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ABSTRACT

Background: White matter alterations observed using diffusion weighted imaging have become a hallmark
of chronic schizophrenia, but it is unclear when these changes arise over the course of the disease. Nearly
all studies thus far have been cross-sectional, so despite their large sample sizes, they cannot determine
if changes accumulate as a degenerative process, or if patients with pre-existing white matter damage
are predisposed to more chronic forms of schizophrenia.

Methods: We examined 160 scans comprising two years of annual follow-up data from n=42 controls and
n=28 schizophrenia patients recruited in the first two years since their diagnosis, totalling two to three
scans per subject. We additionally examined six-month follow-up data obtained from an ultra-high field
(7 Tesla) scanner (n=68 scans; n=19 first-episode schizophrenia patients; n=15 controls) as a validation
dataset. A longitudinal model was used to compare the trajectory of diffusion tenor parameters between
patients and controls. Positive and negative symptom scores were correlated with diffusion parameters
using ROI- and clustering-based approaches.

Results: We failed to observe any longitudinal differences in any diffusion tensor imaging parameters
between patients and controls in either dataset. We did, however, observe consistent associations between
white matter alterations and negative symptoms in both datasets.

Conclusions: White matter does not appear susceptible to schizophrenia-linked degeneration in the early
stages of disease, but pre-existing pathology may be linked to disease severity.


https://doi.org/10.1101/2024.08.29.610312
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.29.610312; this version posted August 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

2 1 INTRODUCTION

1 Introduction

Studies of chronic patients using diffusion tensor imaging (DTI) have robustly demonstrated a reduction of
fractional anisotropy (FA) across the white matter, potentially reflecting increased axonal disorganization
or reduced fibre integrity. However, these findings are much more limited in patients with early psychosis.
Our own recent investigation failed to find any substantial differences between patients and controls in
two separate datasets (1). Other studies have found differences only with limited effect size (2-14). The
neurodegenerative hypothesis of white matter in schizophrenia argues that patients experience progressive
deterioration of white matter over the disease course. It is possible that despite the lack of substantial

white matter integrity at the outset, DT| metrics may begin to change after the disease onset.

Previous reports have argued in favour of this white matter neurodegeneration hypothesis, citing data
showing increasingly disrupted DTl metrics in more chronic patients (15). Nearly all of these studies,
however, have been cross-sectional, and though they all report “declining” FA in chronic patients (16-18),
they cannot disambiguate individual changes over time from cohort effects. In other words, rather than
degenerating over time, patients with pre-existing lower FA may be selectively progressing to chronic

forms of schizophrenia. Cross-sectional data are inadequate to test this alternative explanation.

Unfortunately, high quality longitudinal studies with diffusion imaging, including both patients and con-
trols, followed for multiple years, are rare. Regarding chronic patients, Tronchin et al. (19) have reported
higher decline in FA in patients after six months around the genu of the corpus callosum, whereas Domen
et al. (20) failed to find any group by time differences in a three-year follow-up study of 55 patients,
although they did note both relative increases and decreases of FA in patients compared to healthy con-
trols (HCs) in a few ROls. In first episode psychosis (FEP) patients, Berge et al. (21) failed to find an
effect of time in 20 patients after a two-year follow-up; Serpa et al. (10) reached a similar conclusion in a
six-month follow-up of 21 patients. Results from ultra-high-risk patients (without a formal schizophrenia
diagnosis) have been heterogeneous, with two studies finding significant decreases in FA compared to
controls (22,23), one finding a significant increase over six months (24), and three failing to find any
differences (25-27). All other studies reviewed were limited by lack of HC follow-up, a follow-up time of
less than six months, or a lack of angular resolution in the diffusion sequence (less than 10 directions)

precluding reliable inference.

In HCs, FA peaks in most regions by around age thirty, then gradually declines with age (28-31). Previous
authors have suggested this age-related decline starts early in schizophrenia patients (15,32), resulting in
consistently lower FA across their adult life, even though the absolute rate of decline may be similar to
HCs. Thus, the early stages of psychosis are likely the most important for detecting individual effects on

FA trajectory. With only two, relatively small, published studies investigating such patients, we cannot
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definitively say whether this early peak exists. In this report, we address this gap with findings from
the Johns Hopkins Schizophrenia Center (JHSZC) dataset, a two-year follow-up study of early psychosis
patients and HCs with three time points for most participants. We also validate our analysis with six-
month follow-up data from the Tracking Outcomes in Psychosis (TOPSY) dataset previously reported
(1). Given the age of our participants is close to the early-peak period of developmental risk (15), we
expected to find significant FA decline (with mean diffusivity (MD), radial diffusivity (RD), and axial
diffusivity (AD) increases (33)) compared to HCs.

2 Materials and Methods

2.1 Data
2.1.1 JHSZC

This study was approved by the Johns Hopkins Medicine Institutional Review Board. All study participants
provided written informed consent. 101 patients and 96 controls were recruited from within Johns Hopkins
Hospital and the surrounding region. Inclusion criteria were: 1) between 13 and 35 years old; 2) no history
of traumatic brain injury, cancer, abnormal bleeding, viral infection, neurologic disorder, or intellectual
disability; 3) no drug or alcohol abuse (not including cannabis or synthetic cannabinoid receptor agonists)
in the past three years; 4) no illicit drug use in the past two months. Patients were within 24 months
of the onset of psychotic symptoms as assessed by study team psychiatrists. Subjects diagnosed with
bipolar disorder with psychotic features (n=22), major depressive disorder with psychotic features (n=4),

substance induced psychotic disorder (n=3), and psychosis not otherwise specified (n=3) were excluded.

Follow-up assessments and imaging for both HCs and patients were obtained where possible at one, two,

and three years from baseline.

Data was acquired with 3T MRI (Philips Intera (v3.2.2)) using T1-weighted (T1w) and diffusion magnetic
resonance imaging (dMRI) imaging protocols. T1w data was collected using an MPRAGE sequence at 1
mm isotropic resolution. Two replicate diffusion datasets were acquired per subject per session with an
echo planar imaging (EPI) sequence at 0.74x0.74x2.2 mm resolution. 32 directions were acquired in the

AP direction at b=700, along with 1 b=0 images (details in supplementary methods).

Baseline, but not follow-up, diffusion data from this dataset has been previously reported (34-36).
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4 2 MATERIALS AND METHODS

2.1.2 TOPSY

FEP patients and HCs were recruited from an established cohort enrolled in the Prevention and Early
Intervention Program for Psychoses (PEPP) in London, Ontario. Inclusion criteria for FEP patients
was as follows: individuals experiencing their first psychotic episode, with no more than 14 days of
cumulative lifetime antipsychotic exposure, no major head injuries, no known neurological disorders,
and no concurrent substance use disorder. All participants provided written, informed consent prior to
participation. Patient diagnosis was established using a best estimate procedure (37) and confirmed after
6 months of treatment. Two patients with major depressive disorder and two with bipolar disorder were

excluded from analysis.

Follow-up assessments and imaging for both HCs and patients were obtained where possible at six months,

one year, two years, and three years.

Data was acquired with a head-only, neuro-optimized 7T MRI (Siemens MAGNETOM Plus, Erlangen,
Germany) using T1w and dMRI imaging protocols. T1w data was collected using an MP2RAGE sequence
(38) at 0.75 mm isotropic resolution. Diffusion data was acquired with an EPI sequence at 2mm isotropic
resolution. 64 directions were acquired in both the AP and PA directions at b=1000, along with 2 b=0
images (details in supplementary methods). Gradient nonlinearity correction was applied to all acquisitions

using in-house software.

Baseline, but not follow-up, diffusion data from this dataset has been previously reported (1).

2.2 Preprocessing

Anatomical and diffusion preprocessing for TOPSY data was performed as previously reported (1). Diffu-
sion processing included denoising; susceptibility distortion correction with reverse phase-encoded images;
motion correction; registration to the T1 image; fitting DTI tensors; probabilistic tractography using con-
strained spherical deconvolution; and generation of cortical connectomes using the Brainnetome atlas

(39), weighted using sampled DTI parameters.
JHSZC data were preprocessed as above with the following deviations:

The replicate diffusion acquisitions were concatenated before processing. Because we did not have
a reverse phase-encoding scan, susceptibility distortion correction was performed using an approach
mediated by SynthSR (40) and antsRegistration (41), as described in the supplementary methods. Slice
to volume correction in eddy was used to correct intravolume motion correction. Volumes with severe

artefacts were manually excluded. The DTI tensor was fit in the original acquisition space.
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2.3 Parcellations 5

Full preprocessing details are in the supplementary methods.

2.3 Parcellations

FA maps were non-linearly registered to a common template corresponding to the average space of all

FA images.

FA, MD, AD, and RD values were projected to an FA-derived skeleton, then sampled with a composite
atlas comprising the Johns Hopkins University (JHU) white matter atlas, capturing core white matter
regions, and the Talairach lobe segmentation, capturing peripheral white matter regions. To increase
our sensitivity to local and global changes, the ROIls were organized into a hierarchical system. The
first level was a single ROl covering the entire white matter skeleton. The second split the white
matter into core and peripheral regions. The third included the peripheral lobe ROls derived from the
Talairach segmentation and four groupings of the JHU atlas labelled as projection, association, callosal,
and limbic tracts (see Table 2). The final level included the individual JHU ROls. Multiple comparisons
were corrected separately across each level using the Benjamini-Hochberg false discovery rate (FDR)

procedure (42). This approach was based on previous work by Simmonds et al. (43).

2.4 Analysis

Longitudinal analysis was performed with a linear mixed effects model, implemented in R [v4.3.3; (44)]
using Ime4 [v1.1.35.3; (45)]. Age and sex were regressed as nuisance variables, and random intercepts and
slopes were fit for each subject (only random slopes for TOPSY dataset, which had just two timepoints).

The full model was as follows:

P ~ session + group + session:group + age + sex + (session|subject)

Significance of the random slopes and intercepts was tested using ranova from ImerTest [v3.1.3; (46)].
Degrees of freedom for the main each comparison was estimated using Satterthwaite's method (47) with
Imertest [v3.1.3; (46)]. For FA, a one-way comparison was performed testing for more pronounced FA
reductions in patients than controls. For MD, AD, and RD, a one-way comparison was performed in the

opposite direction.

For clinical score analyses, the sampled ROls, parameter images, and connectomes were averaged across
sessions for each subject. Positive and negative clinical scores were considered. For score and subject, the

intercept and slope were computed by fitting the scores across sessions to a first-order polynomial. For
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6 2 MATERIALS AND METHODS

Table 1: Abbreviations of cortical regions.

Gyrus Abbr  Gyrus Lobe
SFG Superior frontal gyrus Frontal lobe
MFG Middle frontal gyrus Frontal lobe
IFG Inferior frontal gyrus Frontal lobe
OrG  Orbital gyrus Frontal lobe
PrG Precentral gyrus Frontal lobe
PCL Paracentral lobule Frontal lobe
STG Superior temporal gyrus Temporal lobe
MTG Middle temporal gyrus Temporal lobe
ITG Inferior temporal gyrus Temporal lobe
FuG Fusiform gyrus Temporal lobe
PhG Parahippocampal gyrus Temporal lobe
pSTS Posterior superior temporal sulcus ~ Temporal lobe
SPL  Superior parietal lobule Parietal lobe
IPL Inferior parietal lobule Parietal lobe
Pcun Precuneus Parietal lobe
PoG Postcentral gyrus Parietal lobe
INS Insular gyrus Insular lobe
CG Cingulate gyrus Limbic lobe
MVOcC MedioVentral occipital cortex Occipital lobe
LOcC Lateral occipital cortex Occipital lobe
Amyg Amygdala Subcortical nuclei
Hipp Hippocampus Subcortical nuclei
BG Basal ganglia Subcortical nuclei
Tha Thalamus Subcortical nuclei
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2.4 Analysis

Table 2: ROls used in study, with the four subgroupings of the JHU atlas.

Atlas Group Region

Core (JHU) Association External capsule
Inferior fronto-occipital fasciculus
Sagittal stratum
Superior fronto-occipital fasciculus
Superior longitudinal fasciculus
Uncinate fasciculus

Callosal CC Body
CC Genu
CC Splenium
Limbic Cingulate gyrus
Fornix

Fornix (cres)
Hippocampus
Projection  Anterior corona radiata

Cerebral peduncle

Corticospinal tract

IC Anterior Limb

IC Posterior Limb

IC Retrolenticular

Medial lemniscus

Posterior corona radiata

Posterior thalamic radiation

Superior corona radiata
Peripheral Anterior Lobe

Frontal Lobe

Limbic Lobe

Occipital Lobe

Parietal Lobe

Posterior Lobe

Temporal Lobe
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8 3 RESULTS

TOPSY, we additionally split the subjects into two groups according to whether their score was at the
minimum value (=3) at the second session (this was done separately for each score). The minimal-score
group was called the “remission” group. ROI statistics were performed using T-tests, controlling for age
and sex. One-way comparisons were used, testing that lower FA, and higher MD, AD, and RD, correlated
with higher score slope and intercept. For remission, we tested that FA was higher, and MD, AD, and

RD lower, in the recovery group.

Tract-Based Spatial Statistics (TBSS) was performed using the skeletonized images and FSL randomise
(48) with threshold-free cluster enhancement-correction and 10,000 permutations, thresholding at a
corrected p-value of 0.05. Sex and age were regressed as nuisance variables. One-way comparisons were

performed as in the ROls.

Network based statistic (NBS) was performed with extent-based cluster sizes, a T threshold of 3.0, 10,000
iterations, and corrected p-value threshold of 0.05. Sex and age were regressed as nuisance variables

(49). One-way comparisons were performed as in the ROls.

2.5 Code Availability

Except where otherwise indicated, all analyses were performed using Python 3.11. The analyses discussed
above and resulting figures were made possible by openly available python packages (50-65). All code
used is freely available at https://github.com/pvandyken/study-jhp_topsy_longt.git. Links to pipelines

used for data preprocessing are listed at that repository.

3 Results

3.1 Demographics

In the JHSZC dataset (Table 3), 50 HCs and 40 patients were lost to follow-up (Table S3). Four
additional HCs and one patient did not have usable diffusion data. This left 42 HCs and 24 patients
from the JHSZC dataset. Additionally, two session-specific scans were dropped due to quality, but the

affected subjects still had two usable sessions included in the study. The number of dropouts per group
did not vary (x?(1) = 1.17; P = .28).

For the included subjects, the distribution of HCs and patients across sessions did not significantly vary
(x2(2) = 0.41; P = .81). There was a significantly greater proportion of males than females at each
session in the patient group than the control group, and controls were significantly older than patients

across the study. Patients who returned for their one-year follow-up were also significantly more likely
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3.1 Demographics 9

to smoke than their healthy counterparts (Table S1). Initial follow-ups were 1.1 4 0.1 years following
the baseline scan. Second follow-ups were 2.1 4- 0.2 years following the baseline scan. No significant
difference in follow-up time was observed between patients and HCs for the first (7'(62) = 0.29; P = .77)
or second (7'(30) = 0.93; P = .36) follow-up (Figure S1 A).

Table 3: JHSZC demographics.

Healthy Control (n=42) Early Psychosis (n=28)

Baseline  1lyr 2yr Baseline  1lyr 2yr 3yr
(n=42) (n=37) (n=18) (n=24) (n=25) (n=13) (n=1)

Sex (M/F) 22/20  20/17  9/9 19/5 20/5 12/1 1/0
Age 23.93 25.30 25.72 21.88  23.00 22.15  24.00
(339)  (3.39)  (3.48) (4.00) (3.85) (2.91)
Ethnicity 23/2/2/15 20/1/2/14 10/1/1/6 17/0/1/6 19/0/1/5 10/0/0/3 1/0/0/0
(B/EA/O/W)

Handedness 35/7 30/7 17/1 21/3 22/3 11/2 1/0
(R/L)
Smoker 3/39 4/33 1/17 5/19 12/13 5/8 0/1
(Yes/No)
Cannabis  3/39 4/32 2/16 4/20 6/19 0/13 0/1
(Yes/No)
Duration of 65.00 121.33 160.33 255.671
lliness (weeks) (46.58)"  (56.33)"  (26.00)
CPZ (mg) 253.33 282.76 359.62 250.00
(234.20)  (277.64)  (332.84)
SAPS 4.48 4.48 3.62 0.00
(436)  (229)  (4.39)
SANS 8.43 7.61 7.31 0.00

(4.04)  (350)  (5.71)

T Median (IQR)
B=Black/African; EA=East Asian; O=0ther/Unknown; W=White/European; CPZ=chlorpromazine equivalent

dose; SAPS=Scale for assessment of positive symptoms; SANS=Score for assessment of negative symptoms
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10 3 RESULTS

In the TOPSY dataset (Table 4), 23 HCs and 49 patients were lost to follow-up (Table S4). One HC and
three patients did not have usable diffusion data from each session, leaving 15 HCs and 19 patients for
analysis. The number of dropouts did not significantly vary between groups (x?(1) = 0.34; P = 0.56).
Second follow-ups were obtained for four patients, but not for any controls, thus these data were excluded

from the study.

HCs and patients were matched for age, sex, and socioeconomic status. Patients had significantly lower
levels of education, had a higher Cannabis Abuse Screening Test (CAST) score indicating increased risk
of cannabis abuse (66), and had a significantly lower Social and Occupational Functioning Assessment
Scale (SOFAS) score (67) (Table S2). There was no correlation between the Calgary Depression Score
and the PANSS8-N subscore. Follow-ups were 0.6 + 0.3 years following the baseline scan. HCs had
significantly longer follow-up times than patients (7'(35) = 2.44; P = .020) (Figure S1 B).

Table 4: TOPSY demographics.

Healthy Control First Episode Psychosis
Baseline (n=15) 6 mo (n=15) Baseline (n=19) 6 mo (n=19)

Sex (M/F) 10/5 10/5 16/3 16/3
Age 21.73 (2.99) 2260 (3.04) 2253 (542)  23.11 (5.40)
Handedness 14/0/1 14/0/1 18/0/1 18/0/1
(R/L/A)
Education 14.27 (2.02) 14.33 (2.09) 12.95 (1.18) 12.95 (1.18)
SES 3.20 (1.57) 3.20 (1.57) 3.89 (1.08) 3.89 (1.08)
CAST 7.00 (3.87) 13.50 (10.61) 12.12 (6.90)
AUDIT-C  2.87 (2.26) 5.00 (2.83) 3.79 (3.83)
Smoker 1/14 1/14 7/12 0/19
(yes/no)
Cannabis 5/10 1/1 12/7 0/19
(yes/no)
SOFAS 81.08 (6.24) 79.71 (5.25) 42.00 (13.37) 61.89 (14.68)
Duration of 104.00 (132.50)" 130.07 (140.18)T

lliness (weeks)
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3.2 DTI metrics remain stable across time 11

Healthy Control First Episode Psychosis
Baseline (n=15) 6 mo (n=15) Baseline (n=19) 6 mo (n=19)

Antipsych. 0.00 (0.33)f 1.00 (0.66)f
Day of Scan
(DDD)
Antipsych. 0.00 (1.25)" 135.64 (107.44)"
Lifetime
(DDD-days)
CDS 0.58 (0.51) 0.21 (0.42)
PANSS-8 24.68 (5.53) 13.53 (4.57)
Total
PANSS-8 12.53 (2.82) 4.95 (1.93)
Positive
PANSS-8 6.26 (3.31) 5.95 (3.58)
Negative
PANSS-8 5.89 (2.54) 2.53 (1.12)
General

T Median (IQR)
B=Black/African; C=Caribbean/North American Black; EA=East Asian; W=White/European;
DDD=Defined daily dose; DDD-days=DDD x Days; CDS=Calgary Depression Scale;
CAST=Cannabis Abuse Screening Test; PANSS=Positive and Negative Symptom Scale;
SES=Socioeconomic status; AUDIT-C=Alcohol Use Disorders Identification Test; SOFAS=Social

and Occupational Functioning Assessment Scale

3.2 DTI metrics remain stable across time

To investigate longitudinal changes of DTI parameters in first episode patients, FA, MD, AD, and RD
values were sampled from a comprehensive white matter atlas, constructed as described in Section 2.3.
A mixed linear effects paradigm was used to model parameter changes across sessions. Subjects were

used as a random effect and age, sex, group, and session were used as fixed effects.

No significant differences in slope between healthy controls and patients were observed for any parameter

in any ROI, after correcting for multiple comparisons (Figure 1). A significant increase in global FA (two-
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tailed test; 7°(132.50) = 2.06; P = .042) and decrease in RD (7'(130.00) = —2.01; P = .047) was

observed across all subjects in the JHU dataset.

3.3 Age-matched sub-study in JHSZC

To explore if the lack of findings in the JHSZC dataset could be explained by the differing age and sex
distributions between the HCs and patients, we used a single age cut-off across the dataset, selecting
subjects younger than 24 years. The study groups in the resulting dataset were matched for age and
sex (Table S5, Table S6). Repeating the above mixed linear effects model, no differences in longitudinal
change were found between groups. The global increase and decrease of FA and RD were also no longer

observed (Figure 2).

3.4 DTI metrics in JHSZC

We next investigated whether the clinical scores corresponded with DTI metrics. Positive and negative
symptoms were measured in each dataset, in JHSZC using Scale for the Assessment of Positive Symptoms
(SAPS) and Scale for the Assessment of Negative Symptoms (SANS) and in TOPSY using PANSS8-P
and PANSS8-N. For these analyses, we included all patients with valid clinical score measurements from
at least two sessions and at least one valid scan. This gave us n=28 for the JHSZC dataset (identical
to the longitudinal analysis) and n=21 for TOPSY (two additional subjects with valid clinical scores but
missing scans at their second session). To characterize the change and baseline of clinical scores, we fit a
first-order linear model to the positive and negative scores of each subject and extracted the slopes and
intercepts. We then modelled these against the average DTI| metrics across our ROls, using age and sex
as covariates. Because we did not find significant subject-specific slopes in our longitudinal analysis, we
averaged the DTI data from each subject across available sessions. As in previous reports, we expected
worse symptom baselines and trajectories to correspond with lower FA and higher MD, RD, and AD. We

therefore performed inference using 1-tailed t-tests in the corresponding directions for all following tests.

In the JHSZC dataset, comprising patients enrolled after treatment commencement, neither clinical score
had significant change across session (Figure 3 A). The SANS intercept significantly correlated with the
global average of DTI metrics: higher symptom severity corresponded with lower FA and higher with
MD, RD, and AD. The four significant interactions were reproduced in the core white matter ROI. The
MD, RD, and AD interactions were observed in the peripheral white matter ROl (Figure 4). Interactions
between MD and RD and the SANS intercept were further observed in the frontal, limbic, posterior, and
temporal lobe ROIs and in the association, callosal, and projection ROl groups. AD interactions were

found in frontal and temporal lobe and association tract ROls (Figure 4). Finally, the same parameters
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14 3 RESULTS

had interactions with several of the JHU atlas ROls, as tabulated in Table 5 and visualized in Figure 5.
FA had no further significant interactions. None of the parameters had interactions with the SANS slope

in any ROI, or any interactions with the SAPS slope or intercept.

To further characterize the structural correspondence with symptom scores, the above models were
repeated using TBSS to find clusters of significance potentially outside the constraints of the a priori
ROI parcellation. For MD, RD, and AD, we found extensive clusters with a positive correlation with the
SANS intercept, predominately in the bilateral frontal hemisphere peripheral white matter, the genu of
the corpus callosum, and the right hemisphere internal and external capsules and corona radiata. We
additionally found a negative correlation between FA and the SANS intercept in the genu of the corpus
callosom and right hemisphere internal capsule (Figure 7 A). As before, no correlations were found with

the SANS slope or with the SAPS intercept or slope.

3.5 DTI metrics in TOPSY

We repeated the above analyses in the TOPSY dataset. Many of the patients in the dataset had a
large reduction in positive symptoms as measured by the PANSS8-P subscore by their first follow-up
visit (Figure 3 B). For the few subjects that had additional follow-ups, their positive symptom scores
had a nonlinear trajectory that plateaued in the second session. However, most subjects had only one
follow-up, therefore we could not reliably model a nonlinear response in most of our sample. Additional
follow-ups were also heavily biased toward patients with minimal negative symptoms (Figure S2). We

therefore simplified our analysis by only using the baseline and first follow-up score from each subject.

Because many subjects had the lowest possible score of three in either PANSS8-N or PANSS8-P by their
second session, in addition to modelling the score intercept and slope, we additionally split subjects into
two groups based on whether they had a subscore of three in their second session, hereon referred to as
the “remission” group. This was done separately for each subscore. We then tested for differences in
DTI metrics between these groups. Models and 1-tailed contrasts were used as with the JHSZC dataset.
For the additional group split, we tested if FA was higher in the recovery group, and if MD, RD, and AD

were lower.

Figure 1 (preceding page): Global longitudinal changes of white matter microstructure in early schizophre-
nia patients. Trendlines show a linear mixed effect model of parameter against session with random
intercepts fit for every subject. Shaded bands show a 95% Cl computed with parametric bootstrapping
resampling residuals and random effects 1000 times. No significant differences were found between the
slopes of HCs and patients in either dataset for any of the parameters measured. In the JHSZC sample,
fitting random slopes to each subject did not significantly improve the fit of the model (not tested in
TOPSY because each subject had only two time points).
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Figure 2: Global longitudinal changes of white matter microstructure in age-matched subset of JHSZC
dataset. Trendlines show a linear mixed effect model of parameter against session with random intercepts
fit for every subject. Shaded bands show a 95% Cl computed with parametric bootstrapping resampling
residuals and random effects 1000 times. No significant differences were found between the slopes of
HCs and patients for any of the parameters measured. Fitting random slopes to each subject did not
significantly improve the fit of the model.
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Figure 3: Baseline and follow-up clinical scores in early schizophrenia patients. At baseline, empty circles
show subjects with no follow-ups. Filled circles connected by a line represent the same subject across
multiple visits. No significant differences in baseline scores were found between subjects with and without
follow-up visits. Trendlines show a linear fixed effect model of parameter against session with random
slopes and intercepts fit for every subject (only random intercepts for TOPSY). Shaded bands show a
95% Cl computed with parametric bootstrapping resampling residuals and random effects 500 times. In
the TOPSY dataset, the PANSS8-P score was significantly lower in the second session than the first
(1000 perms, p < .001). No other symptom scores significantly changed across session.
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3.5 DTI metrics in TOPSY 17

Table 5: Microstructural measures versus SANS intercept in JHSZC patients.

N, ,~—-FA N,,~MD N,,~RD N,,~ AD

% int int nt

Region T(24) P.,. T(24) P.. T(24) P,. T(24) P

corr corr corr corr

White Matter -1.7 .048 3.2 .002 29 004 27 .006

Global ROIs
Core White -1.9 072 28 005 26 009 25 .009
Matter
Peripheral White -1.5 075 33 .003 29 007 27 .009
Matter

Regional ROIs
Association -0.9 .32 3.2 .008 24 .029 3.2 .015

Tracts
Projection Tracts -2. 19 2.9 .01 2.7 .02 2.3 .042
Frontal Lobe -2.4 .16 35 .006 3.2 013 31 .015
Limbic Lobe -1.4 22 2. .063 21 046 13 13
Posterior Lobe -1.4 22 31 .008 3.1 013 19 077
Temporal Lobe -1.2 .25 3.5 .006 3. 013 25 .04
Local ROIs
External capsule -1.4 25 34 009 29 027 3. .036

Inferior -0.73 .3 2.9 .024 138 12 2.2 1
fronto-occipital
fasciculus

Superior 0.22 .67 2.3 .039 0.86 .25 3. .036
longitudinal
fasciculus

CC Genu -25 12 2.8 024 238 027 19 11
Hippocampus -1.7 24 2.4 039 26 .038 13 .16

Anterior corona -1.7 .24 3.4 .009 3.1 .027 25 .072
radiata

Corticospinal -0.33 .45 2.3 039 15 13 1.8 11
tract

IC Anterior Limb -3.1 056 3.6 .009 39 007 1.9 11

Superior corona -1.2 .26 2.7 026 23 .06 1.9 11
radiata

Intercept computed for each subject by fitting a first-order linear model. Statistics computed
using unpaired, 1-tailed T-test after regressing age and sex. Bold results indicate significant
results (only rows with at least one such result are shown). All p-values corrected using FDR with
comparisons in the same hierarchical level.
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3.5 DTI metrics in TOPSY 19

Table 6: DTI measures in TOPSY patients with a follow-up PANSS8-N score of 3 versus higher than 3.

N,y ~—FA N;,,,~MD N,,,~RD N, ~AD

Region T(17) P,. T(17) P.,. T(17) P,. T(17) P

corr corr corr corr

White Matter 2.6 .01 -1.1 14 -1.6 059 041 .66

Global ROIs
Core White Matter 2.2 .021 -062 .27 -15 077 2. 97
Peripheral White Matter 2.6 019 -14 2 -1.7 077  -0.4 .69

Regional ROIs
Limbic Tracts 2.5 .044 -092 .37 -1.9 .18 1.8 1.0
Frontal Lobe 2.9 044 -13 .35 -1.8 .18 -0.28 .94
Posterior Lobe 2.7 044 -11 .35 -1.5 21 -0.31 94

Statistics computed using paired, 1-tailed T-tests after regressing age and sex. Bold results indicate
significant results (only rows with at least one such result are shown). All p-values corrected using FDR
with comparisons in the same hierarchical level.

Significantly higher global FA was found in the PANSS8-N remission group (Figure 6 A). The finding was
replicated in both the core and peripheral white matter following FDR correction (Figure 6 B). Finally,
we observed this result in the frontal and posterior lobe ROls, and in the limbic tract grouping of JHU
atlas ROIs (Figure 6 C). No effect on FA was found for the PANSS8-N slope or intercept, or for any of
the PANSS8-P metrics. No effects were found for any other DTI parameter.

As with JHSZC, we used TBSS to find data-driven clusters of significantly affected regions. Clusters of
significantly higher FA in the PANSS8-N remission group were found bilaterally in the parietal peripheral
white matter, occipital peripheral white matter, splenium of the corpus callosum, left hemisphere internal
capsule, and bilateral superior longitudinal fasciculus (Figure 7 B). No other significant clusters were

found.

Because the TOPSY diffusion data was acquired using a high angular-resolution diffusion imaging
(HARDI) diffusion paradigm, we were able to perform robust probabilistic tractography. We sampled the

DTI parameters along the generated streamlines and generated weighted structural connectomes using

Figure 4 (preceding page): Correlation between microstructural parameters and negative symptom in-
tercepts in the JHSZC dataset. Microstructural measurements are averaged across all sessions for each
subject. The negative symptom (SANS) intercept was computed using a first order linear model for each
subject, with the baseline scan as time 0. Shaded bands show 95% Cl computed with nonparametric
bootstrap paired resampling with 1000 permutations. Relationships were tested with a linear model with
age and sex and covariates. Solid lines represent statistically significant relationships, dashed lines are
nonsignificant. T-values and P-values are shown in Table 5.
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Table 7: Subnetworks with a significant association between DTI parameter and a follow-up PANSS8-N
score of 3.

Param # Connections P,

RD 486 .029
FA 1278 .007

the Brainnetome atlas. We then fit the above models on the weighted connectomes, performing statis-
tics with NBS. Confirming our TBSS results, we found a large subnetwork connecting ROIs across both
hemispheres with significantly higher FA in the PANSS8-N remission group. We also found a subnetwork
with significantly lower RD in the same group, predominately within the right hemisphere parietal lobe
and between the right hemisphere frontal and parietal lobes (Figure 8). No other significant subnetworks

were found.

4 Discussion

In this study, we failed to find significant longitudinal effects in DTI parameters in patients from two
different datasets obtained at different field strengths in the same phase of illness (3 years since diagnosis).
Thus, our results do not provide evidence for the neurodegenerative hypothesis for white matter in
psychosis. As noted previously, FA in patients putatively reaches an early developmental peak in their
twenties. If any longitudinal differences (i.e. deviations from the expected slope) are to be found between

patients and controls, we would reasonably expect them to appear within the timeframe studied.

Nonetheless, some alternative explanations may yet explain our results. First, our patients may have
been too young for neurodegenerative white matter changes to occur, as disease-driven decline may not

manifest until closer to the developmental peak at around thirty years of age (15).

Second, our study may not have been long enough to detect FA decline, which normally ranges from 0.1
to 0.5% annualized change (68). We note, however, that increased follow-up time will not necessarily

increase experimental power. FA in patients cannot perpetually decline faster than HCs, as this would

Figure 5 (preceding page): Correlations between microstructural parameters and SANS intercept in
the JHSZC dataset. Microstructural measures and SANS intercepts were computed as in Figure 4.
Relationships were tested with a linear model with age and sex and covariates. Significant ROls are
coloured according to their T-value. A and B show two nested hierarchical layers, with B at a finer
resolution. Comparisons within each layer were corrected for multiple comparisons using FDR. T-values
and P-values are shown in Table 5.
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Figure 6: Correlations between microstructural parameters and the PANSS8-N follow-up score. Mi-
crostructural measures are computed as in Figure 4. Subjects are grouped based on whether their
PANSS8-N score at their follow-up session was equal to 3, the lowest possible score. Relationships were
tested with a linear model with age and sex and covariates. All comparisons shown are signficant. A, B,
C: ROls from different nested hierarchical layers at successively higher resolutions. D: the location of the
regions in C with their T-values. Comparisons within each layer were corrected for multiple comparisons
using FDR. T-values and P-values are shown in Table 6.
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JHSZC | SANS Intercept

Figure 7: Regions associated with negative symptoms. Displayed clusters significantly correlate with the
metric of interest as determined using TFCE (10,000 samples, FWER < 0.05). Clusters are localized to
the TBSS-derived FA skeleton and inflated for visualization. A: Measures in JHSCZ patients compared
with the SANS intercept, as described in Figure 4. B: Effect of PANSS8-N recovery, as described in

Figure 6, on microstructure in TOPSY patients.
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Figure 8: Networks associated with negative symptoms in the TOPSY dataset. Microstructural measures
are averaged across sessions. Values for each connection were measured by sampling along the constituent
streamlines. The recovery score is computed as in Figure 6. In each network diagram, lines represent
connections significantly correlated with the corresponding PANSS8-N derivative measure as determined

using NBS (10,000 samples, 7,

hres

n = 3, FWER < 0.05). Left diagram represents connections with

significantly higher FA in patients a PANSS8-N score of 3 (the lowest possible score) a their follow-up
session. Right hemisphere is the same, but with lower RD as the correlate. Gyral abbreviations are given
in Table 1. Subnetwork size and p-values are given in Table 7.
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result in implausibly low FA in old age. Thus, rates of change in the two groups must eventually equilibrate
as FA reaches its lower plateau. It is not clear when this equilibration might happen, as quadratic models

fit to cross-sectional data tend to give unreliable rate estimates (69).

Third, our sample size may have been too small. A larger sample may have detected more subtle effects,

however, the clinical relevance of such small differences seen in larger datasets may be questionable.

Although no prominent group differences were observed, we did find associations between DTI and
negative symptoms in both datasets, consistent with our prior observations (1). In the JHSZC dataset,
all four DTI parameters had extensive interactions with the SANS intercept. The absence of a correlation
with the SANS slope may relate to the relative lack of variation in subject scores across the JHSZC dataset
sessions, especially as these patients were more established on their treatments than the TOPSY cohort.
The fact that the intercept, rather than slope, correlated with DTI parameters suggests these associations

are not related to medication and treatment response or recovery.

Negative symptoms are often secondary to, and ameliorate upon treatment of, positive symptoms (70).
In our TOPSY dataset, where positive symptoms in most patients responded well to treatment and
depressive episodes were ruled out via clinical consensus, residual negative symptoms in the second
session may represent persisting, primary symptoms. If so, our treatment response grouping distinguished
patients with and without primary negative symptoms, finding more chronic-like DTI parameters in the
primary symptom group. Previous studies have in fact shown that patients with deficit schizophrenia,
defined by the prominence of primary negative symptoms, have lower FA than non-deficit patients (71-75)

(but see in contrast (76)).

4.1 Limitations

In the JHSZC dataset, patients were not age or sex matched to controls. Age, in particular, is known to
affect the rate of change for DT parameters. Analysis with an age and sex-matched subset of the dataset
also failed to find different longitudinal trajectories, but this may have been affected by the smaller sample
size. Longitudinal designs are subject to attrition bias; for instance, more severely ill patients may be less
likely to remain in the study (although we found no association between drop-out and clinical scores).
Additionally, our investigations of clinical symptoms were exploratory, and thus used liberal significance
thresholds. FDR was used for multiple comparisons in our ROl analysis rather than a family-wise error

rate method, and no correcting was done across different parameter-clinical score combinations.
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4.2 Conclusion

In summary, although we do not find evidence for longitudinal change of white matter integrity in the
first few years of psychosis, we did observe complementary associations between white matter state and
negative symptoms in two completely independent datasets, each of which drew patients from different
geographic regions, and used different acquisition protocols and clinical scales. Thus, our data fail to
support a neurodegenerative hypothesis, but do support a mediating effect of white matter on illness

severity, especially on negative symptom burden.
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