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Abstract
We wished to determine whether decreases in prefrontal glutamate concentrations occur in offspring
of parents with bipolar disorder with and at high risk for mania. Sixty children and adolescents, 9-18
years old, of parents with bipolar I or II disorder (20 offspring with established history of mania,“BD”,
20 offspring with symptoms subsyndromal to mania, “SS”, and 20 healthy controls “HC”) were
examined using proton magnetic resonance spectroscopy at 3T to study glutamatergic metabolite
concentrations in the anterior cingulate cortex (ACC). A signal for reductions in absolute glutamate
concentrations in the ACC was seen in the BD compared to HC and SS groups. No other statistically
significant differences among groups were found. Offspring of parents with BD with prior histories
of mania may have disruptions in glutamatergic function compared to healthy controls or children
at risk for BD who have not yet developed mania. Longitudinal studies are necessary to confirm
whether prefrontal glutamate decreases only after the onset of full mania.
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1. Introduction
Bipolar disorder (BD) is associated with high rates of familial transmission, with up to a 70%
chance of developing a mood disorder in offspring of bilineally affected parents (Goodwin,
1990). Furthermore, genetic factors play a significant role in pediatric onset BD (Pavuluri et
al., 2005). For example, offspring of bipolar parents have an increased risk of developing
pediatric onset BD, compared with patients with BD who have no family history of the disorder
(Chang et al., 2003; DelBello and Geller, 2001). While the familial risk of BD is well
established, potential biomarkers for later illness development in children at familial risk for
BD remain unknown.

*Corresponding Author: Manpreet Kaur Singh, M.D. M.S., Stanford University School of Medicine, Division of Child and Adolescent
Psychiatry, 401 Quarry Road, Stanford, CA 94305-5795; mksingh@stanford.edu.
1(650) 723-5511; Fax: (650) 724-4794
2(650) 723-8697; Fax: (650) 723-5795
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Psychiatry Res. Author manuscript; available in PMC 2011 May 30.

Published in final edited form as:
Psychiatry Res. 2010 May 30; 182(2): 165–171. doi:10.1016/j.pscychresns.2010.01.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Glutamate is the central mediator of excitatory synaptic transmission in the mammalian brain
(Orrego and Villanueva, 1993), facilitating learning, memory, and synaptic plasticity.
Abnormalities in glutamatergic function have been implicated in individuals with BD and other
mood disorders (Sanacora et al., 2008), who show departures from normal glutamate levels in
plasma (Palomino et al., 2007), serum (Mitani et al., 2006), cerebrospinal fluid (Hoekstra et
al., 2006; Frye et al., 2007a), and brain tissue (Hashimoto et al., 2007). Other important
indicators that glutamatergic dysfunction may be associated with BD include alterations in
glutamate receptors (Scarr et al., 2003; Mccullumsmith et al., 2007) and disruptions in glial
cells important for regulating the glutamatergic system (Ongur et al., 1998). One recent case-
control study reported that increased gene expression of glutamatergic kainate receptors confer
genetic protection from the development of BD (Pickard et al., 2008), illustrating the role that
the glutamatergic system may play as a biological marker mediating the development of BD.
These data, together with the strong familiality and increased recognition of bipolar
phenomenology in youth, provide an impetus to investigate whether disruption in
glutamatergic function coincides with an increased risk for or early onset of mania.

Several recent studies have implicated altered glutamatergic neurochemistry in key cortico-
limbic and cerebellar regions in patients with BD across the lifespan (Michael et al., 2003;
Frye et al., 2007b, Moore et al., 2007a; Moore et al., 2007b; Ongur et al., 2008; Shibuya-
Tayoshi et al., 2008). Findings associated with functional (Chang et al., 2004) and structural
(Kaur et al., 2005) changes in prefrontal brain regions in children and adolescents with BD
suggest underlying cellular and molecular dysfunction at a microscopic level in these regions
that warrant further investigation. Several lines of evidence suggest that in BD the anterior
cingulate cortex (ACC) is particularly vulnerable to potential disease associated changes such
as oxidative stress (Wang et al., 2009a), reductions in volume associated with increased trait
impulsivity (Matsuo et al., 2009), and abnormal functional connectivity to the amygdala during
emotional processing (Wang et al., 2009b). Further in vivo examination of this region is
warranted.

Proton magnetic resonance spectroscopy (1H-MRS) is a noninvasive neuroimaging method
that yields molecular level biochemical data to quantitatively examine neuronal function in
individuals with and at risk for BD. Adolescents with BD were found in one study to have
decreased glutamate/glutamine (Glx) (Moore et al., 2007a) and glutamine (Moore et al.,
2007b) in the ACC, suggesting decreased excitatory neurotransmission in this region of the
prefrontal cortex. Other studies have shown no differences in glutamatergic neurochemistry in
pediatric patients with BD compared to healthy or clinical comparison groups in prefrontal
regions (Davanzo et al., 2003; Olvera et al., 2007). This could be due to different sampling
criteria, varying field strengths, non-uniform protocols for spectral acquisition and voxel
placement, or variable levels of medication exposure or other confounding variables. To our
knowledge, there are no studies to date that have examined markers of glutamatergic
neurochemistry in children at familial risk for BD who have not yet developed mania.
Therefore, it is unclear from these studies if altered glutamatergic transmission is a consequence
of disease progression or represents a trait marker present before BD onset.

To characterize glutamatergic function in pediatric BD, we used 1H-MRS to compare ACC
levels of glutamate among children and adolescents who have a familial risk for BD compared
to age-, gender, and socioeconomically similar healthy controls. Children with a familial risk
for BD were further divided into those with and without BD at the time of evaluation. Based
on previous studies demonstrating glutamatergic dysfunction in the pathophysiology of BD
(Belsham, 2001; Szabo et al., 2008) and its restoration of function with treatment (Kugaya and
Sanacora, 2005; Post, 2008), glutamate rather than glutamine was selected as a primary
metabolite of interest for the present study. Coinciding with theories of prefrontal
neurodegeneration possibly due to oxidative stress demonstrated in preclinical and postmortem
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studies in BD (Dean et al., 2009; Wang et al., 2009), we hypothesized that BD offspring would
demonstrate decreases in glutamatergic concentrations in the ACC due to illness burden
compared to healthy controls. Specifically, we predicted that offspring with BD would have
the lowest relative concentrations of glutamate compared to both healthy controls and high-
risk offspring without BD (who would have intermediate concentrations of glutamate).

2. Methods
2.1. Subjects

The Stanford University Panel of Medical Research in Human Subjects approved this research
protocol. After complete description of the study to the subjects and their parents, written
informed consent was obtained from the parents, and written assent was obtained from the
children. Forty 9–18 year old children of parents with either bipolar I or II disorder (N=20 with
fully syndromal mania, “BD,” and N=20 with subsyndromal symptoms but no mania, “SS”),
were recruited from ongoing studies of high-risk offspring at Stanford's Pediatric Bipolar
Disorders Program and from the community. Control children of parents without any DSM-
IV Axis I disorder with comparable age, Tanner stage, race, sex, socioeconomic status and
handedness were recruited for study participation from community advertisements and local
schools (HC, N=20). All participants were evaluated for psychiatric disorders by semi-
structured interviews. The Structured Clinical Interview for DSM-IV (SCID-P) (First et al.,
1996), was administered to all parents by raters blind to diagnostic group and with established
symptom and diagnostic inter-rater reliability (kappa>0.9). All children were evaluated for
lifetime psychiatric diagnoses using the Affective and Psychotic Modules of the Washington
University in St. Louis Kiddie-Schedule for Affective Disorders and Schizophrenia (WASH-
U KSADS) (Geller et al., 1996) and the Kiddie Schedule of Affective Disorders and
Schizophrenia Present and Lifetime version (KSADS-PL) (Kaufman et al., 1997), administered
separately to parents and children by raters blind to diagnostic group and with established
symptom and diagnostic reliability (kappa>0.9) (Gallelli et al., 2005). Diagnostic decisions
were ultimately made by a child psychiatrist (K.C.) based on personal interview or discussion
with a masters-level research assistant. Current and lifetime diagnoses, onsets and offsets of
manic and hypomanic episodes were established using DSM-IV criteria. Parents with BD were
euthymic at the time of their own and their child's interview.

In addition to a parental BD diagnosis, subjects included in the pediatric BD group required a
diagnosis of bipolar I or II disorder by the WASH-U-KSADS. For inclusion in the
subsyndromal group, children met criteria for moderate mood dysfunction by a score of >10
on the Young Mania Rating Scale (YMRS) (Young et al., 1978) or a score of >29 on the
Children's Depressive Rating Scale-Revised (CDRS-R) (Poznanski et al., 1979), but did not
meet symptom duration or severity criteria for a fully syndromal mania, either at the time of
assessment or ever historically. Subjects in the SS group received a diagnosis of bipolar
disorder–not otherwise specified (BD-NOS) if they were missing only one DSM-IV-TR
criterion for mania or had all criteria but only had 2 to 4 days of episode duration (Birmaher
et al., 2006) and did not have a concurrent diagnosis of major depression. The control group
was comprised of healthy volunteers with no DSM-IV psychiatric diagnosis, psychotropic
medication exposure, no parent with any psychiatric diagnosis by SCID, and no first- or second-
degree relative with BD as assessed by the Family History Research Diagnostic Criteria
(Andreasen et al., 1977). All subjects were assessed and scanned in an outpatient setting.
Psychostimulant medications were discontinued 24 hours before the MRS, primarily due to a
concurrent, separate fMRI study of attention. Other medications including mood-stabilizers,
atypical antipsychotics, and antidepressants, were continued to avoid any risk of mood
destabilization. Thorough medication histories were obtained and used for exploratory and
covariate analyses of 1H-MRS findings.
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2.2. Proton Magnetic Resonance Spectroscopy
After psychiatric diagnostic interviews, subjects were scanned by 1H-MRS using a 3 Tesla
Signa MRI system with Echospeed gradients (General Electric Healthcare, Milwaukee, WI,
USA) using a custom-built quadrature birdcage receiving head coil with a 50% advantage in
signal-to-noise ratio (SNR) over that provided by the standard GE head coil. Eighteen axial
slices (4 mm thick, 05 mm skip) parallel to the anterior-posterior commissure plane and
covering the entire brain were acquired with a temporal resolution of 3 seconds using a T2-
weighted gradient echo spiral pulse sequence (Fast Spin Echo, TR=4000 ms, TE= 68 ms, echo
train length = 12, receiver bandwidth = 15.63, 22 cm field of view; 256 × 192 matrix; acquired
resolution = 5.0 × 0.9 × 1.2 mm3). This T2-weighted image was used to localize and prescribe
a voxel in the ACC. Images were then reconstructed as an 18 × 256 × 256 matrix with a 5.0 ×
0.9 × 0.9 mm3 spatial resolution.

Spectroscopic data were acquired within a 2×2×2 voxel that was placed in the ACC according
to the 124 × 256 × 256 anatomical image set using the following parameters: PRESS
localization, TR/TE=2000/35ms, 5 mm slice thickness, 124 × 256 × 256 matrix, 2×2×2 cm
voxel in the dorsal ACC and orbitofrontal cortex (Brodmann areas 32 and 12), superior to the
orbits and inferior to the genu of the corpus callosum from the first axial slice above the lateral
ventricles (see Figure 1). An investigator blind to group status visually inspected the
prescription of each voxel to ensure proper placement in the region of interest. MRS scans used
32 averages, 1 kHz spectral bandwidth, 1 k data points, with water suppressed and unsuppressed
frames, and a scan length of 1 min 44 seconds. The metabolite spectra were reconstructed using
the water-suppressed frames, while the water-unsuppressed frames were used by LCModel for
“absolute” quantification in institutional units. A field strength of 3T made it possible to obtain
adequate signal-to-noise with a relatively short acquisition time (Di Costanzo et al., 2007). The
fully automated PROBE/SV quantification tool (General Electric Medical Systems,
Milwaukee, WI, USA) was used for data acquisition and LCModel version 6.20 (Provencher,
2001) was used to process the MRS data, enabling examination of both absolute and relative
to creatine (Cr) concentrations of glutamate, and glutamine. The role of other neurometabolites
that may be implicated in BD risk, including N-acetyl aspartate (NAA) and myoinositol (mI)
were also explored (see Figure 2 for representative spectrum). Cramer-Rao spectral inclusion
criteria were SD<15% for NAA, Cho, Cr, and myo-Inositol, and SD<25% for glutamate and
glutamine, to replicate assumptions made by previous research measuring these
neurochemicals in prefrontal regions in youths with BD (Moore et al., 2007b).

Voxel segmentation was performed using high-resolution T1-weighted spoiled grass gradient
recalled (SPGR) 3D MRI sequences with the parameters: TR=35 ms; TE=6 ms; flip angle =
45°; 24 cm field of view; 124 slices in the coronal plane; 256 × 192 matrix, with acquired
resolution of 1.5 × 0.9 × 1.2 mm3. The images were reconstructed as a 124 × 256 × 256 matrix
with a 1.5 × 0.9 × 0.9 mm3 spatial resolution. Coronal volume images were segmented into
gray matter, white matter, and CSF using a semi-automated software package, FSL version
3.5 after bias correction using SPM 5 (Ashburner and Friston, 2005). The segmented images
were edited further by applying the voxel dimensions in the ACC used for MRS, providing the
grey and white matter content of the ACC voxel for each subject (Gallelli et al., 2005).

2.3. Statistical Analysis
All statistical analyses were performed using Statistical Analysis System software, version
8.02 (SAS Institute, Cary, N.C.). Analyses of variance (ANOVA) and chi-square tests were
used to compare demographic and clinical characteristics between groups. MRS data were first
examined for normality using univariate analyses to conform to the assumptions of the
parametric statistics employed (Shapiro-Wilks statistic, W>0.91; P>0.08). Difference in
glutamate concentration in the ACC was considered the primary outcome measure, and was
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compared among groups using ANOVA with a significance threshold of P ≤ 0.05. Glutamate
as a ratio to creatine was measured to confirm the stability of the absolute glutamate
concentrations observed across all three groups. Other absolute and relative to creatine
metabolite concentrations, including glutamine, glutamate+glutamine (Glx), N-acetyl
aspartate (NAA), and myoinositol (mI), were considered secondary and exploratory, with a
significance threshold of P ≤ 0.0125 to adjust for multiple comparisons. Metabolite
concentration was the dependent variable and group status (BD, SS, or HC) was the
independent variable. Effect sizes for group differences in metabolite concentration were
calculated to identify the largest difference between groups based on F-values obtained from
the ANOVAs using the formula (f) = √(k-1)F/N, where (f)= effect size, k=number of groups,
F=test statistic, N=total number of subjects. An effect size of (f)>0.25 is considered a medium
effect and of potential clinical relevance (Cohen, 1977). Where a clinically relevant effect size
was found, least-squares means tests were performed to determine which pairs of groups
differed significantly in metabolite concentration.

Pearson correlations were performed to explore relationships between metabolites and clinical
scores for depression (CDRS-R), mania (YMRS), overall functioning (CGAS). Because of
these multiple comparisons, a Bonferroni-type correction was applied to adjust significance
threshold to P< 0.001 for these exploratory analyses. The presence of ADHD comorbidity, as
well as the effects of prior, current, and lifetime exposures to medications within the BD and
SS groups were examined by repeating the primary ANOVA analysis after removal of these
subgroups.

3. Results
3.1 Cohort

There were no statistically significant group differences in age, gender, socioeconomic status,
ethnicity, or intellectual quotient (IQ) among the three groups (Table 1). Although the SS group
was approximately two years younger than the BD and HC groups, the between group
metabolite differences presented below did not change significantly after covarying for age.
In the BD group, 90% (N=18) had a diagnosis of bipolar I disorder and 10% (N=2) a diagnosis
of bipolar II disorder. In the SS group, mood diagnoses included major depressive disorder
(MDD) (N= 8), dysthymia (N=1), and BD-NOS (N=5). YMRS scores were comparable in the
BD (mean = 14.6 ± 6.3) and SS (mean = 12.2 ± 5.1, P = 0.38) groups. However, CDRS-R
scores were higher in the BD group (mean = 42 ± 14) compared to the SS group (mean = 32
± 5.6, P = 0.02). Although subjects were not in a manic or depressive episode at the time of
the scan, the mood symptom scores suggest a predominance of depressive symptoms over
mania. Overall level of functioning represented in CGAS scores were significantly higher in
the HC group relative to the BD and SS groups (F(1, 35) = 58.14, P<0.0001), but BD and SS
groups had comparable CGAS scores (t(26) = 1.45, P = 0.16).

Seventeen (85%) subjects in the BD group had previously taken psychotropic medications.
Fifty-five percent of these subjects had significant past exposure (more than 2 months) to
stimulants; 60% to antidepressants (including SSRIs, tricyclic antidepressants, and atypical
antidepressants); 35% to antipsychotics, 35% with exposure to lithium, 45% with exposure to
valproate, and 5% to lamotrigine. However, at the time of scan distributions of subjects in the
bipolar group actively being treated with medication were as follows (table 1): 55% with
stimulants (however stimulants were discontinued for 24 hours prior to scan); 45% with
antidepressants; 30% with antipsychotics; 30% on lithium, 35% on valproate, and 5% on
lamotrigine.

Seventeen (85%) subjects in the SS group had previously taken psychotropic medications.
Forty percent were exposed to stimulants, 45% to antidepressants, 40% to antipsychotics, 5%
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with exposure to lithium, 10% with exposure to valproate, and 10% exposure to lamotrigine.
At the time of scan the percentages of subjects in the SS group being actively treated with
medication were as follows: 30% with stimulants; 35% with antidepressants; 40% with
antipsychotics, and mood-stabilizers, including 5% on lithium, 15% on valproate, and 5% on
lamotrigine.

No subjects in the control group had previously been exposed to psychotropic medications. At
the time of scan, there were no significant differences between BD and SS groups in current
medication exposure.

In the BD group, 85% of subjects had co-occurring attention-deficit/hyperactivity disorder
(ADHD); 15% had a comorbid diagnosis of anxiety disorder; and 60% had comorbid
oppositional defiant disorder (ODD). Sixty-five percent of SS subjects had a diagnosis of
ADHD, 30% were diagnosed with an anxiety disorder, and 25% with ODD. None of the
subjects in any group had a present or past substance-use disorder.

3.2. Spectroscopy Results
An ANOVA indicated significant differences in absolute glutamate concentrations among the
three groups (F = 3.08, P=0.05, (f)=0.32). Significant individual group differences in glutamate
concentrations were found between SS and BD groups [10.30 ± 2.0 (SD) versus 9.08 ± 1.8
(SD), respectively; F(1,38)=4.31, P<0.04, (f)=0.27], and between HC and BD groups [10.21
± 1.4 (SD) versus 9.08 ± 1.8 (SD), respectively; F(1,38)=4.30, P<0.04, (f)=0.27] (Figure 3).
These results remained unchanged even after restricting our analyses to unmedicated
subgroups. A trend for between-group differences in glutamate/Cr concentration (F = 2.79,
P=0.07, (f) = 0.30) supported the primary result observed for absolute glutamate
concentrations. Follow up two-group analyses showed significant group differences in
glutamate/Cr concentrations between SS and BD groups [1.72 ± 0.30 (SD) versus 1.49 ± 0.34
(SD), respectively; F(1,38)=4.31, P<0.04, (f)=0.27], and between HC and BD groups [1.65 ±
0.31 (SD) versus 1.49 ± 0.34 (SD), respectively; F(1,38)=4.30, P<0.04, (f)=0.27]. No other
absolute metabolite concentration or ratio showed statistically significant group differences.
Exploratory ANOVAs of additional metabolites NAA and mI, in absolute and relative
concentrations to creatine, were not statistically significant for the ACC region examined here
(Table 2), consistent with previously published results in the right and left dorsolateral
prefrontal cortices (Gallelli et al., 2005) and ventromedial prefrontal cortex (Hajek et al.,
2008).

No significant correlations between YMRS, CDRS-R, or CGAS scores and metabolite
concentrations were found within the BD and SS groups after correcting for multiple
comparisons. Restricting analyses to unmedicated individuals or those with past, current, or
lifetime medication exposures did not change group differences in metabolite concentrations.
Presence of an ADHD, ODD, or anxiety diagnosis did not significantly change group
differences in metabolite concentrations.

Tissue segmentation data were acquired from subjects from each diagnostic group, as
previously described by our group (Gallelli et al., 2005). There were no significant differences
between grey or white matter contributions to the ACC voxel for any of the three groups (Table
3).

4. Discussion
The findings from our MRS study indicate that offspring of parents with BD show decreases
in anterior cingulate glutamate absolute concentrations and trends for decreases in glutamate
relative to creatine, but only after they have developed fully syndromal mania. This suggests
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that for high-risk offspring, altered glutamatergic functioning may represent a marker for a
more fully symptomatic clinical course of mania rather than a feature associated with familial
risk alone. Exploratory analyses did not reveal any statistically significant differences in any
other glutamate-related metabolites among high-risk offspring with BD, high-risk offspring
with subsyndromal symptoms, or healthy controls. Moreover, effect sizes for glutamine and
Glx were, for the most part, small, suggesting that very large samples would be needed to detect
differences that may be biologically relevant.

A signal for decreased glutamate concentrations in high-risk offspring with BD is partially
consistent with and adds to several recent studies that have shown state dependent changes in
glutamate, its precursor and storage form glutamine, or a combined contribution of glutamate
and glutamine (Glx) in individuals with BD. Decreases in glutamine have been found in the
ACC in unmedicated children with BD (Moore et al., 2007b) and in the basal ganglia of healthy
adults shortly after they were exposed to subclinical doses of lithium (Shibuya-Tayoshi et al.,
2008). Glx reductions have similarly been found in risperidone-medicated children and
adolescents with BD (Moore et al., 2007a). However, increased Glx concentrations have been
found in the basal ganglia and frontal lobes in children 6 to 12 years old with BD (Castillo et
al., 2000), in children with co-occurring BD and attention deficit with hyperactivity disorder
(ADHD) (Moore et al., 2006a), in the grey matter of the cingulate gyrus in unmedicated adults
with BD (Dager et al., 2004). Age and developmental differences across cohorts and variable
levels of exposure to medication may account for differences in the direction of change in
glutamine and Glx concentrations. Nevertheless, in the presence of fully syndromal BD, these
studies collectively suggest altered glutamatergic transmission in prefrontal and subcortical
regions.

Interestingly, while we found potential decreases in glutamate concentrations in high-risk
offspring with an established history of mania, a decrease in glutamate was not seen in the SS
group in spite of similar YMRS scores to the BD group. As the SS group were younger than
the BD group and have not yet developed full mania, it is possible that decreases in prefrontal
glutamate concentrations reflect the presence of persistent, prolonged, or severe symptoms of
mania or depression rather than transient or subsyndromal mood states. Adjusting for age when
comparing glutamate concentration between BD and SS groups did not significantly change
our results. Further prospective examination of acute and chronic changes of glutamate in the
brain and its response to treatment is warranted to understand its relationship to different stages
of illness and neurodevelopment.

Some, but not all, prior studies have demonstrated that alterations in other neurometabolite
concentrations may occur early during the initial development of BD. NAA, a healthy nerve
cell marker putatively involved in maintaining fluid balance, energy production, and myelin
formation in the brain has been observed to be decreased in the dorsolateral prefrontal cortex
(DLPFC) in pediatric BD (Olvera et al., 2007) as well as in pediatric high-risk offspring with
mania (Chang et al., 2003), suggesting neurodegenerative changes coincident with the presence
of mania. However, further comparisons of NAA levels in bilateral DLPFC in high-risk
offspring with and without mania found no statistically significant decrements in NAA,
suggesting that decrements of NAA in the DLFPC may not be seen until progression of illness
into adulthood (Gallelli et al., 2005). Another study on symptomatic offspring of BD parents
also demonstrated increased orbitofrontal myoinositol (mI), a marker for cellular metabolism
and related second messenger signaling pathways (Cecil et al., 2003). Both NAA and mI appear
to change in concentration with lithium treatment in pediatric populations (Davanzo et al.,
2003; Patel et al., 2006; Patel et al., 2008). However, these changes in metabolite concentrations
have not been replicated in other studies of offspring at high-risk for BD (Gallelli et al.,
2005; Hajek et al., 2008), including the present study. Diagnostic and developmental
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heterogeneity, mood state at the time of scan, partial volumes of grey and white matter in the
region of interest, and other demographic variables may account for differences across studies.

Several limitations need to be acknowledged for the current study. Voxel placement may have
varied slightly across subjects, but was based on anatomical landmarks that provided some
framework for reliable placement. Due to limitations in scanning children for prolonged
periods of time, scanner drift and the possibility of overlapping resonances due to the short
echo time (TE = 35 msec) may have caused sources of variance in our spectral measurements
across all groups. We capitalized on the higher 3T field strength used in our study to overcome
these issues by providing better peak separation and SNR compared to 1.5 T magnets, although
at field strengths greater than 3T, the signal-to-noise ratio and spectral separation for 1H NMR
spectroscopy may be superior (Tkáč et al., 2009). It is noteworthy that trends for reduced
glutamate/Cr ratios were observed, which may not have achieved statistical significance due
to additional variance from creatine. Similarly, Glx ratios and absolute concentrations did not
achieve statistical significance, possibly due to variance contributed by glutamine, which
showed nonsignificant increases across all groups. Although the goal of this study was not to
unequivocally differentiate glutamate from glutamine or GABA, a future study using a
sequence that provides a less ambiguous measure of glutamate (e.g. CT-PRESS) (Mayer and
Spielman, 2005) would aid in verifying our results.

Sample heterogeneity due to co-occurring diagnoses and medication exposure limit this
analysis due to insufficient sample sizes to examine individual effects of these factors.
Moreover, adjustments for multiple comparisons in MRS studies can result in null findings
(Dickstein et al., 2008). In the early stages of investigating the relationship between mood
disorders and neurochemistry, some accommodation for exploratory analyses should be
permitted, particularly since clinical studies have already begun to demonstrate robust and
clinically relevant neurochemical responses to pharmacological interventions (DelBello et al.,
2006; Moore et al., 2006b). Nonetheless, our results did not change even after restricting our
analyses to unmedicated subgroups.

To our knowledge, this is the first 1H-MRS study performed as yet investigating glutamatergic
neurochemistry in the ACC in children with familial BD and in a population at risk for
developing BD due to its familial and symptomatic propensities. Our findings indicate that
relative to healthy controls, children at familial risk for BD show in vivo 1H-MRS-detected
trends for decreased glutamate concentrations after the onset of fully syndromal mania. This
suggests that decreases in glutamate may be a marker for a clinical course that includes the
development of frank mania, and requires further investigation for its potential role in the
pathophysiology of BD and prefrontal neurodegeneration. These results may be limited by a
cross-sectional design, small sample size, co-occurring psychiatric diagnoses, or medication
exposure. Nevertheless, glutamatergic function may be an important component to consider
in the characterization of risk for developing BD in offspring of bipolar parents. Further
longitudinal studies are necessary to determine if early neurochemical changes can predict the
development of mania. Improved methods for identifying children with particular
neurochemical vulnerabilities may inform preventive and early intervention strategies prior to
the onset of fully syndromal BD.
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Figure 1.
Position of anterior cingulate cortex voxels.
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Figure 2.
Sample magnetic resonance spectrum in LCModel; mI = myoinositol; Cr = creatine, Glx =
Glutamate+Glutamine, NAA = N-acetyl aspartate
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Figure 3.
Comparative absolute glutamate concentrations across groups
Legend: HC=Healthy Controls; SS=High-risk offspring with Subsyndromal symptoms;
BD=High-risk offspring with Mania; Overall ANOVA: F=3.08, p=0.05, f=0.32;
* Significant group differences in SS and BD groups [10.30 ± 2.0 (SD) versus 9.08 ± 1.8 (SD);
F(1,38)=4.31, p<0.04, (f)=0.27], and between HC and BD groups [10.21 ± 1.4 (SD) versus
9.08 ± 1.8 (SD), F(1,38)=4.30, p<0.04, (f)=0.27]
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Table 1
Demographic and Clinical Characteristics of Study Participants

Bipolar BD Subsyndromal SS Control HC

N 20 20 20

Mean age, years (SD) 15.89 (2.3) 12.9 (2.9) 15.1 (2.3)

Gender, (%) female 7 (35) 10 (50) 5 (25)

SES (SD) 4.2 (0.9) 4.0 (0.7) 4.5 (0.9)

Ethnicity (%)

 African-American 0 (0) 1 (5) 0 (0)

 Asian 0 (0) 0 (0) 5 (25)

 Caucasian 19 (95) 17 (85) 13 (65)

 Hispanic 1 (5) 1 (5) 2 (10)

 Other (Middle Eastern) 0 (0) 1 (5) 0 (0)

Mean IQ (SD)* 108 (14) 107 (14) 115 (10)

Mean YMRS Score (SD)* 14.6 (8.6) 12.2 (6.7) 0.42 (0.8)

Mean CDRS-R Score (SD)* 41.5 (13.7) 32.0 (5.6) 17.9 (1.5)

Mean CGAS (SD)* 52.6 (10.8) 59.4 (13.3) 87.9 (4.9)

Comorbid diagnoses of offspring, n (%)

 ADHD 17 (85) 13 (65) 0 (0)

 Anxiety disorders 3 (15) 5 (25) 0 (0)

 ODD 12 (60) 6 (30) 0 (0)

Psychotropic medications at time of MRS, n (%)

 Atypical Antipsychotics 6 (30) 8 (40) 0 (0)

 Antidepressants 9 (45) 7 (35) 0 (0)

 Stimulants 11 (55) 6 (30) 0 (0)

 Lithium 6 (30)* 1 (5)* 0 (0)

 Valproate 7 (35) 3 (15) 0 (0)

 Lamotrigine 1 (5) 1 (5) 0 (0)

Lifetime exposure to any psychotropic medication 17 (85) 17 (85) 0 (0)

BD = high-risk offspring with bipolar disorder; SS = high-risk offspring with subsyndromal symptoms; HC = healthy controls; SD = standard deviation;
SES = socioeconomic status; YMRS = Young Mania Rating Scale; CDRS-R = Childhood Depression Rating Scale-Revised; Anxiety disorder =
separation anxiety disorder, generalized anxiety disorder, social phobia, obsessive-compulsive disorder, or post-traumatic stress disorder; ADHD =
attention-deficit/hyperactivity disorder; ODD = oppositional defiant disorder; MRS = magnetic resonance spectroscopy.

*
significant group difference at p < 0.05.
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