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Background: White matter (WM) abnormalities are amongst the most commonly described neuroimaging find-
ings in patients with psychotic disorders including schizophrenia (SZ) and bipolar disorder (BD), and may be
central to pathophysiology. Few studies have directly compared WM abnormalities in patients with SZ and BD
in the first episode of illness, and no studies to date have attempted to separate abnormalities of axon and myelin
using complementary MRI techniques.

Methods: We examined WM abnormalities in young adults with SZ (n = 19) or BD (n = 16) within the first year
Keywords: R . . . .
White matter of illness onset, and healthy controls (n = 22) using a combination of diffusion tensor spectroscopy to measure
Glia NAA, creatine (Cr), and choline (Cho), and magnetization transfer ratio (MTR). MTR reflects myelin content, NAA
diffusion is neuron specific, and Cr and Cho diffusion reflect both neuron and glial signal.
Results: We found no differences in MTR or NAA ADC in either patient group compared to controls, but significant
elevations of both Cr and Cho diffusion in patients with SZ, and elevations of Cho diffusion in patients with BD.
Elevations in Cr and Cho diffusion in the absence of NAA diffusion abnormalities indicate that the aberrant signal
arises in glia.
Conclusions: Glial abnormalities were present and detectable by the first episode of psychosis, whereas major ab-
normalities in axon and myelin were not. Examination of these neurobiological markers early in the course of ill-
ness may clarify the neuroprogressive nature of these distinct aspects of WM, and their associations with early
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clinical phenotypes.
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1. Introduction

White matter (WM) abnormalities are amongst the most commonly
described neuroimaging findings in patients with psychotic disorders
including schizophrenia (SZ) and bipolar disorder (BD), and may be
central to pathophysiology (Hasler et al., 2006; Kubicki et al., 2007;
Kyriakopoulos et al., 2008; Linke et al., 2013; Sussmann et al., 2009).
WM integrity is essential for healthy signal transduction, and abnormal-
ities are associated with behavioral correlates of illness, including poor
cognitive functioning (Canu et al., 2015; Kuswanto et al., 2012; Linke
et al., 2013) and more severe mood and psychotic symptoms (Canu
et al.,, 2015; Hatton et al., 2014; Kuswanto et al., 2012).

Given overlapping risk factors and clinical manifestations of illness
in patients with SZ and BD, it is not surprising that patients with BD
and SZ appear to share some common neurobiological markers, includ-
ing abnormalities of WM (Sussmann et al., 2009). However, there is also
evidence of distinct aspects in the presentation and evolution of illness

* Corresponding author at: 115 Mill St., AB South 349, Belmont, MA 02478, United
States of America.
E-mail address: klewandowski@mclean.harvard.edu (K.E. Lewandowski).

https://doi.org/10.1016/j.schres.2019.05.018
0920-9964/© 2019 Elsevier B.V. All rights reserved.

markers between these diagnoses (Colombo et al., 2012; O'Donoghue
et al,, 2017), suggesting that some pathophysiological processes may
be distinct between them. Comparison of patients with SZ or BD in the
first episode of illness may help elucidate what is shared and distinct
in the neuroprogression of WM abnormalities early in the course of
illness.

Abnormalities of WM appear to be present early in the course of SZ,
and even prior to onset. DTI studies have found that structural connec-
tivity abnormalities are already present by the first episode of SZ
(Samartzis et al., 2014). Decreased fractional anisotropy (FA) and in-
creased diffusivity are also reported in patients in the early course of ill-
ness (Canu et al., 2015; Hatton et al., 2014; Kuswanto et al., 2012; Lee
et al,, 2013; Ohtani et al,, 2015), including in drug-naive patients
(Zeng et al., 2016), and are associated with clinical and cognitive symp-
toms. Studies of patients at ultra high risk for the development of psy-
chosis or reporting subclinical psychotic symptoms have found WM
abnormalities similar to patients in a first episode (Canu et al., 2015;
Drakesmith et al., 2016; Kuswanto et al., 2012; Rigucci et al., 2016). A
study using tract-based spatial statistics (TBSS) in patients at ultra
high risk and in the first episode found that high risk participants who
went on to develop psychosis had WM abnormalities similar to those
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in the first episode group, whereas high risk participants who did not
develop psychosis were more similar to controls (Rigucci et al., 2016),
suggesting that WM abnormalities may be an illness marker. Addition-
ally, a recent review found strong evidence of WM abnormalities in un-
affected relatives of patients with SZ (Arat et al., 2015).

Patients experiencing a first episode of mania also appear to show
WM abnormalities including total volume reduction, decreased FA, in-
creased diffusivity, and evidence of axonal disorganization (Adler
et al., 2006; Chan et al., 2010; De Peri et al., 2012; Keramatian et al.,
2016); however, the literature in this population is sparse compared
to that in SZ, and not all studies found abnormalities (Colombo et al.,
2012).

The development and course of WM abnormalities in SZ compared
to BD is unclear. A comparison of patients with BD with psychosis and
SZ found WM abnormities in both groups, which did not differ from
each other (Cui et al.,, 2011). Similarly, a study using TBSS in patients
with SZ or BD found evidence of WM disconnectivity in both patient
groups compared to controls; again, patient groups did not differ from
each other (Kumar et al., 2015). However, a recent study found more
pronounced NAA reductions in patients with BD compared to patients
with SZ in younger subject only (Bustillo et al., 2019), and a recent selec-
tive review of white matter abnormalities in SZ and BD found abnormal-
ities of frontal connectivity in both disorders, with more pronounced
fronto-temporal alterations in SZ and more pronounced inter-
hemispheric and limbic alterations in BD. These studies suggest that
there are some common and some distinct pathways between these
disorders (O'Donoghue et al., 2017). One of the only studies to directly
compare patients with BD or SZ after a first episode found decreased
WM volume in patients with SZ/SZA, but no volume reductions in pa-
tients with mania (Colombo et al., 2012).

The specific nature and pathophysiology of white matter abnormal-
ities remain unclear, as DTI measures are relatively nonspecific insofar
as they do not clearly differentiate between axon- and myelin-specific
abnormalities (Mori and Zhang, 2006). Mechanistically, differentiation
of neuronal and glial, and axon and myelin abnormalities may elucidate
specific pathophysiological processes in psychosis. This may be particu-
larly important in the examination of common and distinct pathways in
the early course of SZ or BD, as some evidence suggests that patients
may experience distinct premorbid or prodromal pathophysiological
processes even if they arrive at similar neurobiological or phenotypic
states via illness progression. Thus, examination of multiple elements
of cell structure and function in the early course of these two disorders
within the same study may help clarify these issues.

Novel MR techniques have opened the door to examination of brain
microstructure in vivo via characterization of diffusion properties of
various metabolites (Palombo et al., 2018). Because N-acetylaspartate
(NAA) is found exclusively in neurons whereas Choline (Cho) and Cre-
atine (Cr) are in both neurons and glia and actually appear to be more
concentrated in glia (Choi et al., 2007; Le Belle et al., 2002; Urenjak
et al.,, 1993), examination of these metabolites allows detection of dif-
ferential signals from neuronal and glial abnormalities. In patients
with SZ, consistent evidence supports reductions in NAA concentrations
suggestive of neuronal abnormalities (e.g. (Kraguljac et al., 2012; Steen
et al,, 2005)), with less evidence of changes in Cho or Cr concentrations.
Patients with BD also show NAA reductions, although perhaps in more
limited brain regions (Kraguljac et al., 2012). Evidence of abnormalities
in Cho or Cr in patients with BD is mixed, with some studies finding no
differences from controls (Bustillo, 2013), and others reporting eleva-
tions (Cao et al., 2016; Dager et al., 2004; Hamakawa et al., 1998;
Kubo et al., 2017; Moore et al., 2000). Two recent studies found abnor-
malities in Cr concentration in patients in a first episode in both SZ and
BD (Du et al., 2018; Plitman et al.,, 2016). Increased Cho signal in neuro-
degenerative disorders is believed to be associated with gliosis and/or
increased membrane turnover (Albrecht et al., 2016; Zahr et al., 2014),
suggesting that these elevations may reflect neurodegenerative pro-
cesses in both chronic and first episode psychosis.

A novel technique allows for the differentiation of myelin and axon
measures using a combination of diffusion tensor spectroscopy (DTS)
and magnetization transfer ratio (MTR; (Du and Ongiir, 2013)). MTR
quantifies proton exchange between “free” water molecules and
water molecules “bound” to macromolecules such as myelin lipids
(Henkelman et al., 2001). MTR measures have been found to be strongly
associated with myelin content in human brain (Schmierer et al., 2004;
Schmierer et al., 2007). DTS measures the diffusion of intracellular me-
tabolites such as NAA, Cr, and Cho. Water exists in both intracellular and
extracellular space and is exchanged between the two; NAA, Cr, and
Cho, on the other hand, are located in intracellular space. Thus, the com-
bined use of MTR and DTS offers the opportunity to study myelin and
axon separately. Additionally, because choline-containing compounds
are enriched in glia compared to neurons (Choi et al., 2007; Le Belle
etal,, 2002; Urenjak et al., 1993), examination of these intracellular me-
tabolites separately permits exploration of both neuronal and glial
integrity.

This approach revealed reduced MTR (suggesting reduced myelin
content) and elevated apparent diffusion coefficient (ADC) of NAA (sug-
gesting abnormal intra-neuronal content) in patients with SZ compared
to age- and sex-matched healthy control participants (Du et al., 2013).
In patients with BD, the same technique revealed reduced MTR, but no
difference in NAA diffusion compared to controls, suggesting abnormal-
ities of myelin content but not axon diameter (Lewandowski et al.,
2015). These findings suggest some commonality and some distinction
in WM abnormalities between these diagnoses, which may reflect
neurodevelopmental processes or neurodegenerative effects of illness.

As noted above, few studies have directly compared WM abnormal-
ities in patients with SZ and BD in the early course of illness, and no
studies to date have applied combined MTR and DTS techniques in
these populations to differentiate abnormalities of axon and myelin. Ex-
amination of these neurobiological markers early in the course of illness
may clarify the neuroprogressive nature of these distinct aspects of WM,
and their associations with early clinical phenotypes. Thus, we aimed to
examine WM abnormalities in the first episode of illness in patients
with BD or SZ using DTS and MTR in order to determine which abnor-
malities are present at the time of the first episode, and if and how
these abnormalities differ by diagnosis. Given findings of more pro-
nounced premorbid deficits in SZ and our own previous work in pa-
tients with chronic illness, we hypothesized that patients experiencing
a first episode of SZ would show both axon and myelin abnormalities,
whereas patients experiencing a first episode of mania would show my-
elin but not axon abnormalities. Additionally, we hypothesized that
both patient groups would show abnormal Cr and Cho diffusion com-
pared to controls, indicative of glial reactivity in response to neuronal
damage; because of evidence of early premorbid neuroprogression in
SZ with less evidence of this in BD (Kozicky et al., 2016; Martino et al.,
2016; Passos et al., 2016), we hypothesized Cr and Cho diffusion abnor-
malities would be greater in SZ than in BD.

2. Materials and methods
2.1. Participants

Participants (n = 57) with primary psychosis including SZ or
schizoaffective disorder (n = 19), BDI with psychosis (n = 16), and
healthy controls (n = 22) were recruited through the McLean Hospital
OnTrack first episode psychosis clinic as part of an ongoing research
study (SZ and BD groups) and fliers posted at the hospital (Control
group). McLean OnTrack is an outpatient program that admits adults
ages 18-30 (average age at entry: 21.4 years) who have experienced
new onset of psychosis, with or without mood symptoms, within the
past 12 months. Diagnosis was determined by trained staff using the
SCID-1V diagnostic interview in conjunction with all available collateral
information from medical records, treatment providers, and family
members. Exclusion criteria for patients included history of head injury
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with loss of consciousness, seizure disorder, and MRI contraindications.
Exclusion criteria for controls also included head injury with loss of con-
sciousness, seizure disorder, and MRI contraindications, as well personal
history of psychiatric diagnosis or treatment, and first degree relative
with a history of SZ or BD. All procedures contributing to this work com-
ply with and were approved by the McLean Hospital IRB and comply
with the Helsinki Declaration of 1975, as revised in 2008.

2.2. Materials

2.2.1. Clinical assessment

Clinical and community functioning were assessed using the Positive
and Negative Syndrome Scale (PANSS), the Young Mania Rating Scale
(YMRS), the Montgomery-Asberg Depression Rating Scale (MADRS)
and the Multnomah Community Ability Scale (MCAS). The MCAS mea-
sures functioning in multiple domains including social interest/effec-
tiveness, independence in daily living, and instrumental role
functioning. The North American Adult Reading Test (NAART) was
used as a measure of premorbid intelligence quotient (1Q). Information
regarding current psychiatric medication use was collected by patient
report, and chlorpromazine (CPZ) equivalents were calculated accord-
ing to the recommendations of Baldessarini (2012).

2.2.2. Magnetization transfer ratio

MTR data were collected from a 1 x 3 x 3 cm voxel within the right
prefrontal cortex white matter at 4 Tesla (Fig. 1). For details of anatom-
ical imaging and voxel placement please see Du et al. (2013). A BISTRO
saturation pulse train constructed with multiple hyperbolic Sec pulses
(width: 50 msec) with varied radiofrequency pulse amplitudes was
used, applied at the beginning of a standard point-resolved spectros-
copy (PRESS) sequence (before the 90-degree pulse) to saturate
“bound-water” signal with a specific frequency offset (Du et al., 2013).
Data were obtained in 50-Hz steps at multiple frequencies offset
400-1000 Hz in either direction from the water signal, and an average
MTR frequency was calculated. Saturation time (ts5) was 2.6 s with rep-
etition time/echo time (TR/TE) of 3000/30 msec and 2 signal averages.

2.2.3. Diffusion tensor spectroscopy

DTS data were collected from the same 1 x 3 x 3 cm voxel within the
right prefrontal cortex white matter as noted above (Fig. 1). DTS proce-
dures are described in detail by Du et al. (2013). Briefly, we modified the
standard PRESS sequence by incorporating diffusion gradients for DTS
measurements. Bipolar diffusion gradients with six directions and one
control (seven total spectra) were applied to calculate diffusion tensors
from water and metabolites. The applied b value of 1412 s/mm? was

Fig. 1. Voxel placement. Depiction of placement of the voxel from which all imaging data
were derived.

calibrated using a phantom with water ADC assumed to be 2.1
x 1073 mm?/s at room temperature (44). TR/TE was 3000/135 msec,
and diffusion time (D) was 60 msec, with 48 signal averages for metab-
olites and 8 for water, respectively. Metabolite spectra were acquired
with water saturation with VAPOR (Tkac et al., 1999). Concentrations
of NAA, tCr, and tCho were quantified using the by spectrum (TE =
135 ms) of DTS and normalized to the water signal from the same re-
gion (Supplementary Table 1). Values were consistent with findings
from previous reports (Posse et al., 2007) and did not differ significantly

by group.
2.3. Procedures

2.3.1. Data acquisition

Clinical and imaging data were collected in one or two sessions, as
part of a larger study being conducted at McLean OnTrack. Clinical and
functional measures took approximately 40-60 min to administer.
Total MRI experiment time was approximately 70 min. A phantom
DTS was run between human subject studies to correct for possible
measurement errors from any potential machine instability.

2.3.2. MRI and MRS data processing/analysis

Data were processed by an MR physicist (FD) who was blind to diag-
nosis using the techniques described by Du et al. (2013). Post-
processing of the free induction decays (FIDs) was conducted using
available software (Varian) and home-grown software running on
MATLAB. Diffusion outcomes (ADC, RD, and AD) are reported in the fol-
lowing units: mm?/s x 1073,

2.4. Statistical approach

All analyses were performed using STATA (V. 12). First, we con-
ducted ANOVAs or Chi2 tests to compare patients with SZ, BD, and
healthy controls on demographic characteristics and premorbid IQ; pa-
tient groups were compared on clinical variables and community func-
tioning. Groups were then compared on neurobiological measures
including MTR, water ADC, NAA ADC, Cr ADC and Cho ADC. For all out-
come measures with significant group findings pairwise t-tests were
conducted with Bonferroni correction for multiple comparisons. Lastly,
we examined the correlations amongst MTR, water ADC, NAA ADC, Cr
ADC and Cho ADC.

In order to examine the association between our imaging measures
and age, we used partial correlations to examine associations between
imaging measures and age by diagnostic group. We then used correla-
tion analyses to examine associations between our imaging measures
and demographic variables (gender; race; education), clinical variables
(duration of illness; PANSS; YMRS; MADRS; CPZ), and community func-
tioning (MCAS). We chose not to correct for multiple comparisons in
these exploratory correlational analyses in order to detect even modest
relationships, which may be pursued in future work.

3. Results
3.1. DTS and MTR comparisons by group

Groups differed on several demographic and clinical variables, in-
cluding gender, race, educational attainment, depression and commu-
nity functioning (Table 1). In terms of diffusion and MTR, groups did
not differ on water or NAA diffusion, or on MTR (Table 2). Inclusion of
gender in the model did not change the findings, and gender did not
contribute significantly to any of the models. Effect size calculations
showed negligible effects between patient groups on all MTR and diffu-
sion measures (d = 0.06 - d = 0.15) and small effects between patients
and controls on MTR (SZ: d = 0.15; BD: d = 0.30) and water ADC (SZ: d
= 0.36; BD: d = 0.13). Compared to controls, patients with BD also
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Table 1
Demographic and clinical data by group.
BD (n = SZ(n=19) HC(n=  Test statistic Pairwise
16) 22)
Age 224 (32) 21.7(23) 23.0(3.3) F254) =098 -
Gender 25% 5% 55% Chi2;) =
(% female) 12.08™
Race 94% 89% 55% Chi2;) =
(% 10.53"
Caucasian)
Education 4.9 (1.4) 41(12) 6.0 (1.5) Frsa=9.72"" SZ<HC
NAARTVIQ 113.2(6.7) 108.4(6.5) 107.6 Fo46) = 2.64 -
(8.9)
YMRS 5.8 (5.9) 4.8 (5.5) - Fa33) =022 -
MADRS 6.7 (7.2) 1211 (74) - Fa33) =477 SZ>BD
PANSS 10.7 (53) 12.1(6.0) - F(1,33) = 051 -
CPZ 158.1 334.0 - Fi1,18) = 347 -
(95.8) (253.2)
Age atonset 21.0 (4.0) 19.8(1.9) - F(122) = 0.95 -
MCAS 47.0 (4.8) 39.9(4.7) - Fa32) = SZ <BD
18.93""

Group-wise comparisons of imaging outcomes; pairwise comparisons with Bonferroni
correction were conducted for all significant group findings. NAART VIQ: North
American Adult Reading Test Verbal IQ; YMRS: Young Mania Rating Scale; MADRS: Mont-
gomery-Asberg Depression Rating Scale; PANSS: Positive and Negative Syndrome Scale;
CPZ: chlorpromazine equivalent; MCAS: Multnomah Community Ability Scale.
* p<.05.

* p<.01.

** p<.001.

showed a small effect on NAA ADC (d = 0.33); patients with SZ showed
a small to medium effect on NAA ADC (d = 0.49).

In contrast, groups differed significantly on Cr ADC and Cho ADC
measures. Post-hoc analyses with Bonferroni correction revealed that
patients with SZ showed elevations in both Cr ADC and Cho ADC com-
pared to controls, and patients with BD showed elevated Cho ADC com-
pared to controls. The two patient groups did not differ from each other.
Effect sizes were calculated for Cr ADC and Cho ADC between groups.
Group differences between both patient groups and controls were
large for Cho ADC (BD vs. HC: d = 1.15; SZ vs. HC: d = 1.02); the effect
size between patient groups was negligible (d = 0.11). For Cr ADC, we
found a medium effect between the patient groups (d = 0.64) and a me-
dium to large effect between patients with BD and controls (d = 0.77).
The effect between patients with SZ and controls was large (d = 1.08).

Correlations amongst imaging measures across the total sample re-
vealed significant correlations between Cho ADC and NAA ADC (r =
0.49, p <.001) and Cho ADC and MTR (r = —0.31, p <.05), with eleva-
tions in Cho ADC associated with increased NAA ADC and decreased
MTR. Given the association between age and several imaging measures
(see below), partial correlations by diagnosis accounting for age re-
vealed a significant negative correlation between MTR and NAA ADC
in patients with SZ but not BD. We found correlations between Cho
ADC and MTR and NAA ADC in patients with SZ; In patients with BD,
we found significant correlations between both Cr and Cho and MTR
and NAA ADC (Table 3). There were no significant correlations amongst
any imaging variables in the control group.

Table 3
Partial correlations amongst MTR and diffusion measures.
MTR NAA ADC Cr ADC Cho ADC

Sz
MTR - - - -
NAA ADC —0.48" - - -
Cr ADC —0.11 —0.05 - -
Cho ADC —0.37" 0.57" 0.11 -
BD
MTR - - - -
NAA ADC —0.01 - - -
Cr ADC —0.34" 0.72"" - -
Cho ADC -0.75"" 039" 058" -

Partial correlations amongst imaging measures by patient group accounting for age. MTR:
Magnetization transfer ratio; NAA: N-acetylaspartate; ADC: Apparent diffusion coefficient;
Cr: Creatine; Cho: Choline.
* p<.05.
* p<.01.

3.2. Association between neuroimaging measures and age

Correlational analyses showed a modest positive correlation be-
tween MTR and age (r = 0.28, p = .02) suggesting that as age increases
myelin content increases. These findings support a hypothesis that my-
elin may not be at maximum levels yet in this young population. Line
fits by diagnosis showed no evidence of an interaction. NAA showed a
significant negative correlation with age (—0.46, p = .02), suggesting
that as age increases mean diffusivity decreases. Line fits by diagnosis
suggest similar slopes for Controls and SZ patients, but a steeper de-
crease in the BD group (Fig. 2). Correlations by subgroup showed a sig-
nificant association in patients with BD (—0.67, p <.05); correlations in
the SZ and control groups were not significant.

Cho ADC was significantly negatively correlated with age across the
sample (r = —0.34, p = .02); this association was significant and large
for BD (r = —0.74, p = .01) and moderate but non-significant for SZ (r
= —0.41, p = .14). There was no association between Cho and age in
Controls (r = 0.04) (Fig. 3).

3.3. Association between diffusion measures and clinical and cognitive
measures

Within the patient groups there were no significant correlations be-
tween MTR, diffusion measures of NAA, Cr, or Cho and state clinical or
functional variables (YMRS, MADRS, and PANSS scores, and MCAS). Dif-
fusion measures were also not associated with age at illness onset. How-
ever, NAA ADC was positively correlated with CPZ (r = 0.78, p = .003).
A post-hoc regression predicting NAA ADC by diagnosis, CPZ, and the di-
agnosis X CPZ interaction showed no significant interaction effect, sug-
gesting that the relationship between CPZ and NAA did not differ by
diagnosis. In terms of cognition, NAART scores were not correlated
with any diffusion measure.

Table 2
DTS and MTR data by diagnostic group.
BD (n = 16) SZ (n=19) HC (n = 22) F-statistic Pairwise
MTR 0.144 (0.026) 0.148 (0.026) 0.152 (0.028) 0.52 -
Water ADC 0.641 (0.069) 0.653 (0.080) 0.616 (0.123) 0.69 -
NAA ADC 0.208 (0.082) 0.212 (0.056) 0.186 (0.049) 1.00 -
Cr ADC 0.222 (0.082) 0.318 (0.216) 0.162 (0.074) 564" SZ>HC
Cho ADC 0.218 (0.088) 0.208 (0.086) 0.136 (0.055) 635" SZ, BD > HC

Group-wise comparisons of imaging outcomes; pairwise comparisons with Bonferroni correction were conducted for all significant group findings. MTR: Magnetization transfer ratio;

ADC: Apparent diffusion coefficient; NAA: N-acetylaspartate; Cr: Creatine; Cho: Choline.
** p<.01.
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Fig. 2. NAA ADC X age by diagnosis. Partial correlations between N-acetylaspartate and age by diagnostic group. NAA: N-acetylaspartate; ADC: apparent diffusion coefficient; BD: bipolar
disorder; SZ: schizophrenia.

4. Discussion

of patients after a first episode of psychosis or mania. Contrary to our hy-
potheses, we found no significant differences in MTR or NAA ADC in ei-

The present study used a combination of MRI-based MTR and DTS ther patient group compared to controls, although effect size
techniques to examine WM abnormalities in a cross-diagnostic group calculations showed that the difference between patients with SZ and
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Fig. 3. Cho ADC X age by diagnosis. Partial correlations between Choline and age by diagnostic group. Cho: Choline; ADC: apparent diffusion coefficient; BD: bipolar disorder; SZ:

schizophrenia.
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controls on NAA ADC was in the small to medium range. Together, these
findings suggest that significant abnormalities of myelination and axon
morphology are not evident in the very early phase of SZ or BD, al-
though effects may be emerging in patients with SZ. These findings dif-
fer from those in patients with chronic illness, in which we have
reported reductions in myelin in both SZ and BD (Du et al.,, 2013;
Lewandowski et al., 2015), and abnormalities in axon geometry in SZ
(Duetal., 2013). We found elevations of both Cr and Cho diffusion in pa-
tients with first episode SZ, and elevations of Cho diffusion in patients
with first episode BD, all with large effects. Elevations in Cr and Cho
ADC in the absence of NAA ADC abnormalities suggest that the aberrant
signal may arise in glia, suggesting that glial abnormalities are present in
the first episode in both SZ and BD, perhaps more pronounced in pa-
tients with SZ. Together with our myelin and axon outcomes, these find-
ings suggest that major abnormalities in axon and myelin may not yet
be pronounced in the first episode of psychosis, but glial abnormalities
are. Indeed, Cho ADC was associated with decreased myelination and
increased NAA diffusivity in both patient groups; Cr ADC (which was
positively correlated with Cho ADC in the BD group) was also associated
with myelin and NAA diffusion in the BD group. We did not see any ev-
idence of these associations in the healthy control group. We interpret
this overall picture as suggesting an active glial process in early psycho-
sis, with subsequent neurodegeneration into chronic illness.

One possibility for increased glial process early in illness is that it is
reflective of neuroinflammation. Other reports have found acute pro-
cesses in early psychosis suggestive of neuroinflammation using a vari-
ety of methodologies, including assessment of glial activation,
inflammatory cytokines (Bloomfield et al., 2016; Miller et al., 2011),
and free water imaging, which assesses extracellular free water as a
marker of active inflammatory processes (Pasternak et al., 2012). Previ-
ous reports suggest that these inflammatory processes are more active
in the early course of illness without significant evidence of axonal
change, and less prominent in chronicity when axonal abnormalities
are more consistently reported (Pasternak et al., 2015). Whether these
changes reflect the evolution of a single process or two separate pro-
cesses remains an open question.

Age was associated with increased MTR and decreased NAA ADC
across groups, which may reflect continued myelination throughout
late adolescence and early adulthood in both healthy young people
and young patients with SZ and BD (Patel et al., 2018). We found de-
creased Cho ADC with age in the SZ and BD groups only. Again, together
with the overall elevation of Cho in both patient groups, this finding
suggests that the active glial process seen in early psychosis may
begin to stabilize with increasing age.

We did not find any associations amongst MTR and DTS measures
and clinical or cognitive outcomes. This is not surprising, given that
we did not see major disruptions of myelin or axon geometry. The
lack of association with Cr ADC and Cho ADC suggest that these mea-
sures in the first episode of illness may be reflective of active processes,
but in the absence of pronounced impact on myelin and axon structure
these changes do not yet exert a major influence on behavioral and clin-
ical measures. We did, however, find a strong association between NAA
diffusion and CPZ equivalent in both patient groups. Several possible in-
terpretations of this finding may be considered, including direct effects
of medication on axon integrity, or more severe lifetime illness associ-
ated with both reduced axon integrity and higher CPZ doses. While
we did not find evidence of association between NAA and clinical symp-
toms, our clinical measures only ascertained state clinical symptomatol-
ogy amongst a sample of relatively stable outpatients. Future studies
assessing lifetime illness severity, patients during more acute illness
states, or antipsychotic naive patients in the first episode may clarify
this issue.

The present study must be considered in light of several limitations,
including a relatively small sample, and differences in the patient and
controls groups on several demographic variables including education
and gender. As noted above, including gender as a covariate in the

group comparisons did not alter our findings. Controlling for factors
such as educational attainment or estimated IQ can be controversial,
as these variables differ systematically between patients and healthy
adults and matching may introduce selection bias. Nevertheless, group
differences on these variables should be considered, as previous studies
have found associations between education and imaging outcomes. Ad-
ditionally, in this work we consider glial cells together as a class. There
are three major classes of glial cells: astrocytes, oligodendrocytes, and
microglia. Our current results do not allow us to distinguish which
glial cell type the signals may be arising from. Lastly, each of the
methods we have used in this study relies on certain assumptions, a
necessary feature of in vivo human neuroimaging research. For exam-
ple, MTR reflects macromolecule interactions with water molecules,
and not specifically myelin. But in the white matter, myelin is the pre-
dominant macromolecule class (Du and Ongiir, 2013). Likewise, NAA
is predominantly but not exclusively found within neurons, and Cr
and Cho are over-represented in glial cells but not solely there (Choi
et al,, 2007; Duarte et al., 2012; Le Belle et al., 2002; Tsai and Coyle,
1995; Urenjak et al., 1993). Therefore, the interpretation of our findings
needs further support from other cell biology or pathology studies.

Our findings of Cr and Cho diffusion abnormalities in the absence of
MTR and NAA diffusion abnormalities in first episode SZ and BD suggest
active neuroprogressive processes, possibly reflecting neuroinflamma-
tion, during this phase of illness. In light of previous findings in chronic
patients (Du et al., 2013; Lewandowski et al., 2015; Pasternak et al.,
2015), the present work suggests that active neuroprogression in the
first episode of illness has not yet resulted in major alterations of axon
geometry or myelination, but with illness progression WM abnormali-
ties become more pronounced, particularly in patients with SZ, with
subsequent reduction in active glial involvement. These findings have
implications for understanding of neuroprogressive processes in the
early course of illness and into chronicity, and for the development of
interventions aimed at targeting these processes while they are active
and amenable to change.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2019.05.018.
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