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Summary

More and more neuroimaging studies are using in vivo
proton magnetic resonance spectroscopy (1H-MRS) to
explore correlates of response to therapy in major de-
pressive disorder (MDD). Their aim is to further under-
standing of the effects of neurotransmitter changes in
areas involved in MDD and the mechanisms underlying
a good treatment response.

We set out to summarise the literature from the past fif-
teen years on biochemical correlates of treatment re-
sponse in MDD patients, reflected in pre- and post-ther-
apy changes in 1TH-MRS measurements.

Our literature search identified fifteen articles report-
ing 1H-MRS studies in MDD treatment; no study used
1P-MRS.

Despite the wide diversity of 1H-MRS methods applied,
brain regions studied, and metabolite changes found,
there emerged strong evidence of a correlation be-
tween changes in neurometabolite concentrations, in
particular glutamate, N-acetylaspartate and choline,
and a good treatment response to pharmacotherapy or
antidepressant stimulation techniques.

KEY WORDS: ECT, major depression disorder, MRI, pharmacologi-
cal therapy, psychiatric disorders, spectroscopy, 1H-MRS

Functional Neurology 2012; 27(1): 13-22

Introduction

Major depressive disorder (MDD), also known as
unipolar depression, is one of the most frequently diag-
nosed psychiatric disorders. It is a major illness in pri-
mary care settings because of its devastating impact
on social and work life. Currently, MDD is considered to
be the consequence of a malfunction of multiple cir-
cuits that connect the limbic system with the prefrontal
cortex, the brainstem, and the hypothalamus. Treat-
ment may be behavioural, pharmacological, or, for pa-
tients whose depression is refractory to antidepressant
drugs or who are severely depressed, involve antide-
pressant stimulation techniques such as electroconvul-
sive therapy (ECT) and repetitive transcranial magnet-
ic stimulation (rTMS). Neurological mechanisms under-
lying MDD response are still not clear and objective
outcomes that can be used to predict responses to
therapy are lacking.

Advanced neuroimaging research has recently offered
clues about the mechanisms that possibly undetrlie the
response to therapy in many diseases. In particular,
proton magnetic resonance spectroscopy (1H-MRS)
measures in vivo the levels of brain metabolites. Since
1H-MRS makes it possible to track disease progression
and response to treatment, it has important applications
in the daily clinical management of neurodegenerative
disease, stroke and tumours (1-3). Recently a growing
number of studies have focused on possible applica-
tions of 1H-MRS in psychiatric disorders, including
unipolar MDD. The metabolites usually assessed using
1H-MRS are: N-acetylaspartate (NAA, 2.05 ppm; a pu-
tative marker of neuronal functionality), total creatine
(tCr) and creatine phosphate 3.04 and 3.9 ppm; involved
in energy metabolism), choline-containing compounds
(Cho, 3.22 ppm; involved in membrane synthesis and
degradation), glutamate (Glu; excitatory neurotransmit-
ter), myoinositol (3.56 ppm; astrocyte marker) and lac-
tate (doublet at 1.33 ppm; final product of anaerobic gly-
colysis) (see Fig. 1, over). We set out to review studies
that evaluated unipolar MDD treatment efficacy through
spectroscopic neuroimaging in order to look for objec-
tive outcomes that may predict therapeutic response,
and assess the possibility of defining a standard spec-
troscopy protocol.

Materials and methods

In July 2011, we searched the PubMed database for
clinical articles dealing with neuroimaging of treated
MDD published since 1994. In order to limit the results
to relevant articles, the strategy combined, without lan-
guage restriction, the MeSH term 31P and 1H Magnet-
ic Resonance Spectroscopy AND [the major MeSH
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Figure 1 - Original and fitted 1H-MRS spectra (TE= 25 ms) originating from frontal deep white matter in a 35-year-old healthy male
subject. NAA=N-acetylaspartate, Glx=glutamate, glutamine, Cr=creatine, Cho=choline-containing compounds and ml=myo-Inositol.
Voxel size was 2x2x2 cm?.

term major depressive disorders / drug therapy (SH)
OR the major MeSH term major depressive disorders /
therapy (SH)*]. All the manuscripts selected were then
hand-searched for further relevant publications. In or-
der to qualify for inclusion in this review, studies had to
have: i) been an original paper in a peer-reviewed jour-
nal; ii) included a group of subjects with unipolar MDD;
iii) studied subjects using 1H-MRS; iv) studied subjects
before and after an antidepressant treatment protocol;
and v) provided explicit subject inclusion criteria.

Results

The search identified fifteen articles (4-18) in which
1H-MRS was used to assess MDD treatment while no
paper regarding 31P-MRS was found. The papers
found are summarised in Tables 1-3 which focus re-
spectively on the technical aspects of the 1H-MRS ap-
plied and on the clinical-metabolic results obtained. Two
papers (6,10) focusing on complications in MDD thera-
py were also previously discussed in a paper already
published (19). All the papers selected report longitudi-
nal studies evaluating different typologies of MDD treat-
ment by single voxel 1H-MRS: three using behavioural
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approaches (1 cognitive behavioural therapy, CBT and
2 sleep deprivation, SD), five using pharmacological
and seven antidepressant stimulation techniques, six
using ECT and one using rTMS. Most of the studies (10)
were performed on a 1.5 T scanner, while two more re-
cent ones (15,17) were performed on a 3T scanner. The
studies by Sanacora’s group (3) focused on y-aminobu-
tyric acid (GABA), using a J-edited sequence on a 2.1T
MRI scanner. All the other 12 papers reviewed report
data on NAA, Cho and Cr peaks. Moreover, six articles
studied glutamine (GIn) and/or Glu (9,11,12,15-17). Dif-
ferent brain regions were evaluated: cingulate cortex,
prefrontal cortex, parieto-occipital cortex, hippocampus
and amygdalar region, medial frontal cortex, and basal
ganglia.

These articles differed widely in the 1H-MRS methods
applied and the metabolite changes found. Regard-
less of the 1TH-MRS method applied, metabolite quan-
tification was reported in two ways: i) relative to a ref-
erence peak, either water content or Cr (4,5,17),
which is assumed to be stable (with the limit that this
assumption is not verifiable and results are not com-
parable among different scanners); or ii) in an ab-
solute way (6-16,18).

Functional Neurology 2012; 27(1): 13-22
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Table 1 - Spectroscopy data

H-MRS Markers
Authors TR TE 3 Region of interest
T
Scanner Type Sequence (ms) (ms) Voxel volume (cm?®) ype
Bernier D 15T GE . 1.6x1.6x1.6 (DPFA) Cho, Cr, Left DPFA
2009 scanner Single voxel - 2000 80 1.3x1.3x1.3 (PONS) NAA and pons
NAA, Cr, Cho, Hippocampus body,
Block W 3T Gyroscan ) 140 ml, GIn, Glx parts of its head,
20097 Achieva Philps die voxel  PRESS 2000 4, 28x1.7x1.3 and GIn/Glx of the amygdala and
and GIn/Cr of parahippocampal gyrus
2000
Murck H 1.5T Signa . 0.58x0.58x0.58 (DLPFC) Cho, Cr, NAA, DLPFC
2009' Horizon ~ Sndlevoxel PRESS 4%’1)% 3% and 1.75x1.75x1.75 (POC)  Gix,Gin and POC
Luborzewski A 3T Medspec . 2x2x2 (DLPFC); Cho, Cr, NAA, DLPFC
2007 Bruker Biospin Single voxel  PRESS 3000 80 2.5x4x2 (ACC) Glu, GIn and ACC
NAA, Cr, Cho, .
Gonul AS  1.5T Magnetom i 0 \oxel  PRESS 1500 135 2x2x2 ml and NAA/Cr, Medial
2006 Vision, Siemens frontal cortex
Cho/Cr
s G 2.1T Oxford Single voxel  J-editing Midii ’
agggg:f Magnet, Bruker (2 subspectra  pulse 3390 80 3.9x1.5x3.5 GABA occi Iit;rI]ic?rtex
Avance of 128 scans) sequence P
Michael N 1.5T Magnetom  Single voxel Cho, Cr, Left amygdalar
20032 Sp, Siemens (128 scans) STEAM 2500 20 8.375 NAA, Gix region
Michael N 1.5T Magnetom  Single voxel Cho, Cr,
2003 Sp, Siemens (128 scans) STEAM 500 X 3.375 NAA, Gix DLPFC
Obergriesser T . . Cho, Cr, Left and right
2003 1.5T Siemens  Single-voxel PRESS 1800 135 _ NAA hippocampus
Pfleiderer B 1.5T Magnetom . Glx, Cho, Left anterior
2003° Sp, Siemens Single voxel - STEAM 2500 20 3375 Cr, NAA (pregenual) cingulum
2.1T Oxford Single voxel  J-editing Midline of
Sanzao%o;;a G Magnet, Bruker (2 subspectra  pulse 3390 68 1.5x3x3 GABA occipital cortex
Avance of 128 scans) sequence
2.1T Oxford Single voxel  J-editing -
San;)cz(;l;a & Magnet, Bruker (2 subspectra  pulse 3390 68 1.5x3x3 GABA occ':\?;;(ijtlalxrllic;)rftex
Avance of 128 scans) sequence
Ende G 1.5T Siemens . Left and right
20006 Vision Single-voxel PRESS 1800 135 . Cho, Cr, NAA hippocampus
1.5T Signa Head of left
Sonawallsa SB General Electric  Single voxel STEAM 2000 30 8 Cho/Cr and caudate
1999 X NAA/Cr
Medical System and putamen
NAA/Cr, .
CharlesHC | .1 GE signa Singlevoxel STEAM 2000 3 NAA/Cho, Basal ganglia
1994 Cho/Cr and thalamus

Abbreviations: NAA=N-acetylaspartate; Cr=creatine; Cho=choline-containing compounds; m=myoinositol; Glu=glutamate; Glx=glutamate
and glutamine; GIn=Glutamine; GABA=y-aminobutyric acid; ACC=anterior cingulate cortex; DLPFC=left dorsolateral prefrontal cortex;
DPFA=dorsal prefrontal area; POC=parieto-occipital cortex; MDD=major depressive disorder.

Functional Neurology 2012; 27(1): 13-22
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Table 2 - Study protocol

- Protocol  Antidepressant Responders P
Authors Objective Treatment timing response to treatment Main findings
Improvement “Baseline pontine Cho levels
To evaLuatg t1hH—g/IRS|_on in HDI tcatalt distinguished subsequent responders
Bernier D heurochemi- . © baseline score an oa from nonresponders; SD caused a
2009 cal correlates Partial SD day and the _Ieast a 30% 5 out of 11 20.1% decrease in pontine tCr and
of sleep re- postsleep improvement o i ; ;
striction restriction da in HDI mood 11.3% increase in prefrontal Cho in both
Y score groups, MDD and healthy controls”
“Significant reduction of GIx/Cr and
To study GIn/Cr in the patient group; GIn/Glx ratio
metabolic shovyed a tr_epd towards significant
changes to SSRI (5 o reduction; mg:hwdua} effect of treatment
Block W identify citalopram) 1H-MRS at Significant  correlated with an increase in the NAA
2009 correlates and TCAs (6 baseline and - decrease in and Cho absolute concentrations; low
predictors of nortriptyline) after 8 weeks BDI score baseline NAA and Cho levels predicted
treatment pgsitive trgatment effects; no difference
response in any clinical or metabolic measure,
either at baseline or at follow-up
between the two treatment groups”
To address
whether Glx « ' ’
MurckH  2nd Gin level 1HMRS pre signifcant 60 5TRE only of male patients: Gin
2009 changes are Total SD and post 24h - decrease in k ) Y 1e p »
related to of total SD HAMD score ifjprease in patients with v_egetahv"e
clinical melanchonia; no change in POC
improvement
To evaluate
neurochemical “In the DLPFC, lower Glu and Cho in
brain . responders before treatment; after TMS,
alterations gzov?:;ils?nosf c!al:i-c'e\{ljRoSut mean individual Glu increased in
Luborzewski before and 'TMS of the before and Q 6 out of 17 responders and decreased in non-
A 2007 after 10 days | : responders; Cho increased significantly
b eft DLPFC in  after 10 days H h
of high- naive subiects of rTMS in responders. No neurochemical
frequency ) alterations in the ACC were detected
rTMS of the after rTMS”
left DLPFC
To test the
effect of 7 with SSRls “Pre-treatment NAA/Cr values lower
antidepressant (4 fluoxetine; 1H-MRS at >50% than those of healthy subjects; MDD
Gonul AS treatment on 3 aroxetine)’ baseline and  decrement of 70% (14) treatment has significant effect on
2006™ metabolite 1,§ with SNRI’ after response  HAMD initial ° NAA/Cr; after therapy NAA/Cr values
levels in the (venlafaxine) to treatment score increased significantly in responders
left medial (14/20)”
frontal cortex
egg ctteg; E?ST “Clinical response not correlated with
Sanacora G on occipital Pre and post Significan_t pre-CBT GABA levels or post‘—CBT
2006 cortex GABA CBT 12-week - decrease in  GABA change; CBT shows a different
vs SSRIs and course of CBT HAMD score  effect on occipital GABA compared to
ECT ECT and SSRI”
Pre and post
ECT “Signifi Glx trend t d
monotherapy: ignificant Glx trend towards a
To evaluate non res on-’ reduction in patients with unipolar
neurotrophic ders unFc)ier— >60% depression; successful ECT was
Michael N changes went a third reduction of accompanied by increased NAA and Gix
2003" during ECT in ECT 1H-MRS after MADRS 10 out of 13 levels compared to baseline in all
the left finally re- baseline patients; similar increase in NAA was
amygdala s ond)iln to score observed in 5/14 non-responders after
region gombin%d they I_'lad finally responded to the"
ECT/pharma- combined ECT/pharmacotherapy’
cotherapy
2-3 ECT x “Responders (8/12) showed a marked
week; 4/12 Glx increase, no longer different from
T%gtvaat:gﬁée with an insuffi- >60% that of controls; it correlated with
Michael N DLPFC cient re- reduction of improvement of MADRS scores; a third
2003" changes ECT sponse MADRS 8 out of 12 measurement rgvealed a Glx increase
before and re-evaluated baseline after recovery in _2/4 non-responders;
after ECT after a ECT + score Glx was significantly reduced
pharma- (approximately 67%) prior to ECT in all
cotherapy patients”
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cont. Table 2 - Study protocol

Protocol Antidepressant  Responders

Authors Objective Treatment timing response to treatment Main findings
Follow up of Patients
the .
o reviousl
quantitative s?udied wi¥h
changes in 1H-MRS pre- o
Cho and NAA and post- “No changes in hippocampal NAA
Obergriesser  signals in the _ _ signal; the initially significant increase in
T 2003" hippocampal ECT EgIa\IA(thc:e 10 out of 12 the Cho signal reversed to values close
region of after a mean to pre-ECT levels”
patients who of 2048.6
remitted from months after
MDD after a the last ECT
course of ECT
1H-MRS “Marked increase of Glx in responders
t-kl;g Z\flfaegztﬁf within 24-48 h ~60% compared to baseline levels, no longer
succesful of the effec- reductio; of different from those of controls; stable
Pfleiderer B ECT on Glx ECT tive ECT (re- MADRS 10 out of 17 Glx levels after remission; ECT non-
2003° levels in the sponders) or baseline responders did not show marked Glx
anterior after the last score increase but after clinical response to
cingulum ECT (non re- ECT/venlaflaxine revealed a twofold Gix
9 sponders) increase”
Before and at . - 4 “Post-ECT GABA significantly increased
T(:)g(\:/ialiltjgte least 1 day con215|§te- and higher than pre-ECT concentration
Sanacora G cortex pGABA ECT (7/8 after _ 62 50/p artial (7/8 pts); in 4/8 more than 85% over
2003® increase after bilateral) completion of 12 5°°/p no’ their pre-ECT levels; still no significant
ECT final ECT res gnse correlation between GABA change and
session P clinical response”
To evaluate b;z_ggﬁd 7 out of 11 “Occipital cortex GABA significantly
Sanacora G alteration of SSRiIs (8 after a had >50% higher after treatment (9/11); no
20027 occipital fluoxetine, 3 minimum of 5 — reduction ion significant correlation between
cortex GABA citalopram) weeks of HAMD score pretreatment and change in occipital
after SSRI SSRI cortex GABA and clinical improvement”
At least 2
datasets were « -
« - acquired from All patients
Monitoring of each patient: showed
quantitative o gefore ’ clinical
changes in amelioration ; f
EndeG  theNAAand o EoTstarted of depression "N chianges in the hippocampal NAA
2000° Cho signals in and a secon - after ECT . Signal after ; significant mean
the after 5 or (>50% increase of Cho-containing compounds
hippocampal trpec:fmsrg;r reduction in
region” within 30 ’ HAM-D
hours to 10 score)
days of ECT
To assess the Patients “Statistically significant difference in
relationship underwent Cho/Cr from baseline to week 8
between true 1H-MRS between true drug response group
Sonawalla drug response SSRI before and Improvement 8 out of 15 (increased by 20%) and placebo pattern
SB 1999° to fluoxetine (fluoxetine) after an 8- on CGI response/non-response group
and Cho/Cr in week open (decreased by 12%); no significantly
the basal trial with different change in NAA/Cr after 8
ganglia fluoxetine weeks of treatment”
EZ;‘;‘TI Ca:l:loliI: b e:;:g?g 2. “Cho/Cr pre-therapy levels were
Charles HC thglan%us SARI 3 months _ _ elevated (compared to those of normal
1994+ before and (nefazodone) after therapy subjects); they fell significantly from pre
after recovery commenced to post-therapy (reaching control levels)

Abbreviations: NAA=N-acetylaspartate; Cr=creatine; tCr=creatine-plus-phosphocreatine; Cho=choline-containing compound;
Glu=glutamate; Glx=glutamate and glutamine; GABA=y-aminobutyric acid; ACC=anterior cingulate cortex; DLPFC=left dorsolateral
prefrontal cortex; POC=parieto-occipital cortex; SARIs=serotonin antagonist reuptake inhibitors; SNRIs=serotonin norepinephrine re-
uptake inhibitors; SSRIs=serotonin reuptake inhibitors; TCAs=triclyclic antidepressants; ECT=electroconvulsive therapy; CBT=cogni-
tive behavioural therapy; rTMS=repetitive transcranial magnetic stimulation; SD=sleep deprivation; MDD=major depressive disorder;
DS=discontinuation syndrome; HAMD=Hamilton depression rating scale; HDI=Hamilton Depression Inventory; MADRS=Montgomery
Asberg Depression Rating Scale; CGl=Clinical Global Impression.

Functional Neurology 2012; 27(1): 13-22 17
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Table 3 - Unipolar MDD patients

Authors Subjects Males:Females Age (years) Diagnostic criteria
Bernier D 2009 12 0:12 21-30, mean 25 DSM-IV, HAMD, HDI and POMS
Block W 2009 11 7:4 v DSM-IV, BDI
Murck H 2009 13 8:5 st o) HAMD
Luborzewski A 17 15:2 28'52]S'D"=‘$1a)” 45 HAMD, MADRS, BDI and CORE
Gonul AS 2006 20 3:17 "(‘gg’;g’_%; DSM-IV and HAMD
Sanacora G 8 - - DSM-IV and HAMD
Michael N 2003 13 lreatment- 4:9 2%952155?5 DSM-IV.
Michael N 20037 12 lreatment- 4:8 %9521%%‘)‘ DSM-IV
Obergriesser T 12 4:8 ’(“895213%31) DSM-IV and HAMD
Plleiderer B 17 5:12 fggeggg?é(; DSM-IV
Sanacora G 8 5:3 "(‘segnzg‘%)o DSM-IV and HAMD
Sanacora G 1 7:4 ”(‘Seg';g_gs-)z DSM-IV and HAMD
Ende @ 17 7:10 ’(“89521%1_ 422? DSM-IV and HAMD
Drug response
group (n=8) and
B0 Mrecrondamen’ 2318 (mean 38.9) DSM-1il R and HAMD
response group
(n=7
e &l g e

Abbreviations: MDD=major depressive disorder; SD=standard deviation; DSM-IV=Diagnostic and Statistical Manual of Mental Disor-
der, fourth edition; HAMD=Hamilton Depression Rating Scale; HDI=Hamilton Depression Inventory; MADRS=Montgomery Asberg
Depression Rating Scale; BDI=Beck Depression Inventory; CORE=CORE measurement of psychomotor activity; POMS=Profile of

Mood States

Discussion
Technical aspects

Proton magnetic resonance spectroscopy (1H-MRS) is
an advanced MR technique that allows non-invasive in
vivo evaluation of metabolite concentrations and char-
acterisation of biochemical changes in the brain, provid-
ing data complementary to the structural and functional
information furnished by conventional and non-conven-
tional MRI techniques. In 1H-MRS, protons are distin-
guished by their molecular environment, given that the
resonance frequency of hydrogen depends, to a small
extent, on the electronic structure of its surroundings
(chemical shift).

18

Quantifying and interpreting metabolic information from
brain 1H-MRS is complicated by a number of variables,
such as inadequate water suppression and field homo-
geneity, partial voluming effects, temperature depend-
ence, chemical shift artefacts (CSAs) and irregular vol-
ume of interest (VOI) profile, all of which can affect the
apparent concentration determination.

Currently, the 1H-MRS methods usually implemented
are single-voxel and multi-voxel acquisitions. In single-
voxel techniques, the VOI is typically a cuboid defined
by the intersection of three mutually orthogonal slabs,
either through a 90° pulse followed by two 180° refocus-
ing pulses (PRESS) or through a sequence of three 90°
pulses (STEAM), the last having intrinsically 50% less
signal than PRESS. The shorter TEs used in STEAM

Functional Neurology 2012; 27(1): 13-22
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and recently implemented in PRESS present the draw-
back of residual eddy currents, but they show smaller T2
losses and higher signal-to-noise ratios (SNRs). Multi-
voxel 1H-MRS uses a grid made up of multiple single
voxels and is thus able to cover a broader region of in-
terest, but this is at the expense of a long acquisition
time and a lower SNR. The most common acquisition
protocol in this case is chemical shift imaging.

In order to resolve metabolites such as GABA, which
are overlapped by the proton resonances of Cr, Glu and
NAA, J-edited 1H-MRS has been proposed (7,8,13) as
an alternative to conventional 1H-MRS. Glu, often a mix-
ture of Glu, Gln and GABA, designated glutamine/gluta-
mate complex or “GlIx”, having a complex spin system,
usually gives a poor resolution spectrum in convention-
al 1TH-MRS at 1.5T. If conventional 1H-MRS is applied,
an adequate peak database collected on the ad-hoc
phantom is required in order to perform a satisfactory fit.
If J-edited 1H-MRS is used, quantification is much sim-
pler due to its capability to resolve the metabolites of in-
terest, but an ad-hoc sequence must still be implement-
ed on the scanner, starting from the 3D image-selected
in vivo spectroscopy sequence for voxel localisation,
and this requires a freedom in sequence handling and
implementation that goes beyond that of conventional
clinical MRI scanners. Differences in results between
studies may be attributable simply to the use of different
methodologies that, connected to lower magnetic field
strengths, obtain poor resolution of the Glu spectrum.
Hence the identification of a dedicated consensus
method for quantification of Glu seems crucial.

These technical aspects raise the problem of spectra
comparability, which depends on several factors: the
scanner, the localisation pulse and the scanning param-
eters used. In particular, for meaningful data compari-
son, T1 and T2 corrections are necessary, together with
compensation for voxel localisation, partial voluming ef-
fects and CSAs, an aspect neglected in some previous
papers (4). Having said that, a direct comparison be-
tween spectra at the same TE, but with different locali-
sation sequences, is indeed possible in principle, as
long as the 50% signal discrepancy between PRESS
and STEAM is the only further factor to be taken into ac-
count. On the other hand, a direct comparison between
different acquisition methods (single- vs multi-voxel) or
different methods of quantification (absolute vs relative)
is not possible.

It is thus clear that a consensus standard protocol could
feasibly be defined, but that such a protocol would have
to make provision for a highly complex and non-auto-
matic data analysis. As a general rule, longitudinal rela-
tive variations are the results most easily compared, re-
gardless of the scan protocol and quantification method
used; furthermore, metabolite ratios give a poorer indi-
cation of the real metabolite variation.

The use of a higher magnetic field (3T and more) im-
proves the quality of spectroscopy data, reducing the par-
tial spectral overlap, making it possible to study, for ex-
ample, the different resonance components of Gix (17).

Study limitations
Articles discussed in this paper differ widely in the

1H-MRS methods applied, the brain regions studied and
the metabolite changes found. Moreover, all of them

Functional Neurology 2012; 27(1): 13-22

analyse a small number of patients; this is mainly due to
difficulties in MDD patient recruitment (restricted inclu-
sion criteria) and in the management of these patients
with regard to treatment side effects, non-compliance or
refusal to perform a second 1H-MRS scan.

Data reported in the papers reviewed are also obtained
using different MRI scan and 1H-MRS acquisition se-
quences at different magnetic field strengths (most of
them at 1.5T), while results concerning Glx, for example,
should be validated with higher field strengths to differ-
entiate between different resonance compounds.
Different post-analysis softwares, some manufacturer-
supplied, were applied to obtain the quantification of
each metabolite peak. This may rapresent a limit in the
synthesis of all the results, particularly as regards the
absolute quantification of metabolites, while it is a less
important factor in the comparison of trends and varia-
tion of metabolite concentrations making use of the
same methodology between two time points (baseline
and post treatment).

Finally, the use of a control group of healthy subjects us-
ing antidepressants is not ethically correct, thus the possi-
bility of nonspecific metabolic variation with the use of an-
tidepressants in healthy tissue is still to be demonstrated.

Clinical-melabolic aspects

As shown, available articles on MDD therapy and
1H-MRS are scarce and use different technical ap-
proaches. Despite this, there emerges, in MDD, strong
evidence of a correlation between changes in neu-
rometabolite concentrations and responses to different
treatment approaches.

The first literature available on 1H-MRS in MDD, which
dates back to the mid-1990s, focused on study of the
basal ganglia, following speculation that an overactive
cholinergic system may be involved in the pathophysiolo-
gy of MDD (20). In particular, three studies (4,5,21)
demonstrated the feasibility of applying localised 1H-MRS
to patients with MDD and control subjects as a noninva-
sive means of detecting cytosolic Cho-containing com-
pounds in the brain (22,23), mainly glycerophospho-
choline and phosphocholine (24), which are responsible
for more than 50% of Cho resonance. Instead, free Cho,
acetylcholine, and cytidine diphosphate choline are
present at much lower concentrations and make small-
er contributions to in vivo 1TH-MRS Cho resonance.
Charles et al. found that Cho/Cr ratios fell to control lev-
els in MDD patients treated with nafazodone for 2-3
months (4), while Sonawalla et al. found that these ra-
tios showed a 20% increase after 8 weeks of fluoxetine
treatment in the true drug response patients versus a
12% decrease in the placebo pattern response/no re-
sponse group (5). However, these studies were limited
by the small numbers of patients investigated; further-
more, the authors simply described the association be-
tween response to nafadozone/fluoxetine therapy in
MDD and metabolite changes without advancing any
hypothesis regarding the underlying mechanism.

Other authors, conducting basal ganglia and cortical
area-specific neuroimaging studies, analysed absolute
Cho compound changes in different treatments for de-
pression (25,26) and hypothesised that a specific role is
played, in MDD, by areas such as the anterior cingulate
cortex (ACC) and the left dorsolateral prefrontal cortex
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(DLPFC). Luborzewki et al. found increased tCho levels
in the DLPFC in MDD responders to rTMS, and suggest-
ed that they could reflect acute metabolic effects of this
treatment (15). The same hypothesis was advanced by
Bernier and colleagues (18), who observed in an entire
group of MDD women (responders and non responders
included) increased tCho levels in the prefrontal cortex af-
ter sleep restriction; they also reported a possible correla-
tion between elevated baseline level of Cho measured in
the pons and mood improvement after therapy (SD).
Further investigations of the DLPFC and other frontal re-
gions over a longer period of time should provide further
insight into the functional relevance of the tCho fraction
in the treatment of MDD.

In more recent articles, attention switches to the possi-
ble involvement of Glu, the main excitatory transmitter in
the human brain, and its related metabolite GABA, in the
pathogenesis of MDD. In particular, the breakthrough
discovery of an impairment of GABAergic function in
MDD patients, as shown by data indicating low GABA
concentrations in their plasma and in cerebrospinal fluid
(27), prompted interest in investigating the possible ef-
fect of MDD treatment on GABA levels. In various stud-
ies, Sanacora et al. evaluated GABA concentrations in
the occipital cortex, where reduced levels had previous-
ly been observed in conditions such as alcohol addic-
tion, frequently associated with high rates of depression
(28). They used a localised difference J-editing 1H-MRS
protocol (29), not easily replicable, to evaluate and then
compare different kinds of MDD treatments, pharmaco-
logical (selective serotonin reuptake inhibitors, SSRIs),
electroconvulsive (ECT) and cognitive-behavioural
(CBT). The significantly increased GABA concentrations
observed in the occipital cortex after a course of SSRI
treatment or ECT suggested that normalisation of abnor-
mally low cortical GABA concentrations may provide the
basis for a common approach to the treatment of MDD
(30). Although the mechanism of increased presynaptic
GABAergic transmission remains unclear, the observed
effects of the SSRI treatments could, in part, be ex-
plained by the direct action of serotonin (5-HT) on the
GABAergic neurons. Thus, elevation of cortical GABA
concentrations might be a common effect of both ECT
and SSRils; alternatively, it may be that reduction of
GABA is a state-dependent marker of depression for
some individuals that reverses with resolution of the
episode. The fact that occipital GABA levels did not rise
after CBT (13) seems to point to differences in the mech-
anisms of action of antidepressant treatments and to
suggest that the rise in GABA observed following SSRI
treatments and ECT is probably related to specific ef-
fects of these treatment modalities on the GABAergic
system (7,8), and not simply a state-dependent marker
of remission from depression. This hypothesis is further
supported by findings of increased cortical GABA after
acute administration of an SSRI to healthy subjects (31),
increased activity of Glu synthetase after SD (32), re-
duced GABA in the prefrontal cortex of acutely de-
pressed subjects and normal prefrontal GABA levels in
recovered subjects with depression (33,34). Moreover,
recent data from Murck and colleagues seem to support
this hypothesis: an increase of GiIn (the main precursor
for GABA synthesis) in patients responding to SD stimu-
lates GABAergic neurotransmission in the dorsolateral
prefrontal cortex.
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It is also interesting to note that although no significant
correlations were found between GABA course and clin-
ical improvement, the subjects with the lowest pre-treat-
ment GABA concentrations showed the largest increas-
es after SSRI treatment. This may simply indicate a ceil-
ing effect on occipital cortex GABA concentrations (7).
Alternatively, it may mean that there exist different sub-
groups of depressed patients, i.e., one group with ab-
normally low baseline GABA concentrations that exhibit
large increases after treatment and a second with rela-
tively normal baseline concentrations that show little
change after treatment. The work of Munck et al., too,
seems to highlight the importance of differentiating pa-
tients with unipolar MDD, in particular with regard to
gender and vegetative melancholic features, which may
be indices of good response to therapy. The clinical im-
plications of these findings still need to be investigated.
Using a novel, dedicated method for the quantification of
Glu with a 3T scanner, Luborzewski et al. provided more
detailed insight into the differential role of Glu both in the
pathophysiology of MDD and in the mechanism underly-
ing the antidepressant action of rTMS (15). Indeed,
rTMS of the ACC and DLPFC, as an alternative antide-
pressant intervention, has been investigated in MDD pa-
tients and responders showed lower baseline concen-
trations of Glu in the DLPFC, which increased after suc-
cessful ITMS. These data on Glx seem to indicate that
in MDD metabolic state-dependent changes within the
left DLPFC involve the Glu system and can be reversed
in a dose-dependent manner by rTMS. A negative corre-
lation was found between mean changes in Gix and
baseline levels, leading the authors to speculate that low
Gix levels in the left DLPFC may predict response to
rTMS treatment. These findings are in line with earlier
studies in which a left prefrontal hypometabolism was
able to predict outcome of rTMS treatment (35,36). No
alteration was observed in the ACC either in the pre-
treatment phase or after rTMS. Other authors demon-
strated that reduced Gix levels in the left DLPFC (12)
and ACC (9) could successfully be reversed by ECT.
Considering the proposed critical role of the ACC in cog-
nition and motor control, and, in this context, the close
functional and anatomical connectivity between the ACC
and the DLPFC, metabolic changes in this region seem
to be highly likely in MDD.

Some limitations of these studies derive from the need
to replicate these findings in healthy volunteers in order
to control for individual differences in metabolite levels;
this is especially important as Glu levels in the DLPFC
have not yet been thoroughly investigated in high mag-
netic field spectroscopy.

At the same time, other studies have instead focused on
increased NAA concentrations after successful ECT or
SSRI treatment, suggesting that they may indicate a neu-
rotrophic effect of these therapies on the amygdala re-
gion (11), but not the hippocampus after ECT (6). There-
fore, these therapies may play a positive role in restoring
neuronal integrity. Although reports on functional and
structural changes of the amygdala in depressive disor-
ders are conflicting (37-39), they nevertheless indicate a
possible involvement of these regions in the pathogene-
sis of MDD (11). The amygdala may be a suitable region
for detecting neurotrophic effects by 1H-MRS, since it is
a highly neuroplastic brain area (40) and fills the voxel
mainly with grey matter (41). This may well provide a
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neuroanatomical explanation as to why Ende et al. (6)
were unable to demonstrate an NAA increase after ECT
in the bilateral hippocampus. The absence of an NAA sig-
nal reduction after ECT implies that no hippocampal atro-
phy, neuronal damage or cell death is induced by ECT, al-
though this question is still debated (42,43).
ECT-induced structural changes, namely, mossy
fibre/synaptic sprouting (44) or neurogenesis (45), have
previously been described in animal experiments. Fur-
thermore, several authors (44,46) have studied the effect
of ECT on the expression of growth factors in the human
brain, as well as alterations in the function and structure
of certain populations of neurons. Duman and Vaidya hy-
pothesised that ECT, via regulation of neurotrophic fac-
tors, reverses the atrophy of stress-vulnerable neurons
or protects these neurons from further damage (47). ECT
may contribute to increased NAA levels by improving
glial cell function and Glu metabolism; this hypothesis is
supported by the evidence of reduced Gix level, in partic-
ular the level of GiIn in relation to the other Glx com-
pounds (usually resolved together), in the hippocampus
of MDD patients (17) and a parallel significant increase
in GIx after successful ECT (10). Similar results in unipo-
lar depressives were observed for the left ACC (9), a re-
gion closely interconnected with the amygdala (40).

A recent study by Gonul et al. (14) also demonstrated in-
creased NAA/Cr values in MDD patients responding to
SSRI or serotonin norepinephrine reuptake inhibitor treat-
ment compared to pre-treatment values in the left medial
prefrontal cortex, where functional and structural abnor-
malities have consistently been reported in MDD patients
(26). No significant difference was observed between the
post-treatment NAA/Cr values of patients and those of
controls. Moreover, Block et al. also describe an associa-
tion between treatment response to SSRI and tricyclic an-
tidepressants and increased NAA and Cho levels in the
hippocampus independently of the severity of the disease.
These results suggest that there might be a loss of neu-
ronal integrity in the left medial frontal cortex of MDD pa-
tients, mainly in the left ACC, also because abnormalities
are known to be lateralised (48). Antidepressant treatment
with its neurotrophic effects might play a positive role in
restoring neuronal integrity. These findings are contradic-
tory to those of Pfleiderer et al. (9), although differences in
the treatment modalities, 1H-MRS methodology and vox-
el placement may account for this. Neither Pfleiderer nor
Gonul were able to detect any effect of treatment (antide-
pressant or ECT) on Cho values in the medial frontal cor-
tex. This might be because the medial frontal cortex is not
as active as the hippocampus in terms of neuronal plas-
ticity and neurogenesis (6), which allows us to speculate
that during antidepressant treatment, the viability of neu-
rons is increased without any significant change in mem-
brane turnover in the medial frontal cortex. These results
seems to express a possible loss of neuronal integrity in
these regions, a neuronal state that can be restored
through the neurotrophic effect of MDD treatments.

Concluding remarks
In conclusion, although this review presents limitations
deriving from the small number of papers published and

the fact that these studies explored different brain areas
using different 1H-MRS protocols, we have shown that

Functional Neurology 2012; 27(1): 13-22

1H-MRS shows good potential for enhancing our knowl-
edge of the mechanisms underlying MDD treatments
and for helping in the evaluation of treatment efficacy.
Much more experimental data coming from similar
methodologies and making use of other advanced MRI
techniques, such as functional MRI and tractography,
are needed to support and help explain a powerful and
reproducible correlation between treatment response
and neurometabolite changes as reflected by 1H-MRS
measurements. Higher magnetic fields are also warrant-
ed in order to have a more precise objective instrument
for identifying spectroscopic pre-treatment indices of
good response to therapy, particularly in view of the
growing proportion of patients with treatment-resistant
depression (49).
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