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Potential effects of initiating acute antipsychotic treatment onwhitematter (WM)microstructure in schizophre-
nia patients remain poorly characterized. Thirty-five drug-naïve first-episode schizophrenia patients were
scanned before and after sixweeks of treatmentwith second-generation antipsychoticmedications. Nineteende-
mographicallymatched healthy subjectswere scanned twice over the same time interval. Tract-based spatial sta-
tistics was used to test for changes in WM microstructural integrity after treatment. Widespread fractional
anisotropy (FA) decreasewas found inpatients after antipsychotic treatment in bilateral posterior corona radiata,
anterior corona radiata, superior corona radiata and posterior thalamic radiation, left posterior limb of the inter-
nal capsule, andmid-body of the corpus callosum. These effects appeared to result primarily fromdecreased axial
diffusivity. These findings suggest an effect on brain white matter from acute antipsychotic therapy in
schizophrenia.
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1. Introduction

Whitematter (WM) abnormalities in schizophrenia have been dem-
onstrated using diffusion tensor imaging (DTI) (Friedman et al. 2008;
Fujino et al. 2014; Karbasforoushan et al. 2015; Kubicki and Shenton
2014; Levitt et al. 2017; Roalf et al. 2013; Scheel et al. 2013;
Skudlarski et al. 2013;Walther et al. 2011). Inmost of these studies, pa-
tients were receiving antipsychotic treatment. Although never-treated
schizophrenia patients have been examined with DTI (Li et al. 2017;
Ren et al. 2017), they are not often followed longitudinally to identify
treatment-associated WM changes. Antipsychotic medications have
been shown to impact gray matter morphometry and brain function
both in patients (Ho et al. 2011; Ibi et al. 2017; Jorgensen et al. 2016;
Keshavan et al. 1994; Lui et al. 2010) and in animal models (Barr et al.
2013; Song et al. 2017; Vernon et al. 2011). However, whether antipsy-
chotics affect white matter microstructure over the course of treatment
remains largely unknown.

Studies of pre- to post-treatment changes in white matter in schizo-
phrenia patients have been limited and yielded inconsistent findings.
Reduced (Szeszko et al. 2014; Wang et al. 2013), increased (Ozcelik-
Eroglu et al. 2014; Reis Marques et al. 2014) and unaffected (Zeng
West China Hospital of Sichuan
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et al. 2016) integrity of WM over the course of antipsychotic treatment
have all been reported. This inconsistency might result from heteroge-
neity in pre-study antipsychotic exposure, sample differences in illness
duration, sometimes small sample sizes, and methodological factors in
image analysis (Lener et al. 2015; Tamnes and Agartz 2016).

Although manifestation and mechanism of antipsychotic effects on
brain WM microstructure remain unclear in “in vivo” clinical studies,
animal and postmortem studies have provided some important in-
sights. After taking antipsychotics at clinic-like plasma levels for
2.5 years, macaque monkeys demonstrated ~10% reduction in both
gray and white matter as compared to vehicle (Dorph-Petersen et al.
2005; Konopaske et al. 2007). A follow-up study of the parietal cortex
revealed 20% reduction in S100β-immunopositive astrocytes and a
non-significant 12.9% reduction in oligodendrocytes (Konopaske et al.
2008), which are the major myelinating cells for axons in central ner-
vous system. Oligodendrocyte density in prefrontal WM has been
found to be negatively correlated with lifetime antipsychotic dosage in
a postmortem human study (Hercher et al. 2014). While studies of
how antipsychotic drugs interact with oligodendrocytes to influence
axon myelination represent an active line of current research (Seki
et al. 2013; Walterfang et al. 2011; Xu et al. 2011; Zhang et al. 2008),
these studies raise the question of whether antipsychotics impact
brain white matter in vivo in schizophrenia patients. For instance, a
mouse study suggested antipsychotics may facilitate oligodendrocyte
development and prevent mice from myelin breakdown (Xiao et al.
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2008). Therefore, clarifying the direction and magnitude of treatment
effects on WM in schizophrenia patients is important for clarification
of neuropharmacological impact on brain anatomy as well as its poten-
tial significance for patients' cognition and general functioning.

The present study performed a longitudinal tract-based spatial sta-
tistics (TBSS) (Smith et al. 2006) analysis with first-episode schizophre-
nia patients. These patients were antipsychotic-naïve before their first
MRI scan, and were scanned a second time after six weeks of antipsy-
chotic treatment. Based on preclinical findings, we hypothesized that
patients would demonstrate a reduction of WM microstructural integ-
rity after antipsychotic treatment. We also conducted exploratory anal-
yses of the relationship between WM microstructural changes and
antipsychotic dosage and symptom improvement after treatment.

2. Materials and methods

2.1. Participants

Thirty-five first-episode schizophrenia patients naïve to psychiatric
medications were recruited for this study. Two patients received
clopidogrel (25 and 75 mg/d) for protection from a heart attack or
stroke. Others did not receive any treatment, and none had received
previous antipsychotic therapy. Patients who had to take benzodiaze-
pines for emergency behavioral control were not included in the
study. Patients were diagnosed using the Structured Clinical Interview
for DSM-IV, Patient Edition (SCID-I/P), and diagnoses were confirmed
at one-year follow-up. Illness duration at the time of pretreatment stud-
ies was determined as time since patients firstmet all diagnostic criteria
based on interviews with patients and their relatives. Patients were
treated with second-generation antipsychotic medications (refer to
Table S1 for medication details) according to the treating psychiatrist's
preference for six weeks. During the 6-week follow-up, except for the
two patients taking clopidogrel, others did not receive any medication
other than antipsychotics. Psychiatric symptoms were evaluated using
the Positive and Negative Syndrome Scale (PANSS) at baseline and
follow-up. Dose of antipsychotic medication was converted to chlor-
promazine equivalents (Andreasen et al. 2010) for correlational
analysis.

Due to the high attrition during follow-up, only nineteen healthy de-
mographically matched volunteers were recruited from the local area.
They had been interviewed to ascertain that therewasnohistory of psy-
chiatric illness infirst degree relatives andwere screened using the SCID
Non-Patient Edition to exclude individuals with Axis I disorders. All
study participants had no evidence of major medical illness or alcohol/
drug abuse, were not pregnant, had no history of neurological disorders
or head injury, and were right-handed. The study was approved by the
research ethics committee of West China Hospital and all participants
provided written informed consent before study participation.

2.2. MRI scans

Participants were scanned with a 3 T MRI scanner (GE SIGNA EX-
CITE) at both baseline and 6-week follow-up. DTI data were acquired
using a single-shot spin-echo echo planar image (SE-EPI) sequence:
repetition time/echo time (TR/TE) = 10,000/70.8 ms, matrix = 256
× 256, field of view (FOV) = 24 × 24 cm2, 42 axial slices, slice
thickness = 3 mm, no gap. This sequence led to fifteen diffusion
weighted images (b = 1000 s/mm2) and one image without diffusion
gradients (b0). Foam cushions were used to reduce head movement.

2.3. Diffusion MRI data preprocessing

DTI data were preprocessed using the FDT toolbox of FSL (Smith
et al. 2004) (http://www.fmrib.ox.ac.uk/fsl). Preprocessing procedures
included the following steps: 1) motion and eddy current correction
using eddy_correct; 2) skull removal with bet; and 3) tensor model
estimation using dtifit to generate three eigenvalue maps (λi, i = 1, 2,
3) of the diffusion model and to calculate the fractional anisotropy
(FA), radial diffusivity (RD) and axial diffusivity (AD) maps.

2.4. TBSS analysis

The well-established TBSS method was applied to test for brain mi-
crostructural changes at baseline and after antipsychotic treatment
(Smith et al. 2006). FA maps were fed into TBSS pipelines for a series
of processing steps including: 1) erosion of maps and zeroing the end
slices to remove outliers; 2) registration of FAmaps to the FMRIB58_FA
template using FNIRT; 3) projection of FA values to theWM fiber skele-
ton from FSL; and 4) voxel-wise analysis on the skeletonised data using
permutation-based non-parametric testing (randomized 5000 times).
Permutation used a Student's t-test at baseline and a paired t-test to
test for changes after treatment. Both procedures were implemented
using FSL Glm. Threshold-free cluster enhancement (TFCE) was applied
to increase sensitivity and identify changes over time inWMmeasures.
Analysis was corrected for multiple comparisons using FWE in compar-
isons with data distribution from permutations. The significant P-value
with the FWE cluster corrected thresholdwas set at P b 0.05with a clus-
ter size N50 voxels.

Clusters of voxels with significant group differences were localized
to anatomical structures using the Johns Hopkins University Interna-
tional Consortium for Brain Mapping (JHU ICBM-DTI-81) WM labels
atlas. Mean FA, RD and AD values of voxels within each cluster mask
were calculated for each participant.

2.5. Statistical analysis

In addition to testing for change after treatment in the patient group,
we conducted a repeated measures ANOVA to test for differential
change over time in patients and controls, with age and gender as covar-
iates. For clusters with significant change in the patient group over
treatment, Pearson correlations between demographic/clinical vari-
ables (dosage of antipsychotic medications in CPZ equivalents, reduc-
tion in clinical symptom scores) and FAs of the resultant clusters from
TBSS analysis were computed. The statistical results were corrected
using false discovery rate (FDR) (Genovese et al. 2002).

3. Results

3.1. Demographic and clinical characteristics

The demographic and clinical characteristics of participants are
shown in Table 1. There were no significant differences in age, years of
education or gender ratio between patients and healthy controls. Pa-
tients exhibited reduced PANSS scores after treatment, with reduced
positive symptoms (P b 0.001), negative symptoms (P = 0.001) and
general psychopathological symptoms (P b 0.001), and improved global
assessment of functioning (GAF) scores (P b 0.001).

3.2. WM microstructural integrity at baseline in schizophrenia

At the baseline imaging study, no FA abnormalities were found in
first-episode schizophrenia patients compared to healthy controls.
There were no RD or AD abnormalities found in patients either.

3.3. FA reduction after acute antipsychotic treatment in schizophrenia

After six weeks of antipsychotic treatment, widespread FA reduc-
tions were found in patients relative to their pretreatment scans.
These effects were observed in nineteen clusters, including bilateral
posterior corona radiata (left, 5 clusters; right, 1 cluster), anterior co-
rona radiata, superior corona radiata (left, 1 cluster; right, 4 clusters),
posterior thalamic radiation (including the optic radiation), the left
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Table 1
Demographic and clinical information of participants.

–Items Healthy controls (n = 19) Patients (n = 35) t/χ2 P value

Baseline Follow-up

Age (years) 21.05 ± 5.10 23.83 ± 6.96 1.526 0.133
Education (years) 12.89 ± 2.64 12.46 ± 3.08 0.523 0.603
Gender (female/male) 7:12 19:16 1.501 0.221
Duration of untreated psychosis (months) 7.47 ± 9.88
PANSS score

Positive symptoms 27.49 ± 6.21 14.29 ± 4.22 11.182 b0.001
Negative symptoms 18.51 ± 6.55 16.37 ± 6.41 3.515 0.001
General psychopathological symptoms 49.31 ± 8.57 34.23 ± 9.31 10.854 b0.001

GAF score 27.97 ± 8.39 51.86 ± 17.17 7.979 b0.001
Dosage of antipsychotics (mg/d)a _ 408.98 ± 150.67

Abbreviations: PANSS, Positive and Negative Symptom Scale; GAF, Global Assessment of Functioning; s.d., standard deviation. Values are presented in mean ± s.d. format.
a Daily dosage of antipsychotic medications in chlorpromazine equivalent.
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posterior limb of the internal capsule, right posterior corona radiata em-
anating from precuneus (2 clusters), and body of the corpus callosum
(Fig. 1). Detailed information regarding these clusters of WM showing
change after treatment, including MNI coordinates, cluster sizes, effect
sizes, and percentage of FA change, is presented in Table 2.

FA values of the nineteen clusters were on average reduced by 4.38
± 1.60% over the six-week treatment period. As seen in Fig. 2, the FA re-
duction was almost universal across subjects, and only one out of 35
subjects had an FA increase at the post-treatment scan.

No significant FA changes at follow-up were found using the same
procedure in healthy controls. A repeated measures multivariate
ANOVA with FAs of these resultant clusters showed significantly
greater change in patients than controls over follow-up (F = 3.073,
P = 0.002). Post-hoc repeated measures ANOVAs with FA from each
individual cluster indicated that 14 out 19 resultant clusters identified
in the pre-post treatment comparison of patients had significant
group-by-time interaction effects, indicating changes in patients that
were significantly greater than controls over the follow-up period
(Table S2).
Fig. 1.Widespread FA reduction in schizophrenia patients after acute antipsychotic treatment. R
MNI152 template. Skeletons of major fiber tracts are highlighted in green and overlaid onto th
3.4. AD reduction

Among regions with significant FA reduction, significant AD reduc-
tion was found for two clusters in the left posterior corona radiata (t
=3.205, corrected P=0.014; t=3.775, corrected P=0.006), one clus-
ter in right posterior thalamic radiation including the optic radiation (t
= 3.621, corrected P = 0.006), one cluster in right posterior corona
radiata (t = 3.932, corrected P = 0.006), and one cluster in right supe-
rior corona radiate (t = 3.094, corrected P= 0.015). No region showed
a significant increase in AD or significant change in RD.
3.5. Association between demographic/clinical factors and FA changes

Fig. 3 depicts the association between demographic/clinical factors
and FA changes. Dosage of antipsychotic medications was positively
correlated with FA changes in two clusters of the right superior corona
radiata (r = 0.462, P = 0.020; r = 0.505, P = 0.010; uncorrected). No
significant correlation was found between FA changes and changes in
egionswith significant FA decrease are highlighted in red/orange. The image in gray is the
e template. Abbreviations: L, left; R, right.



Table 2
Regions showing significant change of DTI parameters in schizophrenia patients after treatment.

Brain regions Cluster size MNI coordinate
(X, Y, Z)

T value Cohen's d FA decrease (%)

Fractional anisotropy
(Baseline N Follow-up)
aPosterior corona radiata L 252 −25, −27, 34 5.16 0.87 5.19

111 −27, −61, 22 4.4 0.74 3.75
103 −20, −60, 34 3.74 0.63 3.74
77 −19, −36, 36 3.85 0.65 3.38
61 −19, -26, 50 3.29 0.56 4.40

Anterior corona radiata L 74 −19, 24, 36 4.73 0.79 4.03
Superior corona radiata L 55 −29, −16, 24 4.02 0.68 2.65
Posterior limb of internal capsule L 76 −21, −8, 14 3.91 0.66 3.42
Posterior thalamic radiation (include optic radiation) L 71 −34, −61, 12 3.97 0.67 2.87
aPosterior thalamic radiation (include optic radiation) R 154 25, −79, 7 4.02 0.68 3.75
Anterior corona radiata R 96 21, 25, 34 3.81 0.64 4.53
aPosterior corona radiata R 75 25, −30, 33 3.85 0.65 3.79
aSuperior corona radiata R 244 26, −11, 33 5.3 0.89 4.63

98 25, −23, 31 3.38 0.57 3.20
88 27, 1, 43 3.98 0.67 5.93
65 16, 4, 34 3.05 0.52 3.47

Posterior corona radiata extending to precuneus R 73 7, −60, 21 3.74 0.63 7.37
75 13, −74, 41 3.64 0.62 9.17

Body of corpus callosum 96 16, 12, 31 4.35 0.74 3.95

a Regions showing significant difference in AD over the follow-up (P b 0.05, FDR corrected).
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ratings of psychiatric symptom severity, years of education, or duration
of illness.

4. Discussion

The present study observedwidespread FA reductions inwhitemat-
ter in previously untreated first-episode schizophrenia patients after
6 weeks of antipsychotic treatment. No significant brain microstructure
changes were detected before treatment. The FA reductions in the right
superior corona radiata were correlated with the dosage of antipsy-
chotic medications. Since reductions in WM integrity occurred after
acute treatment during which marked clinical recovery was observed
in patients who had been typically experiencing psychotic symptoms
for several months prior to treatment, the possibility of dramatic illness
Fig. 2.Average FA changes across nineteen regionswith significant FAdecrease over 6weeks in e
axis-y stands for changes of FA over the treatment. The FA changes were averaged across the n
progression effects causing our 6-week follow-up study seems unlikely.
Rather, in the context of occurring during clinical recovery, the findings
may most likely represent the effects of acute antipsychotic treatment
on WM brain microstructural integrity in schizophrenia patients.

There was an apparently anti-intuitive dissociation of adverse WM
changes in the context of clinical improvement in psychological func-
tioning. However, in medicine, there are many instances in which im-
proving target symptoms but causing adverse effects, such as
hormone and nonsteroidal anti-inflammatory drugs (Ho et al. 2011).
Most antipsychotics have an increased risk of causing weight gain and
disturbances in glucose and lipid metabolism (Miyamoto et al. 2012).
It is possible that, although antipsychotics relieve psychosis and its at-
tendant suffering, they cannot arrest or reverse an injurious process oc-
curring in the brain of patients related to schizophrenia biology, or that
ach individual patient. Axis-x stands for the index of individual schizophrenia patients and
ineteen ROIs in Table 2.



Fig. 3. Positive correlations between antipsychotic dosages and FA decreases in clusters of the right SCR. Abbreviations: SCR, superior corona radiata; CPZ, chlorpromazine. FA decrease=
FAbaseline − FAfollow−up.
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theymay directlyworsen or causeWMpathology (Ho et al. 2011;Wang
et al. 2013). Therewere also other studies showing similar dissociations,
including reduction in frontal connectivity (Lui et al. 2010), reductions
in dorsolateral prefrontal cortex (DLPFC) activation during task-based
neurocognitive studies (Keedy et al. 2014), reduced performance on a
procedural learning test (Harris et al. 2009), relations of antipsychotic
dosage to poorer performance on neuropsychological tests of prefrontal
function (Sweeney et al. 1991), and studies of working memory using
identical paradigms as used in nonhuman primates to show adverse ef-
fects of short term antipsychotic treatment (Reilly et al. 2007) - the se-
verity of which was predicted by glutamate-related genetic traits
(Bishop et al. 2015). All of these effects were seen in the context of re-
ductions in psychosis severity that is well established benefit of antipsy-
chotic treatment especially in the early course illness.

Considering the significant integrity of WM reduction after treat-
ment, the interpretation is consistent with several prior studies that
have shown similar effects of antipsychotic medications on brain WM.
Initial studies in this area showed that antipsychotic treatment was
linked to reduced WM volume (Girgis et al. 2006; Ho et al. 2011;
Molina et al. 2005). In more recent studies of WMmicrostructure with
DTI, integrity reduction was found after antipsychotic treatment in a
whole-brain voxel-wise manner (Szeszko et al. 2014; Wang et al.
2013). Our study advanced this line of research by integratingfiber skel-
eton priors into the analysis. By projecting FA values of nearby WM tis-
sue onto fiber skeletons rather than smoothing homogenously within a
certain kernel, the applied longitudinal TBSS method alleviated partial
volume effects and improved statistical sensitivity. Moreover, our
study with drug-naïve schizophrenia patients excluded the potential
confounding effect of prior antipsychotic exposure.

Our study did not demonstrate abnormalities in the WM of un-
treated patients with first episode schizophrenia in contrast with previ-
ous findings in treated patients with first episode schizophrenia (Lee
et al. 2013; Ruef et al. 2012), and in untreated patients with chronic
schizophrenia (Liu et al. 2013), using the same technique as we did.
The contrasting findings of these studies suggest that in the early stages
of schizophrenia, WM integrity is normal or that pathological changes
are too subtle to be detected with this technique, and that neuropatho-
logical changes inWMmay be a result of antipsychoticmedications or a
progressive and chronic illness, at least in some patients. Several studies
have also reported negative results in first-episode schizophrenia
(Friedman et al. 2008; Kong et al. 2011; Konrad and Winterer 2007;
White et al. 2009), however, using TBSS technique, there is considerable
variability amongWM investigations in untreated first episode patients
(Guo et al. 2012; Alvarado-Alanis et al. 2015). Several likely factors may
contribute to this heterogeneity, such as the heterogeneity of clinical
presentation in schizophrenia, moderator variables across studies (age
of onset, gender, and parental socio-economic status) (Sun et al. 2015;
Wheeler and Voineskos 2014).

We found widespread FA reduction in patients, which differs from
the pattern of specific focal FA reduction reported in previous studies
(Szeszko et al. 2014; Wang et al. 2013). The difference may result
from the more sensitive analysis procedure and limited confounding
factors in our study. Diffuse rather than specific FA reductionmight con-
tribute to various adverse effects of antipsychotic medications on brain,
including dosage related changes in neuropsychological functioning
(Sweeney et al. 1991), perturbation of saccadic eye movements
(Sweeney et al. 1997) and changes in specific cognitive abilities seen
in neurophysiological and fMRI studies (Keedy et al. 2009; Reilly et al.
2006). Moreover, the FA reductions in the right superior corona radiata
were correlated with the dosage of antipsychotic medications. Superior
corona radiata locates in frontal and parietal lobes. It is possible that
those brain regions are more sensitive to antipsychotics, which have
been reported in previous studies (Dorph-Petersen et al. 2005; Miller
et al. 2001; Molina et al. 2005; Moncrieff and Leo 2010).

How antipsychotic drugs might affect WMmicrostructural integrity
remains unclear. Second-generation antipsychotics are believed to in-
crease serum cholesterol and disrupt lipid metabolism, elevating risks
of cardiometabolic disease (Bushe and Paton 2005; De Hert et al.
2011; Hoffmann et al. 2010). Increased serum lipid levels including
high low-density lipoprotein (LDL) has been associated with lower
WM integrity in healthy individuals (Williams et al. 2013). Similarly,
for first-episode psychosis patients, FA reductions have been associated
with increased LDL after 12-week of antipsychotic treatment (Szeszko
et al. 2014). Whether and how increased serum cholesterol and other
drug effects may relate to decreased WM microstructure integrity are
questions for further study.

Our longitudinal analysis revealed decreased FA in WM structures,
accompanied with decreased AD value rather than increased RD. This
suggests that the decreased microstructure integrity may be primarily
a result of axonal degeneration (Song et al. 2003). However, previous
study found FA reductions with AD decreases and RD increases follow-
ing 12weeks of antipsychotic treatment, which supports the possibility
that axonal and myelin-related properties of the white matter may be
altered simultaneously (Szeszko et al. 2014). In pathological conditions
of the nervous system, axonal damage, myelin loss, and reactive pro-
cesses tend to occur in unison (Dwork et al. 2007). Considering longer
medication exposure of Szeszko et al. study than that of our study, we
deduced that myelin loss may be subtle at early phase of antipsychotic
treatment, and obvious gradually. A decreased number of glial cells in-
cluding oligodendrocytes which form the myelin sheath after chronic
antipsychotic treatment has been reported in an animal study
(Konopaske et al. 2008). Parallel animal studies are necessary to confirm
this hypothesis and better determine the time course of antipsychotics
effects on WM.

Several issues should be considered when interpreting our results.
First, disease progression might still contribute to changes in WM mi-
crostructure integrity, although the time interval over the follow-up
was short and the illness effects were not significant at the baseline. In
addition, other potential effects associated with white matter alter-
ations over time include smoking (Gons et al. 2011), body mass index
(Verstynen et al. 2012), and extracellular water alterations in WM
(Oestreich et al. 2017; Pasternak et al. 2012). Second, the sample size
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of the study is not large, and replication in a larger sample is needed to
confirm studyfindings and to establishwhether these effects are seen in
a subgroup of patients or are more universally observed. Third, exten-
sive studies of cognition, measurements of serum lipid metabolism
and other clinical features are not available for this patient sample.
Forth, dosage of antipsychotic medications was not significantly corre-
lated with FA reduction in right superior corona radiata after FDR cor-
rection. Finally, the limited gradient directions in the present study
kept us from using sophisticated diffusion models.
5. Conclusions

The present study suggests that at the early phase of schizophrenia,
short-term antipsychotic treatment may lead to widespread reduction
inWMmicrostructure integrity, and therefore adds to the development
of psychoradiology (https://radiopaedia.org/articles/psychoradiology)
(Kressel 2017; Lui et al. 2016; Port 2018; Sun et al. 2018). Studies on
the underlyingmechanism and effects of long-term antipsychotic treat-
ment on brain microstructure are warranted in the future.
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