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Magnetic Resonance Spectroscopy in Major Depressive Disorder
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ABSTRACT: In this paper, we have collected and discussed the current literature on MRS/MRSI techniques
used in cases of depression to help understand the pathophysiology of the disease. The literature search using
National Institutes of Health’s PubMed database, Scopus, and Google Scholar, provided us with 71 peer-reviewed
publications to look at the disease effects amongst adolescent children, adult as well as the elderly population.
Metabolite changes in N-acetyl aspartate (NAA), choline (Cho), glutamate (Glu), and Gamma Aminobutyric
Acid (GABA) are quite consistent in some brain regions among comparable studies, with a few inconsistencies

noted due to the different study designs.
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Abbreviations

MDD = major depressive disorder, rMDD = recovered major
depressive disorder, HC = healthy control, ADHD = attention deficit
hyperactivity disorder, OCD = obsessive compulsive disorder,
ODD = oppositional defiant disorder, MRSI = magnetic resonance
spectroscopic imaging, MRS = magnetic resonance spectroscopy,
H-MRS = proton magnetic resonance spectroscopy, 31P MRS=P-31
magnetic resonance spectroscopy, MRI = magnetic resonance
imaging, PET = positron emission tomography, SPECT = single
photon emission computed tomography, TE = echo time, TR =
repetition time, HPC = hippocampus, Amg = amygdala, AC = anterior
cingulate, ACC = anterior cingulate cortex, pgACC = pre-genual
anterior cingulate cortex, BG =basal ganglia, PFC = prefrontal cortex,
DLPFC = dorsolateral prefrontal cortex, VMPFC = ventromedial
prefrontal cortex, DMPFC = dorsomedial prefrontal cortex, OFC =
orbitofrontal cortex, OC = occipital cortex, POC = parieto-occipital
cortex, Al = anterior insula, WM = white matter, PWM = parietal
white matter, GM = gray matter, CC = corpus callosum, AC =
anterior commissure, PC = posterior commissure, B/L = bilateral,
Glu = glutamate, Gln = glutamine, Glx = glutamate + glutamine, Gluc
= glucose, GABA= y amino-butyric acid, NAA= N-acetyl aspartate,
ml= myoinositol, Cho= choline, PCh = phosphocholine, GPC =
glycerophosphocholine, tCho = total choline, Cr= creatine, PCr =
phosphocreatine, PE = phosphoethanolamine, TRP = tryptophan,
KYN = kynurenine, 3-HAA = 3-hydroxyanthranilic acid, PME =
phosphomonoester, PDE = phosphodiester, Pi = inorganic phosphate,
ATP = adenosine triphosphate, NTP = nucleoside triphosphate, Tx
= Treatment, Tr = treatment-resistant, CBT = cognitive behavioral
therapy, ECT = electroconvulsive therapy, SSRI = selective serotonin
reuptake inhibitor, TCA = tricyclic antidepressant, TSD = Total
sleep deprivation, A = Adult, E = Elderly, P = pediatric, M = men,
W = women, HAMA = hamilton anxiety scale, HDRS = Hamilton
depression rating scale, CGI-S = clinical global impression-severity
scale, BDI = beck depression inventory, CDRS-R = children’s
depression rating scale-revised, MADRS = Montgomery-Asberg
depression rating scale, BOLD = blood oxygenation level-dependent
signal changes, NA = not mentioned, DSM = diagnostic and statistical
manual of mental disorders, CSI=Chemical shift imaging, GAD =
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Generalized Anxiety Disorder, LCM= LC model software.

INTRODUCTION
Major Depressive Disorder (MDD)

Major depressive disorder poses a major health issue, often
presented to and treated by the primary care physician (Shim et
al., 2011). According to the world health report 2008, depression
continues to be a significant cause of morbidity and mortality
worldwide (www.who.int, 2012). Besides being a risk factor
of medical illnesses, depression is a disabling disease, causing
significant disability, poor quality of life, bad work performance,
unstable relationships, and may lead to suicide (Stewart et al., 2003;
Bernal et al., 2007). Major depressive disorder (MDD) is common,
having one estimate a prevalence of 16.6%, affecting twice as many
women as men (Weissman & Olfson, 1995; Kessler et al., 2005;
Soleimani et al., 2011) and showing a frequent onset in childhood
(Lewinsohn et al., 1986; Lewinsohn et al., 1993; Kessler et al.,
1994). It has also been proven that pediatric MDD is in continuum
with adult MDD (Lewinsohn et al., 2000). Furthermore, MDD 1is
more common among patients with a medical illness (including
cardiovascular disease, diabetes, stroke, HIV and other conditions)
and is suggested to increase mortality by up to 4.3 times (Soleimani
etal., 2011; Bruce & Leaf, 1989). An association between depression
and the risk of cardiovascular disease (Agatisa et al., 2005; Alboni et
al., 2008; Fan et al., 2008) as well as diabetes (Grandy et al., 2008)
has been demonstrated.

In spite of the concerted efforts of health care workers, depressive
symptoms continue to occur at a significantly high rate (Shim et al.,
2011). For achieving a better remission rate (Tadic et al., 2011),
researchers are constantly working to help diagnose and manage
depression more effectively (Shim et al., 2011). Neuroimaging
with monitoring of brain metabolites could be a potential tool
for understanding the pathophysiology of depression, evaluating
treatment response and predicting outcome of MDD patients.

Structural Neuroimaging

Brain areas involved in emotional regulation, including
hippocampus (HPC), amygdala (Amg), anterior cingulate cortex
(ACC), basal ganglia (BG), as well as prefrontal cortex (PFC) have
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been studied using magnetic resonance imaging (MRI) and shown to
have structural alterations in MDD (Campbell et al., 2004).

The HPC volume was shown to be significantly reduced
(Campbell et al., 2004; Videbech & Ravnkilde, 2004; McKinnon
et al., 2009; Amico et al., 2011). Frontal and temporal lobes were
shrunken with an increase in severity of depression, coinciding with
the decline in cognitive performance (Elderkin-Thompson et al.,
2003); however, the structural changes noted in the corpus callosum,
thalamus and the BG were not consistent (Caetano et al., 2001;
Brambilla et al., 2002a; Brambilla et al., 2002b; Lacerda et al., 2003;
Brambilla et al., 2004; Lacerda et al., 2005).

Functional Neuroimaging

Functional studies, such as Positron Emission Tomography
(PET) and Single Photon Emission Computed Tomography
(SPECT), when combined with MRI, can provide an additional
value in addressing this serious illness by localizing abnormalities
in blood flow, metabolism and neurotransmitter receptors (Amico
et al.,, 2011). The frontal brain regions (ACC, dorsolateral PFC
(DLPFC), orbitofrontal cortex (OFC), and medial PFC) demonstrated
hypoarousal (Bench et al., 1992; Dolan et al., 1994; Bremmer et al.,
1997; Vollmert et al., 2004), whereas the limbic system (Amg, HPC
and BG) showed hyperarousal in MDD patients (Ho et al., 1996;
Mayberg et al., 1999). The frontal lobe blood flow and metabolism
has been most consistently (but not specifically) shown to be affected
in patients with depression (Hurwitz et al., 1990; Lesser et al., 1994;
Mozley et al., 1996). When combined with magnetic resonance
spectroscopy (MRS), functional MRI (fMRI) can provide better
understanding of the relation of brain activation and brain chemistry.
Blood oxygenation level-dependent signal changes (BOLD),
provoked by emotional stimulus, have been studied in the pregenual
anterior cingulate cortex (pgACC) of MDD patients, where negative
responses correlated with glutamate (Glu) and N-Acetyl Aspartate
(NAA); however in healthy controls negative responses of BOLD
correlated with Gamma Aminobutyric Acid (GABA) as measured
by MRS (Walter et al., 2009).

MAGNETIC RESONANCE SPECTROSCOPY (MRS)
AND SPECTROSCOPIC IMAGING (MRSI)

Although MRI is a valuable resource for detecting specific
brain abnormalities in MDD patients, the neurochemical profiles
are not completely studied (Urenjak et al., 1993). MRS can measure
brain metabolites and in turn can help understand the metabolic

profile in patients with MDD (Chang et al., 2003). Concentrations
of metabolites act as tools which can aid in the diagnosis and the
preparation of future diagnostic and statistical manual of mental
disorders (DSM) (Regier et al., 2009). It can also help relate these
metabolites with disease severity especially when it is linked with
other functional connectivity imaging techniques (Horn et al., 2010).

One major advantage of MRS is that it is a non-invasive, safe
imaging technique (Stanley et al., 2000; Stanley, 2002; Kondo et
al., 2011a). The chemical concentration of different molecules can
be measured in living tissues with accuracy and precision (Figure
1). Short scan time with as little as less than 10 minutes and up to
a maximum of 30 minutes allows the procedure to be performed in
the clinical setting making it feasible and tolerable to the patient
(Stanley et al., 2000). MRS is free from radiation hazards (Stanley
et al., 2000; Kumar et al., 2002), allowing multiple tests, for taking
measurements before and after therapy to check treatment response
(Stanley et al., 2000).

We found several MRS and magnetic resonance spectroscopic
imaging (MRSI) studies that were conducted on depressive patients
since 1992 to date (Tables 1 and 2). Most of these studies have
utilized a 1.5 T magnetic strength scanner, but recent studies used 3.0
T and higher. Among the brain metabolites that have been studied,
the most commonly reported ones in MDD patients include NAA,
choline (Cho), creatine (Cr), Glx, and GABA. In our collection, 25
articles evaluated the effect of treatment on metabolite findings in
MDD (Table 2). For instance, antidepressant and electroconvulsive
therapy (ECT) had shown significant metabolic changes through
MRS and MRSI studies in treatment responders (Charles et al.,
1994; Sonawalla et al., 1999; Ende et al., 2000; Sanacora et al., 2002;
Michael et al., 2003a, Michael et al., 2003b; Pfleiderer et al., 2003;
Sanacora et al., 2003; Bhagwagar et al., 2004; Gonul et al., 2006;
Ajilore et al., 2007; Merkl, et al., 2010).

N-ACETYL ASPARTATE (NAA) FINDINGS

The NAA resonance has the highest peak in a normal human
brain spectrum (Ende et al., 2006; Maddock & Buonocore, 2012).
NAA is a marker for neuronal integrity. A decrease in NAA level
represents reversible or irreversible affection of neuronal viability or
function (Ende et al., 2006; Maddock & Buonocore, 2012; Moffett
et al., 2007).

NAA level is decreased in the medial temporal region of pediatric
depression patients (MacMaster et al., 2008), the ACC of pediatric

Figure 1. A 35 years old male patient with major depression. Top row shows the anterior cingulated gyrus (ACC) 2x3x4cm voxel on the saggital, coronal
and axial orientations at 3.0T Philips scanner. Lower row is basal ganglia_thalamus voxel location. Left shows the spectrum and the metabolites of
the ACC location using the LC Model.
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Table 1.

Literature Review of MRS and MRSI in Depression (arranged in chronological order).

Nucleus/ Magnet strength/ Meta-
Authors Subjects TR(sec)/TE . Findings
Voxel placement . bolites
(msec)/ voxel size
“PME Erontal Cortex
. . -PME was higher in bipolars in the depressive state
Kato 1P MRS -10 Bipolar -Pi than HC
etal. -12 MDD 1.5T/3.0/NA/NA -PDE R ) .
-Frontal cortex -PCr was significantly decreased in severely
1992 -22 HC -PCr ; .
ATP depressed patients compared to mildly depressed
ones.
-PME
-Pi BG
31 _ =23
M°‘;‘g’9§t al. P_é\"GRS :_)’fBMHDCD 1.5T/3.0/NA/45cm? -PDE -ATP is lower in the BG of depressed patients than
-PCr HC.
-NTP
BG
-Cho concentration was significantly higher in
. bipolar patients in the depressive state than HC.
Hamakawa 'H-MRS -18 Bipolar : S
etal. Single voxel 22MDD | 1.5T/2.0/135/27cm? Cho | “CholCr+PCrand Cho/NAA ratios were significantly
higher in bipolar patients in both depressive and
1998 -BG -20 HC ;
euthymic states as compared to HC.
-Cho/NAA was significantly higher in MDD patients
compared to HC.
Erontal Lobe (Right
Frey 'H-MRS -22 MDD -ml/Cr was decreased in MDD patients
et al. Single voxel 22 HC 1.5T/3.5/55/12cm? -ml than HC.
1998 Frontal Lobe (B/L) Frontal Lobe (Left
-No significant difference.
Volz 3 Frontal Lobe
etal. -Froitg/:lf_ibe '1_‘;'3 'X:ED 1.5T/3.0/NA/NA. -PA"\I'/IIE -Significantly increased PME and decreased ATP in
1998 MDD patients as compared to HC.
oc
14 MDD -Highly significant (52%) reduction in OC GABA
. (unmedicated)
Sanacora H-MRS (8 M6 W) levels compared to HC.
et al. Single voxel 1 8’ HC 2.1T/3.39/68/13.5cm? -GABA -No significant relationship between severity of
- epression and cortica evels.
1999 OoC (1M, 7 W) d i d ical GABA level
’ -GABA levels were higher in women (W) than men
(M) and they decreased with age.
ACC
1 - —_—
Sinng/I\I?onel -NAA -Significant decrease of Glx in MDD patients
9 -19 MDD -Cho (P=0.013).
Auer 1.5T/2.0/35/ I .
et al (6 M, 13 W) 7.510 12 mL (ACC) -Cr -Considering only severely depressed patients,
2000’ ACC -18 HC 6 8 t09.2 mL (PWM‘) -ml both GIx and Glu showed a significant decrease
-Parietal white (8 M, 10 W) ' ’ -GlIx (P=0.03).
matter (PWM) -Glu ACC and PWM
-No significant effect for NAA, Cr, Cho, ml.
Steingard "H-MRS 1 c CholC Cho/ ﬂ. ianifi
et al. Single voxel -17 MDD (P) 1.5T/2.0/30/3.38cm? -Cho -C ho T and Cho NAA ratios were significantly
2000 “OFC -28 HC ' ' ' -Cr higher in MDD patients than HC (P=0.032 and
P=0.043 respectively).
Frontal Lobe WM (Left
-More severe the deep WM lesions lower the levels
of NAA/Cr.
.'47 MDD (E) -Severity of WM lesions was more pronounced in
4 i. Early onset
H-MRS roup (<50 the late onset group.
Murata et al. Single voxel 9 les) 1.5T/2.0/136/8.0cm® “NAA -Indicator of the cell loss in WM of frontal lobes
2001 -Frontal lobe WM | . Y ' ' ’ -Late onset group had lower NAA/Cr as
ii. Late onset " L L
(Left) roup (>50 well as lower cognitive function in the Digit Symbol,
9 egrs) Trail-Making, and Verbal Associative Fluency tests
y ’ and exhibited higher HDRS scores reflecting more
pronounced clinician rated depressive symptoms
compared with those in early onset group.
Amg (Left)
'H-MRSI -Cho/Cr ratio significantly decreased in MDD
Kusumakar (Sl “NAA patients than HC (P=0.025).
-11 MDD (P) -NAA/Cr ratio did not differ significantly between
etal. 1.5T/1.5/135/NA -Cho )
2001 -Anterior Medial -1 HC -Cr MDD patients and FC.
m ight
Temporal (Amg) -Cho/Cr and NAA/Cr ratios did not differ significantly
between MDD patients and HC.
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Farchione
et al.
2002

H-MRSI
(csl)

-DLPFC (BI/L)

-11 MDD (P)
-11 HC

1.5T/2.3/272/0.84 cm?

-Cho
-NAA
-tCr

DLPFC (Left)
-Cho was significantly raised (32.5%) in MDD
patients than HC (P=0.039).

-Cho/Cr ratio was significantly increased in MDD
patients than HC (P=0.049).
-Cho/NAA ratio was significantly increased in MDD
patients than HC (P=0.027).

- No significant difference in NAA or Cr between
MDD patients and HC.

DLPFC (Right)

-No significant difference in Cho, NAA or
Cr between MDD patients and HC.

Kumar
et al.
2002

'H-MRS
Single voxel

-DLPFC (Left)
-ACC (BIL)

-20 MDD (E)
(6 M, 14 W)
-18 HC
(5M, 13 W)

1.5T/3.0/30/8 cm?

-NAA
-Cho
-ml
-Cr

Dorsolateral WM
-ml/Cr ratio was significantly higher in
MDD patients than HC.
-Cho/Cr ratio was significantly higher in MDD
patients than HC.
-No significant difference in NAA/Cr ratio between
the two groups.
-No difference in absolute metabolite levels between
groups.
Frontal Gray Matter
-No significant differences in metabolite ratios
between MDD patients and HC.
-No difference in absolute metabolite levels between
groups.

Vythilingam
etal.
2003

"H-MRS
Single voxel
and CSI
Cortical gray
matter (GM),
Subcortical GM,
and WM

-18 MDD
-20HC

1.5T/1.5/20/2.3cm?

-Cho
-NAA
-Cr
-ml

Caudate (particularly right side
-NAA/Cr ratio was significantly lower in MDD
patients than HC (P<0.05).

-ml/Cr ratio was similar in MDD patients and HC.
Putamen (particularly right side
-Cho/Cr was significantly higher in MDD patients
than HC. (P<0.05).

Whole Brain
-No significant findings were observed for Cho/Cr,
NAA/Cr, or ml/Cr.

Thalamus
-No significant effects were observed.

Smith
et al.
2003

"H-MRSI
(Csl)
-Medial Thalamus
(B/L)
-Lateral Thalamus
(B/L)

-18 MDD (P)
-18 HC
-27 non-
depressed
patients with
obsessive
compulsive
disorder (OCD)

1.56T/2.3/272/0.8mL

-Cho

Medial Thalamus (Right)

-Cho concentration was significantly increased in
OCD than MDD patients and HC (P=0.005 and
P=0.008 respectively).

Medial Thalamus (Left)

-Cho concentration was significantly increased in
OCD than MDD patients and HC (P=0.0000 and
P=0.002 respectively).

Medial Thalamus (B/L)

-Cho concentration did not differ significantly
between patients with MDD and HC.
Lateral Thalamus (Right
-No significant differences in Cho levels between
MDD patients, OCD patients and HC.
Lateral Thalamus (Left)

-Cho concentration was significantly higher in OCD
than MDD patients. (P=0.023).

-No significant differences between OCD patients
and HC, nor between MDD patients and HC

Gruber:
et al.
2003

"H-MRS
Single voxel
-PFC (B/L)
(mainly white
matter)

-17 MDD
(8 M, 9 W)
-17 HC

3.0T/6.0/20/8cm?

-NAA
-Cr
-Cho
-ml

PFC (BIL)
-NAA/Cr ratio was significantly lower in MDD

patients than controls (Left: P=0.016, Right:
P=0.006).

-Cho/Cr ratio was significantly lower in MDD
patients than controls (Left: Not significant, Right:
P=0.016).

-ml/Cr ratio was significantly lower in MDD patients
than controls (Left: P=0.022,

Right: P=0.026).

-Absolute concentrations of Cr were significantly
higher in MDD patients than HC (Left: P=0.017,
Right: P=0.0004).

-No difference in absolute concentrations
of NAA, Cho and ml.

170 Mohamed MA,

Sheikh AS « Magnetic Resonance Spectroscopy...




DLPFC (Left)

-Among non-depressed people, cognition was

Elderkin- H-MRS -Cho positively correlated with Cho/Cr and ml/Cr and
Thompson Single voxel -14 MDD (E) -PCh negatively correlated with PCh/Cr in four domains of
et al. 14 HC 1.5T/2.0/30/27cm? -PI? verbal learning, recognitiorll, recall, and hypothesis
-m generation.
2004 -DLPFC (Left) -Depressed patients did not have
consistent relationships between Cho/Cr, ml/Cr, and
PCh/Cr and cognition.
ACC
-13 MDD (P); . -Glx congentration was significantly Iower.
: in MDD patients than HC (19% decrease) with
8 had cqmqrbld P=0.000
g;ﬁgﬁ:r{lz . -Reduced Glx was inversgly cc?rrela.ted with
with anxiety increased severity of functional impairment as
disorders, 1 measured py CGI-S (E=0.021), but was not
H-MRS with ADHD w/o correlated with depressive §ymptom score as
) Single voxel hyperactivity, -Glx measured by CDRS-R or V\{IFh illness durahon..
Mirza ACC 1 with 1.5T/3.0/30/ -Cr -Cr concentrations were significantly decreased in
et al. -OC (10 patients | Oppositional 3 cm?(ACC), -NAA MDD patients as compared to HC (P=0.036).
2004 ) 8 cm?® (OC) -Cho -Cr concentrations were not correlated with
and controls were Defiant . : . .
. . -ml functional impairment, depressive
studied) Disorder . . .
(ODD), 2 with Symptom sgverlty, or illness duration.
- -No difference in NAA, Cho, or ml was found
anxiety and
between the two groups.
ODD}
13 HC; no oo oc .
o -GlIx and Cr did not differ between MDD patients
comorbid
disorders. . . and HC.
-No difference in NAA, Cho, or ml was found
between the two groups.
ocC
-GABA lower in MDD patients (P<0.01).
-Glu increased in MDD patients (P<0.001), with no
effect of age or sex but a significant effect of NAA
(P<0.001).
-GABA-Glu ratio was significantly higher in patients
with MDD (P=0.002).
-NAA concentration was not significantly different
between the two groups (P=0.16).
-GABA -Age was significantly associated with NAA
Sanacora "H-MRS .33 MDD Glu concentrations (P=0.03).
et al. Single voxel 238 HC 2.17/2.0/68/13.5cm? NAA -Sex had significant effect on choline level (P=0.01).
2004 -0OC -Cho with W and M having choline levels of 1.48 £ 0.15
and 1.391£0.12 mmol/kg respectively.
-Significant reductions in percentage of solid tissue
(P=0.009) and percentage of WM (P=0.04).
-Percentage of tissue, WM, NAA level, age and sex
did not have significant effect on GABA levels.
-Subtype effect: GABA levels were significantly
lower in patients with melancholic depression
compared with HC (P<0.001) and in patients with no
subtype than HC (P=0.002), but not in patients with
atypical depression.
-Cho DLPFC
. -15 MDD (E) -In 33 elderly subjects, Cho/Cr ratio was 10 percent
Binesh 'H-MRS -Cr ; :
. (3 M, 12 W) higher in M as compared to W.
et al. Single voxel 1.5T/2.0/30/27cm? -Glx L . )
2004 -DLPFC -33 HC “NAA -Depressed geriatric patients had hlgher'levels of
(17 M, 16 W) -PE ml, PE, and GlIx than controls, but these differences
were not significant.
-14 MDD w/o
OoCcD ACC
Rosenberg 'H-MRS -20 non- -Glx concentration was significantly decreased in
et al. Single voxel depressed 1.5T/NA/NA/3.0mL -GlIx patients with OCD (15.1% decrease) and those
2004 -ACC patients with with MDD (18.7% decrease) as compared to HC
OoCD (P=0.002).
-14 HC
DLPFC
-NAA/PCr+Cr and NAA/GPC+PC ratios were
Brambilla 'H-MRS -19 MDD “NAA significantly lower in chronically-ill than less
et al. Single voxel 19 HC 1.5T/6.0/20/8.0cm? -GPC+PC chronically-ill patients.
2005 -Left DLPFC - NAA/PCr+Cr ratio was significantly lower in

chronic than less chronic MDD patients and HC
(P=0.038).
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-13 MDD (6 M,
7 W); comorbid
diagnosis
included current
GAD (n=3),
social anxiety

ACC
-ml/Cr ratio was significantly lower in MDD patients

"H-MRS (n=1), lifetime than HC (P=0.016).
Coupland Single voxel d sih mic -ml -This reduction in ml could be due to glial loss or
etal. oo 3.0T/3.0/168/18cm? -Cho altered glial metabolism.
2005 -ACC _ -NAA -NAA/Cr ratio was not significantly different between
(n=2), past .
-DMPFC anic disorder patients and controls.
P ) -Cho/Cr ratio was not significantly different between
concurrent with .
: patients and controls.
a depressive
episode (n=1).
-13HC (6 M,
7 W)
Rosenberg 'H-MRS -14 MDD (P) -Glu -Reduced Glu was obsﬁd in MDD patients than
et al. Single voxel (5M,9W) 1.5T/3.0/30/3cm?® Gl HC (P=0.0002: 23% d P
2005 "ACC 14 HC -Gl (P=0.0002; 23% decrease).
-GlIn did not differ significantly.
VMPEC
-No difference in GABA concentration between
'"H-MRS -GABA rMDD patients and HC.
Hasler Single voxel -16 rMDD 3.0T/INA/GEI -Glx -Negative relationship between GIx/GABA ratio and
etal. 18 cm3(VMPFC),
2005 -VMPFC -15HC 30 cm3 (DLPFC) -Cho age of onset of MDD.
-DLPFC ' -NAA DLPFC
-No difference in GABA concentration between
rMDD patients and HC.
DLPFC (Left)
-GPC+PCh was significantly decreased in MDD
1H- -
Caetano . H-MRS -14 MDD (P) GPC+PCh patients as compared to HC.
et al. Single voxel 1.5T/6.0/30/8.0cm? -ml . ) . ’ .
-22 HC -ml concentration was higher in patients with MDD.
2005 -DLPFC (Left) -Glu : . )
-Glu level was inversely correlated with duration of
illness as well as number of episodes.
MacMaster 'H-MRS PFC (Right
and Single voxel -12 MDD (P) 3 -Cho -Cho/Cr ratio was significantly increased in MDD
Kusumakar -11 HC 1.5T/1.5/135/4.0cm -Cr patients as compared to HC
2006 -PFC (Right) (P=0.007).
Subcortical Regions
-GIn and Glu concentrations were significantly lower
in depressed diabetic patients as compared to HC
H-MRS “NAA gnd_c_jlabetlc_: control subjects (P<0._001 ).
. . . -A significant difference between hemispheres
Single voxel -20 diabetics -Glx _ . . )
. . (P=0.04) with the decrease in Glx concentration
Aiilore with MDD -Cr found in depressed diabetics more pronounced in
etal. | -Subcortical nuclei| -24 diabetics |  1.5T/3.0/30/4.0mL -Glu P ot o P
2007 (B/L) w/o MDD -GIn Frontal W'M
-DLPF WM (BIL). -21 HC -Cho s )
ml -ml was significantly increased in diabetic control
subjects and depressed diabetic patients as
compared to HC. (P<0.05).
-No significant hemispheric differences in metabolite
concentrations.
BG
"H-MRS -Cho was significantly higher in MDD patients than
HC.
Ende -Cho
-Putamen -11 MDD 3 HPC
etal. (B/L) -10 HC 1.5T/1.5/135/1.04cm ACr -Cho was significantly lower in MDD patients than
2007 -NAA
-HPC HC.
(B/L) BG and HPC
-No difference between left and right side.
DMPFC
- Lower Glx and GABA in MDD patients than HC
(P<0.02 and P<0.02 respectively).
VMPFEC
- Lower GIx in MDD patients than HC (P<0.02).
- Glx - Cho concentration was more in M than W
1H-
Has;‘f)'o‘;t al. Sinng"foiel -20 MDD 3.0T/1.5/68/ - GABA (P<0.007)
) IgMPFC (unmedicated) 30cm?*(DMPFC), -NAA DMPFC and VMPFC
-VMPFC -20 HC 18cm3(VMPFC). -Cho -In this study, difference was more prominent in W

than M.
-Positive correlation between GIx and GABA
(P<0.001 and P<0.04).
-No correlation with depression severity.
-Negative correlation between age and NAA

(P<0.001 and P<0.008).
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TH-MRSI (Caudate (Lef) .
(Sl -Cho conf:entrat!on was significantly increased in
Gabbay et al. A14MDD (P) | 3.0T/1.6/135/0.75 'CC’;‘O patients with MDD than HC (P<0.03).
2007 -Caudate 10 HC om? -Cr -Cr conc.entratl(.)n was significantly increased in
’ patients with MDD than HC (P<0.04).
Putamen and N . )
-No other neurochemical differences were
Thalamus (B/L)
observed.
. oc
Bhigglagar sm|;|2/| 5osxe| -1165 6?333 3.0T/6.0/26/18cm® C-;éEA -GABA/Cr and NAA/Cr were significantly lower in
2007‘ ~0C 8 HC NAA rMDD and bipolar patients than in HC, whereas GIx/
Cr was higher.
Bh 1H-MRS Q¢
agwagar Single voxel -12 MDD -Lower G/—\_BA/Cr in _rMDD. patle_nts than HC.
et al. ~0C 11 HC 3.0T/3.0/68/18cm?® -GABA -GIx/Cr significantly higher in patients than HC.
2008 -ACC ~ ACC ]
-Lower GABA/Cr in rMDD patients than HC.
'H-MRSI
MacMaster (Csl) -11 MDD (P) Medial Temporal Cortex (Left)
et al. 11 HC 1.5T/2.3/272/0.8mL -NAA -NAA was decreased by 27% in MDD patients as
2008 -Medial Temporal compared to HC (P=0.003).
Cortex (B/L)
Frontal WM (Left)
-NAA/Cr ratio was significantly lower in un-
'H-MRS medicated MDD patients than HC (P<0.02).
Single voxel . -No significant difference in Cho/Cr, ml/Cr ratios
Chen =27 ,\g?)lr)\ (& __gﬁoA across the three groups (medicated MDD patients,
et al. -Frontal WM (Left) antidepressant 3.0T/1.5/30/8cm? -l unmedicated MDD patients, HC).
2009 -PV WM (Left) 19 HC Cr PV WM (Left)
-BG (Left) -No differences in the metabolite ratios.
BG (Left)
-Cho/Cr and ml/Cr ratios were significantly higher in
MDD patients than HC (P<0.046 and P<0.025).
-14 MDD (first HPC
episode) -GPC+PCh and GPC were significantly elevated in
-13 HC for first -NAA patients with recurrent MDD than controls.
Milne "H-MRS episode MDD -ml -No other metabolite difference was significant
et al. Single voxel group 3.0T/2.0/35/8cm? -Glx between patients with recurrent MDD and HC.
2009 -HPC -14 MDD -GPC -ml levels were significantly increased in first time
(recurrent) -GPC+PCh depression patients as compared to HC.
-14 HC for -No other metabolite difference was significant
recurrent MDD between patients of first time depression and HC.
pgACC
-GIn was decreased (P=0.01), Glu and GABA were
-G normal in highly anhedonic MDD patients.
Walter 'H-MRS Glu -Glu and NAA correlate with negative BOLD
Single voxel -19 MDD 3.0T/2.5/31-229/ responses induced by emotional stimulus in MDD;
et al. -NAA : . .
2009 . -24 HC 17.5mL -GABA in HC negative BOLD responses correlate with
-pgACC (Right) -Gluc GABA instead.
-Negative BOLD responses, Glu and NAA correlate
with emotional intensity ratings in those with MDD
but not in HC.
DLPFC
-Metabolite levels did not differ between MDD
-NAA }
Cr . patients and HC. .
Nery 1H-MRS -Cho -NAA levels mverse!y correlated with length of
. -37 MDD iliness.
etal. Single voxel 1.5T/3.0/30/8.0 cm® -ml .
2009 -DLPFC (Left) -40HC -GIx e
-Male MDD patients had lower PCr+Cr than male
HC.
-Female MDD patients had higher PCr+Cr than
female HC.
ocC
-GABA significantly decreased in Tr MDD patients
than HC and non-Tr MDD patients.
-Glx was not different.
-15 MDD -GIx/GABA ratio was significantly elevated in the
"H-MRS (treatment Tr MDD patients than HC, while no difference was
Price Single voxel . . 3.0T/1.5/68/ found between non-Tr MDD and Tr MDD patients
resistant; Tr) 3 -GABA
etal. ~18 MDD (non- 18.0cm3(OC), -Glx or HC.
2009 -0OC ™) 18.75 cm?®(ACC). ACC
-ACC 24 HC -GABA decreased in Tr MDD patients than HC and

non-Tr MDD patients, but the difference was not
significant.
-Glx was not different
-GIx/GABA did not differ between Tr MDD patients,

non-Tr MDD patients and HC.
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et al. 2009

Venkatraman

'H-MRS
Single voxel

-Medial PFC

lobe

-Medial temporal

-14 MDD (E)
-12 HC

3.07/3.0/30/8cm?

-NAA
-Cho
-ml
-Cr

PFC
-NAA, Cho and Cr decreased in MDD patients
compared to HC.
Medial Temporal Lobe (Left)
-NAA and ml increased in MDD patients compared
to HC.
Medial Temporal Lobe (Right)
-No significant difference in metabolites between
MDD patients and HC.

Gabbay
et al.
2010

'H-MRSI
(csl)

and Right
Caudate)

-BG (Left Putamen

-7 MDD (P);
melancholic
-7 MDD
(reactive); non-
melancholic.
-6 HC

3.07/1.6/135/0.75cm?

-Cho

BG (Left Putamen, Right Caudate)
-No significant correlations were found in the HC
group or in the MDD group as a whole.
-In Melancholic patients, plasma KYN
concentrations were positively correlated with right
caudate total choline (P=0.03).

-In Melancholic patients, plasma
3-hydroxyanthranilic acid (3-HAA), a neurotoxic
intermediate of the KYN Pathway) was positively

correlated with left putamen total choline (P=0.006).

Horn
et al.
2010

"H-MRS
Single voxel
-pgACC (B/L)
-Al (Left)

-22 MDD
-22HC

3.0T/2.0/80/
4.0ml (pgACC),
3.0ml (Al)

-Glx
-Glu
-ml
-NAA

pgACC (BIL)
-GIx/Cr and Glu/Cr ratios predicted functional
connectivity between the two regions in MDD
patients, but not in HC.
-Lower GIx/Cr predicted weaker negative
correlations i.e. functional connectivity between
regions.

-GIx/Cr and Glu/Cr were lower in severely
depressed than mildly depressed patients and HC.
- A significant difference of Glu and Glx levels was
found between mildly depressed patients and HC.

Al (L eft)
-GIx/Cr failed to predict connectivity between the
two regions.
-Significant correlation between HDRS and resting
state functional connectivity between the regions.
-ml and NAA did not show any significant finding.

Olvera et al.
2010

'H-MRSI
(csl)

-Medial PFC
-ACC
-DLPFC

-16 MDD (P)
-38 HC

1.5T/1.5/272/1.5cm?

-NAA
-PCr+Cr
-GPC+PCh

DLPFC
-No significant difference in GPC+PCh levels
between MDD group and HC.
-A trend towards decreased NAA noted in the left
DLPFC GM and right DLPFC WM.
ACC (Right)

-A significant reduction in NAA was noted in MDD

patients.
Medial PEC (Right)

-A significant reduction in NAA was noted in MDD

patients.

Portella et al.
2011

"H-MRS
Single voxel

-VMPFC

-10 MDD (first
episode)
-16 MDD
(remitted-
recurrent)
-19 MDD
(chronic)
-15HC

3.0T/2.0/38/8.0cm?

-Glu
-Cho
-NAA

VMPEC
-Glu significantly decreased in remitted-recurrent
and chronic patients compared to first-episode
patients and HC.

-Cho was increased in patients with chronic
depression and showed a positive correlation with
duration of illness.

-NAA was significantly lower in remitted-recurrent
and chronic patients.

Gabbay et al.
2012

'H-MRS
Single voxel
-ACC

-20 MDD
(P); 10 with
anhedonia

-21 HC

3.0T/1.5/68/18.75¢cm?

-GABA

ACC
-GABA was significantly low in MDD patients as
compared to HC (p<0.003).
-Only patients with anhedonia had decreased GABA
levels (p<0.001).

Wang et al.
2012

MRSI
(csl)

-Anterior cingulate
(AC) GM
-DLPF WM

-24 MDD
(10 M, 14 W)
-13 HC
6M,7W)

1.5T/1.0/144/
0.5625cm?

-NAA
-Cho
-Cr

DLPF WM (Left)
-NAA/Cr and Cho/Cr were significantly lower in

MDD patients as compared to HC.
DLPF WM (Right
-NAA/Cr was significantly lower in MDD patients as
compared to HC.
AC GM (B/L)
-NAA/Cr and Cho/Cr were not significantly different
in MDD patients and HC.
No correlation was found between metabolite ratios,
HDRS scores, and duration of illness.

Sozeri-Varma
et al. 2013

"H-MRS
Single voxel
-PFC (right)

-21 mild MDD

-18 moderate
MDD

-16 HC

1.5T/3.0/35 and
144/8cm?

-NAA
-Cho
-Cr

PFC (Right)
-NAA/Cr was significantly lower in moderate MDD
patients as compared to HC.
-No difference in NAA/Cr between mild MDD
sufferers and HC.
-No difference in NAA, Cr, Cho, Cho/Cr among mild
MDD, moderate MDD and HC.
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Table 2.

Treatment of Depression: Changes in Brain Metabolites (arranged in chronological order).

substitution with
active SSRI and
placebo.

Authors Voxel Subjects Magnet strength/TR Therapy Meta Findings
placement (sec)/TE(msec)/ (Tx) bolites
voxel size
Charles et al. '"H-MRSI -7 MDD (E) 1.5T/2.0/NA/ Anti- -NAA BG/Thalamus/WM (At level
1994 (CSslI) -10 HC 3.0cm? depressant -Cho of Third Ventricle)
cortical and -Cr -NAA/Cr was not significantly
non-cortical different from pre-therapy
GM (e.g. BG, to post-therapy, nor was
thalamus) as any change significant from
well as WM. control group.
-NAA/Cho increased
significantly from pre-therapy
to post-therapy (P=0.042).
-Cho/Cr level fell significantly
from pre-therapy to post-
therapy (P=0.026).
-Pre-therapy Cho/Cr level
was elevated in MDD patients
as compared to HC (P=0.022)
and fell to sub-control levels
post therapy (P=0.011).
Renshaw "H-MRS -41 MDD 1.5T/2.0/30/8.0 cm?® SSRI -Cho BG
et al. Single Voxel | (18 responders, 23 (8 weeks -NAA -Cho/Cr ratio was significantly
1997 -BG non-responders) Flouxetine) lower in MDD patients than
-22 HC HC (P=0.037).
-This difference was more
pronounced in the responders
than in the non-responders.
-NAA/Cr ratio was not
significantly different between
MDD patients and HC.
Sonawalla "H-MRS -41 MDD before Tx 1.5T/INA/NA/ SSRI -Cho BG
et al. Single Voxel | -15 MDD after Tx. 8.0 cm? (Fluoxetine) -Cr -Cho/Cr ratio was increased
1999 -BG (Head of by 20% in Tx responders than
left caudate non-responders.
and putamen) -Cho/Cr ratio was decreased
by 12% in non-responders.
Ende "H-MRSI (CSl) | -17 MDD (received 1.5T/1.8/135/ -ECT -NAA HPC
et al. -HPC ECT) 2.4 cm? -Cho -NAA did not show any
2000 -24 HC plus 6 -Cr change after ECT Tx.
remitted from MDD -Cho was increased by 16%
w/o ECT. after 5 or more ECT Tx.
Despite unilateral ECT in
most patients, the increase in
Cho was B/L.
Sanacora 'H-MRS -11 MDD 2.1T/3.39/68/ -SSRI (2 -GABA ocC
et al. Single Voxel (7 M, 4W) 13.5cm? months) -GABA concentration was
2002 -0OC significantly increased in
patients after treatment with
SSRI (P<0.03).
Pfleiderer et 'H-MRS -17 (severe) MDD 1.5T/2.5/20/ -ECT -Glx ACC (Left)
al. Single Voxel before and after 3.375cm? -Glx levels were significantly
2003 ECT. reduced in patients with MDD
-ACC (Left) -17 HC than HC.
-Glx levels normalized
(P=0.04) in ECT responders
as compared to non-
responders and then did
not differ statistically from
controls.
Kaufman et al. "H-MRSI -13 MDD (stabilized 1.5T/2.0/65/ -SSRI -Cho ACC
2003 (Csl) on fluoxetine) 1.28 cm? discontinuation -Cr -Cho/Cr ratio was decreased
-13 MDD (stabilized (MRSI done in 4 ‘paroxetine group’ and 2
on paroxetine) 3 days after ‘flouxetine group’ subjects as
-ACC medicine compared to asymptomatic

subjects.
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Michael et al.
2003b

'H-MRS
Single Voxel

-Amygdalar
region (Left)
(Amg, GM and
Anterior 1/3
of HPC)

-28 Tr MDD (being
referred for ECT)
-28 HC

1.5T/2.5/20/
3.375cm®

-ECT

-NAA
-Cho
-Cr

Amygdalar region (Left)
-NAA, Cho and Cr
concentrations did not differ
between controls and patients
before receiving ECT. Only
GlIx showed a trend towards
reduction (P=0.056). GIx
reduction was significant
only in patients with unipolar
depression (P=0.049).

-NAA and Glx levels were
increased after successful
ECT in all patients compared
to the baseline values before
ECT. (P=0.019 and P=0.049
respectively).

Michael et al.
2003a

'H-MRS
Single Voxel
-DLPFC (Left)

-12 MDD (episode
with melancholic
features).

-12 HC

1.5T/2.5/20/
3.375cm®

-ECT

-Glx

DLPFC (Left)

-Glx levels were decreased in
pre-ECT patients compared
to HC (P=0.002); GIx levels
correlated negatively with
severity of depression.

-Glx levels significantly
increased after Tx with ECT,
and levels no longer differed
from those of HC. (P=0.016
and P=0.90 respectively).

Sanacora
et al.
2003

'H-MRS
Single Voxel
-0OC

-8 MDD
(before and after a
course of ECT)

2.1T/3.39/68/
13.5cm®

-ECT

-GABA

ocC

-GABA concentration was
significantly increased after
ECT Tx (P<0.02).

-A significant decrease in
seizure duration was seen.
-Significant decrease in
level of depression severity
following ECT was noticed.

Obergriesser
et al.
2003

'H -MRSI
-HPC

-12 out of 17 with
MDD who were
once treated with
ECT.

1.5T/1.8/135/2.4 cm?

-ECT

-Cho
-NAA

HPC

-ECT has no influence on
NAA.

-The significant increase in
Cho seen earlier during ECT
was reversed at long-term
follow up.

Bhagwagar
et al.
2004

"H-MRS
Single Voxel
-0OC

-10 healthy
volunteers
9OM,1W)

3.0T/3.0/68/
27cm®

-SSRI (10 mg
citalopram)

-GABA
-Cr

oc

GABA/Cr ratio was increased
by 34.5% in subjects who
were given SSRI (P<0.04).

Gonul
et al.
2005

'H-MRS
Single Voxel

-Medial Frontal
Cortex

-20 MDD
-18 HC

1.5T/1.5/135/
8.0 cm?®

-Anti-
depressant

Medial Frontal Cortex
-NAA/Cr was lower pre-
treatment in MDD patients
than HC but this difference
was not significant.
-Antidepressants had
significant effect on NAA/Cr
ratio (P=0.03).

-NAA/Cr ratio increased
significantly post-treatment
compared to pre-treatment
levels (P=0.004).

-No significant difference
observed between post-
treatment NAA/Cr value of
patients and HC.

Sanacora
et al.
2006

"H-MRS
Single Voxel
-0OC

-8 MDD
(Before and after
course of CBT)

2.1T/3.39/80/20.475¢cm?

-CBT

-GABA

ocC

-No significant changes in

GABA after treatment with
CBT.

-HDRS scores significantly
decreased after CBT.

Taylor
et al.
2008

'H-MRS
Single Voxel
-0OC

-30 Healthy
volunteers

3.0T/3.0/26/
NA

-SSR

-Glx

ocC

-Glx levels were significantly
increased in healthy
volunteers receiving
citalopram for 7 days as
compared to both volunteers
receiving reboxetine and
placebo.
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Block et al.
2009

'H-MRS
Single Voxel
-HPC

-18 MDD
(13 got a 2 test
after 8 weeks of Tx
with citalopram or
nortryptyline
-10 HC

3.0T/2.0/
140 and 30/
6.0mL

-SSRl or TCA

Short TE
-Glu+GIn+GABA
-GIn
-ml
Long TE
-NAA
-Cho

HPC

-Glu+GIn+GABA/Cr and GIn/
Cr were significantly reduced
in MDD patients.
-GIn/Glu+GIn+GABA also
showed a trend towards
significant reduction.

-Tx caused a rise in NAA and
Cho.

-Low baseline NAA and Cho
levels predicted positive
treatment effects.

Kaymak
et al.
2009

'H-MRS
Single Voxel

-DLPFC (Left)

-17 MDD (first
episode)
-13HC
(All female subjects)

3.07/3.0/30/3.375¢cm?

-Antidepressant
(8 weeks)

-ml
-Cho
-NAA

DLPFC (Left)

-No difference in pre-
treatment levels of NAA/Cr,
ml/Cr, Cho/Cr between MDD
and controls.

-Significant differences in ml/
Cr between pre- and post-
treatment.

-No difference in NAA/Cr and
Cho/Cr ratios.

Murck
et al.
2009

"H-MRS
Single Voxel

-DLPFC
-POC

-13 MDD {Before
and after 24 hours
of total sleep
deprivation (TSD)}.

1.5T/4.0/35/
5.8mL
(DLPFC),
17.5mL
(POC).

-TSD

-Glu+GIn+GABA
-Cho
-Cr

DLPFC

-TSD did not change
Glu+GIn+GABA or its
elements (overall).

-Cr and Cho increased
marginally with TSD.
-TSD leads to increase in
Glu+GIn+GABA and Gin in
male patients only.

PoC

-No change observed.

Merkl
et al.
2010

"H-MRS
Single Voxel
-DLPFC (Left)
-ACC (Left)

-25 MDD
-27 HC

3.0T/0.02053/3.8/
8 cm?
(DLPFC),
20 cm?® (ACC)

-ECT (9
sessions, right
ultrabrief pulse

ECT)

-NAA

-Cho
-tCr
-Glu

DLPFC (Left)

-Baseline concentrations

of metabolites were not
significantly different between
MDD patients and HC.

-After ECT, NAA levels were
significantly decreased in
responders compared to non-
responders (P=0.04).

ACC (Left)

-Baseline Glu (P<0.001) and
NAA (P=0.005) levels were
significantly decreased in all
MDD patients compared to
HC.

-Baseline Glu and NAA
differences were significant
between HC and responders
only (P=0.02 and P=0.002
respectively).

-High Glu at baseline
predicted a greater treatment
response.

-After ECT, increased NAA
levels were observed in
responders and tCr levels
were significantly decreased
across all depressive patients.
DLPFC and ACC

-No significant differences
were found in baseline
metabolites between
responders and non-
responders.

Taylor et al.
2010

"H-MRS
Single Voxel
-ACC

-23 volunteers (11
M, 12 W)

3.0T/3.0/26/8.0cm?

-SSR (7-

10 days of

citalopram/
placebo)

-Glu
-GlIx

ACC
No effect of treatment.
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Valentine
et al.
2011

'H-MRS
Single Voxel
-0OC

-10 MDD

4.0T/2.5/68/
13.5cm®

-Glu
-GABA
-GIn

-Ketamine ocC

-Changes in Glu, GIn and
GABA were not significantly
associated with changes in
depressive symptoms.

-No evidence that baseline
metabolite levels can serve
as a predictive biomarker for
clinical response.
-Significant decrease in

BDI and HDRS scores after
ketamine treatment.
-Antidepressant effect
persisted for up to one week.

Kondo et al.
2011b

P MRS

-Corpus
Callosum (CC)
-Anterior
Commissure
(AC)
-Posterior
Commissure
(PC)

-5 MDD (P); SSRI-
resistant
-6 HC
(All female
subjects)

3.0T/2.0/
3.37/15.6 cm®

-Cr (4g oral) -PCr CCIACIPC
-Significant increase in PCr

concentration (p=0.02).

Salvadore
et al.
2011

"H-MRS
Single Voxel
-VMPFC
-DMPFC

-14 MDD
(OM, 5W)

3.0T/1.5/68/
18.0 cm?®
(VMPFC), 30.0 cm?
(DMPFC)

-GABA
-Glu
-GIx/Glu

VMPEC

-Pre-treatment GABA did
not correlate with improved
depressive symptoms after
ketamine infusion.
-Pre-treatment Glu did not
correlate with improved
depressive symptoms after
ketamine infusion.
-Pre-treatment Glu was
positively correlated with
improvement in anxiety
symptoms.

DMPEC

-Pre-treatment GABA did
not correlate with improved
depressive symptoms after
ketamine infusion.
-Pre-treatment Glu did not
correlate with improved
depressive symptoms after
ketamine infusion.
-Pre-treatment GIx/Glu was
negatively correlated with
improvement in depressive
symptoms.

-Ketamine

Jarnum et al.
2011

"H-MRS
Single Voxel

-ACC

-23 MDD
(7'M, 16 W)
-26 HC
(13 M, 13 W)

3.0T/2.0/30/8.0cm?

-Antidepressant ACC

-ml -Low levels of NAA, ml, and
-Glu Glu have been found in MDD
-Glx patients as compared to HC
-GPC at baseline.

-Cr -Increase in ml was seen after
6 months of antidepressant
TX.

Kalkan
Oguzhanoglu
et al. 2014

"H-MRS
Single Voxel

-PFC (right)

-18 MDD (W)
-10 HC (W)

1.5T/3.0/85/8.0cm?

-NAA
-Cho
-Cr
-NAA/Cr
-Cho/Cr

PFC (Right

-No significant change in
metabolites in MDD patients
and HC at baseline, after
antidepressant therapy

or after therapy with
antidepressant combined with
psychotherapy.

-Antidepressant
-Psychotherapy

(Olvera et al., 2010) and adult patients (Jirnum et al. 2011), as well
as the PFC of pediatric (Olvera et al., 2010) and elderly patients
(Venkatraman et al., 2009). In elderly patients, NAA is reported to be
increased in the left medial temporal lobe (Venkatraman et al., 2009).
The NAA/Cr ratio was also found lower in the BG (Vythilingam
et al., 2003), frontal white matter (WM) (Chen et al., 2000), DLPF
WM (Wang et al., 2012), and PFC of MDD patients (Gruber et al.,
2003; Sozeri-Varma et al., 2013); however, this ratio was shown to
be normal in ACC (Wang et al., 2012; Coupland et al., 2005), the
right PFC (Oguzhanoglu et al., 2014) and the left DLPFC by another
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study (Kaymak et al., 2009). Nery et al., (2009) also showed normal
value for NAA in the DLPFC. In the pgACC, NAA correlates with
negative BOLD responses and emotional intensity ratings in MDD
patients (Walter et al., 2009). The NAA concentrations in the HPC
showed a significant increase after treatment with antidepressants
(Block et al., 2009) but not with ECT (Obergriesser et al., 2003;
Ende et al., 2000). Low pre-treatment levels of NAA in HPC also
predict a favorable response to antidepressants (Block et al., 2009).
In the BG, NAA/Cr does not change significantly after antidepressant
therapy (Renshaw et al., 1997; Charles et al., 1994). Michael et al.



(2003a) has shown increased concentration of NAA in the Amg after
successful ECT, and yet another study has documented decreased
NAA/Cr in the occipital cortex (OC) of fully recovered MDD
(rMDD) patients (Bhagwagar et al., 2007).

The age of onset is an important variable affecting the level
of NAA. It has been shown that NAA/Cr is negatively related to
the severity of deep WM lesions in the frontal lobe. WM is more
severely affected in those with a late age of onset as compared
to patients who have an early onset. Late onset is correlated with
lower NAA/Cr, as well as lower cognitive function as seen in Digit
Symbol, Trail-Making, and Verbal Associative Fluency tests. People
with an advanced age of depression onset also have higher Hamilton
depression rating scale (HDRS) scores reflecting more severe
symptoms (Murata et al., 2001).

One study has evaluated the differences in NAA values between
chronically ill patients and those suffering since lesser duration.
The NAA/phosphocreatine plus creatine (NAA/PCr+Cr) and NAA/
glycerophosphocholine plus phosphocholine (NAA/GPC+PCh)
ratios were found significantly lower in left DLPFC of chronic
MDD patients (Brambilla et al., 2005a). Furthermore, significantly
decreased NAA in the ventromedial PFC (VMPFC) has been seen in
chronically ill patients and in those with remitting-recurrent pattern
than first time sufferers or healthy individuals (Portella et al., 2011).

Since brain metabolites are dependent variables, NAA/Cr ratio
might represent a better indicator of internal milieu than absolute
NAA concentration as it takes into account the level of Cr in that
condition. Although the absolute value of NAA has been shown
to decrease in the ACC of MDD patients (Jdrnum et al. 2011), the
ratio NAA/Cr only follows a decreasing trend with no significant
difference reported (Wang et al., 2012; Sozeri-Varma et al., 2013).
Similarly the discrepancies noted in the PFC could be accounted
for. Nery et al. (2009) report no significant difference in NAA
concentration in the PFC whereas several other studies report a
significant decrease in NAA/Cr ratio in the DLPFC (Wang et al.,
2012; Sozeri-Varma et al., 2013). Although, Kaymak et al. (2009)
report no difference in NAA/Cr ratio between MDD sufferers and
controls, they have used a large region of interest, including both
gray and white matters, which cannot negate the findings of other
researchers focusing mainly on the WM.

CHOLINE (Cho) FINDINGS

The Cho peak in the MRS spectrum is a result of a number of
compounds containing the choline molecule (Ende et al., 2006;
Maddock & Buonocore, 2012; Yildiz-Yesiloglu & Ankerst, 2006).
GPC and PCh are the main compounds recorded in the peak (Ende
et al., 2006; Maddock & Buonocore, 2012; Yildiz-Yesiloglu &
Ankerst, 2006; Boulanger et al., 2000; Kusumakar et al., 2001).
Membrane bound phospholipids are not well captured in the MRS
signal (Maddock & Buonocore, 2012; Yildiz-Yesiloglu & Ankerst,
2006); however, the MRS signal is influenced by the number of
cell membranes in the studied voxel, and the turnover rate of these
membranes (Maddock & Buonocore, 2012; Yildiz-Yesiloglu &
Ankerst, 2006; Glitz et al., 2002; Moore & Galloway, 2002; Yue
et al., 2009). The higher the membrane turnover, the higher the Cho
concentration level (Maddock & Buonocore, 2012; Yildiz-Yesiloglu
& Ankerst, 2006; Ende et al., 2000; Ende et al., 2006; Boulanger et
al., 2000; Glitz et al., 2002; Geddes et al., 1997; Danielsen & Ross
1999).

The concentration of Cho has been found higher in the BG of
unipolars and bipolars in depressive state (Hamakawa et al. 1998;
Ende et al., 2007; Gabbay et al., 2007), as well as in the left DLPFC;
but alike in the right DLPFC (Farchione et al., 2002), Amg (Michael

et al., 2003b), medial and lateral thalamus (Smith et al., 2003), and
ACC of MDD patients and healthy individuals (Coupland et al., 2005;
Auer et al., 2000; Mirza et al., 2004). One study, however, reported
no significant metabolite difference between the left DLPFC of
MDD and healthy individuals (Nery et al., 2009). Similarly the ratio
Cho/Cr was detected significantly higher in BG (Charles et al., 1994;
Vythilingam et al., 2003; Chen et al., 2009), particularly on the right
side (Vythilingam et al., 2003), the OFC (Steingard et al., 2000) and
the left DLPFC (Kumar et al., 2002; Farchione et al., 2002); lower
in left Amg (Kusumakar et al., 2001); and similar in right DLPFC
(Farchione et al., 2002), right Amg (Smith et al., 2003), and ACC
of patients and matched-controls (Coupland et al., 2005; Auer et al.,
2000; Mirza et al., 2004). Low levels of Cho/Cr have been found in
the WM of left sided DLPF area (Wang et al., 2012). Discontinuing
antidepressants in patients taking medicines have manifested with a
decrease in Cho/Cr in the ACC (Smith et al., 2003). In DLPFC of
healthy individuals, the Cho/Cr concentration correlates positively,
whereas the PCh/Cr relates negatively with cognition; however no
such association has been found in depressed patients (Elderkin-
Thompson et al., 2004). Antidepressant therapy has been shown
to significantly drop the Cho/Cr in the BG (Charles et al., 1994).
Different measurement techniques or other variables could account
for contradicting findings of low Cho/Cr in the BG (Sonawalla
et al., 1999; Renshaw et al., 1997), which rise significantly after
antidepressant therapy (Sonawalla et al., 1999). Some studies have
also calculated Cho/NAA ratio and found raised values in the BG
(Hamakawa et al., 1998), OFC (Steingard et al., 2000), and left
DLPFC; yet identical in the right DLPFC (Farchione et al., 2002).
Elevated Cho/PCr+Cr ratio has been appreciated in the BG of MDD
sufferers (Hamakawa et al., 1998). An interesting difference was
found in the right PFC. Pediatric MDD population showed increased
Cho/Cr ratio (MacMaster & Kusumakar, 2006); however, the
adult subjects demonstrated a decreased Cho/Cr ratio on the right
side, with no difference on left (Gruber et al., 2003). Furthermore,
since greater than 60% of MDD patients are at a risk of recurrence
(Soleimani et al., 2011), it is also pertinent to see metabolite changes
in this patient population. One study has shown an elevated level
of GPC+PCh and GPC alone in the HPC of patients with recurrent
MDD (Milne et al., 2009). ECT has been shown to affect the Cho
levels in brain significantly. Ende et al. (2000) conducted a study
which showed bilateral hippocampal increase of 16% in Cho
levels after 5 or more ECT treatments. Long-term follow-up of
patients treated with ECT has, however, revealed a reversal of the
increased HPC Cho amount post-ECT to levels seen before giving
ECT (Obergriesser et al., 2003). Cho, which was found lower in
the HPC (Ende et al., 2000; Ende et al., 2007), also increased after
treatment with antidepressants, with lower levels of Cho predicting
better therapy results (Block et al., 2009). GPC+PCh value has been
found decreased in the DLPFC of MDD individuals (Caetano et al.,
2005). Cho also shows a positive correlation with duration of illness;
increased levels have been detected in the VMPFC of chronically ill
patients in comparison to those with a shorter duration (Portella et
al., 2011).

Changes in glial density have been documented in MDD and
the total choline (tCho) is particularly relevant to this (Hercher
et al., 2009). tCho has been repeatedly shown to be abnormal in
MDD patients (Tables 1 and 2). Increased activity of the enzyme
indoleamine 2,3-dioxygenase is reported in MDD. This enzyme is
responsible for the breakdown of tryptophan (TRP) into kynurenine
(KYN); decreasing TRP and serotonin levels in the brain (Catena-
Dell'Osso et al., 2011; Kurz et al., 2011; Maes, 2011; Miiller et al.,
2011). Positive correlations have been found between plasma KYN
and tCho in the right caudate of patients with melancholic depression.
Plasma 3-hydroxyanthranilic acid (3-HAA-an intermediate of KYN
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pathway) and the tCho in left putamen are also shown to be positively
correlated in melancholic MDD patients (Gabbay et al., 2010).

Out of 12 papers on adult population (Block et al., 2009; Ende
etal., 2007; Sonawalla et al., 1999; Renshaw et al., 1997; Michael et
al., 2003b; Vythilingam et al., 2003; Gruber et al., 2003; Coupland et
al., 2005; Nery et al., 2009; Hamakawa et al. 1998; Auer et al., 2000;
Milne et al. 2009), two noted decreased Cho in the HPC (Block et
al., 2009; Ende et al., 2007), two noted decreased Cho in the BG
(Sonawalla et al., 1999; Renshaw et al., 1997), one noted decreased
Cho in the PFC (Gruber et al., 2003), three noted raised Cho in the BG
(Vythilingam et al., 2003; Hamakawa et al. 1998; Ende et al., 2007),
two noted normal Cho in the ACC (Coupland et al., 2005; Auer etal.,
2000), and one noted normal Cho in the Amg (Michael et al., 2003b)
and another noted normal Cho in the DLPFC (Nery et al., 2009). One
study on the adults experiencing recurrent episodes of MDD found
increased levels of Cho in the HPC (Milne et al. 2009). Eight papers
focused on Cho in the pediatric population (Kusumakar et al., 2001;
Gabbay et al., 2007; Farchione et al., 2002; Smith et al., 2003; Mirza
et al., 2004; Steingard et al., 2000; MacMaster & Kusumakar, 2006;
Caetano et al., 2001). Four found increased concentrations of Cho
(MacMaster & Kusumakar, 2006; Steingard et al., 2000; Gabbay et
al., 2007; Farchione et al., 2002), three found normal concentrations
(Farchione et al., 2002; Smith et al., 2003; Mirza et al., 2004), one
found decreased concentrations in the DLPFC (Caetano et al., 2001),
and one study found normal Cho in the right Amg but decreased
Cho in the left Amg (Kusumakar et al., 2001). Out of the 5 papers
on elderly patients (Kumar et al., 2002; Ende et al., 2007; Charles
et al., 1994; Chen et al., 2009; Obergriesser et al., 2003), two found
increased Cho in the BG (Charles et al., 1994; Chen et al., 2009), two
found decreased Cho in the HPC (Ende et al., 2007; Obergriesser et
al., 2003), and one found increased Cho in the DLPFC (Kumar et
al., 2002). Antidepressants were shown to rectify the Cho levels in
the BG as well as the HPC of both adults and elder patients (Charles
et al., 1994; Block et al., 2009), whereas ECT was shown in elderly
patients to initially increase the Cho levels in the HPC followed by a
fall in levels (Ende et al., 2007).

Summarizing the above findings, there appears to be a great
controversy between results of different studies. This is because a
lot of factors play a role in regulating Cho concentration in the brain,
and most studies have followed different agendas. For example,
most studies have failed to categorize their measurements of Cho
from WM or GM. White matter seems to be more representative
of Cho variations pertinent to MDD disease activity (Wang et al.,
2012). In the adult population, Cho/Cr has been found decreased in
the WM of DLPFC, suggesting compromised signal transduction
and decreased myelination (Wang et al., 2012); whereas, in elderly
subjects it has been shown to increase (Kumar et al., 2002). Kaymak
et al. (2009) found normal Cho concentrations in the DLPFC of adult
patients, which could simply be due to their large region of interest
comprising of both GM and WM of DLPFC. On the other hand,
although Wang et al. (2012) reported decreased Cho/Cr in the WM of
DLPFC, there study population excluded patients with a first degree
relative having depression. This could explain the discrepancy as
two studies reported increased Cho concentrations in patients having
an affected first degree relative, when compared to those without
a positive family history (Farchione et al., 2002; Steingard et al.,
2000). Duration and severity of illness could also affect the results.
For example, another study on patients having a longer duration
and milder severity of illness, along with a positive family history
reported decreased Cho concentrations in the DLPFC (Caetano et
al., 2005). Furthermore, as left hemisphere is more strongly believed
to be affected in MDD (Farchione et al., 2002), right hemispheric
metabolites have been shown to be normal (Michael et al., 2003b;
So6zeri-Varma et al., 2013; Oguzhanoglu et al., 2014; Kusumakar
et al., 2001).
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GLUTAMATE (Glu) FINDINGS

Glu is the primary excitatory neurotransmitter of the brain. Glu,
glutamine (Gln) and GABA are inseparable at low magnetic field
strengths (Stanley, 2000; Ende et al., 2006; Maddock & Buonocore,
2012; Yildiz-Yesiloglu & Ankerst, 2006; Glitz et al., 2002; Malhi
et al., 2002). High field strengths, short echo time, long acquisition
times, or special editing methods are needed to differentiate these
components apart (Ende et al., 2006; Maddock & Buonocore, 2012).
3.0T provides better separation for these metabolites as compared to
1.5T (Gussew et al., 2008). Many to date studies fail to separate out
the individual constituents and refer to the calculated peak as Glx.

A number of studies, on pediatric, adult as well as elderly
patient population, have recorded altered levels of metabolites in the
glutamatergic system. Decreased Glx has been found in the ACC
(Gussew et al., 2008; Rosenberg et al., 2004; Pfleiderer et al., 2003;
Auer et al., 2000; Mirza et al., 2004), Amg (Michael et al., 2003b),
dorsomedial PFC (DMPFC), VMPFC (Rosenberg et al., 2004),
DLPFC (Michael et al., 2003a), and BG; left side more significant;
of MDD npatients (Ajilore et al., 2007). Controversial evidence,
however, exists for the DLPFC, showing no significant difference
between patients and normal people (Nery et al., 2009). A negative
correlation has been found between Glu levels in VMPFC and the
duration of illness (Portella et al., 2011). Decreased Glu levels in
ACC of patients (Auer et al., 2000; Merkl, et al., 2010; Jarnum et
al. 2011; Rosenberg et al., 2005) further provide evidence towards
the pathogenesis of depression. An 18.7% decrease in Glx has been
recorded in the ACC (Rosenberg et al., 2004). The low Glx levels in
DLPFC correlate negatively with the severity of depression (Michael
et al., 2003a), whereas these reduced levels in ACC correlate
negatively only with the severity of functional impairment measured
by clinical global impression-severity scale (CGI-S) and not with
depressive symptom score or the duration of illness (Mirza et al.,
2004). Furthermore, the Glu levels in DLPFC have been shown to
correlate negatively with the duration of illness and the number of
episodes (Caetano et al., 2005). However, no correlation could be
found between depression severity and Glx levels in DMPFC and
VMPFC (Hasler et al., 2007). ECT has been successful in increasing
the levels of Glx in ACC (Pfleiderer et al., 2003), Amg (Michael et
al., 2003b) and DLPFC (Michael et al., 2003a). GIx levels are also
significantly increased in OC after the administration of a selective
serotonin reuptake inhibitor (SSRI) (Taylor et al., 2008); however
there fails to be any demonstrable change in Glx or Glu level in the
ACC (Taylor et al., 2010). The GIx/Cr ratio was also found higher
in the OC of rMDD patients (Bhagwagar et al., 2007, Bhagwagar et
al., 2008).

No difference has been found in the Glx concentration
in HPC (Milne et al., 2009) or OC (Mirza et al., 2004) of patients
and healthy matched-controls; however, the GIx/Cr and glutamine/
Cr (GIn/Cr) ratios have been found significantly decreased in HPC
(Block et al., 2009), the Glu concentration and GABA/Glu ratio
increased in OC of MDD patients (Sanacora et al. in 2004). One
study noticed a decreased Gln, but normal Glu level in the pgACC
(Walter et al., 2009). GIx/Cr and Glu/Cr were found significantly
decreased in the pgACC of severely depressed patients than those
with mild depression and healthy volunteers; while the Glu and Glx
levels were significantly different in mildly depressed individuals
and healthy matched-controls (Horn et al., 2010). In the pgACC, Glu
correlates with negative BOLD responses and emotional intensity
ratings in MDD patients (Walter et al., 2009).

These metabolite differences are worthy noting to understand
the different aspects of disease development and progression. For
example, a negative relationship has been found between the GIx/
GABA ratio and age of disease onset while measuring concentrations
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in the VMPFC of MDD patients (Hasler et al., 2005). GIx/GABA
ratio has also been found significantly raised in the OC of treatment-
resistant (Tr) MDD patients than healthy volunteers (Price et al., 2009).

Reduced number of glial cells found on post-mortem
examinations of MDD patients (Ongiir et al., 1998; Rajkowska et al.,
2001), could be accountable for the decreased amount of GIx in the
ACC, PFC, Amg, HPC, and the BG (Yildiz-Yesiloglu & Ankerst,
2006; Pfleiderer et al., 2003). This decrease in glutamatergic
metabolites is thought to be state-dependent; improving with clinical
improvement (Maddock & Buonocore, 2012).

Ketamine is a drug that acts on NMDA receptors and causes
an increase in Glx and Gln, and has been used to treat depression
successfully (Berman et al., 2000; Zarate et al., 2006). Pretreatment
Glx/Glu in the DMPFC correlate negatively with depression
symptoms as evidenced by change in Montgomery-Asberg
Depression Rating Scale (MADRS) scores, and pretreatment
Glu levels in VMPFC correlate positively with improved anxiety
symptoms as noted by Hamilton Anxiety Scale (HAMA) scores
(Salvadore et al., 2012). Studying the OC has, however, revealed
that these changes seen in Glu, Gln and GABA are not significantly
related to the improvement of depressive symptoms as evidenced by
the decreased Beck Depression Inventory (BDI) and HDRS scores
(Valentine et al., 2011). Total sleep deprivation (TSD) affects the
metabolite levels in a similar fashion and can be used to improve
depressive symptoms in some patients (Landsness et al., 2011). TSD
leads to an increase in Glx and Gln in the DLPFC of male patients
with major depression. Patients who experience early morning
awakening and weight loss have also demonstrated an increase in
Gln in the DLPFC after TSD (Murck et al., 2003).

In adults, eight out of 12 papers found reductions in glutamatergic
metabolites in MDD (Block et al., 2009; Rosenberg et al., 2004;
Auer et al., 2000; Ajilore et al., 2007; Merkl, et al., 2010; Hasler et
al., 2007; Walter et al., 2009; Horn et al., 2010), while two found Glu
to be increased in the OC (Sanacora et al. in 2004; Price et al., 2009),
one found Glx to be normal in the DLPFC (Nery et al., 2009) and
one study found Glx to be normal in the HPC (Milne et al., 2009).
Two studies found decreased Glx in the ACC (Mirza et al., 2004;
Rosenberg et al., 2004) and one study found normal Glx in the OC
of children suffering from MDD (Mirza et al., 2004). Three studies
noted decreased Glx in elderly MDD population, which responded
well to ECT (Michael et al., 2003a; Michael et al., 2003b; Pfleiderer
et al., 2003).

The altered milieu of glutamatergic metabolites has been
consistently similar for most studies in this review. Since Glx
represents an excitatory neurotransmitter, it appears fairly reasonable
to believe its decreased amount in depressed patients, as noted by
most of the studies. One study found increased GABA/Glu ratio
in MDD patients (Sanacora et al. in 2004), implying the increase
of inhibitory neurotransmitter GABA and the relative decrease of
excitatory neurotransmitter Glu. Mirza et al. in 2004 found normal
levels of Glx in the OC of MDD patients (Mirza et al., 2004). Similarly
Sanacora et al. (2004) initially found higher levels of Glu in the OC
of MDD patients, but on further confirmation of GABA/Glu ratio,
they reported a significantly greater increase in GABA levels. Nery
et al. in 2009 did not find altered Glx levels in the DLPFC of mildly
depressed MDD patients (Nery et al., 2009); however, a significant
correlation between disease severity and metabolite levels in DLPFC
has been shown (Michael et al., 2003a).

GAMMA AMINOBUTYRIC ACID (GABA) FINDINGS

GABA is the primary inhibitory neurotransmitter of the
brain. GABA levels are found to be significantly decreased in the

OC (Sanacora et al., 2004; Sanacora et al., 1999) and DMPFC,
including the pgACC (Hasler et al., 2007) of depression patients.
A 52% reduction has been documented in the OC (Sanacora et
al., 1999), with no significant relationship found between GABA
levels and the severity of depression (Hasler et al., 2007; Hasler
et al., 2007; Sanacora et al., 1999). It is also noteworthy that the
GABA values in OC revealed significantly lower in patients with
melancholic depression (P<0.001) and in those having depression
with no subtype (P=0.002) when compared to healthy subjects,
but not in patients with atypical depression (Sanacora et al., 2004).
Comparing treatment resistant (Tr) MDD with non-Tr MDD and
healthy volunteers, a significant reduction in GABA has been
found in the OC, while a trend towards reduction noted in the ACC
of Tr MDD (Price et al., 2009). Despite the earlier findings noted
in pgACC, another study has shown normal GABA levels in this
region in highly anhedonic MDD patients, and a correlation with
negative BOLD responses in healthy adults (Walter et al., 2009).
In a latest case-control cross-sectional study, anhedonic adolescents
with MDD have significantly lower GABA in ACC as compared
to healthy controls; with GABA levels negatively correlating to
anhedonia scores (Gabbay et al., 2012). In the OC, a rise in GABA
concentration after a successful course of SSRI (Sanacora et al.,
2002), as well as a 34.5% increase in GABA/Cr ratio has been
observed (Bhagwagar et al., 2004). Electroconvulsive therapy
(ECT) also raised GABA levels in the OC of MDD sufferers, as
well as decreased the severity of depression (Sanacora et al., 2003).
Nevertheless, a significant change in OC metabolite levels has not
been seen after cognitive behavioral therapy (CBT) (Sanacora et al.
in 2006). Decreased GABA/Cr value is noted in the OC (Block et al.,
2009; Bhagwagar et al., 2007) and ACC of recovered MDD (rMDD)
patients (Bhagwagar et al., 2008). It is also interesting to find no
difference in the GABA concentration, in both VMPFC and DLPFC,
of MDD patients in remission and healthy subjects (Hasler et al.,
2005). This might mean that brain GABA levels are only temporarily
altered and do not represent markers for long-term disease detection.

In adults, eight out of 10 papers found decreased concentrations
of GABA in MDD (Sanacora et al., 2004; Sanacora et al., 1999; Price
et al., 2009; Sanacora et al., 2006; Hasler et al., 2007; Bhagwagar et
al., 2008; Sanacora et al., 2003; Sanacora et al., 2002); whereas, one
study focusing on patients with severe anhedonia reported normal
GABA and decreased Gln levels in the pgACC (Walter et al., 2009).
Low GABA was also found by one study on children (Gabbay et al.,
2012). Rise in GABA have been noted after the use of SSRI as well
as ECT (Sanacora et al., 2002; Sanacora et al., 2003; Bhagwagar et
al., 2004), but not with CBT (Sanacora et al., 2006).

MYO-INOSITOL (mlI) FINDINGS

ml was originally defined as a marker of glial cells (Frey
et al.,, 1998). However, later it has been shown to be present in
high concentrations in certain types of neurons as well (Moore
& Galloway, 2002). It is difficult to generalize the changes in ml
observed in depression, due to several interplay factors which
limit the results of currently available studies (Yildiz-Yesiloglu &
Ankerst, 20006).

ml is raised in the DLPFC (Caetano et al., 2005), left medial
temporal lobe (Venkatraman et al., 2009) and the HPC of MDD
patients (Milne et al., 2009). mI/Cr ratio has also been found elevated
in DLPFC (Kumar et al., 2002; Binesh et al., 2004) and BG (Chen
et al., 2009), but decreased in PFC bilaterally (Gruber et al., 2003),
the right frontal lobe (Frey et al., 1998), and ACC, with the decrease
attributed to loss of glial tissue or changed metabolism (Jarnum et al.
2011; Coupland et al., 2005). Other papers focusing on ACC show
no significant difference in ml value in patients and matched-controls
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(Auer et al., 2000; Mirza et al., 2004). Since ml cannot be properly
recorded using long echo time (Maddock & Buonocore, 2012), it
is fair to rely on the findings of Auer et al. in 2000 and Mirza et al.
in 2004, which detect normal values in the ACC. Similarly Nery et
al. in 2009 showed no significant difference in the DLPFC (Nery
et al., 2009). One study also found no difference in ml/Cr quantity
in the caudate of patients and healthy subjects (Vythilingam et al.,
2003). The ml/Cr has been shown to increase significantly in the
DLPFC after treatment with an antidepressant (Kaymak et al., 2009).
Furthermore, in the DLPFC of non-depressed, ml/Cr correlates
positively with cognition, whereas such correlation does not exist
in the depressed individuals (Elderkin-Thompson et al., 2004). A
significant reduction in ml has been seen in the CSF of depressed
patients (Barkai et al., 1978). Inositol intake has been shown to
improve depression (Levine et al. 1995).

In adults, two studies noted normal ml in the DLPFC (Nery
et al., 2009), one noted normal ml in the BG (Vythilingam et al.,
2003), one noted normal ml in the ACC (Auer et al., 2000), one
noted decreased ml in the ACC (Coupland et al., 2005), one noted
decreased ml in the PFC (Gruber et al., 2003), one noted decreased
ml in the right frontal lobe (Frey et al., 1998), and one noted
increased ml in the HPC (Frey et al., 1998). In elder patients, three
studies noted increased concentrations of ml (Kumar et al., 2002;
Chen et al., 2009; Binesh et al., 2004). One study in children noted
normal ml in the ACC (Mirza et al., 2004), whereas another study
noted increased ml in the DLPFC (Caetano et al., 2005).

CREATINE (Cr) FINDINGS

In the normal human brain, the concentration of Cr or
phosphocreatine (PCr) is considered quite uniform as compared to
the other brain metabolites and thus, it is used as an internal standard
for measuring other metabolites (Malhi et al., 2002; Maddock
& Buonocore, 2012). However, the concentration of Cr varies
considerably in conjunction with brain activity (Ke et al., 2002), and
various other factors. Thus, it is not always a useful reference (Ross
& Michaelis 1994). Further, Cr and PCr are primarily manufactured
in the liver and kidney. An organ dysfunction invariably lowers
the amount of these metabolites measured in the brain (Ende et
al., 2006). This could account for some inter-study differences in
findings of other metabolites.

Kato et al. (1992) have studied changes in phosphorus
concentration in the frontal cortex. They have found significantly
higher phosphomonoester (PME) in bipolar patients in the
depressive state as compared to normal individuals. PCr turned
out to be lower in severely depressed individuals when comparing
them to mildly ill ones (Kato et al., 1992). The significant increase
in PME has been confirmed later through another study which
also documented decreased ATP (Volz et al., 1998). Further, a
significant increase in PCr concentration along with a 56% decrease
in Children’s Depression Rating Scale-Revised (CDRS-R) score has
been demonstrated in adolescent patients after treatment with oral
creatine for 8 weeks (Kondo et al., 2011b). ATP levels have also
been found significantly reduced in the BG of MDD patients (Moore
etal., 1997).

Cr concentration has been found higher in PFC (Gruber et al.,
2003) and left caudate (Gabbay et al., 2007), but lower in ACC
(Mirza et al., 2004) of MDD patients. A preliminary effect of gender
has been found on PCr+Cr in the DLPFC. Male patients have lower
value as compared to healthy male subjects; whereas female patients
have higher value when compared to healthy female subjects (Nery
et al., 2009). The effect of TSD on Cr has also been studied and it
has shown to slightly increase this metabolite in DLPFC (Murck et
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al., 2009).

The current research is limited to make conclusions with
conviction about the energy status of different brain areas in
depression. According to Fattal et al. (2007), 54 % of people with
mitochondrial disorders suffer from MDD. Several other studies
support this finding. Low energy levels are reported in the BG and
frontal cortex. Low level of Cr measured in the ACC, point towards
impaired brain function or structure. 3'P MRS has a strong role
in studying the in-vivo patterns of energy metabolism and reveal
insights.

WEAKNESSES, FUTURE PERSPECTIVES AND
CONCLUSION

The information gathered so far is very useful in understanding
depression. Broadly summarizing the results we found that Glu, Glx
and GABA are decreased, NAA and ml remain unchanged, and Cho
concentration varies according to area of voxel in MDD.

Our knowledge is, however, restricted by a number of variables
which limit the validity of each study. It is important to look at these
aspects so that future researches can take them into account and
allow for maximum validity.

Most studies utilize DSM-IV criteria diagnosed MDD patients
as study subjects. A few older ones using DSM-III make comparison
difficult. Another important variable which makes comparison
difficult is the small number of test subjects, making the power small.
Although the use of ratios in interpreting concentration differences
control for partial volume averaging, it decreases the sensitivity of
findings. This altered sensitivity makes it difficult in understanding
contradicting results of different research designs and, hence,
some findings need to be analyzed and revalidated through further
exploration.

Patient populations from all age groups have been studied, but the
depth and amount of work done over one group varies widely from
one another. For example only a handful of articles note changes in
the elderly and those who have achieved full remission. Depression
can be a lot worse in old age and requires due attention. There are
very few publications on children with depression, which use 3.0T
scanners. Because of the continuum of pathology found between
younger and older age, a more thorough evaluation of childhood
depression can help understand the disease better. Comparison
between chronic and less chronic (acute) illness is only superficial.

Use of 1.5T scanners by majority of the authors further limits
the sensitivity of the test. Recently 3.0 T has come into vogue and
higher magnetic strengths can prove a very sophisticated means of
increasing credibility of the results. In the research setting, highest
magnetic strengths, such as 7.0 T, help better resolution of those
metabolites which are in small concentrations. Lower strengths like
3.0 T, can prove economical and beneficial in the clinical setting;
however care will have to be exercised in maintaining a fine balance
when correlating 7.0 T deductions in research setting to 3.0 T
findings in the clinical scenario.

Voxel placement and voxel size also do not overlap exactly
between different studies focusing on the same brain region. This
could be of significant importance in interpreting the results and
drawing conclusions thereof. A much tighter control of voxel size
and area definition might have to be exercised for comparison.

PET/MRI combination has been used by some authors
but more work is needed in order to understand the pathophysiology
of the illness in depth. Combining spectroscopic techniques with
functional MRI increases the sensitivity in diagnosing depression.



PET is a reliable method of assessing regional blood flow.

The neurobiological basis for the action of antidepressants
used in MDD is poorly understood (Brambilla et al., 2003; Manji
et al., 2003; Brambilla et al., 2005b; Sala et al., 2006; Sala et al.,
2009; Verdoux et al., 2009). Some studies have delineated a few
important effects of antidepressants, but we believe that the work
is limited. With more extensive scrutinizing, it might be possible to
suggest appropriate therapy, for example, antidepressants or ECT or
CBT, for different patient populations. Also, a uniform battery of
neuropsychological tests can prove very helpful in standardizing the
variables.

In conclusion, MRS and MRSI are safe and useful techniques
both in research and clinical setting for detecting disease onset,
monitoring progression, instituting treatment and ensuring good
prognosis through longitudinal follow-up.
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