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Abstract
Background
The hippocampus is one of the brain regions that is involved in several pathophysi-
ological theories about bipolar disorder (BD), such as the neuroinflammation theory 
and the corticolimbic metabolic dysregulation theory. We compared hippocampal 
 volume and hippocampal metabolites in bipolar I disorder (BD-I) patients versus 
healthy controls (HC) with magnetic resonance imaging (MRI) and spectroscopy 
(MRS). We post-hoc investigated whether hippocampal volume and hippocampal 
 metabolites were associated with microglial activation and explored if potential illness 
modifying factors affected these hippocampal measurements and whether these 
were associated with experienced mood and functioning.

Material and Methods
Twenty-two BD-I patients and twenty-four HCs were included in the analyses. All 
subjects underwent psychiatric interviews as well as an MRI scan, including a T1 
scan and PRESS magnetic resonance spectroscopy (MRS). Volumetric analysis was 
performed with Freesurfer. MRS quantification was performed with LCModel. A 
 subgroup of 14 patients and 11 HCs also underwent a successful [11C]-(R)- PK11195 
neuroinflammation positron emission tomography scan. 

Results
In contrast to our hypothesis, hippocampal volumes were not decreased in patients 
compared to HC after correcting for individual whole-brain volume variations. We 
demonstrated a decreased N-acetylaspartate (NAA) + N-acetyl-aspartyl-glutamate 
(NAAG) concentration in the left hippocampus. In the explorative analyses in the left 
hippocampus we identified positive associations between microglial activation and 
the NAA+NAAG concentration, between alcohol use and NAA+NAAG concentra-
tion, between microglial activation and the depression score and a negative relation 
between Cr+PCr concentration and experienced occupational disability. Duration of 
illness associated positively with volume bilaterally. 

Conclusion
Compared to HCs, the decreased NAA+NAAG concentration in the left hippocampus 
of BD-I patients suggests a decreased neuronal integrity in this region. In addition we 
found a positive relation between microglial activation and neuronal integrity in vivo, 
corresponding to a differentiated microglial function where some microglia induce 
apoptosis while others stimulate neurogenesis.
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Introduction
Bipolar disorder (BD) is a severe mental illness that is characterized by episodic 
pathologic disturbances in mood: (hypo)manic episodes and depressive episodes, 
which alternate with euthymic periods, i.e. with normal mood1. Besides the mood 
symptoms, many patients with BD also show cognitive dysfunctions which may 
 persist during euthymic periods2,3. The lifetime prevalence of BD is about 2%, women 
being affected as frequently as men4,5. Across the world, BD is sixth among all health 
conditions in terms of causing disability6 with poor clinical and functional outcome7, 
increased risk for suicidality 8 and significant societal costs. It has been calculated 
that in the United States the average cost per case ranged from $11,720 to $624,785, 
based on the severity of the illness9. In the European countries societal costs for 
 managing BD are considered to be high as well10–12. 
Although the pathophysiology of BD is complex and its neurobiology remains  largely 
unknown13, several pathophysiological mechanisms have been proposed to ex-
plain at least part of the illness. Among these are microglial activation resulting in 
 neuro-inflammation14, corticolimbic metabolic alterations15, and mitochondrial dys-
function16. The neuroinflammation theory proposes an aberrant state of microglia 
in the brain (microglial activation) and of other immune competent cells to be the 
driving force behind the illness17–19. This theory is supported by findings of higher 
frequencies of comorbid autoimmune diseases, aberrant cytokine concentrations 
(e.g. tumor  necrosis factor alpha, interleukin 4) and elevated inflammation-related 
gene expression in circulating monocytes and T cell activation20–23. The corticolimbic 
theory is based on many studies demonstrating an overall hyperactivation of limbic 
brain regions in BD patients relative to controls, along with an overall hypoactivation 
of prefrontal regions24. Supporting the hypothesis that mitochondrial dysfunction 
plays an important role in BD pathophysiology, several magnetic resonance spectros-
copy (MRS) studies demonstrated cellular energy metabolism disturbances25–27 and 
 structural anomalies in mitochondria were observed in cells of patients with BD28.
The hippocampus, part of the limbic system, is one of the brain regions that is in-
volved in all these pathophysiological theories29. The limbic system is a combination 
of in origin different brain structures that are involved in visceral behavioral  patterns 
(related to survival: eating, drinking, sexual activity), emotions, and memory. Some 
structures, such as the hippocampus and the amygdala, are phylogenetically  rather 
old structures (hence the other name paleomammalian brain), while other parts 
such as the cingulate gyrus and the anterior cingulate cortex are more recently 
 developed structures30. More specifically, the hippocampus has been implicated 
in the  inhibition of stress responses31 and in the regulation of affective states and 
 emotional  behavior32, leading to contextually appropriate emotional responses29. Also, 
the  hippocampus is known to play an important role in encoding new information33. 
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Multiple rodent studies have demonstrated a relationship between a disturbed 
 microglia function in the hippocampus and other pathophysiological changes which 
are thought to relate to neuropsychiatric disorders17,34–36. One study demonstrated 
an increased cytokine response to lipopolysaccharide challenge in the hippo campus 
of SERT mutant rats37. Another rodent study showed stress-induction to induce 
 dynamic microglia changes in the hippocampus alone, which was associated with 
 depressive-like behavior38. In a recently published study using [11C]-(R)-PK11195 
positron emission tomography, we demonstrated focal microglial activation in the 
right hippocampus and non-significant, trend level microglial activation in the left 
hippocampus of BD patients compared to healthy controls (HCs)39. This radiophar-
maceutical binds to the translocator protein (TSPO), a receptor that is upregulated 
in the mitochondria of activated microglia cells40. [11C]-(R)-PK11195 has been used 
successfully in models of central inflammation, such as following an injection of the 
endotoxin lipopolysaccharide in animal models41–43 and investigating infections of the 
central nervous system in humans44–46. In various psychiatric and neurodegenerative 
disorders [11C]-(R)-PK11195 PET has proven to be a useful tool for imaging neuroin-
flammation47–50.
Using another approach, N-acetylaspartate (NAA), a metabolite of which the abso-
lute concentration can be measured using 1H-MRS, has repeatedly (but not always) 
been found to be decreased in the hippocampus of bipolar patients51. NAA is the 
 second most abundant amino acid in the central nervous system. It is formed in 
the mitochondria from acetyl co-enzyme A and aspartate and a decreased NAA is 
thought to represent loss of neuronal integrity. NAA is usually measured together 
with N-acetyl-aspartyl-glutamate (NAAG) by MRS52. Other metabolites that are 
reliably measured by MRS in the hippocampus are (phospho)creatine and choline 
compounds. Phosphocreatine (PCr) functions as an important energy buffer system 
with creatine (Cr) in the muscles and the brain, transporting energy generated in the 
mitochondria to the cytoplasm to maintain a constant ATP concentration. Gradual 
loss of creatine in conjunction with other major metabolites indicates tissue death or 
major cell death resulting from disease53. Interestingly, gene expression of creatine 
kinase, the enzyme that facilitates the Cr-PCr conversion, was found decreased in the 
hippocampus and prefrontal cortex of BD patients in a post mortem analysis54. The 
GPC+PCh peak of the 1H-MRS detects mainly phosphocholine (PCh) and glycero-
phosphocholine (GPC), products of synthesis and breakdown of the cell membrane55.
Regarding structural brain alterations a recent review summarized the scientific 
 evidence for a small decrease in hippocampal volume that seemed to be counter-
acted by lithium treatment56,57. This decrease should be looked upon in the light that 
the whole-brain volume of BD patients is known to be smaller than that of HCs58. 
The  relation between the various functional pathophysiological mechanisms and 
 structural alterations of the hippocampus remains, however, unclear56. 
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In the current study we compared hippocampal volume and metabolites in bipolar 
I disorder (BD-I) patients with HCs using magnetic resonance imaging (MRI) and 
 spectroscopy (MRS). We a priori hypothesized hippocampal volume and the NAA 
 metabolite to be decreased in BD patients, compared to HCs. 
Subsequently, within the BD-I and HC group, we post-hoc investigated whether 
hippocampal volume and metabolites were associated with microglial activation. 
Furthermore, we explored if potential illness modifying factors such as duration of 
illness, medication use, body mass index (BMI), exercise, smoking, number of caffeine 
consumptions and alcohol use did affect these hippocampal measurements within 
the BD-I group and whether these hippocampal measurements were associated with 
experienced mood and functioning.
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Material and Methods
Participants
For the present cross-sectional case-control study we included 22 BD-I patients and 
24 HCs demographically similar in age and gender that participated in the MOODIN-
FLAME study (http://www.moodinflame.eu). All subjects underwent a MRI-scan and a 
subgroup of the subjects also received a PET-scan (15 patients, 12 controls)59. 
In the MOODINFLAME study adult male and female subjects were included who were 
free of inflammation related symptoms including fever and current or recent infec-
tious or inflammatory disease, uncontrolled systemic disease, uncontrolled metabolic 
disease or other significant uncontrolled somatic disorders known to affect mood. 
They did not use somatic medication known to affect mood or the immune system, 
such as corticosteroids, non-steroid anti-inflammatory drugs and statins. Female 
candidates who were pregnant or recently gave birth were excluded. Patients and 
controls did not have a contraindication for MRI scanning. Patients and controls who 
participated in the PET-scan were free of benzodiazepines at least in the last week 
prior to the scan. They were also free of anticoagulant use or presence of coagulation 
disease and did not participate in a prior research study involving radiation less than a 
year ago.
Patients were allowed to continue their regular psychopharmacological treatment. 
They were neither in a depressed nor (hypo-)manic episode at the time of scanning 
as indicated by an Inventory of Depressive Symptoms - Clinician Version (IDS-C30) 
score <22 and a Young Mania Rating Scale (YMRS) score <12, respectively. Patients 
with any other current primary major psychiatric diagnosis were excluded including: 
schizophrenia, schizoaffective disorder, anxiety disorder and substance use disorders. 
HCs did not have any current or lifetime psychiatric diagnosis. 

Ethical Considerations
The Medical Ethical Review Committee of the University Medical Center Groningen 
approved the protocol, which was performed in accordance with the Helsinki Decla-
ration of 201360. Written informed consent was obtained from all participants.  

Assessments
All subjects underwent a Mini-International Neuropsychiatric Interview (MINI) to 
confirm the diagnosis in the patient group and the absence of psychiatric disorders 
in the HCs61. Clinical features were extracted from the interviews held according to 
the general MOODINFLAME protocol. This protocol included the Patient Question-
naire of the former Stanley Foundation Bipolar Network, the YMRS, the IDS-C30 and a 
 somatic illness questionnaire. 
The Patient Questionnaire includes separate clinician and patient chapters covering a 
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spectrum of clinical features including vocational, educational and economic  status, 
onset and course of illness, family history, past treatment, cycling and seasonal pat-
terns, medical problems, medications, ability to function and symptomatic status, 
precipitants of illness (e.g. substance use), treatment adherence and insight into the 
illness62. In the event of a mismatch of results from the MINI in relation to the Patient 
Questionnaire, diagnoses were checked with the treating physician. The YMRS is an 
eleven-item, multiple-choice questionnaire to assess manic symptoms63. The IDS-C30 
is a thirty-item, multiple-choice questionnaire to assess depressive symptoms of 
all symptom domains of depression64. The YMRS and IDS-C30 were assessed shortly 
before the scans and used in the relevant analyses. The somatic illness questionnaire 
is a MOODINFLAME specific checklist exploring all the organ systems for current and 
lifetime medical symptoms.

Magnetic Resonance Imaging
Using a 3T MRI scanner and an eight-channel head coil (3T Intera, Philips, Best,  
The Netherlands), we acquired anatomical axial T1 weighed MRI images, as well as 
two single volume point-resolved spectroscopy sequence (PRESS) MRS scans. The  
T1  images were used in the volumetric analysis and were used to determine the place-
ment of the MRS volume of interest (VOI). These images were also used in the tissue 
type analysis of the MRS VOI and provided the anatomical reference for the normal-
ization of the PET scans to standard brain morphology of all subjects. In the subgroup 
that underwent both a PET scan and an MRI, these were made no more than 1 week 
apart and even on the same day in 11 of the 27 subjects (41%).

Volumetric analysis
The high resolution 3D T1-weighted images were acquired by 3D ultrafast spoiled 
gradient echo sequence (SPGR) with the following acquisition parameters:  repetition 
time (TR) = 9.758 ms, echo time (TE) = 4.59 ms, flip angle = 8°, slice thickness = 
1.2 mm, single-shot, field of view (FOV) = 220 · 174 mm, matrix = 256 · 256, voxel 
size=0.859 · 0.859 · 1.200 mm. A total of 130 axial images were collected for each 
subject, encompassing the whole-brain. PAR-REC files collected from scanning were 
transferred into NIFTI format data using MRIcroX software (version 1.2, 
http://www.mccauslandcenter.sc.edu/CRNL/tools/mricro).
Cortical reconstruction and volumetric segmentation was performed with the Free-
surfer image analysis suite (version 5.3.0, http://surfer.nmr.mgh.harvard.edu) and 
was used to obtain the volume of the left and right hippocampus (Figure 1), as well as 
the whole-brain volume (not including the ventricles). The technical details of these 
 procedures are described in prior publications65,66. Freesurfer is known to be a robust 
tool for automated segmentation of the hippocampus67. The Freesurfer volumetric 
analyses of the participants all passed a visual quality control check.
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Magnetic resonance spectroscopy
All 1H MRS data were acquired using a point-resolved spectroscopy sequence (PRESS) 
with echo time (TE) = 144 ms, repetition time (TR) = 2000 ms, 128 acquisitions, 
sample frequency = 2 kHz, 1024 complex data points. Water unsuppressed spectra 
were also acquired for absolute quantification of metabolites in units of mmol/kg wet 
weight. Two single volume 15 · 15 · 15 mm (3375 mm3) VOIs were placed on the head 
of the left and right hippocampus (Figure 2). Due to technical problems 1H MRS scans 
failed in two healthy controls. The absolute quantification of the spectral metabolites 
NAA+NAAG, glutamate, glutamine, myo-inositol, Cr+PCr, GPC+PCh, taurine, alanine, 
aspartate, gamma-amino-butyric acid and glucose, as well as lipid and macromol-
ecule resonances, was performed using the Linear Combination Model (LC Model) 
software68, an operator-independent fitting routine (Figure 3). Only the results of the 
more reliable metabolites (NAA+NAAG, Cr+PCr and GPC+PCh) were used. Quantifi-
cation results in which these metabolites had a Cramer-Rao Lower Bounds of more 
than 20% were excluded for analysis69, providing 87 reliable MRS results (left hippo-
campus 22 patients, 21 controls; right hippocampus 22 patients, 22 controls).
Tissue-type segmentation was performed on the T1-weighed MRI image using an in-
house developed automation script. FMRIB’s Automated Segmentation Tool (FAST) 
part of FMRIB’s Software Library (FSL 5.0.7, http://www. fmrib.ox.ac.uk/fsl) was used 
for segmentation of the whole-brain into gray matter (GM), white matter (WM) and 

FIGURE 1 
Freesurfer hippocampus volumes

Three-dimensional model of the segmented left and right hippocampus (yellow) of a female 
patient using Freesurfer and displayed in 3D Slicer (www.slicer.org).
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FIGURE 2 
Freesurfer hippocampus volumes

T1-weighted sagittal, coronal and axial MRI locations for left hippocampal 1H-MRS single 
voxel acquisitions in a male patient.

FIGURE 3
Examples of MRS spectra

Examples of MRS spectra located in the left hippocampus of a female patient with bipolar 
I disorder and a female healthy control. GPC+PCh = glycerylphosphorylcholine plus 
choline, Cr+PCr = creatine plus phosphcreatine, NAA+NAAG = N-acetyl-aspartate plus 
N-acetylaspartylglutamate.
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cerebrospinal fluid (CSF) content. Subsequently the VOI position and angulation 
was selected based on the MRS header information using the Analysis of Functional 
 NeuroImages package (AFNI, version jan 8 2014, http://http://afni.nimh.nih.gov). The 
GM, WM and CSF content of each MRS VOI was calculated. To correct for the tissue 
composition in each voxel, the GM fraction of each VOI was included as a co-variate in 
the statistical analyses.

Positron emission tomography
PET procedures have been described extensively previously59,48. In short, PET imaging 
was performed with the ECAT EXACT HR+ camera (Siemens, Knoxville, Tennessee). 
Head movement was minimized with a head-restraining adhesive band and a neuro-
shield was used to minimize the interference of radiation from the subject’s body. A 
60-minute emission scan in 3D-mode was performed, starting simultaneously with 
the intravenous injection of [11C]-(R)-PK11195. During the PET scan arterial blood 
samples were collected to generate metabolite-corrected plasma and blood input 
functions. MRI images were co-registered to the sum of all frames of the PET scan, 
resulting in the most optimal co-registration, using statistical parametric mapping 
(SPM8; Welcome Trust Center Neuroimaging, University College London, UK). 
One participant admitted having used a benzodiazepine on the evening prior to the 
scan after completing inclusion. In another inclusion, technical difficulties were 
 experienced with the automatic blood sampling system prohibiting valid determina-
tion of the input function. These two subjects were removed from the subsequent 
PET-analyses, providing 25 reliable scans (14 patients, 11 healthy controls). 
Gray matter regions of interest (ROIs) were defined by the co-registered MRI  images 
using a probability map that was based on automatic delineation of ROIs with the 
PVElab software70. The ROIs were transferred to the dynamic PET images and 
time-activity curves were calculated. In total 15 ROIs were calculated, including the 
left and right hippocampus59. 
The time-activity curves of all ROIs were used for kinetic modeling with software 
developed in Matlab 7.1 (Mathworks, Natick, Massachusetts). A two-tissue compart-
ment model was used to calculate the k1-k4 with the metabolite corrected plasma and 
blood curve as an input function, correcting for the individual delay and a free blood 
volume. The binding potential was defined as k3/k4 and was calculated for each ROI 
individually.
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Statistical Analysis
Statistical analyses were performed using Stata Statistical Software, release 11 
(StataCorp. 2009, College Station, Texas). 
The differences in demographic data between the groups were investigated with 
 Student’s t-test (age), Pearson’s chi-squared test (gender) and Wilcoxon-Mann-Whit-
ney rank-sum test (IDS-C30 score, YMRS score).
Differences in volumes, metabolites and binding potential between the BD-I pa-
tient and HC groups were analyzed using linear regression models, using covariates 
to control for individual variation known to influence the dependent variables. In 
the volumetric analysis the difference in whole brain volume between BD-I patients 
and HCs was investigated beforehand, correcting for age. Because of a known age- 
related brain volume reduction71 which is also present in individuals without brain 
disorder, age was used as a covariate when analyzing the whole-brain volume. In the 
subsequent volumetric hippocampus analyses, the left hippocampus volume and 
right hippocampus volume were used as dependent variables. In these analyses the 
 whole-brain volume was used as a covariate thereby taking age-related variations 
into account. In the MRS analyses, the concentration of GPC+PCh, Cr+PCr and 
 NAA+NAAG were used as dependent variables in separate models for the left and the 
right hippocampus. Because besides GM fraction age is also known to influence the 
metabolites in the hippocampus 72 both GM fraction and age were used as covariates 
in the MRS analyses. In the PET analysis the binding potential of the left hippocampus 
and the binding potential of the right hippocampus were used as dependent vari-
ables. The whole-brain GM binding potential was used as a covariate to normalize for 
individual global cerebral [11C]-(R)-PK11195 uptake variations, thereby taking known 
age-related variations into account73. Beforehand inverse square root transformation 
was applied to the PET binding potentials to meet the normality assumption. 
The results of the group analyses are presented as means with 95% confidence 
 intervals (CI), except for the PET results, which are presented as back-transformed 
means with 95% CI. To correct for multiple comparisons in the group analyses false 
discovery rate (FDR<0.1) correction was applied to the results per scan modality (MRI, 
MRS, PET), as described by Benjamini-Hochberg74.
Subsequently, we performed explorative post-hoc regression analyses within the BD-I 
group in accordance with the pathophysiological model in figure 4, on both the left 
and right hippocampus. Lifestyle habits (body mass index (BMI), exercise, smoking, 
number of caffeine consumptions, alcohol use) and medication use were solely used 
as independent variables. Hippocampal volume, metabolites and neuroinflammation 
(binding potential) were used both as dependent and independent variables. IDS-C30 
depression score and experienced occupational disability were solely used as depen-
dent variables. For comparison, the associations within the hippocampal measure-
ments were also analyzed within the HC group and across groups for independent 
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variable · group interaction analysis, taking neuroinflammation (binding potential) 
as a dependent variable and volume and metabolites as dependent variables in the 
 respective analyses.
All post-hoc analyses were performed with linear regression, except for the analyses 
in which IDS-C30 depression score and experienced occupational disability were in-
volved. Those were executed with ordered logistic regression. Analyses with a specific 
medication were not thought useful if less than five patients received the treatment. 
In each regression analysis the same covariates were entered that were used in the 
corresponding group analysis (whole-brain volume for hippocampus volume; age and 
GM fraction for metabolites, whole-brain GM binding potential for neuroinflamma-
tion), except for the analyses between volume, metabolites and neuroinflammation, 
where age was not included.
The results of the explorative regression analyses are presented as regression 
 coefficients β with 95% CI. The level of significance was defined as 0.05, two-sided. 
Non-significant trends are mentioned when p<0.1, two-sided.

FIGURE 4
Explorative analyses model

Post-hoc univariate regression analyses were performed within the BD-I group in accordance 
with this pathophysiological model, on both the left and right hippocampus. Lifestyle habits 
(body mass index (BMI), exercise, smoking, number of caffeine consumptions, alcohol 
use) and medication use were solely used as independent variables. Hippocampal volume, 
metabolites and microglia activation (binding potential) were used both as dependent and 
independent variables. IDS-C30 depression score and experienced occupational disability 
were solely used as dependent variables. In each regression analysis the same covariates 
were entered that were used in the corresponding group analysis (whole-brain volume 
for hippocampus volume; age and gray matter (GM) fraction for metabolites, whole-brain 
GM binding potential for neuroinflammation), except for the analyses between volume, 
metabolites and neuroinflammation, where age was not included.
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Results
Demographics
Subject characteristics are displayed in Table 1. Differences between the groups in 
gender, age, handedness and YMRS-score were not significant. The difference in 
the mean IDS-C30 score between BD-I patients and HCs was statistically significant 
 (z=-3.595; p=0.0003). 

Group analyses
Volumetric analyses
Whole-brain volume in BD-I patients was significantly decreased with 6.0%, when 
calculated without correcting for age (respectively 1.10 (CI 1.05 - 1.14) dm3 versus 1.17 
(CI 1.12 - 1.23) dm3, t=2.13, p=0.038). However, after correcting for age this difference 
was not significant anymore (respectively 1.11 (CI 1.07 - 1.16) dm3 versus 1.16   
(CI 1.12 - 1.20) dm3, F=2.39, p=0.129). 
Both left and right hippocampal volumes were significantly decreased in BD-I 
 patients with respectively 7.2% and 7.5%, when compared to HCs without correcting 
for whole-brain volume (left: respectively 4.14 (CI 3.96 - 4.31) cm3 versus  

TABLE 1 
Characteristics of the subjects

 Bipolar disorder Healthy controls 
Group size 22 24 
Gender   
 Male 10 (45%) 12 (50%) 
 Female 12 (55%) 12 (50%) 
Age (mean (range), yr) 44.5 (24-61) 38.5 (19-67) 
Right handedness 11 (50%) 17 (70%) 
IDS-C30 score (mean (range)) 5.1 (0-14) 1.5 (0-12) 
YMRS score (mean (range)) 0.2 (0-2) 0 (0-0) 
Duration of illness (mean (range), yr) 25.3 (1-39)  
Age at onset (mean (range), yr) 20.2 (12-43)  
Medication   
 Citalopram 3 (13%)  

Trazodon 3 (13%)  
 Lithium 13 (59%)  
 Valproate 6 (27%)  
 Carbamazepine 1 (5%)  

Levetiracetam 1 (5%)  
 Lamotrigine 6 (27%)  

Quetiapine 6 (27%)  
L-Thyroxine 4 (18%)  

 Benzodiazepines 2 (9%)  
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4.46 (CI 4.25-4.66) cm3, t=-2.44, p=0.019; right: respectively 4.21 (CI 4.01-4.42) cm3 
versus 4.55 (CI 4.35-4.74) cm3, t=-2.48, p=0.017), both being significant below the 
FDR threshold). However, for both volumes the difference between the patient and 
control group was not significant anymore after correction for whole-brain volume 
(left: respectively 4.23 (CI 4.09 - 4.38) cm3 versus 4.37 (CI 4.23 - 4.51) cm3, t=-1.28, 
p=0.207; right: respectively 4.31 (CI 4.17 - 4.46) cm3 versus 4.45 (CI 4.31 - 4.60) cm3, 
t=-1.32, p=0.193; figure 5).

Magnetic resonance spectroscopy
Analysis of the quantitative MRS results for each VOI (left and right hippo campus) 
taking the metabolite concentrations as dependent variables, indicated that 
 NAA+NAAG – but not Cr+PCr and GPC+PCh – was significantly decreased below 
the FDR threshold in the left hippocampus of BD-I patients when compared to the 
healthy controls. No significant differences in any of the metabolites were observed 
between patients and HCs in the right hippocampus (Table 2). 

FIGURE 5
Hippocampus volumes

Mean volumes of the left and right hippocampus of healthy controls and bipolar I disorder 
patients, corrected for whole-brain volume. Statistical analysis on the binding potentials 
was performed using linear regression models, with the whole-brain volume (not including 
ventricles) as a covariate. Results are presented as bars (mean) with error stripes (standard 
error). The differences between the patient and control group were not statistically 
significant.
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Positron emission tomography
We previously published the results of a general linear model with the left and right 
hippocampi binding potentials as the dependent variables that demonstrated a 
 significantly increased [11C]-(R)-PK11195 binding potential in the right hippocampus 
of the patients when compared to the healthy controls (1.66 (CI 1.45 – 1.91) versus 
1.33 (CI 1.16 – 1.53), p=0.033). This result was statistically significant below the FDR 
threshold for multiple comparisons. The difference between the [11C]-(R)-PK11195 
binding potential of the left hippocampus of BD-I patients compared to the healthy 
controls demonstrated a non-significant trend (1.55 (CI 1.30 – 1.90) versus 1.20  
(CI 1.00 – 1.46), p=0.071) 59. 

Explorative analyses
Neuroinflammation, metabolites and volumes
When looking at the associations of the measurements within the hippocampus,  
a significant association was demonstrated between the [11C]-(R)-PK11195 binding 
potential and the NAA+NAAG concentration (transformed β=-8.77 (CI -17.29 – -.25), 
p=0.045, figure 6) in the left hippocampus of BD-I patients. A non-significant trend 
level association was found between the [11C]-(R)-PK11195 binding potential and the 
GPC+PCh concentration on the same side  

TABLE 2
Concentration of brain metabolites in bipolar disorder and healthy control  
subjects

Mean metabolite concentrations (mmol/kg wet weight, CI) in the left and right hippocampus 
of healthy controls and BD-I patients. Statistical analyses on the metabolite concentrations 
was performed using separate linear regression models for each metabolite, with age and 
gray matter fraction as covariates. The results are presented as means with 95% confidence 
intervals (CI). A significantly decreased NAA+NAAG concentration was observed in the left 
hippocampus of the patients when compared to the healthy controls after false discovery 
rate correction (FDR). GPC+PCh = glycerylphosphorylcholine plus choline, Cr+PCr = creatine 
plus phosphcreatine, NAA+NAAG = N-acetyl-aspartate plus N-acetylaspartylglutamate. 
 * statistically significant below the 0.1 FDR threshold for multiple comparisons. 

Volume of interest / metabolite Bipolar disorder Healthy controls p 
Left hippocampus (n=22) (n=21)  

GPC+PCh 4.35 (4.01-4.70) 4.64 (4.28-4.99) 0.286 
 Cr+PCr 11.13 (10.42-11.85) 12.30 (11.56-13.02) 0.037 

 NAA+NAAG 14.55 (13.68-15.41) 16.28 (15.40-17.16) 0.011* 

Right hippocampus  (n=22) (n=22)  
GPC+PCh 4.44 (4.05-4.84) 4.31 (3.92-4.70) 0.648 

 Cr+PCr 11.04 (10.06-12.02) 11.24 (10.26-12.22) 0.784 
 NAA+NAAG 13.18 (12.02-14.50) 14.14 (12.97-15.30) 0.271 
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(transformed β=-3.38 (CI -7.43 – .67), p=0.093). These associations were not sig-
nificant in the right hippocampus.  Associations between [11C]-(R)-PK11195 binding 
potentials and volumes as well as associations between metabolites and volumes 
were not significant in BD-I patients.
In the HC group that was analyzed for comparison, no significant associations were 
found between [11C]-(R)-PK11195 binding potentials and volumes and between 
 [11C]-(R)-PK11195 binding potentials and metabolites on either side. A non-significant 
trend level association was demonstrated between the [11C]-(R)-PK11195 binding 

FIGURE 6
Association between [11C]-(R)-PK11195 binding potential and NAA+NAAG 
concentration in the left hippocampus of bipolar I disorder patients and 
healthy controls

Association between [11C]-(R)-PK11195 binding potential and NAA+NAAG concentration in 
the left hippocampus of bipolar I disorder patients and healthy controls. Statistical analysis 
on the associations was performed using separate linear regression models for each subject 
group. Squares and dots represent the transformed [11C]-(R)-PK11195 binding potential and 
the NAA+NAAG concentration in an individual BD-I patient or healthy control, respectively. 
Within the BD-I patients group the solid fit line represents the statistical significant 
association between both hippocampal measurements. Within the HC group the dashed 
fit line represents the non-significant trend level association between both hippocampal 
measurements. Note that the x-axis is reversed to display the natural relation after inverse 
square root transformation of the [11C]-(R)-PK11195 binding potential. NAA+NAAG = 
N-acetyl-aspartate plus N-acetylaspartylglutamate.
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potential and the NAA+NAAG concentration (transformed β=-4.82 (CI -9.80 – .14), 
p=0.055, figure 6) of the left hippocampus of HCs. 
The association between the left hippocampus [11C]-(R)-PK11195 binding potential 
and the NAA+NAAG concentration was significant across both groups, when adding 
group as a covariate (transformed β=-7.88 (CI -13.1 – 2.6), p=0.006), with group also 
being significant (p=0.007). After adding an independent variable · group interac-
tion term, the association, group variable and interaction term were not significant 
any more. The association between the left hippocampus [11C]-(R)-PK11195 binding 
 potential and the GPC+PCh concentration was also significant across both groups, 
when adding group as a covariate (transformed β=-3.18 (CI -5.92 – -.45), p=0.025), 
with group not being significant (p=0.131). Again, after adding an independent 
 variable · group interaction term, the association, group variable and interaction term 
were not significant any more. The other across groups associations were not signifi-
cant.

Depression score and occupational disability 
The depression score associated significantly with the [11C]-(R)-PK11195 binding 
 potential in the left hippocampus (transformed β=-8.39 (CI -16.53 – -.24), p=0.044). 
A non-significant negative trend was observed in the association between the 
 depression score and the left GPC+PCh concentration (β=-.827 (CI -1.756 – -.24), 
p=0.081). The depression score was not associated significantly with hippocampal 
volume on either side. 
Experienced occupational disability showed a significant negative association with 
Cr+PCr concentration in the left hippocampus (β=-.513 (CI -1.011 - -.015), p=0.043). 
The relation between experienced occupational disability and both left and right 
 hippocampal volumes demonstrated non-significant trends (left β=.00272 (CI 
-.00027 - .0057), p=0.075; right β=.00243 (CI -.00035 - .00521), p=0.087). Associa-
tions between work disability and the right hippocampal metabolites, as well as with 
the [11C]-(R)-PK11195 binding potentials were not significant.

Duration of illness, lifestyle habits, medication 
Duration of illness was significantly associated with both left and right hippocampal 
volumes (left β=13.0 (CI .1 – 25.9), p=0.049; right β=18.6 (CI 2.0 – 35.2), p=0.030). 
 Associations between duration of illness and hippocampal metabolites, as well as 
with the [11C]-(R)-PK11195 binding potentials were not significant.
None of the associations between BMI, exercise level, number of caffeine con-
sumptions, smoking and any of the hippocampal measurements were found to be 
 statistical significant. Alcohol use was significantly associated with the NAA+NAAG 
concentration in the left hippocampus (β=1.22 (CI .14 – 2.30), p=0.029), but no 
 significant association was found with the other hippocampal measurements.
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Lithium, valproate, lamotrigine, levo-thyroxine and quetiapine were the most 
 frequently used medications (table 1) and the effects of these medications when 
taken by at least five patients on the hippocampal measurements were explored.  
A significant association was found between lithium use and the GPC+PCh and 
Cr+PCr concentrations in the right hippocampus (β=1.10 (CI .00 – 2.19), p=0.050 and 
β=2.52 (CI .05 – 4.98), p=0.046), while the association with the NAA+NAAG concen-
tration demonstrated a non-significant trend (β=2.96 (CI -0.07 – 5.99), p=0.055). A 
non-significant trend level association was found between lithium use and right hip-
pocampus microglia activation (transformed β=-.122 (CI -.26 – -.01), p=0.074). In the 
left hippocampus, non-significant trend level associations were also found between 
lithium use and the GPC+PCh and Cr+PCr concentrations (β=0.95 (CI -.01 – 1.92), 
p=0.053 and β=1.73 (CI -.15 – 3.61), p=0.069), as well as a negative non-significant 
trend level association between valproate use and the NAA+NAAG concentration 
(β=-1.98 (CI -4.03 – .06), p=0.057). The association between quetiapine use and left 
hippocampal volume also demonstrated a non-significant trend (β=235 (CI -45 - 
556), p=0.095). 
A visual summary of the left hippocampus explorative analyses results is displayed in 
figure 7. 

FIGURE 7
Summary of the left hippocampus explorative analyses results

Summary of the left hippocampus post-hoc explorative univariate regression analyses 
within the BD-I group in accordance with the pathophysiological model, displayed in figure 
4. Solid lines represent the statistical significant associations with p<0.05 and dashed lines 
represent trend level associations with p<0.1.
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Discussion
In the group analyses, we demonstrated decreased concentrations of NAA+NAAG 
and Cr+PCr in the left hippocampus of BD-I patients as compared to HCs. We were 
not able to prove decreased hippocampal volumes between these groups after cor-
recting for individual whole-brain volume variations. In the subsequent explorative 
analyses that were executed in accordance with an a priori analyses model, in the left 
hippocampus we identified positive associations between microglial activation and 
the NAA+NAAG concentration, between alcohol use and NAA+NAAG concentra-
tion, between microglial activation and the depression score and a negative relation 
between Cr+PCr concentration and experience occupational disability. Duration of 
illness was also associated with hippocampal volume bilaterally. 
The fact that we did not find smaller hippocampal volumes in BD-I patients than 
in HCs is in agreement with 14 out of 18 studies that also failed to demonstrate a 
significant difference between BD patients and HCs56. The absence of reduction in 
hippocampus volume in BD-I patients compared to controls differs from findings in 
unipolar major depressive disorder as well as in schizophrenia75,76. It has been sug-
gested that the absence of hippocampal volume reduction in BD patients is caused 
by the use of lithium by BD patients77 as an increase in hippocampus volume has been 
demonstrated to be associated with lithium use78,79. We were however not able to find 
an association in hippocampus volume and lithium use, but this may be explained 
by lack of statistical power. Moreover, at least some of the patients who were not 
taking lithium at the time of the study had done so in the past. Our observation that 
the whole-brain volume is smaller in BD-I patients compared to HCs, but that this 
difference disappears after correction for age is in line with the meta-analysis of brain 
volume in BD by De Peri58. It is conceivable that these brain changes have occurred 
already before the first mood episode arose80. Otten and Meeter previously suggested 
that this may also be the case for the hippocampus56. The present study demon-
strated a positive association between both left and right hippocampus volume 
and  duration of illness, which would suggest a tendency to evolve into hippocampal 
 volumes more comparable to healthy individuals with the course of the illness. 
We demonstrated a decreased NAA+NAAG concentration in the left hippocampus 
of BD-I patients when compared to HCs. This finding suggests decreased neuronal 
viability in the left hippocampus of our BD-I patients. It is conspicuous that we found 
the NAA+NAAG decrease solely in the left hippocampus. The demonstrated associa-
tions between lithium use and the hippocampal metabolites that were more obvious 
in the right hippocampus may point towards an equilibrium restoring effect of lith-
ium. Indeed, lithium is know to increase the concentration of brain metabolites81,82. 
Furthermore, our findings do not stand-alone. Although several 1H-MRS studies have 
demonstrated a bilateral decreased NAA concentration in the hippocampus83,84, 
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others have also demonstrated a unilateral increase85, decrease86 or failed to demon-
strate any difference bilaterally87,88. 
In the left hippocampus, microglial activation was associated with both NAA+NAAG 
and the depression score after correction for variations in individual [11C]-(R)-PK11195 
uptake. At first glance, the positive association with NAA+NAAG is counterintui-
tive to the neuroinflammation theory, which hypothesizes that microglial activa-
tion induces a local inflammatory milieu with inflammatory toxic metabolites and 
compounds, which have a negative effect on neuronal survival thereby producing 
mood symptoms17. It could be argued that perhaps the NAA+NAAG increase is 
caused by an effect of the microglial activation attracting and activating more im-
mune  competent cells thereby increasing the NAA+NAAG concentrations directly. 
Our observations urge for another explanation, which could lie within a differential 
activation of  microglia. As with peripheral macrophages activation could be in an in-
flammatory sense (M1 macrophages), an anti-inflammatory sense (M2 macrophages), 
and a  regenerating/tissue support sense (M2b macrophages) animal models demon-
strated that microglia are also involved in tissue regeneration and play an active role in 
 neuronal support, i.e. the development of mature synapses during embryogenesis89, 
pruning synapses postnatally90, regulating neurogenesis91 and inducing apoptosis17 in 
the hippocampus as well as in other regions. Unfortunately, this differentiated activa-
tion cannot be visualized in vivo with PET imaging. It may well be the case that some 
microglial cells induce apoptosis, while others are actively facilitating neurogenesis, 
which would explain an overall decreased NAA+NAAG, but positive relationship with 
microglial activation, represented by the neuroinflammation related [11C]-(R)-PK11195 
binding potential. This would be consistent with an adapted variation of the neuro-
inflammation theory by Sterz et al.19. They postulate that after the first acute mood 
episode neuronal injury causes the release of damage-associated molecules that 
 activate the microglia. The activated microglia in turn release both proinflamma-
tory cytokines and neurotrophic factors. These molecules induce modifications of 
the synaptic environment by synaptic pruning as an adaption attempt to cope with 
the insult caused by the acute episode. Then, after several episodes, the excessive 
 production of proinflammatory cytokines, exceeding the normal down- regulatory 
capacity, maintains the microglia in a constantly activated state19. This left side 
 microglial activation - NAA+NAAG association in BD-I patients follows roughly the 
same positive direction as the trend-level association within the HCs (figure 6). It is 
conspicuous that within the BD-I patients group the scatter cloud is positioned more 
in the upper left quadrant, whereas within the HCs the scatter cloud is positioned 
more in the lower right quadrant, possibly indicating a shift in the microglia-neuronal 
equilibrium. The fact that the interaction analysis across groups was non-significant 
suggests an underlying, confounding mechanism steering this possible equilibrium 
shift.
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The positive relation between alcohol use and NAA+NAAG contradicts a recent 
study in which alcohol abuse was associated with a decrease in NAA/Cr in the 
 visual cortex92. However, none of our subjects had an alcohol abuse disorder and it 
could be postulated that perhaps alcohol use could lead to a NAA+NAAG increase, 
whereas abuse would lead to a decrease. This is supported by an animal model study 
demonstrating NAA+NAAG to be increased in the frontal cortex of low dose ethanol 
exposed rats compared to controls, whereas high dose ethanol exposed rats demon-
strated a decrease in NAA+NAAG 93.
The left hippocampal creatine concentration associated negatively with experienced 
occupational disability in the patient group, meaning patients with a lower left hippo-
campal creatine are more likely to experience hinder in their occupational activities 
due to BD. This is in line the mitochondrial dysfunction theory16.
The current study has several limitations. First, all patients were naturalistically 
 treated and none of them was ‘medication naive’ possibly leading to medication 
 effects in the observations revealing false phenomenon or concealing true ones. It 
is known that most mood stabilizing medications, including lithium, anticonvulsants 
and antipsychotics, as well as several antidepressants (SSRI’s, clomipramine, imipra-
mine, MAO inhibitors) have an effect on the immune system18,21,94–97. In general their 
effects are thought to be immunosuppressive in nature. Although we demonstrated 
a positive trend level association with lithium use and right hippocampal microglia 
activation, it can be argued that in the present study most medications would actually 
have reduced the effect of the observed neuroinflammation. Also in this regard, an 
effect of previous benzodiazepine use on the TSPO-receptor cannot be ruled out. 
Second, the cross-sectional design of the study is suboptimal for the explorative 
analyses considering cause and effect. Third, although the MRI and PET scans were 
acquired not more than one week apart, ideally the scanning would take place simul-
taneously, to avoid noise in the measurements due to pathophysiological changes 
within the scanning timeframe. Fourth, increased [11C]-(R)-PK11195 binding to the 
TSPO receptor in the brain is traditionally related to microglia activation17. It is import-
ant to note that the TSPO receptor can also be expressed in astrocytes, potentially 
influencing the [11C]-(R)-PK11195 binding potential signal98. However,  because both 
cells are known to contribute to neuroinflammation99, it can be  argued that regard-
less of activated microglia cells or astrocytes being responsible for the increased 
TSPO expression, the increased [11C]-(R)-PK11195 binding most likely  represents a 
 neuroinflammatory process either way. Fifth, the study would have taken advantage 
of a  larger sample size thereby increasing its statistical power. Analyses with little 
 statistical power are indicated by wide confidence intervals. This limitation further-
more relates to the problem of the risk of increased type I-errors in the multiple 
 explorative analyses. We chose not to apply alpha or any other correction  
for  multiple testing in these analyses because it would obscure most if not all 
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 observations,  thereby increasing the risk of type-II-errors100, and we consider these 
results important direction indicators in the process of future hypotheses forming. In 
this regard it must be noted that our patients were almost all in the euthymic state, 
so they were not markedly depressed. It remains uncertain whether the pathophysio-
logical  processes would be more pronounced or altered during a depressive or manic 
episode. 
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Conclusions
In conclusion, the main findings of this study are a decreased NAA+NAAG concentra-
tion in the left hippocampus of BD-I disorder patients compared to HCs, suggesting 
decreased neuronal integrity in this region. In addition we found a positive relation 
between microglial activation and neuronal integrity in vivo, corresponding to a 
 differentiated microglial function.
In our opinion, especially this relation between microglial activation and neuronal 
viability deserves verification in further neuroimaging studies because it provides an 
entrance into integrating individual pathophysiological theories of BD. In this regard, 
there is ample need for pathophysiological oriented studies focusing on integrating 
multiple imaging and biomarker assays to unravel the pathophysiological processes 
of BD patients. However, the importance of these pathophysiological theories clearly 
extends beyond BD and it therefore would be of interest to replicate these findings, 
not only in BD, but also in other disorders, such as major depressive disorder and 
schizophrenia.
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