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Focal brain metabolic effects detected by proton magnetic resonance spectroscopy (MRS) in obsessive-
compulsive disorder (OCD) represent prospective indices of clinical status and guides to treatment de-
sign. Sampling bilateral pregenual anterior cingulate cortex (pACC), anterior middle cingulate cortex
(aMCC), and thalamus in 40 adult patients and 16 healthy controls, we examined relationships of the
neurometabolites glutamate +glutamine (GIx), creatine+ phosphocreatine (Cr), and choline-compounds
(Cho) with OCD diagnosis and multiple symptom types. The latter included OC core symptoms (Yale-
Brown Obsessive-Compulsive Scale — YBOCS), depressive symptoms (Montgomery-Asberg Depression
Rating Scale — MADRS), and general functioning (Global Assessment Scale — GAS). pACC GIx was 9.7%
higher in patients than controls. Within patients, Cr and Cho correlated negatively with YBOCS and
MADRS, while Cr correlated positively with the GAS. In aMCC, Cr and Cho correlated negatively with
MADRS, while Cr in thalamus correlated positively with GAS. These findings present moderate support
for glutamatergic and cingulocentric perspectives on OCD. Based on our prior metabolic model of OCD,
we offer one possible interpretation of these group and correlational effects as consequences of a cor-
ticothalamic state of elevated glutamatergic receptor activity alongside below-normal glutamatergic

transporter activity.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Regional neurometabolic investigations of obsessive-compul-
sive disorder (OCD) using proton magnetic resonance spectro-
scopy (MRS) are clinically relevant to the development of objective
diagnostic, symptomatic and prognostic indices, as well as to
molecular and anatomic targeting in the design of behavioral,
pharmacological, neurostimulatory, and neurosurgical interven-
tions (Brennan et al., 2013).

Intriguing theories of OCD have emerged from such investiga-
tions. The best-known theory is the Glutamatergic Hypothesis of
OCD (Rosenberg and Keshavan, 1998). It is supported by evidence
from MRS, clinical trials, and genetics (reviewed by MacMaster
et al. (2008) and Pittenger et al. (2006, 2011)), including some of
our work (Feusner et al., 2009; O'Neill et al., 2013a). MRS evidence
includes differences between OCD patients and healthy controls in
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levels of glutamate (Glu) or glutamate+ glutamine (GIx), correla-
tions of these levels with OCD symptoms, and changes in the le-
vels after therapy. The Cingulocentric Theory of OCD (Middleton,
2009) is not as well known as the Glutamatergic Hypothesis. The
Cingulocentric Theory updates classical cortico-striato-pallido-
thalamo-cortical models of OCD. It is supported by OCD-related
neuroimaging findings (reviewed in Saxena et al. (2009a)), in-
cluding our work (O’'Neill et al., 2012, 2013a; Saxena et al., 2009b),
in the cingulate gyrus. Such findings have been seen in the preg-
enual anterior cingulate cortex (pACC) and anterior middle cin-
gulate cortex (aMCC) subregions of the cingulate gyrus. The tha-
lamus forms neural circuits with pACC and aMCC and is also a
frequent site of imaging findings in OCD (e.g., Mirza et al., 2006;
Rosenberg et al., 2001; Saxena et al., 2009b; Smith et al., 2003).
Finally, a third perspective on OCD is that it shares certain ana-
tomic and physiological bases with attention deficit-hyperactivity
disorder (ADHD), a condition that is, in a sense, its symptomatic
opposite (Abramovitch et al., 2012; Carlsson, 2000). Pursuing this
notion, we recently extended the Cingulocentric Theory to apply to
ADHD (O’Neill et al., 2013b). The present investigation uses MRS to
examine these glutamatergic, cingulocentricc and ADHD
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perspectives on OCD.

We measured neurometabolites in pACC, aMCC, and thalamus
to determine whether they were affected by OCD diagnosis or OCD
symptoms. Positive findings in these regions would represent
possible consequences of dysfunction in cingulocentric brain cir-
cuits. Motivated by the Glutamatergic Hypothesis, Glu and Glx
were our primary metabolite targets. Prior measurements of these
in pACC or aMCC in OCD have yielded varying results, including
below-normal (Rosenberg et al., 2004), normal (Simpson et al.,
2012), or above-normal (Zurowski et al., 2007) levels. To help re-
solve these disparities, our study methods took several steps to
reduce untoward variation in metabolites. We measured absolute
metabolite levels rather than ratios to Cr. We chose intermediate-
sized acquisition voxels: not so large as to incur extensive partial-
voluming and not so small as to induce unduly low signal-to-noise
ratios. We acquired MRS bilaterally in the brain to detect any
hemispheric asymmetries in metabolites. Finally, we restricted
interpatient variability in medication, co-morbidities, and OCD
subtype. (To restrict subtype, we recruited only patients with
childhood-onset OCD and we excluded individuals with hoarding
as their primary symptom). Alongside Glu and Glx, MRS studies of
ADHD have demonstrated notable effects involving Cr and Cho
(O'Neill et al., 2013b; Perlov et al., 2009). To test for possible
neurometabolic similarities between OCD and ADHD we therefore
also measured Cr and Cho in pACC, aMCC and thalamus. Effects on
Cr (Yiicel et al., 2008; Starck et al., 2008) and Cho (Yiicel et al.,
2007; Starck et al., 2008; Kitamura et al., 2006; Mohamed et al.,
2007; Yalcin et al., 2011; Lazaro et al., 2012; Whiteside et al., 2012;
Weber et al., 2014) have been observed in OCD, including elevated
Cho (Rosenberg et al., 2001; Smith et al., 2003) and Cr (Mirza et al.,
2006) in the thalamus. But we were particularly interested in pACC
Cr and Cho, since our recent pilot study (O'Neill and Feusner, 2015)
showed that pretreatment levels of these metabolites predict
long-term response of OCD to cognitive-behavioral therapy, a
standard treatment. In summary, the present investigation com-
pared Glu and GIx, Cr, and Cho in pACC, aMCC, and thalamus in
OCD patients and healthy controls; within patients we also ex-
amined relationships of these metabolites with symptoms of four
kinds: core obsessive-compulsive symptoms, depressive symp-
toms, anxious symptoms, and global functioning.

2. Methods
2.1. Subjects

Forty adults with DSM-IV OCD (Table 1) were recruited from
UCLA and other clinics or by advertisement. All provided informed
consent, and the UCLA Institutional Review Board approved the
study. Diagnoses were established through interview by an author
(JDF) experienced with OCD. Primary OCD and comorbid diag-
noses were determined using the ADIS-IV Mini. Eligible partici-
pants scored > 16 on the Yale-Brown Obsessive Compulsive Scale
(YBOCS). All reported pediatric-onset (before age 18) OCD. Exclu-
sions included psychotic disorder, bipolar disorder, lifetime sub-
stance dependence, or ADHD. We excluded individuals with
hoarding as their primary symptom. Comorbid anxiety disorders
were allowed if secondary to OCD. Comorbid major depressive
disorder or dysthymic disorder was allowed, but individuals were
excluded if the ADIS-IV clinical significance rating was >6 (se-
vere). Altogether 27 patients had one or more such psychiatric
comorbidity and 13 had none. Twelve participants were taking
serotonin-reuptake inhibitors (6 fluoxetine, 1 escitalopram, 1 ser-
traline, 2 paroxetine, 2 fluvoxamine) and 28 were unmedicated; of
medicated patients, none had any changes in dose or agent for 12
weeks before enrollment. Of the unmedicated OCD participants, 14

Table 1.
Clinical characteristics of obsessive-compulsive disorder (OCD) and healthy groups.

Participant characteristics OCD (n=40) Control (n=16) P-value

comparison
Mean age + s.d. (in years) 343+11.8 321+108 0.61°
Female sex (%) 20 (50.0) 5(31.2) 0.25"
Education + s.d. (in years) 156+23 154425 0.55°
Handedness + s.d. (Edinburgh 84.7+20.9 82.6+20.7 0.65%
Inventory)
Intelligence + s.d. (WAIS) 1083 +104 110.2+84 0.37¢
General functioning + s.d. 549"+75 852+77 <0.0005"
(GAS)
Anxious symptoms =+ s.d. 1267+62 14+11 <0.0005%
(HamA)
Depressive symptoms + s.d. 1577 +89 13+12 <0.0005"
(MADRS)
Obsessive-compulsive symp-  25.2 +4.3
toms =+ s.d. (Y-BOCS)
Obsessive-compulsive symp- 1.65 +0.64
toms + s.d.© (OCI-R) Total
(distress)
Washing + s.d. 1.82 +1.08
Checking + s.d. 1.55 + 0.89
Doubting + s.d. 197+ 111
Ordering + s.d. 1.89+ 1.10
Obsessions + s.d. 1.64+0.77
Hoarding + s.d. 1.25 + 1.06
Neutralizing + s.d. 1.44+0.95
Current serotonin-reuptake 12 (30.0)

inhibitor (%)

Abbreviations: GAS, Global Assessment Scale; HamA, Hamilton Anxiety Rating
Scale; MADRS, Montgomery-Asberg Depression Rating Scale; WAIS, Wechsler Ab-
breviated Scale of Intelligence; Y-BOCS, Yale-Brown Obsessive-Compulsive Scale;
OCI-R, Obsessive-Compulsive Inventory Revised.

2 Mann-Whitney U-test.
b2 test.
¢ OCI-R data were missing for 1 participant.

had taken psychiatric medications in the past and 14 were psy-
chiatric medication-naive. Other exclusions included IQ < 80 on
the Wechsler Abbreviated Scales of Intelligence (WASI) and med-
ical conditions that affect cerebral metabolism including diabetes,
thyroid disorders, a history of stroke, brain tumors, seizures, and
multiple sclerosis.

OCD participants were compared to 16 matched healthy con-
trols. We recruited healthy controls via flyers and Internet ads.
Healthy controls provided signed informed consent. Controls had
no history of psychiatric disorder or substance abuse and no cur-
rent major medical conditions or psychoactive medications.

The primary clinical measure was the YBOCS (patients only).
Secondary measures included the Montgomery-Asberg Depression
Rating Scale (MADRS) and the Hamilton Anxiety Scale (HamA).
General functionality and social and occupational performance
were rated by the Global Assessment Scale (GAS; Endicott et al.,
1976).

2.2. 'H MRS acquisition

Whole-brain MRI and localized MRS were acquired in 1-h
sessions at 3T on a Siemens Trio with 12-channel phased-array
head coil. Structural MRI was acquired with an axial-oblique
(genu-splenium parallel) magnetization-prepared rapid gradient-
echo (MPRAGE, 1 x 1 x 1 mm?) pulse-sequence. This MPRAGE and
“coronal” and “sagittal” resliced copies were used to prescribe MRS.
A neuroradiologist (NS) reviewed MRIs to exclude subjects with
clinical abnormalities.

Single-voxel water-suppressed point-resolved spectroscopy
(PRESS) MRS (TR/TE=2000/30 ms, 96 NEX) was acquired bilat-
erally from three sites. Each PRESS excitation volume (“voxel”)
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Fig. 1. [A] Sample MR spectrum from left pregenual anterior cingulate cortex (pACC) with principal resonances for N-acetyl-aspartate+ N-acetyl-aspartylyglutamate
(NAA -+ NAAG=tNAA), glutamate +glutamine (Glu+Gln=GIx), creatine+phosphocreatine (Cr), choline-compounds (Cho), and myo-inositol (ml). [B] parasagittal, coronal
and axial-oblique T1w MRI sections showing position of MRS acquisition volume (“voxel”) for left pACC. [C] The same for left anterior middle cingulate cortex (aMCC) voxel.
[D] The same for left thalamus voxel. Voxels were acquired at homologous sites in the right cerebral hemisphere.

measured 15 x 15 x 15 mm?, adjusted to maximize gray matter.
Each scan was followed by an identical non-water-suppressed
acquisition (8 NEX). We placed pairs of voxels in pACC, aMCC, and
thalamus, as in Fig. 1 (details in Appendix). In addition to its target
volume-of-interest (VOI), each voxel contained modica of gray
matter from adjoining regions, white matter, and CSF. Each MRS
voxel was shimmed locally using the Trio automatic shimming
routine.

2.3. MR post-processing

Each MPRAGE was segmented into gray matter, white matter,
and CSF using FSL FAST (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST).
The volume percent of each tissue in each MRS voxel was calcu-
lated and metabolite levels were corrected for CSF-content. CSF-
correction was performed by dividing the uncorrected metabolite
level by a factor of one minus the volume-fraction CSF present
inside the MRS voxel. For the thalamic VOIs, tissue-content values
are reported for CSF only due to poor gray-matter/white-matter
segmentation.

MR spectra were fit with LCModel yielding levels of N-acetyl-
aspartate + N-acetyl-aspartyl-glutamate (tNAA), Glu, Glx, Cr, Cho,
and myo-inositol (ml) referenced to unsuppressed water. The in-
tensity of the water signal used for quantitation was obtained from
the non-water-suppressed PRESS acquisition. Values for each of
the individual neurometabolite signals were rejected if the
LCModel %SD (Cramer-Rao Lower Bound) exceeded 20%. Spectra
with obvious artifact or poor quality (linewidth > 0.1 ppm, signal-

to-noise < 3) were rejected in toto.
2.4. Statistical analysis

Non-parametric statistics were adopted for a conservative ap-
proach. This was achieved with non-parametric tests (Mann-
Whitney U, Spearman) or by rank-transforming data before para-
metric tests (e.g., repeated-measures analysis-of-variance—R-AN-
OVA). MR endpoints did not differ significantly between left and
right hemispheres for the three VOI pairs. Therefore, left+right
(“midline”) averages were used for each pair. Groups were com-
pared for sex, age, education, handedness, IQ, MADRS, HamA, and
GAS and for differences in MRS voxel tissue-content at each site.
Within OCD patients: metabolites were compared between male
and female subgroups to determine effects of sex; correlations
were run to determine effects of age and tissue-content on me-
tabolites; and medicated and unmedicated subgroups were com-
pared to determine effects of medication on metabolites.

An omnibus approach was taken to multiple comparisons by
conducting R-ANOVA for each metabolite with the three midline
VOIs as within-subjects factor and diagnosis (OCD, control) as
between-subjects factor. Similarly, within the OCD sample, omni-
bus testing was applied with each of Y-BOCS, MADRS, HamA, and
GAS as between-subjects variable. Where there was a significant
main effect, it was followed-up by post-hoc protected tests at each
site. The post-hoc test was univariate ANOVA for between-group
comparisons of metabolite levels and Spearman correlation for
within-group relationships between metabolite levels and clinical
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scales within the OCD sample. Covariates were added to ANOVA
(rendering it ANCOVA) when significant between-group differ-
ences in sex, age, or MRS voxel tissue-content were demonstrated;
seX, age, MRS voxel tissue-content, or use of psychiatric medica-
tion were partialled-out of Spearman correlations when these
variables significantly affected metabolites. Criterion for sig-
nificance was p < 0.05.

3. Results
3.1. Demographic and clinical variables, MRS voxel tissue content

The groups were well matched for age, handedness, 1Q, and
education (Table 1) and did not differ significantly in sex. As ex-
pected, MADRS (Z=5.7, N=55, p <0.0005) and HamA (Z=5.6,
N=55, p <0.0005) were higher for OCD than controls, while GAS
(Z=—5.7, N=54, p < 0.0005) was lower (Table 1). MRS voxel gray-
matter, white-matter, or CSF-content did not differ significantly
between groups at any site (Table 2).

Within OCD patients, no metabolite levels differed significantly
between male and female subgroups or varied significantly with
age (all p>0.05, n.s.) In aMCC, tNAA (r=—0.40, p=0.013), Glu
(r=-0.65, p<0.0005), Glx (r=-046, p=0.003), and Cr
(r=-0.45, p=0.004) varied with white-matter content. In pACC,
only Glu (r=-0.40, p=0.012) and GIx (r=—0.31, p=0.05) varied
with white matter. In aMCC, mean Glu (MWU=78.0, N=39,
p=0.05), Glx (MWU=52.0, N=39, p=0.006), Cr (MWU=38.0,
N=39, p=0.001), Cho (MWU=60.0, N=39, p=0.012), and ml
(MWU=56.0, N=39, p=0.008) were lower in medicated than
non-medicated patients. Use of medication and white-matter
content were, accordingly, applied as covariates or partials in the
relevant tests. In pACC and thalamus, there were no significant

Table 2.
MRS voxel tissue composition and neurometabolite levels (IU).

Endpoint OCD n=40 Healthy control n=16
Pregenual anterior cingulate cortex
volumef% gray matter 60.9 (6.8) 59.5 (5.5)
volume% white matter 29.7 (8.6) 30.3 (5.9)
volume% CSF 9.3 (4.6) 10.2 (5.5)
tNAA 6.7 (0.6) 6.8 (1.1)
Glu 9.1 (1.0) 8.8 (14)
Glx 12.9 (1.7)* 11.8 (1.5)
Cr 6.1 (0.5) 6.2 (0.7)
Cho 1.7 (0.2) 1.7 (0.3)
ml 5.4 (0.9) 5.8 (1.1)
Anterior middle cingulate cortex
volume% gray matter 56.3 (8.2) 52.8 (6.7)
volume% white matter 34.7 (10.7) 38.9 (8.5)
volume% CSF 9.1 (5.6) 8.3 (6.1)
tNAA 7.4 (0.6) 7.3 (0.4)
Glu 94 (1.3) 8.8 (1.1)
Glx 12.1 (1.5) 11.6 (2.0)
Cr 5.6 (0.6) 5.5(0.4)
Cho 1.6 (0.2) 1.6 (0.3)
ml 5.4 (0.6) 5.5 (0.7)
Thalamus
volume% CSF 0.0 (0.0) 0.0 (0.0)
tNAA 7.9 (0.7) 8.1 (0.8)
Glu 7.6 (1.1) 7.5 (0.8)
Glx 10.8 (1.7) 10.3 (1.5)
Cr 5.8 (0.5) 5.7 (0.6)
Cho 1.6 (0.2) 1.6 (0.2)
ml 4.4 (0.8) 4.5 (0.9)

4 p <0.05 Mann-Whitney U-test for between-group difference.
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Fig. 2. Elevated levels of glutamate+glutamine measured by magnetic resonance
spectroscopy (MRS) in pregenual anterior cingulate cortex (pACC) of OCD patients
relative to healthy controls. Levels did not differ significantly for patients treated
and not-treated with serotonin reuptake inhibitors. (SRIs). [U=Institutional Units.

differences between medicated and non-medicated patients in any
metabolite (all p > 0.05).

3.2. MRS neurometabolite levels

Metabolite levels for OCD patients and controls are in Table 2.
R-ANOVA for Glx across VOIs showed a significant main effect of
diagnosis (F=4.5, d.f.=1.53, p=0.038). Post-hoc protected ANCOVA
covarying white matter confirmed that Glx in pACC was higher for
OCD patients than controls (9.7%; F=4.6, d.f.=1.54, p=0.037;
Fig. 2). This difference remained significant when age and educa-
tion were added as covariates and the comparison was restricted
to unmedicated patients (10.8%; F=4.8, d.f.=1.38, p=0.036). There
were no other significant between-group metabolite differences.
Also, there were no significant metabolite differences between the
patient subgroups with and without psychiatric comorbidities (all
p>0.05).

3.3. Associations between metabolite levels and clinical scales

Within the OCD sample, R-ANOVA for Cr across sites yielded a
significant effect of YBOCS (F=13.2, d.f.=1.37, p=0.001). Post-hoc,
YBOCS had a strong negative correlation with Cr in pACC
(r=-0.60, p <0.0005), i.e., patients with more severe OC symp-
toms had lower Cr (Fig. 3). This correlation remained significant
when age and education were partialled-out and only un-
medicated patients were examined (r= —0.45, p=0.021). R-ANO-
VA for Cho similarly yielded a significant effect of YBOCS (F=6.4, d.
f.=1.37, p=0.016). Post-hoc, pACC Cho also correlated negatively
with YBOCS (r= —0.47, p=0.003; Fig. 3). This correlation remained
significant when age and education were partialled-out and only
unmedicated patients were examined (r= —0.40, p=0.037).

R-ANOVA further yielded significant effects of MADRS on Cr
(F=8.7, d.f.=1.36, p=0.006) and Cho (F=6.3, d.f.=1.36, p=0.017).
In post-hoc tests, MADRS correlated negatively with Cr in pACC
(r=—0.36, p=0.025). But this correlation was no longer significant
when age and education were partialled-out and only un-
medicated patients were examined (r=-0.19, p=0.361 n.s.)
MADRS correlated negatively with aMCC Cr (r= —0.44, p=0.008)
partialling white matter and medication. This correlation re-
mained significant when age and education were additionally
partialled-out and only unmedicated patients were examined
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Fig. 3. MRS Cr and Cho drop with increasing OCD symptoms; Cr rises with increasing functioning. pACC Cr and Cho levels in OCD are close to normal means (horizontal solid
blue bars), yet vary significantly with psychiatric symptoms. Symptoms themselves are outside normal ranges, indicated by vertical dashed blue bars marking measured
control (GAS) or standard subclinical (YBOCS) ranges. [A] Cr and [B] Cho in pACC drop with increasing obsessive-compulsive symptoms. Cr in pACC [C] and thalamus [D] rises
with increasing global functioning. (Not shown) Cr and Cho in pregenual cingulate and also anterior middle cingulate similarly drop with increasing depressive symptoms.
For abbreviations, see Figs. 1 and 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(r=-0.52, p=0.009). MADRS also correlated negatively with Cho
in pACC (r=-0.34, p=0.038) and in aMCC (r=-0.41, p=0.012)
partialling medication. These correlations dropped to trends when
age and education were additionally partialled-out and only un-
medicated patients were examined (pACC: r=-0.35 p=0.09
trend; aMCC: r=—0.39, p=0.062 trend). All results were in the
direction of patients with more severe depressive symptoms
having lower Cr and Cho. Cr and Cho also decreased with in-
creasing anxiety symptoms (HamA), but none of these correlations
were significant.

R-ANOVA for Cr revealed a significant effect of GAS (F=12.3, d.
f.=1.36, p=0.001). Post-hoc, GAS correlated significantly with Cr in
pACC (r=+0.49, p=0.002; Fig. 3) and thalamus (r=+0.36,
p=0.024; Fig. 3), i.e., patients with lower global functioning had
lower Cr. The pACC correlation remained significant when age and
education were additionally partialled-out and only unmedicated
patients were examined (r=+0.41, p=0.043), while the thalamic
correlation dropped to a trend (r=+0.38, p=0.084 trend).

Within the healthy control sample, there were no significant
correlations between regional metabolite levels and scores on the
MADRS, HamaA, or GAS (all p > 0.05). (Y-BOCS was not assessed in
controls.)

4. Discussion

This MRS investigation of OCD had four major findings: (1)
elevated GIx in patients compared with healthy controls in pACC;
(2) Cr and Cho in pACC inversely associated with OC symptom
severity; (3) Cr and/or Cho in pACC and aMCC inversely associated
with depressive symptoms; and (4) Cr positively associated with
global functioning in pACC and thalamus. These findings offer
moderate support for glutamatergic, cingulocentric, and ADHD-
affine notions of OCD. Our recent model (Fig. S1; O'Neill et al,,
2013b) of OCD as a disease with high Glu receptor activity and low
Glu transporter activity in cingulocentric circuits seeks to explain

the co-occurrence of the above Glx, Cr, and Cho findings.
Support for the Glutamatergic Hypothesis was restricted. A
small (~10%) Glx excess was observed in one VOI (pACC) only and
no significant correlations with symptoms. Effects of OCD on Glu
or GIx were noted in prior studies in caudate, white matter, or
posterior middle cingulate (Yiicel et al., 2008; Whiteside et al.,
2006, 2012; Rosenberg et al., 2000, 2004). Of studies of pACC or
aMCC, some (Kitamura et al., 2006; Ebert et al., 1997; Sumitani
et al., 2007) did not quantify Glu or Glx; others (Yal¢in et al., 2011;
Bédard et and Chantal, 2011; Besiroglu et al., 2011; Fan et al., 2010)
expressed results as ratios (e.g., GIx/Cr). Two studies of pACC using
absolute metabolites (Lazaro et al., 2012; Simpson et al., 2012)
found no effects of OCD on Glx. MRS voxels in these studies,
however, were larger (12-18.8 cc) than ours (3.4 cc), implying
possible obscurant partial-voluming effects. Using a 3-cc voxel,
Rosenberg et al. (2004) observed below-normal pACC GIx in pe-
diatric OCD. Two more recent pediatric studies, one using a 3-cc
voxel straddling pACC/aMCC (Ortiz et al., 2015), the other using
4-cc bilateral voxels in pACC (Starck et al., 2008), found no dif-
ference in GIx between patients and controls. These results dis-
agree variously with our observation of elevated Glx. Our patients,
though having pediatric-onset OCD, were scanned as adults; so
perhaps GIx is higher in adult patients. Zurowski et al. (2007)
measured above-normal pACC Glu in adult OCD. Thus, our Glx
finding supports glutamatergic theories of OCD (Carlsson, 2000;
Rosenberg et al., 2000; Pittenger et al., 2006), but not definitively.
An elevation of the Glu subcomponent of Glx in pACC in OCD
patients would have made a stronger case for the Glutamatergic
Hypothesis, but such was not observed in our study. The absence
of significant Glu elevation in the presence of significantly elevated
Glx may result from the relative ease of fitting the latter compared
to the well-known difficulty of extracting the former during
spectral fitting. Thus, notable elevation of Glu may have been
present in pACC in patients but variability in fitting may have
rendered it difficult to prove statistically. An alternative mentioned
by Brennan et al. (2015) is that the Gln subcomponent of Glx may
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be above-normal in OCD. Their 2D-MRS measurements of Gln ar-
gue against this possibility, although even with 2D techniques GIn
is challenging to assay in vivo.

The present results reinforce the Cingulocentric Theory of OCD,
particularly the link between pACC and mood disturbance. Most
results were in pACC, a region associated with anxiety and other
negative emotions (Middleton, 2009) and the site of prior OCD
neuroimaging findings (Saxena et al., 2009b). The aMCC is also the
site of OCD findings (Saxena et al., 2009b) and is active in fear and
volition (Middleton, 2009), key mental functions in OCD. Only two
significant relationships were demonstrated between aMCC me-
tabolites and symptoms (MADRS), although metabolite relation-
ships with the MADRS fell in significance when age and education
were added as covariates and only unmedicated patients were
considered. Future studies of aMCC may wish to use purely un-
medicated subjects and smaller MRS voxels containing less white
matter. The latter is challenging given the narrow geometry of
aMCC, relative to pACC. The thalamus is a key node in the Cin-
gulocentric Theory. Its various subnuclei exert arousal, motor,
sensory, affective, and cognitive functions (Mitchell et al., 2014), all
impacting everyday activities. Since our MRS voxels sampled all
subnuclei together, it is perhaps not surprising that the only sig-
nificant metabolite correlation in the thalamus was with the GAS,
a metric of global functioning.

Similar to ADHD, prominent effects involving Cr and Cho were
observed in this OCD study. Most previously reported effects of OCD
on Cr (Rosenberg et al., 2001; Mirza et al., 2006; Yiicel et al., 2008;
Starck et al., 2008; Whiteside et al., 2012) and Cho (Rosenberg et al.,
2001; Yiicel et al., 2008; Starck et al., 2008; Smith et al., 2003; Ki-
tamura et al., 2006; Mohamed et al., 2007; Zurowski et al., 2007;
Yalgin et al.,, 2011; Lazaro et al.,, 2012; Whiteside et al., 2012; Weber
et al., 2014) were in white matter or striatum, regions not scanned
here. In bilateral pACC, one investigation (Yalcin et al., 2011) found
lower Cho/Cr in pediatric OCD than controls, a result difficult to
interpret due to use of ratios. Elevated Cr (Mirza et al., 2006) and
Cho (Rosenberg et al., 2001; Smith et al., 2003) were also measured
in thalamus in pediatric OCD. These effects, however, were re-
stricted to mesial thalamus and may be difficult to detect in our
MRS voxels, which spanned lateral and mesial thalamus. Our pre-
sent findings importantly link Cr and Cho to dominant and dis-
abling affective symptoms of OCD, resonating with our previous
pilot finding of the ability of pACC Cr and Cho to predict long-term
post-treatment symptoms (O’'Neill and Feusner, 2015).

Our model (Appendix Fig. S1) may unite the above findings. It
proposes that MRS Glu or Glx is elevated in OCD due to longer
lifetime of Glu molecules. Glu molecules are detained longer ex-
tracellularly by overly profuse N-methyl-p-aspartate (NMDA) and
other glutamatergic receptors and enter the neuron for catalysis
more slowly due to scarce transporters. The stronger extracellular
Glu presence and more abundant NMDA receptors underlie clin-
ical symptoms. Briefly, more NMDA-activation implies more long-
term potentiation (LTP). More LTP means more memory associa-
tions, many involving anxiety and other negative affect and the
behavioral actions that (temporarily) relieve these feelings. This
manifests as stronger obsessive-compulsive symptoms (higher
YBOCS). LTP likewise strengthens the repetitive negative thoughts
and “learned helplessness” of depression, manifesting as higher
MADRS. Obsessive-compulsive and depressive symptoms in turn
drive down global functioning. Lower Cr with increasing OC and
depressive symptoms is also accounted for by our model. Glu re-
ceptor stimulation associated with more severe symptoms accel-
erates neuronal energy production via glycolysis and oxidative
metabolism (Fig. S1). This drives the creatine-phosphocreatine
equilibrium to the right, promoting extracellular export of phos-
phocreatine. This lowers creatine and phosphocreatine, and
thence the MRS Cr signal (which represents the sum of both

compounds). Our model also accounts for lower MRS Cho with
greater OC and depressive symptoms. The more severe the
symptoms, the greater the neuronal energy needs. To meet these
needs, less glucose is diverted from glycolysis to synthesis of
choline-containing molecules (Fig. S1), resulting in lower MRS
Cho. In addition, overproduction of Glu receptors requires greater
phospholipid membrane synthesis, draining the pool of free lipid
monomers and reducing MRS Cho.

Our study had limitations. Some patients were taking psychiatric
medication. In adult OCD, it is challenging to recruit drug-free
samples. Within our medicated subsample, heterogeneity was mi-
tigated in that all subjects were on serotonin-reuptake inhibitors
only. These patients were symptomatic (YBOCS > 16) despite > 12
weeks at constant dose. Serotonin-reuptake inhibitor use did affect
several metabolites. Interestingly, these effects were confined to
aMCC, a region where earlier studies (Sumitani et al.,, 2007; Jang
et al., 2006) noted effects of serotonin-reuptake inhibitors on me-
tabolites. For major study findings, moreover, endpoints for medi-
cated and unmedicated patients were well intermixed (Figs. 2 and
3). The aMCC was also the site of effects of white matter on meta-
bolites. While our MRS voxels were small enough for lateralized
acquisition, they were too large to sample pure pACC and aMCC
gray matter and contained, on average, over one-third white matter.
Smaller voxels are called for in future studies. As is common in OCD,
depressive symptoms were present in the patient sample, and co-
morbid anxiety and depressive disorders. Cr and Cho correlated
with depression. This is perhaps unsurprising in view of the het-
erogeneity of mood and anxiety disorders and the overlapping
nature of symptoms across these disorders. Depression in all pa-
tients, however, was secondary to OCD and did not surpass mod-
erate severity. To exclude such symptoms or comorbidities entirely
would make the sample poorly representative of typical clinical
populations. A better approach might be to compare OCD patients
with non-OCD depressed patients, as in Rosenberg et al. (2004) and
Mirza et al. (2006), who observed similar metabolite findings for
pediatric patients with OCD or major depressive disorder. Finally,
one MRS finding was expressed as Glx rather than Glu. This finding
was consistent with Zurowski et al. (2007), who did measure Glu.
Shorter echo-time (15-20 ms) pulse-sequences could enable su-
perior segregation of GIn from Glu. Notwithstanding, this study had
several strengths. It included all adult patients with pediatric-onset
illness, and at most secondary depression or anxiety. A standard
pulse-sequence (single-voxel PRESS) was used to acquire MRS in
small (3.4-cc) voxels of known tissue content. MR spectra were fit
with the widely accepted LCModel package and corrected for CSE.
With these strengths and limitations in mind, our MRS study adds
support to neurobiological models implicating pACC and aMCC in
OCD (Saxena et al., 2009b). Findings are also interpretable in terms
of our model (O'Neill et al., 2013b) of OCD as a disorder of Glu
metabolism, possibly including receptor activation and/or transport.
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