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Abstract
Electroconvulsive therapy (ECT) is an effective treatment for major depression, but its working mechanisms are poorly 
understood. Modulation of excitation/inhibition (E/I) ratios may be a driving factor. Here, we estimate cortical E/I ratios in 
depressed patients and study whether these ratios change over the course of ECT in relation to clinical effectiveness. Five-
minute resting-state electroencephalography (EEG) recordings of 28 depressed patients were recorded before and after their 
ECT course. Using a novel method based on critical dynamics, functional E/I (fE/I) ratios in the frequency range of 0.5–30 Hz 
were estimated in frequency bins of 1 Hz for the whole brain and for pre-defined brain regions. Change in Hamilton Depres-
sion Rating Scale (HDRS) score was used to estimate clinical effectiveness. To account for test–retest variability, repeated 
EEG recordings from an independent sample of 31 healthy controls (HC) were included. At baseline, no differences in whole 
brain and regional fE/I ratios were found between patients and HC. At group level, whole brain and regional fE/I ratios did not 
change over the ECT course. However, in responders, frontal fE/I ratios in the frequencies 12–28 Hz increased significantly 
(pFDR < 0.05 [FDR = false discovery rate]) over the ECT course. In non-responders and HC, no changes occurred over time. 
In this sample, frontal fE/I ratios increased over the ECT course in relation to treatment response. Modulation of frontal fE/I 
ratios may be an important mechanism of action of ECT.
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Introduction

Major depression is one of the leading causes of disability 
world-wide, affecting over 160 million people in 2017 [1]. 
Although pharmacotherapy and psychotherapy are effec-
tive treatments, approximately 30% of the patients will sub-
sequently develop treatment-resistant depression [2]. An 

effective and generally safe treatment for treatment-resistant 
depressed patients is electroconvulsive therapy (ECT) [3, 4]. 
Response rates of ECT vary from 64% in major depressed 
patients to 48% in case of antidepressants resistance [5]. 
The exact working mechanisms of ECT are poorly under-
stood. Hypotheses point at diverse neurophysiological and 
neurobiochemical changes in the brain after ECT [6, 7]. Bet-
ter understanding of the working mechanisms of ECT may 
ultimately contribute to better treatment outcome.

Nowadays, it is presumed that a proper balance between 
synaptic excitation (E) and inhibition (I) is essential for 
normal brain functioning and neuronal activity homeo-
stasis [8, 9]. According to theoretical modeling, inputs of 
E and I are tightly balanced in pyramidal neurons, result-
ing in a relatively stable E/I ratio over both space and time 
[10]. Disturbances in the human brain’s E/I ratio probably 
play an important role in several neurodegenerative and 
neuropsychiatric disorders, including major depressive dis-
order (MDD) [11–14]. However, it is unclear whether all 
depressed patients show disturbed E/I ratios and whether 
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such ratios represent ‘state’ or ‘trait’ conditions of the 
‘depressed’ brain.

Measurements of E/I ratios in large populations of neu-
rons in the human brain have been challenging. Recently, 
Bruining et al. developed a method to estimate E/I ratios 
non-invasively based on ongoing critical brain dynamics 
derived from electroencephalography (EEG) recordings 
[15]. By using the relationship between two characteristics 
of neuronal network activity (i.e., spectral power and long-
range temporal correlations [LRTC]), a functional E/I (fE/I) 
ratio can be estimated. It was shown that this E/I measure 
was sensitive to pharmacological enhancement of gamma-
aminobutyric acid (GABA)-A receptor-mediated inhibition, 
leading to decreased fE/I ratios in human EEG recordings 
[15]. Estimation of E/I ratios may provide new insights 
in the involved biological ‘state’ or ‘trait’ mechanisms in 
depressed patients. Also, estimating evolving E/I ratios over 
time may contribute to understanding neurophysiological 
(treatment) mechanisms. In this longitudinal cohort study, 
we estimate E/I ratios from resting-state EEGs in depressed 
patients before and after treatment with ECT. We study 
whether these ratios differ from those in healthy controls 
and whether the E/I ratios change during the ECT course in 
relation to treatment effectiveness.

Methods

Study populations

Patients with major depression. This is a post hoc analysis of 
data from depressed patients treated with ECT in Rijnstate 
Hospital (Arnhem, The Netherlands) and who participated 
in the StudY of effect of Nimodipine and Acetaminophen on 
Postictal Symptoms after ECT (SYNAPSE; NCT04028596). 
SYNAPSE is a randomized controlled trial with a three-
condition cross-over design. Patients received nimodipine, 
acetaminophen, or a placebo (water) in random and coun-
terbalanced order at a maximum of 2 h before each ECT 
session. The order of the treatment conditions was rand-
omized and differed across patients [16]. Repeated EEG 
measures before, during, and until one hour after the ECT 
sessions were collected. Inclusion criteria for patients were 
age ≥ 18 years and having a current clinical diagnosis of 
major depression (i.e., classified as unipolar, bipolar, schiz-
oaffective disorder in DSM-5). The local medical ethical 
committee approved the study protocol (NCT04028596) 
and all included patients provided oral and written informed 
consent.

Healthy controls. To correct for test–retest variabil-
ity of fE/I ratios, we included a public EEG dataset of 
healthy controls (HC) with repeated EEG recordings at 
two different time points [17]. None of these participants 

reported psychiatric or neurological symptoms. HC were 
aged ≥ 18 years and provided oral and written informed con-
sent [18].

Electroconvulsive therapy

ECT was administered according to the standard treatment 
guidelines in The Netherlands [19], mostly twice weekly. 
The Thymatron System IV device (Somatics Incorpora-
tion Lake Bluff, Illinois, USA) was used to administer ECT 
stimuli with a constant-current (0.9 Ampère), bidirectional, 
square wave and brief pulse (1 ms). Electrodes were placed 
either unilateral (right [RUL]) or bi(fronto)temporal (BL). 
Dose titration or age-based dosage were used to choose 
the stimulus charge, which was adjusted during the course 
according to the psychiatrist’s discretion. In case patients 
did not improve after six sessions, unilateral placement 
was switched to BL during the ECT course. Anesthesia 
was mostly provided with etomidate (0.2–0.3 mg/kg body 
weight) for sedation and succinylcholine (0.5–1 mg/kg body 
weight) for muscle relaxation. Cessation of the ECT course 
was decided based on the treatment response, estimated by 
clinical judgement of the treating psychiatrist and clini-
cally rated by using the Hamilton Depression Rating Scale 
(HDRS) [20].

EEG data

Patients with major depression. Silver/silver chloride cup 
electrodes were placed on the scalp according to the Interna-
tional 10–20 system. To ensure enough space for placement 
of the ECT electrodes in patients receiving BL stimulation, 
EEG electrodes T3 and T4 were placed 10% behind and F7 
and F8 above the pre-defined location. For patients receiv-
ing RUL stimulation, T4 and Cz were moved behind and F8 
above. EEGs were recorded using a full-band DC amplifier 
(TMSi) and a NeuroCenter EEG recording system (Clinical 
Science Systems, Leiden). EEG recordings were sampled 
at 256 Hz. The impedance was kept below 5 kΩ. For the 
analyses, five-minute EEG recordings were used, measured 
with eyes closed prior to the first (or if missing, the sec-
ond) ECT session (i.e., pre-ECT) and 2 weeks after the total 
ECT course (i.e., post-ECT). In case the 2-week post-ECT 
course measurement was missing (i.e., lost to follow-up), a 
resting-state EEG recording that was made before the last 
ECT session was used.

Healthy controls. Four-minute EEG recordings with eyes 
closed were used. EEG data were recorded using a 64-chan-
nel (silver/silver chloride) BioSemi ActiveTwo system (Bio-
Semi B.V., Amsterdam) and were sampled at 1024 Hz [18], 
at two time points (i.e.,  T1 and  T2). The available channels 
were reduced to the similar EEG electrodes of the patients. 
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Here, EEG electrode T4 corresponded to T8, T3 to T7, T6 
to P8, and T5 to P7.

EEG pre‑processing

Both EEG datasets were band-pass filtered (0.5–30 Hz; 
first-order Butterworth filter) and visually inspected for 
artifacts. Cz was used as reference electrode. EEG data of 
HC were resampled to 256 Hz. EEG electrodes containing 
(excessive) noise were rejected for analysis and segments 
containing artifacts were removed. This was considered jus-
tified, as removing segments from a signal and constructing 
the remaining together does not affect the scaling behav-
ior of positively correlated signals [21]. All pre-processing 
steps and analyses were conducted with MATLAB R2022b 
(MathWorks, Natick, MA, USA).

Spectral power

The power spectral density (PSD) of each EEG electrode 
pair was estimated using Welch’s method in five second 
artifact-free segments with an overlap of 50%. To compare 
PSD values, these were averaged in frequency bins of 1 Hz 
in the frequency range 0.5–30 Hz.

Functional excitation/inhibition ratio (fE/I)

A requirement for estimating fE/I ratios was the existence 
of a co-variation between the amplitude of the spectral 
power and the fluctuation function. To ensure this, only 
data consisting of LRTC were used to estimate fE/I values. 
Detrended fluctuation analysis (DFA) was done to check for 
the existence of LRTC with DFA exponent > 0.60 as thresh-
old [22]. When performing DFA, the fluctuation function is 
computed, which is plotted on logarithmic axes. The fluctua-
tion function is expressed as

with F(t) the fluctuation function and � the standard devia-
tion of the detrended signal of a set windows ( W ) of separate 
time series of length t  , with an overlap of 50%. The DFA 
exponent is the slope of the fluctuation function calculated 
using linear regression. After removing segments contain-
ing artifacts, the DFA exponent was fit between 2 and 25 s. 
DFA analysis was performed for each individual frequency 
band (i.e., bins of 1 Hz in the frequency range 0.5–30 Hz).

If the DFA exponent exceeded the threshold, a normal-
ized fluctuation function nF(t) was computed by dividing 
each windowed signal profile by the mean amplitude of that 

(1)⟨F(t)⟩ = mean(�(W))

window. Here, windows with a length of five seconds and an 
overlap of 80% were used. The fE/I ratio was defined as [15]

with rWamp,WnF(t) being the Pearson correlation between 
the set of windowed amplitude values ( Wamp ) and the set 
of detrended amplitude-normalized signal profiles ( WnF(t) ). 
Hence, fE/I ratios below 1 indicated inhibition dominated 
networks, above 1 indicated excitation dominated networks, 
while balanced, critical networks would have a value of 1. 
fE/I ratios were estimated in frequency bins of 1 Hz in the 
frequency range 0.5–30 Hz.

Statistical analyses

Participant, treatment, and EEG characteristics. After 
testing whether the data approximated a normal distri-
bution (i.e., visualization of the histogram and Ander-
son–Darling test), we used mean ± standard deviation 
(SD) or median ± interquartile range (IQR) values to report 
participant, treatment, and EEG measures. In depressed 
patients, HDRS scores at baseline and after the ECT 
course were compared using the Wilcoxon signed-rank 
test. For spectral power analysis and estimation of fE/I 
ratios, we averaged all values over the available EEG elec-
trodes (i.e., whole brain). Furthermore, to study regional 
effects on fE/I ratios three different regions were defined, 
i.e., the frontal region (including Fp1, Fp2, F3, F4, F7, F8, 
and Fz), centrotemporal region (including C3, C4, T3, and 
T4) and parieto-occipital region (including T5, T6, P3, P4, 
Pz, O1, and O2). For HC, we used the same descriptive 
statistics and EEG measures.

Comparisons at baseline. To test whether differ-
ences existed at baseline between fE/I ratios of patients 
(pre-ECT) and HC  (T1), Wilcoxon rank-sum tests were 
performed.

Changes over time. Paired t-tests or Wilcoxon signed-
rank tests were performed to test whether changes in spec-
tral power and fE/I ratios occurred over the ECT course in 
patients (post-ECT–pre-ECT), as well as between the two 
time-point measurements in HC  (T2–T1).

Comparisons of responders and non-responders. To 
study the association between changes in fE/I ratios and 
clinical outcome, patients were divided into the groups 
‘responders’ (i.e., post-ECT HDRS score decrease ≥ 50% 
compared to baseline) and ‘non-responders’ after ECT. 
Next, these groups were analyzed regarding baseline EEG 
measures (pre-ECT) and changes in fE/I ratios over the 
ECT course (post-ECT–pre-ECT).

For all analyses, p-values < 0.05 were considered sta-
tistically significant. In case of multiple testing, also the 

(2)fE∕I = 1 − rWamp,WnF(t)
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false discovery rates (FDRs) were computed whereby 
pFDR < 0.05 values were considered statistically significant.

Results

Participant, treatment, and outcome characteristics

We included a total of 28 patients with major depression 
(23 unipolar depressive disorder and five bipolar depressive 
disorder) and 31 HC. The SYNAPSE study consisted of 33 
patients. Two patients were excluded from our current analy-
sis, because they received maintenance ECT and therefore 
the HDRS scores were not suitable to study effectiveness 
of an index ECT course. Two patients were excluded, since 
they already received > 2 ECT sessions upon inclusion in 
SYNAPSE; therefore, their baseline EEGs were missing. 
One patient dropped out before the ‘end-measurement,’ two 
weeks after the ECT course, and therefore, the HDRS score 
was missing. In total, data from 28 ECT patients from the 
SYNAPSE trial were included in the current analyses. The 
original dataset of HC consisted of 41 participants with two 
measurements (mean 301 days ± 125 days SD in between), 
but 10 subjects had to be excluded because of poor data 
quality.

Comparisons between patients and healthy controls. 
Sex frequencies were equal in the patient group (n = 16 
females; 57%) and the HC group (n = 18 females; 58%; 
χ2 = 0.0051; df = 1; p = 0.94). The patient group appeared 
significantly older (median = 54 years; IQR = 23) compared 
to HC (median = 39 years; IQR = 15.8; p < 0.001). Patients 
received a median of 12 ECT sessions (IQR = 6) during the 
ECT course and 20 (71%) were treated with BL stimulation. 
HDRS scores decreased significantly after the ECT course 
(median HDRS score pre-ECT = 25; IQR = 10; median 
HDRS score post-ECT = 12; IQR = 11; p < 0.001). Half of 
the patients reached the criterion of responder after the ECT 
course (n = 14; 50%) and seven (25%) reached complete 

remission (i.e., HDRS score post-ECT ≤ 7). An overview 
of the characteristics and comparisons is shown in Table 1.

Comparisons between responders and non-respond-
ers. No differences in age were found between respond-
ers (median = 61  years; IQR = 20) and non-responders 
(median = 46 years; IQR = 21; p = 0.08). Sex frequencies 
were equal in both groups (χ2 = 0; df = 1; p = 1). The total 
number of ECT sessions did not differ between responders 
(median = 12; IQR = 6) and non-responders (median = 12; 
IQR = 5; p = 0.69). No differences in concomitant medica-
tion use (i.e., antidepressants [χ2 = 0.16; df = 1; p = 0.69], 
benzodiazepines [χ2 = 0.58; df = 1; p = 0.45], and antipsy-
chotics [χ2 = 0.16; df = 1; p = 0.69]), and electrode place-
ment ([χ2 = 2.80; df = 1; p = 0.09) between responders and 
non-responders were found. An overview of the character-
istics and comparisons is shown in Table 2.

Spectral power

In patients, after the ECT course (Fig. 1a, red line), PSD val-
ues between 0.5 and 6 Hz were increased (pFDR < 0.05) com-
pared to baseline (black line). No changes were observed 
for other frequencies. In the HC group, there were differ-
ences (pFDR < 0.05) in PSD values in frequencies 7–10 Hz 
and 13–17 Hz between time points  T1 (Fig. 1b, black line) 
and  T2 (red line).

Whole brain fE/I ratios

At baseline, no differences were found between whole brain 
fE/I ratios of patients (pre-ECT) and HC  (T1). In Fig. 2a, 
the averaged fE/I ratios are shown before (solid black line) 
and two weeks after (solid red line) the ECT course. Whole 
brain analysis showed fE/I ratios close to value 1, estimated 
in the frequencies 0.5–30 Hz. No changes occurred in fE/I 
ratios over the ECT course in patients at group level. In HC, 
there were no differences between whole brain fE/I ratios 
estimated at the two different time points (i.e.,  T1 and  T2), 
as is shown in Fig. 2b.

Table 1  Clinical and 
demographic characteristics of 
patients with major depression 
and healthy controls

IQR = interquartile range; M = male; F = female; HDRS = Hamilton Depression Rating Scale; ECT = elec-
troconvulsive therapy; BL = bi(fronto)temporal; RUL = right unilateral; aWilcoxon rank-sum test, p-value; 
bχ2, p-value; c = Wilcoxon signed-rank test, p < 0.001

Patients with major 
depression (n = 28)

Healthy controls 
(n = 31)

Between-
Group com-
parisons

Age (IQR) 54 (23) 39 (15.8) < 0.001a

Sex (M/F) 12/16 13/18 0.94b

Pre-HDRS score (IQR) 25 (10) – –
Post-HDRS score (IQR) 12 (11)c – –
Electrode placement (BL/RUL) 20/8 – –
Total number of ECT sessions (IQR) 12 (6) – –
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Table 2  Clinical and 
demographic characteristics of 
responders and non-responders 
after electroconvulsive therapy 
(ECT)

Responders = Decrease in Hamilton Depression Rating Scale score ≥ 50% compared to baseline; 
IQR = interquartile range; M = male; F = female; ECT = electroconvulsive therapy; BL = bi(fronto)tempo-
ral; RUL = right unilateral; aWilcoxon rank-sum test, p-value; bχ2, p-value

Responders 
(n = 14)

Non-responders 
(n = 14)

Between-
Group com-
parisons

Age (IQR) 61 (20) 46 (21) 0.08a

Sex (M/F) 6/8 6/8 1b

Total number of ECT sessions (IQR) 12 (6) 12 (5) 0.69a

Electrode placement (BL/RUL) 8/6 12/2 0.09b

Antidepressants (yes/no) 9/5 10/14 0.69b

Benzodiazepines (yes/no) 9/5 7/7 0.45b

Antipsychotics (yes/no) 10/4 9/5 0.69b

Fig. 1  Averaged EEG power spectral density (PSD) values with 
standard error in patients with major depression a and healthy con-
trols (HC) with eyes closed b. a In patients, PSD values increased in 
the frequency range 0.5–6 Hz (yellow box) over the electroconvulsive 

therapy (ECT)-course (pFDR < .05); pre-ECT PSD (black line) and 
post-ECT PSD (red line). b In HC, PSD values at  T1 (black line) in 
frequencies 7–10  Hz and 13–17  Hz (yellow boxes) were increased 
(pFDR < 0.05) compared to  T2 (red line). FDR = false discovery rate

Fig. 2  Whole brain functional excitation/inhibition (fE/I) ratios do 
not change in patients with major depression receiving electroconvul-
sive therapy (ECT) and in healthy controls (HC) with repeated meas-
ures. a In patients, no changes in fE/I ratios occurred over the ECT 
course, pre-ECT (black), and post-ECT (black). b In HC, fE/I ratios 

did not differ when measured at two different time points,  T1 (black) 
and  T2 (red). Solid lines and intervals represent median and interquar-
tile range (IQR) values, respectively. Topoplots with purple dots indi-
cate the electrode channels that were averaged
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Spatial fE/I ratios in patients and HC

At baseline, no differences were found between patients 
and HC regarding the averaged fE/I ratios in the frontal, 
centrotemporal, and parieto-occipital regions. In the total 
patient group after the ECT course, no changes in the 
three regional fE/I ratios occurred. Also, no differences 
in fE/I ratios in these three regions were found in HC 
between measurement  T1 and  T2.

Spatial fE/I ratios in responders and non‑responders

At baseline (pre-ECT), no differences in whole brain 
and spatial averaged fE/I ratios were found between the 
groups of responders and non-responders (pFDR > 0.05). 
In responders, frontal fE/I ratios increased over the ECT 
course in the frequencies 12–28 Hz (pFDR < 0.05), as is 
shown in Fig. 3a. In non-responders, an increasing trend 
in fE/I ratios in the frequencies 5–20 Hz was observed, 
but no significant changes were found (Fig. 3b). Also, no 
changes occurred in HC between measurements  T1 and 
 T2 (Fig. 3c).

Discussion

In this analysis of EEG data of 28 major depressed patients, 
treatment with ECT seemed to increase frontal fE/I ratios 
in the higher frequencies (i.e., 12–28 Hz). This effect was 
only observed in patients who responded to ECT, not in non-
responders, while both groups did not differ in possible other 
determinants of ECT effectiveness, i.e., age, sex, concomi-
tant medication use, or electrode placement. To our knowl-
edge, this is the first study showing that ECT may modulate 
regional E/I ratios in relation to treatment response.

ECT induces a seizure in a patient’s brain (i.e., over-
excitation), which is mostly followed by temporary strong 
postictal suppression of brain activity (i.e., over-inhibi-
tion). According to our observations, in patients respond-
ing to ECT, this treatment may assist neural networks in 
re-establishing a new balance between E and I. Lack of 
changes in fE/I ratios from repeated EEG measurements of 
HC strengthen our findings. The selective change of frontal 
fE/I ratios in responders may imply that effective ECT is 
associated with increase (toward more a balanced ratio) of 
frontal E/I ratios in depressed patients, which is in line with 
previous findings [23]. In other words, frontal fE/I ratios 
may represent a ‘state’ characteristic of the patients’ brains, 
which may change (or improve) through treatment.

Fig. 3  Frontal functional 
excitation/inhibition (fE/I) 
ratios increase in patients with 
major depression who respond 
to electroconvulsive therapy 
(ECT). a In responders, frontal 
fE/I ratios increased (yellow 
box [pFDR < 0.05]) over the 
ECT course in the frequencies 
12–28 Hz (i.e., beta rhythm). b 
In non-responders, no sig-
nificant changes were found 
(pFDR > 0.05); however, an 
increasing trend in frontal fE/I 
ratios over the ECT course in 
the frequencies 5–20 Hz was 
observed. c In healthy controls 
(HC), there were no changes 
between frontal fE/I ratios 
measured at time points  T1 
(black) and  T2 (red). Solid lines 
and intervals represent median 
and interquartile range (IQR) 
values, respectively. Topoplots 
with purple dots indicate the 
frontal electrode channels that 
were averaged
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Our findings add to the suggestions in the literature 
that ECT affects frontal regions of the brain which may be 
conditional for effectiveness [24]. Different structural and 
functional characteristics in frontal brain regions have been 
described in patients with MDD compared to HC. Based 
on neuro-imaging data, regional reductions in cortical gray 
matter in the frontal regions (i.e., medial orbitofrontal cor-
tex and superior frontal gyrus) were found in patients com-
pared to HC [25]. Also, in patients with MDD, increased 
functional connectivity was found between the subgenual 
anterior cingulate cortex (ACC) and medial temporal lobe 
compared to HC [26]. Therefore, alterations in the frontal 
brain region seem to be associated with major depression. 
However, in our EEG-study, at baseline, no differences in 
fE/I ratios were established between the depressed patients 
and HC, due to variations in fE/I ratios between patients. 
This may imply that fE/I ratios derived from the EEG are 
not suitable as biomarker for severity of depression or to 
predict effectiveness of ECT, yet. Nevertheless, changes in 
fE/I ratios within patients may indicate the effectiveness 
of an ECT course and may highlight an important working 
mechanism of ECT.

ECT may induce both structural and functional changes in 
the brain. Increases of gray matter volumes in the hippocam-
pus, amygdala, and parts of the ACC after the ECT course 
have been reported, with mixed results regarding associa-
tions between these volume increases with effectiveness 
of ECT [27–29]. Functionally, increased ACC activity and 
increased hippocampal functional activity have been asso-
ciated with ECT outcome [30, 31]. Our EEG findings may 
be in line with these previous magnetic resonance imaging 
(MRI) findings of (frontal) functional changes after ECT 
related to treatment outcome. Potentially, this and other EEG 
measures may capture underlying working mechanisms of 
ECT.

The increased spectral power that we found in the lower 
EEG-frequencies (i.e., f[0.5–6 Hz]) is consistent with previ-
ous findings of increased delta and theta activity after ECT 
[32, 33]. We speculate that these spectral changes are based 
on prolonged postictal slowing after the previous ECT ses-
sions. We did not find changes in fE/I ratios in these lower 
frequency bands after ECT, showing that our observed 
changes in E/I ratios were not driven by the well-known 
spectral changes after ECT. In HC, variations in PSD values 
existed in the frequencies 7–10 Hz and 13–17 Hz, indicating 
that these values may vary within healthy subjects.

Currently, there is no consensus on the optimal way to 
estimate E/I ratios from human EEG recordings. We used 
resting-state EEG recordings to estimate fE/I ratios and—
therefore—these reflect summations of many inputs, rather 
than subsets of only E or I inputs. Also, the fE/I ratios 
were estimated from spontaneous brain activity instead of 
evoked events. Although it has been suggested that these 

may largely agree [34], this is still uncertain. Different meth-
ods to measure E/I ratios from EEG recordings have been 
developed, such as the scaling exponent derived from the 
slope of the power law exponent of the PSD [35]. Although 
simple, robust, and capable of differentiation between states 
of awake and anesthesia, this method does not provide an 
absolute value indicating an increased, decreased, or bal-
anced E/I ratio. Also, different frequency ranges to estimate 
the E/I ratio have been used and—at this moment—there is 
no consensus. Future studies are needed to compare differ-
ent methods of estimating the E/I balance within the human 
brain, resulting in a consensus of what measure for E/I ratios 
is best to use.

The potential application of changing fE/I ratios dur-
ing ECT as biomarker for effectiveness may not be limited 
to only ECT. Repetitive transcranial magnetic stimulation 
(rTMS) is an effective treatment for (major) depression 
[36] and may also affect E/I ratios. Besides in non-invasive 
stimulation techniques, E/I ratios may also change during 
pharmacological treatments that act on neuroreceptors (i.e., 
antidepressants, lithium carbonate, [es]ketamine). Therefore, 
estimating fE/I ratios during various treatments for depres-
sion may enhance our understanding of working mecha-
nisms and contribute to individualization of treatment.

The critical brain dynamics theory states that neuronal 
networks operate near the critical point of a phase transition 
between a sub-critical (i.e., ordered) and supercritical (i.e., 
disordered) phase [38, 40, 41]. The brain is naturally poised 
near criticality and the primary parameter that is responsible 
for maintenance near this point (i.e., the controlling param-
eter) is the E/I ratio. It may therefore seem surprising that 
our estimated fE/I ratios had values slightly below 1 in our 
HC group (as well as in the depressed patients at baseline). 
According to the definition of fE/I, this indicates that the 
cortical networks act in (slightly) sub-critical regimes. In 
fact, this observation is in line with neural activity of HC 
in vivo, which was shown to operate slightly sub-critical 
(i.e., at the sub-critical border of the transition region) rather 
than at the critical point [42].

Strengths and limitations

Strengths of this study include the use of paired EEG data 
from depressed patients before and after the ECT course 
and the use of a HC group to account for test–retest vari-
ability. The strength of the fE/I measure is that it enables 
real-time tracking of E/I ratios and it provides an absolute 
value indicating a balanced or unbalanced state [15]. How-
ever, some limitations are also present. First, patients were 
not restricted from taking medication (apart from acetami-
nophen, nimodipine, and non-steroidal anti-inflammatory 
drugs) during the ECT course, including antidepressants and 
benzodiazepines. Especially benzodiazepines are known to 
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affect EEG activity, which may have influenced our results. 
During their ECT course, however, most patients did not 
switch in type nor dosage of the concomitant medications, 
which may have limited its effect on their evolution of fE/I 
ratios. Second, the effects of the used reference electrode 
(i.e., Cz) compared to reference schemes such as bipolar or 
common average on estimation of fE/I ratios is unknown. In 
other methods to estimate the E/I ratio, this has been shown 
to have profound effects, as it affects PSD values [43]. Our 
used method calculates a normalized fluctuation function, 
nF(t), that was computed by dividing each windowed signal 
profile by the mean amplitude of that window. Therefore, the 
effects of reference schemes on the fE/I ratios may be lim-
ited. Also, the E/I ratios are based on cortical activity, meas-
ured using EEG. Therefore, no (direct) information about 
E/I ratios of deeper structures is provided, which may also 
be affected in major depression or by ECT. The HC group 
was significantly younger compared to the ECT patients. 
This may have affected our results, as it is known that PSD 
values may decrease with age [44, 45]. Although the fE/I 
calculation method is based on a normalized fluctuation 
function, which may correct for age-related PSD changes, 
future studies should investigate the effect of age on fE/I 
ratios. Finally, the sample size of 28 depressed patients was 
rather small, which hampered proper analysis of confounders 
like age, sex, stimulation type and number of administered 
ECT sessions. Taking into account our less conservative 
control of the alpha error (i.e., FDR instead of Bonferroni 
correction), the other methodological limitations of this post 
hoc analyses, and our consideration of confounding vari-
ables (i.e., age, sex, total ECT sessions, electrode placement, 
and concomitant medications), we conclude with caution 
that the increase in frontal fE/I ratios in the frequency range 
12–28 Hz may be a biomarker of positive ECT outcome. 
This finding needs replication in other samples and prospec-
tive studies.

Conclusion

We found an increase in frontal E/I ratios (derived from 
resting-state EEG recordings) in severely depressed patients 
responding to ECT. In non-responders, no changes occurred 
and our results were corrected for test–retest variability by a 
healthy control group. Increase in frontal E/I ratios was not 
found at the whole brain level, pointing at a possible regional 
effect. The fE/I ratio may serve as reproducible parameter in 
future research. Recovery of frontal E/I ratios may indicate 
an important working mechanism of ECT.

Acknowledgements The authors like to thank all participating patients 
and healthy controls, as well as all staff of the departments of psychia-
try, clinical neurophysiology, pharmacy, radiology, and anesthesiology 
for their participation in this study. More specific, we have greatly 

appreciated the substantial help of Oscar Buno Heslinga BN (research 
nurse), Tijn Stolk MSc., and Tonia Schouten BSc., and Marleen Mid-
delman and Simon de both in executing our study.

Author contributions SS, MvP, JH, and JvW contributed to conceptu-
alization; SS did formal analysis; SS, JP, JV, and EA performed inves-
tigation; SS and JvW wrote the original draft; SS, JP, JV, FtD, EA, 
MvP, JH, and JvW were responsible for review and editing; MvP, JH, 
and JvW were involved in supervision.

Funding This work was supported by the Dutch National Epilepsy 
Fund [EpilepsieNL; Grant number WAR 19-02].

Data availability Individual participant data that underlie the results 
reported in this article, after de-identification (text, tables and figures) 
will be available including data dictionaries, as well as the study pro-
tocol and statistical analysis plan. Data will be available following arti-
cle publication to researchers who provide a methodologically sound 
proposal to achieve aims in the approved proposal. Proposals should 
be directed to the principal investigator of SYNAPSE (jvanwaarde@
rijnstate.nl). To gain access, data requestors will need to sign a data 
access agreement.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical standards The authors declare that this study was approved by 
the local medical ethical committee and all persons who participated 
in this study gave their informed consent prior to the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. James SL, Abate D, Abate KH, Abay SM et al (2018) Global, 
regional, and national incidence, prevalence, and years lived with 
disability for 354 Diseases and Injuries for 195 countries and ter-
ritories, 1990–2017: a systematic analysis for the Global Burden 
of Disease Study 2017. The Lancet 392:1789–1858

 2. Zhdanava M, Pilon D, Ghelerter I, Chow W, Joshi K, Lefebvre P, 
Sheehan JJ (2021) The prevalence and national burden of treat-
ment-resistant depression and major depressive disorder in the 
United States. J Clin Psychiatry 82:29169

 3. Kellner CH, Greenberg RM, Murrough JW, Bryson EO, Briggs 
MC, Pasculli RM (2012) ECT in treatment-resistant depression. 
Am J Psychiatry 169:1238–1244

 4. Khalid N, Atkins M, Tredget J, Giles M, Champney-Smith K, 
Kirov G (2008) The effectiveness of electroconvulsive therapy 
in treatment-resistant depression: a naturalistic study. J ECT 
24:141–145

http://creativecommons.org/licenses/by/4.0/


European Archives of Psychiatry and Clinical Neuroscience 

1 3

 5. Heijnen WT, Birkenhäger TK, Wierdsma AI, Van Den Broek WW 
(2010) Antidepressant pharmacotherapy failure and response to 
subsequent electroconvulsive therapy: a meta-analysis. J Clin Psy-
chopharmacol 30:616–619

 6. Singh A, Kar SK (2017) How electroconvulsive therapy works? 
Understanding the neurobiological mechanisms. Clin Psychop-
harmacol Neurosci 15:210–221

 7. Segi-Nishida E (2011) Exploration of new molecular mecha-
nisms for antidepressant actions of electroconvulsive seizure. Biol 
Pharm Bull 34:939–944

 8. Anderson JS, Carandini M, Ferster D (2000) Orientation tuning of 
input conductance, excitation, and inhibition in cat primary visual 
cortex. J Neurophysiol 84:909–926

 9. Wehr M, Zador AM (2003) Balanced inhibition underlies tuning 
and sharpens spike timing in auditory cortex. Nature 426:442–446

 10. Denève S, Machens CK (2016) Efficient codes and balanced net-
works. Nat Neurosci 19:375–382

 11. Krystal JH, Sanacora G, Blumberg H, Anand A, Charney DS, 
Marek G et al (2002) Glutamate and GABA systems as targets 
for novel antidepressant and mood-stabilizing treatments. Mol 
Psychiatry 7:S71–S80

 12. Duman RS, Sanacora G, Krystal JH (2019) Altered connectivity 
in depression: GABA and glutamate neurotransmitter deficits and 
reversal by novel treatments. Neuron 102:75–90

 13. Luscher B, Shen Q, Sahir N (2011) The GABAergic defi-
cit hypothesis of major depressive disorder. Mol Psychiatry 
16:383–406

 14. Lopatina OL, Malinovskaya NA, Komleva YK, Gorina YV, Shu-
vaev AN, Olovyannikova RY et al (2019) Excitation/inhibition 
imbalance and impaired neurogenesis in neurodevelopmental and 
neurodegenerative disorders. Rev Neurosci 30:807–820

 15. Bruining H, Hardstone R, Juarez-Martinez EL, Sprengers J, 
Avramiea AE, Simpraga S et al (2020) Measurement of excitation-
inhibition ratio in autism spectrum disorder using critical brain 
dynamics. Sci Rep 10:1–15

 16. Verdijk JPAJ, Pottkämper JCM, Verwijk E, van Wingen GA, 
van Putten MJAM, Hofmeijer J, van Waarde JA (2022) Study of 
effect of nimodipine and acetaminophen on postictal symptoms in 
depressed patients after electroconvulsive therapy (SYNAPSE). 
Trials 23:1–15

 17. Hatlestad-Hall C, Rygvold TW, Andersson S (2022) SRM Rest-
ing-state EEG. OpenNeuro. https:// doi. org/ 10. 18112/ openn euro. 
ds003 775. v1.2.1

 18. Hatlestad-Hall C, Rygvold TW, Andersson S (2022) BIDS-struc-
tured resting-state electroencephalography (EEG) data extracted 
from an experimental paradigm. Data Brief 45:108647

 19. Nederlandse Vereniging voor Psychiaters (2021) Nederlandse 
Vereniging Voor Psychiaters. Richtlijnen Electroconvulsiethera-
pie. Retrieved February 10, 2023, from https:// richt lijne ndata base. 
nl/ richt lijn/ elect rocon vulsi ether apie_ ect/ start pagin a_-_ elect rocon 
vulsi ether apie_ ect. html

 20. Hamilton M (1967) Development of a rating scale for primary 
depressive illness. Br J Soc Clin Psychol 6:278–296

 21. Chen Z, Ivanov PC, Hu K, Stanley HE (2002) Effect of nonsta-
tionarities on detrended fluctuation analysis. Phys Rev E Stat Phys 
Plasmas Fluids Relat Interdiscip Topics 65:15

 22. Peng CK, Buldyrev SV, Havlin S, Simons M, Stanley HE, Gold-
berger AL (1994) Mosaic organization of DNA nucleotides. Phys 
Rev E 49:1685–1689

 23. Xin Y, Bai T, Zhang T, Chen Y, Wang K, Yu S et al (2022) Elec-
troconvulsive therapy modulates critical brain dynamics in major 
depressive disorder patients. Brain Stimul 15:214–225

 24. Sackeim HA (2004) Convulsant and anticonvulsant properties of 
electroconvulsive therapy: towards a focal form of brain stimula-
tion. Clin Neurosci Res 4:39–57

 25. Schmaal L, Hibar DP, Sämann PG, Hall GB, Baune BT, Jahanshad 
N (2016) Cortical abnormalities in adults and adolescents with 
major depression based on brain scans from 20 cohorts worldwide 
in the ENIGMA Major Depressive Disorder Working Group. R 
Goya-Maldonado 17:900–909

 26. De Kwaasteniet B, Ruhe E, Caan M, Rive M, Olabarriaga S, 
Groefsema M et al (2013) Relation between structural and func-
tional connectivity in major depressive disorder. Biol Psychiatry 
74:40–47

 27. Pirnia T, Joshi SH, Leaver AM, Vasavada M, Njau S, Woods RP 
et al (2016) Electroconvulsive therapy and structural neuroplasti-
city in neocortical, limbic and paralimbic cortex. Transl Psychia-
try 6:832

 28. Wilkinson ST, Sanacora G, Bloch MH (n.d.) Hippocampal volume 
changes following electroconvulsive therapy: a systematic review 
and meta-analysis

 29. Ota M, Noda T, Sato N, Okazaki M, Ishikawa M, Hattori K 
et al (2015) Effect of electroconvulsive therapy on gray mat-
ter volume in major depressive disorder. J Affect Disord 
186:186–191

 30. Abbott CC, Jones T, Lemke NT, Gallegos P, Mcclintock SM, 
Mayer AR et al (2014) Hippocampal structural and functional 
changes associated with electroconvulsive therapy response. 
Transl Psychiatry 4:483

 31. Enneking V, Dzvonyar F, Dück K, Dohm K, Grotegerd D, Förster 
K et al (2020) Brain functional effects of electroconvulsive ther-
apy during emotional processing in major depressive disorder. 
Brain Stimul 13:1051–1058

 32. Hill AT, Hadas I, Zomorrodi R, Voineskos D, Farzan F, Fitzger-
ald PB et al (2020) Modulation of functional network properties 
in major depressive disorder following electroconvulsive therapy 
(ECT): a resting-state EEG analysis. Sci Rep 10:1–14

 33. Sackeim HA, Luber B, Katzman GP, Moeller JR, Prudic J, 
Devanand DP, Nobler MS (1996) The effects of electroconvul-
sive therapy on quantitative electroencephalograms: relationship 
to clinical outcome. Arch Gen Psychiatry 53:814–824

 34. He H-Y, Shen W, Zheng L, Guo X, Cline HT (2018) Excitatory 
synaptic dysfunction cell-autonomously decreases inhibitory 
inputs and disrupts structural and functional plasticity. Nat Com-
mun. https:// doi. org/ 10. 1038/ s41467- 018- 05125-4

 35. Gao R, Peterson EJ, Voytek B (2017) Inferring synaptic exci-
tation/inhibition balance from field potentials. Neuroimage 
158:70–78

 36. Padberg F, Zwanzger P, Keck ME, Kathmann N, Ella R, Rupprecht 
P et al (2002) Repetitive transcranial magnetic stimulation (rTMS) 
in major depression: relation between efficacy and stimulation 
intensity. Neuropsychopharmacology 27:638–645

 37. Zanos P, Gould TD (2018) Mechanisms of ketamine action as an 
antidepressant. Mol Psychiatry 23:801

 38. Chialvo DR (2010) Emergent complex neural dynamics. Nat Phys 
6:744–750

 39. Zanos P, Moaddel R, Morris PJ, Georgiou P, Fischell J, Elmer 
GI et al (2016) NMDAR inhibition-independent antidepressant 
actions of ketamine metabolites. Nature 533:481–486

 40. Beggs JM (2008) The criticality hypothesis: how local cortical 
networks might optimize information processing. Phil Trans Royal 
Soc A Math Phys Eng Sci 366:329–343

 41. Shew WL, Plenz D (2013) The functional benefits of criticality in 
the cortex. Neuroscientist 19:88–100

 42. Priesemann V, Wibral M, Valderrama M, Pröpper R, Le Van QM, 
Geisel T et al (2014) Spike avalanches in vivo suggest a driven, 
slightly subcritical brain state. Front Syst Neurosci 8:108

 43. Shirhatti V, Borthakur A, Ray S (2016) Effect of reference scheme 
on power and phase of the local field potential. Neural Comput 
28(5):882–912

https://doi.org/10.18112/openneuro.ds003775.v1.2.1
https://doi.org/10.18112/openneuro.ds003775.v1.2.1
https://richtlijnendatabase.nl/richtlijn/electroconvulsietherapie_ect/startpagina_-_electroconvulsietherapie_ect.html
https://richtlijnendatabase.nl/richtlijn/electroconvulsietherapie_ect/startpagina_-_electroconvulsietherapie_ect.html
https://richtlijnendatabase.nl/richtlijn/electroconvulsietherapie_ect/startpagina_-_electroconvulsietherapie_ect.html
https://doi.org/10.1038/s41467-018-05125-4


 European Archives of Psychiatry and Clinical Neuroscience

1 3

 44. Purdon PL, Pavone KJ, Akeju O, Smith AC, Sampson AL, Lee 
J et al (2015) The Ageing Brain: age-dependent changes in the 
electroencephalogram during propofol and sevofluranegeneral 
anaesthesia. Br J Anaesth 115:i46–i57

 45. Vlahou EL, Thurm F, Kolassa I-T, Schlee W (2014) Resting-state 
slow wave power, healthy aging and cognitive performance. Sci 
Rep. https:// doi. org/ 10. 1038/ srep0 5101

https://doi.org/10.1038/srep05101

	Cortical excitationinhibition ratios in patients with major depression treated with electroconvulsive therapy: an EEG analysis
	Abstract
	Introduction
	Methods
	Study populations
	Electroconvulsive therapy
	EEG data
	EEG pre-processing
	Spectral power
	Functional excitationinhibition ratio (fEI)
	Statistical analyses

	Results
	Participant, treatment, and outcome characteristics
	Spectral power
	Whole brain fEI ratios
	Spatial fEI ratios in patients and HC
	Spatial fEI ratios in responders and non-responders

	Discussion
	Strengths and limitations

	Conclusion
	Acknowledgements 
	References


