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Background: Electroconvulsive therapy (ECT) constitutes one of the most effective antidepressant
treatment strategies in major depression (MDD). Despite its common use and uncontested efficacy, its
mechanism of action is still insufficiently understood. Previously, we showed that ECT is accompanied by
a global decrease of serotonin-1A receptors in MDD; however, further studies to investigate the
involvement of the serotonergic system in the mechanism of action of ECT are warranted. The mono-
amine oxidase A (MAO-A) represents an important target for antidepressant treatments and was found
to be increased in MDD. Here, we investigated whether ECT impacts on MAO-A levels in treatment-
resistant patients (TRD).
Methods: 16 TRD patients (12 female, age 45.94± 9.68 years, HAMD 25.12± 3.16) with unipolar depression
according to DSM-IV were scanned twice before (PET1 and PET2, to assess test-retest variability under
constant psychopharmacotherapy) and once after (PET3) completing a minimum of eight unilateral ECT
sessions using positron emission tomography and the radioligand [11C]harmine to assess cerebral MAO-A
distribution volumes (VT). Age- and sex-matched healthy subjects (HC) were measured once.
Results: Response rate to ECT was 87.5%. MAO-A VT was found to be significantly reduced after ECT in
TRD patients (�3.8%) when assessed in 27 a priori defined ROIs (p < 0.001). Test-retest variability be-
tween PET1 and PET2 was 3.1%. MAO-A VT did not significantly differ between TRD patients and HC at
baseline.
Conclusions: The small effect size of the significant reduction of MAO-A VT after ECT in the range of test-
retest variability does not support the hypothesis of a clinically relevant mechanism of action of ECT
based on MAO-A. Furthermore, in contrast to studies reporting elevated MAO-A VT in unmedicated
depressed patients, MAO-A levels were found to be similar in TRD patients and HC which might be
attributed to the continuous antidepressant pharmacotherapy in the present sample.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Electroconvulsive therapy (ECT) constitutes a rapidly acting and
highly potent - though clearly unspecific - treatment option in
psychiatry, where a generalized seizure is induced under controlled
circumstances and expected to alleviate mental symptoms [1]. The
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potential of ECT is very high with response-rates up to 80% in the
main indication major depression (major depressive disorder,
MDD) [2,3]. Even when it comes to treatment-resistant conditions
(treatment-resistant depression, TRD) [4,5] remission rates be-
tween 40 and 50% can be expected after ECT [6]. Interestingly, in
spite of its common use and well-documented efficacy in MDD
since over 80 years [7], its complex mechanisms of action are still
relatively unclear and no consensus has been reached in this
concern. Several lines of evidence have been pursued to clarify the
issue, but were only partially successful in detecting neurobiolog-
ical markers that correlate with treatment effects of ECT [8e10]. In
this context, special attention has been paid to the neuroendocrine
system, by investigating functional changes of the hypothalamic-
pituitary-adrenal (HPA) axis after ECT [11], and adult neuro-
genesis, by assessing levels of brain-derived-neurotrophic factor
(BDNF) [12] during a course of ECT as well as gray matter volume
changes after treatment, particularly in the hippocampus region
[13,14,78]. Thirdly and most prominently, effects of ECT on brain
function in terms of glucose metabolism and cerebral blood flow as
surrogate markers of neuronal activity as well as specific neuro-
transmitter systems using molecular neuroimaging techniques
have been intensively studied [8,15]. However, a differentiation
between imminent seizure-associated alterations and actual
treatment-related changes could not be ascertained in these in-
vestigations [12,13,16].

Regarding the impact of ECT on specific neurotransmitter sys-
tems, the wealth of data retrieved from preclinical research has led
to the common view that ECT enhances monoaminergic neuro-
transmission, more specifically dopaminergic, noradrenergic and
serotonergic signaling, and that this boost of monoamines explains
the powerful effects of ECT in treating severe mental states [17].
However, evidence in humans regarding the effects of ECT on
neurotransmission is very limited and lacks replication. Only three
studies have hitherto directly investigated this relationship in
depressed patients by means of positron emission tomography
(PET) and were able to report effects. We previously showed that
ECT leads to a widespread reduction of serotonin-1A receptor
density in the cortex and the hippocampus-amygdala complex [18],
unlike in rodents but similar to observations reported under
treatment with selective serotonin-reuptake inhibitors (SSRI) [19].
Similarly, Yatham et al. demonstrated that ECT goes along with a
reduction of cortical serotonin-2A receptors in depressed patients
[20], which is equally similar to antidepressants and unlike the
pattern shown in animal studies. Lastly, ECT was shown to be
accompanied by a reduction of dopamine D2 receptor density in
the rostral anterior cingulate cortex [21].

One central monoaminergic molecule is the monoamine oxi-
dase A (MAO-A). It is the key enzyme responsible for the degra-
dation of serotonin, norepinephrine and dopamine and its
adequate function specifically maintains the homeostasis of cere-
bral serotonin concentrations in humans [22,23]. MAO inhibitors
(MAOI) represent an important element in the therapeutic arma-
mentarium of psychiatrists, notably the irreversible MAOI such as
tranylcypromine were shown to be highly effective in TRD and
atypical depression [24,25]. Due to less dietary restrictions and
interactions with other serotonergic agents, reversible MAOI such
as moclobemide are more commonly in use in clinical practice and
studies support this class of antidepressants of being equally safe
and tolerable as SSRIs [26,27]. In accordance with the monoamine
hypothesis of depression [28], Meyer et al. showed that elevated
cerebral MAO-A density measured using PET represents one of the
main serotonin-lowering processes in medication-free depressed
patients andmay even constitute a trait marker of major depression
[29,30]. In fact, studies find that MAO-A levels were 34e40% higher
in MDD than in healthy controls [30,31]. This relative difference
constitutes one of the largest discrepancies between depressed and
healthy subjects in terms of a molecular endophenotype of MDD. A
significant elevation of MAO-A was also found in the hypothalamic
regions in postmortem brains of suicide victims [32]. Furthermore,
increased MAO-A expression has been associated with the early
postpartum period [33], perimenopause [34], and severe, atypical
depression [35]. Brain MAO-A availability was shown to be affected
by moclobemide and MAO-A occupancy levels of 74% were pro-
posed as a desirable threshold level to have therapeutic impact in
MDD [36,37].

At present, it is a challenge to reliably assess the direct or indi-
rect impact of antidepressant treatments on MAO-A in depression.
As a logical consequence the present study aimed at investigating
the availability of MAO-A in its role as major monoamine-
regulatory enzyme with respect to the most effective therapeutic
tool currently available in the treatment of depression, namely ECT.
The development of accurate neuroimaging techniques and specific
radioligands has broadened the possibilities of analyzing the major
components of the monoaminergic system. As the current state-of-
the-art investigational tool for examining central MAO-A in
humans, [11C]harmine (7-[11C]methoxy-1-methyl-9H-pyrido[3,4-
b]indole) is a highly selective, reversible MAO-A ligand for PET
allowing in vivomeasurements of the volume of distribution (VT) of
MAO-A, an index of MAO-A expression or density [30,38,39]. Here,
we determined MAO-AVT in TRD patients before and after a course
of ECT compared to healthy subjects using PET and the tracer [11C]
harmine in order to expand our previous findings regarding the
effect of ECT on serotonin-1A receptor levels [18] and provide a
further coherent explanatory model for ECT's mechanism of action.

Material and methods

Subjects and study design

Two groups of subjects were enrolled in the study: 16 inpatients
with severe unipolar depression (mean age± SD¼ 45.94± 9.68
years, 12 women) and 16 carefully matched healthy subjects (mean
age± SD¼ 44.69± 8.74 years, 12 women). Depressed participants
were scanned with [11C]harmine PET three times: twice before
(PET1, PET2) and once after (PET3) a minimum of eight ECT ses-
sions. All three measurements were carried out during continuous
and unmodified psychopharmacological treatment. The first two
baseline scans (PET1, PET2) were carried out within one week
before the first ECT session to determine the test-retest variability
undermedication. Illness severity assessed bymeans of the 17-item
Hamilton Rating Scale for Depression (HAM-D) was recorded at
screening visit (baseline), before the 1st ECT session (PET2) and
after ECT termination (PET3). Control subjects were scanned once.
All subjects were in the age range between 18 and 60 years. A
pregnancy test was performed at study inclusion and before PET to
exclude pregnancy in female participants. Demographical data of
both groups is displayed in Table 1.

Depressed patients were elected for inclusion in this imaging
study after establishment of the indication for ECT by their respective
treating physician at the Department of Psychiatry and Psychother-
apy of the Medical University of Vienna, Austria. All patients fulfilled
the criteria for TRD and had accomplished at least two trials with
antidepressants including augmentation strategies of different
pharmacological classes at sufficient dosage and duration in the
current episode [3,5,40]. The diagnosis was confirmed using the
Structured Clinical Interview for DSM-IV (SCID), while HAM-D scores
had to be equal to or higher than 23 points (severe depression). All
patients also met criteria for major depressive disorder according to
DSM-5 (assessed retrospectively, https://www.psychiatry.org/
psychiatrists/practice/dsm). All subjects suffered from recurrent

https://www.psychiatry.org/psychiatrists/practice/dsm
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Table 1
Demographical data.

Demographic data min max mean SD T p

TRD patients Age (years) 24 58 45.94 9.68 e e

Sex 12F, 4M e e e e e

Age at onset (years) 20 55 33.88 11.8 e e

Illness duration (years) <1 year 30 12.06 11.34 e e

N of patient with and without psychotic depression 4, 12 e e e e e

Number of ECT sessions 8 11 8.56 0.96 e e

Seizure duration (seconds) 24.88 59.38 40.42 10.79 e e

Mean stimulation charge (mC) 163.80 472.50 326.29 136.23 e e

HAM-D before ECT (screening visit) 22 33 25.13 3.16 e e

HAM-D before ECT (PET 2) 8 33 22.63 6.17 e e

HAM-D after ECT 1 18 7.44 4.98 e e

mean difference of baseline HAM-D (baseline vs. PET 2) e e 2.50 �3.01 1.44 0.16
mean HAM-D reduction after ECT (compared to baseline) e e 17.68 �1.82 12.00 <0.001
mean HAM-D reduction after ECT (compared to PET 2) e e 15.19 1.19 7.66 <0.001

HC Age 24 58 44.69 8.74 e e

Sex 12F, 4M e e e e e

Demographic data of patients suffering from treatment-resistant depression (TRD) and healthy control (HC) subjects are summarized. F¼ female, M¼male, Min¼minimum,
max¼maximum, SD¼ standard deviation, ECT¼ electroconvulsive therapy, HAMD ¼ Hamilton Depression Rating Scale, mC¼millicoulomb, PET, positron emission
tomography.
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depression, 12 without and four with psychotic symptoms. Illness
duration and age of onset was assessed by interviewing the patients
and based on the previously recorded medical history. Depressed
participants had to fulfill inclusion criteria for ECT, including an
internistic and anaesthesiological approval (electrocardiography,
thoracic X-ray, laboratory measurements, physical examination).
Exclusion criteriawere concomitantmajor neurologic illness, current
substance abuse (including nicotine abuse as cigarette smoking has
been associated with lower MAO-A levels [33]), schizophrenia or
schizoaffective disorder and previous ECT. Current substance abuse
was ruled out using the SCID and a routine urine drug screening
including cotinine. A causal relationship of mood disturbances and
general medical conditions was further ruled out by routine labo-
ratory measurements (electrolyte levels, complete blood cell count,
thyroid function and virology). Treatment with drugs targeting
directly theMAO-A, such asmoclobemide,was not admitted and had
to be discontinued at least for six month prior inclusion. For ethical
reasons, antidepressant medication and augmentation therapy with
antipsychotics was continued and had to be left unchanged during
ECT and study participation (see Table A1 for an overview of psy-
chotropic medication of the sample). Mood-stabilizers were simi-
larly tolerated; however, dosages of drugs with anticonvulsant
properties and lithium had to be reduced prior to study enrollment
to not compromise ECTand prevent delirium [41,42]. All drugs had to
be in steady state for at least ten days before inclusion, apart from
benzodiazepines that were tolerated in varying dosage and admin-
istered on demand given the clinical indication (see Table A1). From
the initially screened 21 patients, four patients were screening fail-
ures (due to refusal of arterial blood sampling and refusal of ECT,
multi-morbidity, previous treatment with ECT), while one patient
dropped out after the first PET measurement because of discontin-
uation of inpatient therapy before start of the first ECT session.
Therefore, 16 patients were enrolled in the final analysis.

The age- and sex-matched control subjects were in part newly
recruited for the study by local advertisement. Seven healthy sub-
jects with compatible inclusion criteria had participated in an earlier
PET study using [11C]harmine at the Department of Psychiatry and
Psychotherapy of the Medical University of Vienna (Austrian Science
Fund, FWF P24359) [43] and the available image data were used
(identical PET protocol, same PET scanner). PET measurements of
healthy individuals had to be performed during the same season
(fall/winter or spring/summer) as patients to rule out seasonal var-
iations ofMAO-AVTwhich have been shownpreviously by our group
[43]. Subjects had to be physically healthy, non-smoking andwithout
any history of previous mental disorder or treatment with psycho-
tropic medication. General health was ensured by physical exami-
nation, electrocardiography and routine laboratory measurements.

All subjects provided written informed consent after detailed
explanation of the study by an experienced psychiatrist. The par-
ticipants were reimbursed for participation. The study was
approved by the Ethics Committee of the Medical University of
Vienna and the General Hospital of Vienna.

Electroconvulsive therapy (ECT)

Electroconvulsive therapy was conducted using the Thymatron®

System IV device (Somatics, LLC., Lake Bluff, Illinois, USA) according
to the standard operating procedures of the Department of Psy-
chiatry and Psychotherapy, based on international guidelines and
consensus statements for ECT [3,44e46]. ECT was carried out twice
or three times weekly under anesthesia with methohexital and
administration of the muscle relaxant succinylcholine. The stimu-
lation method was restricted to a unilateral electrode placement at
the right frontotemporal position and a brief pulse width of
0.50ms. The exclusivity of a unilateral treatment not only reduces
the risk for cognitive side effects [47] but also the number of con-
founding variables potentially creating a greater MAO-A variability
in the sample. If a switch to a bilateral treatment approach was
indicated due to insufficient response, low ictal quality or acuity of
the mental state, the patient had to be withdrawn from the study.
Seizure duration was determined routinely by electroencephalog-
raphy (EEG). Furthermore, an electromyogram (EMG) was recorded
on one forearm to monitor the magnitude and duration of the
generalized seizure in the muscle. Stimulus titration started with
50.4mC (¼10% of maximum charge at the Thymatron device); if
necessary, re-stimulation was performed in increasing steps of
25.2mC (¼5% of maximum charge) until a successful treatment
was achieved (assessment of seizure duration, seizure amplitude,
central inhibition, ictal coherence and autonomic activation). This
stimulus intensity was then defined as the seizure-threshold [48].
The 2nd treatment was administered with a stimulus dosage three-
times the seizure threshold. Further ECT sessions were individually
titrated according to the clinical antidepressant response of the
patient and/or measurable EEG correlates (e.g., seizure duration,
ictal power, postictal suppression) [45,49,50]. A minimum of eight
ECT sessions were carried out between PET2 and PET3 depending
on the availability of respective time slots for PET measurements
after the 8th ECT. If no time slot was available at that stage,
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unilateral ECT was continued until the PET could be carried out.
Changes in depressive symptoms after ECT were assessed accord-
ing to the HAM-D score.

Positron emission tomography (PET)

Synthesis and quality control of [11C]harmine, (7-[11C]methoxy-
1-methyl-9H-pyrido[3,4-b]indole) was performed as published by
our group [51]. All PET scans were carried out using a GE Advance
full-ring scanner situated at the PET Centre, Division of Nuclear
Medicine, at the Medical University of Vienna. For attenuation
correction a transmission scan of 5min was performed with 68Ge
rod sources. An intravenous bolus of [11C]harmine (4.6 MBq/kg
body weight) was administered simultaneously with the start of
the dynamic PET scan. PET scans were acquired in 3D mode with a
total scanning time of 90min, separated into 51 optimized time
frames, a spatial resolution of 4.36mm full-width at half-maximum
one cm next to the centre of the field of view and reconstructed in
35 transaxial section volumes with an iterative filtered back-
projection algorithm (128� 128 matrix). Automatic arterial blood
sampling was carried out continuously for the first 10min at a rate
of 4ml/min (ALLOGG,Mariefred, Sweden) andmanually at 5,10, 20,
30, 45, 60, and 80min after [11C]harmine injection [38]. A cross-
calibrated gamma counter was used to calculate radioactivity
concentrations in plasma. Radioactive metabolites of the tracer
were determined using high-performance liquid chromatography
(HPLC) [52].

Magnetic resonance imaging (MRI)

For co-registration of PET data in SPM (Wellcome Trust Centre
for Neuroimaging, London, United Kingdom; http://www.fil.ion.ucl.
ac.uk/spm/), every subject underwent a T1-weighted structural
MRI scan performed using a 3 Tesla PRISMAMR or 3 Tesla Biograph
mMR Scanner (Siemens Medical, Erlangen, Germany, 1� 1mm
voxel size, 1.1mm slice thickness, 200 slices), or a 3 Tesla Achieva
MR Scanner (Philipps, Best, Netherlands, 0.47� 0.47mmvoxel size,
0.88mm slice thickness, 180 slices).

Data preprocessing and monoamine oxidase A quantification

Quantification was carried out using PMOD 3.509 (PMOD
Technologies Ltd., Zurich, Switzerland; www.pmod.com). By
multiplication of whole blood activity, plasma-to-whole blood ratio
and the fraction of intact radioligand in the plasma, the final arterial
input function (AIF) was obtained. MAO-Avolume of distribution VT
was quantified by using the constrained two-tissue compartment
model (2TCM). To assure a stable outcome, the fit of K1/k2 was
carried out by coupling the frontal, temporal, parietal, occipital and
cingulate cortex, amygdala and hippocampal complex, insula,
striatum, thalamus, midbrain and the cerebellar gray matter [38].
Regional VT were delineated by regions-of-interest (ROIs) from the
AAL atlas [53,54], in combination with a delineation of the
midbrain in standard space, and fitted along with the kinetic
modelling procedure.

The primary endpoint of the analyses was MAO-A VT in 27 ROIs
(13 homologous areas in both hemispheres and one central struc-
ture), namely the superior, middle and inferior frontal gyrus, su-
perior, middle and inferior temporal gyrus, anterior cingulate
cortex (ACC), posterior cingulate cortex (PCC), hippocampus,
amygdala, caudate, putamen, thalamus, separated for both hemi-
spheres, and midbrain (AAL atlas) [53]. ROI-selection was based on
previous findings in the context of MAO-A expression in depression
as well as our previous PET study investigating the serotonin-1A
receptor [18,29,30].
Statistical analysis

IBM SPSS statistics 23 was used for statistical analysis
First, we performed a linear mixed model analysis to assess the

effects of ECT on regional MAO-A VT using time point (PET1, PET2
and PET3), ROI and hemisphere as fixed factors and subjects as the
random factor. Of note, the factor hemisphere was introduced in
the statistical model as a right-unilateral stimulus method was
used during ECT procedure potentially bearing lateralized effects
on MAO-A distribution. Non-significant interactions were dropped
from further analyses and post-hoc pairwise computations were
corrected for multiple comparisons using the Bonferroni proced-
ure. Residuals showed a normal distribution although values from
the main model were positively skewed. Thus, additional non-
parametric analyses on predicted values from the mixed model
were performed to validate our findings. Further, to test for po-
tential confounders, additional models were computed to assess
effects of age, age of disease onset, illness duration as well as
seizure duration. The covariance structure for each model was
chosen based on the Akaike information criterion. Cohen's d was
computed to estimate the effect size of MAO-A VT changes.

Secondly, we performed a linear mixed model analysis to assess
baselinedifferences inregionalMAO-AVTbetweenTRDsubjects (PET1)
and healthy controls using group as between-subjects factor, ROI and
hemisphere as repeated factors and subjects as the random factor.

To assess treatment response to ECT, a paired t-test was per-
formed contrasting pre-treatment and post-treatment HAMD
scores in the patients’ group.

The significance level was set at 0.05 in all analyses. Further
exploratory evaluations of data are presented at an uncorrected
significance level.

Results

There was no significant difference in depression severity be-
tween screening visit and the visit before the 1st ECT session
(t¼ 1.44, p¼ 0.16, see Table 1). ECT led to a significant reduction of
HAM-D scores in TRD patients (t¼ 12.00, p< 0.001, see Table 1),
corresponding to a response rate of 87.5%. Of 16 treated patients, 14
were considered as treatment responders, given a reduction of the
baseline HAM-D by� 50%. 10 (62.5%) of the latter were even
considered as remitters with HAM-D�7 after ECT. Two patients
failed to respond to ECT. Patients were treated with an average of
8.56± 0.96 (mean± SD) right-unilateral ECT sessions and showed
mean seizure duration of 40.42± 10.79 s (see Table 1).

Linear mixedmodel analysis assessing the effect of ECTonMAO-
AVT in depressed patients revealed a main effect of time (F¼ 14.21,
p< 0.001) and ROI (F¼ 51.68, p< 0.001) and an interaction be-
tween hemisphere and ROI (F¼ 3.37, p< 0.001). The three-way
interaction as well as other two-way interactions and main ef-
fects were non-significant. Post-hoc comparisons revealed a sig-
nificant decrease of overall MAO-A VT at PET3 compared to PET1
and PET2, and at PET2 compared to PET1 (both p� 0.01, corrected).
Friedman's two-way analysis of variance (ANOVA) by ranks and
Wilcoxon tests confirmed MAO-A VT decreases over time (all
p< 0.001, corrected). The estimates of mean MAO-A VT over all 27
ROIs were 22.75± 1.12 (mean± standard error, SE) at PET1,
22.06± 1.11 at PET2 and 21.23± 1.14 at PET3 (see Fig. 1). The test-
retest variability of mean MAO-A VT values between PET1 and
PET2 was 3.1%, as calculated using the equation (PET1-PET2)/
[(PET1þPET2)/2]x100 (Cohen's d ¼ 0.25). Comparably, the effect of
ECT on MAO-A VT was 3.8%, calculated as (PET2-PET3)/
[(PET2þPET3)/2]x100 (Cohen's d ¼ 0.29). Using paired-samples t-
test, change scores of MAO-A VT between PET1 and PET2 were
compared to change scores of MAO-A VT between PET2 and PET3,

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.pmod.com


Fig. 1. Bar plot showing the estimates of mean MAO-A VT over all 27 ROIs in 16
depressed patients. Error bars represent ±2 standard errors (SE). Differences in MAO-A
VT were significant when comparing PET1 and PET3, PET2 and PET3 as well as PET1
and PET2 (all p < 0.01, corrected). ** corresponds to p � 0.01. Between PET1 and PET2
MAO-A VT decreased by 3.1% (test-retest assessment before start of treatment), be-
tween PET2 and PET3 by 3.8% (assumed effect of electroconvulsive therapy in the
range of test-retest variability).
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showing no significant difference (left hemisphere p¼ 0.49, right
hemisphere p¼ 0.24). An exemplary MAO-A volume of distribution
map of the patients' group before ECT is shown in Fig.2 with a
specific delineation of all ROIs investigated in the statistical
analysis.

An exploratory evaluation of ECT-inducedMAO-AVT changes for
each ROI separately revealed no significant main effect of time.
Furthermore, post-hoc comparisons showed no significant
Fig. 2. Exemplary map of monoamine oxidase A volume of distribution (MAO-A VT) before E
mean MAO-A VT in all patients before ECT. The regions of interests (ROI) used for statistics
gyrus, superior, middle and inferior temporal gyrus, anterior cingulate cortex (ACC), pos
separated for both hemispheres, and midbrain (AAL atlas [53]). The color table indicates MA
referred to the Web version of this article.)
difference, though a numerical reduction of VT after ECT could be
observed in each of the ROIs investigated (see Table 2 and Fig. 3).
Repeating the analysis only including women (four men excluded
from the analysis) revealed a significant reduction of MAO-A VT
after ECT in the superior temporal gyrus (p¼ 0.045) and a trend for
MAO-A VT reductions in the ACC, PCC and amygdala (all p< 0.09,
uncorrected). Excluding the two non-responders or excluding the
four patients with additional psychotic symptoms had no effect on
our findings, respectively. Moreover, testing for an effect of age, age
at disease onset, illness andmean seizure duration had no influence
on the non-significance of our results.

Comparing MAO-A VT between healthy controls and patients at
baseline (PET1) revealed a significant main effect of ROI (F¼ 133.96,
p< 0.001) as well as a significant interaction between group and
hemisphere (F¼ 9.69, p¼ 0.002) and between hemisphere and ROI
(F¼ 6.58, p< 0.001). Post-hoc separate analyses per hemisphere,
however, revealed only numerical differences between groups,
indicating slightly lower mean MAO-A VT in healthy controls
compared to TRD patients in the right (21.28± 1.3 versus
22.95± 1.3, mean± SE), and left hemisphere (21.38± 1.3 versus
22.31± 1.3, mean± SE). Mean regional MAO-A VT in HC is sum-
marized in Table 2. Disentangling the interaction between hemi-
sphere and ROI revealed higher MAO-AVT in the right compared to
the left hemisphere for the superior frontal gyrus middle temporal
gyrus, putamen and thalamus, and higher MAO-A VT in the in left
compared to right hemisphere in themiddle frontal gyrus, ACC, PCC
and superior temporal gyrus (all p< 0.05, uncorrected). When
excluding the four men from the analysis, the mixed model
comparingMAO-AVT between healthy controls and TRD patients at
baseline (PET1) revealed amain effect of group (F¼ 8.92, p¼ 0.007)
and ROI (F¼ 111.83, p< 0.001), a significant interaction between
group and hemisphere (F¼ 9.43, p¼ 0.002), group and ROI
(F¼ 2.68, p¼ 0.001) and hemisphere and ROI (F¼ 5.72, p< 0.001),
but no significant three-way interaction. However, using a paired t-
test we further explored ROI-wise the effect of group showing an
increasedMAO-AVT in TRDwomen compared to healthy controls in
nearly every ROI investigated (see Table B1, all p values uncorrec-
ted). Finally excluding the four patients suffering from psychotic
depression from the analysis had no effect on our findings.
Discussion

The main finding of this longitudinal PET study is that MAO-A
distribution volume assessed over 27 regions of interest was
CT displayed on a triplanar view superimposed on T1-weighted MRI images. Shown are
are indicated by colored lines. Selected ROIs are: superior, middle and inferior frontal
terior cingulate cortex (PCC), hippocampus, amygdala, caudate, putamen, thalamus,
O-A VT. (For interpretation of the references to color in this figure legend, the reader is



Table 2
Mean regional MAO-A VT in treatment-resistant depression (TRD) patients and healthy controls (HC).

Region of interest (AAL) TRD HC

PET 1 PET 2 PET 3 mean SE

mean SE mean SE mean SE

superior frontal gyrus_L 18.26 1.17 17.76 1.12 17.04 1.31 17.31 0.89
superior frontal gyrus_R 18.90 1.25 18.22 1.15 17.60 1.16 17.45 0.97
middle frontal gyrus_L 19.92 1.03 19.04 1.01 18.66 1.20 18.64 0.81
middle frontal gyrus_R 19.17 1.18 18.50 1.07 17.75 1.33 20.78 0.95
inferior frontal gyrus orbital part_L 19.22 1.35 18.86 1.23 18.13 1.62 19.12 0.91
inferior frontal gyrus orbital part_R 19.68 1.12 18.45 0.89 18.45 1.24 18.47 0.88
anterior cingulate cortex_L 25.09 1.44 23.98 1.27 23.57 1.27 23.62 1.16
anterior cingulate cortex_R 24.92 1.50 23.36 1.22 22.87 1.58 22.04 1.15
posterior cingulate cortex_L 23.06 1.44 21.42 1.12 20.78 1.14 20.38 0.87
posterior cingulate cortex_R 20.08 1.28 18.47 0.98 18.27 0,98 17.31 0.80
hippocampus_L 22.61 1.81 21.88 1.62 20.71 2.22 22.59 1.54
hippocampus_R 24.58 1.31 23.54 1.16 23.37 1.83 22.42 1.29
amygdala_L 26.71 1.72 27.11 1.88 25.19 2.25 26.41 1.85
amygdala_R 28.00 1.64 25.91 1.46 25.91 2.18 26.41 1.95
caudate nucleus_L 18.88 1.09 17.77 0.85 17.23 1.12 17.63 0.85
caudate nucleus_R 17.86 1.11 17.73 1.08 16.88 1.40 17.78 0.95
putamen_L 21.27 1.60 22.00 1.57 20.06 1.97 21.53 1.13
putamen_R 23.92 1.42 23.08 1.26 21.94 1.68 22.23 0.97
thalamus_L 26.65 1.80 26.36 1.62 24.83 2.23 26.27 1.61
thalamus_R 28.21 1.71 27.12 1.53 26.39 2.17 27.28 1.58
superior temporal gyrus_L 24.73 1.42 23.13 1.21 22.82 1.56 22.71 1.09
superior temporal gyrus_R 22.69 1.21 21.29 1.05 20.91 1.40 20.62 1.06
middle temporal gyrus_L 20.75 1.42 20.69 1.43 18.78 1.76 20.78 1.01
middle temporal gyrus_R 22.81 1.32 21.57 1.14 20.79 1.57 20.78 0.95
inferior temporal gyrus_L 21.47 1.45 21.05 1.32 19.88 1.70 21.01 1.10
inferior temporal gyrus_R 22.71 1.29 21.55 1.12 21.13 1.43 20.49 0.96
midbrain 27.69 2.04 27.23 1.86 26.19 2.70 27.37 1.53

Mean regional MAO VT (and standard error, SE) of patients suffering from treatment-resistant depression (TRD) at PET1 (baseline), PET2 (before start of electroconvulsive
therapy, to assess test-retest reliability between both baseline scans) and PET3 (after a series of eight to ten electroconvulsive therapies) and sex- and age-matched healthy
controls (HC, measured only once), shown for each regions of interest separately. Though numerical reductions of MAO VT after ECT can be observed in each of the investigated
ROIs in the TRD sample, no significant difference in MAO-A VT between scans could be determined in single ROIs. Baseline MAO-A VT (PET1, PET2) in patients did not differ
from MAO-A VT in HC. AAL¼ automated anatomical labelling [53].
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found to be unaffected by a series of minimum eight unilateral ECT
sessions. More specifically, though MAO-A VT was shown to be
significantly reduced after ECT in depressed patients (linear mixed
model), the small effect size of �3.8% was shown to lie in the range
of the determined test-retest variability in this sample (3.1%). This
was further underlined by a direct comparison (paired t-test) of
change scores of MAO-A VT between PET1 and PET2 (both baseline
scans) and those between PET2 and PET3whichwas not significant.
A reduction of MAO-A VT of 3e4% is unlikely to have clinically
meaningful effects given that MAO-A occupancies range between
74 and 87% for moclobemide at different dosages and around 87%
for phenelzine [37]. Therefore, our finding does not effectively
support the hypothesis of a clinically relevant mechanism of action
of ECT based on cerebral MAO-A expression. Nevertheless, on the
basis of the assumed boost of monoaminergic neurotransmission
following ECT which was shown in preclinical studies [17], on one
hand one might have anticipated an upregulation of cerebral MAO-
A levels in terms of a compensatory mechanism for the overload of
released monoamines. On the other hand, building on the evidence
retrieved from the PET studies published byMeyer et al. showing an
increased MAO-A VT in MDD patients [29,30], one might as well
have expected a down-regulation, albeit indirectly triggered, in line
with a “normalization” of monoaminergic neurotransmission
following response to ECT. Regarding the latter, our negative
finding is in accordance with a PET study showing that MAO-A VT

remained unchanged after a six-week trial with SSRI implying that
the antidepressant-treated state does not equal the healthy state on
a molecular level evenwhen remission can be achieved [29]. Given
the higher potency [55], broader spectrum of effects and
diagnostic-unspecificity of ECT compared to SSRI [56], an effect on
MAO-A levels could still have been expected. Also, as ECT was
shown to affect serotonergic neurotransmission on multiple levels
with previously published reports showing changes in serotonin-
1A and 2A receptor density following a course of ECT [18,57], a
relevant change in MAO-A expression after treatment might have
seemed intuitive.

Compared to previously published neuroimaging studies in the
field [29,30,33e36], the depressed sample included in the present
study was medicated. We must assume that the psychopharma-
cological medication administered to the patients in this sample
acting on different molecular targets may explain the fact that we
could not reliably validate the previously reported higher MAO-A
VT in medication-free, severely depressed patients compared to
healthy subjects [30,35]. These effects might be masked by
medication-induced changes or interactions in our sample,
considering that the potency of most of the drugs administered
continuously during study participation (see Table A1) in inhibiting
MAO-A (IC50) is not known. Also, illness severity seems to be a
crucial factor regarding the reported elevation of cerebral MAO-A
density which could not be observed in previously investigated
mildly to moderately depressed patients, even when unmedicated
[35,36]. Here, we included only patients with a HAMD17 greater
than 23 referred to the department for the administration of ECT
and fulfilling criteria for treatment-resistance [3,40,43]. TRD is
associated with distinct sociodemographic, clinical and biological
risk factors that are not necessarily associated with non-treatment-
resistant depression [4,5,58e61] which might equally contribute to
the fact that we could not ascertain the findings published by
Meyer et al. [30]. Elevated MAO-A might indeed represent a trait
marker of depression or at least increase the vulnerability to



Fig. 3. Bar plot displaying mean MAO-A VT in 27 regions of interest at PET1, PET2 and PET3. Error bars represent ±2 standard errors (SE). MAO-A VT changes for each region of
interest (ROI) revealed no significant main effect of time though a numerical reduction of VT after electroconvulsive therapy (ECT) can be observed.
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developing the disorder; however, based on the current evidence in
this concern, no definitive conclusions can be drawn regarding
MAO-A expression neither in TRD nor under long-term antide-
pressant treatment. Another relevant factor is that out of twelve
women included in this study nine were over 45 years of age at
study inclusion. MAO-A VT was reported to be elevated by 34% in
perimenopausal women compared with reproductive age and by
16% compared with menopause [34], an effect similar to the impact
of MDD on MAO-A VT [30] and therefore potentially biasing our
findings. Though the exclusion of men did not have an impact on
the non-significance of our longitudinal findings, the exploratory
analysis performed on the baseline data (TRD vs. healthy women)
showed elevated MAO-A VT in nearly every ROI investigated in
patients, conforming with previous data (see Table B1) [30]. We
cannot rule out that changes of MAO-AVT associated with peri- and
postmenopause in our sample not only mask TRD-induced alter-
ations of MAO-A density but also possible ECT-induced effects.
However, as age- and sex-matched controls were included in our
analysis, we consider these effects to be corrected for.

Though MAO-A density was shown to be unaffected by clinical
response to short-term use of SSRI (six weeks) in previously un-
treated depressed patients [29], we must assume - as stated before
- a relevant influence of long-term antidepressant treatment on
MAO-A expression that potentially influences our findings. To
minimize this bias, psychopharmacological treatment remained
unchanged during study participation with the exception of ben-
zodiazepines. Nevertheless, from a clinician's point of view and for
ethical reasons, a discontinuation of treatment was inacceptable in
this severely-ill TRD sample. Moreover, this sample rather reflects
the real-world clinical situation that physicians are facing when
dealing with treatment-resistant patients. In fact, in clinical prac-
tice antidepressant treatment is commonly continued during ECT
(apart from punctual discontinuation before an ECT session to
reduce risk for hypertension or delirium for noradrenergic agents
or lithium, respectively) [41,42] as positive synergistic effects of
both treatment options are expected [62,63], though this approach
is not necessarily supported by controlled trials [64]. The present
findings indirectly support the continuation of pharmacological
antidepressant treatment after a course of ECT, which is generally
performed to prevent relapse [65], by providing a rational for the
use MAOI as an independent treatment option after completion of
ECT as both seem to have distinct mechanisms of action and
thereby bear synergistic potential in terms of antidepressant po-
tency. Interestingly, both therapeutic options are usually consid-
ered when it comes to treatment-resistant conditions in MDD
[26,66]. However, clinical studies are needed to substantiate this
assumption as the present study was not designed to test this hy-
pothesis. The theory that the combination of MAOI and ECT is
associated with a higher cardiovascular risk was not supported by
the literature [67,68].
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Several limitations to the study must be addressed. We used
only unilateral ECT in this investigation. This approach was chosen
in order to unify our sample and limit cognitive side effects
potentially associated with ECT and changes in MAO-A expression.
Bilateral ECT often considered being more effective in depression
[69], we cannot extrapolate from our present findings to the effects
of bilateral ECTonMAO-AVT. However, the factor hemisphere being
incorporated in our statistical model, we could not detect lateral-
ized effects of ECT on MAO-A VT. The response rates of 87.5% ach-
ieved in our sample align with those commonly reported in the
literature and support critical voices that consider high-dosage
unilateral ECT as similarly effective as bilateral treatment [2].
Further, changes in menstrual cycle length (perimenopause) and
menopause were not specifically assessed in our study. Women in
this age class are at high risk for major depression [70,71] and
therefore likely to be referred to a specific antidepressant treatment
including ECT. Lastly, no psychometric scales apart from the HAMD
were recorded in this study. Evidence points towards an association
of MAO-A density with atypical depression [35], REM sleep depri-
vation which is closely associated with MDD [72] as well as
glucocorticoid exposure (acute and chronic stress) [73,74]. In fact,
the inpatient stay itself might impact on MAO-A levels via changes
in experienced stress levels and associated sleep pattern deviations,
thereby influencing test-retest variability of MAO-A VT (�3.1%).
Though depression severity remained unchanged in TRD patients
before the start of ECT, we recommend future studies focused on
MAO-A to specifically consider these factors.

In summary, we were able to detect a significant reduction of
MAO-A VT assessed over 27 regions of interest involved in the
pathophysiology of depression after a course of ECT [30]. However,
the effect size was small and similar to the test-retest variability
determined in this study. We are led to conclude that MAO-A does
not significantly contribute to the mechanism of action of ECT in
treating depression. In the present analysis, MAO-A VT of medicated
TRD patients did not significantly differ from healthy controls. As ECT
was shown to influence other major players involved in the patho-
physiology of MDD, such as the serotonin-1A [18] and serotonin-2A
receptor [57], further studies in this research direction seem neces-
sary to complete the picture of ECT's effect on serotonergic neuro-
transmission. Moreover, our findings provide a theoretical basis for
the use of MAOI in treatment-resistant patients after ECT, as both
treatment options exhibit distinct mechanisms of action.

Conflict of interest

Without any relevance to this work, P. Baldinger-Melich declares
that she has received an Erasmus þ Staff Mobility Grant. S. Kasper
declares that he has received grants/research support, consulting
fees and/or honorariawithin the last three years fromAngelini, AOP
Orphan Pharmaceuticals AG, AstraZeneca, Celegne GmbH, Eli Lilly,
Janssen-Cilag Pharma GmbH, KRKA-Pharma, Lundbeck A/S, Neu-
raxpharm, Pfizer, Pierre Fabre, Schwabe and Servier. R. Lanzen-
berger received travel grants and/or conference speaker honoraria
from Shire, AstraZeneca, Lundbeck A/S, Dr. Willmar Schwabe
GmbH, Orphan Pharmaceuticals AG, Janssen-Cilag Pharma GmbH,
and Roche Austria GmbH. M. Mitterhauser received speaker
honoria from GE Healthcare. W. Wadsak received speaker hono-
raria from Bayer. R. Frey declares that he has received grant/
research support from Bristol-Myers Squibb, AstraZeneca, Sandoz,
Eli Lilly, and Janssen. D. Winkler received speaker Honoria from
Angelini, Lundbeck, Medizin Medien Austria, and ProMente.

Preliminary findings of this study were presented at the 30th

CINP congress in Seoul, South Korea [75], the 30th ECNP congress in
Paris, France [76], and the 48th SfN (Society of Neuroscience)
Annual Meeting in San Diego, California [77].
Acknowledgements

This research was funded by grants from the Austrian Science
Fund (FWF) to R. Lanzenberger (P27141, KLI504) and D. Winkler
(P24359). G. Gryglewski is recipient of a DOC Fellowship of the
Austrian Academy of Sciences at the Medical University of Vienna
(#24384). We thank Godber Mathis Godbersen, Marius Hienert,
Alexander Kautzky, Marie Spies and all concerned physicians at the
Department of Psychiatry and Psychotherapy for clinical and sci-
entific support. We thank the PET team at the Department of
Biomedical Imaging and Image-guided Therapy at the Division of
Nuclear Medicine for technical support.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2018.12.976.
References

[1] Faedda GL, Becker I, Baroni A, Tondo L, Aspland E, Koukopoulos A. The origins
of electroconvulsive therapy: prof. Bini's first report on ECT. J Affect Disord
2010;120(1):12e5.

[2] Husain MM, Rush AJ, Fink M, Knapp R, Petrides G, Rummans T, et al. Speed of
response and remission in major depressive disorder with acute electrocon-
vulsive therapy (ECT): a Consortium for Research in ECT (CORE) report. J Clin
Psychiatr 2004;65(4):485e91.

[3] Bauer M, Pfennig A, Severus E, Whybrow PC, Angst J, M€oller H-J. World
federation of societies of biological psychiatry (WFSBP) guidelines for bio-
logical treatment of unipolar depressive disorders, Part 1: update 2013 on the
acute and continuation treatment of unipolar depressive disorders. World J
Biol Psychiatr 2013;14(5):334e85.

[4] Souery D, Oswald P, Massat I, Bailer U, Bollen J, Demyttenaere K, et al. Clinical
factors associated with treatment resistance in major depressive disorder:
results from a European multicenter study. J Clin Psychiatr 2007;68(7):
1062e70.

[5] Schosser A, Serretti A, Souery D, Mendlewicz J, Zohar J, Montgomery S, et al.
European Group for the Study of Resistant Depression (GSRD) - where have
we gone so far: review of clinical and genetic findings. Eur Neuro-
psychopharmacol 2012;22(7):453e68.

[6] Heijnen WT, Birkenh€ager TK, Wierdsma AI, van den Broek WW. Antidepres-
sant pharmacotherapy failure and response to subsequent electroconvulsive
therapy: a meta-analysis. J Clin Psychopharmacol 2010;30(5):616e9.

[7] Fink M. ECT has proved effective in treating depression.... Nature 2000;403:
826.

[8] Abbott CC, Gallegos P, Rediske N, Lemke NT, Quinn DK. A review of longitu-
dinal electroconvulsive therapy: neuroimaging investigations. J Geriatr Psy-
chiatr Neurol 2013;27(1):33e46.

[9] Polyakova M, Schroeter ML, Elzinga BM, Holiga S, Schoenknecht P, de Kloet ER,
et al. Brain-derived neurotrophic factor and antidepressive effect of electro-
convulsive therapy: systematic review and meta-analyses of the preclinical
and clinical literature. PLoS One 2015;10(11):e0141564.

[10] Smith DF, Jakobsen S. Molecular neurobiology of depression: PET findings on
the elusive correlation with symptom severity. Front Psychiatr 2013;4:8.

[11] Fosse R, Read J. Electroconvulsive treatment: hypotheses about mechanisms
of action. Front Psychiatr 2013;4(94).

[12] Brunoni AR, Baeken C, Machado-Vieira R, Gattaz WF, Vanderhasselt M-A.
BDNF blood levels after electroconvulsive therapy in patients with mood
disorders: a systematic review and meta-analysis. World J Biol Psychiatr
2014;15(5):411e8.

[13] Wilkinson ST, Sanacora G, Bloch MH. Hippocampal volume changes following
electroconvulsive therapy: a systematic review and meta-analysis. Biol Psy-
chiatry Cogn Neurosci Neuroimaging 2017;2(4):327e35.

[14] Takamiya A, Chung JK, Liang K-c, Graff-Guerrero A, Mimura M, Kishimoto T.
Effect of electroconvulsive therapy on hippocampal and amygdala volumes:
systematic review and meta-analysis. Br J Psychiatry 2018;212(1):19e26.

[15] Baldinger P, Lotan A, Frey R, Kasper S, Lerer B, Lanzenberger R. Neurotrans-
mitters and electroconvulsive therapy. J ECT 2014;30(2):116e21.

[16] Yatham LN, Clark CC, Zis AP. A preliminary study of the effects of electro-
convulsive therapy on regional brain glucose metabolism in patients with
major depression. J ECT 2000;16(2):171e6.

[17] Mann JJ. Neurobiological correlates of the antidepressant action of electro-
convulsive therapy. J ECT 1998;14(3):172e80.

[18] Lanzenberger R, Baldinger P, Hahn A, Ungersboeck J, Mitterhauser M,
Winkler D, et al. Global decrease of serotonin-1A receptor binding after
electroconvulsive therapy in major depression measured by PET. Mol Psy-
chiatr 2013;18(1):93e100.

https://doi.org/10.1016/j.brs.2018.12.976
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref1
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref1
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref1
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref1
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref2
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref2
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref2
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref2
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref2
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref3
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref4
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref4
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref4
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref4
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref4
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref5
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref5
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref5
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref5
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref5
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref6
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref6
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref6
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref6
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref6
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref7
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref7
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref8
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref8
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref8
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref8
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref9
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref9
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref9
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref9
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref10
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref10
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref11
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref11
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref12
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref12
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref12
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref12
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref12
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref13
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref13
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref13
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref13
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref14
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref14
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref14
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref14
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref15
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref15
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref15
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref16
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref16
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref16
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref16
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref17
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref17
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref17
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref18
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref18
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref18
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref18
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref18


P. Baldinger-Melich et al. / Brain Stimulation 12 (2019) 714e723722
[19] Spindelegger C, Lanzenberger R, Wadsak W, Mien LK, Stein P, Mitterhauser M,
et al. Influence of escitalopram treatment on 5-HT1A receptor binding in limbic
regions in patientswith anxiety disorders. Mol Psychiatr 2008;14(11):1040e50.

[20] Yatham LN, Liddle PF, Lam RW, Zis AP, Stoessl AJ, Sossi V, et al. Effect of
electroconvulsive therapy on brain 5-HT(2) receptors in major depression. Br J
Psychiatry 2010;196(6):474e9.

[21] Saijo T, Takano A, Suhara T, Arakawa R, Okumura M, Ichimiya T, et al. Elec-
troconvulsive therapy decreases dopamine D(2)receptor binding in the
anterior cingulate in patients with depression: a controlled study using
positron emission tomography with radioligand [(1)(1)C]FLB 457. J Clin Psy-
chiatr 2010;71(6):793e9.

[22] Shih JC, Chen a K, Ridd MJ. Monoamine oxidase: from genes to behavior. Annu
Rev Neurosci 1999;22(1):197e217.

[23] Rudnick G, Clark J. From synapse to vesicle: the reuptake and storage of
biogenic amine neurotransmitters. Biochim Biophys Acta Bioenerg
1993;1144(3):249e63.

[24] Ricken R, Ulrich S, Schlattmann P, Adli M. Tranylcypromine in mind (Part II):
review of clinical pharmacology and meta-analysis of controlled studies in
depression. Eur Neuropsychopharmacol 2017;27(8):714e31.

[25] Shulman KI, Herrmann N, Walker SE. Current place of monoamine oxidase
inhibitors in the treatment of depression. CNS Drugs 2013;27(10):789e97.

[26] LumCT, Stahl SM.Opportunities for reversible inhibitors ofmonoamineoxidase-
A (RIMAs) in the treatment of depression. CNS Spectr 2012;17(3):107e20.

[27] Lotufo-Neto F, Trivedi M, Thase ME. Meta-analysis of the reversible inhibitors
of monoamine oxidase type A moclobemide and brofaromine for the treat-
ment of depression. Neuropsychopharmacology 1999;20:226.

[28] Schildkraut JJ. The catecholamine hypothesis of affective disorders: a review
of supporting evidence. Am J Psychiatry 1965;122(5):509e22.

[29] Meyer JH, Wilson AA, Sagrati S, Miler L, Rusjan P, Bloomfield PM, et al. Brain
monoamine oxidase A binding in major depressive disorder: relationship to
selective serotonin reuptake inhibitor treatment, recovery, and recurrence.
Arch Gen Psychiatr 2009;66(12):1304e12.

[30] Meyer JH, Ginovart N, Boovariwala A, Sagrati S, Hussey D, Garcia A, et al.
Elevated monoamine oxidase a levels in the brain: an explanation for the
monoamine imbalance of major depression. Arch Gen Psychiatr 2006;63(11):
1209e16.

[31] Johnson S, Stockmeier CA, Meyer JH, Austin MC, Albert PR, Wang J, et al. The
reduction of R1, a novel repressor protein for monoamine oxidase A, in major
depressive disorder. Neuropsychopharmacology 2011;36:2139.

[32] Sherif F, Marcusson J, Oreland L. Brain gamma-aminobutyrate transaminase
and monoamine oxidase activities in suicide victims. Eur Arch Psychiatry Clin
Neurosci 1991;241(3):139e44.

[33] Bacher I, Houle S, Xu X, Zawertailo L, Soliman A, Wilson AA, et al. Monoamine
oxidase A binding in the prefrontal and anterior cingulate cortices during
acute withdrawal from heavy cigarette smoking. Arch Gen Psychiatr
2011;68(8):817e26.

[34] Rekkas P, Wilson AA, Lee V, et al. Greater monoamine oxidase a binding in
perimenopausal age as measured with carbon 11elabeled harmine positron
emission tomography. JAMA Psychiatry 2014;71(8):873e9.

[35] Chiuccariello L, Houle S, Miler L, Cooke RG, Rusjan PM, Rajkowska G, et al.
Elevated monoamine oxidase a binding during major depressive episodes is
associated with greater severity and reversed neurovegetative symptoms.
Neuropsychopharmacology 2014;39(4):973e80.

[36] Sacher J, Houle S, Parkes J, Rusjan P, Sagrati S, Wilson AA, et al. Monoamine
oxidase A inhibitor occupancy during treatment of major depressive episodes
with moclobemide or St. John's wort: an [11C]-harmine PET study.
J Psychiatry Neurosci 2011;36(6):375e82.

[37] Chiuccariello L, Cooke RG, Miler L, Levitan RD, Baker GB, Kish SJ, et al.
Monoamine oxidase-A occupancy by moclobemide and phenelzine: implica-
tions for the development of monoamine oxidase inhibitors. Int J Neuro-
psychopharmacol 2015;19(1):pyv078.

[38] Ginovart N, Meyer JH, Boovariwala A, Hussey D, Rabiner EA, Houle S, et al.
Positron emission tomography quantification of [11C]-harmine binding to
monoamine oxidase-A in the human brain. J Cerebr Blood Flow Metabol
2006;26(3):330e44.

[39] Bergstrom M, Westerberg G, Langstrom B. 11C-harmine as a tracer for
monoamine oxidase A (MAO-A): in vitro and in vivo studies. Nucl Med Biol
1997;24(4):287e93.

[40] Sackeim HA. The definition and meaning of treatment-resistant depression.
J Clin Psychiatr 2001;62(Suppl 16):10e7.

[41] Small JG, Kellams JJ, Milstein V, Small IF. Complications with electroconvulsive
treatment combined with lithium. Biol Psychiatry 1980;15(1):103e12.

[42] Rasmussen K. The practice of electroconvulsive therapy: recommendations
for treatment, training, and privileging (second edition). J ECT 2002;18(1):
58e9.

[43] Spies M, James GM, Vraka C, Philippe C, Hienert M, Gryglewski G, et al. Brain
monoamine oxidase A in seasonal affective disorder and treatment with
bright light therapy. Transl Psychiatry 2018;8(1):198.

[44] American Psychiatric Association. The practice of electroconvulsive therapy:
recommendations for treatment, training, and privileging: a task force
report of the American psychiatric association. Am J Psychiatry 2002;159(2):
331. 2nd ed.

[45] Sackeim HA, Prudic J, Devanand DP, al e. A prospective, randomized, double-
blind comparison of bilateral and right unilateral electroconvulsive therapy at
different stimulus intensities. Arch Gen Psychiatr 2000;57(5):425e34.
[46] Sackeim HA, Prudic J, Devanand DP, Kiersky JE, Fitzsimons L, Moody BJ, et al.
Effects of stimulus intensity and electrode placement on the efficacy and
cognitive effects of electroconvulsive therapy. N Engl J Med 1993;328(12):
839e46.

[47] Sackeim HA, Prudic J, Nobler MS, Fitzsimons L, Lisanby SH, Payne N, et al.
Effects of pulse width and electrode placement on the efficacy and cognitive
effects of electroconvulsive therapy. Brain Stimulation 2008;1(2):71e83.

[48] Petrides G, Braga RJ, Fink M, Mueller M, Knapp R, Husain M, et al. Seizure
threshold in a large sample: implications for stimulus dosing strategies in
bilateral electroconvulsive therapy: a report from core. J ECT 2009;25(4):
232e7.

[49] Abrams R. Stimulus titration and ECT dosing. J ECT 2002;18(1):3e9. discussion
14-5.

[50] Sackeim HA, Prudic J, Devanand DP, Kiersky JE, Fitzsimons L, Moody BJ, et al.
Effects of stimulus intensity and electrode placement on the efficacy and
cognitive effects of electroconvulsive therapy. N Engl J Med 1993;328(12):
839e46.

[51] Philippe C, Zeilinger M, Mitterhauser M, Dumanic M, Lanzenberger R,
Hacker M, et al. Parameter evaluation and fully-automated radiosynthesis of
[(11)C]harmine for imaging of MAO-A for clinical trials. Appl Radiat Isot
2015;97:182e7.

[52] Hilton J, Yokoi F, Dannals RF, Ravert HT, Szabo Z, Wong DF. Column-switching
HPLC for the analysis of plasma in PET imaging studies. Nucl Med Biol
2000;27(6):627e30.

[53] Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, et al. Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 2002;15(1):273e89.

[54] Savli M, Bauer A, Mitterhauser M, Ding YS, Hahn A, Kroll T, et al. Normative
database of the serotonergic system in healthy subjects using multi-tracer
PET. Neuroimage 2012;63(1):447e59.

[55] Folkerts HW, Michael N, Tolle R, Schonauer K, Mucke S, Schulze-Monking H.
Electroconvulsive therapy vs. paroxetine in treatment-resistant depression –

a randomized study. Acta Psychiatr Scand 1997;96(5):334e42.
[56] Thomann PA, Wolf RC, Nolte HM, Hirjak D, Hofer S, Seidl U, et al. Neuro-

modulation in response to electroconvulsive therapy in schizophrenia and
major depression. Brain Stimulation 2017;10(3):637e44.

[57] Yatham LN, Liddle PF, Dennie J, Shiah IS, Adam MJ, Lane CJ, et al. Decrease in
brain serotonin 2 receptor binding in patients with major depression
following desipramine treatment: a positron emission tomography study
with fluorine-18-labeled setoperone. Arch Gen Psychiatr 1999;56(8):
705e11.

[58] Bennabi D, Aouizerate B, El-Hage W, Doumy O, Moliere F, Courtet P, et al. Risk
factors for treatment resistance in unipolar depression: a systematic review.
J Affect Disord 2015;171:137e41.

[59] Kautzky A, Baldinger P, Souery D, Montgomery S, Mendlewicz J, Zohar J, et al.
The combined effect of genetic polymorphisms and clinical parameters on
treatment outcome in treatment-resistant depression. Eur Neuro-
psychopharmacol 2015;25(4):441e53.

[60] Balestri M, Calati R, Souery D, Kautzky A, Kasper S, Montgomery S, et al.
Socio-demographic and clinical predictors of treatment resistant depres-
sion: a prospective European multicenter study. J Affect Disord 2016;189:
224e32.

[61] Kautzky A, Dold M, Bartova L, Spies M, Vanicek T, Souery D, et al. Refining
prediction in treatment-resistant depression: results of machine learning
analyses in the TRD III sample. J Clin Psychiatr 2018;79(1).

[62] Sackeim HA, Dillingham EM, Prudic J, et al. Effect of concomitant pharmaco-
therapy on electroconvulsive therapy outcomes: short-term efficacy and
adverse effects. Arch Gen Psychiatr 2009;66(7):729e37.

[63] Zilles D, Wolff-Menzler C, Wiltfang J. Elektrokonvulsionstherapie zur
Behandlung unipolar depressiver St€orungen. Nervenarzt 2015;86(5):549e56.

[64] Mayur PM, Gangadhar BN, Subbakrishna DK, Janakiramaiah N. Discontinua-
tion of antidepressant drugs during electroconvulsive therapy: a controlled
study. J Affect Disord 2000;58(1):37e41.

[65] Sackeim HA, Haskett RF, Mulsant BH, et al. Continuation pharmacotherapy in
the prevention of relapse following electroconvulsive therapy: a randomized
controlled trial. J Am Med Assoc 2001;285(10):1299e307.

[66] Thase ME. The role of monoamine oxidase inhibitors in depression treatment
guidelines. J Clin Psychiatr 2012;73(Suppl 1):10e6.

[67] Dolenc TJ, Habl SS, Barnes RD, Rasmussen KG. Electroconvulsive therapy in
patients taking monoamine oxidase inhibitors. J ECT 2004;20(4):258e61.

[68] Freese KJ. Can patients safely undergo electroconvulsive therapy while
receiving monoamine oxidase inhibitors? Convuls Ther 1985;1(3):190e4.

[69] Group. Efficacy and safety of electroconvulsive therapy in depressive disor-
ders: a systematic review and meta-analysis. Lancet 2003;361(9360):
799e808.

[70] Cohen LS, Soares CN, Vitonis AF, Otto MW, Harlow BL. Risk for new onset of
depression during the menopausal transition: the harvard study of moods and
cycles. Arch Gen Psychiatr 2006;63(4):385e90.

[71] Freeman EW, Sammel MD, Lin H, Nelson DB. Associations of hormones and
menopausal status with depressed mood in women with no history of
depression. Arch Gen Psychiatr 2006;63(4):375e82.

[72] Wang Z, Chen L, Zhang L, Wang X. Paradoxical sleep deprivation modulates
depressive-like behaviors by regulating the MAOA levels in the amygdala and
hippocampus. Brain Res 2017;1664:17e24.

http://refhub.elsevier.com/S1935-861X(18)31395-0/sref19
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref19
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref19
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref19
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref20
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref20
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref20
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref20
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref21
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref22
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref22
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref22
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref23
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref23
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref23
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref23
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref24
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref24
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref24
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref24
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref25
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref25
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref25
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref26
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref26
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref26
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref27
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref27
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref27
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref28
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref28
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref28
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref29
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref29
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref29
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref29
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref29
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref30
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref30
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref30
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref30
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref30
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref31
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref31
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref31
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref32
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref32
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref32
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref32
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref33
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref33
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref33
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref33
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref33
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref34
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref34
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref34
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref34
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref34
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref35
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref35
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref35
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref35
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref35
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref36
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref36
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref36
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref36
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref36
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref37
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref37
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref37
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref37
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref38
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref38
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref38
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref38
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref38
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref39
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref39
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref39
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref39
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref40
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref40
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref40
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref41
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref41
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref41
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref42
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref42
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref42
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref42
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref43
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref43
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref43
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref44
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref44
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref44
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref44
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref45
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref45
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref45
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref45
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref46
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref46
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref46
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref46
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref46
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref47
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref47
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref47
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref47
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref48
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref48
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref48
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref48
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref48
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref49
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref49
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref49
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref50
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref50
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref50
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref50
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref50
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref51
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref51
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref51
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref51
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref51
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref52
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref52
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref52
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref52
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref53
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref53
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref53
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref53
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref53
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref54
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref54
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref54
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref54
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref55
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref55
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref55
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref55
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref56
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref56
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref56
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref56
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref57
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref58
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref58
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref58
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref58
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref59
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref59
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref59
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref59
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref59
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref60
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref60
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref60
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref60
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref60
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref61
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref61
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref61
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref62
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref62
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref62
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref62
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref63
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref63
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref63
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref63
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref64
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref64
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref64
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref64
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref65
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref65
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref65
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref65
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref66
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref66
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref66
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref67
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref67
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref67
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref68
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref68
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref68
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref69
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref69
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref69
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref69
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref70
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref70
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref70
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref70
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref71
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref71
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref71
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref71
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref72
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref72
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref72
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref72


P. Baldinger-Melich et al. / Brain Stimulation 12 (2019) 714e723 723
[73] Soliman A, Udemgba C, Fan I, Xu X, Miler L, Rusjan P, et al. Convergent effects
of acute stress and glucocorticoid exposure upon MAO-A in humans.
J Neurosci 2012;32(48):17120e7.

[74] Raitsin S, Tong J, Kish S, Xu X, Magomedova L, Cummins C, et al. Subchronic
glucocorticoids, glutathione depletion and a postpartum model elevate
monoamine oxidase a activity in the prefrontal cortex of rats. Brain Res
2017;1666:1e10.

[75] Baldinger-Melich P, James GM, Hienert M, C�ecile P, Silberbauer L, Wadsak W,
et al. PS183. Effect of electroconvulsive therapy on monoamine oxidase A
binding - a preliminary report. Int J Neuropsychopharmacol 2016;19(Suppl
1):66.

[76] Baldinger-Melich P, James GM, Gryglewski G, Philippe C, Silberbauer L,
Wadsak W, et al. Monoamine oxidase A distribution volume as a correlate for
electroconvulsive therapy; preliminary results. Eur Neuropsychopharmacol
2017;27:S708e9.

[77] Gryglewski G, Baldinger-Melich P, Philippe C, James GM, Vraka C,
Silberbauer L, et al. Investigation of the effect of electroconvulsive therapy on
monoamine oxidase A expression in treatment resistant depression using
positron emission tomography. In: 48th SfN annual meeting, 3-7 November
2018, San Diego, USA; 2018.

[78] Gryglewski G, Baldinger-Melich P, Seiger R, Godbersen GM, Michenthaler P,
Kl€obl M, Spurny B, Kautzky A, Vanicek T, Kasper S, Frey R, Lanzenberger R.
Structural changes in amygdala nuclei, hippocampal subfields and cortical
thickness following electroconvulsive therapy in treatment-resistant
depression: longitudinal analysis. Br J Psychiatry 2018 Nov 16:1e9. https://
doi.org/10.1192/bjp.2018.224.

http://refhub.elsevier.com/S1935-861X(18)31395-0/sref73
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref73
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref73
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref73
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref74
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref74
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref74
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref74
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref74
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref75
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref75
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref75
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref75
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref75
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref76
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref76
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref76
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref76
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref76
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref77
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref77
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref77
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref77
http://refhub.elsevier.com/S1935-861X(18)31395-0/sref77
https://doi.org/10.1192/bjp.2018.224
https://doi.org/10.1192/bjp.2018.224

	The effect of electroconvulsive therapy on cerebral monoamine oxidase A expression in treatment-resistant depression invest ...
	Introduction
	Material and methods
	Subjects and study design
	Electroconvulsive therapy (ECT)
	Positron emission tomography (PET)
	Magnetic resonance imaging (MRI)
	Data preprocessing and monoamine oxidase A quantification
	Statistical analysis
	IBM SPSS statistics 23 was used for statistical analysis


	Results
	Discussion
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


