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Cerebral bioenergetic differences measured by phosphorus-31
magnetic resonance spectroscopy between bipolar disorder
and healthy subjects living in two different regions suggesting

possible effects of altitude
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Aim: Increased oxidative stress in cerebral mitochondria
may follow exposure to the systemic hypobaric hypoxia
associated with residing at higher altitudes. Because mito-
chondrial dysfunction is implicated in bipolar disorder
(BD) pathophysiology, this may impact the cerebral bioener-
getics in BD. In this study, we evaluated the cerebral bioen-
ergetics of BD and healthy control (HC) subjects at two
sites, located at sea level and at moderate altitude.

Methods: Forty-three veterans with BD and 33 HC veterans
were recruited in Boston (n = 22) and Salt Lake City (SLC;
n = 54). Levels of phosphocreatine, p nucleoside triphosphate
(BNTP), inorganic phosphate, and pH over total phosphate
(TP) were measured using phosphorus-31 magnetic reso-
nance spectroscopy in the following brain regions: anterior
cingulate cortex and posterior occipital cortex, as well as bilat-
eral prefrontal and occipitoparietal (OP) white matter (WM).

Results: A significant main effect of site was found in
BNTP/TP (Boston > SLC) and phosphocreatine/TP (Boston <

Rates of suicide are increased in higher-altitude regions of the USA as
well as other countries." ™ Increasing altitude has also been associated
with altered local rates of illicit drug use, attention-deficit hyperactivity
disorder, and depressive episodes.”’ Although this observation was not
replicated in some countries,®® it is intriguing that altitude may be a
crucial factor affecting complex human behaviors, such as suicidal
behavior,'® in line with reported alterations of various neurotransmitters
due to hypobaric hypoxia.'! For example, rats exposed to a simulated
altitude of 10 000 feet were more likely to display depression-like
behavior associated with neurochemical changes in the frontal lobe.'*'?

A growing body of literature has suggested that oxidative stress
due to mitochondrial dysfunction may be a central pathophysiology of
bipolar disorder (BD).'"* Magnetic resonance spectroscopic studies of

SLC) in most cortical and WM regions, and inorganic pho-
sphate/TP (Boston < SLC) in OP regions. A main effect anal-
ysis of BD diagnosis demonstrated a lower pH in posterior
occipital cortex and right OP WM and a lower pNTP/TP in
right prefrontal WM in BD subjects, compared to HC
subjects.

Conclusion: The study showed that there were cerebral
bioenergetic differences in both BD and HC veteran partici-
pants at two different sites, which may be partly explained
by altitude difference. Future studies are needed to replicate
these results in order to elucidate the dysfunctional mito-
chondrial changes that occur in response to hypobaric
hypoxia.

Keywords: altitude, bipolar disorder, high-energy phosphate, mag-
netic resonance spectroscopy, phosphocreatine.
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the brain have noted abnormal lactate and phosphocreatine (PCr) in BD
as well as alterations of intracellular pH and choline-containing metab-
olites.'” In post-mortem studies, mitochondria from BD patients are
noted to be smaller and atypically distributed in the perinuclear region
within cells.'® Decreased expression of genes involved in electron
transport chain function within mitochondria has also been reported in
BD.!” In this regard, hypobaric hypoxia in elevated regions may worsen
the oxidative stress of BD. This view is in line with the results regard-
ing reduced responses to oxidative stress in the brains of animals
exposed to hypobaric hypoxia.'® More specifically, the course and natu-
ral history of BD may worsen with exposure to the hypobaric hypoxia
that accompanies altitude. In fact, altitude of residence has been
reported to be a significant predictor of completed suicide in BD.'
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As altitude increases, the partial pressure of oxygen in the
inspired air (PiO;) becomes lower. For example, at 4700 feet, the alti-
tude of Salt Lake City (SLC), the atmospheric Eressure is around
646 mmHg (compared to 760 mmHg at sea level).”® This reduces the
pressure gradient that drives oxygen into the bloodstream in the lung
alveoli and provides an environment similar to an atmosphere with
18% oxygen concentration.”' This hypobaric hypoxia causes a com-
pensatory hyperventilation, hypocapnia, and mild alkalosis; moreover
the 15% decrease in atmospheric pressure between SLC and sea level
is known to translate to a 20% decrease in the partial pressure of oxy-
gen in arterial blood in healthy human volunteers.”> We have previ-
ously reported that healthy subjects living in SLC demonstrated a
higher pH in the brain compared to subjects in the Boston area near
sea level.”

In this study, we hypothesized that the cerebral bioenergetic pro-
files including PCr and adenosine triphosphate (ATP), as well as
intracellular pH, would be altered in both BD and healthy control
(HC) subjects in environments with markedly different altitudes,
which may identify a vulnerability of individuals with BD in elevated
altitude. Phosphorus-31 magnetic resonance spectroscopy (>'P-MRS)
has been used to assess the phosphate-bearing metabolites in the
regions with both gray and white matter. We compared the cortical
intracellular pH, PCr, inorganic phosphate (Pi), B-nucleic triphosphate
(BNTP; primarily ATP in brain), and pH in the subjects recruited at
the cities with moderate elevated altitude and near sea level (SLC,
Utah and Boston, Massachusetts area).

Methods

Subjects

Seventy-six subjects completed participation across our two study
sites (SLC, n = 54; Boston, n = 22). See Table 1 for demographic
details. All participants in the study were US military veterans, aged
1865 years, who had been a resident of their respective geographic
area for a minimum of 2 months, had no history of air travel within
the previous 2 months, and had no unstable medical and/or neurologi-
cal conditions. Subjects were excluded from the study if they: had a
current substance or alcohol use disorder, as confirmed by the Struc-
tured Clinical Interview for the DSM-IV-TR;** were pregnant or cur-
rently breastfeeding; had a contraindication to MRI or clinically
significant claustrophobia; or had known or suspected mental retarda-
tion. Furthermore, subjects had to either have a diagnosis of BD type
I as confirmed by the Structured Clinical Interview for the DSM-IV-

TR or have a lack of any current or past psychiatric diagnoses. Partic-
ipants also completed the Montgomery—Asberg Depression Scale
(MADRS),>® the Young Mania Rating Scale (YMRS),*® and the
Columbia Suicide Severity Rating Scale (CSSRS).>” Based on scores
from the MADRS, subjects who had a confirmed BD type I diagnosis
were further grouped by mood state: depressed (MADRS score > 18)
or euthymic (MADRS score < 18). Participants who were assessed to
be in a manic mood state, as indicated by a YMRS score of 12 or
greater were not included in the study due to the likelihood of poor
compliance during the scan.?® The site Institutional Review Boards
(University of Utah, McLean Hospital, and Veterans Affairs
Healthcare Systems of Salt Lake City and Boston) approved the
study’s protocol and written informed consent was obtained from all
study participants.

MR image acquisition

Neuroimaging data were acquired using Siemens 3 Tesla whole body
MRI systems (Siemens Medical Solutions, Erlangen, Germany) at
University of Utah and McLean Hospital. A *'P/'H double-tuned vol-
ume head coil (Clinical MR Solutions, LLC, Brookfield, WI, USA)
was used for phosphorus metabolite data acquisition at each site. Pro-
ton decoupled 3'P spectroscopic imaging data were acquired using a
3-D magnetic resonance spectroscopy imaging pulse sequence (3-D
MRSI) with the following parameters: field of view (FOV),
20 X 20 X 20 cm’; volume of interest, 20 X 20 X 10 cm>; receiver
bandwidth = 2.5 kHz; repetition time (TR)/echo time
(TE) = 3000/2.3 ms; flip angle = 90°; average number = 16; vector
size = 1024; and matrix scan size = 8 X 8 X 8. To facilitate voxel
placement, high-resolution T;-weighted images (M1) were acquired
using a 3-D magnetization-prepared rapid gradient echo acquisition
(MPRAGE) pulse sequence with the following parameters:
TR/TE/inversion time (TI) = 2000/3.37/1100 ms; flip angle = 8;
FOV = 256 x 192 x 224 mm>; 256 X 192 x 224 matrix size;
1 x 1 x 1 mm? spatial resolution; and bandwidth = 300 Hz/pixel. The
anterior—posterior line was identified on the midsagittal images
acquired by MPRAGE pulse sequence. In addition, due to the high
concentration of water in the brain relative to high-energy Phosphates,
suboptimal single-channel proton coil sensitivity within *'P/'H dual-
tuned coils is common, reducing structural image quality. Especially
in the frontal lobe regions, the dual-tuned coil’s signal-to-noise ratio
and image contrast were poorer than those acquired using the
12-channel phased-array proton head coil. The reduced image

Table 1. Demographic and clinical information of study participants

Site Boston (n = 22) Salt Lake City (n = 54)
Diagnosis HC (n=17) BD (n=15) HC (n = 26) BD (n =28) P-value
Mood state — Euthymic: 11 — Euthymic: 17

Depressive: 4 Depressive: 11
Age, years (mean + SD) 51.9 £13.7 50.9 £ 9.56 40.0 £ 13.2 46.7 £ 10.8 P =0.014*
Sex, number of males (%) 6 (85.7%) 14 (93.3%) 22 (84.6%) 24 (85.7%) P =0.92%*
MADRS (mean + SD) 2.00 £ 3.83 7.73 £ 10.0 1.84 + 3.62 13.0 £ 12.5 P =0.0002*
YMRS (mean £+ SD) 1.86 = 2.91 3.87 £5.17 0.73 £ 1.51 4.29 £3.97 P =0.003*
Number of items in lifetime CSSRS suicide or behavior 1.29 £ 1.98 2.87 £3.02 0.77 £ 1.63 3.93 £237 P <0.001*
Suicidal ideation intensity rating from lifetime CSSRS 4.00 £+ 5.20 6.47 £ 8.16 2.04 £+ 4.56 13.1 + 6.99 P <0.001*

*Mean comparison among four groups using one-way analysis of variance.
**Fisher’s exact test.

BD, bipolar disorder; CSSRS, Columbia Suicide Severity Rating Scale; HC, healthy control; MADRS, Montgomery—Asberg Depression Rating

Scale; YMRS, Young Mania Rating Scale.
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contrast in the brain region of interest (ROI) hampers partial voxel
volume correction because of less accurate tissue segmentation. Fur-
thermore, tissue-specific data analysis requires the alignment of the
3-D MRSI grids at the desired ROI across multiple subjects. Low
signal-to-noise ratio and poor image contrast reduce the normalization
accuracy between TI1-weighted image and standard image. To
improve the accuracy of normalization and tissue segmentation, addi-
tional 3-D high-resolution MPRAGE images (M2) were acquired

using a proton-only 12-channel phased-array head coil
(TR/TE/TT = 2010/3.57/1100 ms;  flip angle = 8§;
FOV = 256 x 192 x 224 mm®, 256 x 192 X 224 matrix size;

1 x 1 x 1 mm? spatial resolution; bandwidth = 260 Hz/pixel).

ROl selection

In the present study, multiple ROI selections, including anterior cin-
gulate cortex (ACC), posterior cingulate cortex (POC), bilateral pre-
frontal white matter (WM), and occipitoparietal (OP) WM, are shown
in Figure 1. To obtain consistent tissue location across participants,
the tissue-specific voxel center was determined in the Montreal Neu-
rological Institute (MNI) standard image. Second, in order to align
M1 with M2 structural images with clear boundary contours, M1
images acquired using *>'P/'H dual-tuned head coil were registered
into M2 images of the same brain. The affine transformation matrix
(Tmi->wm2) from M1 to M2 was inverted and then Ty (the
inverted Twi->m2) Was applied onto M2 to obtain registered Ml
(M17) in the M1 subject-native space. Third, the normalization of the
M1" image into the MNI template space was performed to achieve a
warping field map using the FNIRT tool of FSL (FMRIB Software
Library, Release 4.1; Oxford, England). The inverse warping field
image is used to map the voxel center determined in the first step
from MNI space to subject native space. Finally, according to the
property of MRSI grid re-shifting with an additional linear phase
application in the k-space domain, all MRSI grids were aligned with
respect to the ROI center in the subject-native space.?’

MRS spectra processing

All *'P spectra were preprocessed using a MATLAB-based applica-
tion (MathWorks, Inc., Natick, MA, USA). The 3-D MRSI matrix
was interpolated to 16 X 16 X 16 and a 75% Hamming filter was
applied to reduce signal contamination in neighboring voxels. Spectra
from the desired ROI location within the aligned MRSI grid were
extracted and then apodized with 2-Hz Lorentzian line broadening
before Fast Fournier Transform. The zero- and first-order phase cor-
rections were performed on all spectra. The signal intensity of each
metabolite was obtained using the Advanced Method for Accurate,

Fig.1 Locations of voxel for phosphorus-31 magnetic resonance spectroscopy.
(@) Anterior cingulate cortex, (b) posterior occipital cortex, (c) left and (d) right
occipitoparietal white matter, () left and (f) right prefrontal white matter.
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Robust and Efficient Spectral Fitting of MRS data with use of prior
knowledge (AMARES) fitting algorithm within the software applica-
tion jMRUI 6.0.%° Metabolite concentrations were calculated as a per-
centage of the total phosphorus (TP) signal acquired from the
respective ROL.

Brain structural image segmentation

To evaluate the influence of brain tissue components within the ROI,
the M1 images were segmented into gray matter (GM), WM, and
cerebrospinal fluid (CSF) using FSL. Brain tissue images were
extracted by removing the outer skull and scalp surfaces using the
Brain Extraction Tool of FSL. Finally, the FAST/FIRST tool was uti-
lized to calculate the segmented tissue percentage in the ROIL Cor-
egistration between the spectroscopic ROI and the segmented image
was performed with a user-developed MATLAB program.*'~

Reliability of the scans between sites

The comparability of spectral data across the two study sites has been
validated using phantoms as reported in an earlier publication.”®
Although the same type of scanner manufactured by Siemens and
dual-tuned RF coil were used at both sites, we also monitored the
quality of MR spectroscopic imaging by performing repeated *'P-
MRS scans at both sites. Five healthy subjects living in SLC traveled
to Boston, and were scanned at both sites within a 24-h period in
order to assess and establish quality control. The results indicated that
upper range of within-subject coefficient of variation (COV) was
14.7%, which belongs to desirable levels of COV.>* Explorative ana-
lyses of the reliability scans are presented in Table S1.

Statistical analysis

Statistical analyses were conducted using staTa 15 (Stata Corpora-
tion, College Station, TX, USA). Fisher’s exact and one-way analysis
of variance (ANOVA) tests were employed to compare the composi-
tion of sex and the means of continuous variables in demographic
and clinical information among the four groups. As there was a sig-
nificant difference in age among the groups (P = 0.014), this differ-
ence has been taken into consideration in further analyses. In
addition, the composition of CSF in the ACC voxel was significantly
different across the groups (Table S2). Since CSF contributes much
less to the phosphate signals of >'P-MRS than GM or WM, the ratio
of CSF was covaried in the analyses of metabolites from the ACC
voxel. Analysis of covariance (ANcova) was used to assess the altitude
(place), the diagnosis, and their interaction effects on the *'P-MRS
metabolites, including covariates. Due to a small sample size for HC
subjects in Boston, the 95% confidence interval (CI) of P-value was
estimated using a non-parametric random permutation test with 5000
iterations of ANcova tests. After ANcova was applied, adjusted predic-
tion of mean value with 95%CI was estimated by observation infor-
mation matrix models using maximum likelihood. Correlation
analyses between two continuous variables were conducted using
Pearson’s correlation. A P-value < 0.05 was regarded as statistically
significant. Then, the Benjamini—-Hochberg procedure of false discov-
ery rate was used to reduce false positive rates arising from multiple
comparison issues of the mean comparison of the metabolites in all
the voxels.**

Results

Detailed demographic information and clinical characteristics are
presented in Table 1. There were significant differences in MADRS-,
YMRS-, and CSSRS-related measurements across the four groups
(one-way ANOVA, d.f. =3, 72, F>5.19, P <0.003), mostly driven
by the differences between BD and HC. Within BD subjects, there
were no significant differences in terms of MADRS, YMRS, and
number of items in lifetime CSSRS suicide behavior between the
patients from the two sites (¢-test, d.f. = 41, 1< 1.43, P> 0.16). BD
subjects in SLC had greater suicidal ideation intensity ratings than

583



PCN

Bipolar brain bioenergetics and altitude

Table 2. Phosphorus-31 magnetic resonance spectroscopy results in anterior cingulate and posterior occipital cortices

Site Boston(n = 22) Salt Lake City(n = 54) Main effects* o
Interaction*Site X
Diagnosis HC(n=17) BD(n = 15) HC(n = 26) BD(n = 28) Site Diagnosis Diagnosis
P-value

Mean + SD95%CI" Mean 4+ SD95%CI" Mean + SD95%CIT Mean + SD95%CI" Upper 95%CI* P-value

Anterior cingulate cortex

PCr/TP 0.143 + 0.018 0.154 + 0.012 0.161 + 0.016 0.162 + 0.016 0.008**  0.14 0.20
0.132-0.155 0.146-0.163 0.154-0.167 0.156-0.167 0.010

BNTP/TP  0.102 £ 0.031 0.091 £+ 0.019 0.083 £+ 0.017 0.079 £ 0.018 0.001**  0.29 0.36
0.090-0.119 0.083-0.105 0.072-0.089 0.072-0.087 0.002

Pi/TP 0.055 £ 0.018 0.049 £+ 0.009 0.052 + 0.012 0.051 £+ 0.020 0.47 0.24 0.73
0.041-0.064 0.038-0.054 0.048-0.061 0.045-0.056

pH 7.005 £ 0.054 7.017 £+ 0.029 7.021 £ 0.031 7.016 £ 0.045 0.64 0.37 0.64
6.984-7.041 7.006-7.047 6.996-7.028 7.003-7.031

Posterior occipital cortex

PCr/TP 0.176 £+ 0.023 0.178 £ 0.010 0.183 + 0.013 0.186 &+ 0.013 0.005**  0.73 0.94
0.164-0.184 0.169-0.182 0.180-0.190 0.181-0.191 0.007

BNTP/TP  0.098 £ 0.026 0.097 £ 0.014 0.080 = 0.014 0.074 £ 0.018 <0.0001** 0.47 0.75
0.087-0.112 0.089-0.106 0.072-0.085 0.068-0.080 0.0007

Pi/TP 0.053 £+ 0.009 0.055 £ 0.005 0.059 + 0.008 0.063 £ 0.009 0.0007+* 0.23 0.81
0.046-0.059 0.050-0.059 0.057-0.063 0.060-0.066 0.001

pH 7.038 £ 0.012 7.029 £+ 0.009 7.040 £ 0.013 7.031 £+ 0.096 0.96 0.009%* 0.74
7.031 — 7.048 7.025-7.036 7.034-7.043 7.027-7.035 0.009

Bold indicates the significant results (P < 0.05).

continuous covariates.

applied.

phosphocreatine; Pi, inorganic phosphate; TP, total phosphorus signal.

*ANcovA including age and composition of cerebrospinal fluid in the voxel (anterior cingulate cortex) or age only (posterior occipital cortex) as

**Significant after Benjamini—Hochberg procedure of false discovery rate was applied.
Adjusted prediction of mean value with 95%CI estimated by observation information matrix models using maximum likelihood after ANcova

95%(CI of P-value estimated using non-parametric random permutation test with 5000 iterations of ANCOVA tests.
ANCOVA, analysis of covariance; BD, bipolar disorder; CI, confidence interval; HC, healthy control; pNTP, p nucleoside triphosphate; PCr,

those in Boston (r-test, d.f. = 41, r = 2.82, P = 0.0074). History of
alcohol use of the subjects is presented in Tables S3 and S4.

In the regions of gray matter, a main effects analysis identified
site effects in pNTP/TP (F > 11.83, P <0.001) and PCr/TP (F > 7.43,
P <0.008) in both the ACC and the POC, and Pi/TP (F = 12.67,
P = 0.0007) in the POC. In predicted estimation of mean value
adjusted by diagnosis and/or covariates, the subjects living in SLC
had 7.66% and 6.02% higher PCr levels within ACC and POC,
respectively, whereas 19.0% and 22.7% lower PNTP levels (a proxy
measure of adenosine triphosphate in the brain) of ACC and POC
were found in the subjects from SLC compared to those from Boston.
The predicted Pi of POC was 14.8% higher in the subjects from SLC.
A lower pH within POC in BD subjects was also observed relative to
HC subjects as a main-effects analysis of diagnosis (F = 7.33,
P = 0.009). Upper limits of 95%CI for all the P-values of aNcova
tests were estimated below 0.05. Detailed comparisons of *'P-MRS
results in ACC and POC are presented in Table 2.

In the regions of WM, the differences of PNTP/TP and PCr/TP by
site were similar to those within the ACC and POC. Aside from right
prefrontal WM, lower BNTP/TP (F> 13.78, P <0.0004) by 17.5%—
23.1% in predicted value and higher PCr/TP (F > 4.04, P < 0.048) by
4.67%—6.06% were observed in the subjects from SLC relative to those
from Boston across the regions. In right prefrontal WM, both altitude
and diagnosis effects were found in PNTP/TP (£ > 5.08, P <0.027,
Fig. 2), while not in PCt/TP (F <3.07, P> 0.08). Like POC, higher
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ratios of Pi/TP (F>4.71, P<0.033) by 12.6% and 7.79% (left and
right, respectively) were observed in bilateral OP WM of the subjects
from SLC relative to those from Boston, whereas lower pH of right OP

0.14 +

0.13

0.12 +

0.11 +

Linear prediction of BNTP/TP

0.10

0.09 T T
Boston SLC

Fig.2 Predictive mean values with 95% confidence intervals of § nucleoside tri-

phosphate (BNTP)/total phosphorus signal (TP) in right prefrontal white matter

region adjusted by main factors and age. (—@—) Bipolar disorder. ( ) Healthy

control. SLC, Salt Lake City.
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WM (F = 14.0, P = 0.0004) only was observed in the subjects with
BD relative to those in the HC group. Upper limits of 95%CI for all
the P-values of ancova tests were estimated below 0.05 except PCr
level of left prefrontal WM. However, the PCt/TP ratio in the left pre-
frontal, and PCr/TP and Pi/TP ratios for the right OP WM regions
between the sites and PNTP/TP in right prefrontal WM between diag-
nosis did not remain significant after multiple comparison correction.

Detailed comparisons of *'P-MRS results in the regions of WM are
presented in Table 3.

No significant interaction was observed between site and diagno-
sis factors across the two sites. In correlation analyses between clini-
cal ratings, including MADRS, YMRS, and CSSRS, and metabolite
levels within the BD group at each site, we did not find any results
with statistical significance.

Table 3. Phosphorus-31 magnetic resonance spectroscopy results in the regions of bilateral prefrontal and occipitoparietal white matter

Interaction*Site X

Site Boston(n = 22) Salt Lake City(n = 54) Main effects* ) )
Diagnosis
Diagnosis HC(n="17) BD(n = 15) HC(n = 26) BD(n = 28) Site Diagnosis
Mean + SD Mean + SD Mean + SD Mean + SD P-value
95%CI" 95%CI" 95%CI" 95%CI" Upper 95%CI* P-value

Left prefrontal WM

PCr/TP 0.172 £ 0.021 0.171 £ 0.017 0.176 £ 0.012 0.179 £ 0.014 0.048 0.95 0.77
0.160-0.182 0.162-0.177 0.172-0.183 0.173-0.184 0.06

BNTP/TP 0.116 £ 0.020 0.116 + 0.015 0.101 + 0.024 0.096 £+ 0.018 0.0004+* 0.73 0.89
0.103-0.134 0.107-0.128 0.091-0.107 0.089-0.104 0.002

Pi/TP 0.051 £ 0.008 0.050 £ 0.008 0.052 £ 0.009 0.051 £ 0.009 0.43 0.61 0.66
0.043-0.057 0.045-0.054 0.049-0.056 0.047-0.054

pH 7.018 £ 0.015 7.030 £ 0.009 7.026 + 0.019 7.021 £ 0.019 0.66 0.45 0.13
7.005-7.034 7.021-7.042 7.017-7.033 7.014-7.028

Right prefrontal WM

PCr/TP 0.172 £+ 0.026 0.168 £ 0.015 0.172 £ 0.013 0.176 £ 0.016 0.084 0.86 0.59
0.158-0.181 0.158-0.174 0.168-0.181 0.170-0.182

NTP/TP 0.127 £ 0.014 0.115 £ 0.012 0.101 £ 0.015 0.096 £+ 0.017 <0.0001** 0.027 0.47
0.114-0.138 0.106-0.122 0.096-0.109 0.090-0.102 0.0007 0.031

Pi/TP 0.049 £ 0.007 0.048 £ 0.010 0.051 £ 0.008 0.054 £ 0.010 0.069 0.86 0.52
0.042-0.055 0.043-0.052 0.048-0.055 0.050-0.057

pH 7.026 + 0.034 7.028 £ 0.018 7.027 £ 0.021 7.024 £ 0.024 0.92 0.91 0.67
7.008-7.043 7.015-7.039 7.018-7.037 7.015-7.033

Left occipitoparietal WM

PCr/TP 0.168 £ 0.024 0.171 £ 0.012 0.175 £ 0.012 0.179 £ 0.013 0.007+* 0.61 0.83
0.156-0.176 0.162-0.176 0.172-0.183 0.173-0.183 0.009

BNTP/TP 0.103 £ 0.027 0.108 £ 0.014 0.088 £ 0.014 0.081 £+ 0.018 <0.0001%* 0.86 0.25
0.091-0.117 0.010-0.118 0.080-0.094 0.074-0.087 0.0007

Pi/TP 0.054 £+ 0.006 0.051 £ 0.004 0.057 £ 0.008 0.059 £ 0.006 0.0008** 0.92 0.17
0.049-0.058 0.047-0.054 0.055-0.060 0.057-0.062 0.003

pH 7.035 £ 0.016 7.029 £ 0.009 7.037 £0.014 7.033 £ 0.012 0.99 0.23 0.48
7.028-7.046 7.024-7.037 7.030-7.040 7.028-7.038

Right occipitoparietal WM

PCr/TP 0.170 £+ 0.024 0.171 £ 0.010 0.174 £ 0.011 0.179 £ 0.011 0.022 0.50 0.79
0.159-0.178 0.163-0.176 0.170-0.180 0.174-0.183 0.026

NTP/TP 0.110 £ 0.022 0.106 £ 0.012 0.088 £ 0.014 0.082 £ 0.013 <0.0001%* 0.21 1.00
0.101-0.123 0.100-0.115 0.081-0.093 0.077-0.087 0.0007

Pi/TP 0.051 £ 0.008 0.056 £ 0.006 0.057 £ 0.007 0.057 £ 0.008 0.033 0.30 0.18
0.045-0.056 0.051-0.059 0.055-0.061 0.054-0.060 0.036

pH 7.045 £ 0.007 7.033 £ 0.014 7.042 £ 0.015 7.028 £ 0.010 0.17 0.0004* 0.93
7.036 — 7.056 7.027-7.040 7.036-7.046 7.024-7.033 0.001

applied.

Bold indicates the significant results (P < 0.05).

*ANCOVA, including age as a continuous covariate.
**Significant after Benjamini—Hochberg procedure of false discovery rate was applied.
Adjusted prediction of mean value with 95%CI estimated by observation information matrix models using maximum likelihood after ANcova

95%ClI of P-value estimated using non-parametric random permutation test with 5000 iterations of ANCOVA tests.
ANCOVA, analysis of covariance; BD, bipolar disorder; CI, confidence interval; HC, healthy control; pNTP, p nucleoside triphosphate; PCr,
phosphocreatine; Pi, inorganic phosphate; TP, total phosphorus signal; WM, white matter.
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Discussion

The present results are, to the best of our knowledge, the first report
of a study intended to explore >'P-MRS high-energy cerebral metabo-
lites in BD and HC subjects who reside at different altitudes. While it
would be ideal to conduct the study by scanning the same BD and
HC subjects at both sites, while allowing for a substantial period of
acclimatization, that was considered logistics- and cost-prohibitive.
We previously reported that altitude is a risk factor for suicide,'® and
also reviewed the neuroimaging evidence for mitochondrial dysfunc-
tion in BD'?; therefore, this study was designed to compare and con-
trast the >'P-MRS high-energy neurometabolites in BD and HC, at
sea level versus moderate altitude. We found site effects on the brain
bioenergetic metabolites in this study. Particularly, PCr was increased
and PNTP was decreased in most brain regions of subjects living in
SLC, which is at moderately elevated altitude (1432 m; 4700 ft) rela-
tive to in Boston, near sea level (43 m; 141 ft). We also found that
decreased PNTP levels in right prefrontal WM were affected by both
site and BD. In addition, there were increased Pi levels within the
POC in the subjects from SLC and decreased pH values of occipital
lobe in the subjects with BD. In line with the previous literature
regarding suicide rates in the USA, BD subjects from SLC showed
higher suicidal ideation intensity rating than those from Boston.

As hypothesized, altitude differences between the sites may have
led to mild hypobaric hypoxic stress on the brains of the SLC residents.
However, if the current results represent the long-term, chronic adapta-
tion in brain mitochondrial functioning to altitude-associated hypobaric
hypoxia, our hypotheses should fulfill the following assumption. We
assumed that mild hypobaric hypoxia in the elevation of about 1.5 km
would be enough to provide altitude-related changes in the human brain.
Clearly, mountain sickness, active acclimatization response, and declin-
ing cognitive functions are not observed in the subjects living in
SLC.*>¢ However, it has been speculated that modest differences in alti-
tude might play a role in human health.>” For example, it has been
reported that obesity and diabetes are less prevalent’®*® and that patients
with coronary heart disease would live longer in areas under 1.5-km ele-
vation.*' Animal experiments employing a simulated altitude of about
1370 m (4500 ft) also supported that consistent mild hypobaric hypoxia
will produce changes in behavior and antidepressant responses.'>** It is
also known that residents in SLC have higher pH values in arterial blood
than those at sea level*? Taken together, it seems plausible that environ-
ments with mild levels of elevation could affect human body systems.

Although differences in altitude may be responsible for the current
findings, other confounding factors may also be important. For exam-
ple, low consumption of alcohol was observed in Utah relative to in
Massachusetts.*> Alcohol consumption is known to affect the cerebral
bioenergetic metabolites measured by *>'P-MRS.** As presented in
Tables S2 and S3, self-reported days of alcohol drinking over the prior
months did not differ significantly between sites, although there was a
non-significant trend toward fewer total years of alcohol drinking in the
subjects from SLC relative to those of Boston. Although we tried to
address the confounding effects of alcohol consumption in the recruit-
ment and acquisition of data, we could not rule them out completely,
which could weaken the relationship between altitude and cerebral bio-
energetics in our speculations. However, other regional differences in
smoking habits, caffeine consumption, food preferences, and so forth,
which may affect the results in this study, were not measured objec-
tively in the participants. Potential effects of those confounding factors
should be considered when interpreting the results.

Hypobaric hypoxia as a consequence of elevated altitude could
be connected to an increased risk for suicide and depression through
two molecular pathways.'® First, hypoxia could lead to suppressed
mitochondrial function,** and result in altered cerebral bioenergetics.
Second, decreased cerebral serotonin levels, which have been thera-
peutic targets of antidepressants as well as markers for suicide, may
be observed under hypoxic conditions.***” In animal studies, it has
been shown that levels of serotonin as well as other monoamine neu-
rotransmitters in the brain were decreased as a consequence of
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exposure to hypoxic conditions.*® Additionally, it has been reported
that hypoxia could inhibit the activity of tryptophan hydroxylase,
which produces serotonin from its precursor, 5-hydroxy-
tryptophan.**->°

In light of altered cerebral bioenergetics in BD, Kato and
coworkers reported indicating that decreased levels of PCr in the fron-
tal lobes might be associated with the pathophysiology of BD.>' On
the other hand, recently it has been reported that unmedicated BD
patients had higher levels of PCr than medicated patients.** Similarly,
recent work by Harper and coworkers suggested that increased PCr in
gray matter of unmedicated patients with major depression may indi-
cate a state marker of depressed mood.> In this regard, the current
findings, increased PCr levels of people living in high altitudes, may
reflect the bioenergetic vulnerability of the brain to mood disorders.

In the WM of the right frontal lobe, both altitude and diagnosis
effects in the levels of BATP were found. This was similar to the find-
ings from a *>'P-MRS study with adolescents with BD.>* Dudley and
coworkers reported decreased ATP in WM of the right hemisphere in
adolescents with BD and its probable association with the down-
regulation of a brain isoform of creatine kinase (CK) in BD.>* Of note,
several neuroimaging studies have reported that right hemisphere
abnormalities are associated with BD,>® which suggests a right hemi-
spheric dominance of dysfunctional mood regulation. In addition, we
found lower intracellular pH in BD, which was also in line with the
previous literature.'> Glycolytic shift to compensate mitochondrial dys-
function in BD could produce more lactate, which can lower the intra-
cellular pH. Another possible factor that affects intracellular pH may
be mild hyperventilation under hypoxic condition. High-altitude resi-
dents showed higher levels of pH in both arterial blood and brain than
did sea-level residents.**** This opposite directional drive in pH may
dim the pH differences in the study population.

Altered levels of cerebral high-energy phosphate compounds
were supposed to be elucidated by the following molecular mecha-
nisms. First, hypoxia inducible factor (HIF) may play a certain role in
a molecular pathway for increasing PCr under hypoxia. HIF is a key
molecule helping the cells to survive in a hypoxic environment.*® In
the previous studies with animals and in vifro experiments, it was
reported that HIF-2f3 had a high affinity for promoter areas of brain
and muscle isoforms of CK enzyme as well as creatine
(Cr) transporter genes, which suggested indirect evidence that HIF-1
may serve as a transcriptional factor for genes involved in Cr metabo-
lism.>” These findings imply that HIF may enhance the PCr shuttle
system as a compensatory response to decreased ATP production in
hypoxia, and may be fulfilled through increased expression of CK
enzymes and the Cr transporter. Second, modification of Cr kinase by
reactive oxygen species under mild hypoxia may lead to the failure of
the replenishment of decreased ATP from PCr in cytosol, which
would be transferred to adenosine diphosphate in order to maintain
physiologic levels of ATP through the activity of the brain isoform of
CK (CK-BB).*® A similar profile of bioenergetic molecules with the
current findings (increased PCr and decreased ATP levels) has been
reported in R6/2 transgenic mice, which are thought to be an animal
model of Huntington disease.’® In this study, increased levels of PCr
in the mice brain were associated with decreased activity of CK-BB.
Additionally, the progression of Alzheimer’s disease is accompanied
by the loss of CK-BB activity as well as increased levels of PCr.®*¢!
Decreased activity of CK-BB in Alzheimer’s disease may be caused
by the oxidative modification of CK-BB in the post-translational stage
through ROS, which could be generated in hypoxic conditions.*%

The current study has several limitations. The number of healthy
subjects assessed in Boston was relatively small, which weakens the
statistical power. Also, the inclusion of both euthymic and depressive
BD patients might have affected the results. There have been a few
reports regarding the differences in bioenergetic profile measured by
3'P-MRS and lateralization depending on mood states.®* Due to the
small sample sizes in each mood state, we could not reliably conduct
the analyses across the mood states. Most BD subjects were treated
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with psychotropic medications when they participated in the study.
Psychotropic medications, including lithium, could affect the levels of
PCr in the brain.®> Male dominance and US veterans for study partic-
ipants may be other limitations that undermine the generalizability of
the study results. According to recent reports, the number of veterans
with BD receiving Veterans Affairs health-care services increased
rapidly to nearly 130 000 in 2014.°® The most serious consequence of
BD is suicide and BD itself is an important risk factor for suicide
among veterans.®” In veterans, progressively increasing suicide rates
have been regarded as a major public health concern and it has been
reported that suicide in veterans was more common than in the US
general population.®® In addition to suicide, BD is known to devastate
the quality of life for veterans, since it has been associated with seri-
ous medical comorbidities at earlier ages, unemployment, and home-
lessness as well as incarceration among veterans.®®~’' While a study
population consisting only of veterans could be considered a limita-
tion, investigation of the pathophysiology underpinning the develop-
ment and exacerbation of BD in veterans seems important and timely.
Whereas the ratio of CSF in the voxels of interest was taken into con-
sideration statistically for the analyses, levels of PCr and ATP in this
study were supposed to be influenced by the composition of GM and
WM.”? However, as there is no extant method for partial volume cor-
rection in >'P-MRS, like proton MRS, the composition of GM and
WM has not been considered in this study.

This is the first study examining the effects of geographic area,
and specifically altitude of residence, on the pathophysiology of
BD. While our findings are difficult to interpret in isolation, they fit
into a model of mitochondrial dysfunction in BD when considered in
the context of what is known about hypoxia, suicide, and mood disor-
ders. For example, it has been reported that patients with hypoxic
chronic medical conditions are at increased risk for suicide, and that
this risk increases with altitude.”> Pulmonary functions could be com-
promised paradoxically by elevation of altitude.”*”’® In addition,
patients with BD demonstrate reduced cerebral blood flow to critical
brain structures,”’ which may further reduce oxygen delivery, adding
to hypoxic stress in BD at increased altitude. Given the evidence for
mitochondrial dysfunction in BD,'*’® the multifaceted additional bur-
dens of hypoxia that are known to be associated with altitude warrant
further investigation and this work has the potential to have signifi-
cant translational implications.

The results of the present study are also consistent with the pub-
lished evidence that increased suicide rates are associated with moun-
tainous areas of the USA, an association that, notably, has been
replicated by investigators working in  multiple other
countries,"*”*®! which may be plausibly linked with altered brain
bioenergetics in the cerebral cortex of both BD and healthy subjects,
possibly reflecting altitude-related changes in the brain. These
changes in brain chemistry may serve as biomarkers relevant to alti-
tude that may contribute to the vulnerability of individuals who suffer
from, or are at risk for the development of, BD. However, a more
detailed understanding of how these changes interact with the under-
lying genetic and neurochemical underpinnings of BD will require
further work in larger cohorts of patients and controls.

Acknowledgments

This study was based upon work supported by the US Department
of Veterans Affairs, Veterans Health Administration, Office of
Research and Development (Merit Review Award 101-1CX000812
to Dr Renshaw) and was also the result of work supported with
resources and the use of facilities at the Rocky Mountain Mental
Illness Research, Education and Clinical Center and Veterans
Affairs Boston Healthcare System. The views expressed in this arti-
cle are those of the authors and do not necessarily reflect the posi-
tion or policy of the US Department of Veterans Affairs or the
United States government. A portion of these data was presented at
a poster session of the 2017 Society of Biological Psychiatry
Annual Meeting.

Psychiatry and Clinical Neurosciences 73: 581-589, 2019

Disclosure statement
No authors have any conflicts of interest to report.

Author contributions

All authors contributed to and approved this version of the manu-
script. J.H. conducted the statistical analyses and wrote the manu-
script. C.R. and D.S. recruited participants for the study, conducted
clinical assessments and study measures, and contributed to the writ-
ing of the manuscript. X.S., Y-H.S., and C.Z. acquired and processed
the magnetic resonance spectroscopy imaging data. R.V. facilitated
the acquisition of magnetic resonance spectroscopy data at the Brock-
ton site. D.Y-T., D.K., and D.O. served as coinvestigators and clini-
cians on the project. T-S.K. contributed to study design. P.F.R. and
L.E.D. were principal investigators of the study and provided over-
sight for all study staff, and direction for the collection, analysis, and
interpretation of all data.

References

1.  Alameda-Palacios J, Ruiz-Ramos M, Garcia-Robredo B. Suicide mortal-
ity in Andalusia, Spain: Geographical distribution and relationship with
antidepressants, altitude and socioeconomic inequalities. Rev. Esp. Salud
Publica 2015; 89: 283-293.

2. Brenner B, Cheng D, Clark S, Camargo CA Jr. Positive association
between altitude and suicide in 2584 U.S. counties. High Alt. Med. Biol.
2011; 12: 31-35.

3. Helbich M, Bluml V, Leitner M, Kapusta ND. Does altitude moderate
the impact of lithium on suicide? A spatial analysis of Austria. Geospat.
Health 2013; 7: 209-218.

4. Kim J, Choi N, Lee YJ et al. High altitude remains associated with ele-
vated suicide rates after adjusting for socioeconomic status: A study from
South Korea. Psychiatry Investig. 2014; 11: 492-494.

5. DelMastro K, Hellem T, Kim N, Kondo D, Sung YH, Renshaw PF. Inci-
dence of major depressive episode correlates with elevation of substate
region of residence. J. Affect. Disord. 2011; 129: 376-379.

6.  Fiedler KK, Kim N, Kondo DG, Renshaw PF. Cocaine use in the past
year is associated with altitude of residence. J. Addict. Med. 2012; 6:
166-171.

7. Huber RS, Kim TS, Kim N et al. Association between altitude and
regional variation of ADHD in youth. J. Atten. Disord. 2015; 22:
1299-1306.

8. Oka M, Kubota T, Tsubaki H, Yamauchi K. Analysis of impact of geo-
graphic characteristics on suicide rate and visualization of result with
geographic information system. Psychiatry Clin. Neurosci. 2015; 69:
375-382.

9.  Ortiz-Prado E, Simbana K, Gomez L et al. The disease burden of suicide
in Ecuador, a 15 years’ geodemographic cross-sectional study
(2001-2015). BMC Psychiatry 2017; 17: 342.

10. Kious BM, Kondo DG, Renshaw PF. Living high and feeling low: Alti-
tude, suicide, and depression. Harv. Rev. Psychiatry 2018; 26: 43-56.

11. Olson EB Jr, Vidruk EH, McCrimmon DR, Dempsey JA. Monoamine
neurotransmitter metabolism during acclimatization to hypoxia in rats.
Respir. Physiol. 1983; 54: 79-96.

12. Bogdanova OV, Abdullah O, Kanekar S, Bogdanov VB, Prescot AP,
Renshaw PF. Neurochemical alterations in frontal cortex of the rat after
one week of hypobaric hypoxia. Behav. Brain Res. 2014; 263: 203-209.

13. Kanekar S, Bogdanova OV, Olson PR, Sung YH, D’Anci KE,
Renshaw PF. Hypobaric hypoxia induces depression-like behavior in
female Sprague-Dawley rats, but not in males. High Alt. Med. Biol.
2015; 16: 52—-60.

14. Scaini G, Rezin GT, Carvalho AF, Streck EL, Berk M, Quevedo J. Mito-
chondrial dysfunction in bipolar disorder: Evidence, pathophysiology
and translational implications. Neurosci. Biobehav. Rev. 2016; 68:
694-713.

15. Stork C, Renshaw PF. Mitochondrial dysfunction in bipolar disorder:
Evidence from magnetic resonance spectroscopy research. Mol. Psychia-
try 2005; 10: 900-919.

16. Cataldo AM, McPhie DL, Lange NT et al. Abnormalities in mitochon-
drial structure in cells from patients with bipolar disorder. Am. J. Pathol.
2010; 177: 575-585.

17. Sun X, Wang JF, Tseng M, Young LT. Downregulation in components
of the mitochondrial electron transport chain in the postmortem frontal
cortex of subjects with bipolar disorder. J. Psychiatry Neurosci. 2006;
31: 189-196.

587



Bipolar brain bioenergetics and altitude

PCN

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

588

Maiti P, Singh SB, Sharma AK, Muthuraju S, Banerjee PK,
Ilavazhagan G. Hypobaric hypoxia induces oxidative stress in rat brain.
Neurochem. Int. 2006; 49: 709-716.

Huber RS, Coon H, Kim N, Renshaw PF, Kondo DG. Altitude is a risk
factor for completed suicide in bipolar disorder. Med. Hypotheses 2014;
82: 377-381.

Peacock AJ. ABC of oxygen: Oxygen at high altitude. BMJ 1998; 317:
1063-1066.

Lilienthal JL Jr, Riley RL ef al. An experimental analysis in man of the oxy-
gen pressure gradient from alveolar air to arterial blood during rest and exer-
cise at sea level and at altitude. Am. J. Physiol. 1946; 147: 199-216.

Crapo RO, Jensen RL, Hegewald M, Tashkin D. Arterial blood gas refer-
ence values for sea level and an altitude of 1,400 meters. Am. J. Respir.
Crit. Care Med. 1999; 160: 1525-1531.

Shi XF, Carlson PJ, Kim TS et al. Effect of altitude on brain intracellular
pH and inorganic phosphate levels. Psychiatry Res. 2014; 222: 149-156.
American Psychiatric Association. Diagnostic criteria from DSM-IV-TR.
American Psychiatric Association, Washington, D.C., 2000.
Montgomery SA, Asberg M. A new depression scale designed to be sen-
sitive to change. Br. J. Psychiatry 1979; 134: 382-389.

Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania:
Reliability, validity and sensitivity. Br. J. Psychiatry 1978; 133: 429-435.
Posner K, Brown GK, Stanley B et al. The Columbia-Suicide Severity
Rating Scale: Initial validity and internal consistency findings from three
multisite studies with adolescents and adults. Am. J. Psychiatry 2011;
168: 1266—-1277.

Ongur D, Jensen JE, Prescot AP et al. Abnormal glutamatergic neuro-
transmission and neuronal-glial interactions in acute mania. Biol. Psychi-
atry 2008; 64: 718-726.

Shi XF, Sung YH, Kondo D, Riley AD, Renshaw PF. Improvement in
31P CSI voxel tissue segmentation. Paper presented at: 25th Annual
Meeting of the International Society for Magnetic Resonance in Medi-
cine; 22-27 April 2017; Honolulu, HI.

Vanhamme L, van den Boogaart A, Van Huffel S. Improved method for
accurate and efficient quantification of MRS data with use of prior
knowledge. J. Magn. Reson. 1997; 129: 35-43.

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A Bayesian model
of shape and appearance for subcortical brain segmentation. Neuroimage
2011; 56: 907-922.

Zhang Y, Brady M, Smith S. Segmentation of brain MR images through
a hidden Markov random field model and the expectation-maximization
algorithm. JEEE Trans. Med. Imaging 2001; 20: 45-57.

Rosner B. Fundamentals of Biostatistics, 4th edn. Wadsworth, Belmont,
CA, 1995.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practi-
cal and powerful approach to multiple testing. J. R. Stat. Soc.
B. Methodol. 1995; 57: 289-300.

Silber E, Sonnenberg P, Collier DJ, Pollard AJ, Murdoch DR,
Goadsby PJ. Clinical features of headache at altitude: A prospective
study. Neurology 2003; 60: 1167-1171.

Yan X. Cognitive impairments at high altitudes and adaptation. High Alt.
Med. Biol. 2014; 15: 141-145.

Burtscher M. Effects of living at higher altitudes on mortality: A narra-
tive review. Aging Dis. 2014; 5: 274-280.

Diaz-Gutierrez J, Martinez-Gonzalez MA, Pons Izquierdo JJ, Gonzalez-
Muniesa P, Martinez JA, Bes-Rastrollo M. Living at higher altitude and
incidence of overweight/obesity: Prospective analysis of the SUN cohort.
PLoS One 2016; 11: ¢0164483.

Lopez-Pascual A, Bes-Rastrollo M, Sayon-Orea C et al. Living at a geo-
graphically higher elevation is associated with lower risk of metabolic syn-
drome: Prospective analysis of the SUN cohort. Front. Physiol. 2016; 7: 658.
Woolcott OO, Castillo OA, Gutierrez C, Elashoff RM, Stefanovski D,
Bergman RN. Inverse association between diabetes and altitude: A cross-
sectional study in the adult population of the United States. Obesity
2014; 22: 2080-2090.

Faeh D, Gutzwiller F, Bopp M, Swiss National Cohort Study Group.
Lower mortality from coronary heart disease and stroke at higher alti-
tudes in Switzerland. Circulation 2009; 120: 495-501.

Kanekar S, Sheth CS, Ombach HJ et al. Hypobaric hypoxia exposure in
rats differentially alters antidepressant efficacy of the selective serotonin
reuptake inhibitors fluoxetine, paroxetine, escitalopram and sertraline.
Pharmacol. Biochem. Behav. 2018; 170: 25-35.

Haughwout SP, Slater ME. Apparent per Capita Alcohol Consumption:
National, State, and Regional Trends, 1977-2016. National Institute on
Alcohol Abuse and Alcoholism, 2017. [Cited 4 June 2019.] Available

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

from  URL:
CONS16.htm
Estilaeci MR, Matson GB, Payne GS, Leach MO, Fein G, Meyerhoff DJ.
Effects of chronic alcohol consumption on the broad phospholipid signal
in human brain: An in vivo 31P MRS study. Alcohol. Clin. Exp. Res.
2001; 25: 89-97.

Aldinucci C, Carretta A, Pessina GP. The effect of mild and severe
hypoxia on rat cortical synaptosomes. Neurochem. Res. 2005; 30:
981-987.

Katz IR. Is there a hypoxic affective syndrome? Psychosomatics 1982;
23: 846-849-850, 852-853.

Pandey GN. Biological basis of suicide and suicidal behavior. Bipolar
Disord. 2013; 15: 524-541.

Ray K, Dutta A, Panjwani U, Thakur L, Anand JP, Kumar S. Hypobaric
hypoxia modulates brain biogenic amines and disturbs sleep architecture.
Neurochem. Int. 2011; 58: 112—118.

Poncet L, Denoroy L, Dalmaz Y, Pequignot JM. Activity of tryptophan
hydroxylase and content of indolamines in discrete brain regions after a
long-term hypoxic exposure in the rat. Brain Res. 1997; 765: 122—128.
Nishikawa M, Kumakura Y, Young SN et al. Increasing blood oxygen
increases an index of 5-HT synthesis in human brain as measured using
alpha-[(11)C]methyl-L-tryptophan and positron emission tomography.
Neurochem. Int. 2005; 47: 556-564.

Kato T, Shioiri T, Murashita J et al. Lateralized abnormality of high energy
phosphate metabolism in the frontal lobes of patients with bipolar disorder
detected by phase-encoded 31P-MRS. Psychol. Med. 1995; 25: 557-566.
Shi XF, Kondo DG, Sung YH ef al. Frontal lobe bioenergetic metabolism
in depressed adolescents with bipolar disorder: A phosphorus-31 magnetic
resonance spectroscopy study. Bipolar Disord. 2012; 14: 607-617.

Harper DG, Jensen JE, Ravichandran C et al. Tissue type-specific bioen-
ergetic ~ abnormalities in  adults with  major  depression.
Neuropsychopharmacology 2017; 42: 876-885.

Dudley J, DelBello MP, Weber WA, Adler CM, Strakowski SM,
Lee JH. Tissue-dependent cerebral energy metabolism in adolescents
with bipolar disorder. J. Affect. Disord. 2016; 191: 248-255.

Najt P, Hausmann M. Atypical right hemispheric functioning in the
euthymic state of bipolar affective disorder. Psychiatry Res. 2014; 220:
315-321.

Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and
the response to hypoxic stress. Mol. Cell 2010; 40: 294-309.

Glover LE, Bowers BE, Saeedi B et al. Control of creatine metabolism
by HIF is an endogenous mechanism of barrier regulation in colitis.
Proc. Natl. Acad. Sci. U. S. 4. 2013; 110: 19820-19825.

Meyer RA, Sweeney HL, Kushmerick MJ. A simple analysis of the
"phosphocreatine shuttle". Am. J. Physiol. 1984; 246: C365-C377.
Mochel F, Durant B, Meng X et al. Early alterations of brain cellular
energy homeostasis in Huntington disease models. J. Biol. Chem. 2012;
287: 1361-1370.

David S, Shoemaker M, Haley BE. Abnormal properties of creatine
kinase in Alzheimers disease brain: Correlation of reduced enzyme
activity and active site photolabeling with aberrant cytosol-membrane
partitioning. Brain Res. Mol. Brain Res. 1998; 54: 276-287.

Pettegrew JW, Panchalingam K, Klunk WE, McClure RJ, Muenz LR.
Alterations of cerebral metabolism in probable Alzheimer’s disease: A
preliminary study. Neurobiol. Aging 1994; 15: 117-132.

Aksenov M, Aksenova M, Butterfield DA, Markesbery WR. Oxidative
modification of creatine kinase BB in Alzheimer’s disease brain.
J. Neurochem. 2000; 74: 2520-2527.

Solaini G, Baracca A, Lenaz G, Sgarbi G. Hypoxia and mitochondrial
oxidative metabolism. Biochim. Biophys. Acta 2010; 1797: 1171-1177.
Deicken RF, Fein G, Weiner MW. Abnormal frontal lobe phosphorous
metabolism in bipolar disorder. Am. J. Psychiatry 1995; 152: 915-918.
Yildiz A, Demopulos CM, Moore CM, Renshaw PF, Sachs GS. Effect of
lithium on phosphoinositide metabolism in human brain: A proton
decoupled (31)P magnetic resonance spectroscopy study. Biol. Psychiatry
2001; 50: 3-7.

Bowersox NW, Visnic S, Valenstein M, McCarthy JF. Care for Veterans
Health Administration Clients with Psychosis, FY2014: 16th Annual
Report, Serious Mental Illness Treatment Research and Evaluation Center
(SMITREC). VHA National Psychosis Registry, Ann Arbor, MI, 2016.
Ilgen MA, Bohnert AS, Ignacio RV ef al. Psychiatric diagnoses and risk
of suicide in veterans. Arch. Gen. Psychiatry 2010; 67: 1152—1158.

Kang HK, Bullman TA, Smolenski DJ, Skopp NA, Gahm GA, Reger MA.
Suicide risk among 1.3 million veterans who were on active duty during the
Iraq and Afghanistan wars. Ann. Epidemiol. 2015; 25: 96-100.

https://pubs.niaaa.nih.gov/publications/surveillance1 10/

Psychiatry and Clinical Neurosciences 73: 581-589, 2019


https://pubs.niaaa.nih.gov/publications/surveillance110/CONS16.htm
https://pubs.niaaa.nih.gov/publications/surveillance110/CONS16.htm

PCN

Bipolar brain bioenergetics and altitude

69.

70.

71.

72.

73.

74.

75.

76.

Copeland LA, Miller AL, Welsh DE, McCarthy JF, Zeber JE,
Kilbourne AM. Clinical and demographic factors associated with home-
lessness and incarceration among VA patients with bipolar disorder. Am.
J. Public Health 2009; 99: 871-877.

Kilbourne AM, Goodrich D, Miklowitz DJ, Austin K, Post EP,
Bauer MS. Characteristics of patients with bipolar disorder managed in
VA primary care or specialty mental health care settings. Psychiatr. Serv.
2010; 61: 500-507.

Zivin K, Bohnert AS, Mezuk B et al. Employment status of patients in
the VA health system: Implications for mental health services. Psychiatr.
Serv. 2011; 62: 35-38.

Hetherington HP, Spencer DD, Vaughan JT, Pan JW. Quantitative (31)P
spectroscopic imaging of human brain at 4 Tesla: Assessment of gray
and white matter differences of phosphocreatine and ATP. Magn. Reson.
Med. 2001; 45: 46-52.

Riblet NB, Gottlieb DJ, Watts BV et al. Hypoxia-related risk factors for
death by suicide in a national clinical sample. Psychiatry Res. 2019; 273:
247-251.

Fischer R, Lang SM, Bergner A, Huber RM. Monitoring of expiratory
flow rates and lung volumes during a high altitude expedition. Eur
J. Med. Res. 2005; 10: 469-474.

Hashimoto F, McWilliams B, Qualls C. Pulmonary ventilatory function
decreases in proportion to increasing altitude. Wilderness Environ. Med.
1997; 8: 214-217.

Sylvester JT, Shimoda LA, Aaronson PI, Ward JP. Hypoxic pulmonary
vasoconstriction. Physiol. Rev. 2012; 92: 367-520.

Psychiatry and Clinical Neurosciences 73: 581-589, 2019

77.

78.

79.

80.

81.

Toma S, Maclntosh BJ, Swardfager W, Goldstein BI. Cerebral blood flow in
bipolar disorder: A systematic review. J. Affect. Disord. 2018; 241: 505-513.
Andreazza AC, Duong A, Young LT. Bipolar disorder as a mitochon-
drial disease. Biol. Psychiatry 2018; 83: 720-721.

Asirdizer M, Kartal E, Etli Y et al. The effect of altitude and climate on
the suicide rates in Turkey. J. Forensic Leg. Med. 2018; 54: 91-95.

Chen VCH, Stewart R, Ng MH, Lee CTC. Ethnicity composition and
altitude on suicide: A spatial analysis of data from Taiwan. Taiwan
J. Psychiatry 2014; 28: 232-241.

Bocchetta A, Traccis F. The Sardinian puzzle: Concentration of major
psychoses and suicide in the same sub-regions across one century. Clin.
Pract. Epidemiol. Ment. Health 2017; 13: 246-254.

Supporting information
Additional Supporting Information may be found in the online ver-
sion of this article at the publisher’s web-site:
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