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Abstract 

 

Objective 

7 Tesla (T) longitudinal magnetic resonance spectroscopy (MRS) offers a precise measurment of 

metabolic levels in human brain via a non-invasive approach. Studying longitudinal changes in 

neurometabolites could help identify trait and state markers for diseases and understand 

inconsistent findings from different researchers due to differences in the age of study participants 

and duration of illness. This study is the first to report novel longitudinal patterns in young 

adulthood from both physiological and pathological viewpoints using 7T MRS. 

 

Methods 

Utilizing a four-year longitudinal cohort with 38 first episode psychosis (FEP) patients (onset 

within 2 years) and 48 healthy controls (HC), the authors examined the annual percentage 

changes of 9 neurometabolites in 5 brain regions.  

 

Results 

Both FEP patients and HC subjects were found to have significant longitudinal reductions in 

glutamate (Glu) in the anterior cingulate cortex (ACC). Only FEP patients were found to have a 

significant decrease over time in γ-aminobutyric acid (GABA), N-acetyl aspartate (NAA), myo-

inositol (mI), and total choline (tCho: phosphocholine plus glycerophosphocholine) in the ACC. 

Uniquely, glutathione (GSH) was found to have a near zero annual percentage change in both 

FEP patients and HC subjects in all 5 brain regions over a four-year timespan in young adulthood.  
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Conclusions 

GSH could be a trait marker for diagnostic applications at least in young adulthood. Glu, GABA, 

NAA, mI, and tCho in the ACC are associated with the patient’s status and could be state 

markers for mechanistic studies of psychotic disorders, including those for progressive 

pathological changes and medication effects in young adulthood.  
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Introduction 

Proton magnetic resonance spectroscopy (MRS) allows for the non-invasive quantification of 

multiple compounds that are related to metabolism, neurotransmission and other processes in the 

human brain (1). It is a powerful technique, well appreciated in psychiatric studies to measure 

neurometabolic changes in vivo (2, 3). Compared to scans performed at lower field strengths, 7 

Tesla (T) MRS offers a more precise measurement of metabolite levels (4–6). To date, there 

have only been a handful of 7T MRS studies using either first episode psychosis (FEP) (7) or 

schizophrenia (SZ) patients (8–13). However, all of these studies were cross-sectional and most 

of them used a fairly small number of subjects. 

 

Inconsistent findings in neurometabolic changes have been observed in psychotic studies (14, 

15). For example, some studies have found increased γ-aminobutyric acid (GABA) in the medial 

frontal cortex in SZ while other studies observed reductions (16). Several factors may cause 

these inconsistent findings such as the heterogeneity of the disease and possible differences in 

MRS techniques. One important factor could be the age of the study participants and their 

duration of illness. There is evidence that brain metabolites measured by 3T MRS change over 

time, either due to disease progression or in response to, or as a consequence of, therapeutic 

interventions (16–19). However, so far there is not a systematic study of the physiological and 

pathological effects on neurometabolic changes, especially during young adulthood (and late 

adolescence) when most patients experience FEP. The fact that only a few longitudinal MRS 

studies of FEP have been published (15, 17, 19–23), especially none to date performed at 7T, 

limits current progress in studying neurometabolic changes in early stages of psychotic disorders. 
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Another barrier for longitudinal studies is the statistical method. Most statistical methods require 

a relatively large sample size and multiple time points to obtain meaningful results (24). For 

example, the newly developed changepoint method could utilize longitudinal data to identify a 

significant time point that is related to the onset of disease. This approach has been successfully 

applied in the study of Alzheimer’s disease (25). However, this method cannot be used for 

studies where there are only 2 or 3 time points available. Commonly used approaches such as 

multivariate analysis of variance or regression models are also limited when only a small number 

of time points are available and missing data exists (26, 27). On the other hand, for practical 

reasons (e.g., time, budget, attrition), it is hard to acquire longitudinal cohorts with large sample 

sizes and multiple time points. A straightforward and easy analysis pipeline that can be used in 

studies with limited time points could reduce the barrier for longitudinal studies and boost new 

discoveries. 

 

To fill these intellectual gaps, we now report a longitudinal study of FEP patients and healthy 

controls (HC) from physiological and pathophysiological viewpoints. This longitudinal study 

expands our previously published cross-sectional study of 7T MRS with 81 FEP patients and 91 

HC subjects that reported a number of metabolic abnormalities in FEP patients (12): these 

included lower levels of GABA, glutamate (Glu), glutathione (GSH), and N-acetyl aspartate 

(NAA) in the anterior cingulate cortex (ACC) in FEP patients compared with HC subjects, 

decreased NAA in the thalamus and orbitofrontal region, and a reduction in GSH in the thalamus 

(12). Among the 172 participants in our published cross-sectional 7T MRS study (12), 38 FEP 

patients and 48 HC subjects returned for at least one follow-up evaluation during 4 years and 

represent the cohort in this longitudinal study. Through a new analytic pipeline, we observed 
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longitudinal changes of key metabolites at both physiological and pathological levels in the 

present study.  

 

Methods 

Participants 

This study was approved by the Johns Hopkins University School of Medicine Institutional 

Review Board and all subjects provided written informed consent. As stated in our previous 

publication (12), patients were within 24 months of the onset of positive symptoms at their 

baseline visit, as assessed by psychiatrists using the Structured Clinical Interview for DSM-IV 

(SCID) and medical records. Among the 172 participants in the previous cross-sectional study 

(12), 38 FEP patients and 48 HC subjects came back for yearly study visits, including 7T MRS 

scans, for up to 4 years.  

 

MR protocol 

All participants were scanned using a 7T scanner (Philips ‘Achieva’, Best, Netherlands) 

equipped with a 32-channel receive head coil using a protocol previously described in detail (12). 

High-resolution (0.8 mm isotropic) T1-weighted anatomical images were acquired using an 

MPRAGE sequence. Spectra were recorded using the STEAM sequence (TR/TE/TM = 

3000/14/33 ms, 128 excitations) with VAPOR water suppression from the thalamus (Thal, 

20×30×15 mm3), orbitofrontal region (OFR; 20×20×20 mm3), anterior cingulate cortex (ACC; 

30×20×20 mm3), dorsolateral prefrontal cortex (DLPFC; 25×20×20 mm3) and centrum 

semiovale (CSO; 40×20×15 mm3) (Figure 1A). A non-water suppressed acquisition was also 

collected with 2 excitations. Figure 1B shows representative spectra from the ACC of one 
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subject at two time points, and the results of the spectral fitting routine. Prior to acquisition, field 

homogeneity was optimized up to the 2nd order using the FASTMAP technique (28), and RF 

pulses calibrated using a localized power optimization scheme (29). Scan time was 6min 30s per 

voxel location.  

 

MR data processing 

All spectra were analyzed with the LCModel software package (30) using a simulated basis set 

(31). Spectra were fitted between 0.2 and 4.0 ppm after eddy-current correction. Metabolite 

levels were estimated relative to the unsuppressed water signal. Full details of the spectral 

analysis methods have been described previously (12). MRS voxel composition was determined 

by segmenting the anatomical T1-weighted images into gray matter (GM), white matter (WM) 

and cerebrospinal fluid (CSF) using the SPM12 toolbox (32). Twenty metabolites were included 

in the LCModel basis set as described previously(12); after applying the previously described 

quality control criteria, the following metabolite concentration estimates were considered reliable 

enough for further statistical analysis: GABA, Glu, glutamine (Gln), GSH, lactate (Lac), myo-

inositol (mI), NAA, N-acetyl aspartyl glutamate (NAAG), and total choline (tCho: 

phosphocholine plus glycerophosphocholine).  

 

Systematic bias between visits 

To address whether there is systematic bias between visits, which could potentially affect our 

analysis results, for each subject we calculated the variance of 9 measured metabolite levels 

between visits. Our analysis showed that there were no uniform shifts in metabolite levels in any 
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brain region (Table S1-S5), confirming that longitudinal changes in metabolites are unlikely 

caused by systematic bias.    

 

Return bias 

To address return bias, which could potentially affect the analysis results, we compared the level 

of all measured metabolites in 5 brain regions obtained during the baseline visits for all study 

participants in our previous cross-sectional full cohort (baseline levels) (12) with those for the 

current longitudinal cohort. Linear regression with age, gender, race, and smoking status as 

covariates was performed in the HC only group, while linear regression with age, gender, race, 

smoking status, chlorpromazine (CPZ) equivalent dose, and duration of illness as covariates was 

performed in the FEP only group.  

 

Annual percentage change (APC) 

To estimate rates of change of metabolite levels over time, annual percentage changes (APC) 

were calculated using the following expression:  

𝐴𝑃𝐶 =
1

𝑛 − 1(
𝐿!"# − 𝐿!

(𝐷!"# − 𝐷!)/365

$%#

!&#

 

L is the level of metabolite, D is the date of the visit, i is the ith visit, Di+1 – Di is the number of 

days between two visits, and n is the total number of visits. Voxel tissue fractions were also 

investigated for changes over time using linear regression.  

 

Statistical analyses  

To compare the APC between FEP patients and HC subjects, we performed the Bayesian two 

sample test and linear regression controlling for age, gender, race, and smoking status. The 
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Benjamini-Hochberg (BH) procedure, a popular method for controlling the false discovery rate 

(FDR), was used for multiple comparison correction across all the measured metabolites and 

brain regions. P values corrected with the BH procedure are presented as q values. Bayes factor 

(BF), a statistical index not dependent on sample size and other extraneous factors (33), together 

with q values were used to evaluate the significance of analysis results. Similarly, to test if the 

mean APC within the HC or FEP group was different from zero, one sample t-test and Bayesian 

test were performed. The analyte was considered significant if its BF was larger than 10 and its q 

value was smaller than 0.05.  

 

Furthermore, linear regression was performed to study the correlation between brain metabolite 

levels and other factors including age, smoking status, duration of illness, and CPZ dose obtained 

during the baseline visit. The absolute values of the t values were used to estimate the impact of 

these factors on brain metabolite levels.  

 

Results 

Longitudinal cohort 

Table 1 provides the demographic information of 38 FEP patients and 48 HC subjects in the 

present longitudinal cohort. Most study participants were African American, reflecting the 

composition of the local population. Additionally, FEP patients had a greater incidence of 

tobacco use than HC subjects. Differences in these demographic factors between FEP patients 

and HC subjects were adjusted in subsequent statistical analyses. In short, the demographic 

characteristics of our previous cross-sectional cohort (full cohort) (12) and those of our current 

longitudinal cohort look similar, however, we statistically made sure that there was no return bias 
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in the longitudinal cohort. Between the full cohort and the present longitudinal cohort, we 

observed no significant differences in any metabolite in any brain region in both the HC group 

and the FEP group (Tables S6, S7).  

 

We then addressed longitudinal changes in brain metabolites in the present longitudinal cohort 

and employed the APC as a quantitative indicator (see Method section). By assessing the 

longitudinal changes in 9 measured metabolites in 5 brain regions, we observed several patterns 

as described below.  

 

Longitudinal reductions in ACC Glu in both FEP patients and HC subjects. 

We observed a negative mean APC for ACC Glu in both FEP patients and HC subjects, 

indicating that ACC Glu levels were reduced over time (Figure 2A, Table 2). In HC subjects, 

the mean APC of ACC Glu was -2.51%, whereas in FEP patients the mean APC was -5.03%. 

One sample t-test and Bayesian test supported the significance in reduction over time in ACC 

Glu in both FEP patients and HC subjects (BF > 10 and q-value < 0.05) (Figure 2A, Table 2). 

These data indicate that longitudinal changes exist even at physiological levels in young 

adulthood. The longitudinal reduction in Glu was only observed in the ACC, not in other brain 

regions.  

 

On average, FEP patients had a faster decline in ACC Glu compared to HC subjects, though it 

did not reach statistical significance (p-value = 0.01, q-value = 0.10, BF = 5.65).  Note that, our 

previous study found that ACC Glu was significantly lower in FEP patients compared to HC 

subjects at baseline (12).  
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Longitudinal reductions in GABA, NAA, mI, and tCho in the ACC in FEP patients. 

In addition to Glu, we observed significant longitudinal reductions in GABA, NAA, mI, and 

tCho in the ACC only in FEP patients (Figure 2, Table 2). The mean APC of GABA, NAA, mI, 

and tCho in FEP patients were -7.47%, -2.98%, -4.63%, and -5.38%, respectively. We didn’t 

observe significant differences in the APC between FEP patients and HC subjects. Note that at 

baseline, our previous study found that GABA and NAA in the ACC were significantly lower in 

FEP patients compared to HC subjects, while the difference in mI and tCho between FEP 

patients and HC subjects were not (12). These longitudinal reductions in GABA, NAA, mI, and 

tCho in FEP patients were only observed in the ACC, not in other brain regions.  

    

In addition, we observed a significant reduction in CSO NAA in HC subjects (Table 2), but not 

in FEP patients. The longitudinal change in CSO NAA between FEP patients and HC subjects 

didn’t reach significance. 

 

FEP patients and HC subjects did not have significant longitudinal changes in GSH in any brain 

region  

In the cross-sectional cohort we published for the 7T MRS study (12), the levels of GSH were 

significantly lower in the ACC and Thal in FEP patients compared with HC subjects. However, 

when we examined the longitudinal change in GSH, we didn’t observe a significant difference in 

the APC of GSH between FEP patients and HC subjects in any brain region (Figure 3, Table 2). 

In addition, the mean APC of GSH in every brain region in both FEP patients and HC subjects 

was not found to be significantly different from zero (Figure 3, Table 2). These results suggest 
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that GSH levels are stable in 15- to 35-year-old subjects during a 4-year follow-up. There were 

several other metabolites that did not show longitudinal changes, but GSH was unique in having 

a significant difference at baseline between FEP patients and HC subjects without longitudinal 

changes. 

  

Consideration of confounding factors that may affect the FEP group. 

In the above analyses, we considered age, gender, race, and smoking status as potential 

confounding factors for both FEP patients and HC subjects. In addition, the patient group may be 

influenced by intrinsic factors (disease-associated factors, such as speed and type of disease 

progression, as well as duration of illness (DOI)) and extrinsic factors (antipsychotic medication 

(CPZ dose)). To address this, we performed linear regression for metabolites with significant 

longitudinal changes (Glu, GABA, NAA, mI, and tCho in the ACC) in the FEP group. Since 

gender and race do not change over time, they were included in the linear regression as 

covariates. The severity and type of disease progression are difficult to include in the analysis, 

but DOI may reflect part of their impact. Together, we evaluated the effects of age, smoking 

status, antipsychotic medication, and DOI in FEP patients. We found that age had a significant 

impact on the level of ACC Glu and ACC GABA, while DOI had a significant impact on ACC 

NAA (Figure S1).  

 

Discussion 

As far as we are aware, this study is the first to report longitudinal changes in brain metabolites 

in FEP patients and HC subjects in young adulthood using 7T MRS. There were three major 

findings in this study: (1) Glu showed a longitudinal decline only in the ACC in both FEP 
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patients and HC subjects. (2) GABA, NAA, mI, and tCho showed a longitudinal decline only in 

the ACC in FEP patients, while NAA showed a longitudinal decline in the CSO in HC subjects; 

and (3) GSH levels in all the studied brain regions were relatively stable over time, although 

baseline levels of GSH in the ACC and Thal in FEP patients were lower than baseline levels in 

HC subjects(12). This data implies longitudinal changes in key brain metabolites both at the 

physiological and pathophysiological levels, which were preferentially represented in the ACC. 

 

Glu  

Glu is the primary excitatory neurotransmitter in the adult human brain. The reduction of Glu in 

the pathological trajectory of patients with psychosis, including those with FEP, has been 

reported by multiple groups (7, 9, 11). Although there are reports that compared brain metabolite 

levels between young and aged populations (34), we believe that this study is the first to report 

that a longitudinal change in young adulthood occurs in healthy subjects. This implies dynamic 

changes in Glu even at the physiological level in people between 15 and 33 years old.  

 

GABA, NAA, mI, and tCho 

GABA is the primary inhibitory neurotransmitter in the adult human brain. Some studies have 

shown that psychotic patients have lower levels of GABA compared to healthy controls (7, 11). 

NAA is the second most abundant metabolite in human brain (35). Its potential involvement in 

brain disorders such as SZ, Alzheimer’s disease, and brain injury has been reported (36). mI is 

utilized as a key element for intracellular signal transduction pathways (37). It is highly enriched 

in astrocytes and has been used as a marker of astrocyte activity (38). A meta-analysis reported a 

small, but significant, reduction in mI concentration in the medial frontal cortex in SZ (39). 
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Choline is an essential element for membrane synthesis and cholinergic neurotransmission. 

Interestingly, maternal prenatal choline deficiency has been strongly linked to subsequent 

development of SZ (40). Together, GABA, NAA, mI, and tCho has been reported to play 

important roles in neuropathology. Here, in this study, we observed significant longitudinal 

reductions in these metabolites in FEP patients, which could be a reflection of disease progress. 

Although any clinical study tends to stay descriptive, these observations may provide a useful hit 

to more mechanistic studies in animal models that mimic pathophysiology relevant to SZ and 

psychosis.  

   

GSH  

One novel finding of the current study is that GSH has a near zero annual change in all brain 

regions. GSH is the most abundant non-enzymatic antioxidant in the central nervous system (41). 

Maintaining sufficient levels of GSH is important for protection against oxidative damage. MRS 

detection of GSH levels is usually presented as an indicator of antioxidant capacity in brain 

tissue. Our previous 7T MRS findings showed that there was a significantly lower GSH level in 

the ACC and thalamus in FEP patients compared to HC subjects (12). This suggested the 

presence of oxidative stress in the brain in early psychotic patients and provided evidence for the 

existence of a homeostatic imbalance in FEP patients (12, 42). In this study, we found that the 

GSH level did not have an obvious change longitudinally over a 4-year timespan for both FEP 

patients and HC subjects. Together, our findings suggest that GSH could be a trait marker for 

diagnostic applications. In addition, a related antioxidant or GSH-targeted treatment might be an 

alternative therapeutic pathway. Indeed, studies using animal models have suggested that redox 

imbalance and oxidative stress in adolescence later lead to cognitive and behavioral deficits 
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relevant to psychotic disorders, and interventions in early stages can have a prophylactic impact 

(43, 44).  

 

Possible limitations 

There are limitations in the current study, such as a limited number of brain regions examined 

and a narrow time window (4 year follow up in young adulthood). Future studies with a larger 

sample size, longer follow up, standardization of MRS techniques that could measure more brain 

regions, and unmedicated patients are encouraged to validate and expand the current findings. 

 

New analytic pipeline 

In addition to novel findings in the longitudinal changes associated with physiological processes 

and pathological progressions, this study provides a straightforward analytic pipeline that 

leveraged the easy-to-understand concept of annual percentage change and well-developed 

statistical tests such as one sample test and linear regression. The analysis results are self-

explanatory. Most importantly, this pipeline can be used in datasets with limited time points. 

This pipeline doesn’t depend on the type of dataset, which means that it can be applied not only 

to MRS data, but also to protein measurements, next generation sequencing data, clinical scales, 

or magnetic resonance imaging scans. Moreover, it can be carried out by researchers without 

statistical training.  

 

Conclusions 

This study, for the first time, provided novel views of three longitudinal patterns in 

neurometabolites from both physiological and pathological viewpoints by leveraging the 
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advantages of 7T MRS. GSH was found to have a near zero change in all 5 studied brain regions 

over time. Given that GSH levels were different in FEP patients and HC subjects at baseline, but 

stable over time, GSH may be a trait marker that could be used for diagnostic applications. 

Additionally, Glu, GABA, NAA, mI, and tCho in the ACC may be associated with the patient’s 

status and affected by physiological and pathological factors. These characteristics make them 

good state markers to study the mechanism of the development of psychiatric diseases.  
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Table 1. Demographics of study participants.  
 
Data collected during the subjects’ baseline visit is shown. T-test was performed to compare the 
age between first episode psychosis (FEP) patients and healthy control (HC) subjects. Fisher 
exact test was used to compare gender, race, and smoking status between FEP patients and HC 
subjects. Abbreviations: sd indicates standard deviation; Y, yes; and N, No.  
 
Characteristics FEP (n=38) HC (n=48) p-value 

Age (mean ± sd in years) 22.53 ± 4.33 23.67 ± 3.31 0.18 

Gender (Male/Female) 27/11 26/22 0.17 

Race (AA/Caucasian/Asian/Other) 25/10/2/1 29/15/1/3 0.69 

Smoking status (Y/N) 12/26 4/44 0.01 

CPZ (mean ± sd in mg) 274.11 ± 211.67 N/A N/A 
DOI (mean ± sd in month) 15.26 ± 9.54 N/A N/A 
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Table 2. Longitudinal analysis of metabolites in the Anterior Cingulate Cortex (ACC). 
 
Mean annual percentage change (APC) was calculated to quantitively measure the longitudinal 
changes. A negative value indicates a decrease over time while a positive value indicates an 
increase. One sample Bayesian test and t-test were performed to check if the mean APC in one 
group (healthy control (HC) or first episode psychosis (FEP)) was significantly different from 
zero. Linear regression and Bayesian two sample test were performed to compare the APC 
between FEP patients and HC subjects. The Benjamini-Hochberg procedure was performed for 
multiple comparison correction. Significant results (Bayes factor (BF) > 10 and q-value < 0.05) 
are highlighted in bold with a gray shadow. Abbreviations: GABA indicates γ-aminobutyric acid; 
Gln, glutamine; Glu, glutamate; GSH, glutathione; Lac, lactate; NAA, N-acetylaspartate; NAAG, 
N-acetylaspartyl glutamate; mI, myo-inositol; tCho, phosphocholine plus glycerophosphocholine; 
ACC indicates anterior cingulate cortex; Thal, thalamus; DLPFC, dorsolateral prefrontal cortex; 
CSO, centrum semiovale; and OFR, orbital frontal region. 
 

   

 
 

mean APC BF p-value q-value mean APC BF p-value q-value BF p-value q-value
GSH -1.56 0.42 0.16 0.48 -0.49 0.20 0.77 0.91 0.26 0.73 0.84
GABA -3.59 4.15 0.01 0.13 -7.47 31.44 1.03E-03 0.01 3.50 0.01 0.10
Glu -2.51 30.48 9.70E-04 0.02 -5.03 372.28 6.44E-05 1.45E-03 5.65 0.01 0.10
Gln 0.88 0.18 0.65 0.82 -1.38 0.22 0.57 0.75 0.32 0.38 0.77
tCho -1.62 0.56 0.11 0.44 -5.38 433.75 5.55E-05 1.45E-03 4.52 0.01 0.10
Lac 3.10 0.19 0.61 0.82 -2.38 0.21 0.72 0.87 0.31 0.44 0.77
mI -2.29 3.43 0.01 0.13 -4.63 28.00 1.15E-03 0.01 2.55 0.01 0.12
NAA -1.52 1.59 0.03 0.24 -2.98 42.17 7.33E-04 0.01 0.82 0.08 0.52
NAAG 2.61 0.18 0.67 0.82 -0.40 0.21 0.94 0.96 0.27 0.74 0.84
GSH 3.31 0.51 0.13 0.47 10.56 5.88 0.01 0.06 0.56 0.14 0.52
GABA -1.29 0.18 0.68 0.82 4.17 0.31 0.32 0.57 0.25 0.77 0.84
Glu 1.08 0.18 0.61 0.82 2.30 0.36 0.24 0.51 0.25 0.77 0.84
Gln 2.01 0.19 0.65 0.82 9.58 1.92 0.03 0.15 0.69 0.11 0.52
tCho 3.06 0.47 0.14 0.47 6.99 1.10 0.06 0.21 0.37 0.34 0.75
Lac -3.97 0.22 0.63 0.82 8.72 0.36 0.34 0.57 0.39 0.41 0.77
mI -0.67 0.19 0.61 0.82 1.09 0.21 0.67 0.87 0.26 0.67 0.84
NAA -2.16 0.89 0.06 0.39 0.56 0.20 0.71 0.87 0.53 0.17 0.52
NAAG 19.85 0.74 0.09 0.42 13.43 1.47 0.04 0.19 0.36 0.40 0.77
GSH 1.40 0.17 0.69 0.82 5.45 0.32 0.28 0.55 0.24 0.89 0.95
GABA -1.62 0.25 0.34 0.76 0.67 0.19 0.87 0.96 0.25 0.69 0.84
Glu 0.82 0.19 0.56 0.82 0.20 0.18 0.95 0.96 0.23 0.98 0.99
Gln 2.26 0.19 0.57 0.82 -0.27 0.19 0.95 0.96 0.28 0.56 0.79
tCho 6.32 0.68 0.09 0.42 0.82 0.19 0.79 0.92 0.38 0.29 0.75
Lac 2.27 0.21 0.77 0.82 14.40 0.34 0.28 0.55 0.60 0.15 0.52
mI 3.84 0.36 0.20 0.56 4.01 0.28 0.33 0.57 0.24 0.74 0.84
NAA -0.25 0.17 0.81 0.83 2.21 0.25 0.41 0.64 0.29 0.49 0.78
NAAG 1.50 0.17 0.77 0.82 4.32 0.26 0.45 0.64 0.36 0.33 0.75
GSH 0.55 0.17 0.73 0.82 5.47 0.55 0.14 0.37 0.85 0.09 0.52
GABA 0.82 0.22 0.45 0.82 2.44 0.30 0.33 0.57 0.25 0.99 0.99
Glu -0.37 0.18 0.63 0.82 -2.14 0.54 0.14 0.37 0.31 0.45 0.77
Gln 0.64 0.17 0.76 0.82 8.17 0.39 0.23 0.51 0.29 0.54 0.79
tCho -1.35 0.32 0.24 0.63 2.29 0.27 0.40 0.64 0.63 0.14 0.52
Lac 20.62 1.51 0.03 0.24 17.82 1.01 0.06 0.21 0.26 0.70 0.84
mI -0.73 0.22 0.41 0.82 1.55 0.22 0.56 0.75 0.41 0.25 0.71
NAA -1.89 37.89 7.60E-04 0.02 -1.68 0.60 0.12 0.36 0.30 0.48 0.78
NAAG -1.68 0.27 0.30 0.72 7.76 2.68 0.02 0.12 4.34 0.01 0.10
GSH 5.38 0.76 0.08 0.42 6.71 1.19 0.05 0.21 0.26 0.93 0.97
GABA -2.06 0.20 0.57 0.82 -1.20 0.22 0.82 0.92 0.30 0.53 0.79
Glu 0.15 0.17 0.91 0.91 -1.49 0.28 0.43 0.64 0.30 0.56 0.79
Gln 0.88 0.18 0.78 0.82 11.59 1.61 0.04 0.19 0.58 0.16 0.52
tCho 1.48 0.29 0.30 0.72 -1.81 0.27 0.46 0.64 0.57 0.17 0.52
Lac -9.28 0.28 0.41 0.82 15.56 0.63 0.16 0.39 0.43 0.31 0.75
mI 3.26 0.47 0.14 0.47 -0.18 0.21 0.96 0.96 0.37 0.36 0.76
NAA -0.47 0.19 0.65 0.82 -1.55 0.46 0.19 0.46 0.27 0.69 0.84
NAAG 1.93 0.19 0.76 0.82 34.20 0.89 0.10 0.32 0.67 0.16 0.52

FEP FEP vs  HC

ACC

DLPFC

Thal

CSO

OFR

metaboliteregion HC
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Figure Legends 

 

Figure 1. Magnetic Resonance Spectroscopy (MRS) Voxel Localizations and 

Representative Spectra. 

 (A) Sagittal T1-weighted images showing the locations of the five brain regions (red boxes) used 

for MRS in this study.  

(B) ACC (anterior cingulate cortex) spectra recorded at the 1st and 4th visit in one subject, 

showing the voxel location overlaid on an axial T1-weighted image at both time points with 

results of the LCModel analysis; the LCModel output (red line) is superimposed on the original 

data (black line). The residual (fit - data) is shown at the top. Abbreviations: GABA indicates γ-

aminobutyric acid; Gln, glutamine; Glu, glutamate; Glx, glutamate plus glutamine; GSH, 

glutathione; Lac, lactate; Lip, lipid; NAA, N-acetylaspartate; NAAG, N-acetylaspartyl glutamate; 

mI, myo-inositol; tCho, phosphocholine plus glycerophosphocholine; tCr, creatine plus 

phosphocreatine; Thal, thalamus; OFR, orbital frontal cortex; DLPFC, dorsolateral prefrontal 

cortex; and CSO, centrum semiovale.  

 

Figure 2. Boxplots of the Annual Percentage Change (APC) in Neurometabolites in the 

Anterior Cingulate Cortex (ACC). 

The red dotted line shows the value of zero. The box represents standard deviation and the solid 

line in the middle of the box shows the mean value of the APC. The black dots represent 

individual subjects. Symbol * denotes significant results, while symbol ns denotes results that 

didn’t reach the significant threshold (Bayes factor (BF) > 10 and q-value < 0.05). Abbreviations: 
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Glu, glutamate; GABA, γ-aminobutyric acid; NAA, N-acetylaspartate; mI, myo-inositol; and 

tCho, phosphocholine plus glycerophosphocholine.    

 

Figure 3. Boxplots of the Annual Percentage Change (APC) in Glutathione (GSH). 

The red dotted line shows the value of zero. The box represents standard deviation and the solid 

line in the middle of the box shows the mean value of the APC. The black dots represent 

individual subjects. Symbol * denotes significant results, while symbol ns denotes results that 

didn’t reach the significant threshold (Bayes factor (BF) > 10 and q-value < 0.05). Abbreviations: 

ACC, indicates anterior cingulate cortex; Thal, thalamus; DLPFC, dorsolateral prefrontal cortex; 

CSO, centrum semiovale; and OFR, orbital frontal cortex.   

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 26, 2020. ; https://doi.org/10.1101/2020.08.25.267419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.25.267419


Figure 1. 

 

 

 

 

 

  

Thal

OFR

CSO

ACC

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

;AͿ ;BͿ ϭst visit ACC spectrum

DLPFC

ϰth visit ACC spectrum

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

ϭ͘ϯ
ϱϯ

Ϭ

ϭ͘ϯ
ϱϬ

Ϭ

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

(A) (B) 1  visit ACC spectrum

4  visit ACC spectrum

st

th

Thal

OFR

CSO

ACC

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

;AͿ ;BͿ ϭst visit ACC spectrum

DLPFC

ϰth visit ACC spectrum

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

ϭ͘ϯ
ϱϯ

Ϭ

ϭ͘ϯ
ϱϬ

Ϭ

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

(A) (B) 1  visit ACC spectrum

4  visit ACC spectrum

st

th

Thal

OFR

CSO

ACC

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

;AͿ ;BͿ ϭst visit ACC spectrum

DLPFC

ϰth visit ACC spectrum

tCr

tCr

Glx

tCho

LacͬLip

Glu

NAA

GlnmI
GABA

GSHͬ
GABA

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

ϭ͘ϯ
ϱϯ

Ϭ

ϭ͘ϯ
ϱϬ

Ϭ

ϰ͘Ϭ   ϯ͘Ϭ    Ϯ͘Ϭ                           ϭ͘Ϭ  ppm

(A) (B) 1  visit ACC spectrum

4  visit ACC spectrum

st

th

(A) (B)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 26, 2020. ; https://doi.org/10.1101/2020.08.25.267419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.25.267419


Figure 2. 

 

 
 

 

  

●

●

● ●●

●

●
●●●

●

●

●

●

●

●

●

●●
●

●

●

● ●
●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●●●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●

●

●

●
● ●

●
●

●●

●
●

●
●

●

●
●

●

●

* *

�30

�20

�10

0

10

20

30

HC FEP

A
P

C
 (
%
)

Glu(A)

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●
●

●● ●

●

●

●
●

●

●●
●

●
●

●

● ●

●
●

●

●

●

● ●

●
●

●

●

●
●

●

●
●

●
●

●

●
●

●

● ●

●

ns *

�30

�20

�10

0

10

20

30

HC FEP

A
P

C
 (
%
)

GABA(B)

●

●
●
●●●●

●
●
●

●

●

●

●

●

●

●

●●● ●●● ●
●●

●

●

●●

●

●

●

●

●

●

●

●

●
● ●

●

●
●●●

●● ●

●

●
● ●●●

●●

●

●

●

●
●

●

●

●
●

●●

●
●

●
●

●

●●

● ●
●

●

●

●

ns *

�30

�20

�10

0

10

20

30

HC FEP

A
P

C
 (
%
)

NAA(C)

●

●

●

●
●

●

●

●

●
●

●● ●

●

●

●
●

●

●

●
●

●

●

●

●

●
●●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
● ●
●
●

●
●

●
●

●

● ●
●

●

● ●

●

●

●

ns *

�30

�20

�10

0

10

20

30

HC FEP

A
P

C
 (
%
)

mI(D)

●

●

●
●

●

●

●

● ●●

● ●
●

●

●

●

●

●

●

●

●●

●

●

●

●●●

●

●

●

●

●

●
●●

●

● ● ●

●

●●

●●●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●
●

●

●

●

ns *

�30

�20

�10

0

10

20

30

HC FEP

A
P

C
 (
%
)

tCho(E)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 26, 2020. ; https://doi.org/10.1101/2020.08.25.267419doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.25.267419


Figure 3. 
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