www.nature.com/npp

ARTICLE

Neuropsychopharmacology

®

Check for

A longitudinal neurite and free water imaging study in patients
with a schizophrenia spectrum disorder

Nina Vanessa Kraguljac1, Thomas Anthonyz, William Stonewall Monroe?, Frank Michael Skidmore?, Charity Johanna Morgan",

David Matthew White

! Neel Patel' and Adrienne Carol Lahti’

Diffusion tensor imaging (DTI) studies show widespread white matter abnormalities in schizophrenia, but it is difficult to directly
relate these parameters to biological processes. Neurite orientation dispersion and density imaging (NODDI) is geared toward
biophysical characterization of white matter microstructure, but only few studies have leveraged this technique to study white
matter alterations. We recruited 42 schizophrenia patients (30 antipsychotic-naive and 12 currently untreated) and 42 matched
controls in this prospective study. We assessed the orientation dispersion index (ODI) and extracellular free water (FW) using single-
shell DTl data before and after a 6-week trial of risperidone. Longitudinal data were available for 27 patients. Voxelwise analyses
showed significantly increased ODI in the posterior limb of the internal capsule in unmedicated patients (242 voxels; x = —24; y = 6;
z=6; p<0.01; a<0.04), but no alterations in FW. Whole brain measures did not reveal alterations in ODI but a 6.3% trend-level
increase in FW in unmedicated SZ (t = —1.873; p = 0.07). Baseline ODI was negatively correlated with subsequent response to
antipsychotic treatment (r= —0.38; p = 0.049). Here, we demonstrated altered fiber complexity in medication-naive and
unmedicated patients with a schizophrenia spectrum illness. Lesser whole brain fiber uniformity was predictive of poor response to
treatment, suggesting this measure may be a clinically relevant biomarker. Interestingly, we found no significant changes in NODDI
indices after short-term treatment with risperidone. Our data show that biophysical diffusion models have promise for the in vivo

evaluation of brain microstructure in this devastating neuropsychiatric syndrome.
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INTRODUCTION

Diffusion tensor imaging (DTI) studies, which allow the in vivo
examination of white matter integrity, show widespread abnorm-
alities in schizophrenia [1]. Importantly, these alterations are
associated with disease severity across symptom dimensions [2-5],
poor response to antipsychotic treatment [6], and worse overall
clinical outcomes [7, 8]. Findings are often interpreted as evidence of
demyelination, decreased oligodendrocyte density, axonal damage,
inflammation, or atrophy [9-11], but because conventional diffusion
indices are nonspecific, it is difficult to directly relate parameters to
biological or pathological processes.

Using the same or slightly varied scan sequences as traditional
DTI, advanced diffusion imaging analytics are geared toward
biophysical characterization of white matter microstructure. One
promising technique is neurite orientation dispersion and density
imaging (NODDI), which delineates signal contributions from
three tissue compartments [12], where the intraneurite compart-
ment embodies axons and dendrites, the extraneurite compart-
ment represents cell bodies and glial cells, and the nontissue
compartment equals cerebrospinal fluid. From this model, neurite
orientation dispersion and extracellular free water, which are
potentially functionally relevant morphological features of neural
tissue, can be derived. While this model typically requires
multishell diffusion data, Edwards et al. [13] have recently

demonstrated in a healthy control population that the orientation
dispersion index (ODI) and extracellular free water (FW) can also
be computed with single-shell data.

To aid in interpretation of measures, efforts for histological
validation of NODDI have recently been published [14-17]. For
example, a study in multiple sclerosis provided unequivocal
evidence that the ODI, which assesses the variability of neurite
orientation, matches its histological counterpart [15]. Unfortu-
nately, it is not feasible to histologically confirm FW as a proxy of
inflammation, as it is an active physiological process that is absent
in fixed samples (personal communication with Dr. Gary Zhang).
However, because neuroinflammation increases the volume of
water in the extracellular space [18] it stands to reason that this
would be reflected by a corresponding increase of FW. Lending
empirical support to this premise, a longitudinal study in a
transgenic Alzheimer model found that the evolution of FW
changes corresponds to the inflammatory burden in TgF344-AD
rats [19]. Taken together, NODDI imaging could potentially
provide novel insights in the pathophysiological processes that
underlie white matter abnormalities in neurological and psychia-
tric disorders.

However, only few studies have assessed these more specific
indices in schizophrenia, reporting decreased neurite density in
medicated first-episode patients [20], and increased extracellular
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free water in minimally treated first-episode patients [21] and to a
lesser extent also in medicated chronic schizophrenia patients
[22]. Results are suggestive of altered neurite morphology and
neuroinflammation as pathophysiological processes in the iliness,
but because all studies enrolled medicated patients, it is not clear
to which extent these deviations can be attributed to antipsycho-
tic medication effects as opposed to intrinsic illness characteristics.
In cross-sectional studies, advanced diffusion indices were not
correlated with antipsychotic doses [20] or medication status [21],
suggesting that dopamine D2 receptor blockers may not affect
these markers. However, this has never directly been tested in a
longitudinal design, which is especially important as longitudinal
studies have shown that traditional diffusion tensor imaging
markers may be sensitive to antipsychotic medication exposure
[6, 23].

The goal of this study was to apply NODDI to investigate white
matter ODI and FW in unmedicated patients with a schizophrenia
spectrum illness (SZ) and to assess the effects of 6 weeks
treatment with risperidone on these measures. We hypothesized
that ODI and FW would be altered in unmedicated SZ compared
to matched healthy controls (HC), but that short-term treatment
with antipsychotic medications would not affect measurements. In
an exploratory fashion, we also investigated the relationships
between these indices and symptom severity as well as
antipsychotic treatment response. Because a recent study
reported that greater FW predicted better neurocognitive function
in first-episode psychosis patients, we also explored the relation-
ship between NODDI indices and cognition [21].

MATERIALS AND METHODS

We recruited SZ from the outpatient, inpatient, and emergency
services at the University of Alabama at Birmingham (UAB). HC
matched on age, sex, and parental occupation were recruited by
advertisements. Written informed consent was obtained prior to
enrollment after subjects were deemed to have capacity to
provide consent [24] in this UAB Institutional Review Board
approved study.

Diagnoses were established through consensus of two board
certified psychiatrists (ACL and NVK) taking diagnostic interview
for genetic studies and medical records into consideration as
available. The brief psychiatric rating scale (BPRS) and repeatable
battery for the assessment of neuropsychological status were used
to assess symptom severity and cognition respectively. Subjects
were excluded if they had major neurological or medical
conditions, history of head trauma with loss of consciousness,
substance use disorders (excluding nicotine) within 6 months of
imaging, were prescribed medications known to affect brain
function, were pregnant or breastfeeding, or had MRI contra-
indications. Controls with a personal or family history in a first-
degree relative of a psychotic disorder were excluded.

We enrolled 42 SZ who were antipsychotic-naive or off
antipsychotic medications for at least 2 weeks (determined by
self report) in a 6-week trial of risperidone using a flexible dosing
regimen. Medications were prescribed by ACL and NVK. Risper-
idone was started at 1-3 mg and titrated in 1-2 mg increments,
dosing was based on therapeutic and side effects. Use of adjuvant
medications was permitted as indicated. Compliance was
monitored with pill counts at each visit. Scans were acquired
prior to treatment and after 6 weeks of treatment, nine SZ
dropped out before study completion.

We also enrolled 42 HC, 38 of those were scanned twice, on
average 51.5 + 19.8 days apart.

Data acquisition

Imaging was done on a 3T head-only scanner (Siemens
Magnetom Allegra) using a circularly polarized transmit/receive
head coil. A T1-weighted scan was acquired for anatomical
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reference (MPRAGE, TR/TE/TI = 2300/3.93/1100 ms, 1 mm isotropic
voxels). Two diffusion-weighted runs were acquired [30 directions,
b=1000s/mm? TR/TE=9200/96 ms, field of view =246x
246 mm, matrix =112 X 112, 60 slices, interleaved acquisition, 2.2
mm isotropic voxel size]. Runs were concatenated to increase the
signal-to-noise ratio (for three SZ datasets only one run was
acquired). Five images with no diffusion gradients (b0; b = 0 s/mm?)
were also acquired.

Data processing

The data processing pipeline is illustrated in Fig. 1. Preprocessing
was performed in TORTOISE (version 2.5.2) [25], as previously
described [26]. Briefly, this included correction for artifacts due to
bulk motion, eddy currents and susceptibility artifact, resampling
of diffusion images to 1.5 mm isotropic voxels, and rotation of
gradient tables. Five datasets were processed without the
anatomical reference image, because the reference image was
not available or of poor quality resulting in miss-registration. For
calculation of ODI and FW maps, we used the NODDI toolbox
(version 1.0) [12]. To spatially normalize images to the lllinois
Institute of Technology atlas (lIT2) space, we implemented an
optimized nonlinear image registration procedure using a
modified version of 3dQwarp in AFNI [27].

Data quality control

We assessed bulk motion and excluded datasets with an average
root mean square of absolute displacement (RMS,,s) of greater
than half the voxel edge length (1.1 mm) or root mean square of
relative displacement (RMS,e) of >0.05 mm per run from further
analyses [28]. One SZ baseline and one SZ week six datasets were
rejected based on these criteria.

We visually inspected both raw data and NODDI maps for
artifacts and anomalies in diffusion parameters. Based on this, ten
datasets were excluded from further analysis (one HC and three SZ
baseline as well as two HC and four SZ week 6 scans).

Final analyses included good quality datasets from 41 HC and 38
SZ at baseline, and 36 HC and 28 SZ at week 6. A total of 36 HC and
27 SZ had good quality datasets for both baseline and week 6 scans.

Statistics

To examine whole brain voxelwise group differences and changes
with antipsychotic treatment in diffusion indices within a T2
based white matter mask we used AFNI’s 3dt test+-+; a priori
defined co-variates included age and gender. Because baseline
head motion differed between groups (RMS,,s baseline: HC 0.56 +
0.10mm; SZ 0.62 +0.14 mm; t = —2.18; p = 0.03; RMS,,s week 6:
HC 0.56 +0.10 mm; SZ 0.62 +0.16 mm; t = —1.83; p = 0.09; RMS,,
baseline: HC 0.14 + 0.002 mm; SZ 0.17 £ 0.005 mm; t = —3.24; p =
0.002; RMS,¢; week 6: HC 0.15+0.03 mm; SZ 0.16 £ 0.05 mm; t =
—1.33; p=0.19) we included RMS,, as additional covariate in
analyses. Clustsim (10,000 iterations) was run to control for the
false-positive rate (voxelwise p = 0.01; cluster threshold a = 0.05)
[29, 301.

As a post hoc analyses, we extracted whole brain white matter
ODI and FW for each subject at each time-point and compared
baseline group differences using two-sample t tests and changes
over time in SZ using paired-sample t tests. In an exploratory
fashion, we also examined partial correlations between whole
brain white matter diffusion metrics clinical measures in SZ
(treatment response was defined as follows: [BPRS total baseline
— BPRS total week 6]/BPRS total at baseline x 100; consistent with
the definition of treatment response we used in a number of prior
publications [31-33]), controlling for age, sex, and RMS,,.

RESULTS
HC and SZ did not differ in gender, age, or parental socioeconomic
status (Table 1). BPRS scores significantly decreased after 6 weeks
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Fig. 1 Schematic of the diffusion data processing pipeline. In preparation for DTl image registration, T1 images were processed through

FATCAT in AFNI to create a volume with an approximate T2-weighted contrast. This “imitation T2"” image was used solely for providing an
anatomical reference. Artifacts due to bulk motion, eddy currents, and EPI susceptibility-induced geometric distortions were removed using
DIFF_PREP with a single interpolation step. Prior to registration, diffusion weighted, and structural images were upsampled at a factor two and
smoothed with a Perona-Malik filter to compute the transformations which were then applied to original images. Bspline correction was done
using the imitation T2 image. For calculation of orientation dispersion and extracellular free water maps, we used the NODDI toolbox. For
nonlinear image registration, we used a modified version of 3dQwarp in AFNI which implements an iterative refinement, where an input
image is repeatedly processed through an optimizer with a final patch size of 5mm?>. AFNI’s 3dt test++ was implemented for statistical
analyses, using Clustsim for multiple comparison corrections. Abbreviations: DWI diffusion weighted image, NODDI neurite orientation

dispersion and density imaging, FW extracellular free water, ODI orientation dispersion index

of treatment with risperidone (average daily dose at endpoint was
3.73+£1.72mgq).

NODDI abnormalities in unmedicated SZ

Voxelwise analyses comparing unmedicated SZ to HC showed one
area of significant increase in ODI, the posterior limb of the
internal capsule (cluster extent: 242 voxels; talairach coordinates
for the center mass: x = —24; y=6; z=6; p < 0.01; a < 0.04; Fig. 2).
This was consistent with a repeat analysis including only
antipsychotic-naive SZ and matched HC also showing an increase
in ODI in the posterior limb of the internal capsule (cluster extent:
413 voxels; x=—-25; y=6; z=13; p<0.01; a<0.02). Examining
FW using voxelwise analyses, we did not find significant
alterations baseline in SZ compared to HGC; this was also true
when only antipsychotic-naive SZ and their matches were
included in analyses.

Post hoc analyses measuring whole brain white matter diffusion
indices did not reveal alterations in whole brain ODI (df=78; t =
—0.961; p = 0.34), but showed a 6.3% increase in whole brain FW
in unmedicated SZ which was significant at trend level (df=78;
t=—1.873; p=0.07; Fig. 3a).

NODDI changes after 6 weeks of treatment in SZ

We failed to detect a change in ODI or FW in patients after 6 weeks
of treatment with risperidone with voxelwise analyses. Again, the
results were the same when only antipsychotic-naive SZ were
included. We also did not see changes in whole brain measures after
treatment (ODI: df =26; t =0.136; p = 0.89; FW: df =26; t =0.526,
p = 0.60; Fig. 3b).
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Longitudinal NODDI in HC

Voxelwise diffusion indices did not differ between baseline and
week six in HC, even when lowering the statistical threshold to
Puncorrected < 0.001. Coefficients of variation were 2.2% for whole-
brain ODI and 4.9% for whole-brain FW, suggesting that these
measurements are stable across time.

Relationship between NODDI and clinical variables

Exploratory analysis demonstrate a negative correlation between
baseline ODI and treatment response both in the whole sample
(r=-—0.38; p=0.049; Fig. 4), and when only medication-naive
subjects were taken into consideration (r = —0.52; p = 0.027). We
found no significant correlations between ODI in the posterior
limb of the internal capsule and the “motor retardation” or
“mannerisms and posturing” items of the BPRS. No other
relationships between diffusion indices and positive, negative, or
cognitive symptom severity, or duration of untreated psychosis
were seen (all p>0.05).

DISCUSSION

To our knowledge, this is the first prospective, longitudinal study
applying NODDI, a biophysical diffusion model, to characterize
white matter integrity in unmedicated schizophrenia spectrum
disorder patients and to assess the effects of short-term treatment
with risperidone. Our results demonstrate increased ODI in the
posterior limb of the internal capsule and a 6.3% increase in whole
brain FW in unmedicated patients which was significant at trend
level and indicates that abnormalities are not merely a confound

Neuropsychopharmacology (2019) 44:1932-1939



Table 1. Demographics and clinical measures®
SZ(n=42) HC(n=42) t/X* pValue
Gender (% male) 61.9 61.9 0.00 1.0
Age 26.62 (9.00) 27.88 (9.43) 0.63 .53
Parental Occupationb 7.16 (6.13) 5.45 (4.18) 16.28 .30
Smoking (packs per day) 0.38 (0.53) 0.23 (0.43) —1.47 15
Diagnosis
Schizophrenia 34
Schizoaffective Disorder 5
Brief Psychotic Disorder 3
lliness Duration (years)*  15.00 (8.67)
Prior antipsychotic
treatment
Antipsychotic naive 30/ 12
(yes/ no)
Antipsychotic free 17.33 (36.91)
interval (months)©
BPRS?
Total
Baseline 50.26 (9.30)
Week 6° 32.36 (9.60)°
Positive
Baseline 10.93 (3.46)
Week 6° 5.24 (2.55)"
Negative
Baseline 7.19 (3.36)
Week 6° 5.73 (2.41)
RBANS'
Total index 71.82 (14.37) 89.67 (12.73) 5.89 <0.01
Immediate memory 77.42 (16.35) 97.07 (15.33) 5.55 <0.01
Visuospatial 73.24 (16.52) 82.48 (15.41) 259 0.01
Language 85.50 (12.82) 96.64 (14.04) 3.76 <0.01
Attention span 80.39 (19.67) 94.07 (18.45) 3.21 <0.01
Delayed memory 71.79 (20.57) 91.38 (10.13) 532 <0.01

SZ schizophrenia, HC healthy control

#Mean (SD) unless indicated otherwise

PRanks determined from Diagnostic Interview for Genetic Studies
(1-18 scale); higher rank (lower numerical value) corresponds to higher
socioeconomic status

“Only patients who are not antipsychotic naive (n=12), illness duration
since first diagnosis

9Brief psychiatric rating scale (1-7 scale); positive (conceptual disorganiza-
tion, hallucinatory behavior, and unusual thought content); negative
(emotional withdrawal, motor retardation, and blunted affect)

=33

fRepeatable battery for the assessment of neuropsychological status
9%t=11.19; p<0.01

ht = 9.45; p<0.01

it=2.98; p<0.01

of antipsychotic treatment. Interestingly, higher whole-brain ODI
at baseline was associated with poorer response to subsequent
antipsychotic treatment, suggesting that fiber orientation is a
clinically relevant microstructural white matter feature.

Here, we found increased ODI in the posterior limb of the
internal capsule in patients. In transparent mouse brains ODI has
been shown to be higher in areas of fiber crossing compared to
areas of parallel fibers [16] and microscopic mapping in
postmortem human brains demonstrated that ODI is largely
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Fig.2 Results of voxelwise statistics. a. Orientation dispersion in the
posterior limb of the internal capsule in unmediated patients with
schizophrenia is increased compared to healthy controls. Numbers
adjacent to slices indicate x and y coordinates in Talairach
convention. b Zoomed image of area of increased orientation
dispersion in patients and surrounding white matter structures.
Color bar indicates z scores. c lllustration of an axial section
depicting the fiber architecture of the anterior and posterior limb of
the internal capsule. Abbreviations: ALIC anterior limb of the internal
capsule, CC corpus callosum, EC external capsule, PLIC posterior
limb of the internal capsule

explained by the signal stemming from myelinated axons while
the astrocytic contribution appears negligible [34]. In other words,
a greater ODI seen in our study can be interpreted as lesser fiber
uniformity in this area. This was previously reported in medicated
first-episode and chronic schizophrenia patients using a different
diffusion based assessment, constrained spherical deconvolution
[35]. Decreased local coherence of fiber orientation has also been
detected in the corpus callosum, cingulum, internal capsule, and
fornix in chronic schizophrenia [36]. While the only other study
using ODI to quantify white matter fiber complexity in schizo-
phrenia spectrum disorders found no abnormalities in medicated
first-episode patients compared to controls, they did observe
that worse fiber organization with greater age in the corpus
callosum in patients [20], suggesting this might be a progressive
abnormality.

A number of studies have identified abnormalities in the size,
symmetry, and diffusivity of the internal capsule in schizophrenia
[37-40]. In parallel, motor behavior abnormalities have been
reported in the illness [41], which have been linked to structural
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Fig. 3 Whole-brain orientation dispersion and extracellular free water. a Whole-brain NODDI measures in unmedicated patients with
schizophrenia and healthy controls. Orientation dispersion does not differ between groups, extracellular free water is increased by 6.3% in
patients compared to controls which is significant at trend-level (p = 0.07). Error bars depict the 95% confidence interval. b Time course of
NODDI measures. No change in whole brain orientation dispersion or extracellular free water was observed in patients with schizophrenia or
in healthy controls. Error bars indicate 95% confidence intervals. Abbreviations: FW extracellular free water, ODI orientation dispersion index
(ODl is a value between zero and one that describes the spatial configuration of the neurite structures, with high values of ODI corresponding
to highly dispersed neurites and small values corresponding to highly aligned axons), HC healthy control, SZ patient with schizophrenia
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Fig. 4 Whole-brain orientation dispersion in unmedicated patients
with schizophrenia predicts subsequent response to risperidone
(r=—0.38; p=0.049). Abbreviations: BPRS brief psychiatric rating
scale, ODI orientation dispersion index

and connectivity abnormalities between the basal ganglia,
thalamus, and motor cortex implicating the internal capsule in
motor pathology [42-44]. To our knowledge, the first to report
evidence of lesser uniformity of fibers in this region were
Buchsbaum et al. [45] who used path length as a proxy for fiber

SPRINGERNATURE

organization. Investigations commonly focus on the anterior limb,
which contains the anterior thalamic radiation, a fiber tract that
connects the thalamus and prefrontal cortex and has been linked
to thalamo-cortical dysconnectivity in the iliness [46]. Nonetheless,
some studies also implicate the posterior limb, which contains
corticospinal, cortico-bulbar, and cortico-cerebellar fibers and the
superior thalamic radiation in the schizophrenia pathology.
Posterior limb white matter integrity reductions, measured as
fractional anisotropy, were previously reported in a small group of
patients with early-stage schizophrenia [47]. Further underscoring
the role of this region in the illness, a machine learning based
pattern recognition study discovered that fractional anisotropy of
the corticospinal tract was one of the most prominent discrimi-
nant features separating HC from first-episode schizophrenia
patients [48]. Interestingly, the posterior limb of the internal
capsule was one of the few white matter regions where no
fractional anisotropy abnormalities were detected in chronic
schizophrenia patients in a large individual data meta-analysis in
conducted by the ENIGMA DTl working group [1]. It is possible
that ODI and fractional anisotropy capture distinct aspects of
microstructural pathology. Alternatively, because delayed matura-
tion of the corticospinal tract resulting in diffusion abnormalities
in first-episode psychosis becomes less prominent as the illness
progresses [49], differences in disease stages could explain
discrepancies in findings.

At baseline, greater whole brain ODI, indicative of lesser fiber
uniformity, was predictive of poorer response to subsequent
antipsychotic treatment, both in the entire group and in the
subset of patients who were antipsychotic-naive at the time of
enrollment. This is consistent with a recent report by Reis-Marques
et al. [6] who found widespread fractional anisotropy decreases in
first-episode patients with a subsequent poor response to
antipsychotic treatment compared to those with a good response.
Similarly, first-episode psychosis patients who had greater white

Neuropsychopharmacology (2019) 44:1932-1939



matter integrity deficits in the superior longitudinal fasciculus and
uncinate fasciculus would more likely be classified as poor
treatment responders 6 months later [7]. On a connectome level,
baseline global white matter network organization showed
greater alterations in first-episode psychosis patients who subse-
quently showed poor antipsychotic treatment response compared
to those with good response [50]. Like us, they found no regionally
specific white matter changes predicting treatment response, but
whole brain white matter organization did have predictive value.
In sum, evidence supports that white matter signatures could be
leveraged as clinically relevant biomarkers, where more intact
white matter is predictive favorable response to antipsychotic
treatment.

Examining FW in unmedicated patients, we did not find
regional alterations in voxelwise analyses, but a 6.3% increase in
whole-brain FW in unmedicated patients compared to controls
that was significant at trend level. Only a few prior studies have
investigated FW in schizophrenia spectrum patients. One
reported a global FW increase in minimally treated first-
episode patients [21], while others reported elevated FW in a
limited number of brain regions in medicated chronic patients
[22, 51]. Even though all interpreted their findings as evidence of
neuroinflammation, the literature points towards a complex
process that may differ across illness stages. For example,
several positron emission tomography studies using TSPO as
tracer examined evidence of neuroinflammation in psychosis
spectrum patients. They found activation of microglia in gray
matter in medicated recent onset schizophrenia patients [52]
and in the hippocampus in acutely psychotic patients [53].
However, others did not find alterations in glial markers in
medicated chronic patients [54, 55]. These variable findings
across studies could be interpreted as evidence of a dynamic
imbalance of inflammatory pathways that may be most
prominent in the early stages of the illness and/or during acute
psychotic episodes.

It is notable that that the magnitude of FW excess in patients
we detected is smaller than that of a prior study that found whole-
brain white matter FW values where approximately 11% higher in
patients compared to controls [56]. Because prior studies
reconstructed FW maps with a two compartment model
optimized specifically for FW detection [57] as opposed to NODDI
which assesses microstructural tissue properties based on a three
compartment model, it is possible that they have had greater
precision for detection pathological FW increases.

Our findings further extend the existing literature by demon-
strating, for the first time in a prospective design, that
antipsychotic treatment with risperidone did not affect ODI or
FW, both at the voxel and at the whole-brain level. This is
consistent with cross-sectional studies reporting that biophysical
diffusion indices are not correlated with antipsychotic doses [20]
or medication status [21], suggesting that dopamine D2 receptor
blockers may not affect these markers. However, we acknowledge
that it is possible that the chosen timeframe was too short to
observe antipsychotic treatment related changes in ODI or FW.
The time to clinical response to antipsychotic treatment in first-
episode psychosis has been shown to be up to 16 weeks [58]; it
thus is conceivable that changes in NODDI parameters may
become evident only after longer treatment timeframes. Prospec-
tive studies following first-episode psychosis patients over the
course of months or years are warranted to map the evolution of
antipsychotic medication effects on white matter microstructure
and will be pivotal in resting the debate as to antipsychotic
medications being neuroprotective, detrimental, or merely a
confound in the assessment of progressive brain changes in the
iliness.

Several strengths and limitations need to be considered in the
interpretation of our data. We enrolled unmedicated SZ, the
majority of which had no prior antipsychotic medication exposure,
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used a single-antipsychotic medication, and carefully matched
groups on demographic characteristics to minimize variance in
the data. We excluded subjects with major neurological or medical
conditions, but did not record nonpsychotropic medications
prescribed at the time of enrollment. It is, therefore, possible that
some patients were prescribed medications that could affect brain
microstructure. We obtained single-shell diffusion data to
characterize ODI and FW with NODDI, a technique that typically
uses multi-shell diffusion data. It has recently been demonstrated
in healthy volunteers that ODI and FW can also be estimated with
single-shell data [13], however, to our knowledge, this type of
validation study has not been performed in pathological white
matter. Replication attempts with diffusion imaging sequences
optimized for NODDI will be important. In addition, multishell
imaging will also allow quantification of neurite density, which is
not reliably quantifiable with single-shell data. To ameliorate
susceptibility-induced artifacts, we used an anatomical reference
image for co-registration. Five of the datasets were processed
without the reference image, as described in the method section.
It is, therefore, possible that we lost information in regions of
signal compression in these datasets.

In conclusion, we demonstrated altered fiber complexity in
medication-naive and unmedicated patients with SZ. Lesser
uniformity of fibers at the whole-brain level was predictive of
subsequent poor response to antipsychotic treatment, suggesting
this measure to be a clinically relevant biomarker. Interestingly, we
found no significant changes in NODDI diffusion indices after
short-term treatment with risperidone. Our data support that
biophysical diffusion models have promise for the in vivo
evaluation of brain microstructure in this devastating neuropsy-
chiatric syndrome.
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