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Microstructural abnormalities in the white matter (WM) 
are implicated in the pathophysiology of psychosis. In 
vivo magnetic resonance spectroscopy (MRS) can probe 
the brain’s intracellular microenvironment through the 
measurement of transverse relaxation and diffusion of 
neurometabolites and possibly provide cell-specific in-
formation. In our previous studies, we observed differen-
tial metabolite signal abnormalities in first episode and 
chronic stages of psychosis. In the present work, longi-
tudinal data were presented for the first time on white 
matter cell-type specific abnormalities using a combina-
tion of diffusion tensor spectroscopy (DTS), T2 MRS, 
and diffusion tensor imaging (DTI) from a group of 25 
first episode psychosis patients and nine matched controls 
scanned at baseline and one and two years of follow-up. 
We observed significantly reduced choline ADC in the 
year 1 of follow-up (0.194 µm2/ms) compared to baseline 
(0.229 µm2/ms), followed by a significant increase in NAA 
ADC in the year 2 follow-up (0.258 µm2/ms) from base-
line (0.222 µm2/ms) and year 1 follow-up (0.217 µm2/ms). 
In contrast, NAA T2 relaxation, reflecting a related but 
different aspect of microenvironment from diffusion, was 
reduced at year 1 follow-up (257 ms) compared to base-
line (278 ms). These abnormalities were observed in the 
absence of any abnormalities in water relaxation and dif-
fusion at any timepoint. These findings indicate that ab-
normalities are seen in in glial-enriched (choline) signals 
in early stages of psychosis, followed by the subsequent 
emergence of neuronal-enriched (NAA) diffusion abnor-
malities, all in the absence of nonspecific water signal 
abnormalities.
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Introduction

Brain regions are connected through white matter (WM) 
tracts, and multiple lines of evidence suggest that micro-
structural abnormalities in the white matter are important 
in the pathophysiology of psychosis.1–3 WM abnormal-
ities are related to psychotic symptoms and poor cog-
nitive functioning.4–6 There is a lengthy and productive 
history of studying post-mortem tissue to probe WM 
abnormalities in psychiatry.7–9 With DTI, structural con-
nectivity abnormalities such as decreased fractional ani-
sotropy (FA) and increased diffusivity has been reported 
in patients with schizophrenia10,11 and bipolar disorder.12 
On the other hand, the specific nature and pathophysi-
ology of white matter abnormalities remain unclear, as 
DTI measures are relatively nonspecific insofar as they 
do not clearly differentiate between axon- and myelin-
specific abnormalities.13 Mechanistically, differentiation 
of neuronal and glial signals may elucidate specific path-
ophysiological processes in psychosis.

Magnetic resonance spectroscopy (MRS) can pro-
vide an additional window to the brain’s cellular micro-
environment through the measurement of transverse 
(T2) relaxation time and diffusion of neurometabolites. 
Unlike water, metabolites are enriched within cells and 
their relaxation/diffusion properties depend mostly on 
intracellular parameters. Furthermore, some metabol-
ites have a preferential cellular compartmentalization.14 
NAA is dominantly intra-axonal in WM and could pro-
vide a specific marker for the neuronal compartment of 
WM,15 whereas choline compounds are found in both 
neurons and glia but enriched in glial cells16, 17 and thus 
their diffusion mostly reflects glial microstructure and 
potentially informs about structural changes between 
group.18 Compared to diffusion, which reflects the mean 
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square displacement traveled by a molecule in unit time, 
T2 relaxation is determined by spin–spin interactions be-
tween the index molecule and its immediate neighbors, 
e.g., macromolecules. T2 relaxation time and diffusion 
measures reflect related but distinct aspects of the cel-
lular microenvironment.19 We have reported reductions 
in T2 relaxation time of the major MRS visible intracel-
lular metabolites in the gray/white matter of psychosis,19, 

20 indicating that T2 relaxation time could be cell-specific 
probes to explore neuronal and/or glial abnormalities.

Previously our group has performed a series of studies, 
using DTS and T2 relaxation time of brain metabolites to 
study microstructure and macromolecule abnormalities 
in different brain cell types of psychosis patients.19, 21–24 
We observed elevated NAA ADC, which implied neuron 
axonal abnormalities in chronic schizophrenia (SZ) pa-
tients.21 In patients with bipolar disorder (BD), the same 
technique revealed a trend of increased NAA diffusion 
compared to controls but not reach significance.22 In a re-
cent study on first-episode psychosis (FEP), we observed 
significant elevations of both Cr and Cho diffusion in pa-
tients with SZ, and elevations of Cho diffusion in patients 
with BD but no difference in NAA diffusion in either pa-
tient group compared to controls.23 This pattern of results 
indicated that the aberrant signal may arise preferentially 
in glia and not neurons in the first episode whereas ab-
normalities are seen in neuronal signals in chronic illness.

Compared to diffusion, water and NAA T2 relaxation 
times can provide information on white matter macro-
molecule structure including myelin and intra-axonal 
milieu, respectively. In a previous study, we observed an 
increased water T2 relaxation time as well as a reduced 
NAA T2 relaxation time in chronic SZ compared to con-
trols.19 More recently, we further observed that NAA T2 
relaxation time is significantly reduced in the chronic psy-
chosis compared to first episode (FE) subjects, suggesting 
that apparent NAA concentration reductions reported in 
psychotic disorders may indeed reflect shortened T2 re-
laxation times and not lower NAA tissue concentration.24

These cross-sectional studies have provided informa-
tion on various aspects of WM pathology at different 
stages of illness. Regarding the NAA concentration in 
SZ and psychosis, there was a thorough review recently.25 
Short26 and long27, 28 terms longitudinal studies on NAA 
have been performed in SZ with different outcomes. 
Decreased Cho in ACC were also observed in longitudinal 
studies on SZ.29–31 However, there is no longitudinal study 
beginning at the early stages of SZ and following patients 
over time on white matter abnormalities in neuron and 
glial cells specifically. In the current study, we followed 25 
first episode SZ patients as well as nine controls over two 
years with measurements of metabolite and water diffu-
sion and T2 relaxation to demonstrate active changes in 
the white matter in the same individuals. This informa-
tion could bridge the gap of our understanding of disease 
evolution.

Methods

Participants

Participants experiencing a first episode of psychosis 
(n  =  25) were recruited through the McLean Hospital 
OnTrack first episode psychosis clinic as part of an on-
going research study. Baseline data from 12 of these 
participants were included in a recent study.23 McLean 
OnTrack is an outpatient program that admits adults ages 
18–30 who have experienced new onset of psychosis, with 
or without mood symptoms, within the past 12 months. 
9 age and sex-matched healthy participants were also re-
cruited from the community. Diagnosis was determined 
by trained staff  using the SCID-IV diagnostic interview 
in conjunction with all available collateral information 
from medical records, treatment providers, and family 
members. About 9 of the patients had a schizophrenia-
spectrum disorder while 16 had bipolar disorder with 
psychotic features. All procedures were approved by the 
Mass General Brigham IRB and all participants pro-
vided written informed consent.

Protocols

Clinical assessment and MRI scans were performed at 
baseline, year 1 and 2 follow-up for the patient group. 
All 25 subjects returned for the year 1 follow-up and 
14 subjects returned for the 2nd year. MRI scans were 
performed at baseline and year 2 follow-up for the con-
trol group with all nine subjects. Clinical and functional 
measures took approximately 40–60  min to administer. 
Total MRI experiment time was approximately 70 min.

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 measures functioning in multiple domains in-
cluding social interest/effectiveness, independence in 
daily living, and instrumental role functioning. The 
North American Adult Reading Test (NAART) was used 
as a measure of premorbid intelligence quotient (IQ). 
Information regarding current psychiatric medication 
use was collected by patient report, and chlorpromazine 
(CPZ) equivalents were calculated according to the re-
commendations of Baldessarani et al32

MRI

T2 relaxation time and DTS measurements were con-
ducted on a 4 T Varian full body MR scanner (Unity/
Inova; Varian NMR Instruments, CA, USA), using a 
16-rung, single-tuned, volumetric birdcage coil. Global 
shimming was preformed followed by anatomy images 
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acquisition. The details have been described previously 
(see Supplementary Materials of Du et al21). A 1 × 3 × 
3 cm3 single MRS voxel was then placed on in the corona 
radiata, centered at the level of the genu of the corpus cal-
losum but lateral to it (i.e., does not include any callosal 
fibers). Its position was anchored by adjacent gray matter 
in anterior and lateral directions, ensuring that it was 
placed in comparable location across scans. The tissue 
segmentation was performed on the T1 images in SPM12. 
The MRS voxel tissue percentages were calculated using 
AFNI and the voxel was consistently positioned in WM 
mostly (88  ±  4% of WM percentage). Localized shim-
ming was performed to ensure water linewidths < 15 Hz.

Metabolite T2 spectra were obtained using a PRESS se-
quence modified with four varying TEs (30, 90, 120, and 
200 ms) and TR = 3000 ms; 48 repetitions for metabolite 
and 8 repetitions for water T2 relaxation time measure-
ments. A modified PRESS sequence with diffusion gradi-
ents was used for DTS measurements. Bipolar diffusion 
gradients with six directions—(1,1,0) (1,0,1) (0,1,1) (−1,1,0) 
(−1,0,1) (0, −1,1)—and one control (0,0,0) were applied. 
The applied b value was 1412 s/mm2, routinely calibrated 
using a phantom with water ADC assumed to be 2.1 × 10−3 
mm2/s at room temperature. In these measurements, repeti-
tion time/echo time = 3000/135 ms, diffusion time = 60 ms, 
repetitions = 96 and 4 for metabolites and water diffusion 
measurements, respectively. In the PRESS sequences of 
both T2 relaxation time and DTS measurements, a 3 ms 
sinc pulse with a bandwidth of 2000 Hz was used for ex-
citation; two 6 ms Varian optc4 (Optimized Control Pulse 
for 4 zero sinc pulse) pulses with a bandwidth of 1050 Hz 
were used for refocusing. The center of the RF pulses was 
set to 2.6 ppm. For the excitation pulse, the NAA, Cho, 

and Cr chemical shift displacements were −5.1%, 5.1%, 
and 3.4%, respectively. For the refocusing pulses, the NAA, 
Cho, and Cr chemical shift displacements were −9.7%, 
9.7%, and 6.5%, respectively. The excitation pulse was used 
for the localization of the superior–inferior direction; the 
two refocusing pulses were used for the localizations of the 
anterior–posterior and left-right directions. The displaced 
voxels of NAA and Cho were also presented in figure 1. 
The water suppression in both measurements was achieved 
by VAPOR.33

DTI was obtained in a Siemens 3 T Trio scanner 
(Siemens Tim-Trio, Erlangen, Germany). The averaged 
time between DTI and DTS scans for all subjects were 
42 ± 43 days. The DTI data were acquired by axial, single-
shot spin echo EPI sequence (TR = 6230 ms; TE = 84 ms; 
FA = 90°; FOV = 1540 × 1540 mm2; matrix = 1120 × 1120; 
slice thickness = 3 mm; slice interval = 3 mm; consecutive 
scanning of 45 slices). One control image without diffu-
sion weighting and six images with noncolinear diffusion 
directions at b = 1000 s/mm2 were acquired.

Processing

The MRS averages were saved individually for all spectra 
and phase and frequency corrections were applied using 
FID-A.34 An amplitude threshold of “mean peak in-
tensity – 2*standard deviation” was applied for each 
DW spectrum to remove bad averages as suggested in 
Genovese et al.35 An exponential weighting of 1 Hz was 
applied to smooth the spectra. Quantifications of me-
tabolite concentrations were performed with LCModel 
with eddy current correction using water as reference. 
The water spectra were also quantified using LCModel. 

Fig. 1. Representative spectra of T2-MRS and DTS with LC Model fittings, and the voxel position.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab149#supplementary-data
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The T2 relaxation times of NAA, Cr, Cho, and water 
were fitted with mono-exponential decay using Matlab. 
The ADCs of NAA, Cr, and Cho were also calculated 
in Matlab. The big MRS voxel in DTS studies always av-
erage out the anisotropy information of the individual 
MRI voxels as well as fibers in different directions, i.e., 
the macroscopic curvature effects.36, 37 Therefore, FA and 
the axial/radial diffusivities were not calculated from the 
big MRS voxel. DTI data were processed and FA and 
ADC were calculated using FSL.38 A group-level analysis 
of the DTI maps was performed in FSL with family wise 
error (FWE) calculated using the nonparametric permu-
tation test with 5000 permutations. The MRS voxel ac-
quired at 4 T was transformed into standard space and 
then to the native space of 3 T FA and ADC maps to 
extract values in the same region. The MRI voxel-wise 
FA and ADC statistics analyses were performed on the 
region of the MRS voxel.

Statistics

All statistical analyses were performed using IBM SPSS 
Statistics Version 25. Linear mixed model analysis was 
performed on each measure including patient data from 
the 3 time points to evaluate longitudinal change in the 
presence of fewer participants in the year 2 follow-up. 
The scan time point was used as the fixed effect and the 
repeated effect. The same analyses were performed on the 
healthy control data from the two time points to test for 
any scanner drift. T-tests were performed to compare the 
difference between the patient and control groups at each 
time point. As the measure of different time points could 
be highly dependent on one another, we performed the 
false discovery rate (FDR) test39 for the multiple com-
parisons between the patient and control groups in dif-
ferent time points. The FDR threshold was set to 0.05. 
A Pearson’s R test was performed to compare the patient 
group’s metabolite ADCs and T2 relaxation times at each 

time point and between different time points. Pearson’s 
R test was also performed to compare the clinical meas-
ures (CPZ equivalents, YMRS, MADRS, MCAS, and 
PANSS) and MRI measures (metabolite T2 relaxation 
times and ADCs).

Results

Demographic and clinical data for healthy controls and 
FEP patients are shown in table 1. Representative spectra 
of T2-MRS and DTS with LCModel fittings, and the 
voxel position are shown in figure 1. Two subjects’ Cr and 
Cho T2 relaxation times, one at baseline and another at 
year 1 follow-up, were excluded from the analysis because 
of poor T2 fitting quality (adjusted R2 < 0.8).

DTS and T2 relaxation times

According to Lin et  al,40 the MRS spectral qualities 
were reported in supplementary table S1. T2 relaxation 
time and ADC time courses of NAA, Cr, and Cho of 
both patient and control groups are shown in figure  2. 
The scan time factor was significant in the linear mixed 
model analysis of NAA ADC in FEP patients (P = .001) 
and there was a trend toward significance in Cho ADC 
(P = .08). NAA ADC was significantly higher in year 2 
follow-up (0.258 µm2/ms) when compared with year 1 fol-
low-up (0.217 µm2/ms, P = .001) and baseline (0.222 µm2/
ms, P = .008). Cho ADC was significantly lower in year 
1 follow-up (0.194 µm2/ms) when compared with baseline 
(0.229 µm2/ms, P = .04). Cr ADC had no significant dif-
ference in year 1 and 2 follow-up when compared with 
baseline. There was no significant finding in any measure 
of the control group between its two time points (base-
line and year 2 follow-up). Figure 4 summarized the con-
trast between the trajectories of NAA and Cho ADCs. 
The values of the patient group normalized to healthy 
controls at the same time point, specifically: baseline and 

Table 1. Demographic and Clinical Data

Healthy Controls FEP Patients

Base (n = 9) Base (n = 25) 1st year (n = 25) 2nd year (n = 14)

Age  
(range)

23.0 ± 2.9  
(18–27)

22.4 ± 2.6  
(18–27)

  

Sex (Female %) 33% 24%   
Education (years) 5.7 ± 1.3 4.9 ± 1.4   
PANSS
 Positive  11.9 ± 6.1 10.5 ± 6.3 10.4 ± 4.8
 Negative  12.6 ± 5.4 10.3 ± 3.8 9.6 ± 4.1
 General  25.6 ± 6.3 22.5 ± 5.8 22.1 ± 7.9
MADRS  9.4 ± 9.5 6.0 ± 6.9 4.6 ± 6.0
MCAS  45.6 ± 6.6 50.1 ± 5.6 49.1 ± 6.7
YMRS  4.28 ± 4.75 5.14 ± 9.14 4.29 ± 6.27
CPZ  
equivalent

 166.2 ± 155.8 158.2 ± 169.6 140.4 ± 208.3

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab149#supplementary-data
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year 2 of patient group measurements were normalized 
to the baseline and year 2 of control group, respectively; 
year 1 of patient group measurements were normalized 
to the average of the baseline and year 2 of control group.

The scan time factor was significant in the linear mixed 
model analysis of NAA T2 relaxation time in FEP pa-
tients (P = .01), with significant reduction from baseline 
(278  ms) to year 1 follow-up (257  ms, P  =  .003) and a 
trend toward significance between baseline and year 2 fol-
low-up (265 ms, P = .06). There were no significant find-
ings for scan time factor in Cho T2 relaxation time and 
Cr T2 relaxation time.

When comparing the patient and control groups, only 
NAA ADC at year 2 follow-up reached a significant dif-
ference between the two groups (P = .018, FDR = 0.036). 
At that timepoint, NAA ADC was elevated not only 
compared to earlier patient measures but also compared 
to healthy participants.

Water T2 relaxation time, FA, and ADC

The time courses of T2 relaxation time obtained from 
water T2 spectra, and the averaged FA and ADC ex-
tracted from the MRS voxel on the DTI maps of both 
patient and control groups are shown in figure 3. Neither 
the linear mixed model nor t-tests between patient and 

control groups showed any significant differences in any 
of these analyses.

There was no significant correlation observed between 
metabolite ADCs and T2 relaxation time at each time 
point and between different time points. Nor was there 
any significant correlation between the clinical and MRI 
measures. No correction for multiple comparison was ap-
plied for this exploratory analysis. Despite such a liberal 
threshold, we did not observe any significant correlations, 
suggesting that none exist.

Discussion

The present study examined the evolution of abnormal-
ities in various WM signals following a first episode of 
psychosis. Using advanced MRS methods at 4 Tesla, we 
collected data on the diffusion and T2 relaxation proper-
ties of NAA, Cr, and Cho as well as water. Since NAA 
is almost exclusively localized to neurons whereas Cho 
is found in both glial cells and neurons but enriched in 
glial cells, this design provides an opportunity to examine 
cell-type-specific abnormalities in psychotic disorders. 
At baseline, we did not observe any difference between 
the patient and control groups in any diffusion or T2 
measure in our current sample size. At year 1 follow-up, 
there was a significant reduction in NAA T2 relaxation 

Fig. 2. T2 relaxation time and ADC time courses of NAA, Cr, and Cho of both patient and control groups. The significant P-values 
between different time points are from the Estimates of Fixed Effects of linear mixed model. The error bars represent standard errors.
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time, consistent with our most recent reports of reduced 
NAA T2 relaxation time in chronic psychotic disorders.24 
We also observed an elevation of Cho ADC at year 1 
follow-up. At year 2 follow-up, a pronounced elevation 
emerged in NAA ADC in the FEP group both compared 
to baseline patient measures and to control measures at 
follow-up. All of these abnormalities were observed in 
the absence of any water T2 relaxation time or diffusion 
abnormalities in FEP patients at any timepoint. The con-
trast between the trajectories of NAA ADC and Cho 
ADC is summarized in figure 4.

Early elevations in Cho ADC in the absence of abnormal 
NAA ADC signal suggest that glial abnormalities may be 
present in early stages of psychotic disorders. The absence 
of significant findings in NAA ADC and FA in FEP com-
pared to control suggests that significant abnormalities of 
axon and myelination morphology are not evident in the 
very early phase of psychosis, consistent with our recent 
study.23 The glia-specific abnormality early in illness could 
be reflective of neuroinflammation. Studies using a variety 
of techniques or biomarkers, including cytokines41 and 
free water imaging via DTI42 have reported suggestive evi-
dence of neuroinflammation in early psychosis.

As the disease progressed in follow-up, the Cho ADC 
signal returned to normal levels in psychosis patients 
while NAA ADC started to increase. This finding was 
also in line with our previous findings of abnormal NAA 
ADC increase in chronic SZ21 and the trend in BD.22 
Despite the small sample size, we looked into the sub-
group plots of longitudinal metabolite ADCs of SZ and 
BD (supplementary figure S1). The BD group shows 
less increase in NAA ADC compared to SZ in the fol-
low-up, which is consistent with our previous differen-
tial findings in chronic SZ21 and BD.22 We interpret our 
findings as suggesting an active glial process in early psy-
chosis, with subsequent neurodegeneration into chronic 
illness. The present work further confirms that active 
neuroprogression in the first episode of illness has not yet 

resulted in major alterations of axon geometry or myeli-
nation, but with time WM abnormalities become more 
pronounced, particularly in patients with SZ, with sub-
sequent reduction in active glial involvement. Using free 
water imaging based on DTI,43 Pasternak et  al also re-
ported chronic subjects showed a limited extent of ab-
normal increase in the volume of the extracellular space, 
suggesting a less extensive neuroinflammatory response 
relative to patients at the onset of SZ.44

T2 relaxation results from interaction of metabolite 
molecules with other molecules in the microenvironment 
and may provide additional insights because it is deter-
mined by molecule–microenvironment interactions not 
revealed by diffusion MRI. In the current study, we ob-
served a significant reduction of NAA T2 relaxation time 
in year 2 follow-up compared to baseline. Our previous 
study observed a significant NAA T2 relaxation time 
shortening in chronic SZ compared to healthy control but 
did not reach significance.19 The NAA T2 relaxation time 
did not show significant difference between the patient 
and control groups at baseline and the first two years of 
follow-up in the current work. Our most recent cross-sec-
tional study with a large sample size found that NAA T2 
relaxation time of chronic psychosis was significantly 
lower compared to that of first episode psychosis, whereas 

Fig. 4. Psychosis to HC ratios of NAA and Cho ADCs.

Fig. 3. The time courses of T2 relaxation time obtained from water T2 spectra, and the averaged FA and ADC extracted from the MRS 
voxel on the DTI maps of both patient and control groups. The error bars represent standard errors.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab149#supplementary-data
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the NAA T2 of healthy controls did not vary with age.24 
Because NAA is located intracellularly and almost exclu-
sively localized to neurons, the shortened NAA T2 relaxa-
tion time suggests intra-axonal abnormalities in psychosis, 
possibly due to increased interactions with intracellular 
macromolecules. This could be related to the intracellular 
macromolecule modifications such as cytoskeletal abnor-
malities.45 Although the specific cause of the modification 
of NAA T2 relaxation time has not been discovered, our 
most recent study showed the widely reported NAA re-
duction in psychosis could be mostly contributed by T2 
relaxation caused by cellular microenvironment alter-
ations rather than true concentration reduction. And our 
current study further illustrates that this microenviron-
ment change in neurons could happen earlier than the ab-
normalities of axon morphology implied by NAA ADC. 
The water T2 relaxation time showed a trend of increase 
without significance in the follow-up of psychosis, which 
confirm the results in our recent study.24

It has been recently reviewed that the extracellular 
space (ECS), which is the interconnected narrow gap be-
tween brain cells, occupies around 20% across different 
brain areas.46, 47 The contributions of the different diffu-
sion processes from the water in ECS, neurons and glia 
cells generate the unique diffusion behavior of water com-
pared to NAA and choline. Decreased FA and increased 
diffusivity and T2 has been reported in patients with SZ10, 

11 and BD.12 Our previous studies also observed increased 
water ADC21 and T219 in chronic SZ patients compared to 
healthy controls. In the current study, we observed similar 
trends of water ADC and T2 in the patients compared to 
controls in year 2 follow-up but they did not reach sig-
nificance (P  =  .146 and .147, respectively). It has been 
reviewed that the decreased FA was reported more widely 
and consistently in the chronic SZ studies than the FE SZ 
ones.10 The current study shows a decrease of FA numeri-
cally but not significantly as the disease progresses, which 
is in line with the review. The nonsignificance of the water 
indices could be due to the small cohort.

Regarding the potential bias caused by subject move-
ments, we compared the spectral qualities between the 
patient and the control groups. We ran the two-sample 
t-tests between two groups’ SNR, linewidth and number 
of removed bad averages of b0 (P = .67, .15, .75, respec-
tively) and the means of six gradient directions (P = .45, 
.15, .65, respectively). There was no significant difference 
between these measures, which suggests no evident spec-
tral quality reduction in the patient group caused by the 
subject movements.

The present study must be considered in light of several 
limitations, including a relatively small sample, especially 
with a reduced subject number in year 2 follow-up. We used 
linear mixed models and not repeated Measures ANOVA 
to include all the data we have and give unbiased results 
in the presence of the missing values in year 2 follow-up. 
Additionally, patients were taking medication. The effect 

of antipsychotic medications on metabolite T2 relaxation 
times and ADC has not been studied. In the current study, 
we did not uncover a relationship between CPZ equivalents 
and metabolite T2 relaxation times or ADC, suggesting 
that the dose of antipsychotic medication did not have an 
effect on our measures. Supplementary table S2 compares 
the ADC values reported in literatures. A moderate b-value 
could lead to a higher estimate of ADC35,48–53 as well as in-
sufficient attenuations of the metabolites. The higher ADC 
values reported by the current study could also stem from 
the underestimated b-value, which was calibrated using the 
water ADC in a phantom and did not fully address the  
contributions from gradients from B0 inhomogeneity or 
cross-terms with the slice-selection and spoiler gradients.54 
Higher b values with more accurate calculations and with 
bipolar diffusion gradients55 will be considered for the 
future studies. Lastly, the mechanism of T2 relaxation 
alterations, as well as the relationship between the T2 re-
laxation time and diffusion remain unclear. Furthermore, 
there was contribution of diffusion to the T2 relaxation 
time we measured.56 We performed the Pearson’s R test be-
tween the patient group’s NAA ADCs and T2 relaxation 
time of each time point and between different time points 
and found no significant correlation. This implies that al-
though both T2 relaxation time and diffusion reflect the 
intracellular microenvironment, they may be governed by 
relatively independent aspects of this microenvironment.

In conclusion, the current work presents a longitudinal 
study of microstructural abnormalities in the WM of first 
episode psychosis and two yearly follow-up timepoints 
through the relaxation and diffusion of different metab-
olites and water. The findings confirm previously reported 
WM abnormalities in FE and chronic psychosis based on 
longitudinal observation of the same group of subjects. 
Furthermore, this study provides more detailed informa-
tion on active neuroprogressive processes involving WM 
abnormalities including but not limited to glia and axons, 
bridging our understanding of disease evolution from 
FE to chronic disease. The changes in Cho vs. NAA over 
time, which reflect the differentiation of neuronal and 
glial abnormalities, are unique and they are potentially 
important for our understanding of disease mechanism. 
These findings have implications for the development of 
interventions aimed at targeting these processes while 
they are active and amenable to change.
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