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Cortical glutamate and GABA are related to
compulsive behaviour in individuals with
obsessive compulsive disorder and healthy
controls
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There has been little analysis of neurochemical correlates of compulsive
behaviour to illuminate its underlying neural mechanisms. We use 7-Tesla
proton magnetic resonance spectroscopy (*H-MRS) to assess the balance of
excitatory and inhibitory neurotransmission by measuring glutamate and
GABA levels in anterior cingulate cortex (ACC) and supplementary motor area
(SMA) of healthy volunteers and participants with Obsessive-Compulsive
Disorder (OCD). Within the SMA, trait and clinical measures of compulsive
behaviour are related to glutamate levels, whereas a behavioural index of
habitual control correlates with the glutamate:GABA ratio. Participants with
OCD also show the latter relationship in the ACC while exhibiting elevated
glutamate and lower GABA levels in that region. This study highlights SMA
mechanisms of habitual control relevant to compulsive behaviour, common to
the healthy sub-clinical and OCD populations. The results also demonstrate
additional involvement of anterior cingulate in the balance between goal-
directed and habitual responding in OCD.

Compulsivity can be defined as perseverative behaviour with poten-
tially maladaptive consequences. The construct of compulsivity - a
transdiagnostic psychiatric trait - has no clear boundary between the
healthy and pathological parts of the spectrum’. Individual differences
in compulsive behaviour have been related to functioning of discrete
fronto-striatal ‘loops’ in individuals with compulsive traits’ and in

psychiatric patients with extreme levels of compulsive symptoms such
as those with substance use disorders’® and obsessive-compulsive dis-
order (OCD)*. Changes in fronto-striatal function underpinning com-
pulsive behaviour may be influenced by neurochemical dysregulation
of cortical networks. There is considerable evidence of hyperactivity in
OCD in certain cortical regions based on blood oxygenation level
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dependent (BOLD) neuroimaging*®, which presumably is a con-
sequence of changes in the excitatory/inhibitory balance in cortical
networks resulting from changes in glutamate (Glu) and y-amino
butyric acid (GABA) neurotransmission’. Abnormally high levels of Glu
within OCD have been suggested in animal models and by human
genetic, pharmacological and neurochemical studies’’. However,
there have been inconsistent findings using proton magnetic reso-
nance spectroscopy (‘H-MRS) to directly measure regional levels of
these neurotransmitters (see Brennan et al.'® and Biria et al." for
review). For example, one 3-Tesla (3T) 'H-MRS study found evidence of
reduced GABA in the medial prefrontal cortex of participants with
OCD, suggesting an altered excitatory/inhibitory balance in that
region'>; however, a later study found the reverse®.

Evidence for neurochemical dysregulation mediating compulsive
behaviour has been hindered by a lack of high resolution quantifica-
tion of Glu and its metabolite glutamine (GIn), as well as GABA using
'H-MRS at field strengths of 3T or lower. To overcome this limitation,
we utilised 7-Tesla 'H-MRS and an optimised MRS sequence (semi-
LASER) to reliably and separately quantify Glu, GIn and GABA in indi-
viduals with and without OCD. This enabled us to define more

accurately a proxy neurochemical index of the balance between exci-
tatory and inhibitory neurotransmission within the anterior cingulate
cortex (ACC) and the supplementary motor area (SMA). The latter are
key regions previously linked to compulsivity and strongly implicated
in the pathophysiology of OCD. Since the vast majority of studies have
found OCD brain dysfunction within the anterior cortex, we used the
occipital cortex (OCC) as a posterior cortical comparison region.

The ACC is implicated in error monitoring'*® and reward pre-
diction errors'®"”, which are cognitive processes critical for compul-
sive responses. Moreover, enhanced prediction errors and aberrant
activity of the ACC are reported in OCD'®*°, The SMA has also been
implicated in error processing in OCD” and participates in a sen-
sorimotor circuit with the putamen®, also crucial for habit
learning” %, The neurocognitive deficits found in the SMA are con-
sidered an endophenotype of OCD, possibly related to inefficient
neural processing, as measured during a response inhibition task®.
The relevance of SMA in OCD is also apparent from symptom
improvements following brain stimulation®®?.

We further correlated neurochemical levels within these regions
with measures of compulsivity, and a behavioural index of habitual
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Fig. 1| Relationship between Glutamate and GABA in the anterior cingulate
cortex, the supplementary motor area and the occipital cortex of the healthy
and OCD brain. The glutamate and GABA levels, expressed in parts per million
(ppm), were measured in voxels placed in (a) anterior cingulate cortex

(12 x 20 x 33 mm>), in yellow, supplementary motor area (20 x 20 x 20 mm®) in
purple, and occipital cortex (20 x 20 x 20 mm?) in orange, of (b) healthy partici-
pants in green, and participants with OCD in blue. The line of best fit is shown with
the 95% confidence intervals for the regression estimate in translucent bands
around the regression lines. All metabolites were normalised using (Cr + PCr), cor-
rected for grey and white matter and cerebral spinal fluid of each individual voxel,
within subjects. For the ACC voxel the sample size for Glu and GABA in the OCD

Glutamate (SMA)

Glutamate (OCC)

group was (n =30) and in HV (n = 30). For the SMA voxel the sample size for Glu in
the OCD group was (n=31) and in the HV it was (n=30), for GABA in the OCD
group it was (n=30) and in the HV the sample size was (n=29). Lastly, for the
OCC voxel the sample size for Glu in the OCD group was (n =30) and in the HV it
was (n=28), for GABA in the OCD group it was (n =27) and in the HV the sample
size was (n=29). All relationships were studies using a two-tailed Pearson test.
The data for this figure are provided in the Source Data file. Acronyms: ACC
anterior cingulate cortex, SMA supplementary motor area, OCC occipital cortex,
GABA y-amino-butyric acid, p-FDR p-value corrected for False Discovery Rates™, r
Pearson’s r correlation coefficient, HV Healthy Volunteers, OCD Obsessive Com-
pulsive Disorder.
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Table 1| Summary of the best model of the Hierarchical Linear
Regression analysis using GABA to predict Glu levels while
controlling for Group and Voxels: Glu~GABA*Group + Voxel

Coefficients B-estimates Std.Error t-test p-value
Intercept 10.48 0.46 22.63 <2e-16
GABA 1.82 0.45 4.00 9.23e-05
Group (OCD) 1.33 0.58 2.30 0.02
Voxel (OCC) -2.09 0.16 -13.06 <2e-16
Voxel (SMA) 0.01 0.16 0.07 0.98
GABA:Group(OCD) -1.05 0.58 -1.81 0.07

The data for this table are provided in the Source Data file and the code is provided in the
Supplementary Information. For the ACC voxel, the sample size for Glu and GABA in the OCD
group was (n=30)andin HV (n = 30). For the SMA voxel, the sample size for Glu in the OCD group
was (n=31) and in the HV it was (n = 30), for GABA in the OCD group it was (n =30) and in the HV
the sample size was (n =29). Lastly, for the OCC voxel, the sample size for Glu in the OCD group
was (n=30) and in the HV it was (n = 28), for GABA in the OCD group it was (n =27) and in the HV
the sample size was (n=29).

GABA y-amino-butyric acid, Glu glutamate, SMA supplementary motor area, OCC occipital
cortex, OCD obsessive-compulsive disorder.

control- a contingency degradation task, whereby the association
between an action and an outcome is uncoupled or degraded?. Since
compulsive behaviour in OCD has been postulated to emerge from an
imbalanced cortico-striatal circuitry favouring the habit system we
hypothesised that this might be reflected in neurochemical imbalances
in the anterior cingulate and SMA.

In summary we hypothesised that changes in the neurochemical
properties of two key regions of fronto-striatal circuitry relevant to
compulsivity - the SMA and ACC - will be more evident in OCD and
probably expressed in the healthy population as a function of the
transdiagnostic dimension of compulsivity. Specifically, we predicted
relationships in the balance between Glu and GABA function in these
frontal areas and compulsive and habitual tendencies, as well as clin-
ical symptoms which are an extreme expression of compulsive beha-
viour. MRS and behavioural data were thus collected from 30 healthy
subjects and 31 participants with OCD (clinical and demographic
measures for both groups are shown in Table 3).

Results

Differential balance between excitatory and inhibitory neuro-
transmitters in healthy and OCD brain

Figure 1 shows the positive relationships between Glu and GABA in the
ACC for the OCD and healthy subjects separately (OCD + healthy
subjects: Pearson’s r=0.51, p=0.00003, p-FDR =0.0002), whereas
only healthy volunteers showed a positive relationship in SMA (Pear-
son’s r=0.37, p=0.04, p-FDR=0.05) and OCC (Pearson’s r=0.46,
p=0.01, p-FDR = 0.01). However, participants with OCD showed this
relationship in neither SMA (Pearson’s r=0.09, p=0.61, p-FDR = 0.71),
nor occipital cortex (Pearson’s r=-0.04, p=0.81, p-FDR = 0.81). Thus,
the Glu/GABA relationship is a likely cortex-wide finding in the healthy
group as opposed to the OCD group who showed an imbalance in
the relationship between these metabolites in both SMA and OCC.
Figure 1b depicts these results separately for healthy volunteers and
participants with OCD.

In addition to the correlation analysis above, in order to sub-
stantiate the conclusions further, a confirmatory 6 stage hierarchical
linear regression model was built to predict Glu levels from GABA
concentrations, while controlling for Group (OCD vs HV) and Voxel
(OCC, ACC and SMA regions). Analysis of variance was used to select
the best model (model4: Glu-GABA*Group+Voxel), predicting around
65% of variability in Glu levels (F (5,167) = 65.10, p <2.2e-16. Table 1
shows the output summary for this model. There was a significant
effect of voxel (ACC, SMA, OCC), a significant effect of group (OCD vs
HV), and a trend for the group and voxel interaction. These findings
provide clear support for the claim that the relationship between Glu

and GABA is altered in participants with OCD, though only modest
support for the claim that this effect varies by voxel. All model outputs
are described in detail in Supplementary Information, including the
R code.

Comparing neurometabolite levels between HV and OCD groups
Within each voxel, the levels of GABA, Glu, Glu/GABA, GIn, Glx (glu-
tamate + glutamine) and NAA (N-acetylaspartate, a measure of neuro-
nal integrity)*® were compared between groups (Table 2). Participants
with OCD showed significantly higher levels of Glu (independent
sample t-test(58) =2.08, p=0.02, p-FDR=0.04, Cohen’s d = 0.53, 95%
CI[0.016, 0.83]), Glu:GABA ratio (Mann-Whitney U =618, p =0.006, p-
FDR=0.02, n,>=0.10, 95% CI[0.05, 0.70]), and GIx (independent
sample t-test(58) =2.13, p=0.02, p-FDR =0.05, Cohen’s d = 0.55, 95%
CI[0.03, 1.13]) within the ACC voxel. When controlling for NAA levels as
a control for neuronal integrity, GABA levels in ACC become sig-
nificantly lower in OCD compared with the healthy subjects (ANCOVA
F-test (1, 57)=4.55, p=0.03, p-FDR=0.04, np2 =0.074, 95% CI[0.012,
0.35]), whereas, OCC Glu level differences become non-significant
(p=0.20). There were no differences between metabolite levels within
the SMA between OCD and healthy volunteers. The MRS quality
metrics per metabolite and tissue compositions per voxel are pre-
sented in Table S1(Supplementary Information).

Relationship between compulsivity and SMA brain metabolites
Figure 2a shows the SMA voxel and its MRS spectrum for all metabo-
lites and Fig. 2b displays the fitted model for Glu, for one representa-
tive individual. There was a positive relationship between compulsive
tendencies using the self-administered Obsessive-Compulsive Inven-
tory (OCI)*’ and Glu levels in SMA for the entire sample (i.e., OCD +
healthy subjects: Spearman’s r=0.28, p=0.02, p-FDR = 0.03). Partici-
pants with OCD exhibited, as expected, significantly higher OCI scores
(p<0.001), and since the OClI scores had different distributions within
each group, the relationships between the Glu concentrations and OCI
were separately analysed per group. Both were significant (see Fig. 2¢):
OCD (with normally distributed OCI): Pearson’s r=0.40, p=0.01, p-
FDR=0.05, and healthy volunteers (with non-parametrically dis-
tributed OCI): Spearman’s r= 0.44, p=0.01, p-FDR = 0.02). In line with
these findings, the compulsions subscale of the clinician rated Yale
Brown Obsessive Compulsive Scale (YBOCS)* was also correlated with
SMA Glu levels in the OCD group (Pearson’s r=0.41, p=0.01, p-
FDR = 0.05; Fig. 2d). Supplementary Fig. S4 (Supplementary Informa-
tion) depicts individual spectra for GIn, GABA, and NAA within a
representative SMA voxel. With regard to ACC neurometabolites, no
correlation was found between ACC Glu:GABA ratio and obsessive
compulsive symptoms as measured with OCI and YBOCS in the OCD
group (Pearson’s r=-0.16, p = 0.39; r=-0.18, p = 0.33, respectively for
YBOCS compulsions and OCI total score).

Neural correlates of habitual responding: SMA and ACC Glu:-
GABA ratios implicated in habitual control

A contingency degradation task® was used to measure the tendency
towards habitual (stimulus-response) as opposed to goal-directed
(action-outcome) responding®. The task comprises 3 conditions with
varying probabilities (0.60, 0.3, 0.0: see Methods) of gaining rewards
of 20 pence (£0.2) by responses of pressing a space bar. These con-
tingencies between instrumental responses and reward outcomes
were obtained by varying the provision of free rewards where no
response was required to earn the monetary rewards. We also required
subjects to make regular causal judgements concerning their percep-
tion of the relationship between their responses and the reward out-
comes, in order to gauge their understanding of the contingencies (see
Fig. 3a). As expected (see also Ersche et al. 2021*"), responding declined
significantly (though equivalently) in both groups in the degraded
conditions (Supplementary Fig. S2, Supplementary Information),
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Table 2 | This table depicts the mean * standard deviations of all neurometabolites in OCD and HV, displayed for anterior
cingulate cortex, supplementary motor area, and occipital cortex and compared between groups

Metabolites ocD HV t-test DF p-value d p-FDR NAA- DF p-value np’ p-FDR

group (M+SD) group (M*SD) corr

F-test

ACC
GABA 2.71+£0.43 2.86+0.42 -1.29 58 0.10 -0.33 0.15 4.58 (1,57) 0.03 0.074 0.04
Gln 3.37+0.58 3.21+0.48 118 58 0.12 0.30 0.14 mm (1,57) 0.29 0.019 0.29
Glu 12.63+0.82 12.20+0.74 -2.08 58 0.02 0.53 0.04 5.66 (1,57) 0.02 0.090 0.03
Glx (Glu+Gln) 16.00+1.13 15.41+£0.98 213 58 0.02 0.55 0.06 5.68 (1,57) 0.02 0.091 0.05
NAA 12.63+0.94 12.51+0.92 0.48 58 0. 61 013 0. 61 NA NA NA NA NA
Glu/GABA 473+0.64 4.34+0.61 618Y NA 0.006 0.10%” 0.03 8.65 (1,57) 0.005 0.13 0.02
SMA
GABA 3.41+0.97 3.31+£0.83 450Y NA 0.41 0.0008™m” 1.00 0.04 (1,56) 0.84 0.001 1.00
Gln 2.53+0.93 2.40+0.85 0.56 57 0.29 0.14 0.69 0.28 (1,56) 0.59 0.005 1.00
Glu 12.64+0.97 12.50+1.28 0.50 59 0.45 0.13 0.61 0.03 (1,58) 0.86 0.000 0.86
Glx (Glu+Gln) 15.34£1.38 14.90 £1.82 1.03 57 0.30 0.27 1.00 0.80 (1,56) 0.37 0.014 1.00
NAA 15.37+£1.42 15.14£1.43 0.64 59 0.26 0.16 0.78 NA NA NA NA NA
Glu/GABA 4.00+1.09 3.97+0.98 445Y NA 0.44 -0.0004"%° 0.88 0.07 (1,56) 0.79 0.001 1.00
OCC
GABA 2.55+0.55 2.48+0.48 0.51 54 0.30 0.13 0.36 0.25 (1,53) 0.62 0.005 0.77
Gln 3.88+0.64 4.05+0.52 -1.12 56 0.13 -0.29 0.25 115 (1,55) 0.29 0.021 0.72
Glu 10.39+0.78 10.08 +0.60 1.70 54 0.09 0.44 0.25 1.65 (1,55) 0.20 0.029 1.0
Glx (Glu+Gln) 14.27+1.01 14.01£1.14 0.93 56 0.17 0.24 0.25 0.43 (1,57) 0.51 0.007 0.85
NAA 14.79+1.05 14.57 £1.06 0.84 58 0.40 021 0.40 NA NA NA NA NA
Glu/GABA 4.23+1.02 4.18+0.80 1.46 54 0.15 0.05 0.25 0.03 (1,53) 0.85 0.001 0.85

To minimise concentration levels being contaminated with noise, and to avoid excluding abnormal data points that are population specific and may be clinically relevant, % Cramér-Rao Lower Bound
and concentration levels outside the mean +2 SD were excluded, following procedure from Frangou et al.” and as suggested by Kreis®°. All metabolites were normalised using (Cr + PCr), corrected
for grey and white matter and cerebral spinal fluid of each individual voxel, within subjects. The F-test values are the results of an ANCOVA using NAA as covariate to correct as a measure of neuronal
integrity. The bold formatting shows the significant p-values and the metabolites that were measured for each significant test. For the ACC voxel the sample size for Glu and GABA in the OCD group
was (n=30)and in HV (n = 30). For the SMA voxel the sample size for Glu in the OCD group was (n = 31) and in the HV it was (n = 30), for GABA in the OCD group it was (n = 30) and in the HV the sample
size was (n = 29). Lastly, for the OCC voxel the sample size for Glu in the OCD group was (n = 30) and in the HV it was (n = 28), for GABA in the OCD group it was (n = 27) and in the HV the sample size was
(n=29). All tests were two sided except for ACC and SMA glutamate, glutamine and GABA level comparisons across groups. The data for this table are provided in the Source Data file.

ACC anterior cingulate cortex, SMA supplementary motor area, OCC occipital cortex, GABA y-amino-butyric acid, Glu glutamate, Gln glutamine, Glx Glu + Gln, NAA N-acetylaspartate, Cr creatine,
PCr Phosphocreatine, t independent sample t-test, U Mann-Whitney U test, F Analysis of Covariance, NAA-c corrected for NAA levels, M mean, SD standard deviation, HV healthy volunteers, OCD
obsessive-compulsive disorder, p-FDR p-value corrected for False Discovery Rates®, DF degrees of freedom, d Cohen’s d, n,,? partial eta-square.

consistent with the programmed reinforcement contingencies. The
differences between the two non-degraded and degraded conditions
are assumed to reflect the balance between goal-directed and habitual
control, the smaller the decrement being more consistent with the
latter. Subjective judgements of contingencies were highly and posi-
tively correlated with the behavioural measures for the entire sample
(Supplementary Fig. S3b, Supplementary Information). A habitual
responding index was created by subtracting responses made in the
non-degraded condition (i.e., probability of 0.60) condition from
those with a low probability (0.3 or 0.0) of actions gaining rewards.
This means that increasingly negative values indicate a greater ten-
dency towards goal-directed behaviour, whereas less negative and
positive values represent bias towards habitual control.

The entire sample showed a significant positive relationship
between the habitual responding index and SMA GIu:GABA ratio
(Pearson’s r=0.26, p=0.02, p-FDR=0.06; Fig. 3b). This means that
higher values of Glu and/or lower values of GABA were associated with
a greater habitual tendency. Moreover, participants with OCD showed
this same relationship within the ACC voxel as well (Pearson’s r=0.38,
p=0.02, p-FDR=0.04; Fig. 3c). Note that the habitual responding
index was equivalent in both groups (Supplementary Fig. S3a, Sup-
plementary Information).

Discussion
This 7T 'H-MRS study has demonstrated that compulsivity and clinical
compulsive symptoms are related to neurochemical indices in the

anterior cingulate cortex and supplementary motor area of the frontal
lobes, suggestive of an altered excitatory/inhibitory (E/I) balance
between the neurometabolites Glu and GABA in these regions. More-
over, this neurochemical imbalance, as hypothesised, was also related
to a measure of habitual responding versus goal-directed control over
behaviour in these regions, relevant to theories proposing that this
bias underlies compulsive behaviour in clinical disorders of obsessive-
compulsive disorder and drug addiction**,

We studied neurochemical correlates of compulsivity in healthy
volunteers and in a group of adult participants with OCD, using 7T
'H-MRS to measure the proton spectrum with high signal-to-noise
ratios in three brain regions of prior interest (SMA, ACC and OCC). We
used clinician-rated (Y-BOCS) and self-rated (OCI) symptom ques-
tionnaires as well as behavioural performance data on a test of habitual
vs goal-directed responding, to define compulsivity and its underlying
cognitive traits. We chose to focus on MRS profiling of the ACC and
SMA because both have been previously implicated in the neural cir-
cuitry of compulsivity (see Introduction).

Glu and GABA levels were significantly correlated in all regions
studied in healthy volunteers, but not in the OCD group, suggesting
that a dysfunctional balance may contribute to pathology. In fact,
participants with OCD had significantly higher levels of Glu and lower
levels of GABA in the ACC and a higher Glu:GABA ratio in that region.
These significant changes were found in both of these neurometabo-
lites in the same study in adult OCD, possibly reflecting the greater
sensitivity of 7T 'H-MRS. Previous studies at lower magnet strengths
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Fig. 2 | Relationships between compulsivity and Glu levels in SMA. a Shows the
LCModel analysis of in vivo 'H MR spectra acquired from a healthy participant at 7T
(semi-LASER, echo time/repetition time =26/5000 ms, from a 20 x 20 x 20 mm
voxel placed bilaterally at supplementary and pre-supplementary motor areas,
located at medial portion of Brodmann area 6), b presents the fitted model for Glu,
in red, while the acquired spectrum is plotted in black. ¢ Demonstrates the rela-
tionships between Glu levels in SMA and obsessive-compulsive symptoms as
measured with the self-administered OCI scale in the individuals with OCD and in
healthy subjects (OCI was missing for 2 HV’s), while d depicts the relationship
between the clinician rated YBOCS scores and Glu levels in SMA in the OCD group.
The blue colour represents OCD patients, whereas green depicts the data for

Glutamate (SMA)

Glutamate (SMA)

healthy subjects. The line of best fit is shown with the 95% confidence intervals for
the regression estimate in translucent bands around the regression lines (for all
figuresin c and d). For figure c the sample size for the OCD subjects was (n=30) and
for the HV group it was (n =29), for figure d the OCD sample size was (n=31). All
relationships were studies using a two-tailed Pearson test. The data for this figure
are provided in the Source Data file. Acronyms: SMA supplementary motor area,
GABA y-amino-butyric acid, Glu glutamate, GIn glutamine, NAA N-acetylaspartate,
ppm parts per million, r Pearson’s r correlation coefficient, r s Spearman’s rank
correlation coefficient, p-FDR p-value corrected for False Discovery Rates’, OCI
Obsessive Compulsive Inventory, YBOCS Yale Brown Obsessive Compulsive Scale,
HV healthy volunteers, OCD obsessive-compulsive disorder.

have found evidence for greater Glu concentrations (though less
specifically, Glu + GIn measured together as Glx) in this region of the
ACC*?*, Naaijen et al. also found increased Glu in the anterior cingu-
late in children with OCD or autism spectrum disorder using a 3T
scanner®, suggesting that these changes may occur early in life. On the
other hand, several studies have found no significant effects in pre-
frontal cortex (PFC) regions'>*** or even reductions*>*. For GABA,
Simpson et al.”? also found reductions in a medial PFC voxel including
the ACC, and Zhang et al.*® reported a decreasing trend in the ACC and
a reduction in the orbitofrontal cortex. However, a more recent study
found increased GABA levels in the ACC".

We found no significant changes in Glu or GABA in the occipital
cortex in OCD, or any evidence of correlation with behaviour or
symptoms despite suggestive evidence from some other neuroima-
ging studies of changes in this region***’. Our findings for OCD were
therefore specific to the anterior neocortex.

The bidirectional changes in Glu and GABA neurometabolites
demonstrated here in the ACC of participants with OCD are an

important addition to MRS findings in OCD because it sheds light on
this inconsistent literature'®™. It is possible that this inconsistency
has stemmed from the use, in many cases, of small sample sizes,
different populations of participants with OCD (with co-morbidities
such as skin-picking and depression*®) as well as evidence of
impaired neuronal integrity (in studies finding concomitant changes
in NAA*4°52) and variation in voxel placements. Moreover, the lit-
erature overall has hitherto also perhaps lacked the resolution to
quantify metabolites with smaller peaks such as GABA, Glu and GIn
with a higher accuracy and a superior signal-to-noise ratio". Another
strength of this study is that we have adhered to the minimum
guidelines for the reporting of MRS methods and results, and fol-
lowed the Lin et al. (2020) checklist in presenting the standardised
description of MRS hardware, data acquisition, analysis and quality
assessment’.

The changes we found in ACC Glu and GABA were shown to be
independent of the grey and white matter and CSF composition within
each individual voxel for each subject. We additionally controlled for
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Fig. 3 | Relationship between habitual responding as measured with the con-
tingency degradation task and Glu:GABA ratios in ACC and SMA. a Depicts the
stimuli from the contingency degradation task® and its task design. Participants are
shown a white empty vase on the screen, which fills with flowers when participants
press the space bar, and which has a 60% chance of being associated with winning
20 pence. On degraded trials, this 60% positive contingency is reduced to 0% (full
degradation) or 30% (partial degradation), by non-response contingent presenta-
tions of reward. b Shows the positive relationship between an index of habitual
responding, the difference between full and non-degraded conditions (higher
means a bias towards habitual control) and Glu:GABA ratio in SMA of the entire
sample of OCD and healthy volunteers (the grey fitted line). ¢ Shows the positive
relationship between the index of habitual responding and the anterior cingulate
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cortex for each group separately. The blue colour represents OCD patients,
whereas green depicts the data for healthy subjects. The line of best fit is shown
with the 95% confidence intervals for the regression estimate in translucent bands
around the regression lines. For figure b the total sample size was (n=59): 30 OCD
and 29 healthy participants. For figure c the sample size for the OCD group was
(n=30) and in HV (n =30). All relationships were studied using a two-tailed Pearson
test. The data for this figure are provided in the Source Data file. Acronyms: SMA
supplementary motor area, ACC anterior cingulate cortex, GABA y-amino-butyric
acid, Glu glutamate, r Pearson’s r correlation coefficient, p-FDR p-value corrected
for False Discovery Rates’™, O outcome, P probability, HV healthy volunteers, OCD
obsessive-compulsive disorder.

neuronal integrity via NAA changes, this resulting in more significant
depletion of ACC GABA levels in the OCD group.

Despite the lack of absolute changes in Glu in the SMA in OCD, we
found that clinical symptoms (YBOCS-compulsivity subscale) were
significantly positively related to the SMA Glu levels, which adds
weight to recent suggestions that increased SMA activity is a neu-
roendophenotype for OCD°. In addition, compulsivity trait (OCI) was
also related to changes in SMA Glu levels, both in healthy volunteers
and participants with OCD, consistent with the notion of a transdiag-
nostic dimension characterising compulsive behaviour related to
connectivity of frontal regions’. Finally, the measure of habitual
responding was reflected by the Glu:GABA ratio in the SMA in both
healthy volunteers and participants with OCD, and additionally in the
ACC in the OCD group. These findings extend our existing under-
standing of how fronto-striatal loops control the balance between
goal-directed behaviour and habits, and how this balance may be
related to the generation of compulsive responding.

Previous MRS studies have used the ratio of excitatory (Glu) and
inhibitory (GABA) neurotransmitters as a proxy index of E/I balance in
cortical networks and recent work found a positive correlation
between GABA and GlIx in medial parietal cortex™, consistent with
electrophysiological evidence®. However, such relationships are

controversial and another study, performed at 3T failed to show
positive correlations between GIx and GABA in visual and motor
cortex*®. Nevertheless, in this 7T study we were able to demonstrate in
healthy volunteers using an hierarchical linear regression model in
addition to correlational analysis, robust positive relationships
between Glu and GABA in ACC, supplementary motor area and occi-
pital cortex, suggesting that these indices may be more stable indices
of E/I balance than GIx/GABA. The absence of a positive Glu/GABA
relationship in OCD within the SMA is consistent with other evidence in
this study that clinical symptoms are associated with Glu levels in the
SMA and with substantial evidence in OCD of BOLD hyperactivity,
increased functional connectivity, exaggerated error-related and
readiness potentials in the SMA as well as in the ACC*'**",

In contrast, SMA Glu level was related significantly to the com-
pulsion sub-score for the YBOCS in participants with OCD, even
though these levels were not different from healthy volunteers. As
discussed above, the relevant difference between OCD and healthy
volunteers may actually be in the lack of E/I balance. The findings are
consistent with other data indicating a significant relationship between
right SMA BOLD activity and YBOCS score in OCD®. Of course, this
does not necessarily indicate that the SMA is the origin of OCD
symptoms, especially as other studies have shown similar correlations
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with fronto-striatal structure and connectivity®®*?, but it does place the
SMA importantly within that network.

A major developmental study of compulsivity trait using magne-
tisation transfer (MT) imaging to quantify network connectivity in
adolescents found that a composite compulsivity score (OCI plus
Padua scale) was related to reduced growth of the MT trajectories in
fronto-striatal circuity, most markedly in dorsolateral and dorsomedial
prefrontal regions, including the SMA, consistent with our findings in
this region, and further supporting a possible causal role of the
changes in neural network function in OCD’. Although we also found a
significant relationship between OCI and SMA Glu (r=0.28, p<0.02)
for the entire sample (i.e., OCD and healthy volunteers), separate
analyses of two sub-groups in fact show even more significant rela-
tionships (Fig. 2¢). This is probably due to OCI scores being normally
distributed in OCD group but not in healthy volunteers, given our
recruitment criterion of <42 OCI scores in the latter. In general, the
finding is consistent with the hypothesis that compulsive behaviour
can exist along a continuum and be mediated by similar neural
networks.

What has perhaps been lacking in previous studies of the neuro-
cognitive substrates of compulsivity has been a theoretical basis for the
psychological mechanisms underlying this form of behaviour. Evidence
has been reviewed supporting a previous hypothesis suggesting that
compulsion in OCD can result from an imbalance in competing neural
systems governing instrumental goal-directed and habitual control of
behaviour with a bias to the latter®. Part of this evidence has depended
on a test of contingency degradation whereby instrumental actions are
uncoupled from their outcomes by weakening their predictive correla-
tion. Thus, participants with OCD continued to respond in some con-
ditions despite showing normal subjective causal judgement of the
contingencies, presumably as a consequence of greater habitual control
over performance®. Consequently, in this study we also included a
simplified contingency degradation test modified for use in neuroima-
ging studies and previously shown to be sensitive to deficits in stimulant
drug abusers, as well as being validated by a subjective habit
questionnaire®. Our habitual responding index from the contingency
degradation test was significantly related to Glu:GABA ratio in the SMA
for the entire sample. This is consistent with evidence from both human
neuroimaging and animal studies®>* of a possible role for this pre-
motor cortical region, in conjunction with the putamen to which it
projects, as part of the so-called ‘habit system’. However, a specific role
for the SMA, as distinct from other premotor regions in habitual control,
has hitherto not been much researched (e.g.****); although a recent
article* specifically identified such a role for this region. Previous
functional neuroimaging studies of action-outcome contingency learn-
ing have implicated a ventromedial prefrontal cortex-caudate circuitry,
whereas action-independent outcomes were associated with inferior
frontal gyrus®*®. The inferior frontal gyrus, in conjunction with the pre-
SMA, has also been implicated in behavioural inhibition®”“%, including in
OCD®. This suggests that our findings may relate to the expression of
habitual responding, as the SMA (and pre-SMA) are widely believed to
mediate the initiation and inhibition of voluntary behaviour’*”. Further
supporting a cortico-striatal ‘habit’ system, Ersche et al. found that
individuals with cocaine use disorder with elevated habitual scores
exhibited reduced Glu in the putamen using the same contingency
degradation test paradigm and the same 7T scanner with similar
sequence parameters’.,

There was also a relationship between the index of habitual
responding and ACC Glu: GABA ratio in participants with OCD alone.
This is consistent with recent evidence of effects of pharmacologically
stimulating activity of BA24 (dorsal ACC) in the marmoset monkey
with a Glu reuptake inhibitor, although deficits were also found when a
mixture of GABA agonists (muscimol and baclofen) were infused into
this region (the only one of several other frontal areas examined to
show these effects)®’. However, we found no relationship for the ACC

and habitual responding in HVs. Therefore, there were differences as
well as the similarities (in the SMA) in the neural substrates of habitual
control between participants with OCD and healthy volunteers. These
results are more generally consistent with other findings suggesting
that the SMA and anterior cingulate have strong reciprocal connec-
tions that act to sustain each other’s activity, and that this interaction is
mediated during movement preparation according to the readiness
potential amplitude®, which is enhanced in OCD"%

Overall, the findings are relevant to the hypothesis that partici-
pants with OCD exhibit a bias away from goal-directed behaviour
towards habitual control. However, in this particular test of con-
tingency degradation there were actually no significant differences in
performance, which contrasts with OCD impairments previously
shown in the more elaborate test paradigm used earlier®. This means
that no behavioural support was found for the hypothesis that parti-
cipants with OCD exhibit weaker goal-directed behaviour or
strengthened habitual responding in this test procedure, simplified for
the purpose of neuroimaging. Nevertheless, the neural mediation of
habitual control in OCD additionally implicated the ACC, in contrast to
HVs (Fig. 3¢). The ACC may have been recruited in OCD because of its
known role in the mediation of action-outcome learning and error
prediction, especially under uncertainty'®”’"*”*, This recruitment pos-
sibly reflects a functional compensation in the participants with OCD,
especially given the classical role of the ACC in response to error-
monitoring performance””°. This possibility of functional compen-
sation in OCD is consistent with previous evidence from both MRS*
and error-related negativity studies’’’®,

Limitations of our study include the medication status of the
participants with OCD, although we assume that this cannot account
for the relationships shown with clinical symptoms or in the healthy
volunteers. Moreover, SSRIs have generally been shown to reduce Glu™
and so are unlikely to have produced the enhanced Glu levels seen
here. Additionally, several of the previous studies showing changes in
neurometabolites employed unmedicated OCD samples™'***, Sample
size is a consideration although we believe our study was adequately
powered, especially given the improved sensitivity of 7T 'H-MRS. We
rigorously controlled for multiple correlations using FDR. As recom-
mended for clinical studies of MRS we included extreme values as long
as they were within 2SD from the group average®.

Finally, we accept that our analysis is entirely correlational and
more rigorous testing of causality would probably have to depend on
assessing effects of suitable interventions. This could potentially be
therapeutically advantageous in considering treatments based on
pharmacological manipulation of neurotransmitter functions. This
might include regulation of Glu’~® or GABA activity; a recent study of
therapeutic effects of ketamine in OCD showed changes in ACC
GABA®. Alternatively, neuromodulatory interventions such as deep
brain stimulation or non-invasive transcranial magnetic stimulation®*?’
could be employed with the same aim of restoring normal E/I balance
to specific fronto-striatal or cingulate-striatal circuits.

Methods

Participants

This study included 30 healthy volunteers and 31 participants with
OCD who were fluent English speakers and were matched for age,
gender and 1Q. Table 3 shows the demographic and clinical char-
acteristics of both groups.

Healthy individuals were recruited from the community, were all
in good health, unmedicated and had no history of neurological or
psychiatric conditions. Participants with OCD were recruited through
an approved advertisement on the OCD action website (www.
ocdaction.org.uk) and local support groups and via clinicians in East
Anglia. All participants received monetary compensation for taking
part in this study. Participants with OCD were screened by a qualified
psychiatrist of our team (A.S.) to confirm a primary OCD diagnosis.
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Table 3 | Clinical and demographic information for healthy volunteers and participants with OCD

OCD (M £SD) HV (M £ SD) t-test DF P d 95% CI
N 31 30
Age (years) 30.79+9.99 32.16 +12.98 -0.46 59 0.64 -0.12 [-7.29, 4.55]
Gender (% female) 55% 50% 0.143 % 1 0.70 -0.05 ™ [0.30, 2.25]
Education (years) 15.35+2.85 17.23+2.72 -2.62 59 0.01 -0.67 [-3.31, -0.44]
Verbal IQ 110.21£6.13 131 £7.75 -1.62 59 on -0.41 [-6.48, 0.67]
MADRS 17.65 £11.01 5.07+3.78 6.00 37.20 <0.001 1.52 [8.33,16.82]
STAI-S 37.65+9.12 27.70+6.83 4.80 59 <0.001 1.23 [5.80, 14.08]
STAI-T 56.55+11.03 37.13+£10.80 6.94 59 <0.001 1.77 [13.81, 25.01]
YBOCS total 22.94+5.90 NA NA NA NA NA NA
YBOCS obsessions 11.45+3.21 NA NA NA NA NA NA
YBOCS compulsions 11.52+2.97 NA NA NA NA NA NA
OCl total 63.32+30.37 6.07+5.80 924Y NA <0.001 -0.73"" [45.0, 66.0]
OCI washing 10.48 £9.86 1.00£1.39 793" NA <0.001 -0.38"” [2.0, 11.0]
OCI checking 13.06 +8.28 1.23+1.45 868 NA <0.001 -0.58™m" [9.0, 14.0]
OCI doubting 6.26+3.56 0.23+0.62 874" NA <0.001 -0.63%" [4.0,9.0]
OCI ordering 7.29+5.24 1.30£1.49 836" NA <0.001 -0.48"° [3.0,7.0]
OCI obsessions 14.42+8.1 0.73+£1.20 896" NA <0.001 -0.66" [11.0,16.0]
OCI hoarding 3.16 £2.86 0.93+1.72 696" NA <0.001 -0.19%" [1.0, 3.0]
OCI neutralisation 8.65+5.77 0.73+0.94 878" NA <0.001 -0.60™° [4.0,10.0]
IUS 84.61+22.85 54.37+16.93 5.88 59 <0.001 1.50 [19.91, 40.58]
HTQ compulsivity 23.87+4.21 13.60+5.56 8.15 59 <0.001 2.08 [7.75,12.81]

The sample size for OCl in healthy group is 28 because two participants did not provide these data, for the rest of the data there were 30 healthy subjects and 31 participants with OCD. The tests used
for age, gender, education and verbal IQ were two-sided, and the rest of the variables were tested using a one-sided test. The data for this table are provided in the Source Data file.

NA Not Applicable, Cl Confidence Interval, MADRS Montgomery- Asberg Depression Rating Scale, STAI-T State Trait Anxiety Inventory- Trait, STAI-S State Trait Anxiety Inventory- State, YBOCS Yale
Brown Obsessive Compulsive Scale, OCI Obsessive-Compulsive Inventory, IUS Intolerance of Uncertainty Scale, HTQ Habitual Tendencies Questionnaire, HV healthy volunteers, OCD obsessive
compulsive disorder, DF degree of freedom, U Mann-Whitney U test for not normally distributed data, X* Chi-Square test for categorical data, n,,’ partial eta-square (a measure of effect size for the U

test), Phi a measure of effect size for the X? test, d Cohen'’s d, Cl Confidence Interval of the t-test.

Additionally, the Mini International Neuropsychiatric Inventory (MINI)
was used to confirm the absence of any psychiatric conditions in both
groups. Within the OCD group, OCD symptom severity and char-
acteristics were measured using Yale Brown Obsessive Compulsive
Scale (YBOCS)*. In both OCD and healthy participants, mood status
was assessed using the Montgomery-Asberg Depression Rating Scale
(MADRS)%, anxiety levels were evaluated using the State-Trait Anxiety
Inventory (STAI®, and verbal 1Q was quantified using the National
Adult Reading Test (NART)®**. All individuals included in the OCD group
had a diagnosis of OCD (as per the DSM-V criteria), and exhibited
anxiety and depressive symptoms. OCD participants with comorbid
major depressive disorder or Generalised Anxiety Disorder, or any
additional axis-I disorders, were not included in the study. We included
only OCD participants who presented a total YBOCS score higher than
12%. We included 4 participants with OCD within the lower end of the
YBOCS, i.e., mild symptomatology (scores between 12 and 15) to
enable a broader range of symptom severity, important for the cor-
relational analyses. Six OCD subjects were unmedicated, and out of the
25 medicated patients, 2 were additionally on beta blockers, 1 on clo-
mipramine, 1 on olanzapine and the rest were on SSRIs monotherapy.
General exclusion criteria during recruitment for both groups were
substance dependence, neurological or medical illnesses or head
injury. All participants had normal or corrected- to normal vision and
hearing. As the groups were matched for gender and in almost all
participants (one OCD participant) gender and sex were the same, we
did not control for them in our analysis.
All participants completed the following additional self-report

questionnaires:

a. Obsessive-Compulsive Inventory”: a standardised self-report
measure of obsessive-compulsive symptoms
Intolerance of Uncertainty Scale®®: a standardised self-report
measure on the unpleasantness of uncertainty

b.

c. The compulsivity subscale of the Habitual Tendencies Ques-
tionnaire (HTQ)®

This study was approved by the East of England - Cambridge
South Research Ethics Committee (REC 16/EE/0465). All volunteers
gave written informed consent before beginning the testing and
received monetary compensation for taking part in the study.

Contingency degradation task
Habitual versus goal-directed behaviour was measured using a con-
tingency degradation task used by Ersche et al., which consisted of 8
blocks of 120 trials, lasting 1 s each®. Figure 3a depicts the stimuli used
in this task. Participants were presented with a white vase on the screen
which could be filled with flowers every time the space bar key was
pressed. In 60% of the trials, the key press was associated with a
financial reward of 20 pence and the message “YOU WIN” on the screen
for 500 ms. In the first 3 blocks, the association between the action of
pressing the key, and winning 20 pence was established (non-degra-
ded action-outcome contingency). This duration has been shown to be
enough to induce habits in humans®, In block 4, in addition to the
original probability of 60%, participants also received a free reward
with a 30% probability (partially degraded condition). In block 5, the
chance of receiving the free reward was also 60%, which was equal to
the probability of reward after pressing the key/performing an action
(fully degraded condition). In the final 3 blocks, the initial con-
tingencies were reinstated (non-degraded conditions), followed by a
partially degraded condition in block 7, and a fully degraded condition
in block 8. Table 4 depicts an overview of all blocks and conditions.
To study habitual control, a habitual responding index was cre-
ated by subtracting the responses during the non-degraded condition
(probability of 0.60) from the fully degraded condition (probability of
0.30 or 0) with a lower probability of gaining rewards. The increasingly
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Table 4 | Overview of the contingency degradation experimental design

Block number Condition P (20p received P (20p received AP (programmed
following action) without action) contingency)
1 Non-degraded 0.60 0.00 0.60
2 Non-degraded 0.60 0.00 0.60
3 Non-degraded 0.60 0.00 0.60
4 Partially-degraded 0.60 0.30 0.30
5 Fully-degraded 0.60 0.60 0.00
6 Non-degraded 0.60 0.00 0.60
7 Partially-degraded 0.60 0.30 0.30
8 Fully-degraded 0.60 0.60 0.00

p probability, AP delta/difference of the two contingencies.

negative values for this index indicate a greater tendency towards goal-
directed behaviour, whereas, less negative and positive values point
towards a bias towards habitual behaviour. Note this index did not take
into account overall individual variability in response output.

MRS data acquisition

The proton magnetic resonance spectroscopy (‘H MRS) took place at
the Wolfson Brain Imaging Centre, University of Cambridge (United
Kingdom). Participants underwent whole-brain T;-weighted MR and
single-voxel proton MRS scans using a 7T Terra MRI (Siemens). The
scanner was equipped with a Nova single-channel transmit, and 32-
channel array head coil for signal reception (Nova Medical). T;-
weighted MP2RAGE®® images were acquired to guide voxel placement
and used in the analysis to perform tissue corrections (see below). The
following specifications were used: echo time=1.99 ms, repetition
time = 4300 ms, inversion times (15/2"%) = 840/2370 mis, flip angles = 5/
6°, acceleration factor (A>P)=3, bandwidth=250Hz/px, voxel
size=0.75mm. To increase the SNR and the amount of GM in each
voxel, the spectra were measured bilaterally from one 12 x 20 x 33 mm?®
voxel at the anterior cingulate cortex, and two 20 x 20 x 20 mm?® voxels
at the supplementary motor area, and occipital cortex (Fig. 1a). All the
voxels were located manually by the same researcher (M.B). Clear
landmarks were used while placing the voxels to increase the reliability
of the voxel placements across subjects. Supplementary Fig. S1 in
Supplementary Information displays the landmarks used for place-
ment of voxels.

After acquiring the MP2RAGE image, and placing the voxels, a
short-echo-time semi-LASER”” sequence was used to acquire the
spectra, collecting 64 repetitions with TR/TE of 5000/26 ms. This semi-
LASER approach has recently been shown to have similar accuracy to
MEGA-sLASER (an edited MRS sequence) for quantification of GABA in
human brain at 7T°? and we expect similar performance for Glu and GIn.
For each voxel, we applied FASTESTMAP® for By shimming, and made
an individual calibration for variable radio frequency pulses with opti-
mised relaxation delay (VAPOR) water suppression’. The Brain Dot
Engine software provided by Siemens was used to acquire the scans.

MRS data preparation and analysis

Within subjects, the 64 individual spectra files were corrected for
effects of eddy currents, frequency, and phase shifts using MRspa
version V1.5 f (Dinesh Deelchand, University of Minnesota, www.cmrr.
umn.edu/downloads/mrspa) and converted to one single averaged file.
For the preprocessing step using the MRspa, the same researcher (MB)
has paged through each transient/individual average file and dropped
averages that were corrupted. Next, LCModel” version 6.2-3 was used
with an automated fitting routine, to quantify metabolites including
GABA, Glu, GIn and NAA, relative to Cr + PCr (creatine plus phospho-
creatine). Individual component fitted spectra for those metabolites
between 0.5 and 4.2 ppm were extracted for quality inspection. The
metabolites were quantified by reference to 8 spectra acquired

without water suppression just before or after the 64 spectral repeti-
tions, and using a simulated basis set that included experimentally
acquired macromolecule spectra. Supplementary Table S2 shows the
MRS checklist according to a recent consensus by Lin et al.”>. At the
pre-processing step of the MRS data using MRspa, individual average
files that were corrupted were removed. In the OCD group the fol-
lowing averages were removed: within the OCC [1, 4, and 1] averages
and within the SMA [2, 2, and 3] averages were removed for 3 subjects.
In the HV group, only one subject had a single corrupted average file
out of 64 for the OCC voxel. For another healthy participant, due to a
data collection error, 54 averages were collected instead of 64.

A segmentation analysis was performed using SPM12 and the
MP2RAGE images to extract tissue fractions for each subject for Grey
Matter (GM), White Matter (WM) and Cerebrospinal fluid (CSF), and
performed partial volume corrections within subjects according to
Harris et al.” for GABA, and Provencher” for the rest of the metabo-
lites. Lastly, in order to avoid exclusion of values that are disorder/
group specific and can provide insight into the nature of a disorder, a
straight cut-off score (which is usually used) is not recommended®.
Instead, per metabolite and per group, the average and standard
deviation were calculated for Cramér-Rao Lower Bound of each
metabolite, and individual metabolite concentrations. Next, values
larger than 2SD from each group’s mean CRLB were excluded for both
measures. The latter were according to Frangou et al.’®. According to
these criteria, the following data were excluded: within the SMA voxel,
GABA in 1 healthy and 1 OCD subjects, and GIn in 2 participants with
OCD, within the OCC voxel, 2 Glu and GIn in 2 healthy subjects, and 1
GABA in a healthy subject, and 3 GABA in patients. Lastly, 1 ACC and 1
OCC voxel were excluded for one OCD patient due to an error during
data collection.

Statistical analysis

An independent sample t-test was used for descriptive data, clinical
measures and task performance. One-sided independent sample t-tests
were used to study the differences in the neurometabolites such as the
Glu, GABA and GIn, and the clinical measures between the two groups.
Whereas, to explore the differences in quality measure variables such as
the CRLB, FWHM, brain tissues, and the rest of the neurometabolites, a
two-sided independent sample ttest was used. When the normality
condition was not satisfied using a Shapiro-Wilk test, the
Mann-Whitney U test was used instead. Additionally, an analysis of
covariance (ANCOVA) was performed using NAA levels as covariate to
control for differences in neuronal integrity. For correlational analysis,
Pearson or Spearman rank correlations were used depending on the
data distribution. In addition to p-values, the p-values corrected for False
Discovery Rates (FDR) are reported according to the correction sug-
gested by Benjamini & Hochberg” for each section of the results, with
p < 0.05. Additionally, a hierarchical linear regression (HRL) model was
built to predict Glu levels from GABA concentrations while controlling
for Group and Voxel locations. As GABA values were not normally
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distributed, a boxcox transformation was performed to centralise the
values and remove the skewness. The source code used for the FDR
correction can be found on GitHub: https://github.com/carbocation/
falsediscovery. The R code for HRL model is shared in Supplementary
Information including the formula used for boxcox transformation of
GABA values. Rstudio Version 3.0, Built 554 was used. SPSS version 28
was used for behavioural analysis of contingency degradation data and
the ANCOVA. MATLAB R2018a was used to extract the tissue fractions
within each voxel. The rest of the analysis was performed using Python
version 3.7.6.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Source Data file
which can be accessed here: https://doi.org/10.5281/zenodo.7832197.
The raw MRS data can also be accessed using the same link, including
the simulated basis set that was used during the data analysis. How-
ever, the structural images will be provided upon request and with
restricted access using the following link: https://doi.org/10.5281/
zenodo.7812441. The latter is due to the inability to fully anonymise
these data. Source data are provided with this paper.

Code availability

The R code for the Hierarchical Linear Regression, and the MATLAB
code to extract the grey matter, white matter and CSF tissue fractions
within individual voxels can be accessed here: https://doi.org/10.5281/
zenodo.7832197.
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