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Brain bioenergetic abnormalities have been observed frequently in adults with major depressive disorder (MDD); however, results have
been inconsistent regarding whether decreased or increased metabolism was observed. Phosphorus-31 magnetic resonance spectroscopy
(31P MRS) allows for the quantification of bioenergetic molecules, containing high-energy phosphates, over the whole brain as well as
measuring the differences between gray matter and white matter. We recruited 50 subjects with a current diagnosis of MDD, not currently
treated with psychotropic medication, between ages of 18 and 65 (mean± SD age: 43.4± 13.6; 46% female) and 30 healthy volunteers,
matched for age and gender (39.0± 12.5 years of age; 36.6% female). All subjects received a T1 MP-FLASH scan for tissue segmentation
followed by 31P MRS, chemical shift imaging scan with 84 voxels of data collected over the entire brain utilizing a dual-tuned, proton-
phosphorus coil to minimize subject movement. Phosphocreatine and inorganic phosphate (Pi) varied in opposite directions across gray
matter and white matter when MDD subjects were compared with controls. This finding suggests alterations in high-energy phosphate
metabolism and regulation of oxidative phosphorylation in MDD patients. In addition, within the MDD group, gray matter Pi, a regulator of
oxidative phosphorylation, correlated positively with severity of depression. These data support a model that includes changes in brain
bioenergetic function in subjects with major depression.
Neuropsychopharmacology (2017) 42, 876–885; doi:10.1038/npp.2016.180; published online 5 October 2016
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INTRODUCTION

Major depressive disorder (MDD) is a common and
debilitating illness characterized by depressed mood and
reduced energy. Accumulating evidence suggests that
cerebral metabolic abnormalities may be present regionally
(Baxter et al, 1989) and/or globally (Ketter et al, 1999; Kumar
et al, 1993) in MDD and that these abnormalities may
normalize following treatment with antidepressants (Drevets
et al, 2002; Mayberg et al, 2000). Abnormalities in glucose
uptake and rCBF observed in MDD could result from a
reduced capacity to utilize glucose, as would be seen in
mitochondrial dysfunction, with resulting lower bioenergetic
metabolite levels, or from a state of lowered neuronal
function resulting in reduced energetic demand on otherwise
freely available high-energy phosphate-containing
metabolites.
Nucleoside triphosphates (NTP), including adenosine

triphosphate (ATP), are generated in mitochondria via
oxidative phosphorylation using energy derived from

pyruvate, a product of glucose metabolism. Energy for
metabolic activity is released by ATP hydrolysis generating
adenosine diphosphate and inorganic phosphate (Pi). ATP
can also transfer a high-energy phosphate to phosphocrea-
tine (PCr) and receive it back through the reversible creatine
kinase reaction (Erecinska and Silver, 1989). PCr, therefore,
serves as a temporal and spatial buffer of high-energy
phosphate for use under conditions of high energetic
demand and/or at sites distal to mitochondria (Meyer et al,
1984). Pi, in addition to being a metabolic byproduct of ATP
utilization, also serves a regulatory function of promoting
oxidative phosphorylation as concentration of Pi builds
(Balaban, 2009; Bose et al, 2003; Chance et al, 1986; Schmitz
et al, 2012).
Quantifying these energetic metabolites in the brain,

therefore, can provide insight into the mechanism of
abnormal metabolic activity in MDD. Phosphorus magnetic
resonance spectroscopy (31P MRS) allows for the in vivo
quantification of three energetic compounds in the brain;
NTP; PCr; and Pi; providing a picture of cellular energetic
capacity. Previous 31P MRS studies have quantified
decreases in NTP in the basal ganglia (Moore et al, 1997;
Renshaw et al, 2001), and in the frontal lobes of patients with
major depression (Volz et al, 1998). Reductions in PCr in
frontal regions have also been observed in severe, as
compared with mild, depression (Kato et al, 1992).
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Reductions in NTP (Renshaw et al, 2001) and increased PCr
(Iosifescu et al, 2008) have also been associated with
likelihood of response to antidepressant treatments in MDD.
Differences in the observation of elevated vs reduced PCr

in depression need to be clarified. One possible explanation
is the different tissue composition of samples derived from
studies showing reduction of PCr (Kato et al, 1992) vs
increased PCr (Iosifescu et al, 2008). Gray matter and white
matter have very different energetic demands with gray
matter consuming 2–4 times the energy per unit time
compared with white matter (Erecinska and Silver, 1989).
This factor could partially explain discrepant findings in PCr
as different sampling regions likely have different tissue
compositions. 3-dimensional chemical shift imaging (3D-
CSI) allows for quantification of energetic metabolites in a
three-dimensional matrix of voxels over the whole brain
allowing for the use of segmentation information to derive
gray matter and white matter metabolite estimates (Forester
et al, 2009; Hetherington et al, 2001; Mason et al, 1998).
We performed a 3D-CSI 31P MRS study measuring the

energetic metabolites β-NTP (the β-phosphate is the unique
signature of NTP), PCr, and Pi at a 4-Tesla magnetic field
strength comparing adult MDD subjects with healthy
volunteers. We hypothesized, based on our previous data
(Forester et al, 2009), that differences in bioenergetic
metabolites between depressed and normal subjects would
be tissue class specific (white vs gray matter). We further
hypothesized a reduction in β-NTP (which in the brain
largely represents ATP), and a compensatory increase in PCr
in adult MDD subjects, consistent with our previous results
(Iosifescu et al, 2008). Moreover, as an exploratory hypoth-
esis, we predicted that Pi would differ between depressed and
normal subjects, and the direction of association would be
opposite β-NTP. Finally, for metabolites where we observed
significant differences, we explored in MDD subjects the
association between metabolite levels and depression symp-
tom severity (the 17-item Hamilton Rating Scale for
Depression (HAM-D-17) (Hamilton, 1967) score) or the
depression subscores of the Symptom Questionnaire
(Kellner, 1987).

MATERIALS AND METHODS

Subjects

All subjects signed written informed consent approved by the
Institutional Review Boards of Massachusetts General
Hospital (MGH) and McLean Hospital before any study
procedures were performed.

MDD participants. About 50 subjects with current MDD
between ages of 21 and 62 were recruited at the MGH
Depression Clinical and Research Program through adver-
tisements and clinical referrals. All subjects met MDD
criteria diagnosed by physician-administered Structured
Clinical Interview for Axis I Disorders—Patient Edition
(SCID-I/P) (First et al, 1996) and had a score of ⩾ 16 on the
Ham-D-17 at the screen visit. The exclusion criteria for this
study were: women lactating or pregnant, or women of
childbearing potential not using a medically accepted means
of contraception, serious suicidal risk, serious or unstable
medical illness, seizure disorder, history of mental disorders

secondary to general medical conditions, substance use
disorders, including alcohol, active within the last 12 months,
any psychotic disorder, bipolar disorder, antisocial person-
ality disorder, concurrent use of psychotropic drugs,
hypothyroidism, subjects with existing diagnoses of demen-
tia or with scores ⩽ 27 on the Folstein Mini Mental Status
Examination, history of non response in the current major
depressive episode to more than one adequate antidepressant
trial (defined as 6 weeks or more of treatment with
citalopram 40 mg/day, or its antidepressant equivalent),
history of electroconvulsive therapy in the last 6 months,
history of intolerance to citalopram or escitalopram, and
subjects with any contraindications to MRI, including
metallic implants or severe claustrophobia. If a subject had
been recently treated with antidepressants, a medication-free
period of at least 2 weeks (4 weeks for fluoxetine) was
required before scanning.

Healthy volunteers. We also recruited 30 healthy volun-
teers between the ages of 21 and 62 using advertisements in
local media. All healthy subjects were unmedicated and had
no lifetime history of major neurological, medical, psychia-
tric disorder, or head injury by self-report. Healthy
volunteers underwent the physician-administered Structured
Clinical Interview for DSM-III-R Axis I Disorders—Patient
Edition (SCID-P) (Spitzer et al, 1992) to rule out any Axis I
psychopathology.

Procedures

Approximately 2 weeks after the screening visit (range
1–3 weeks), eligible participants were scheduled for 31P MRS
data acquisition at the Brain Imaging Center at McLean
Hospital. Eligible MDD subjects had a repeat (baseline) visit
at MGH within 24 h post MRS data acquisition, when Ham-
D-17 was re-administered along with the Symptom Ques-
tionnaire (Kellner, 1987), a 92-item self-rating instrument
with scales for depression, anxiety, somatization, and anger,
as well as contentment, friendliness, relaxation, and somatic
well-being.

31P MRS acquisition, processing, and analysis. A dual-
tuned proton-phosphorus TEM head coil (Bioengineering,
Minneapolis, MN) operating at 170.3MHz for proton and
68.95MHz for phosphorus was used for all anatomical
imaging and spectroscopy. High-contrast, T1-weighted sagittal
and axial image sets (TE/TR= 6.2/11.4ms, field-of-view
(FOV)= 22× 22 cm, readout duration= 4ms, receive band-
width =± 32 kHz, in-plane matrix size= 128× 256 (sagittal),
256 × 256 (axial), in-plane resolution= 1.90 × 0.94mm (sagit-
tal), 0.94× 0.94mm (axial), axial-plane matrix size= 32
(sagittal), 64 (axial) axial-plane resolution = 2.5 mm (sagittal
and axial), scan time = 2min, 30 s (sagittal), 5 min (axial)) of
the entire brain were acquired using a three-dimensional-,
magnetization-prepared FLASH imaging sequence
(3D-mpFLASH).

Phosphorus 31P 3D-CSI was done using the following acquisition
parameters: TR=500ms; tip-angle=32 degrees; Rx bandwidth
=±2 kHz; complex-points=1024; readout duration=256ms;
pre-pulses=10; pre-acquisition delay=1.905ms; FOV
(x,y,z)=330mm; nominal volume=13.1 cc; maximum phase-
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encode matrix dimension (x,y,z) 14×14×14 (zero-filled out to
16×16×16 prior to reconstruction) as described in our prior
publications (Forester et al, 2009; Harper et al, 2014).

31P-MRS processing and analysis. Briefly, the spatially
resolved, 31P 3D-CSI grid was co-registered with the axial
T1-weighted images such that the grid was centered mid-
sagittally inside the brain according to anatomical landmarks
in both the sagittal and axial planes and a 4 × 7 × 3 matrix of
voxels was centered within the brain as described in our
prior publications (Forester et al, 2009; Harper et al, 2014).

All offline image processing used commercial and custom-
written software for the purpose of tissue segmentation,
partial volume analysis and grid-shifting. For 31P 3D-CSI
spectral fitting, we used a spectral time-domain fitting
program, based on the Marquardt–Levenberg non-linear,
least squares algorithm, incorporating prior knowledge of
spectral peak assignments, chemical-shifts, and J-coupling
constants as described in our prior publications (Forester
et al, 2009; Harper et al, 2014; Jensen et al, 2002).
Representative data are shown in Figure 1.

Tissue segmentation and image post processing. Using the
FSL Brain Extraction Tool (FMRIB) (Smith, 2002), the
extracted brain images were then segmented into different
classes, white matter, gray matter, and CSF, using FMRIB’s
Automated Segmentation Tool (FAST) (FMRIB) (Zhang
et al, 2001). Results from this automated segmentation
process were then used to determine the contributions
of tissue type (gray or white matter) and cerebrospinal fluid
in each MRS voxel. In this process, we convolved the
mathematically modeled, three-dimensional point-spread
function (3D-PSF) from the sparse k-space sampling scheme,

digitally sampled in a 256 × 256 × 64 matrix, with the
co-registered binary images (also digital matrices of
256 × 256 × 64) to obtain theoretically correct pixel counts
of the contribution of each tissue type to each voxel based on
the 3D-PSF weighted distribution (Hetherington et al, 2001;
Jensen et al, 2002; Mason et al, 1998).

Statistics

Primary hypothesis. Comparison of metabolite levels
between subjects with major depression and controls was
performed as described previously (Forester et al, 2009). A
separate linear mixed effects model was constructed for each
of the three metabolites measured (β-NTP, PCr, and Pi) in
brain. A minimal model first identified individual voxel
peaks that were questionable due to contamination by
muscle or other artifact. Minimal models included a random
effect of subject and a fixed effect of total phosphorus signal
for normalization. Voxels were rejected if the studentized
residual from the minimal model for each voxel was 43 or
o− 3. The full model used for data analysis included a
random effect of subject and fixed effects of condition
(depressed or normal), partial volume (expressed as percent
tissue), gray–white matter difference (expressed as a real
number from − 100 to 100), and the sum of the total
phosphorus signal to normalize the dependent variable. Age
and sex were included as control covariates.

Because of our expectation that associations of diagnosis
with metabolite concentration could vary by tissue content,
we tested first for an interaction between tissue type and
diagnosis. We tested for the following: (1) associations of the
differences between gray matter and white matter metabolite
concentrations with depression (significance of the gray–

Figure 1 31P spectrum from a single voxel displayed with modeled fit and spectral sub-components. Spectrum is filtered with 12 Hz exponential filtering for
display. 2,3 DPG, diphosphoglycerine; GPCho, glycerphosphocholine; GPEtn, glycerophosphoethanolamine; MP, membrane phospholipids; NAD,
dinucleotides; α-, β-, γ-NTP, adenosine triphosphate; PCho, phosphocholine; PCr, phosphocreatine; PEtn, phosphoethanolamine; Pi, inorganic phosphate;
PSer, phosphoserine.

Bioenergetic findings in major depression
DG Harper et al

878

Neuropsychopharmacology



white matter difference by condition interaction), and
(2) when this higher order interaction was not significant,
we tested for associations in total tissue, which we defined as
the mean difference in the metabolite of interest in a voxel
composed of equal amounts of gray matter and white matter.
To aid in interpretation, we estimated mean metabolite
contributions from gray matter and white matter in voxels of
mixed composition as previously described (Forester et al,
2009). Bonferroni corrections were applied for the energetic
compounds (PCr: β-NTP) in our primary hypothesis to
account for our choice of two outcomes. Accordingly, the
p-value was multiplied by 2 and the resulting value required
for significance remained at 0.05. Because Pi was an
exploratory outcome, corresponding p-values were left
uncorrected. Linear models were fitted with the restricted
maximum likelihood (REML) method employed by JMP
release 12 (SAS; Cary, NC).

Secondary hypotheses. We next tested whether intensity of
symptoms in the depressed group predicted metabolite
levels. We used an analogous approach to our test of the
primary hypothesis, except, in place of condition, we inserted
symptom intensity scores. Therefore, separate linear mixed
effects models were constructed for each depressive symp-
tom domain of the Symptom Questionnaire (depression,
anxiety, somatic, and anger–hostility) and the HAM-D-17
using metabolites where we had previously observed a
significant effect of condition (Dmitrienko et al, 2003). We
tested for the following: (1) associations of the differences
between gray matter and white matter metabolite concentra-
tions with SQ domain or HAM-D-17 total score (significance
of the gray–white matter difference by symptom test
interaction), and (2) when these higher order interactions
were non-significant, we tested for associations in total tissue
as defined above. Bonferroni corrections were applied for the
total number of symptom dimensions (5) multiplied by the
number of metabolites passing the gatekeeper test (2)
(Dmitrienko et al, 2003). Therefore, the p-value was multi-
plied by 10. Statistical significance required a corrected
p-value of 0.05 corresponding to an uncorrected p-value
of 0.005.

RESULTS

Demographic characteristics of the study population are
presented in Table 1. Tissue composition of 31P MRSI is
presented in Table 2.

Primary Hypothesis

PCr showed a significant tissue type by condition interaction
(F1,5931= 17.05; po0.001) indicating that gray matter PCr
tissue content and white matter PCr tissue content of
depressed and healthy comparison subjects varied differently
across conditions. Therefore, we investigated the PCr content
of gray matter in healthy controls and depressed subjects,
and white matter PCr in healthy controls and depressed
subjects. Gray matter PCr content was 5% higher in
depressed subjects compared with healthy comparison
subjects (t278=− 2.37; po0.04), and white matter PCr
content in depressed patients was 4% reduced from levels
seen in the healthy comparison subjects (t127= 2.44; p= 0.03;
Figure 2).
There was no significant tissue type by condition

interaction with β-NTP (F1,6007= 0.60; p= 0.9) indicating
no specific tissue-based differences between depressed and
healthy controls. We next examined a tissue neutral
approach by testing the mean difference of β-NTP in voxels
set to represent equal amounts of gray matter and white
matter. Although we observed β-NTP in the depression
group to be 2% higher than in the control group, this
difference was not significant (t99=− 1.77; p= 0.16).
Pi did show a significant tissue type by condition

interaction (F1,5957= 8.40; p= 0.004) indicating that between

Table 1 Demographic Characteristics of the Sample Including Age
and Sex

Normal Depressed Test statistic p-value

Age 39.03± 12.46
(mean± SD)

43.36± 13.62
(mean± SD)

t(78)= 1.42 p= 0.16

Sex 17M: 13F 27M: 23F χ2= 0.05; p= 0.80

Table 2 Least Squares Mean Partial Volume Expressed as Percent Tissue, and Tissue Type Expressed as a Real Number between − 100
(100% White Matter) and 100 (100% Gray Matter) in Normal Controls and Patients with Major Depressive Disorder

Normal (LS mean±SE) Depressed (LS mean±SE) Test statistic p-value

Partial volume 85.92± 1.10 85.87± 0.85 t(76)= 0.03 p= 0.98

Tissue type − 13.81± 1.17 − 14.10± 0.91 t(76)= 0.20 p= 0.84

Least squares means (LS means) are corrected for age, sex, and voxel location.

Figure 2 Least squares means (± SE), adjusted for total phosphorus
signal in both gray matter and white matter of levels of phosphocreatine in
both depressed and normal individuals. *po0.05 when compared with
same tissue type of normal subjects. Findings were adjusted for multiple
comparisons.
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depressed and healthy comparison subjects, gray matter and
white matter Pi content varied differently. In the case of gray
matter, Pi content was 7% lower in depressed subjects than
what was observed in healthy comparison subjects (t573= 2.90;
p= 0.004). White matter PCr was not significantly different
between healthy comparison subjects and depressed subjects
(t191=− 0.89; p= 0.4; Figure 3).

Secondary Hypotheses

We next tested whether levels of metabolites, which showed
significant findings in the group comparison (PCr and Pi),
had significant interactions between tissue type and HAM-
D-17 or the self-report Symptom Questionnaire were
associated with the metabolite levels in total tissue. The
results of these interaction analyses are shown in Table 3.
PCr was found to have a significant interaction between

the somatic domain of the SQ and tissue type (t= 3.86;
p= 0.001). The somatic scale of SQ includes items related to
fatigue (weakness), pain (headaches, body aches), difficulty
breathing, tachycardia, and gastro-intestinal complaints
(appetite, nausea). Further examination of the individual
tissue types (gray matter and white matter) revealed that the
somatic domain of the SQ was significantly associated with
PCr in gray matter (t= 4.84; p= 0.0001), but did not show
any effect in white matter (t= 0.181; p= 1.0) (Figure 4).
Pi was found to have a significant tissue type interaction

with the HAM-D score (t= 3.45; p= 0.006) and with the
depression domain of the SQ (t= 4.05; po0.001). Gray

matter Pi did not show a significant association with
HAMD-17 score (t446= 2.40; p= 0.164), whereas white
matter Pi did show a trend toward a negative association
(t129=− 2.63; p= 0.095). Gray matter Pi did not show a
significant association with the depression domain score of
the SQ (t= 2.08; p= 0.381), whereas white matter Pi showed
a significant negative association with the depression domain
score of the SQ (t=− 3.98; p= 0.001). The depression scale of
SQ includes items related to sad mood, anhedonia, guilt,

Figure 3 Least squares means (± SE), adjusted for total phosphorus
signal in both gray matter and white matter of levels of phosphocreatine in
both depressed and normal individuals. **po0.01 when compared with
same tissue type of normal subjects.

Table 3 Results from Mixed Effects Model of Subjects Intensity of Depression Symptoms and Tissue Type Interaction (W/G Interaction), and
Total Tissue Metabolite Concentrations

Effect type Beta SE t Degrees of freedom p-value

PCr

HAM-D-17 W/G interaction 0.01006 0.0071 1.42 3730 1.0

Main effect 0.37117 1.7618 − 0.21 97 1.0

SQ depression W/G interaction − 0.00231 0.0048 − 0.46 3445 1.0

Main effect 2.20281 1.2381 1.78 50 0.813

SQ anxiety W/G interaction 0.00565 0.0044 1.28 3456 1.0

Main effect 2.96243 1.1327 2.62 50 0.117

SQ somatic W/G interaction 0.02087 0.0054 3.86 3446 0.001

Main effect

SQ hostility W/G interaction 0.01020 0.0055 − 1.84 3447 0.656

Main effect 2.81031 1.3134 2.14 52 0.371

Pi

HAM-D-17 W/G interaction 0.01563 0.0045 3.45 3714 0.006

Main effect

SQ depression W/G interaction 0.01242 0.0031 4.05 3436 o0.001

Main effect

SQ anxiety W/G interaction 0.00587 0.0028 2.10 3439 0.360

Main effect − 0.12581 0.5864 − 0.21 55 1.0

SQ somatic W/G interaction 0.00125 0.0035 0.36 3435 1.0

Main effect − 0.48258 0.6865 − 0.70 57 1.0

SQ hostility W/G interaction 0.00163 0.0036 0.46 3434 1.0

Main effect − 0.00023 0.6991 − 0.003 56 1.0

A significant effect in the higher order interaction precluded further testing. Individual effects in each tissue type for significant models are described in the text.
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worthlessness (feeling like a failure), hopelessness, and
thoughts about death or dying (Figure 5).

DISCUSSION

In a large sample of unmedicated MDD subjects and healthy
volunteers, we found that abnormalities in a key brain
bioenergetic metabolite (PCr) were tissue-specific (ie, higher
in gray matter and lower in white matter) in depressed
subjects when compared with controls. This is consistent
with previous reports of tissue-specific abnormalities in
brain bioenergetic metabolites (Forester et al, 2009). These
results may explain the apparent discrepancy in previous
reports using non-segmented brain voxels, showing either
reduced (Kato et al, 1992) or increased (Iosifescu et al, 2008)
PCr in MDD.
Both the synthesis and utilization of ATP are vital

processes for neuronal activity and survival (Erecinska and
Silver, 1989; Lehninger, 2000). However, ATP is only stored
in relatively low concentrations even in cells with high- and
fluctuating energy requirements (Infante et al, 1965). Such

concentrations alone are able to fuel only a brief period of
activity before complete ATP depletion. Fortunately, cells are
able to draw upon large quantities of intracellular high-
energy phosphate from PCr to continuously and efficiently
replete ATP through the creatine kinase reaction (Clarke and
Sokoloff, 1999; Iyengar, 1984; Kenyon and Reed, 1983;
Wallimann et al, 1992; Wyss and Kaddurah-Daouk, 2000).
Our finding of increased PCr in the gray matter of MDD

subjects may reflect decreased metabolic processes and,
therefore, lower utilization of ATP and ultimately accumula-
tion of high-energy phosphate in PCr. A second possible
explanation for increased PCr in gray matter would be
increased mitochondrial oxidative phosphorylation in the
context of unchanged or even increased metabolic demand.
PCr acts as a reservoir of high-energy phosphate in tissues
with high metabolic demand like the brain. Metabolic studies
utilizing FDG-PET and SPECT have shown both increases
and decreases in glucose metabolism in the brains of patients
with MDD (Baxter et al, 1989; Drevets et al, 1992; Mayberg
et al, 1994) and fMRI studies show a similar bidirectional
pattern (Diener et al, 2012). In an exploratory analysis gray
matter PCr was increased in patients reporting higher scores
on the somatization subscale of the SQ (primarily represent-
ing increased physical fatigue, aches, and pains). This is
consistent with the previous studies where subjects with
atypical depression (also associated with excessive fatigue)
were the ones that exhibited highest values of PCr at baseline
and responded best to treatment with thyroid hormones
(Iosifescu et al, 2008).
The gray matter localization of our findings is intriguing.

Post-mortem brain studies have consistently shown that the
most important cellular abnormality in MDD is represented
by reductions in glial cells and specifically in astrocytes,
rather than neurons (Cobb et al, 2016; Ongur et al, 1998;
Rajkowska and Stockmeier, 2013). Astrocytes (and especially
protoplasmic astrocytes present in the gray matter) have a
crucial role in regulating several energy-intensive processes
involving neurons, including glucose metabolism, neuro-
transmitter uptake (particularly glutamate and the cycling
from glutamate–glutamine), synaptic development and
maturation, and the blood–brain barrier (Kettenmann and
Ranson, 2005). Therefore, the PCr changes in gray matter of
MDD subjects may be related to specific abnormalities in
astrocyte bioenergetic metabolism.
In contrast to our hypothesis, we did not find significant

differences in β-NTP (which in the brain approximates ATP
levels) between MDD subjects and healthy volunteers. This
may be related to the spectroscopic imaging method we used
and to the time resolution of changes in ATP and PCr levels.
31P MRS measures overall concentrations of metabolites
during the time of MRS acquisition and is insensitive to
rapid changes in metabolite concentrations. Our results
primarily demonstrate imbalance of PCr, the longer-term
storage of energy-rich phosphates.
Pi, the ‘low energy’ metabolite of ATP, was observed to be

lower in gray matter in depressed subjects when compared
with normal controls. This may suggest, based on Pi’s role in
the stimulation of oxidative phosphorylation, that there is not
increased pressure on mitochondrial oxidative phosphoryla-
tion to produce ATP and consequently PCr. Such an increase
in oxidative phosphorylation might be expected given all the
neuroplastic processes involved in the normal brain response

Figure 4 Least squares means plot of individual subjects score on the
Symptom Questionnaire, which significantly predicted levels of phospho-
creatine (PCr) in (a) gray matter (t= 4.84; p= 0.0001) but not in (b) white
matter (t= 0.181; p= 1.0).
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to stress (Jeanneteau and Arango-Lievano, 2016). Instead our
results support the idea that metabolic processes in gray
matter in major depression have slowed, resulting in
accumulation of high-energy phosphates in PCr.
We also observed a severity dependent change in Pi,

contrasting by tissue class. The results were numerically
consistent, regardless whether depression severity was
measured with HAM-D or SQ depression: more severe
depression was associated with higher Pi levels in the gray
matter (but only the association with HAM-D was a
statistical trend) and with lower Pi levels in the white matter
(but only the association with SQ depression was signifi-
cant). The higher Pi in the white matter of severely depressed
subjects was consistent with the overall direction of the
contrast between MDD and control subjects. However, the Pi
association with depression severity in the gray matter was
opposite of what we would have expected to see if the state
of depressive illness was driving the overall lowered gray
matter Pi in the depression group. Therefore, although the
depression group overall showed a decrease in gray matter
Pi, and subsequent activation of oxidative phosphorylation in
gray matter, those with more severe depression had a
relatively greater Pi sending an increased signal to stimulate
oxidative phosphorylation.

Overall, glucose metabolism, measured with FDG-PET,
has been highly variable across studies in patients with major
depression. One of the differences hypothesized to account
for this variability is severity of depression (Little et al, 2005).
Hypermetabolism in depressed individuals in previous
studies may be linked to more severe symptoms (Mayberg
et al, 1997), whereas hypometabolism appears linked to less
severe illness (Baxter et al, 1989; Brody et al, 1999; Little et al,
2005; Milak et al, 2009). Our findings support the hypothesis
that hypermetabolism could be a consequence of depression
severity, as we observed Pi to be increased in gray matter,
thereby stimulating oxidative phosphorylation, based on
severity of depression.
To our knowledge, this cohort represents the largest

sample of MDD subjects scanned with 31P MRS, and our
MRS methods include high-definition MRSI at 4 T. The most
significant study limitation is related to the ‘static’ nature of
31P MRS, which measures steady-state concentrations and is
unable to provide measures of dynamic change in bioener-
getic metabolites. The metabolite changes reported here
represent a novel state of metabolic equilibrium in MDD
subjects; the levels themselves do not explain whether
oxidative phosphorylation has increased, decreased, or
stayed the same. Additional studies utilizing dynamic

Figure 5 Least squares means plot of individual subjects (a–b) HAM-D scores and scores on the (c–d) Symptom Questionnaire (depression), which
significantly predicted levels of gray matter and white matter inorganic phosphate (Pi) in depressed subjects. (a) Gray matter Pi showed no association to
HAMD-17 score (t446= 2.40; p= 0.164), and (b) white matter Pi showed a significant negative association (t129=−2.63; p= 0.095). (c) Analogous to the
results from the HAM-D-17, gray matter Pi also showed no association with the SQ (depression) score (t339= 2.08; p= 0.381), whereas (d) white matter Pi
showed a highly significant association to the SQ (depression) score (t120=− 3.98; p= 0.001).
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methods such as magnetization-transfer MRS will be able to
refine our current results providing dynamic measures of the
chemical exchange process between PCr and ATP (PCr→
ATP) catalyzed by creatine kinase, by measuring the flux of
the phosphate exchange reaction between PCr and ATP.
A second limitation results from the cross-sectional nature

of the study design, which does not allow us to speculate on
the issue of state vs trait of availability of high-energy
phosphates beyond severity dependence. Previous work
(Iosifescu et al, 2008) suggests that the high-energy
phosphate balances are impacted by antidepressant medica-
tion. Further studies following effective treatment will allow
for the elaboration of these issues.
A further limitation inherent in our methodology is the

ever-present yet slight phosphorus signal contamination in
our brain voxels arising from skeletal muscle (primarily the
temporalis muscle) where phosphorus concentrations are
~ 10-fold higher than in brain. Although we attempted to
minimize this contamination by staying a nominal voxel’s
width away from the skull boundary, the nature of the PSF
arising from Fourier reconstruction of our voxels will always
result in cross-voxel signal bleed, which could potentially
affect our results. Further refinements in our methods will
seek to maximize the amount of cortical gray matter
included in our analysis while minimizing signal contribu-
tion from skeletal muscle to an acceptable level.
Finally, the global measures of phosphorus metabolites we

collected in this study can obscure regional effects. Although
we have been able to overcome difficulties in interpreting
differences in tissue type with the use of 3D-CSI and mixed
effects models, it is at the cost of regional specificity that
would be available in a single voxel study. We are also unable
to detect correlations between brain bioenergetic abnormal-
ities and any systemic changes in metabolism, expressed
either as daily exercise, oxidative metabolism demand, or
exercise capacity. Future studies will be needed to elucidate
correlations between bioenergetic changes in the brain and
the rest of the body.
Despite these limitations, our study adds to a body of

literature supporting a model of bioenergetic dysfunction in
subjects with major depression. Our data further clarifies
previous results by defining tissue-specific abnormalities in
brain bioenergetics in MDD. These results have theoretical
and practical implications, enhancing our understanding of
the pathology of MDD and supporting methods, which
enhance brain cellular bioenergetics as potential antidepres-
sant treatments (Nierenberg et al, 2013).
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