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ARTICLE INFO ABSTRACT
Keywords: Background: Brain metabolite abnormalities measured with magnetic resonance spectroscopy (MRS) provide
Schizophrenia insight into pathological processes in schizophrenia. Prior meta-analyses have not yet answered important

Magnetic resonance spectroscopy
Metabolites
Measurement quality

Echo time . .
MRS time, measurement quality, and other factors.

questions about the influence of clinical and technical factors on neurometabolite abnormalities and brain region
differences. To address these gaps, we performed an updated meta-analysis of N-acetylaspartate (NAA), choline,
and creatine levels in patients with schizophrenia and assessed the moderating effects of medication status, echo

Methods: We searched citations from three earlier meta-analyses and the PubMed database after the most recent
meta-analysis to identify studies for screening. In total, 113 publications reporting 366 regional metabolite
datasets met our inclusion criteria and reported findings in medial prefrontal cortex (MPFC), dorsolateral pre-
frontal cortex, frontal white matter, hippocampus, thalamus, and basal ganglia from a total of 4445 patient and

3944 control observations.

Results: Patients with schizophrenia had reduced NAA in five of the six brain regions, with a statistically sig-
nificant sparing of the basal ganglia. Patients had elevated choline in the basal ganglia and both prefrontal
cortical regions. Patient creatine levels were normal in all six regions. In some regions, the NAA and choline
differences were greater in studies enrolling predominantly medicated patients compared to studies enrolling
predominantly unmedicated patients. Patient NAA levels were more reduced in hippocampus and frontal white
matter in studies using longer echo times than those using shorter echo times. MPFC choline and NAA abnor-

malities were greater in studies reporting better metabolite measurement quality.

Conclusions: Choline is elevated in the basal ganglia and prefrontal cortical regions, suggesting regionally
increased membrane turnover or glial activation in schizophrenia. The basal ganglia are significantly spared from
the well-established widespread reduction of NAA in schizophrenia suggesting a regional difference in disease-
associated factors affecting NAA. The echo time findings agree with prior reports and suggest microstructural
changes cause faster NAA T2 relaxation in hippocampus and frontal white matter in schizophrenia. Separating
the effects of medication status and illness chronicity on NAA and choline abnormalities will require further
patient-level studies. Metabolite measurement quality was shown to be a critical factor in MRS studies of

schizophrenia.

1. Introduction and represents an excess economic burden of $330.6B in the United
States in 2019 (Kadakia et al., 2022; Vos et al., 2017). Over a century
Schizophrenia is within the top fifteen causes of disability worldwide after its first description in 1911 by Eugen Bleuler, its physiological

* Corresponding authors at: 11301 Wilshire Blvd, Building 210, Los Angeles, CA 90073, USA (Yvonne S. Yang). 4701 X Street, Imaging Research Center, Sacra-

mento, CA 95817, USA (Richard J. Maddock).
E-mail addresses: ysyang@mednet.ucla.edu (Y.S. Yang), rjmaddock@ucdavis.edu (R.J. Maddock).

https://doi.org/10.1016/j.nicl.2023.103461
Received 1 March 2023; Received in revised form 21 June 2023; Accepted 22 June 2023
Available online 27 June 2023

2213-1582/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ysyang@mednet.ucla.edu
mailto:rjmaddock@ucdavis.edu
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2023.103461
https://doi.org/10.1016/j.nicl.2023.103461
https://doi.org/10.1016/j.nicl.2023.103461
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2023.103461&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y.S. Yang et al.

underpinnings are largely unknown. Magnetic resonance spectroscopy
(MRS) can provide insights into the biological mechanisms of schizo-
phrenia by providing information about metabolites important to brain
function. Compared to other approaches, MRS has several useful ad-
vantages: it can be performed in vivo, is non-invasive, can be used
translationally in both preclinical and clinical studies, and is readily
available on most standard MRI scanners.

The three metabolite signals measured most consistently with MRS
are N-acetylaspartate (NAA), choline-containing compounds, and total
creatine (creatine plus phosphocreatine). Despite the relative ease of
measuring these singlet peaks, which do not require special methods
such as spectral editing, there continues to be lack of consensus
regarding changes in these three metabolites in schizophrenia. These
inconsistencies have been attributed to variations in equipment (mag-
netic field strength, manufacturer), acquisition parameters, analysis
methodology, variable data quality, brain region, clinical population
(early vs chronic), and small sample sizes. This meta-analysis attempts to
address some of these outstanding questions.

1.1. NAA

The most consistent MRS finding in schizophrenia has been
decreased NAA in patients compared to healthy control subjects,
including in several large meta-analyses and systematic reviews
(Bracken et al., 2013; Iwata et al., 2018; Kraguljac et al., 2012; Steen
et al., 2005; Whitehurst et al., 2020). NAA is thought to be a marker of
neuronal integrity (Maddock and Buonocore, 2012) a marker of mito-
chondrial energy production (Goncalves et al., 2015), and a factor in
oligodendrocyte myelin and acetate metabolism (Chakraborty et al.,
2001). Decreased NAA has been associated with both neuro-
degeneration and neuroinflammation in studies of other disorders,
including findings of reduced levels in Alzheimer’s disease, Huntington
disease, and multiple sclerosis (Paslakis et al., 2014; Tsai and Coyle,
1995). A previous meta-analysis of schizophrenia studies suggests that
the reduction in NAA may be progressive over the course of the illness
and not observed in unmedicated patients (Whitehurst et al., 2020).
Decreased NAA has been noted to correlate with severity of symptoms in
chronic patients (Premkumar et al., 2010) and those at high risk for
schizophrenia (Liemburg et al., 2016). Therefore, changes in NAA may
be related to the pathophysiology of schizophrenia, and NAA levels have
potential to be a biomarker of therapeutic targets in schizophrenia. The
finding of lower NAA in schizophrenia, however, has been called into
question by reports suggesting that faster T2 relaxation of NAA in
schizophrenia may complicate attempts to estimate actual NAA content
in this disorder, particularly in frontal white matter and the hippo-
campal region (Bracken et al., 2013; Kuan et al., 2021; Tunc-Skarka
et al., 2009). To help address some of the open questions about NAA,
this updated meta-analysis examined the magnitude and reliability of
reduced NAA in schizophrenia as well as potential moderator effects of
medication status, phase of illness and echo time on this abnormality.

1.2. Choline

Choline-containing compounds measured by MRS (mainly phos-
phocholine and glycerophosphocholine) are important in phospholipid
metabolism (Klein, 2000) and for providing methyl groups for DNA
methylation (Saito et al., 2022). Increased choline measured with MRS is
thought to reflect increased neuronal membrane turnover or breakdown
and reflect the density of cell membranes in a voxel (Maddock and
Buonocore, 2012). Choline has also been associated with glial activation
due to neuroinflammation (Chelala et al., 2020; Dahmani et al., 2021;
Urenjak et al., 1993). Prior MRS studies of choline in schizophrenia have
been inconsistent, with some evidence for elevated choline (Romeo
et al., 2020) and other evidence that choline is unchanged (Kraguljac
etal., 2012). The current report will provide an updated meta-analysis of
this literature with particular attention to moderators that may
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influence the finding of choline abnormalities in schizophrenia.
1.3. Creatine

The creatine signal measured by proton MRS on clinical scanners
represents the sum of phosphocreatine and creatine. These two forms of
creatine are an essential part of energy metabolism infrastructure in all
cells, including all neuronal and glial cells in the brain (Maddock and
Buonocore, 2012; Szulc et al., 2011). While the proportion of creatine
and phosphocreatine varies as a function of the energy status of a cell,
the total amount of creatine is thought to be relatively stable across time
and across different brain areas (Maddock and Buonocore, 2012). As
such, creatine values are often used for normalization of other metab-
olite levels. This practice, however, has been called into question for the
study of brain metabolites in schizophrenia due to reports of decreased
creatine in the illness compared to healthy controls (Ongiir et al., 2009).
Only two prior studies have reported meta-analytic comparisons of
creatine levels in patients and controls (Kraguljac et al., 2012; Steen
et al., 2005). Although both reported finding no significant differences,
the most recent meta-analysis was conducted>10 years ago, and many
investigators in the field continue to voice a concern that creatine levels
may be abnormal in schizophrenia. The current report aims to provide
an updated analysis of brain creatine levels in schizophrenia and offer
some guidance as to the suitability of creatine-normalization in studies
of this disorder.

1.4. Moderating factors

A recent meta-analysis showed that metabolite measurement quality
significantly moderated effect sizes in MRS studies of glutamate in
schizophrenia. Smucny et al. (2021) found that the pooled data from
studies with better measurement quality showed a significant reduction
in medial prefrontal cortex glutamate with minimal heterogeneity,
while pooled data from studies with lower measurement quality showed
no significant difference in glutamate and substantial heterogeneity.
Glutamate is a j-coupled multiplet that can be challenging to measure on
clinical scanners. NAA, choline and creatine are singlets that are
considered reliably measurable. In this meta-analysis we will examine
whether measurement quality similarly moderates the effect sizes for
schizophrenia patient versus control differences in NAA, creatine, and
choline. Measurement quality metrics include coefficient of variation
(COV) of metabolite values, Cramer-Rao Lower Bound (CRLB) of
metabolite model fits, metabolite singlet line width (FWHM), and signal
to noise ratio (SNR) of acquired spectra. In addition to examining group
differences across several different brain areas between patients and
healthy volunteers and the influence of measurement quality metrics,
we also examined the moderating effects of clinical characteristics
(patient age, patient sex, medication status, and phase of illness) and
technical parameters (field strength, echo time (TE) and normalization
method).

2. Methods
2.1. Literature review

The literature review for this meta-analysis was performed according
to PRISMA guidelines (Page et al., 2021). Studies from three previous
MRS meta-analyses (Bracken et al., 2013; Iwata et al., 2018; Whitehurst
et al., 2020) were included and a PubMed database search was per-
formed to identify more recent studies. A search with the term ((schiz-
ophreni* OR psychos* OR Schizoaffective) AND (magnetic resonance
spectroscopy OR MRS OR Spectroscopy)) from January 1, 2019 to
March 31, 2021 yielded an initial 1089 studies. After applying the
criteria of full-text, English-language, and human studies, 812 studies
remained. After excluding reviews, systematic reviews, and meta-ana-
lyses, 651 studies remained. These studies were combined with the 318
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studies from the three previously-published meta-analyses and screened
for non-MRS studies, duplicates, and non primary psychotic disorder
diagnoses, leaving 189 studies sought for retrieval (Fig. 1).

2.2. Data extraction

For the brain regions examined, authors M.Z. extracted and Y.Y., J.S.,
and R.M. verified data. Extracted data included final sample sizes for
each metabolite, brain region studied, means & standard deviations
(SDs) of NAA, choline and creatine, means & SDs of metabolite CRLBs,
means & SDs of line width (quantified as full-width at half maximum
(FWHM) of singlet peaks) and means & SDs of signal to noise ratio
(SNR). We also extracted field strength, echo time (TE), metabolite
normalization method (water or creatine), percent of patients of each
sex, mean duration of illness, mean patient age, and medication status
information.

2.3. Eligibility criteria

Because the MRS literature on schizophrenia is now quite extensive,
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we adopted relatively conservative eligibility criteria to reduce hetero-
geneity and ensure data from the same subjects were not included more
than once. All studies were scrutinized for samples that overlapped with
other studies. When overlapping samples were identified, only data from
the single study with the largest sample were included. When studies
reported separately on multiple patient and control groups, they were
treated as independent datasets. When multiple patient groups were
compared to a single control group, the patient groups were combined
and treated as a single dataset. For longitudinal studies, only the values
given for the first time point were included. When metabolite values
normalized to both water and creatine were reported, the normalization
method producing the lowest coefficient of variation for the metabolite
(COV) averaged across groups was used. Studies were excluded if
normalization method was not reported, not performed, or did not use
either water or creatine. When bilateral metabolite values were re-
ported, only the hemisphere most commonly studied for that region was
included (left for all regions). When studies reported on two nearby
voxels within the same region, the voxel with higher metabolite COV
was excluded. When studies separately reported metabolite values ac-
quired at different TEs, only values from the shortest TE were used. Only

Records removed before screening
by automation tools:
Not English language, not full
text, not human (n = 277)

(=
o
= Records identified from:
= Pubmed (n = 1089)
= Prior meta-analyses (n = 318)
s
Records screened
(n =969)
> Reports sought for retrieval
£ (n=189)
c
@
o
(%]
3 }
Reports assessed for eligibility
(n=189)
—
)
o L . .
g Studies included in review
= (n=113)
o
=
——

——————»| non-MRS, not psychosis or

(n=0)

— | voxel MRS, no control group,

> Meta-analyses, reviews,
systematic reviews (n = 161)

Records excluded for duplicates,

schizophrenia (n = 780)

Reports not retrieved

Reports excluded for not single-

fewer than eight subjects per
group, no metabolite
normalization, overlapping
samples or previously-reported
samples (n = 76)

Fig. 1. PRISMA Consort Flow Diagram.
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studies using single-voxel localization methods generating 1-D spectra
using a single TE were included.

2.4. Data analysis

As previously described (Smucny et al., 2021), effect size for each
dataset was calculated as Hedge’s g, which corrects for small sample
sizes (Hedges and Olkin, 2014). An inverse variance-weighted, random
effects model was utilized to calculate the meta-analysis pooled effect
size. To determine significance, tau? was calculated by the restricted
maximum likelihood method. Meta-analyses and moderator analyses
were conducted with the R-based software JASP (JASP Team, 2022).
Heterogeneity across studies was quantified as I2, and a chi-square test
of the Q statistic tested for significant non-homogeneity. Since this
report focuses on how moderators such as measurement quality,
acquisition parameters and clinical parameters influence pooled effect
sizes, meta-analyses were performed only in brain regions for which >
10 datasets were available (for at least one metabolite), as recommended
by the Cochrane Handbook (Higgins et al., 2019).

For metabolites found to be significantly different in schizophrenia
in any brain region, we calculated the patient versus control weighted
mean percent difference across datasets for all regions. This was calcu-
lated as follows:

S8 [(ptx; — con) [ (cong)*(pt Ni + con N;)
Zlept N; + con N;

where k = the number of datasets in a meta-analytic comparison, ptx; =
mean patient metabolite value in each dataset, conx; = mean control
metabolite value in each dataset, ptN; = number of patients in each
dataset, and con N; = number of controls in each dataset.

2.4.1. Moderation of effects sizes by metabolite measurement quality

As in our previous meta-analysis of glutamate measurements in
schizophrenia (Smucny et al., 2021), we hypothesized any true group
difference in metabolite values would be most evident in studies with
relatively better-quality metabolite measurements. For the coefficient of
variation (COV) of metabolite values, we calculated the average COV (as
SD/mean) of the patient and control groups. For FWHM and SNR, we
calculated the mean + 2 SD (mean — 2 SD for SNR) for the patient and
control groups and then averaged those values. Approximately 97.5% of
subjects would have quality values below this level (above for SNR) for
each study. If only the mean was reported, SD would be imputed using
the median of the SD/mean ratios from all other studies reporting both
mean and SD. For CRLB, very few studies reported the SD, so only the
mean CRLB across patient and control groups was calculated. Consistent
with our prior meta-analysis (Smucny et al., 2021), we reasoned that the
relationship between measurement quality and effect size would be lo-
gistic (sigmoid), rather than linear. That is, we expected there would be
an empirically identifiable quality threshold beyond which pooled effect
sizes would become larger and more consistent. Formally, we hypoth-
esized there was a quality threshold T, for which the meta-analytic result
would be significantly stronger in studies surpassing T than for those
falling short of T. To identify the quality threshold, we plotted the in-
verse variance-weighted pooled effect sizes (as g) from moving sub-meta-
analyses running from the lowest to the highest quality studies for each
quality metric (analogous to a moving average), as previously described
(Smucny et al., 2021). The number of studies included in each moving
sub-meta-analysis (k’) was the greater of 7 or k/5 (where k = the total
number of studies reporting the quality metric). A best-fitting, 4-param-
eter, logistic function was fit to these pooled effect sizes (Phillips, 2016),
and the resulting equation was used to identify the inflection point,
which defined the quality threshold T (Smucny et al., 2021). When the
logistic fit was significant and the inflection point was within the range
of the included studies, the inflection point was used to stratify the
studies into low- and high-quality subgroups for each quality metric (see
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Supplemental Methods). Directly comparing these subgroups tested our
hypothesis that the pooled effect size would be stronger in studies with
higher quality measurements. When the quality subgroups were signif-
icantly different, secondary meta-analyses were conducted on the indi-
vidual subgroups. Since this procedure requires a minimum of
approximately 14 studies (twice the minimum number in a moving sub-
meta-analysis of 7 studies) to reliably identify higher and lower quality
subgroups, it was only performed when the number of datasets reporting
the quality metric was > 14. In our previous meta-analysis of glutamate
in schizophrenia, COV was available as a measurement quality metric
for all studies, while other quality metrics, including CRLB, FWHM and
SNR, were omitted from the reports of many studies. Thus, we elected to
use COV as the measurement quality metric for hypothesis testing in the
primary analyses for each regional metabolite. When > 14 datasets re-
ported other quality metrics, the moderating effects of measurement
quality as reflected by these metrics were examined in secondary
analyses.

2.4.2. Moderation of effect sizes by technical and clinical factors

Field strength (<3T versus > 3 T), echo time (as log TE) and
normalization method (water or creatine) were examined as potential
moderators for each regional metabolite using subgroup analyses or
meta-regression, as appropriate. Clinical variables, including mean pa-
tient age, percent males in patient group, and percent of patients on
antipsychotic medication (as meta-regressors) and recent onset versus
chronic psychosis (as a subgroup analysis comparing datasets with mean
duration of illness < 36 months versus > 36 months) were also
examined.

2.4.3. Small study bias, robustness, and outlier datasets

For all meta-analyses, small study bias was tested using the Egger
regression test for funnel plot asymmetry (JASP Team, 2022). If the
Egger test was significant, the small study responsible for the biasing
effect was identified graphically and removed. This occurred in two
instances, and in both cases only one study was removed and the pattern
of results either remained the same or a trend became a significant ef-
fect. For all significant meta-analytic results, leave-one-out sensitivity
analysis was performed to examine the robustness of the meta-analytic
result. When leaving out any one study rendered the meta-analytic result
non-significant, it was considered not robust. If any individual dataset’s
95% confidence interval (CI) did not overlap with the overall 95% CI for
any meta-analysis, such studies were considered outliers and the results
of the meta-analysis were also examined with these outlier studies
excluded. If exclusion of outliers changed the statistical significance of
an analysis or changed a significant effect size by > 1/3 (33%), then the
results with outliers removed were also reported. Note that outlier status
was always relative to the Cls of a specific meta-analysis or moderator
analysis.

3. Results

After applying the eligibility criteria, 113 publications reporting on
366 non-overlapping regional metabolite datasets were included in the
final sample (Aoyama et al., 2011; Auer et al., 2001; Bartha et al., 1997,
1999; Bartolomeo et al., 2019; Basoglu et al., 2006; Batalla et al., 2015;
Bertolino et al., 2000; Brandt et al., 2016; Buckley et al., 1994; Bustillo
et al., 2001, 2002, 2008, 2010; Bustillo et al., 2014; Cecil et al., 1999;
Chang et al., 2007; Chiappelli et al., 2015; Chiu et al., 2018; Choe et al.,
1994; Coughlin et al., 2015; de la Fuente-Sandoval et al., 2018;
Delamillieure et al., 2000a, 2002; Demjaha et al., 2014; Egerton et al.,
2018; Fannon et al., 2003; Fujimoto et al., 1994; Fukuzako, 2000;
Fukuzako et al., 1995; Galinska et al., 2009; Gallinat et al., 2016;
Goldstein et al., 2015; Granata et al., 2013; Hagino et al., 2002; Hasan
et al., 2014; He et al., 2012; Heimberg et al., 1998; Huang et al., 2017;
Hutcheson et al., 2012; Iwata et al., 2019; Jessen et al., 2006, 2013;
Kegeles et al., 2012; Kirtas et al., 2016; Klar et al., 2010; Korenic et al.,
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2020; Kraguljac et al., 2019; Kumar et al., 2020; Larabi et al., 2017;
Legind et al., 2019; Liemburg et al., 2016; Maier et al., 2000; Malchow
et al., 2013; Marsman et al., 2014; Merritt et al., 2019; Miyaoka et al.,
2005; Molina et al., 2005, 2007; Natsubori et al., 2014; van Elst et al.,
2005; Delamillieure et al., 2000b; Lutkenhoff et al., 2010; Nenadic et al.,
2015; Ohara et al., 2000; Ohrmann et al., 2008; Olbrich et al., 2008;
Omori et al., 2000; Ongﬁr et al., 2010; Ota et al., 2012, 2015; Pillinger
et al., 2019; Plitman et al., 2016, 2018; Posporelis et al., 2018; Pre-
mkumar et al., 2010; Reid et al., 2010, 2013, 2016, 2018, Rowland et al.,
2009, 2013, 2015, 2016; Riisch et al., 2008; Shakory et al., 2018; Shioiri
et al., 1996; Shirayama et al., 2010; Sigmundsson et al., 2003; Singh
et al., 2018; Sivaraman et al., 2018; Stanley et al., 2007; Steel et al.,
2001; Szulc et al., 2006, 2011; Tarumi et al., 2020; Taylor et al., 2017;
Tayoshi et al., 2009; Terpstra et al., 2005; Théberge et al., 2007; Tibbo
et al., 2013; Tunc-Skarka et al., 2009; Uhl et al., 2011; Venkatraman
et al., 2006; Wang et al., 2019; Wijtenburg et al., 2017; Wood et al.,
2007; Yamasue et al., 2002, 2003; Yasukawa et al., 2005; Yurgelun-
Todd et al., 1996; Zabala et al., 2007; Zong et al., 2015). A dataset was
defined as a patient-control comparison for one brain area and one
metabolite. Some studies contributed datasets for all three metabolites
in multiple regions, while others did so for only one or two metabolites
in a single region. Four publications reported multiple non-overlapping
patient-control comparisons, such as older and younger patients with
matched older and younger control samples. Of the 366 total datasets,
154 reported brain NAA, 131 reported brain choline and 81 reported
brain creatine. These included metabolite data from the medial pre-
frontal cortex (MPFC), dorsolateral prefrontal cortex (DLPFC), hippo-
campus (HC), thalamus, basal ganglia (BG), and frontal white matter
(FrWM). Other brain regions were represented by <10 datasets and were
not included in the meta-analyses.

3.1. Primary meta-analytic results by metabolite

3.1.1. NAA is decreased across numerous brain areas in patients compared
to controls

MPFC: Across 53 datasets reporting MPFC NAA, we found a small but
highly reliable reduction in NAA in schizophrenia (g = -0.22; CI, —0.11
to —0.34; Q = 15.7, df = 1, p =.00007; heterogeneity: I? = 52.2%)
(Fig. 2, Table 1). The results were free of small study bias and robust to
leave-one-out analysis. Seven datasets in this analysis were identified as
outliers (see Methods 2.4.3). When these were removed, the effect size
for NAA became stronger (g = -0.31) (Table 1). Hippocampus: Our
analysis revealed a significant reduction in hippocampal NAA across 23
datasets (g = -0.26; CI, —0.07 to —0.46; Q = 6.9, df = 1, p =.0088;
heterogeneity: 2 = 63.8%) (Fig. 3, Table 1). The result was free of small
study bias, robust to leave-one-out analysis, and was unchanged when
one outlier was removed. DLPFC: Our analysis found a significant
reduction in NAA across 22 datasets (g = -0.27; CI, —0.08 to —0.46; Q =
7.6, df = 1, p =.0059; heterogeneity: I? = 63.2%) (Fig. 4, Table 1). When
the two outlier datasets were removed, the effect size for reduced NAA
became more negative (g = -0.36). The results were free of small study
bias and robust to leave-one-out analysis. Thalamus: Our analysis
showed a small but significant NAA reduction in thalamus across 21
datasets (g = -0.23; CI, —0.07 to —0.40; Q = 7.7, df = 1, p =.0055;
heterogeneity: I2 = 37.3%) (Fig. 5, Table 1). The significant effect was
free of small study bias, robust to leave-one-out analysis, and unchanged
when one outlier was removed (Table 1). Basal ganglia: Across 20
datasets reporting on the basal ganglia, we observed no significant dif-
ference in NAA between the patient and control groups (g = -0.07; CI,
+0.06 to —0.20; Q = 01.0, df = 1, p =.313; heterogeneity: 2 = 0.0%)
(Fig. 6, Table 1). FrWM: In the primary meta-analytic model for NAA,
one study was excluded for small study bias. Across the remaining 14
datasets, NAA was significantly reduced NAA in patients compared to
control subjects (g = -0.30; CI, -0.12 to -0.48; Q = 10.7,df = 1, p =.001;
heterogeneity: I2 = 30.1%) (Fig. 7, Table 1). This significant reduction
was robust to leave-one-out analysis, and there were no outlier studies.
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3.1.2. Choline is increased in several brain areas in patients compared to
controls

We observed increased choline in patients compared to controls in
MPFC, DLPFC, and basal ganglia. MPFC: Across 48 datasets reporting on
MPEFC choline, we found a small but significant elevation in choline in
schizophrenia (g = +0.16; CI, +0.27 to + 0.04; Q = 7.0, df = 1, p
=.0084; heterogeneity: I? = 51.0%) (Fig. 2, Table 1). The effects were
free of small study bias, robust to leave-one-out analysis, and robust to
the exclusion of outliers (Table 1). Hippocampus: Across 19 datasets, the
difference in hippocampal choline between patients and controls was
not significant (g = +0.104; CI, +0.27 to —0.06; Q = 1.6, df =1, p =.21;
heterogeneity: ? = 38.7%) (Fig. 3, Table 1). DLPFC: We found a small
but significant elevation in DLPFC choline in schizophrenia compared to
controls across 16 datasets (g = +0.23; CI, +0.40 to + 0.06; Q = 7.3, df
= 1, p =.0067; heterogeneity: I> = 41.1%) (Fig. 4, Table 1). The sig-
nificant elevation was free of small study bias and robust to leave-one-
out analysis. Thalamus: Across 18 datasets, we found no significant
difference in thalamic choline between patients and control participants
(g=-0.05; CL, +0.10 to —0.19; Q = 0.4, df = 1, p =.53; heterogeneity: 12
= 0.0%) (Fig. 5, Table 1). Basal ganglia: We found a significantly
elevated choline in basal ganglia of patients compared to controls across
18 datasets (g = +0.395; CI, +0.59 to + 0.20; Q = 16.2, df = 1, p
=.00006; heterogeneity: I = 42.4%) (Fig. 6, Table 1). This finding was
robust to leave-one-out analysis and contained no outlier datasets.
FrWM: Across 12 datasets, we found no significant difference in choline
between patients and controls (g = +0.06; CI, +0.34 to -0.27; Q = 0.2,
df = 1, p =.69; heterogeneity: I = 63.5%) (Fig. 7, Table 1). Removal of
the single outlier increased the effect size but the difference remained
non-significant (g = +0.14; CL, +0.37 t0 -0.09; Q = 1.4, df = 1, p =.23).

3.1.3. Creatine was not different between patients and controls across all
brain areas

Across 81 datasets reporting creatine in at least one brain area, we
did not identify any patient-control differences in any brain area. MPFC:
Across 38 datasets reporting MPFC creatine, we observed no significant
difference between schizophrenia patients and healthy volunteer sub-
jects (Table 1, Supplemental Figures). Hippocampus: An exploratory
analysis of the 7 datasets reporting hippocampal creatine found no
significant difference between schizophrenia patients and healthy
volunteer participants (Table 1, Supplemental Figures). DLPFC: No sig-
nificant difference in creatine was observed across 11 datasets
comparing schizophrenia patients and healthy volunteers (Table 1,
Supplemental Figures). Thalamus: An exploratory analysis of 9 datasets
found no significant difference in creatine between schizophrenia pa-
tients and control participants (Table 1, Supplemental Figures). Basal
ganglia: Across 11 datasets, we found no significant difference in creatine
between people with schizophrenia and healthy volunteers (Table 1,
Supplemental Figures). FrWM: An exploratory analysis of 5 datasets
reporting creatine found no significant difference between patients and
healthy volunteers (Table 1, Supplemental Figures).

3.2. Moderating effects of metabolite measurement quality

Primary testing of hypotheses about measurement quality were
performed using COV, as this metric was available for all studies. As
described in Methods, when the best-fitting logistic transform of a
moving sub-meta-analysis was significant and identified an inflection
point within the range of our datasets, the inflection point was used to
dichotomize the datasets into empirically-defined lower COV and higher
COV subgroups for comparison. When sufficient data were available,
similar analyses were performed using CRLB, FWHM, and SNR.

3.2.1. Measurement quality moderated choline and NAA effect sizes in
MPFC

Significant and robust moderation of pooled effect sizes by mea-
surement quality was only observed for studies of the MPFC. This effect
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Fig. 2. Forest plots of effect sizes for medial prefrontal cortex NAA and choline datasets.
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Table 1
Primary Meta-analytic Results for Three Metabolite Singlets in Six Brain Regions.
Effect Size Percent Heterogeneity number
Region K Pts HC (95% CI) P value Diff * 12, % P value outliers
Pt - HC (effect?) ©
NAA MPEFC 53 1527 1435 -0.22 (-0.34 to -0.11) 0.00007 —2.2% 52.2 <0.001 7 (V)
-Excl. outliers 46 1295 1286 -0.32 (-0.39 to -0.24) <0.00001 —3.2% 0.0 0.47
HC 23 615 611 -0.26 (-0.46 to -0.07) 0.0088 —4.4% 63.8 <0.001 1(N)
DLPFC 22 728 633 -0.27 (-0.46 to -0.08) 0.0059 —4.2% 63.2 <0.001 2(Y)
-Excl. outliers 20 643 574 -0.36 (-0.53 to -0.19) 0.00002 —5.7% 45.0 0.015
Thal 21 557 506 -0.23 (-0.40 to -0.07) 0.0055 —2.0% 37.3 0.042 1(N)
BG 20 563 414 -0.07 (-0.20 to + 0.06) 0.31 —-1.3% 0.0 0.88 0
FrwM 14 455 345 -0.28 (-0.45 to -0.11) 0.0012 —3.4% 21.8 0.14 1(N)
Choline MPFC 48 1380 1279 +0.16 (40.04 to + 0.27) 0.0084 +3.0% 51.0 <0.001 4 (N)
HC 19 553 514 +0.10 (-0.06 to + 0.27) 0.21 +2.9% 38.7 0.037 1(N)
DLPFC 16 593 504 +0.23 (+0.06 to + 0.40) 0.0067 +3.0% 41.1 0.064 0
Thal 18 423 402 -0.05 (-0.19 to + 0.10) 0.51 —0.3% 0.0 0.40 0
BG 18 489 367 +0.39 (40.20 to + 0.59) 0.00006 +6.9% 42.4 0.023 0
FrwM 12 307 293 +0.06 (-0.23 to + 0.34) 0.69 +1.2% 63.5 0.004 1(N)
Creat MPEC 38 1104 1056 -0.04 (-0.17 to + 0.09) 0.53 51.7 <0.001 3(N)
HC 7 138 189 0.00 (-0.33 to + 0.33) 0.99 51.8 0.051 0
DLPFC 11 422 389 -0.01 (-0.19 to + 0.16) 0.88 27.4 0.25 0
Thal 9 191 200 +0.02 (-0.18 to + 0.23) 0.83 0.0 0.96 0
BG 11 343 250 +0.13 (-0.03 to + 0.30) 0.12 0 0.77 0
FrwM 5 104 107 +0.14 (-0.23 to + 0.51) 0.45 39.7 0.15 0

Abbreviations: MPFC, medial prefrontal cortex; HC, hippocampus; DLPFC, dorsolateral prefrontal cortex; Thal, thalamus; BG, basal ganglia; FrWM, frontal white
matter; K = number of datasets; Pts = patients; HC = healthy controls; Excl. = after excluding.

@ Weighted mean percent difference between patients and controls. See section 2.4 in text.

b Number of outlier datasets for which the 95% CI does not overlap the 95% CI of the pooled data. (Y) or (N) = exclusion of outliers DOES (Y) or DOES NOT (N)

change the statistical significance or change a significant effect size by > 1/3.

¢ One study identified as a source of small study bias was excluded from this model.

was most evident for choline-containing compounds in the MPFC. A
highly significant fit was observed for the logistic transform of the COV-
ranked sub-meta-analyses (1 = 0.95, p <.00001, inflection point at COV
= 19%, Table 2), with larger choline effect sizes in studies with COV <
19% (Fig. 8). While choline was elevated across all datasets in this meta-
analysis, the effect was moderated by COV quality subgroups defined by
this inflection point. Across all 48 datasets, the subgroup comparison
was significant (p =.034), but not robust to leave-one-out sensitivity
analysis. After exclusion of four outlier datasets, however, this signifi-
cant effect was robust (p =.011, Table 2). Choline was significantly
elevated across the 36 datasets with COV < 19% (g = +0.22, p
=.00015), while differences between people with schizophrenia and
controls were non-significant across 12 datasets with COV > 19% (g =
-0.09, p =.58) (Table 2).

In a secondary analysis, a similarly significant effect of measurement
quality was seen across the 21 datasets reporting mean CRLB for choline
in the MPFC (Table 2). Choline was significantly elevated across 7
datasets reporting mean CRLB < 3% (g = +0.29, p =.0012), while no
significant effect was seen across 14 datasets reporting mean CRLB > 3%
(g=+40.03, p =.66) (Table 2). The significant moderating effect of CRLB
was robust to leave-out-one analysis and unaffected by exclusion of
outliers. Evidence that CRLB quality has a significant influence on MPFC
choline effect size independently of COV is presented in Supplemental
Results.

Significant quality metric effects on MPFC choline were not observed
for 21 datasets reporting FWHM or 23 datasets reporting SNR. However,
the qualitative trend for both these metrics was for greater elevations of
choline to be seen in higher quality datasets.

For MPFC NAA, a logistic fit to the COV data was significant (r> =
0.47, p <.0001) with an inflection point at COV < 19%. However, the 42
higher quality and the 11 lower quality datasets identified using this
threshold did not differ significantly. When six outlier studies were
removed, the statistical result became trend-level (p =.068). This trend
was not robust to leave-out-one analysis. In a secondary analysis of 27
datasets reporting SNR, a significant logistic fit (r? = 0.76, p <.00001)
was observed with an inflection point at mean SNR minus 2 SDs = 12.5
(Table 2). Subgroups defined using this threshold were significantly

different (p <.0064). This result was free of small study bias, robust to
leave-one-out analysis, and unaffected by exclusion of outliers. NAA was
significantly reduced across 15 datasets in which mean SNR minus 2 SDs
> 12.5 (g = -0.37, p <.00001), while no significant effect was seen
across 12 datasets with mean SNR minus 2 SDs < 12.5 (g = -0.025, p
=.86) (Table 2). Significant quality metric effects were not observed for
the 21 datasets reporting FWHM or the 26 datasets reporting mean
CRLB. As with SNR, the qualitative trend for COV, CRLB and FWHM was
for greater reductions of NAA in higher quality datasets.

For MPFC creatine, no quality metric effects were significant across
38 studies reporting COV, 20 datasets reporting SNR, 17 datasets
reporting FWHM, or 16 datasets reporting mean CRLB. For three of the
four quality metrics, better measurement quality was associated quali-
tatively with pooled effect sizes closer to zero for MPFC creatine.

All SNR results reported above were unchanged when restricting the
moderator analyses to datasets that used the LCModel method for
calculating SNR (k = 23, 19, and 18 for NAA, choline and creatine,
respectively).

3.2.2. Measurement quality moderation effects were not significant in other
brain regions

In all brain regions other than MPFC, COV was the only measurement
quality metric available for > 14 datasets (the minimum needed for the
quality metric analysis). Creatine datasets outside of the MPFC all had k
< 14 datasets. Thus, measurement quality effects were examined only
for COV and only for NAA and/or choline in all other regions. For NAA
in the hippocampus, DLPFC, thalamus, basal ganglia and frontal white
matter, logistic fits to the COV data were significant and identified COV
inflection points at 13.8%, 17.5%, 19.5%, 12.4% and 20.6%, respec-
tively. For all regions except the basal ganglia, studies with lower COV
values tended to show greater reductions in NAA. In the basal ganglia,
such studies tended to show slight elevations in NAA. However, the
moderating effect of COV quality subgroups was significant only for the
thalamus, but this effect was not robust to leave-one-out analysis. For
choline in the hippocampus, DLPFC, thalamus, and basal ganglia, lo-
gistic fits to the COV were not significant, indicating no evidence of data
quality thresholds with a significant influence on the pooled effect sizes.
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Fig. 3. Forest plots of effect sizes for hippocampal NAA and choline datasets.

For frontal white matter, there were too few choline datasets (k = 12) to
perform an analysis of measurement quality effects for choline.

3.3. Moderating effects of technical factors

For all regional metabolites with at least 10 datasets available, po-
tential moderating effects of technical factors were examined, including
field strength (<3T versus > 3 T) and metabolite normalization method
(water versus creatine) using subgroup comparisons, and echo time (as
log TE) using meta-regression.

3.3.1. Moderating effects of technical factors in hippocampus and frontal
white matter

Evidence for moderation by echo time was found for NAA in the
hippocampus and frontal white matter. Across all 23 hippocampal NAA
studies, meta-regression with log TE was not significant (p =.11) but
became significant when three outliers were removed (p =.014,
Table 3). The reduction in hippocampal NAA was greater in studies
using longer echo times. This result, however, was not robust to leave-
one-out sensitivity analysis. In secondary analyses, we categorized
studies using TE < 35 ms as short TE studies and those using TE > 35 ms
as longer TE studies (based on the bimodal distribution of log echo
times). Hippocampal NAA was significantly reduced in the 7 longer TE
studies (g =-0.52, CI = -0.15 to -0.88, p =.0055), but not in the 16 short
TE studies (g =-0.13, CI = +0.06 to -0.33, p =.19) (Table 3). Since some
of the water signal within a voxel may have different T2 relaxation
behavior than metabolites, we also conducted secondary analyses

separately on water-normalized and creatine-normalized NAA datasets.
Across 10 water-normalized datasets, meta-regression with log TE was
significant (p =.0072), free of small study bias or outliers, and robust to
leave-one-out analysis (Table 3). Across 13 creatine-normalized data-
sets, no effect of log TE on hippocampal NAA effect size was observed (p
=.75, Table 3 and Supplemental Figures).

Similar evidence for moderation of NAA effect sizes by TE was found
for frontal white matter. Across 14 studies free of small study bias, meta-
regression with log TE was a non-significant trend (p =.09) but became
significant when one outlier was removed (p =.012, Table 3). The
reduction in frontal white matter NAA was greater in studies using
longer echo times. This result, however, was not robust to leave-one-out
sensitivity analysis. In secondary analyses, frontal white matter NAA
was significantly reduced in the 4 studies using TE > 35 ms (g = -0.60,
CI =-0.20 to —1.01, p =.0036), as well as in the 11 studies using TE <
35 ms (g = -0.26, CI = -0.04 to -0.27, p =.020) (Table 3 and Supple-
mental Figures). The moderating effect of echo time did not reach sig-
nificance when either water-normalized (k = 9) or creatine-normalized
(k = 6) datasets were analyzed separately.

While elevation of hippocampal choline was not significant in the
overall meta-analysis, the choline effect size was significantly moderated
by field strength. Across 18 studies free of small study bias, the studies
conducted at > 3 T showed significantly greater choline elevation than
studies conducted at < 3 T (p =.0037) (Table 3). Secondary analysis
showed significantly elevated hippocampal choline across the 8 higher
field studies (g = +0.25, CI = +0.08 to + 0.43, p =.0052) and no sig-
nificant effect of diagnosis across the 11 lower field studies (g =-0.02, CI
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Fig. 4. Forest plots of effect sizes for dorsolateral prefrontal cortex NAA and choline datasets.

=-0.28 to + 0.24, p =.90) (Table 3).

No additional significant and robust effects of any technical factors
were found for any metabolite in the hippocampus or any other brain
regions.

3.4. Moderating effects of clinical factors

Potential moderating effects of mean patient age, percent males in
the patient group, and percent of patients on antipsychotic medication
(using meta-regression) and recent onset (<36 months) versus chronic
(>36 months) psychosis (using subgroup comparison) were examined
for all regional metabolites with at least 10 datasets available.

3.4.1. Hippocampal NAA is more reduced in studies with more patients on
medication

Across 19 studies reporting medication status, meta-regression
showed that the percent of patients on antipsychotic medication within
a study was significantly associated with greater reduction in hippo-
campal NAA (Table 4). This result was free of small study bias, robust to
leave-one-out analysis, and unchanged when outliers were excluded. A
secondary analysis showed that across the 11 datasets with > 80% of
patients taking antipsychotic medication, the effect size for reduced
hippocampal NAA was highly significant (g = -0.49, CI = -0.76 to -0.22,
p =.0003) (Table 4). Across the six datasets with < 20% of patients
taking antipsychotic medication, the effect size for hippocampal NAA
was nonsignificant (g = +0.09, CI = -0.12 to + 0.30, p =.40) (Table 4).

3.4.2. Medication status moderates MPFC NAA and choline effect sizes
Studies of the MPFC demonstrated a similar pattern to the

hippocampus, in which studies with more patients on antipsychotic
medication had stronger effect sizes for reduced NAA. Although this
meta-regression was significant only when outlier studies were removed,
the result was robust to leave-one-out analyses (Table 4). A follow-up
analysis showed that across the 33 datasets with > 80% of patients
taking antipsychotic medication, the effect size for reduced MPFC NAA
was significant (g = -0.30, CI = -0.46 to -0.14, p =.0051). Across the
eight datasets with < 20% of patients taking antipsychotic medication,
the effect size for MPFC NAA was nonsignificant (g =-0.15, CI =-0.34 to
+ 0.59, p =.14) (Table 4).

No significant effect of any clinical factor was seen for MPFC choline
when all studies were included in the analyses. Since measurement
quality as indexed by COV was a significant moderator of the elevated
choline effect in the MPFC, secondary analyses of potential clinical and
technical moderators were conducted on the subset of MPFC choline
datasets identified as having higher measurement quality (COV < 19%).
Thirty-four of these 36 higher quality datasets reported on patient
antipsychotic medication status. Across these studies, the meta-regres-
sion with percent of medicated patients was significant and robust with
two outliers excluded and showed that choline was more strongly
elevated in studies with a higher percentage of medicated patients
(Table 4). In 24 low COV studies with > 80% medicated patients, MPFC
choline was significantly elevated (g = 40.29, p =.00023; I = 49.1). In
5 low COV studies with < 20% medicated patients, no significant dif-
ference in MPFC choline was observed (g = +0.077, p =.53; 1? =0.0). No
other significant and robust effects of clinical or technical moderators
were found in this higher measurement quality subset of MPFC choline
datasets.
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Fig. 5. Forest plots of effect sizes for thalamic NAA and choline datasets.

3.4.3. No moderating effects of clinical factors in other brain regions

No other consistent associations with clinical factors were found for
NAA, choline or creatine in other brain regions in our primary analyses.
We also conducted secondary analyses of NAA restricted to studies
including only unmedicated patients. No significant reduction in NAA
was seen in any brain region, nor across all regions, in unmedicated
patients.

4. Discussion
4.1. Main findings

In this updated meta-analysis of NAA, choline, and creatine levels, we
found elevated levels of choline, confirmed previous findings of lower
NAA, and found no evidence of abnormal creatine in people with
schizophrenia compared to controls. When measured in the MPFC, we
found that effect sizes for metabolite abnormalities were significantly
moderated by measurement quality such that choline was more elevated
and NAA was more reduced in studies with better measurement quality.
When measured in the hippocampus and frontal white matter, we
observed significant moderation of NAA effect size by echo time. The
effect size for hippocampal choline was moderated by field strength. We
also found that medication status moderated NAA group differences in
the hippocampus, with significantly greater reduction in NAA observed
in studies with a higher percentage of patients taking antipsychotic
medication. Similar effects of medication status were seen for reduced
NAA and elevated choline in the MPFC.

4.2. Elevated choline-containing compounds in schizophrenia

For the first time in a comprehensive meta-analysis, we demonstrate
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increased choline in multiple brain areas in patients with schizophrenia
compared to healthy volunteers. This effect was significant in MPFC,
DLPFC, and BG, and was significant in HC across studies using > 3 Tesla
systems. Choline levels measured with MRS are thought to relate to the
density of cell membranes, and membrane phospholipid turnover or
breakdown (Maddock and Buonocore, 2012). Viewed from this
perspective, increased choline could reflect one of several aspects of
schizophrenia pathophysiology. Firstly, increased choline may support
the reduced neuropil theory of schizophrenia. If the number of neuronal
cell bodies in grey matter is the same but the average size of each is
reduced, we would expect to see a relative increase in choline-
containing compounds due to increased density of neuronal cell
bodies and resultant increase in membrane to volume ratios. Secondly,
this signal could relate to increased membrane turnover or breakdown of
neuronal processes such as dendritic spines. Reduction in dendritic spine
density has been postulated to be a key pathophysiological characteristic
of schizophrenia (Glantz and Lewis, 2000; Glausier and Lewis, 2013).
This process is thought to predominate early in the course of illness. If
so, and if the choline increase is related to dendritic spine loss, we would
expect it to be more evident in early psychosis. However, we found no
evidence that elevated choline was moderated by phase of illness in any
brain region. Thirdly, increased choline could indicate phospholipid
breakdown due to increased myelin turnover within white matter. No
increase in choline, however, was seen in frontal white matter voxels. In
contrast, the current analysis suggests that the changes affecting meta-
bolism of mobile choline-containing compounds are primarily located in
the basal ganglia, prefrontal grey matter, and the hippocampus.
Elevated choline signal may reflect a neuroinflammatory response
associated with glial activation. Elevated choline has been observed at
the meta-analytic level in several disorders associated with neuro-
inflammation, including HIV infection (Chelala et al., 2020; Dahmani
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Fig. 6. Forest plots of effect sizes for basal ganglia NAA and choline datasets.
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Fig. 7. Forest plots of effect sizes for frontal white matter NAA and choline datasets.
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Table 2
Significant Quality Metric Moderators.
Effect Size Percent Heterogeneity number
Subgroups K Pts HC with (95% CI), P value Diff * 12, % P value outliers
or r2 and IP Pt - HC (effect?) ©
MPEFC Choline
COV logistic fit 48 1380 1279 r? =0.95, IP = 19% <0.00001 n/a
Lo vs Hi COV 48 Higher Chol with < COV 0.034 n/a 48.6 < 0.001 4 (V)"
-Excl Outliers 44 1283 1197 Higher Chol with < COV 0.011 n/a 13.0 0.41
Low cov grp 36 1121 1041 +0.22 (+0.11 to + 0.33) 0.00015 +3.6% 36.1 0.012 2(N)
Hi cov grp 12 259 238 -0.092 (-0.42 to + 0.23) 0.58 +0.8% 66.9 < 0.001 2(N)
All studies 48 +0.16 (-0.04 to + 0.27) 0.0084 +3.0% 51.0 < 0.001 4 (N)
CRLB logistic fit 21 719 736 rr= 0.59,IP = 3.0 0.016 n/a
Lo v Hi CRLB 21 Higher Chol with < CRLB 0.018 n/a 0.0 0.11 1(N)
Lo CRLB grp 7 303 277 +0.29 (+0.11 to + 0.46) 0.0012 +4.0% 5.90.45 0
Hi CRLB grp 14 416 459 -+0.031 (-0.10 to + 0.17) 0.66 +0.7% 0.0 0.07 1(N)
MPFC

NAA SNR logistic fit 27 969 945 r? =0.76, IP = 12.5 <0.00001 n/a
Hi vs Lo SNR 27 Lower NAA with > SNR 0.0064 n/a 40.3 0.023 2 (N)
Hi SNR grp 15 597 649 -0.37 (-0.48 to -0.26) <0.00001 —2.9% 0.0 0.76 0
Lo SNR grp 12 372 296 -0.025 (-0.29 to + 0.24) 0.86 —0.4% 63.4 0.001 0
All studies 53 1527 1435 -0.225 (-0.34 to -0.11) 0.00007 —2.2% 52.2 < 0.001 7 (Y)

Abbreviations: COV, coefficient of variation (of measured metabolite values); CRLB, Cramer-Rao lower bound for fitting metabolite resonances to their basis set; SNR,
signal to noise ratio of singlets in the metabolite spectrum; IP, empirical inflection point separating high- and low-quality measurements (in same units as the quality
metric examined). grp = group; Other abbreviations as in Table 1.

# Weighted mean percent difference between patients and controls. See section 2.4 in text.

> Number of outlier datasets for which the 95% CI does not overlap the 95% CI of the pooled data. (Y) or (N) = exclusion of outliers DOES (Y) or DOES NOT (N)
change the statistical significance or change a significant effect size by > 1/3.

¢ Not robust to leave-one-out sensitivity analysis.

<€— |nflection point at COV = 19%

Moving sub-meta-analysis of choline effect sizes (Sz-HC), k' = 10

-2
123456 7 8 910111213141516171819 20212223242526 2728293031 3233343536373839

Ascending ranks (from worst to best) of choline COV quality for k' = 10 datasets

Fig. 8. Stronger evidence for elevated MPFC choline in schizophrenia in datasets with lower coefficients of variation (COVs). Red circles represent the moving
sample pooled effect size from 10 datasets in ascending ranks of COV from poorer (left) to better COV (right) along the x-axis. Circle #39 is the effect size for ten
datasets ranked 30-39 (lowest COVs). Circle #1 is for datasets ranked 1-10 (total k = 48). Black line is best-fitting logistic function. Inflection point is threshold
separating low- and high-quality datasets at COV = 19%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Table 3
Significant Technical Moderators.
Subgroups Effect Size Percent Heterogeneity number
or Datasets Cases HC with (95% CI) P value Diff * 12, % P value outliers
Regressor Pt - HC (effect?)”
HC
NAA LN TE 23 615 611 NS 0.11 n/a 61.0 < 0.001 3 ()
-Excl outliers 20 520 531 Lower NAA with long TE 0.013 n/a 14.8 0.30 NR ¢
TE > 35 7 238 232 -0.52 (-0.88 to -0.15) 0.0055 —8.9% 71.7 < 0.001 0
TE < 35 16 377 379 -0.13 (-0.33 to + 0.06) 0.19 —-1.6% 41.1 0.026 0
LN TE (H20) 10 186 263 Lower NAA with long TE 0.0072 n/a 0.0 0.56 0
LN TE (Cr) 13 429 348 NS 0.75 n/a 76.0 < 0.001 1(N)
All studies 23 615 611 -0.26 (-0.46 to -0.07) 0.0088 —4.4% 63.8 < 0.001 1(N)
FrwM
NAA LN TE 14¢ NS 0.093 n/a 43.1 0.048 1)
-Excl outliers 13 Lower NAA with long TE 0.012 n/a 10.0 0.30 NR ©
TE > 35 4 -0.60 (-1.01 to -0.20) 0.0036 —5.4% 45.50.15 0
TE < 35 11°¢ -0.26 (-0.04 to -0.47) 0.020 —3.0% 37.9 0.074 0/NR ©
All studies 14¢ 455 345 -0.28 (-0.45 to -0.11) 0.0012 —-3.4% 21.80.14 1(N)
HC
Choline >3Tv<3T 18°¢ 538 499 Higher Chol with > 3 T 0.0037 n/a 0.0 0.36 0
Tesla > 3T 8 254 258 +0.25 (+0.08 to + 0.43) 0.0052 +6.1% 0.0 0.92 0
Tesla< 3T 11 299 256 -0.016 (-0.28 to + 0.24) 0.90 —0.1% 53.3 0.021 0
All studies 19 553 514 +0.10 (-0.06 to + 0.27) 0.21 +2.9% 38.7 0.037 1(N)

Abbreviations: LN TE = natural log of echo time; T = field strength in Tesla; Excl outliers = after excluding datasets identified as outliers in the preceding model; (H,0)
= water-normed NAA; (Cr) = creatine-normed NAA; Other abbreviations as in Table 1.

# Weighted mean percent difference between patients and controls. See section 2.4 in text.

b Number of outlier datasets for which the 95% CI does not overlap the 95% CI of the pooled data. (Y) or (N) = exclusion of outliers DOES (Y) or DOES NOT (N)
change the statistical significance or change a significant effect size by > 1/3.

¢ One study identified as a source of small study bias was excluded from this model.

4 NR = not robust to leave-one-out sensitivity analysis.

Table 4
Significant Clinical Moderators.
Subgroups Effect Size Percent Heterogeneity number
or Datasets Cases HC with (95% CI) P value Diff * 12, % P value outliers
Regressor Pt - HC (effect?)”
HC
NAA % med 19 544 531 Lower NAA with >%med 0.0032 n/a 48.0 0.0095 1 (N)
>80% med 11 318 300 -0.49 (-0.76 to -0.22) 0.00029 —9.5% 61.3 0.0015 1(N)
<20% med 6 184 203 +0.089 (-0.12 to + 0.30) 0.40 +1.2% 0.0 0.86 0
All studies 23 615 611 -0.26 (-0.46 to -0.07) 0.0088 —4.4% 63.8 < 0.001 1(N)
MPFC
NAA % med 46 1374 1274 NS 0.28 n/a 55.4 < 0.001 7 (Y)
Excl outliers 39 1286 1268 Lower NAA with >%med 0.0051 n/a 0.0 0.85
>80% med 33 988 895 -0.30 (-0.46 to -0.14) 0.0026 —3.1% 42.4 < 0.001 7 (Y)
-Excl outliers 26 747 728 -0.44 (-0.55 to -0.34) <0.00001 —4.9% 0.0 0.88
<20% med 8 220 200 -0.15 (-0.34 to + 0.05) 0.14 —0.7% 0.0 0.61 0
All studies 53 1527 1435 -0.225 (-0.34 to -0.11) 0.00007 -2.2% 52.2 0.001 7 (Y)
MPFC
Choline
Low COV % med 34 1086 1011 trend-level 0.079 n/a 33.20.02 2(Y)
-Excl outliers 32 1038 968 Higher Chol with >%med 0.020 n/a 2.9 0.50
>80% med 24 768 699 +0.29 (40.14 to + 0.45) 0.00023 +4.7% 49.1 0.004 2 (N)
<20% med 5 155 135 +0.077 (-0.16 to + 0.31) 0.53 +0.2% 0.0 0.98 0
All studies 36 1121 1041 +0.22 (+0.11 to + 0.33) 0.00015 +3.0% 36.1 0.012 2 (N)

Abbreviations: % med = percent of patients taking antipsychotic medication; T = field strength in Tesla; Low cov = MPFC choline datasets in the empirically-identified
higher measurement quality subgroup as indexed by the coefficient of variation (COV) of choline values (COV < 19%); Other abbreviations as in Table 1.

# Weighted mean percent difference between patients and controls. See section 2.4 in text.

> Number of outlier datasets for which the 95% CI does not overlap the 95% CI of the pooled data. (Y) or (N) = exclusion of outliers DOES (Y) or DOES NOT (N)
change the statistical significance or change a significant effect size by > 1/3.

etal., 2021) chronic hepatitis C infection (Oriolo et al., 2018), and type 2 pathogenesis in schizophrenia (Kirkpatrick and Miller, 2013).
diabetes (Wu et al., 2017). Similar findings have been reported in bi-

polar (Scotti-Muzzi et al., 2021) and unipolar depression(Riley and 4.3. Reduced NAA in schizophrenia

Renshaw, 2018; Yildiz-Yesiloglu and Ankerst, 2006). Our finding of

significantly increased choline in prefrontal gray matter regions, hip- Reduced NAA is the most consistent MRS finding across schizo-
pocampus, and basal ganglia is in conceptual agreement with the phrenia studies, including in large meta-analyses. (Kraguljac et al., 2012;
viewpoint that neuroinflammatory processes may contribute to Steen et al., 2005; Whitehurst et al., 2020). Though ubiquitous in
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neurons and glia, its exact physiological roles are not fully understood.
NAA is predominantly synthesized in neuronal mitochondria from
acetylation of aspartate by the enzyme aspartate N-acetyltransferase.
NAA accumulates in neurons to a relatively high concentration, and one
of its putative roles is regulation of osmotic balance. Due to its synthesis
in neuronal mitochondria, NAA may be regarded as a marker of mito-
chondrial functional capacity (Maddock and Buonocore, 2012), and thus
is regarded by many as a marker of neuronal integrity. Once released
into extracellular space, NAA travels down its concentration gradient to
oligodendrocytes, where it is broken down by aspartoacetylase to release
its acetate moiety, which is integral to myelination (Baslow, 2003). An
autosomal-recessive disorder in which NAA is not properly catabolized
by aspartoacetylase (Canavan disease) results in a fatal disorder marked
by CNS dysfunction, deterioration, and abnormal myelination (Baslow
and Guilfoyle, 2013). NAA may also correlate with grey matter volume
as well as neurocognitive measures such as verbal and spatial reasoning
(Paul et al., 2016).

Based on the above, observations of reduced NAA in schizophrenia
may reflect decreased neuronal integrity, inefficient mitochondrial
function, dysregulated myelin maintenance, and/or altered osmolality.
Each of these processes has been implicated in schizophrenia. Reduced
integrity or poorer function of glutamatergic neurons could underlie
inadequate N-methyl-D-aspartate receptor signaling onto inhibitory
neurons, contributing to cognitive and affective symptoms. Mitochon-
dria provide energy for maintenance of spines, establishment of synap-
ses, and vesicular recycling. Interestingly, schizophrenia risk genes
identified by large GWAS studies are enriched for mitochondrial genes
(Kim et al., 2021; Ripke et al., 2014). Both in vivo and postmortem
studies show mitochondrial genes such as cytochrome c¢ oxidase and
their regulatory genes are down-regulated in patients (Ni and Chung,
2020) and mitochondrial dysfunction has been noted in schizophrenia
(Rajasekaran et al., 2015). Finally, mitochondria contribute to oxidative
stress through the production of reactive oxygen species.

Our analysis showed that the effect size for reduced NAA in frontal
white matter is comparable to the reduction seen in more grey-matter
predominant cortical areas, indicating a potential involvement of NAA
in white matter dysfunction in schizophrenia. There has been consid-
erable attention paid to oligodendrocyte pathology in schizophrenia
(Takahashi et al., 2011). Like neurons, oligodendrocytes are vulnerable
to oxidative stress due to the energy demands of homeostatic membrane
turnover, which is maintained through adulthood (Valdés-Tovar et al.,
2022). In postmortem studies of schizophrenia, oligodendrocyte pro-
teins and their mRNA transcripts are reduced compared to healthy
control brain samples, in numerous brain areas (Liu et al., 2022; Valdés-
Tovar et al., 2022). These observations may reflect inefficient mainte-
nance of oligodendrocyte homeostasis, a decreased number of oligo-
dendrocytes, or other pathological processes. These changes may
underlie established findings of altered connectivity among brain areas
in schizophrenia observed with structural imaging and functional brain
network analyses (Dellen et al., 2020; Karlsgodt, 2020).

We observed decreased NAA in all forebrain areas except the basal
ganglia, similar to the regional pattern seen qualitatively in the meta-
analysis by Whitehurst et al. (2020). A secondary analysis showed a
significant moderating effect of brain region on NAA effect size when
outliers were excluded (Supplemental Table 1a), with the basal ganglia
having the smallest effect size. A subsequent comparison of NAA effect
sizes in the basal ganglia to each of the other five regions showed that
the reduced NAA effect size was greater in MPFC, DLPFC, and thalamus
than in the basal ganglia after removal of outliers. These effects were
robust to leave-one-out analysis except for the thalamus (Supplemental
Table 1b). These findings suggest that the disease-associated factors
influencing NAA levels are significantly different in the basal ganglia
than in prefrontal cortical regions. Prior studies have shown that
increased dopaminergic activity can upregulate aspartate N-acetyl-
transferase expression in the medium spiny neurons of the nucleus
accumbens (Niwa et al., 2007), which in turn can increase NAA
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synthesis in this ventral striatal structure (Miyamoto 2014). It is possible
that increased dopaminergic tone in striatal regions in schizophrenia
could account for the selective sparing of the basal ganglia from the
otherwise widespread reduction in forebrain NAA observed in this meta-
analysis. Another possibility is that reduced NAA reflects a disease-
related process that is specific to forebrain glutamatergic projection
neurons, which are abundant in all regions examined here other than the
basal ganglia (where GABAergic projection neurons predominate)
(Kreitzer, 2009).

Across brain areas other than the basal ganglia, the weighted mean
NAA reductions ranged from 2.0% to 4.4% in individuals with schizo-
phrenia compared to healthy individuals. The reductions were larger
when outliers were excluded and reached 9.5% in hippocampus across
studies of predominantly medicated patients (Tables 1 and 4). Some
individual studies reported group differences of 15%, 18%, and 22%
(Bustillo et al., 2010; Natsubori et al., 2014; Yasukawa et al., 2005),
while many studies report lower mean differences. Though the mean
reductions observed in this meta-analysis are modest, it is important to
remember that they occur in the context of homeostatic forces which
likely produce compensatory effects for disease-related changes.
Weighted mean percent reductions in NAA in mild cognitive impairment
and multiple sclerosis can provide further context for changes of this
scale. A recent meta-analysis of metabolite changes in mild cognitive
impairment showed decreases of 5.9% and 8.8% in posterior cingulate
cortex NAA normalized to creatine and water, respectively (Song et al.,
2021). Applying our method of calculating weighted mean percent
difference to published meta-analytic data (Caramanos et al., 2005)
shows that people with multiple sclerosis have a 3.3% mean reduction in
NAA in non-lesional white matter, which, despite its name, is known to
exhibit axonal loss (Caramanos et al., 2005). These findings suggest that
the scale of reduced NAA levels observed in our meta-analysis may have
clinical and pathophysiological relevance in schizophrenia. Mega-
analytic studies of the relationship between clinical symptoms and
regional NAA levels in schizophrenia would be informative in this re-
gard. However, the modest size of the average reduction of NAA and the
important effects of measurement quality should be taken into account
when considering NAA as a potential biomarker or therapeutic target in
schizophrenia.

4.4. Lack of evidence for abnormal creatine in schizophrenia

Previous studies have suggested the possibility that creatine
measured with MRS in brain may be reduced in schizophrenia (Ongiir
et al., 2009; Tibbo et al., 2013). This issue is important to the field
because creatine is frequently used to normalize measurements of other
metabolites in the brain. If creatine levels differ between patients and
controls, and metabolite levels are normalized to creatine, then one may
not know if, for instance, an increase in choline to creatine ratio is due to
a true increase in choline, or a decrease in creatine. However, the cur-
rent meta-analysis argues against this concern, as it consistently shows
no difference in creatine between patients and healthy volunteers in any
of the six brain areas examined. The forest plots for creatine (Supple-
mental Figures) illustrate that the confidence intervals for the majority
of studies crossed the midline, and a similar number of studies demon-
strated increased creatine as decreased creatine in schizophrenia.
Sensitivity analysis restricted to datasets with high-quality metabolite
measurements also failed to find any evidence that brain creatine levels
differ between people with schizophrenia and healthy controls.

Another potential concern about creatine normalization is that cre-
atine content may vary more than water content from subject to subject.
Thus, creatine normalization might may add more nuisance variance to
metabolite estimates than water normalization. If so, the statistical
power for observing disease-related abnormalities would be reduced. A
counter argument favoring creatine normalization over water normali-
zation is that the latter requires accurate correction for the CSF content
of the voxel, a determination which is susceptible to non-trivial
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measurement error in clinical studies (Dadar et al., 2020; Heinen et al.,
2016; Wang et al., 2019). Furthermore, subjects in clinical studies may
slightly reposition their heads, and thus reposition the voxel, between
the time of metabolite measurement and the time of unsuppressed water
measurement. These factors would increase nuisance variance in water
normalized data but not in creatine normalized data. It is also possible
that water content may be abnormal in schizophrenia (Lesh et al., 2019).
A normalization method associated with greater nuisance variance
would be expected to have higher COV and lower effect size values. The
current study found no meta-analytic evidence that NAA or choline ef-
fect sizes differed significantly between studies normalizing to creatine
compared to those normalizing to water. Metabolite COVs were slightly
lower overall in studies normalizing to creatine than in studies
normalizing to water (Supplemental Table 2). These results support the
idea that either creatine or water normalization can reasonably be used
in MRS studies of schizophrenia. In some centers, creatine normalization
might be preferable, as it precludes the need to precisely correct for CSF
within each voxel.

4.5. Metabolite measurement quality moderates the MPFC choline and
NAA effect sizes

Metabolite measurement quality was shown to have a significant
impact on effect sizes for MPFC choline, and in a secondary analysis, on
MPFC NAA. A similar relationship between measurement quality and
MPFC glutamate effect size in schizophrenia was recently reported by
Smucny et al. (2021). NAA and choline are relatively large singlet res-
onances, while glutamate is a j-coupled multiplet that can be chal-
lenging to measure accurately. Although the impact of measurement
quality appears to be less pronounced for MPFC choline and NAA than
that recently reported for MPFC glutamate, it is nonetheless an impor-
tant source of heterogeneity across MRS studies of these MPFC metab-
olites in schizophrenia. It is not certain why measurement quality effects
were only evident in the MPFC. However, more than twice as many
datasets were included for this region than for any other region. Our
procedure for identifying empirical quality thresholds was most sensi-
tive and accurate when based on the large sample of studies available for
the MPFC. Statistical power to demonstrate significant quality effects
was also greatest for the MPFC.

A surprisingly small percentage of studies reported the quality met-
rics of CRLB, SNR, and FWHM (approximately one-third, see Supple-
mental Table 3), despite the ready availability of these metrics from
standard modeling software. This prevented us from examining the ef-
fect of these direct quality metrics on effect sizes in any brain regions
other than the MPFC. COV is an indirect measure of metabolite mea-
surement quality, as it reflects the sum of true variation across subjects
plus nuisance variance due to measurement error. While COV can be
calculated for any dataset that reports means and standard deviations, it
will help advance the field if future studies routinely report all direct
measures of both spectrum quality (FWHM and SNR) and precision of
metabolite fitting to the basis set (CRLB). Our findings that CRLB and
COV moderate MPFC choline effects and SNR moderates NAA effects in
the MPFC indicates that optimizing measurement quality will be an
important factor in future studies of the pathophysiological significance
of these abnormalities.

The current results suggest some metabolite measurement quality
thresholds for future studies of schizophrenia. The empirically identified
thresholds for MPFC choline were 19% for mean COV and 3% for mean
CRLB (Table 2). For MPFC NAA, our analysis identified a quality
threshold corresponding to an SNR value of at least 12.5. Studies
meeting these quality thresholds showed greater effect sizes and larger
weighted mean percent differences than studies not meeting these
thresholds (Table 2). Careful attention to factors affecting measurement
quality during acquisition (such as shimming and subject motion), un-
biased exclusion of distorted spectra and outlier values, and adherence
to quality inclusion thresholds that are stricter than those commonly in
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use may benefit future investigations of the theoretical and clinical
significance of metabolite abnormalities in schizophrenia.

4.6. Technical MRS moderators

One of the primary aims of this meta-analysis was to examine in
depth the possibility that T2 relaxation effects may moderate patient
versus control subject differences in NAA content. Evidence from prior
reports suggests that the T2 relaxation of NAA is faster in patients than
control subjects in the hippocampus (Bracken et al., 2013) and frontal
white matter (Kuan et al., 2021; Tunc-Skarka et al., 2009). Faster T2
relaxation of NAA in patients means that NAA peaks would decline more
quickly in patients, and patient levels of NAA would appear lower when
measured with longer echo times. In agreement with these earlier re-
ports, the current study found meta-analytic evidence that larger re-
ductions in NAA in patients are reported in studies using longer echo
times for both the hippocampus and frontal white matter. These findings
suggest that neuropathological abnormalities in people with schizo-
phrenia may include microstructural changes in the hippocampus and
frontal white matter that lead to faster T2 relaxation of NAA. A sub-
stantial proportion of NAA in frontal white matter and the hippocampus
is localized within neuronal axons. One possible mechanism for the
moderating effect of echo time in these regions would be reduced axonal
volumes, which would increase the frequency of spin-spin interactions
between NAA and less mobile macromolecules within axons. This would
lead to faster dephasing of the NAA signal and thus faster T2 relaxation.
The current finding of larger reductions in NAA signal in patients re-
ported by studies using longer TEs is consistent with reduced axonal
volumes in these two regions.

Slower T2 relaxation of the reference compound (water or creatine)
used for normalizing NAA values could also account for the moderating
effects of TE observed here. In the hippocampus, the effect of TE was
most evident in datasets that normalized NAA to water. A similar
observation was made in an earlier review by Bracken et al. (2013), who
reported that the effect of echo time on reduced NAA in this region was
most evident in studies that normalized NAA to water. No similar evi-
dence implicating water-normalized NAA values was evident in the
frontal white matter datasets. This may have been due in part to the low
number of longer TE studies in that region.

Although this evidence suggests that NAA is subject to abnormally
faster T2 relaxation in some regions in schizophrenia, the current find-
ings also show that NAA concentrations is significantly reduced in many
regions independent of the effects of echo time. When the meta-analysis
for each region was repeated including only studies using short TEs
(<35 ms), NAA remained significantly reduced in the MPFC, DLPFC,
frontal white matter, and thalamus. Only in the hippocampus did a
previously significant NAA reduction fail to reach significance when
longer TE studies were excluded (Supplemental Table 4). It is possible
that the primary abnormality affecting NAA in the hippocampus is a
microstructural change causing faster T2 relaxation. However, relatively
few hippocampal studies in this meta-analysis demonstrated good
quality metrics, and it is possible that as additional good quality studies
of this region become available, a significant reduction in hippocampal
NAA acquired with short TE will be observed.

Magnetic field strength moderated effect size in the hippocampus for
choline, with higher field strength studies associated with stronger
group differences in choline. We did not observe field strength effects on
any other brain areas or metabolites. The hippocampus is a small brain
region with higher vulnerability to susceptibility effects, as a result of its
close proximity to sinus air cavities and petrous bone (Bednarik et al.,
2015; Choi and Frahm, 1999). For these reasons, investigators often use
smaller voxel sizes for studying the hippocampus. It is possible that the
higher signal yield from higher field scanners is particularly advanta-
geous for metabolite measurements from the hippocampus.
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4.7. Clinical moderators

We found that reduced hippocampal NAA in patients was signifi-
cantly moderated by the percent of patients taking antipsychotic
medication. Studies in which a higher percentage of patients were taking
antipsychotics reported larger reductions in hippocampal NAA. The
same relationship between proportion of medicated patients and
reduced NAA was also observed in the MPFC. This latter meta-regres-
sion, however, was significant and robust only after outlier datasets
were excluded. In agreement with Whitehurst et al. (2020), we also
found that NAA was not significantly reduced in any brain region, nor
across all regions, when the meta-analysis was restricted to studies of
unmedicated patients.

Several possible factors could contribute to finding a greater reduc-
tion of NAA in studies with a higher percentage of medicated patients. A
recent meta-analysis of MRS studies of NAA conducted before and after
treatment (Kubota et al., 2020) and two subsequently published treat-
ment studies (Birur et al., 2020; Li et al., 2022) report no significant
effect of short-term or sub-chronic treatment with antipsychotic medi-
cation on NAA levels in either the hippocampus or the MPFC. These
studies suggest it is unlikely that short term or sub-chronic use of anti-
psychotic medication has a causal effect of reducing these regional NAA
levels in patients with schizophrenia. In the context of these reports, one
interpretation of the current results is that antipsychotic medication use
is associated with reduced levels of NAA in hippocampus and MPFC, but
that the effect is driven primarily by patients who have been chronically
taking these medications. Both schizophrenia and antipsychotic medi-
cation use are associated with impairments in mitochondrial function.
The latter could contribute to the association between medication status
and reduced NAA observed here (Casademont et al., 2007; Chan et al.,
2020; Turkheimer et al., 2019).

Another possibility is that the medication effects noted here are
confounded with illness chronicity effects on NAA levels. Studies of
chronic patients typically have a greater proportion of medicated pa-
tients than studies of recent onset patients. Although we observed no
significant effects of illness chronicity in any brain region or metabolite,
a larger sample of datasets including more studies of unmedicated
chronic and medicated recent onset patients would be necessary to
demonstrate an association with medication status that is statistically
independent of illness chronicity.

Since measurement quality moderated choline effect size in the
MPFC, we repeated the analysis of clinical (and technical) moderators in
the subset of studies identified as having better quality choline mea-
surements based on COV < 19%. This analysis showed that the elevation
in MPFC choline was higher in studies with a higher percentage of pa-
tients taking antipsychotic medication. The same open questions dis-
cussed above regarding medication status and NAA levels, including the
role of short term versus long term medication usage and recent onset
versus chronic phase of illness apply to the interpretation of this asso-
ciation between medication status and elevated MPFC choline. Further
research will be needed to understand the nature and causes of this
association.

4.8. Strengths and limitations

Strengths of this meta-analysis include our application of rigorous
quality control procedures including using leave-one-out sensitivity
analysis, Egger’s funnel regression test, examination for outliers, and
testing for effects of measurement quality on pooled effect sizes. We used
a random effects model for the meta-analysis, which is more conserva-
tive and robust to heterogeneity than a fixed effects model. We set high
thresholds for study inclusion, including a minimum of 8 subjects per
group (compared to 5 for many meta-analyses), and a minimum of 10
studies per brain area for primary meta-analytic hypothesis testing and
moderator analyses. To reduce variability, we also excluded studies that
did not use 1-D, single voxel, MRS pulse sequences, or normalize to
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either water or creatine. An important strength of this updated meta-
analysis is the large number of total studies available for screening and
inclusion, including numerous new MRS studies. Together, these
strengths allowed us to demonstrate for the first time disease-related
abnormalities in both NAA and choline across multiple brain regions
as well as their moderation by measurement quality, technical factors
and medication status.

Limitations of this study include that meta-analyses were conducted
on only six brain areas (MPFC, DLPFC, HC, BG, thalamus, FrWM). Other
regions of interest, such as parietal, occipital, and orbito-frontal cortices
and the cerebellum, did not satisfy our requirement for at least 10
datasets per region. The meta-analyses presented here are limited to
NAA, choline, and creatine. Although other metabolites such as gluta-
mate, GABA, inositol, and glutathione are of interest in schizophrenia,
meta-analyses of these metabolites have recently been published (Das
et al., 2018; Nakahara et al., 2022; Smucny et al., 2021). Although we
demonstrated significant effects of data measurement quality in the
MPFC, many studies did not report FWHM, SNR, or even CRLB, making
it difficult to detect effects of quality metrics in other brain areas. We
identified effects of medication status, but we were not able to dissect
this further into first- vs. second-generation antipsychotics, take into
account the potential effect of mood stabilizers and/or other concomi-
tant medications, or show that the medication status effect was
completely independent of chronicity of illness. Without access to
patient-level data, we were unable to examine relationships between
symptom severity on metabolite levels. Although we found no moder-
ating effect of using water versus creatine for normalization, we were
unable to examine the effects of different strategies used for water
normalization, including anatomical image acquisition sequence, co-
registration and masking method, segmentation algorithm, and as-
sumptions made regarding tissue water content and relaxation
characteristics.

4.9. Conclusions

These updated meta-analyses of the singlet peaks NAA, choline, and
creatine provides new insights into brain metabolite abnormalities in
schizophrenia with clear demonstration of increased choline and un-
changed creatine in patients, along with the well-established reduction
in NAA. This work lays a foundation for future investigations into the
role of choline-containing metabolites in schizophrenia, possibly related
to cell density, membrane turnover, or glial activation. Our findings of
unchanged creatine levels and no significant effect of creatine normal-
ization versus water normalization as a moderating factor in the most
commonly studied brain regions in schizophrenia support the view that
creatine normalization is a reasonable practice in studies of this disor-
der. We identified a moderating effect of antipsychotic medication on
reduced NAA that merits further investigation. We found meta-analytic
evidence consistent with prior reports of faster T2 relaxation of NAA in
hippocampus and frontal white matter, suggesting an altered microen-
vironment for NAA in schizophrenia. The finding of significant moder-
ating effects of data measurement quality reiterates the importance of
reporting quality metrics and may motivate the adoption of measure-
ment quality thresholds in future MRS studies of schizophrenia that are
more conservative than those currently in common use.
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