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Background: In treatment-resistant major depressive disorder (MDD), electroconvulsive therapy (ECT) is
a treatment with high efficacy. While knowledge regarding changes in brain structure following ECT is
growing, the effects of ECT on brain function during emotional processing are largely unknown.
Objective: We investigated the effects of ECT on the activity of the anterior cingulate cortex (ACC) and
amygdala during negative emotional stimuli processing and its association with clinical response.
Methods: In this non-randomized longitudinal study, patients with MDD (n = 37) were assessed before
and after treatment with ECT. Healthy controls (n = 37) were matched regarding age and gender.
Functional magnetic resonance imaging (fMRI) was obtained twice, at baseline and after six weeks using
a supraliminal face-matching paradigm. In order to evaluate effects of clinical response, additional post-
hoc analyses were performed comparing responders to non-responders.
Results: After ECT, patients with MDD showed a statistically significant increase in ACC activity during
processing of negative emotional stimuli (prwe = .039). This effect was driven by responders
(prwe = .023), while non-responders showed no increase. Responders also had lower pre-treatment ACC
activity compared to non-responders (ppwe = .025). No significant effects in the amygdala could be
observed.
Conclusions: ECT leads to brain functional changes in the ACC, a relevant region for emotional regulation
during processing of negative stimuli. Furthermore, baseline ACC activity might serve as a biomarker for
treatment response. Findings are in accordance with recent studies highlighting properties of pre-
treatment ACC to be associated with general antidepressive treatment response.
© 2020 The Author(s). 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/).

Introduction

severe depression who do not benefit from pharmacotherapy [1].
Yet, underlying neurobiological mechanisms of ECT response are

Electroconvulsive therapy (ECT) is a widely used therapy for still poorly understood.

severe major depressive disorder (MDD) and has been proven to be

An increasing body of research supports the idea of ECT-induced

the most effective and fast-acting treatment for patients with neuroplasticity in terms of gray matter volume increase, mainly in

the hippocampus [2—4], the amygdala [3—5], as well as in the
subgenual [6,7], ventral [7,8] and dorsal [7,9] anterior cingulate
cortex (ACC). However, meta-analytic and mega-analytic results
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indicate a negative [3] or no relationship [2,10] between gray
matter volume increase in the hippocampus and symptom
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improvement suggesting that these volume alterations are a
possible surrogate marker of ECT rather than a real prerequisite for
its antidepressant effect. In contrast, subgenual [6] and dorsal ACC
[9] as well as orbitofrontal cortex [11] volume increases after ECT
have been shown to be associated with clinical response.

Functional neuroimaging (fMRI) studies have provided addi-
tional insight into the effects of ECT on depression-associated bia-
ses in emotional processing — e.g. the increased activity of the
limbic system, including the amygdala, during negative emotional
stimuli processing [12—14] or the decreased responsiveness to
positive emotional stimuli in reward related areas [15,16] compared
to healthy controls. The few available task-related longitudinal fMRI
studies investigating effects of ECT indicate a reduced neural
response to unpleasant images in the medial prefrontal cortex after
one ECT session [17], and a normalization of amygdala hyperactivity
to subliminally presented sad faces that was associated with
symptom improvement after an ECT series [18].

Regarding brain biomarkers associated with ECT response,
especially the ACC has been highlighted. Higher pre-treatment
volume [19] and resting-state activity of the subgenual ACC [20]
were associated with subsequent ECT response. Furthermore,
connectivity strength between subgenual ACC and prefrontal and
temporal networks was predictive of ECT outcome [21].

There is a lack of longitudinal studies investigating brain func-
tional changes of ECT and biomarkers associated with treatment
response during emotional processing using paradigm-based fMRI.
In our study, we aimed to investigate effects and biomarkers of ECT
on conscious emotional processing. In contrast to one of our earlier
studies implementing a subliminal emotional processing task [18],
in the present study we employed a supraliminal face-processing
task with negative emotional stimuli in patients with MDD before
and after an ECT series. As we showed in the earlier study [18], ECT
reduces amygdala activity during subliminal stimuli processing.
Therefore, we hypothesized that amygdala activity after ECT would
also be reduced during supraliminal emotional processing. Given
the role of the ACC during conscious emotional stimuli processing
in MDD [12,22], we further hypothesized that ACC function would
as well be affected by ECT. Even if no association was found in the
earlier study between pre-treatment amygdala responsiveness and
symptom improvement during subliminal emotional processing
[18], we aimed to investigate whether responders and non-
responders differed in pre-treatment amygdala function during
conscious emotional processing. Given the role of the ACC for the
prediction of ECT response [19—21], we further hypothesized pre-
treatment ACC activity differences between responders and non-
responders. In summary, we defined the following a priori hy-
potheses regarding brain function during negative emotional
stimuli processing:

1) At baseline, patients with MDD show higher amygdala activity
and lower ACC activity in comparison to healthy controls.

2) Treatment with ECT reduces amygdala activity and increases
ACC activity in patients with MDD compared to baseline.

3) ECT responders and non-responders differ in pre-treatment
amygdala and ACC activity.

Materials and methods
Participants and study design

Thirty-seven patients with MDD who were treated with ECT and
37 healthy controls (HC) were included in the present study. Pa-

tients were recruited from the inpatient service of the Department
of Psychiatry, University of Muenster as part of an ongoing study of

the Muenster Neuroimaging Cohort (MNC) from July 9, 2010, to
August 24, 2018 (see Supplementary Fig. 1). Diagnoses were veri-
fied by means of the structured clinical interview for DSM-IV (SCID-
I [23]). All patients suffered from a current severe depressive
episode and fulfilled the criteria of MDD. HC were recruited
through public notices and newspaper announcements and
matched according to age, sex, and years of education. For sample
characteristics, see Table 1. Exclusion criteria for all subjects were
any neurological abnormalities or previous traumatic head injury,
organic mental disorders, dementia, chronic medical diseases,
benzodiazepine intake or MRI contraindications. Further exclusion
criteria for patients with MDD were a diagnosis of bipolar or psy-
chotic disorder and acute substance-related disorders according to
the DSM-IV. Additional exclusion criterion for HC was any lifetime
psychiatric disorder according to the SCID-I [23].

All patients were defined as treatment-resistant according to
Berlim and Turecki [24], as they failed to respond on at least two
adequate psychopharmacological treatments. Four patients had
received an ECT series in the past. The decision of treatment was
based on clinical indication independent from study participation.
All patients received adjuvant psychopharmacological medication
during the ECT series. Type and dose of psychopharmacological
treatment of the patients were recorded before and after the ECT
series (see Supplementary Table 1) and a medication load index
was computed as described by Hassel et al. [25].

Patients were assessed before the start of and immediately after
cessation of the ECT series, HC were also assessed twice in a com-
parable time interval (MDD: M = 6.51 weeks; SD = 2.58 weeks;
range = 2—17 weeks; HC: M = 7.24 weeks; SD = 2.55 weeks;
range = 4—18 weeks). Each time, all participants completed fMRI
and the Hamilton Depression Rating Scale (HDRS; [26]). The
experimental procedure was approved by the local Institutional
Review Board. All participants gave written informed consent prior
to any study procedures and received a financial compensation.

Electroconvulsive therapy

Brief pulse ECT was conducted two or three times a week using
the Thymatron IV system (Somatics Inc., Lake Bluff, IL). All patients
stayed at inpatient treatment for the whole duration of the ECT
series. Initially, nine to twelve sessions of ECT were given, and ECT
was continued if patients did not experience symptom relief
(M = 13.03 ECT sessions; SD = 4.18 ECT sessions; range = 5—26 ECT
sessions). All patients received unilateral ECT. In four patients,
treatment was switched to bilateral ECT because of insufficient
response to unilateral treatment. For details regarding ECT pa-
rameters within our sample, please see Table 2. For further infor-
mation regarding ECT administration, please see our previous
works [18,19].

Functional MRI data acquisition, paradigm and preprocessing

Our functional MRI methods and statistical approach followed
published protocols [27—30]. Briefly, T2* functional data were ac-
quired before the first ECT session and within few days after the last
ECT session of series (M = 4.57 days, SD = 5.31 days) witha 3 T
scanner (Gyroscan Intera 3T, Philips Medical Systems, Best, NL). For
the fMRI paradigm, a frequently used face-matching task [30—32]
was used, consisting of four blocks of a face-processing task and five
blocks of a sensorimotor control task. For further information on
the acquisition, paradigm and preprocessing methods as well as
first-level analyses of the functional MRI data, see Supplementary
Methods.
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Table 1
Sociodemographic and clinical characteristics of the sample.

patients with MDD n = 37

HC sample n = 37 p-value'

mean

SD mean SD

Sociodemographic characteristics
Age 47.49
Sex (m/f)? 18/19
Symptom severity
HDRS pre 2443
HDRS post 13.68
Clinical characteristics
Number of depressive episodes 4.81
Number of inpatient treatments 3.16
Life-time duration of inpatient treatment (months) 6.00
Lifetime comorbidities, no. of participants®
None
Social phobia
Agoraphobia with or without panic disorder
Post-traumatic stress disorder
Substance abuse
Alcohol abuse
Panic disorder
Specific phobia
Bulimia nervosa
Obsessive-compulsive disorder
Eating disorder
Medical treatment
Medication load index pre 2.38
Medication load index post 243

[9)]

== NWh DN =

9.83 4530 10.35 354
16/21 641

5.08 0.84 1.52 <.001
8.32 0.84 1.39 <.001

490 - - -
1.76 - - -
414 - - -

1.04 - - -
1.30 - - -

Abbreviations: HC = Healthy Controls, HDRS = Hamilton Depression Rating Scale, MDD = major depressive disorder, post = second time point of measurement (for patients
with major depressive disorder after series of electroconvulsive therapy), pre = first time point of measurement.! p-values were obtained using the unpaired two-tailed t-test
except where noted.? p-values were obtained using the X?-test.> Multiple entries per patient possible.

Statistical analyses

Analyses of demographic, clinical and behavioral data were
performed using SPSS Statistics (version 25.0; IBM Corporation). In
order to investigate effects of ECT on depression severity, a paired t-
test was performed comparing the baseline HDRS score with the
HDRS score after ECT within the MDD group. Patients showing a
reduction of at least 50% of the baseline HDRS score after ECT were
defined as responders and patients showing less than 50% reduc-
tion of the baseline HDRS score were defined as non-responders.
The analysis of task performance data is described in the Supple-
mentary Methods.

Second-level analyses: Analyses of fMRI data were performed
using statistical parametric mapping software (SPM12, Welcome
Department of Cognitive Neurology, London, UK; http://www.fil.
ion.ucl.ac.uk/spm). In order to investigate baseline differences be-
tween both groups (hypothesis 1) as well as changes in brain
function over time (hypothesis 2), a 2x2 ANCOVA of the contrast
images (faces > shapes) was performed with group (MDD vs. HC) as
a between-subjects factor and time (pre vs. post) as a within-
subjects factor. Main effects of group and time as well as the
group X time interaction effect were analyzed.

Table 2
Characteristics of electroconvulsive therapy.
Mean SD

Stimulus intensity (%) 52.19 19.95
Stimulus duration (sec) 6.93 0.52
Pulse frequency (Hz) 41.37 11.06
Seizure duration EEG (sec) 41.58 9.55
Seizure duration EMG (sec) 22.06 9.01
Postictal suppression index (%) 86.60 14.65
Seizure generalization index (%) 74.22 8.39

Abbreviations: EEG = electroencephalography, EMG = electromyography.

In order to clarify whether potential treatment effects were due
to clinical response, a subsequent 2x2 ANCOVA with response
(responders vs. non-responders) as between-subjects factor and
time (pre vs. post) as within-subjects factor was computed. For an
exploratory investigation of potential correlations of ACC activity
change and further parameters, partial correlation analyses were
performed with the extracted mean activity values of the signifi-
cant ACC activity cluster in SPSS. Finally, for the investigation of
functional biomarkers associated with ECT response (hypothesis 3),
pre-treatment brain function of the responder and the non-
responder group was compared using an independent t-test. In
order to examine the predictive utility of functional brain data, a
logistic regression analysis was computed with response
(response = 1, non-response = 0) as dependent variable and the
extracted pre ACC activity values as independent variable.

For all analyses in SPM, age and sex were included as covariates
of no interest. For each of the respective analyses described pre-
viously, a region of interest (ROI) analysis of the ACC as well as a ROI
analysis of the bilateral amygdala were performed separately. ROIs
were created each for the bilateral amygdala and for the ACC by
means of the Wake Forest University PickAtlas [33] according to the
AAL-atlas [34] definitions. For a visualization of the both masks
used for the respective ROI analyses, see Supplementary Fig. 2. ROIs
were performed based on masked voxelwise analyses using small
volume correction as implemented in the TFCE toolbox (http://
dbm.neuro.uni-jena.de/tfce, version 174) in SPM. Finally, all ana-
lyses were additionally performed on the whole-brain level
(voxelwise).

Significance thresholds for multiple testing were obtained at the
cluster-level by threshold-free cluster (TFCE) enhancement, which
is implemented in the TFCE toolbox. We established a conservative
family-wise error (FWE)-corrected threshold of p < .05 obtained by
5000 permutations per test.
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Results
Clinical effects and ECT response

Overall, ECT was effective as HDRS scores were significantly
reduced within the MDD group from pre-to post-treatment (HDRS:
mean difference 10.76; 95% CI 7.92 to 13.59; p < .001, d = 1.26).
Improvements in symptom severity were not associated with
medication load index (p = .280).

According to the definition of at least 50% change on the HDRS
total score from pre-to post-treatment, there were 51.4% (n = 19)
responders and 48.6% (n = 18) non-responders on ECT. Responders
and non-responders did not differ significantly in age (p = .582, see
Table 3). However, there were differences in sex distributions as
there were more females within the responder group (X*= 4.56,
p = .033). Responders and non-responders did not differ in course
of illness variables (p’s > 0.137).

Behavioral results of task performance

Mean percentage of correct responses and mean reaction times
of the behavioral task are listed in Table 4. Results of cross-sectional
and pre-post differences in task performance are described in
Supplementary Results.

Cross-sectional effects of emotional processing of MDD vs. HC

At baseline, MDD patients and HC did not differ in brain activity
in response to negative emotional faces neither in the ROI analysis
of the ACC (prwg = .403), nor in the ROI analysis of the amygdala
(prwe = .580), nor on whole-brain level (ppwg = .319).

Longitudinal effects of ECT on emotional processing

The ROI analysis of the ACC showed a significant group x time
interaction effect (x = -2,y = 38,z = 10, TFCE(142) = 254.41, k = 224,
prwe = .009, see Fig. 1), resulting from an increase of activity in the
dorsal part of the ACC within the MDD group (x =2,y = 36,z = 16,
TFCE(142) = 194.48, k = 51, prwg = .039), while the ACC activity of the
HC sample did not change over time (ppwg = .150). No significant
main effect was found for the factor group (prpwe = .428) nor for the
factor time (ppwe = .181) in the ROI analysis of the ACC. There were
neither significant clusters in the ROI analysis of the amygdala nor
at whole-brain level.

In order to clarify whether the increases in ACC activity after ECT
were due to clinical response, the patient sample was separated
into responders and non-responders in a subsequent analysis. Even
if the ROI analysis of the ACC of this response x time interaction
only showed a nominally interaction effect (pgpwg = .115), post hoc t-
tests within the same ROI showed that responders had an increase
in ACC activity (x = 4, y = 26, z = 28, TFCEgg) = 253.24, k = 237,
prwe = .023), while there was no change in ACC activity within non-
responders (prwg = .569). The significant effect within the
responder group was localized in the dorsal portion of the ACC (see
Supplementary Fig. 3). A subsequent partial correlation analysis in
SPSS with the extracted ACC activity values of the significant cluster
revealed that there was no association of ACC activity change with
symptom change (measured by HDRS change in %) within the
responder group while controlling for pre ACC activity values
(p = .103). Within the whole MDD group, changes in ACC activity
values were further not associated with the number of ECT sessions
(p = .229).

There was no significant response x time interaction neither for
the ROI analysis of the amygdala (ppwg = .324) nor at whole-brain
level (ppwg = .111).

Pre-treatment differences in emotional processing of responders vs.
non-responders

Within the ROI analysis of the ACC, the t-test comparing re-
sponders and non-responders revealed that responders had less
pre-treatment activity within the ACC during emotional processing
than non-responders (x = 8, y = 44, z = 28, TFCE;33) = 216.13,
k = 25, prwe = .025). MNI Coordinates show that the significant
cluster was also localized in the dorsal part of the ACC, within a
region similar to the significant cluster showing ACC activity in-
creases after ECT (see Supplementary Fig. 3). The logistic regression
showed that lower pre-treatment ACC activity was significantly
associated with increased odds of achieving response (b = —4.012,
Wald x?1) = 3.935, Nagelkerke’s RZ = 0.016, p = .047). Based on this
model, 66.7% of the non-responders (sensitivity) and 63.2% of the
responders (specificity) were classified correctly, resulting in an
accuracy of 64.9%. The classification table of the logistic regression
is shown in Supplementary Table 2.

The ROI analysis of the amygdala showed a tendency towards
significance revealing that responders had less pre-treatment
amygdala activity compared to non-responders (prwg = .088).
There were no pre-treatment differences between responders and
non-responders in whole-brain activity (prwg = .137).

Table 3
Sociodemographic and clinical characteristics of responders and non-responders.
Responders n = 19 Non-responders n = 18 p-value!
mean SD mean SD
Sociodemographic characteristics
Age 48.37 8.80 46.56 11.00 .582
Sex (m/f)? 6/13 12/6 033
Symptom severity
HDRS pre 24.00 6.01 24.839 4.00 .602
HDRS post 6.95 3.73 20.78 5.29 <.001
Clinical characteristics
Number of depressive episodes 5.79 4.24 3.78 5.45 217
Number of inpatient treatments 3.58 2.12 2.72 1.18 137
Life-time duration of inpatient treatment (months) 6.53 4.44 5.44 3.84 430
Medication load index 247 1.02 2.28 1.07 573
Number of ECT sessions in current series 12.74 4.04 13.44 4.41 614

Abbreviations: HDRS = Hamilton Depression Rating Scale, post = after ECT series, pre = before ECT series.

1 p-values were obtained using the unpaired two-tailed t-test except where noted.
2 p-values were obtained using the X2-test.
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Table 4

Behavioral results of task performance: Group means (and standard deviations) of reaction time and percentage of correct responses for each time point and task condition,

separated by subgroups.

pre? post®
HC R NR HC R NR
Reaction time (milliseconds)
Faces 1148.5 (214.3) 12713 (211.4) 1196.4 (242.2) 1078.1 (162.8) 1287.2 (117.4) 1270.0 (296.1)
Shapes 990.3 (201.2) 1076.6 (172.1) 1076.2 (250.9) 944.3 (147.1) 1066.5 (126.0) 1117.7 (245.4)
Percentage of correct responses
Faces 99.3 (0.02) 99.7 (0.01) 97.3 (0.05) 99.6 (0.01) 100.0 (0.0) 98.1 (0.04)
Shapes 98.4 (0.02) 98.4 (0.02) 96.7 (0.03) 99.1 (0.02) 99.2 (0.01) 94.9 (0.10)

Abbreviations: HC = healthy controls, NR = non-responders, R = responders.

2 Performance data was available for n = 59 subjects (n = 30 HC, n = 15 R, n = 14 NR).
b performance data was available for n = 57 subjects (n = 33 HC, n = 13 R, n = 11 NR).

Discussion

This study aimed to investigate brain functional changes of ECT
and biomarkers associated with treatment response during
conscious emotional processing. The major finding revealed an
increase in ACC activity in patients with MDD after ECT during

A)

0 60 120 180 240
B) TFCE value

0.30
Group

M Healthy controls
0.20 ® MDD patients

0.10
0.00

-0.10 I

-0.20

ACC activity cluster value

-0.30
pre post

Time point

Fig. 1. Group x time interaction effect in the anterior cingulate cortex (ACC) during
negative emotional processing (emotional faces > shapes).

A) Sagittal view of the group x time interaction (x = 2) resulting from an increase in
ACC reactivity to negative stimuli in patients with major depressive disorder (MDD)
after ECT (x = 2,y = 36, z = 16, k = 51, ppwg = .039) and no significant changes in ACC
reactivity in the healthy control group from pre to post time point (ppwg = .150). The
color bar depicts TFCE values.

B) Mean contrast values of the significant group x time interaction in the anterior
cingulate cortex (ACC) for patients with major depressive disorder (MDD) and healthy
controls at both time points. Error bars indicate 95% confidence intervals. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

emotional processing of negative stimuli, mainly driven by re-
sponders while non-responders did not show significant changes in
ACC activity. Furthermore, ECT responders had reduced ACC activ-
ity compared to non-responders at baseline.

The ACC is structurally strongly connected with limbic and
prefrontal areas and functionally involved in emotional processing,
emotion regulation as well as in attentional processes and cognitive
processing [35—37]. ACC activity has been reported to be abnormal
for patients with MDD during emotional processing [12,22] as well
as during resting state [38]. Studies further support a functional
subdivision of the ACC in a ventral, subgenual part that is highly
connected with limbic structures and involved in the detection of
the salience of emotional information and generation of emotional
states, and into a dorsal part connected with prefrontal areas as
part of the cognitive control network involved in emotional top-
down regulation [37,39].

The results of the present study are mainly located in the dorsal
part of the ACC, pointing out that ECT affects emotional regulation
processes during conscious processing of negative stimuli. ACC
activity increases were not associated with the number of ECT
sessions. Instead, this effect was mainly driven by responders. Thus,
ECT leads to increases in ACC activity during emotional processing,
however only observed in patients who benefit from this treat-
ment. Accordingly, studies investigating effects of ECT on brain
structure revealed increases in dorsal ACC volume after ECT [7,9]
that were associated with symptom improvement only within ECT
responders [9]. Still, it remains unclear if the increases in dorsal ACC
function are pivotal for the antidepressant mechanisms of ECT.
They could as well represent either a correlate or a consequence of
the antidepressant effect, independently from the specific mecha-
nisms of ECT itself. At least, ACC activity increases do not seem to be
specific for ECT, as increases in dorsal ACC activity have also been
shown after treatment with antidepressants [22] or with cognitive
behavioral therapy [40].

Interestingly, ECT responders showed less pre-treatment activ-
ity in dorsal parts of the ACC than non-responders. This result
points to possible differences in pathophysiologies of responders
and non-responders that further may drive the ACC activity in-
creases in responders. Notably, there was no difference in ACC ac-
tivity after ECT between responders and non-responders.

Pre-treatment ACC structure and function has as well been
described to be associated with treatment outcome in recent
studies indicating that higher pre-treatment gray matter volume of
the subgenual part of the ACC [19] as well as increased baseline
connectivity within networks including the subgenual ACC [21] are
associated with clinical response. It seems surprising that in our
study, there was no association of the subgenual part of the ACC
with ECT outcome. Groenewold et al. [12] argue that subgenual ACC
activation is probably not targeted by emotional perception but is
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rather associated with the experience of emotions, for example
during explicit emotion induction, self-referential processing or
resting state as found by the study of Leaver et al. [21]. The task in
our study probably did not induce the experience of the presented
emotions — this may explain why subgenual ACC activity in patients
with MDD was neither abnormal compared to healthy controls nor
predictive for ECT response. Instead, we found dorsal parts of the
ACC to be distinct between responders and non-responders at
baseline. This is in line with a study reporting that lower pre-
treatment activity of the dorsal ACC during negative emotional
processing was associated with better response to cognitive
behavioral therapy [40].

Regarding the predictive utility of pre-treatment ACC activity,
the results indicate potential for predictions of ECT response or
non-response — as about 65% of the patients were classified
correctly. However, accuracy rates and sample size can only be a
first indication of their potential usefulness in clinical practice.
Multivariate methods such as machine learning may be more
promising in order to reveal individual predictions that are more
accurate, but require preferably independent test samples, larger
sample sizes and multimodal imaging data. In summary, the results
of our study support and extend the finding that pre-treatment
dorsal ACC activity — reflecting the integration of cognitive and
emotional processes — is to some extent associated with treatment
response.

Surprisingly, there was no difference in pre-treatment ACC ac-
tivity between patients with MDD and HC. Meta-analyses revealed
heterogeneous results: one meta-analysis [22] showed that pa-
tients with MDD had less ventral and dorsal ACC activity compared
to healthy controls during processing of negative stimuli while the
other meta-analysis [12] reported the opposite effect. However, our
results show that ECT led to an increased dorsal ACC activity in
patients with MDD after ECT compared to healthy controls. This
suggests that for patients with MDD, higher-than-average
emotional regulation is needed for initiating clinical response,
even if no abnormality in ACC activity was detectable at baseline.
However, the lack of significance regarding baseline group differ-
ences in our study can on the other hand also be explained by
problems in statistical power, regarding that patients with MDD
showed at least descriptively less pre-treatment ACC activity than
controls.

It was further surprising that there were no baseline differences
between patients with MDD and HC in amygdala activity, standing
in contrast to meta-analyses demonstrating that patients with
MDD show increased amygdala activity during negative emotional
stimuli processing compared to HC [12,22]. One explanation for this
conflicting finding may be the previous and actual antidepressant
medication intake of our MDD sample: As antidepressant medica-
tion reduces limbic hyperreactivity [41,42], multiple previous
medication trials and the relatively high medication load may have
influenced amygdala activity within our MDD sample.

Furthermore, in contrast to one of our earlier studies [18], there
were no changes in amygdala activity within the ECT sample. In the
present investigation, a supraliminal emotional processing para-
digm was employed, while in the earlier study emotional stimuli
were presented subliminally [18]. These heterogeneous findings
may be explained by differences in types of consciousness: In
automatic, unconscious processing, emotional stimuli directly
evoke an autonomic emotional response represented by amygdala
activation. During conscious processing though, additional
emotional regulation processes are involved. As reported, ECT en-
hances ACC activity during conscious emotional processing and
therefore might influence amygdala activation indirectly and in a
more complex manner. Summing up, it is assumable that during
unconscious processing, ECT might lead to a reduction of bottom-

up emotional reactivity in a direct way while during conscious
emotional processing ECT effects on amygdala activity are possibly
masked by enhanced top-down regulation processes.

In summary, the results contribute to a more profound under-
standing of potential ECT effects on emotional processing — high-
lighting changes in ACC activity — as well as pre-treatment ACC
activity as a potential biomarker for treatment response in general.

Strengths of the study comprise a relatively large sample size of
n = 37 patients receiving ECT treatment and the investigation of
effects on brain functional correlates of conscious emotion pro-
cessing in a prospective approach using paradigm-based fMRI.
Furthermore, as decisions for ECT were made based on clinical
indication and independent from study participation, the study
sample is comparable to samples in clinical practice reflecting high
external validity. However, some limitations should be mentioned:
First of all, most of the patients continued their antidepressant
medication throughout the ECT series. Thus, the observed effects
are not specifically attributable to ECT. The high previous and actual
medication load might furthermore explain why there were no
baseline differences in ACC and amygdala activity between patients
with MDD and HC. Second, within the implemented paradigm,
processing of emotions is confounded with processing of faces as
the control condition to the negative emotional faces are no faces
but shapes. Thus, we do not know if the effects are due to face
processing or due to negative emotional processing. Third, all re-
sults are presented according to the contrast activity faces > shapes.
Thus, results regarding brain activity are influenced by activity
during a) negative face processing and/or b) shape processing.
Specific effects regarding activity during negative emotional pro-
cessing can only be disentangled if each condition was additionally
compared to rest. Fourth, even if task accuracy was high in all
subgroups, there were cross-sectional differences in response ac-
curacy probably affecting fMRI activity patterns. Longitudinal
changes in task accuracy and reaction time further point out
practice effects of the task. However, as practice effects seem to
occur quite uniformly within the different subsamples, differential
changes in ACC activity over time may not be explained by changes
in task performance. Fifth, even if only the subgroup of responders
showed significant increases in ACC activity after ECT, the response
x time interaction on ACC activity was not statistically significant.
Therefore, conclusions regarding response-dependent effects of
ECT on brain function should only be drawn with caution.

Conclusions

ECT leads to increases ACC activity during negative emotional
processing in patients with major depressive disorder. This effect
was mainly driven by ECT responders, while non-responders did
not show significant changes in ACC activity. There were no
changes in amygdala activity after ECT. Responders and non-
responders differed in pre-treatment ACC activity during process-
ing of negative emotional stimuli. In summary, this study contrib-
utes to a more profound understanding of potential ECT effects on
emotional processing, highlighting ACC activity as a biomarker for
treatment response.
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