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Abstract

Background—Neurochemical changes are responsible for bipolar disorder (BD)
pathophysiology. Despite current progress in BD research, mood- and trait-related alterations in
BD continue to elicit further investigation.

Methods—In this study, we report a longitudinal proton magnetic resonance spectroscopy study
evaluating dorsomedial prefrontal cortex (DMPFC) metabolites N-acetylaspartate (NAA), creatine
plus phosphocreatine (total creatine [tCr]), phosphorylcholine plus glycerophosphocholine, myo-
inositol, and glutamate plus glutamine levels of manic and euthymic adult BD type | patients
(n=48) treated with standard antimanic medicines, compared to matching healthy controls (n=44).
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Results—DMPFC NAA values and NAA/Cr ratio were significantly lower in euthymic BD
patients when compared with healthy controls with similar levels of other metabolites in all
groups, indicating a trait-related NAA abnormality in euthymic BD patients.

Limitations—Limitations of our study include a relatively low (1.5 tesla) magnetic resonance
field strength and variable drugs administered to achieve euthymia despite the best efforts to
standardize the open fashion treatment.

Conclusions—Our study contributes to the integrating models of trait-related metabolite
alterations observed in euthymia since NAA is considered as a marker of neuronal viability and
mitochondrial energy metabolism. In light of supporting and conflicting results reported
previously, future studies with longitudinal designs and larger patient groups are warranted to
better define both state- and trait-related cerebral metabolic alterations associated with BD
pathophysiology.
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Introduction

Neurochemical alterations in bipolar disorder (BD) have been implicated as contributing to
disease pathophysiology. These alterations are found in intracellular signaling pathways,
hormonal signals, inflammatory processes, neuroplasticity, neurotransmitter systems, and
neuronal biomarkers (Langan and McDonald, 2009; Zanetti et al., 2015). Based upon
neurochemical findings, integrative theories, such as mitochondrial dysfunction and energy
metabolism abnormalities in BD (Stork and Renshaw, 2005), have also been proposed to
understand the basis of BD pathophysiology. Despite this progress, 'dissecting' the state- and
trait-related abnormalities in BD is still a research endeavor (Langan and McDonald, 2009;
Yildiz-Yesiloglu and Ankerst, 2006). Accumulating evidence from cross-sectional brain
metabolism studies of BD mood states provide heterogeneous and variable results, whereas
longitudinal studies in homogenous groups of BD patients are scarce (Kraguljac et al., 2012;
Langan and McDonald, 2009; Moore et al., 2000; Yildiz-Yesiloglu and Ankerst, 2006).

Here we present a longitudinal proton magnetic resonance spectroscopy (H MRS) study in
a cohort of BD patients in manic and euthymic mood states, examining the state- and trait-
related neurochemical changes compared to healthy controls. Given the prior evidence on
changes of brain metabolites in adult BD patients (Brady et al., 2012; Brambilla et al., 2004;
Malhi et al., 2007; Moore et al., 2000; Yildiz et al., 2016), we examined the metabolites N-
acetylaspartate (NAA), creatine plus phosphocreatine (total creatine [tCr]), and
phosphorylcholine plus glycerophosphocholine (Cho) in primary analyses with myo-inositol
(ml) and glutamate plus glutamine (GIx) in exploratory analyses. Our hypothesis was that
manic BD patients would have lower NAA and tCr levels compared to euthymic state and
healthy controls.
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Study design

Subjects

The study was designed to investigate the longitudinal changes in brain metabolites of BD
patients in mania and euthymia with an age- and gender-matched healthy control group via
combining clinical and imaging data of complementary studies. BD patients were subject to
a clinical trial as well as an *H MRS study to test the antimanic efficacy and effects of
tamoxifen treatment (Clinical Trials.gov identifier: NCT00411203). Experimental details and
results of these studies have been reported previously (Yildiz et al., 2016; Yildiz et al.,
2008). Healthy controls participated in a separate 'H MRS study examining the effects of
midazolam-fentanyl sedation on brain chemistry (Yildiz et al., 2010).

BD patients were 18-58 years old with a diagnosis of BD type | based on the diagnostic and
statistical manual of mental disorders, 4th edition (DSM-IV) currently in a manic or mixed
state with a Young Mania Rating Scale (YMRS) (Young et al., 1978) total score >20, with or
without psychotic features. Healthy controls were 17-57 years old with no DSM-1V axis |
disorder, as determined by the structured clinical interview for DSM-IV (SCID-1V) non-
patient version (SCID-NP). At baseline (manic state), a drug-free period was limited to one
day before trial randomization. Eighty percent of the patients were on mood stabilizer and/or
antipsychotic in the pretrial month (Yildiz et al., 2008). Study protocols were approved by
the Turkish Ministry of Health Central Review Board and/or the Institutional Ethics
Committee of Dokuz Eylul University. Written informed consent was obtained from all
subjects and from at least one first-degree relatives of BD patients and the legal guardians of
healthy controls below the age of eighteen.

Clinical assessment and treatment of BD patients

BD patients were assessed with ratings obtained from the YMRS (primary outcome
measure), Clinical Global Impressions-Bipolar Version Severity of Mania (CGI-Mania)
(Spearing et al., 1997), 17-item Hamilton Depression Rating Scale (HAMD-17) (Hamilton,
1967), and Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and
Asberg, 1979) in the manic state at baseline and subsequently included in a 3-week trial to
receive tamoxifen or placebo per protocol (Yildiz et al., 2008). After completion of the trial,
patients were given lithium (n=38; target serum levels: 0.8-1.2 mEqg/L) and/or valproate
(n=14; target serum levels: 50-125 mcg/mL) with or without risperidone (h=34; 1-5 mg/
day), lamotrigine (n=14; 25-200 mg/day), quetiapine (n=4; 100-300 mg/day), bupropion
(n=3; 150-300 mg/day), or olanzapine (n=2; 10 mg/day) as standard antimanic treatment
(some patients were on more than one medication) determined by the attending physician
(A.Yildiz) in an open fashion and followed up for euthymia with weekly rating scales in an
inpatient stay. After the first positive assessment for euthymia, patients were discharged and
followed up with rating scale assessments every two weeks to confirm 8 weeks of euthymia.
Euthymia was defined as no more than three manic symptoms with a minimum or two
manic symptoms with a moderate degree of severity.
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MRS procedure and data analysis

The clinical trial and 1H MRS experiments were conducted at the Departments of Psychiatry
and Radiology, Dokuz Eylul University, Izmir, Turkey. Baseline 'H magnetic resonance
(MR) spectra from manic patients with BD were obtained right before trial drug
administration. Following trial period, *H MR spectra of the patients having achieved
euthymia for 8 weeks were obtained again (within 24 hours). To enable reliable data
acquisition, all BD patients and healthy controls were sedated with midazolam (0.03mg/kg)
and fentanyl (2 pg/kg) administration before all MRS scans. As reported previously, the
sedation was safe and did not cause any changes in the measured metabolites of the brain
(Yildiz et al., 2010). The IH MRS measurements were made on a Philips system with field
strength of 1.5 tesla (Philips Healthcare, Best, The Netherlands). Sagittal, axial, and coronal
T2-weighted cerebral images were obtained to place voxels, and single voxel short echo time
MRS data were collected with a point resolved spectroscopy sequence (echo time=31 ms,
repetition time=2000 ms, spectral band width 1 kHz, 1024 complex data points, 128
acquisitions) from four different brain regions, dorsomedial prefrontal cortex (DMPFC),
right basal ganglia, frontal lobe (FL), and right hippocampus to create a database for
comparisons in BD patients and healthy volunteers. For the present study, we selected the
DMPFC as our primary region of interest as it covers brain regions repeatedly shown to be
involved in BD (Brady et al., 2012; Davanzo et al., 2001; Schneider et al., 2015; Strawn et
al., 2012; Yildiz et al., 2016). The DMPFC voxel dimensions were 2 x 3 x 2.5 cm (15cm?3)
(Figure 1). Specifically trained, blinded experts at the study site made data acquisitions and
metabolite measurements. The investigators at the Brain Imaging Center, McLean Hospital,
Belmont, MA accomplished spectral reading and metabolite quantifications also in a blinded
fashion.

Unsuppressed water reference spectra were acquired for all acquisitions and used for both
eddy current correction and water scaling to estimate absolute metabolite concentrations.
The commercial spectral-fitting package LC Model (version 6.1-4E) was used to measure
individual metabolite peak integrals (Provencher, 1993). To accept individual metabolite
fitting, we set a Cramer-Rao lower bounds threshold of <20% for NAA, Cho, and tCr and
<40% for GIx and ml, due to the greater difficulty of fitting these metabolites. Of the 136
MR spectra (mania spectra for 48 BD patients, euthymia spectra for 44 BD patients, and
control spectra for 44 healthy volunteers) obtained, 9 were excluded due to low spectral
resolution. In the present study, metabolite levels were measured in institutional units and
expressed as absolute values as well as metabolite/tCr ratios. Sample MR spectra are shown
in Figure 2.

Statistical analyses

Demographic and clinical characteristics data were expressed as mean + SD and analyzed
with Student t test, whereas categorical data were expressed with frequencies and analyzed
with Pearson XZ test. As the data for metabolite levels were nonparametric and the sample
sizes were small, data were presented both as mean + SD and as median and range.
Metabolite levels were compared between groups using the Mann-Whitney U test (mania vs
healthy controls; euthymia vs healthy controls) and the Wilcoxon signed rank test (mania vs
euthymia). For BD patients, correlations between the YMRS, CGI-Mania, HAMD-17, and
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MADRS score changes and metabolite changes (both for absolute values and metabolite/tCr
ratios) were explored by Spearman rank correlation. Changes were calculated as [euthymia
mania]. A Bonferroni-corrected two-sided p value <0.017 was considered statistically
significant for multiple metabolite comparisons. All data analysis was performed with IBM
SPSS Statistics version 20 (IBM Corporation, Armonk, NewYork) software.

Characteristics of BD patients and healthy controls were similar (Table 1). Of the 48 BD
patients with baseline clinical and imaging assessments in a manic state, 44 (91.7%)
achieved 8 weeks of euthymia and were available for longitudinal assessments (four patients
were lost to follow-up). The average duration of time to achieve 8 weeks of euthymia after
the end of trial period was 151+104 days.

Absolute metabolite levels and metabolite/tCr ratios in the DMPFC are presented in Table 2.
NAA values and NAA/tCr ratio were significantly lower in euthymic BD patients when
compared to healthy controls (p=0.004 and p=0.008, respectively). Other comparisons
among groups did not yield significant differences (p>0.017). YMRS, CGI-Mania,
HAMD-17, and MADRS score changes did not correlate with metabolite changes (p>0.05).

Discussion

In this study, we assessed DMPFC brain metabolites of BD patients in a longitudinal manner
in comparison with healthy controls. While we did not find differences in NAA, Cho, tCr,
ml, and GIx levels and NAA/tCr, Cho/tCr, mI/tCr, and GIx/tCr ratios during mania vs.
euthymia or mania vs. healthy controls, euthymic BD patients had lower NAA values and
NAAV/tCr ratios compared with healthy volunteers, contrary to our a priori hypothesis.

Previous studies investigating NAA levels and NAA/Cr ratio in FL structures of BD patients
and healthy controls yielded variable findings. While some cross-sectional studies involving
euthymic BD patients mostly on lithium treatment have reported similar NAA levels and
similar or lower NAA/tCr ratio compared with healthy controls in anterior cingular cortex
(ACC), dorsolateral prefrontal cortex (DLPFC), and frontal cortex (FC) (Amaral et al., 2006;
Brambilla et al., 2005; Hamakawa et al., 1999; Molina et al., 2007), higher NAA/tCr ratio in
lithium-treated BD patients has also been found in DLPFC (Brambilla et al., 2005).
Euthymic BD patients who were medication free for at least 2 weeks have been found to
have lower DLPFC NAA/Cr ratio (Winsberg et al., 2000), whereas manic/mixed patients
have been reported to have decreased NAA levels in medial orbital prefrontal cortex and
similar NAA levels in DLPFC compared with healthy controls (Cecil et al., 2002; Michael et
al., 2003). A recent meta-analysis pooling different BD mood states has found higher NAA
levels in DLPFC of BD patients compared to healthy volunteers. The same study has also
found similar NAA levels in ACC and FL and NAA/tCr ratio in ACC and DLPFC. Moderate
to high inconsistency among these studies investigating metabolite levels has been reported
and analyses for mood states could not be performed due to insufficient data (Kraguljac et
al., 2012).
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Only two studies were identified evaluating hypomanic or manic and euthymic BD states in
a longitudinal manner. BD patients who were assessed during hypomania or mania and
euthymia have been reported with similar NAA levels or NAA/tCr ratio in FC and/or ACC
across mood states using univariate and multivariate analyses when compared with healthy
volunteers (Brady et al., 2012; Malhi et al., 2007). Yet one of these studies has reported
decreased parietal occipital cortex and ACC lactate concentrations in euthymic patients,
implicating a metabolic dysfunction still persistent in euthymia (Brady et al., 2012).

Our results reflect a trait-related abnormality in euthymic BD patients with decreased
DMPFC NAA values and NAA/tCr ratio. Trait abnormalities in BD have been extensively
reviewed (Ferrier et al., 1999; Kato and Kato, 2000; Langan and McDonald, 2009; Yildiz et
al., 2001), supported by several lines of additional evidence. The most prominent findings
could be summarized as increased protein kinase A activity, reduced cortical grey matter and
cerebral white matter with increased white matter fiber reconstruction (Langan and
McDonald, 2009), lower membrane phosphomonoesters (Yildiz et al., 2001), decreased
intracellular pH (Kato and Kato, 2000), impaired learning, and cognitive or affective deficits
(Ferrier et al., 1999; Langan and McDonald, 2009) in euthymic BD patients. While it is
inherently difficult to synthesize these findings into a single theory of trait-related
abnormalities of euthymia, mitochondrial dysfunction, abnormalities in brain energy
metabolism, and dysregulation in signal transduction have been proposed to explain for the
underlying pathophysiology (Kato and Kato, 2000; Stork and Renshaw, 2005; Yildiz et al.,
2001). Our findings could fit into these models supporting trait-related abnormalities in BD
as NAA is considered to be a marker of neuronal viability and mitochondrial energy
metabolism (Stork and Renshaw, 2005; Zanetti et al., 2015).

Previous MRS studies with variable results present a challenge for interpreting the literature,
reflected in moderate to high inconsistency among cross-sectional studies (Kraguljac et al.,
2012). Several reasons might be identified as underlying different findings, such as small
numbers of patients and controls, a range of BD treatment settings, different durations of
mood state prior to MRS assessments, different regions of interest, MR field strengths, and
MRS analysis protocols, and mostly cross-sectional study designs (Kraguljac et al., 2012;
Yildiz-Yesiloglu and Ankerst, 2006). In line with these differences, limitations of our study
include a relatively low (1.5 tesla) MR field strength, a 'time factor' as healthy controls were
scanned only once and a range of duration of time to achieve 8 weeks of euthymia was
observed among BD patients, and variable drugs administered to achieve euthymia despite
the best efforts to standardize the open fashion treatment. Indeed, it has previously been
addressed that possible effects of medications administered before or during euthymia on
study endpoints cannot be ruled out (Ferrier et al., 1999; Langan and McDonald, 2009). The
possible effects of a time factor are not known as our study was not designed to evaluate
metabolite changes over time. Nevertheless, our study was conducted in a longitudinal
setting with the largest sample to this date, investigating the state- and trait-related brain
metabolite changes in manic and euthymic states. The inclusion of a matching healthy
control group aligned with the same MRS procedures and the high portion of BD patients
studied both in mania and euthymia contributed to the methodological strength of this study.
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In conclusion, we found a trait-related NAA abnormality in euthymic BD patients, relating
to previous findings supporting neuronal viability and mitochondrial energy metabolism
alterations extending into euthymia. Further studies with longitudinal design and large,
homogenous populations are required to better address and clarify the cerebral metabolic
alterations which could be related with different mood states and responsible for the
etiopathogenesis of BD.
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Abbreviations

ACC anterior cingular cortex

BD bipolar disorder

CGI-Mania Clinical Global Impressions-Bipolar Version Severity of Mania
Cho phosphorylcholine plus glycerophosphocholine

DLPFC dorsolateral prefrontal cortex

DMPFC  dorsomedial prefrontal cortex

DSM-IV  diagnostic and statistical manual of mental disorders, 4th edition

FC frontal cortex
FL frontal lobe
Glx glutamate plus glutamine

1H MRS proton magnetic resonance spectroscopy
HAMD-17 17-item Hamilton Depression Rating Scale

MADRS  Montgomery-Asberg Depression Rating Scale

ml myo-inositol
MR magnetic resonance
NAA N-acetylaspartate

SCID-IVV  structured clinical interview for DSM-IV
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tCr creatine plus phosphocreatine (total creatine)

YMRS Young Mania Rating Scale
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Highlights

. Mood- and trait-related alterations in bipolar disorder continue to elicit
further investigation.

. Dorsomedial prefrontal cortex N-acetylaspartate values were lower in
euthymic patients .

. Dorsomedial prefrontal cortex N-acetylaspartate/Total creatine ratio
was lower in euthymic patients.

. Psychiatric rating score changes did not correlate with brain metabolite
changes.
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Figure 1.
Voxel placement (2cm x 3 cm x 2.5 cm) of dorsomedial prefrontal cortex. Axial (A), sagittal

(B), and coronal (C) magnetic resonance images.
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32 30 28 26 24 22 20 1
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Figure 2.
Sample magnetic resonance spectra of dorsomedial prefrontal cortex (A) of a healthy

volunteer, (B) of a bipolar disorder patient at baseline (mania), and (C) of a bipolar disorder
patient in euthymia. Red line indicates modeled spectrum. Chemical shift in parts per
million (ppm). Abbreviations: Cho, phosphorylcholine + glycerophosphocholine; tCr,
creatine + phosphocreatine; NAA, N-acetylaspartate; ml, myo-inositol; Glx, glutamate +
glutamine.
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Subject characteristics of healthy controls and bipolar disorder (BD) patients.

Table 1

Characteristic Healthy controls (n=44) BD patients (n=48) P value
Age, mean (SD), y 32.0(12.1) 34.4(13.2) 0.3634
Sex (Female/Male), No. 24/20 24124 0.663%
Handedness (Right/Left), No. 3717 0.8600
Mania  Eythymia®
YMRS, Mean (SD) NA 37.8(58) 0.7 (L4)
CGI-Mania, Mean (SD) NA 6.0(0.9) 1.0(0.2)
HAMD-17, Mean (SD) NA 58(40)  0.9(L7)
MADRS, Mean (SD) NA 6.3(45)  1.3(L6)

Page 13

Abbreviations: CGI-Mania, Clinical Global Impressions-Bipolar Version Severity of Mania; HAMD-17, 17-item Hamilton Depression Rating

Scale; MADRS, Montgomery-Asberg Depression Rating Scale; NA, Not Applicable; YMRS, Young Mania Rating Scale.

aFor Student's t test.

b .
For Pearson's chi-squared test.

Cn=a4.
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