizophrenia: VBM
studies report reduced FA in the left uncinate fasciculus (Kitiş et al.,
2011), the bilateral inferior fronto-occipital fasciculus, the superior
longitudinal fasciculus and the genu of the right internal capsule
(Nakamura et al., 2012), as well as the left posterior radiata (Cui et al.,
2011). Tractography studies report reduced FA in chronic schizophrenia
in the arcuate fasciculus (Catani et al., 2011; McCarthy-Jones et al.,
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2015), the anterior limb of the internal capsule (Rosenberger et al.,
2012), the anterior commissure (Choi et al., 2011), the inferior
occipito-frontal fasciculus (Oestreich et al., 2015), and the cingulum
bundle, uncinate fasciculus and fornix (Kunimatsu et al., 2012). Yet a
tractography study by Boos et al. (2013) that investigated a subset of
individual white matter tracts did not find any significant FA reductions
in chronic schizophrenia patients compared to their healthy siblings or
healthy controls. A possible explanation for these inconsistent results
across DTI studies is the large variability in data acquisition, processing
and analysis protocols (Kubicki et al., 2007).

One of the major limitations of previous DTI studies is the assump-
tion that altered FA equates to structural changes of white matter itself,
which can be biased by several factors. Noise in the diffusion-weighted
signals refers to the fact that even in a perfectly isotropic medium, the
three eigenvalues will never be exactly identical, which introduces a
bias into the FA measures (Jones and Cercignani, 2010). The robustness
of FA also depends on the number of sampling orientations used
and their distribution (Jones and Cercignani, 2010). FA in a given
region may further be influenced by factors such as axon diameter,
packing density (Takahashi et al., 2002), or membrane permeability
(i.e., reduced boundary effectiveness; Jones et al., 2013).

FA measurements are also biased by partial volumewith extracellu-
lar free-water (Alexander et al., 2007). Free-water is defined as water
molecules that are not restricted or hindered by surrounding tissue
and therefore diffuses freely and isotropically in the extracellular
space (Pasternak et al., 2009). When different tissue types are captured
in one voxel, such as diffusion along white matter tracts and free-water
in the extracellular space surrounding thosewhitematter tracts, the DTI
indices are no longer tissue-specific but instead represent the weighted
average of both compartments. Free-water is predominantly present in
the cerebrospinal fluid (CSF), which is why CSF contamination is a
major problem for fibers in close proximity to the ventricles, such as
the cingulum, fornix, and parts of the corpus callosum (Papadakis et
al., 2002; Chou et al., 2005; Concha et al., 2005). However, recent studies
suggest that varying levels of free-water in the tissue itself, may also ac-
count for variability between subjects. In order to remove this confound,
Pasternak et al. (2009) developed a technique termed free-water
imaging. This enables the differentiation between alterations in the
tissue itself as measured by free-water corrected fractional anisotropy
(FAT) and extracellular changes as measure by the fractional volume
of free-water (FW; Pasternak et al., 2009).

A recent study by Pasternak et al. (2015) used free-water imaging to
examine white matter degeneration (measured by FAT) and extracellu-
lar volume (measured by FW) in 29 chronic schizophrenia patients
compared to healthy controls, and compared these changes to previous-
ly documented abnormalities in FAT and FW infirst-episode schizophre-
nia patients (Pasternak et al., 2012b). The study revealed that chronic
schizophrenia patients exhibited more widespread reductions in FAT

relative to the first-episode patients, but more circumscribed increases
in FW. Specifically, decreased FATwas observed in the corona radiata bi-
laterally, splenium and genu of the corpus callosum, bilateral thalamic
radiation, bilateral superior longitudinal fasciculus, and the left external
capsule. The more widespread reductions in FAT in chronic schizophre-
nia patients compared with first-episode patients suggested a progres-
sive deterioration of white matter structures in the later stages of
schizophrenia, which could indicate a neurodegenerative illness
progression of schizophrenia (Pasternak et al., 2015). On the other
hand, since the extracellular volume is expected to increase during
neuroinflammatory states, the less extensive FW abnormalities found
in the chronic patients relative to the first-episode schizophrenia
patients suggests that neuroinflammation may play a larger role in the
early stages of schizophrenia relative to later, chronic stages of schizo-
phrenia (Pasternak et al., 2012b, 2015). The present study aimed to
validate the pattern of findings reported by Pasternak et al. (2015) in
an independent, substantially larger, and multi-site sample. That is, we
predicted to find relatively circumscribed regions of FW abnormalities
but more widespread regions of FAT abnormalities in patients with
chronic schizophrenia, relative to healthy controls.
2. Methods

2.1. Participants

Thedata for this studywas provided by theAustralian Schizophrenia
Research Bank. The original data collection process is outlined in
detail elsewhere (Loughland et al., 2010). In short, patients with
schizophrenia were recruited from treatment settings such as hos-
pitals, mental health services, community services and a media
campaign. Healthy individuals were also recruited through the
media campaign. Clinical assessment officers (CAO), who were ei-
ther registered or intern psychologists, used a telephone checklist
to determine whether individuals were eligible to participate in
the study. Exclusion criteria for participants of both groups were
an inability to converse fluently in English, intellectual disability
as defined as full-scale IQ below 70, movement disorders, electro-
convulsive therapy within the past 6 months and brain injury
with N24-hour post-traumatic amnesia. CAOs conducted clinical
interviews and neuropsychological testing with all eligible partici-
pants. The upper limit of antipsychotic drug use duration recorded
by the ASRB was 8 years, hence underestimating usage.

Data was analysed for 480 participants, consisting of 193 healthy
controls (HC) and 287 individualswhohad been diagnosedwith schizo-
phrenia according to the DSM-IV (American Psychiatric Association,
1994). Diagnostic and clinical information were collected by trained re-
search staff using the Diagnostic Interview for Psychosis (DIP; Castle et
al., 2006; see Tables 1 and 2). Five participants were excluded from fur-
ther analyses due tomotion artefacts in the DTI scans and 6 participants
were excluded because of a history of a brain disorder. The final sample
consisted of 188 healthy control participants and 281 patients with
schizophrenia. A subset of the participant sample has been reported
on previously in the context of exploring the association between
psychotic symptoms and the white matter structure of several
tractography-defined white matter fasciculi (McCarthy-Jones et al.,
2015; Oestreich et al., 2015).
2.2. Data acquisition

Diffusion MRI scans were acquired from 1.5T Siemens Avanto scan-
ners from five locations in Australia (McCarthy-Jones et al., 2015). Iden-
tical imaging parameters were used across all scanners. Sixty-five axial
slices enablingwhole-brain coverage in 64 non-collinear gradient direc-
tions with a b-value of 1000 s/mm2 and one non-diffusion-weighted
(b0) image were acquired. Diffusion acquisition had a repetition time
(TR) of 8.4 s, an echo time (TE) of 88 ms, a field of view (FOV) of
25 × 25 cm, amatrix size of 104 × 104 and 2.5mm slice thickness with-
out gap, producing 2.4 mm voxels.
2.3. Processing of diffusion MRI

Intra-scan misalignments due to head movements and eddy
currents were removed through affine registration of the diffusion
weighted images to the baseline image for each individual participant
(FSL, FunctionalMRI of theBrain [FMRIB] Software Library [FSL]). All im-
ages were masked in order to remove non-brain areas and background
noise by manually editing a label map, which was initialized using the
OTSU module in the software 3D Slicer (www.slicer.org). The FW and
FAT maps were generated from the eddy current corrected volumes by
fitting the free-water model, following the methods described by
Pasternak et al. (2009).

http://www.slicer.org


Table 1
Demographic data for the participant sample.

Sydney Perth Newcastle Melbourne Brisbane Overall difference SZ vs
HC

SZ
(n = 47)

HC
(n = 38)

SZ
(n = 24)

HC
(n = 27)

SZ
(n = 14)

HC
(n = 16)

SZ
(n = 73)

HC
(n = 75)

SZ
(n = 123)

HC
(n = 32)

Age: years
[M(SD)]

39.36
(11.14)

39.29
(14.52)

37.19
(14.15)

39.38
(10.34)

45.38
(12.92)

39.64
(8.25)

38.22
(10.12)

39.41
(13.80)

38.89
(10.64)

39.03
(13.89)

t(467) = 0.57, p = 0.57

Difference
SZ vs HC

t(83) = −0.03, p = 0.98 t(49) = −0.63, p = 0.53 t(28) = 1.42, p = 0.17 t(146) = 0.60, p = 0.55 t(153) = 0.06, p = 0.95

Gender
(% male)

66% 47% 71% 48% 93% 44% 67% 51% 77% 47% χ2(2) = 29.16, p b 0.01

Difference
SZ vs HC

χ2(1) = 2.97, p = 0.09 χ2(1) = 2.70, p = 0.10 χ2(1) = 8.10, p b 0.01 χ2(1) = 4.14, p = 0.04 χ2(1) = 11.36, p b 0.01

Handednessa

(% right)
81% 71% 83% 52% 86% 69% 71% 80% 82% 56% χ2(2) = 9.65, p = 0.01

Difference
SZ vs HC

χ2(2) = 1.79, p = 0.41 χ2(2) = 6.17, p = 0.04 χ2(2) = 2.12, p = 0.35 χ2(2) = 1.80, p = 0.41 χ2(2) = 28.15, p b 0.01

Note. SZ = schizophrenia; HC = healthy controls; M = mean; SD= standard deviation.
a Based on three categories: left, right, neither left nor right.
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2.4. Tract-based spatial statistics (TBSS) and regions of interest (ROI)

White matter was investigated using whole-brain tract-based spa-
tial statistics (TBSS), according to the protocol provided by the ENIG-
MA-DTI Working Group (http://enigma.ini.usc.edu/ongoing/dti-
working-group/). A detailed description of the TBSS procedure is pro-
vided by Smith et al. (2006). In brief, FA images from all participants
were co-registered into the ENIGMA-DTI template. Each participant's
aligned FA image was then projected onto the ENIGMA-DTI skeleton,
which represents a structural core of the white-matter (Jahanshad et
al., 2013). This way, a skeletonized FA map was created, such that the
central core of each participants'whitematter fiber tracts are represent-
ed on the skeleton.

Regions of interest (ROI)wereparcellated from the ENIGMA-DTI tar-
get, which are defined according to the Johns Hopkins University white
matter atlas (Mori et al., 2008; Oishi et al., 2008). In the ENIGMA-DTI
protocol, regions which could lead to unreliable estimates because
they are often cropped from the field of view (FOV) during image acqui-
sition were removed (Jahanshad et al., 2013). Forty-two ROIs, of which
38were bilateral ROIs (anterior corona radiate; anterior limb of internal
capsule; cingulum (cingulate gyrus); cingulum (hippocampus); corona
radiata; corticospinal tract; external capsule; fornix/stria terminalis; in-
ternal capsule; inferior occipito-frontal fasciculus; posterior corona
radiata; posterior limb of the internal capsule; posterior thalamic radia-
tion; retrolenticular part of internal capsule; superior corona radiata;
Table 2
Clinical data for the schizophrenia sample.

Sydney
(n = 47)

Perth
(n = 27)

Ne
(n

Illness duration [years M(SD)]a 16.52(9.75) 17.24(9.02) 17
Antipsychotics [duration: years M(SD)]b 5.05(2.78) 3.86(2.90) 4.
Antipsychotics (type: % atypical)c 93% 83% 85
Alcohol abused 29% 35% 75
Drug abusee 14% 18% 13
Symptoms

Hallucinations: M(SD)f 3.17(4.11) 4.17(4.80) 2.
Depression: M(SD)f 2.11(3.31) 2.67(3.42) 1.
Thought disorder: M(SD)f 0.49(1.38) 0.54(1.18) 0.
Delusions: M(SD)f 1.87(2.93) 3.00(3.54) 3.
Negative symptoms: M(SD)g 1.68(1.64) 1.12(1.27) 2.

Note. Symptom scores are based on lifetime ratings from the Diagnostic Interview for Psychose
a n = 169.
b n = 266.
c n = 263.
d n = 160.
e n = 158.
f n = 28.
g n = 163.
superior fronto-occipital fasciculus; superior longitudinal fasciculus;
sagittal stratum; uncinate fasciculus), 4 were interhemispheric ROIs
(body of corpus callosum; genu of corpus callosum; splenium of corpus
callosum, fornix (column and body)) as well as average FAT and FW
were parcellated from the ENGIMA-DTI target. Mean FAT and FW values
were extracted for all ROIs.

2.5. Statistical analysis

The statistical analysis was performed using SPSS (version 22, www.
spss.com). A univariate analysis of variance (ANOVA) with group (2
levels: HC, SZ) as the between-subjects factorwas conducted for the de-
mographic variable age. Chi square tests were performed to test for
group differences in gender and handedness.

To investigate FAT and FW of the bilateral tracts, a mixed ANCOVA
with group (2 levels: HC, SZ) as the between-subjects factor and tract
(19 levels) and hemisphere (left, right) as within-subjects factors were
performed for the free-water corrected diffusion metrics FAT and FW.
To investigate FAT and FW for interhemispheric tracts (the corpus
callosum,which has three pre-established subdivisions, and the fornix),
a mixed ANCOVAwith group (2 levels: HC, SZ) as the between-subjects
factor and tract (4 levels) as within-subjects factor were performed.
Scanner location was controlled for in all analyses by adding four
dummy variables (for the five scanner locations) as nuisance covariates
into all analyses. Gender was also added as nuisance covariate into all
wcastle
= 16)

Melbourne
(n = 75)

Brisbane
(n = 32)

Overall group difference

.63(8.48) 13.83(9.04) 15.13(11.00) F(4168) = 0.62, p = 0.65
29(3.44) 4.57(2.96) 3.93(2.97) F(4265) = 1.54, p = 0.22
% 94% 95% χ2(4) = 5.31, p = 0.26
% 33% 30% χ2(4) = 4.28, p = 0.37
% 19% 16% χ2(4) = 1.21, p = 0.27

29(3.56) 2.79(4.61) 3.34(4.86) F(4280) = 0.57, p = 0.69
93(3.00) 2.26(3.34) 2.45(3.43) F(4280) = 0.21, p = 0.94
21(0.58) 0.33(1.00) 0.50(1.21) F(4280) = 0.46, p = 0.77
07(3.32) 2.34(3.72) 2.39(3.29) F(4280) = 0.62, p = 0.65
00(2.45) 1.32(1.05) 0.93(1.42) F(4162) = 1.94, p = 0.10

s (DIP).

http://enigma.ini.usc.edu/ongoing/dti-working-group/
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analyses due to the significant between-group difference in terms of
gender ratio (see Results). In case of a significant main effect of group
or a significant group*tract interaction, follow-up contrasts were con-
ducted. The Bonferroni correction was used to control for α-inflation
due to multiple comparisons (42 comparisons) such that the critical
p-value was set to 0.05 / 42 = 0.0011.

Pearson correlations were used to investigate correlations between
all significant ROIs and age across the entire sample as well as the
symptoms of hallucinations, delusions, thought disorder and negative
symptoms in the patient sample. In order to account for potential effects
of antipsychotic medication onwhite matter structure, DTI measures of
ROIs that differed significantly in schizophrenia patients compared to
healthy controls were correlated with antipsychotic drug duration.

3. Results

Schizophrenia patients and healthy controls did not differ on age
[F(1467) = 0.323, p b 0.570] but differed significantly on gender
[χ2(1) = 29.16, p b 0.001] and handedness [χ2(2) = 9.654, p =
0.008]. Data on illness duration was available for 160 schizophrenia pa-
tients (years:M=15.10, SD=9.80). Data on duration of antipsychotic
drug use was available for 266 patients (years: M = 4.30, SD = 2.96)
and information on typical (n=19) or atypical (n=244) antipsychotic
drug use was available for 263 schizophrenia patients.

3.1. Free-water corrected fractional anisotropy (FAT)

A mixed ANCOVA of the bilateral tracts identified a significant main
effect for tract [F(18,8316) = 911.260, p b 0.001, ƞp

2 = 0.664] a signifi-
cant main effect for hemisphere [F(1462) = 9.531, p = 0.002, ƞp

2 =
0.020], a significant main effect for group [F(1462) = 6.516, p = 0.011,
ƞp
2 = 0.014] and a significant tract*group interaction [F(18,8316) =

3.858, p b 0.001,ƞp
2=0.008]. Therewas no hemisphere*group interaction

[F(1462) = 1.918, p = 0.167, ƞp
2 = 0.004]. A mixed ANCOVA of the

average FAT and the interhemispheric tracts identified a significant
main effect for tract [F(4,1848) = 1245.546, p b 0.001, ƞp

2 = 0.729] a
significant main effect for group [F(1462) = 5.325, p = 0.021, ƞp

2 =
0.011], but no tract*group interaction [F(4,1848) = 2.149, p = 0.139,
ƞp
2 = 0.005].
Follow-up contrasts of the bilateral tracts revealed significantly de-

creased FAT in the SZ group compared to the HC group in the left poste-
rior thalamic radiation [t(467) = 4.203, p b 0.001, d=0.330], the right
posterior thalamic radiation [t(467)= 4.807, p b 0.001, d= 0.440], the
left anterior limb of the internal capsule [t(467)= 4.004, p b 0.001, d=
0.212] and the right anterior limb of the internal capsule [t(467) =
3.286, p b 0.001, d = 0.294]. Follow-up contrasts of the average FAT

and the interhemispheric tracts revealed significantly decreased FAT in
the SZ group compared to the HC group in the genu of the corpus
callosum [t(467)=4.097, p b 0.001, d=0.315], and the body of the cor-
pus callosum [t(467) = 4.071, p b 0.001, d = 0.338] (see Fig. 1).

As can be seen in Table 3, FAT correlated significantly with duration
of antipsychotic drug use in the right posterior thalamic radiation
[r(266)=−0.140, p=0.022]. There was a significant negative correla-
tion between FAT and age for the healthy controls in the left posterior
thalamic radiation [r(188)=−0.384, p b 0.001], the right posterior tha-
lamic radiation [r(188) = −0.322, p b 0.001], the body of the corpus
callosum [r(188) = −0.234, p = 0.007], the genu of the corpus
callosum [r(188) = −0.350, p b 0.001], but not the left anterior limb
of the internal capsule [r(188) = −0.074, p = 0.311] and the right
anterior limb of the internal capsule [r(188) = −0.157, p = 0.191].
In the schizophrenia group there was a significant negative correlation
between FAT and age for the left posterior thalamic radiation
[r(281) = −0.290, p b 0.001], the right posterior thalamic radiation
[r(281) = −0.248, p b 0.001], left anterior limb of the internal capsule
[r(281) = −0.214, p b 0.001], the right anterior limb of the internal
capsule [r(281) = −0.248, p b 0.001], the body of the corpus callosum
[r(281) = −0.268, p b 0.001] and the genu of the corpus callosum
[r(281) = −0.373, p b 0.001] (see Fig. 2). No significant correlations
were observed in any of the ROIs between FAT and hallucinations, delu-
sions, thought disorder and negative symptoms (see Table 3).

3.2. Free-water (FW)

A mixed ANCOVA of the interhemispheric tracts identified a signifi-
cant main effect for tract [F(18,8316)= 248.211, p b 0.001, ƞp

2 = 0.349]
a significant main effect for hemisphere [F(1462) = 4.130, p = 0.043,
ƞp
2 = 0.009], a significant main effect for group [F(1462) = 12.113,

p = 0.001, ƞp
2 = 0.026], but no significant tract*group [F(18,8316) =

0.671, p = 0.630, ƞp
2 = 0.001], or hemisphere*group [F(1462) = 0.097,

p = 0.756, ƞp
2 b 0.001] interaction. A mixed ANCOVA of the average

FAT and the interhemispheric tracts identified a significant main effect
for tract [F(4,1848) = 195.674, p b 0.001, ƞp

2 = 0.298] a significant
main effect for group [F(1462) = 6.329, p = 0.012, ƞp

2 = 0.014], but
no tract*group interaction [F(4,1848) = 0.656, p = 0.523, ƞp

2 = 0.001].
None of the follow-up contrasts were significant at the Bonferroni

corrected alpha level of 0.0011 (see Fig. 3).

4. Discussion

This study investigated free-water corrected fractional anisotropy
(FAT) and extracellular free-water (FW) in ROIs across the whole
brain in a large sample of chronic schizophrenia patients compared to
healthy controls. Reduced FAT was observed in the schizophrenia
group compared to healthy controls in the posterior thalamic radiation
bilaterally, the anterior limb of the internal capsule bilaterally, and both
the genu and body of the corpus callosum.While amain effect for group
was observed for FW, none of the follow up contrasts survived correc-
tion for multiple comparisons with the Bonferroni adjusted alpha
level. These findings are in line with the study by Pasternak et al.
(2015) which observed reduced FAT in several regions in chronic
schizophrenia patients, but found a lesser extent of changes in extracel-
lular volume. The limited number of regions in which reduced FAT find-
ings were observed in the schizophrenia group suggests that actual
white matter tissue degeneration in chronic schizophrenia, indepen-
dent of extracellular volume, might be more localized than suggested
by previous studies.

Reduced FA in the anterior limb of the internal capsule is a common
finding in schizophrenia and has been linked to lower scores on tests of
declarative and episodic memory (Rosenberger et al., 2012; Levitt et al.,
2012). FA reductions in the posterior thalamic radiation in schizophre-
nia patients have also been identified across different image processing
analyses (White et al., 2013) and have reportedly been linked to
distorted self-perception (Lee et al., 2016). Reduced FA in the corpus
callosum of schizophrenia patients are also well documented and have
been found to be associated with psychotic symptom severity
(Whitford et al., 2010; Knöchel et al., 2012). Moreover, the reduced
fiber structure in the corpus callosum of schizophrenia patients
highlights the altered interhemispheric connectivity (Whitford et al.,
2011), which is broadly consistent with the connectivity hypothesis of
schizophrenia (Friston and Frith, 1995).

A recent meta-analysis by the ENIGMA-DTI Working Group of
1633 chronic schizophrenia patients and 1398 health controls
(Kelly et al., 2016) found significant FA reductions in the schizophrenia
group compared to healthy controls in all ROIs that showed significantly
reduced FAT in schizophrenia patients in the present study. However,
the ENIGMA-DTI meta-analysis reported additional FA reductions in
the schizophrenia group across the entire average FA skeleton, fornix,
fornix/stria terminalis, sagittal stratum, cingulum, external capsule and
uncinate fasciculus. A possible explanation as to why the present study
found fewer ROIs with significantly reduced FA in the schizophrenia
group than the meta-analysis is the use of free-water corrected DTI
measures in the present study. White matter tracts that run in close



Fig. 1.Mean FAT differences between schizophrenia patients and healthy controls. Error bars represent the 95% confidence interval. ***p b 0.001. PTR-R = posterior thalamic radiation –
right; IFO-L= inferior fronto-occipital fasciculus – left; IFO-R= inferior fronto-occipital fasciculus – right; PTR-L=posterior thalamic radiation – right; ACR-R= anterior corona radiata –
right; ALIC-L = anterior limb of internal capsule – left; PCR-L = posterior corona radiata – left; ACR-L = anterior corona radiata – left; GCC = genu of corpus callosum; BCC = body of
corpus callosum; ALIC-R = anterior limb of internal capsule – right; SLF-L = superior fronto-occipital fasciculus – left; SS-R = sagittal stratum (includes ILF and IFO) – right; SFO-L =
superior fronto-occipital fasciculus – left; SLF-R = superior longitudinal fasciculus – right; CR-L = corona radiata – left; CGC-L = cingulum (cingulate gyrus) – left; PCR-R = posterior
corona radiata – right; CR-R = corona radiata – right; SS-L = sagittal stratum (includes ILF and IFO) – left; CGC-R = cingulum (cingulate gyrus) – right; RLIC-R = retrolenticular part
of internal capsule – right; UNC-R = uncinate fasciculus – right; EC-L = external capsule – left; FX/ST-R = fornix/stria terminalis – right; SFO-R = superior fronto-occipital fasciculus
– right; SCC = splenium of corpus callosum; IC-R = internal capsule – right; CST-R = corticospinal tract – right; EC-R = external capsule – right; RLIC-L = retrolenticular part of
internal capsule – left; FX/ST-L = fornix/stria terminalis – left; IC-L = internal capsule – left; SCR-L = superior corona radiata – left; CGH-R = cingulum (hippocampus) – right; SCR-
R = superior corona radiata – right; PLIC-R = posterior limb of internal capsule – left; CST-L = corticospinal tract –left; FX = fornix (column and body); PLIC-L = posterior limb of
internal capsule – left; UNC-L = uncinate fasciculus – left; CGH-L = cingulum (hippocampus) – left.
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adjacency to the ventricles like the fornix and cingulum bundle are
highly susceptible to CSF contamination (Papadakis et al., 2002; Chou
et al., 2005; Concha et al., 2005). It is therefore possible that the results
of previous studies (Kelly et al., 2016; Kunimatsu et al., 2012) which
reported reduced FA in the fornix and cingulum bundle, actually
reflected changes in extracellular volume as opposed to changes to the
white matter microstructure per se.

Our study replicated the findings by Pasternak et al. (2015) which
showed that compared to healthy controls, patients with chronic
schizophrenia exhibit reduced FAT in the posterior thalamic radiation
bilaterally, and in both the genu and body of the corpus callosum. How-
ever, as duration of antipsychotic medication use negatively correlated
with FAT in the right posterior thalamic radiation, this difference could
have been an artefact of antipsychotic use, at least in part. In line with
the findings by Pasternak et al. (2015), we observed a negative correla-
tion between age and FAT in both groups in the bilateral posterior tha-
lamic radiation as well as the genu and body of the corpus callosum.
Additionally, we also observed that age was negatively correlated with
FAT in the left and right anterior limb of the internal capsule in the
schizophrenia group only, which might indicate that in these areas,
the rate of FAT decrease with age is different in schizophrenia patients
than in healthy controls.

We failed to replicate Pasternak et al.'s (2015) finding that FAT was
reduced in corona radiata bilaterally, the superior longitudinal fasciculus



Table 3
Correlations of significant FAT tracts with antipsychotic duration and symptoms.

Antipsychotic durationa Hallucinations Delusions Thought disorder Negative symptomsb

PTR-L r(266) = −0.09, p = 0.15 r(281) = −0.10, p = 0.11 r(281) = −0.06, p = 0.30 r(281) = −0.02, p = 0.71 r(163) = 0.06, p = 0.47
PTR-R r(266) = −0.14, p = 0.02⁎ r(281) = −0.10, p = 0.09 r(281) b 0.01, p = 0.96 r(281) = 0.03, p = 0.65 r(163) = −0.05, p = 0.52
ALIC-L r(266) = −0.05, p = 0.46 r(281) = −0.05, p = 0.41 r(281) = −0.07, p = 0.28 r(281) = 0.07, p = 0.28 r(163) = 0.06, p = 0.48
ALIC-R r(266) = −0.05, p = 0.43 r(281) = −0.03, p = 0.61 r(281) = −0.03, p = 0.58 r(281) = 0.05, p = 0.41 r(163) = 0.09, p = 0.24
GCC r(266) = −0.08, p = 0.18 r(281) = −0.03, p = 0.62 r(281) = −0.02, p = 0.72 r(281) = −0.02, p = 0.79 r(163) = −0.04, p = 0.63
BCC r(266) = −0.06, p = 0.33 r(281) = −0.09, p = 0.13 r(281) = −0.02, p = 0.71 r(281) = −0.01, p = 0.90 r(163) = −0.07, p = 0.35

Note. FAT = free-water corrected fractional anisotropy; PTR-L = left posterior thalamic radiation; PTR-R = right posterior thalamic radiation; ALIC-L = left anterior limb of the internal
capsule; ALIC-R = right anterior limb of the internal capsule; GCC = genu of the corpus callosum; BCC = body of the corpus callosum.
⁎ p ≤ 0.05.
a n = 266.
b n = 163.

Fig. 2. Correlations between age and FAT in the ROIs that previously showed significantly reduced FAT in the schizophrenia group. Age was negatively correlated with FAT in the left and
right posterior thalamic radiation as well as the genu and the body of the corpus callosum in both groups. Age was negatively correlated with FAT in the left and right anterior limb of the
internal capsule in the schizophrenia group but not in the healthy control group.
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Fig. 3.Mean FWdifferences between schizophrenia patients and healthy controls. Error bars represent the 95% confidence interval. UNC-L=uncinate fasciculus – left; PCR-R= posterior
corona radiata – right; UNC-R=uncinate fasciculus – right; RLIC-R= retrolenticular part of internal capsule – right; ALIC-L=anterior limb of internal capsule – left; FX/ST-L= fornix/stria
terminalis – left; SFO-L= superior fronto-occipital fasciculus – left; SCC= splenium of corpus callosum; EC-R= external capsule – right; PCR-L= posterior corona radiata – left; EC-L=
external capsule – left; SS-R= sagittal stratum(includes ILF and IFO)– right; SCR-R= superior corona radiata – right; IC-R= internal capsule – right; CGC-L= cingulum(cingulate gyrus)
– left; SCR-L= superior corona radiata – left; IC-L= internal capsule – left; CR-R= corona radiata – right; CR-L= corona radiata – left; SLF-R= superior longitudinal fasciculus – right;
IFO-L = inferior fronto-occipital fasciculus – left; PTR-L= posterior thalamic radiation – right; ACR-L= anterior corona radiata – left; CGC-R= cingulum (cingulate gyrus) – right; PTR-
R=posterior thalamic radiation – right; CGH-L=cingulum(hippocampus) – left; PLIC-R=posterior limb of internal capsule – left; RLIC-L= retrolenticular part of internal capsule – left;
SLF-L = superior fronto-occipital fasciculus – left IFO-R = inferior fronto-occipital fasciculus – right; BCC = body of corpus callosum; ALIC-R= anterior limb of internal capsule – right;
PLIC-L= posterior limb of internal capsule – left; SS-L= sagittal stratum (includes ILF and IFO) – left; FX= fornix (column and body); FX/ST-R= fornix/stria terminalis – right; SFO-R=
superior fronto-occipital fasciculus – right; ACR-R = anterior corona radiata – right; GCC = genu of corpus callosum; CST-R = corticospinal tract – right; CGH-R = cingulum
(hippocampus) – right; CST-L = corticospinal tract –left.
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bilaterally, and the left external capsule, and we found reduced FAT in
the anterior limb of the internal capsule bilaterally not detected by this
previous study. Additionally, we failed to replicate Pasternak et al.'s
(2015) finding of increased FW in schizophrenia patients in the corona
radiata and parts of the corpus callosum, as we found no changes in
FW in patients compared to controls. Lastly, contrary to Pasternak et
al. (2015) we did not find any correlations between FAT and negative
symptoms. The fact that the present study did not find any areas with
increased FW and fewer areas with reduced FAT than the study by
Pasternak et al. (2015) might be explained by our use of the conserva-
tive Bonferroni adjustment for multiple comparisons.

Further discrepancies between the study by Pasternak et al. (2015)
and the present study might be explained by the fact that whereas we
used data collected on five different 1.5 T scanners, the study by
Pasternak et al. (2015) used data collected on a single 3 T scanner. Addi-
tionally, the study by Pasternak et al. (2015) used traditional TBSS
which involves a voxel-wise comparison. The present study on the
other hand used ENIGMA-TBSS, whereby voxels on the white matter
skeleton are averaged across regions of interests (ROIs) and estimates
are then averaged across the ROIs before group comparisons are
conducted. Despite these differences in data acquisition and analysis,
thefindings by Pasternak et al. (2015) and the findings from the present
study both suggest that the primary pathology in the chronic stages of
schizophrenia is white matter degeneration as opposed to extracellular
pathologies.

Accumulation of free-water is not limited to the ventricles, but
can also be found in edema due to ruptures in the blood-brain barrier
through processes such as haemorrhage, tumours or brain trauma
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(Betz et al., 1989; Papadopoulos et al., 2004). Additionally, increased
extracellular free-water can also be caused by pathologies such as
neuroinflammation, atrophy, low dendritic quantity, low cell densi-
ty, or a breakdown in the cellular membrane (Selemon et al., 2002;
Pasternak et al., 2012b; Unterberg et al., 2004). These pathologies,
or a combination of them, might account for the mixed and often in-
consistent findings of white matter pathologies in schizophrenia
(Kubicki et al., 2007; Fitzsimmons et al., 2013). By partialling out
free-water before estimating FAT, the present study was able to de-
rivemore precise estimations of localizedwhite matter degeneration
as opposed to the more general FA measure used in previous studies,
which is not able to differentiate between extracellular volume and
white matter degeneration.

This study had a number of limitations. First, the data presented
in this study were acquired from five scanners. While all scanners
were the same model and built according to the same specifications,
disparities between the scanners could have potentially impacted
the DTI measures. However, it should be noted that scanner location
was added as a nuisance covariate to all analysis. Second, while data
on duration of antipsychotic drug use were reported, data on anti-
psychotic dosage was not available, raising the possibility that the
observed changes in FAT could, at least in part, be due to antipsychot-
ic medication exposure as opposed to the underlying disease
process. Third, by using the Bonferroni correction for multiple com-
parisons the present study used a relatively strict criterion-for-
significance, in order to control for false positive findings. However,
the downside of using such a stringent approach is a loss of statistical
power. Future studies may wish to use a more hypothesis-driven
approach to identify and extract specific tracts-of-interest in order
to improve their statistical power. The diffusion MRI data from this
study was acquired with a single b-value shell. Multiple b-value
shells could increase the accuracy of the bi-tensor model fit
(Pasternak et al., 2012a). However, the single shell and multiple
shells approaches are comparable, particularly when the algorithm
to fit the free-water model involves spatial regularization as in the
present study (Pasternak et al., 2012a). Nevertheless, future studies
should consider the acquisition of multiple b-value shells. Finally,
we were not able to rule out a number of potential confounds. For ex-
ample, fewer participants in the schizophrenia group were left-
handed and more participants were male compared to the healthy
control group. Additionally, there are greater rates of substance use
(e.g., smoking, alcohol, illegal drugs) and childhood adversity in pa-
tients with schizophrenia compared to healthy controls (de Leon and
Diaz, 2005; Varese et al., 2012), both of which have been linked to
white matter changes (Savjani et al., 2014; Hart and Rubia, 2012).
Since a large proportion of the schizophrenia patients in this study
reported comorbid substance abuse, which is consistent with the
documented rates of substance abuse in the general schizophrenia
population (Volkow, 2009), we did not exclude these individuals
from the analyses. However, we cannot rule out the possibility that,
for example, negative health behaviours of people diagnosed with
schizophrenia, whether these be coping strategies or attempts at self-
medication, may be the cause of the observed changes, rather than an
underlying disease process. Further work is needed to address this
question.

In conclusion, the present study offered support for the pattern of
findings of Pasternak et al. (2015) byfinding reduced FAT inmultiple re-
gions across the brain, without a simultaneous increase of extracellular
volume, in an independent, larger sample of chronic schizophrenia
patients. The fact that we observed only a limited number of regions
in which FAT was reduced in the schizophrenia group suggests that ac-
tual white matter degeneration in chronic schizophrenia, independent
of extracellular free-water, might be more localized than reported in
previous studies. Future studies might benefit from using free-water
correctedmeasures in order to derivemore precise estimations of tissue
degeneration independent of extracellular volume.
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