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Background: Neuroimaging studies suggest that the prefrontal cortex (PFC) is involved in the
pathophysiology of major depression. Repetitive transcranial magnetic stimulation (rTMS) as an
antidepressant intervention has increasingly been investigated in the last two decades. In this study
metabolic changes within PFC of severely depressed patients before and after rTMS were evaluated by
proton magnetic resonance spectroscopy (1H-MRS).
Method: Thirty-four young depressed patients with treatment-resistant unipolar depression were enrolled in
a double-blind, randomized study active ((n=19) vs. sham(n=15)), and the PFC was investigated before
and after high-frequency (15 Hz) rTMS using 3-tesla proton magnetic resonance spectroscopy. Response was
defined as a 50% reduction of the Hamilton depression rating scale. The results were compared with 28 age-
and gender-matched healthy controls.
Results: In depressive patients a significant reduction in myo-inositol (m-Ino) was observed pre-rTMS
(pb0.001). After successful treatment, m-Ino increased significantly in left PFC and the levels no longer
differed from those of age-matched controls. In addition to a positive correlation between clinical
improvement and an increment in m-Ino ratio, a correlation between clinical improvement and early age
onset was observed.
Conclusions: Our results support the notion that major depressive disorder is accompanied by state-
dependent metabolic alterations, especially in myo-inositol metabolism, which can be partly reversed by
successful rTMS.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Treatment-resistant depression (TRD) is a common condition with
high lifetime personality disorder comorbidity (Souery et al., 2007)
and is a risk factor for suicide (Kornstein and Schneider, 2001).
Despite its prevalence, the underlying pathophysiology of TRD
remains obscure (Berlim and Turecki, 2007). Repetitive transcranial
magnetic stimulation (rTMS) techniques have advanced considerably
in the last two decades and have been increasingly applied to
investigate treatments of TRD (Fitzgerald et al., 2003; Pascual-Leone
et al., 1996). High-frequency (5–20 Hz) rTMS over the left dorsolat-
eral prefrontal cortex (DLPFC) is usually applied for the treatment of
major depression. Meta-analyses suggest rTMS can bring about a
significant improvement of depressive symptoms among TRD
patients (Gross et al., 2007; Lam et al., 2008; Schutter, 2009).
Although the neurobiological mechanisms underlying these effects
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are unclear (Michael et al., 2003), previous evidences from basic
studies have indicated that reduced neurotrophic signaling may be
involved in the pathphysiology of depression (Duman 1998). rTMS
associated with an induced electric current (Barker et al., 1985) may
exert an influence on brain neurotrophic metabolism during neural
tuning (Silvanto and Pascual-Leone, 2008; Yukimasa et al., 2006).
Moreover, a neurotrophic mode of antidepressant action was also
proposed by promoting release of glial cells to increase postsynaptic
efficacy (Barres, 2008; Hisaoka et al., 2001).

Glial cells have long been thought to act by providing neurotrophic
support for neurons, with little role in information representation or
processing. However, increasing evidences indicated that glia have a
critical role in neurotransmission, through the uptake and metabolic
cycling of phosphoinositide (Auld and Robitaille, 2003). Two-photon
imaging study indicated that the astrocytes also play a key role in
regulation of neuronal responsemagnitude and duration (Schummers
et al., 2008). The prefrontal cortex (PFC) volume includes DLPFC,
anterior cingulate cortex and orbitofrontal cortices; all of these
regions have been reported to have glial deficits at postmortem
examination and histological studies in patients with major depres-
sion (Ongur et al., 1998; Rajkowska, 2000; Rajkowska et al., 1999),
suggesting the decrease in myo-inositol (m-Ino). In fact, significant
reduction of m-Ino has been reported in the frontal cortex of
depressive patients in a postmortem study (Shimon et al., 1997).

However, neurochemical changes are difficult to detect in human
brain in vivo. Proton magnetic resonance spectroscopy (1H-MRS)
provides an opportunity for noninvasive assessment of cerebral
metabolites in clinical research bymeasurements of N-acetylaspartate
(NAA), m-Ino, creatine (Cr), and choline (Cho) (Lyoo and Renshaw,
2002). Some evidence derived from morphological study (Ali et al.,
2001), functional imaging studies (Drevets, 2000) and postmortem
studies (Ongur et al., 1998; Rajkowska et al., 1999) have shown that
the prefrontal region play a critical role in the pathophysiology of
depression. In previous positron emission tomography (PET) studies,
remission of depressive symptoms was associated with an increased
metabolism in the PFC after successful treatment (Bench et al., 1995;
Mayberg et al., 2000). It is conceivable that metabolic changes might
be accompanied by distinct state-dependent alterations. These
alterations would most likely include disturbances of m-Ino metab-
olism, since it is involved in some aspects of mood disorders (Kim et
al., 2005).

M-Ino is a biomarker for glia, and it is actively transported into
astrocytes (Barres, 2008). M-Ino is also involved in phospholipid
metabolism and plays an important role in a second messenger
system involving the phosphatidylinositol (PI) cycle (Belmaker et al.,
1990). Thus, m-Ino levels may reflect the functional state of the PI-
cycle, which is involved in the pathophysiology and treatment of
major depressive disorder (Alvarez et al., 1999; Pandey et al., 2001).
Given its widespread presence in glia and utilization within the PFC,
alterations in m-Ino are assumed to affect PFC function in mood
disorders. Thus, neurotransmitter models of severe mental diseases
including dysregulation of m-Ino pathways are widely discussed
(Knable et al., 2002).

1H-MRS studies have not consistently demonstrated reduced
cortical m-Ino in depression (Frey et al., 1998; Gruber et al., 2003;
Kumar et al., 2002), which might be explained by clinical and
methodological considerations. Clinical factors, such as the inhomo-
geneity of patient samples, might obscure changes of m-Ino, if there is
no distinction between unipolar versus bipolar subtypes (Davanzo
et al., 2003); late versus early onset of disease or familial versus
nonfamilial forms (Cecil et al., 2003). Several technical factors in 1H-
MRS might also be relevant. First, when spectroscopic imaging data
are averaged frommultiple cortical regions, this might average out m-
Ino reductions due to glial loss with a restricted distribution, such as
within the PFC or amygdala (Rajkowska et al., 1999). Second, the
proximity of m-Ino to the large water peak in 1H-MRS means that its

signal may be affected by unsuppressed water. Additionally, most m-
Ino data were acquired at 1.5-T field strength, with limited spectral
resolution from Cr, glutamate/glutamine (Glx), and m-Ino signals.
These metabolites can be better resolved at higher field strength MRI
(Coupland et al., 2005). Therefore, in this study we tested the
hypothesis that young adults with resistant unipolar depressions are
associated with alterations in m-Ino levels within the PFC as revealed
by using 1H-MRS at 3.0 T. Our secondary aim was to identify
neurochemical markers of treatment remission after rTMS.

2. Methods and materials

2.1. Subjects

A total of 34 patients fulfilling the diagnostic criteria for major
depressive episode (DSM-IV) and referred for rTMS because of drug-
treatment resistance were enrolled in this study. The patients were
classified as being severely depressed with higher Hamilton Depres-
sion Rating Scale (HAMD, ≥24) and length of illness (Table 1). The
diagnosis was made independently by two experienced psychiatrists,
and all patients' current episode met the DSM-IV depressive episode
criteria. Age of the patients was from 18 to 37 years, mean age 27.2±
5.2 years, and the mean onset age was 22.0±4.6 years. The patients
underwent electroencephalographic and clinical examinations before
included into the study. Exclusion criteria were: any other psychiatric
axis-I or axis-II disorders, history of epileptic seizures or any other
neurological disorder, any kind of metal implants, any other clinically
relevant abnormalities in their medical history or laboratory exam-
inations. Patients with a medical history of alcohol or drug abuse were
also excluded.

Treatment resistance was defined as failure to respond to at least
two different antidepressants given for a period longer than 4 weeks
at the maximum recommended dose. All patients were randomly
assigned to either the active rTMS group (n=19) or the sham rTMS
group (n=15). The sample consisted of 22 males and 12 females.
There was no significant difference in relevant clinical parameters
between patient groups (shown in Table 1). All patients were taking
escitalopram 10 mg per day for at least 2 weeks before their
enrollment, and they agreed to not change medication during the
study. The reason for not discontinuing antidepressant medication
was related to the severity of illness and potential suicide risk. After a
detailed description of the study to the subjects, written informed
consent was obtained. The protocol was approved by the university

Table 1
Clinical and demographic characteristics of responder and non-responder patients with
treatment-resistant depression.

Variable All subjects
(n=34)

Active rTMS
(n=19)

Sham rTMS
(n=15)

Mean SD Mean SD Mean SD

Age(y) 27.2 5.2 26.9 6.2 26.7 4.3
Gender (male/female)(n) 22/12 12/7 10/5
marriage(single/married)(n) 19 10/9 9/6
Onset age(y) 22 4.6 21.7 4.7 21.5 4.2
Course(y) 4.7 3.2 4.8 3.7 4.5 2.7
BDI

Pre- rTMS 20.2 4.2 21.1 4.2 21 4.2
Post- rTMS 14.9 6.5 13.5* 5.1 19.8 5.1

HAMD
Pre- rTMS 24.6 2.9 24.6 3 24.6 2.8
Post- rTMS 17.6 6.5 13.5* 5.1 22.9 3.4

Responders 13 12a 1
% improvement 37.8% 19.8 50.1 18.4 23.4 10.1

rTMS, repetitive transcranial magnetic stimulation; HAMD, Hamilton Depression Rating
Scale; BDI, Beck Depression Inventory.
*Pb .001, significant difference from pre-rTMS; aFisher's exact test, Pb .001.
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