
OR I G I N A L A R T I C L E

Changes in cardiac autonomic nervous system activity during
a course of electroconvulsive therapy

Yoko Suzuki1 | Miho Miyajima2 | Katsuya Ohta2,3,4 | Noriko Yoshida2,5 |

Takafumi Watanabe2,6 | Mayo Fujiwara2,4 | Masaki Okumura7 | Mitsuru Nakamura5 |

Tetsuo Sasano3 | Tokuhiro Kawara8 | Masato Matsuura9 | Eisuke Matsushima2

1World Premier International Research

Center (WPI), International Institute for

Integrative Sleep Medicine, University of

Tsukuba, Tsukuba, Japan

2Liaison Psychiatry and Palliative Medicine,

Graduate School of Medical and Dental

Sciences, Tokyo Medical and Dental

University, Tokyo, Japan

3Life Sciences and Biofunctional

Informatics, Graduate School of Health

Care Sciences, Tokyo Medical and Dental

University, Tokyo, Japan

4Onda-daini Hospital, Matsudo, Japan

5Narimasu Kosei Hospital, Tokyo, Japan

6Tokyo Metropolitan Health and Medical

Corporation Toshima Hospital, Tokyo,

Japan

7Oishi Memorial Hospital, Tokyo, Japan

8Bunkyo Gakuin University, Tokyo, Japan

9Tokyo Medical and Dental University,

Tokyo, Japan

Correspondence

Yoko Suzuki, World Premier International

Research Center (WPI), International

Institute for Integrative Sleep Medicine (IIIS),

University of Tsukuba, Tsukuba, Japan.

Email: yoko.12.suzu@gmail.com

Abstract

Aim: Although electroencephalogram (EEG) seizure duration and seizure threshold

change during a course of electroconvulsive therapy, the mechanisms by which

these factors influence heart rate during subsequent electroconvulsive therapy ses-

sions are currently unclear. In the current study, we investigated changes in heart

rate during electroconvulsive therapy.

Methods: We recorded electroencephalography and electrocardiography during electro-

convulsive therapy in 12 patients with major depressive disorder. Baseline heart rate was

defined as the mean heart rate in the 30 seconds prior to stimulus onset. The TimeMax

peak refers to the maximum heart rate after stimulus onset. Time1/2 points represent the

time points at which the heart rate had decreased to a value midway between the base-

line heart rate and the TimeMax peak. We examined the relationships between EEG sei-

zure duration, TimeMax, and Time1/2 throughout the course of electroconvulsive therapy.

Results: Time1/2 decreased as the number of electroconvulsive sessions increased.

Time1/2 was positively correlated with EEG seizure duration.

Conclusion: The duration in which electroconvulsive therapy‐induced sympathetic

nervous system activation returned halfway to baseline levels gradually shortened

during the course of electroconvulsive therapy.
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1 | INTRODUCTION

Electroconvulsive therapy (ECT) is a safe and effective treatment for

patients with major depressive disorder (MDD).1 However, the pre-

cise mechanisms underlying ECT remain unclear.2,3

The anticonvulsant hypothesis4 describes one of several potential

mechanisms for explaining the antidepressant effects of ECT.2,3

Observations of progressive increases in seizure threshold and pro-

gressive decreases in seizure duration during the course of repeated

ECT sessions support this hypothesis.5–9 The diencephalon hypothe-

sis2,10 is based on the premise that ECT‐induced seizures must be

sufficiently generalized to involve the diencephalic centers implicated

in the regulation and modulation of appetitive behaviors, diurnal

rhythms, hormone release, and physiological homeostasis. Pollitt
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described the way in which the diencephalon directly controls a vari-

ety of biological functions frequently implicated in depression

through its hypothalamic releasing factors, which involve the pitu-

itary gland and autonomic nervous system (ANS).11 In addition, ECT

procedures have been found to affect autonomic nervous activity,

and diencephalon hyperactivity may induce these changes.12,13

Although electroencephalogram (EEG) seizure duration and seizure

threshold change during a course of ECT, to the best of our knowl-

edge, no studies have examined whether the influence of these fac-

tors on ANS activity changes in subsequent ECT sessions.

We investigated ECT‐induced alterations of ANS and the relationship

between ANS changes and seizure duration during a course of ECT.

2 | METHODS

2.1 | Participants

Twelve patients with MDD took part in this study (nine women;

mean age ± standard deviation, 68.8 ± 7.3 years) (Table 1). All partic-

ipants were diagnosed in accord with the Diagnostic and Statistical

Manual of Mental Disorders, Fourth Edition, Text Revision (DSM‐IV‐
TR).14 Exclusion criteria included cardiovascular, respiratory,

endocrinological, or neurological illness, history of epilepsy, head

injury, or drug abuse. Ten of the 12 patients received neurotropic

agents during the course of ECT. Table 1 shows a comprehensive list

of the psychopharmacological and antihypertensive medicine the

participants received. This study was conducted in accordance with

the Declaration of Helsinki (as revised in Brazil in 2013). We

obtained written informed consent from all patients after a thorough

explanation of the study procedures, and assured participants that

patient anonymity would be preserved. The study procedures were

approved by the Ethics Committee of Tokyo Medical and Dental

University and the Ethics Committee of Tokyo Metropolitan Health

and the Medical Corporation Toshima Hospital.

2.2 | Procedures

2.2.1 | Electroconvulsive therapy

Electroconvulsive therapy was performed 1‐3 times per week using

a pulse wave machine (Thymatron System IV; Somatics LLC, Lake

Bluff, IL, USA) with a brief pulse width of 0.5 milliseconds. The

pulse wave frequency was 70 Hz. The stimulus duration was

4.3 ± 2.1 (2‐8) seconds, and the stimulus dose, adjusted according

to previously described guidelines,15 was 276.4 ± 133.2 (100.8‐
504) mC. We used bifrontal stimulus electrode placement in all

ECT sessions. The stimulus electrodes were placed at the bilateral

frontal poles. We used the half‐age method for determining initial

stimulus dose, which is an age‐based formula that is widely used in

Japan.16 We recorded seizure duration with a two‐channel EEG

device at Fp1 and Fp2 in accordance with the International 10–20
system. The duration of EEG seizure activity was determined by

two psychiatrists based on visual analysis using the EEG monitor

attached to the ECT device as the time from the electrical stimulus

to cessation to postictal EEG suppression. We administered intra-

venous thiopental (2‐4 mg/kg) as an anesthetic 5 minutes before

stimulus onset, rocuronium (0.6‐1.3 mg/kg; n = 8) or suxametho-

nium (0.7‐1.2 mg/kg; n = 4) as a muscle relaxant 4 minutes before

stimulus onset, and induced hyperventilation (15‐20/min) as per

standard procedures.15 Doses of thiopental were kept constant

among the sessions, although they varied between patients. Dilti-

azem (4‐5 mg; n = 4) or nicardipine (0.5 mg; n = 3) was injected

TABLE 1 Demographic and clinical characteristics, number of electroconvulsive therapy (ECT) sessions, and changes in symptoms. We
evaluated depressive symptoms using the Hamilton Depression Rating Scale (HAM‐D) at baseline <1 wk before the first ECT session (HAM‐D
Pre ECT) and within 1 wk after one full ECT cycle (HAM‐D Post ECT)

Gender Age (y) ECT number HAM‐D Pre ECT HAM‐D post ECT Medication

1 Female 65 12 35 9 Aripiprazole

2 Female 66 13 28 0 Sulpiride, trazodone, lorazepam, quetiapine

3 Female 67 3 5 0 Sertraline, olanzapine, bromazepam

4 Female 68 14 27 16 Mirtazapine, aripiprazole

5 Female 68 10 19 1 Olanzapine, duloxetine

6 Female 69 5 31 19 Free

7 Female 74 13 18 7 Trazodone, escitalopram, quetiapine

8 Female 74 5 27 21 Escitalopram

9 Female 75 9 23 14 Mirtazapine, sertraline

10 Male 50 9 18 2 Aripiprazole, mirtazapine, diazepam, olanzapine,

trazodone, imipramine, escitalopram, levomepromazine

11 Male 70 10 29 7 Free

12 Male 80 7 34 12 Mianserin

Mean 68.8 9.1 24.2 8.3

SD 7.3 3.5 8.8 7.4

ECT, electroconvulsive therapy; HAM‐D, Hamilton Depression Rating Scale; SD, standard deviation.
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immediately before application of the ECT stimulus to prevent an

acute hyperdynamic response to ECT.

Atropine sulfate was not used. On the day of ECT, patients

fasted, and refrained from taking oral medication in the morning.

ECT sessions ranged in number from 3 to 14. We used psychotropic

equivalents, specifically an imipramine equivalent and chlorpromazine

equivalent, to evaluate the influence of antidepressants and antipsy-

chotics, respectively.17

2.2.2 | ECG recording

In each ECT session, we recorded electrocardiogram (ECG) data from

4 minutes before stimulus onset to 4 minutes after stimulus onset.

ECG signals were recorded with a sampling rate of 1 kHz from two

separate adhesive monitoring electrodes; one was placed at V5 (12‐
Lead ECG) as the positive input, and the other was placed under the

right clavicle as the reference to the CS5 lead. We used the LRR‐03
ECG recording system (GMS, Tokyo, Japan).

2.2.3 | Heart rate

RR interval (RRI) data were obtained such that the 60/RRI equaled

the heart rate (HR).

To examine changes in cardiac ANS activity during a course of

ECT, we compared individual HR among the first, second, and third

ECT sessions. The mean HR in the 30 seconds prior to stimulus

onset was defined as the baseline HR. The TMax peaks were desig-

nated as the data points with the maximum HR between 0 and

4 minutes after stimulus onset. The T1/2 point corresponded to the

value halfway between the baseline HR and TMax HR (Figure 1).

Because most patients underwent nine or more ECT sessions, we

also investigated the evolution of T1/2 in these patients among ECT

sessions 1‐9.

2.2.4 | Heart rate variability

RR interval fluctuation of ECG is termed heart rate variability (HRV).

Power spectral analysis of HRV can be used to assess cardiac auto-

nomic regulation.18 Efferent vagal activity is a major contributor to

the high‐frequency (HF, 0.15‐0.4 Hz) component of the power spec-

trum, whereas the low‐frequency (LF, 0.04‐0.15 Hz) component is

considered to include both sympathetic and parasympathetic activ-

ity.18 The LF/HF ratio is assumed to reflect sympathetic modula-

tion.18 When examining ANS activity, we used the HRV to

separately measure sympathetic and parasympathetic activity via the

maximum entropy method in MemCalc BonalyLight real‐time analysis

software (GMS, Japan). We calculated HRV parameters with a win-

dow width of 30 seconds, in 2‐second bins. We performed logarith-

mic transformation for the HF, LF, and LF/HF data.

2.3 | Clinical evaluation

We evaluated depressive symptoms using the Hamilton Depression

Rating Scale (HAM‐D)19 during the week before the first ECT session as

the baseline measurement and within 1 week after one full ECT cycle

(Table 1). We considered a greater than 50% decrease of HAM‐D
scores from baseline to indicate a positive response to ECT treatment.

2.4 | Statistical analysis

Because the smallest number of ECT sessions was three, we analyzed

HRs from the first to the third ECT session. We used SPSS 18.0 for

Windows (SPSS Inc., Chicago, IL, USA) for statistical analyses.

We first analyzed the mean values of EEG seizure duration,

maximum HR, T1/2, and TMax using a one‐way repeated‐measures

analysis of variance (ANOVA) with ECT number as a within‐subjects
factor. The Bonferroni test was used for post hoc analyses. We

investigated the evolution of T1/2 among ECT sessions 1‐9 in all

participants using Spearman's regression analysis. For HRV analysis,

we compared inter-individual averaged waveforms for LF, HF, and

LF/HF among the ECT sessions. We performed a within‐factor
ANOVA (first vs second vs third ECT session) on LF, HF, and LF/

HF for every 10‐second bin (in the range of −10‐0, 0‐10, 10‐20, …,

110‐120).
We used Spearman's correlation to examine the relationships

between TMax, T1/2 and the maximum HR, and EEG seizure duration.

We conducted a paired t test to examine clinical improvement as

reflected by HAM‐D scores before and after ECT. The relationships

between maximum HR, TMax and T1/2, and medication were also cal-

culated using Spearman's correlation analysis. An alpha level of 0.05

was used for all analyses.

3 | RESULTS

We assessed a total of 36 sets of ECT data (12 participants × 3 ECT

sessions). The average stimulus dose for the 36 ECT sessions was

F IGURE 1 Baseline heart rate (HR), TMax, and T1/2. The mean HR
in the 30 s prior to stimulus onset was defined as baseline HR. The
TMax peak was designated as the data point with the maximum HR
value between 0 and 4 min after stimulus onset. The T1/2 point was
determined as the data point at which HR had decreased to halfway
between the baseline HR and TMax of HR

4 | SUZUKI ET AL.



262.5 ± 132.7 mC, and the seizure threshold in the first to the third

ECT sessions increased in three of the 12 patients. The stimulus

dose was increased in three patients during the ECT sessions. The

average EEG seizure duration was 61.7 ± 26.6 seconds. The EEG

seizure duration tended to decrease as the number of ECT sessions

increased. However, a one‐way ANOVA comparing EEG seizure

duration indicated no main effect of ECT session.

3.1 | Clinical evaluation

All patients exhibited significant clinical improvement after ECT

(t = 6.97, P < 0.05). Furthermore, 66.7% of patients exhibited a

reduction of more than 50% in terms of HAM‐D score from baseline.

Spearman's correlation analyses indicated no correlations between

HAM‐D, EEG seizure duration, and HR parameters.

3.2 | HR parameters

An ANOVA revealed a significant main effect of ECT session on T1/2

(F [2, 10] = 4.86, P < 0.05). The Bonferroni test revealed that T1/2

was significantly lower in the second and third ECT sessions com-

pared with that in the first session (Figure 2). Spearman's correlation

analysis indicated a positive correlation between EEG seizure dura-

tion and T1/2 (rs = 0.74, P < 0.05; Figure 3), suggesting that the

shorter the EEG seizure duration, the more quickly HR decreased

halfway to the baseline value. Spearman's correlation analysis also

identified a positive correlation between EEG seizure duration and

HRMax (rs = 0.56, P < 0.05), indicating that a longer EEG seizure

duration was associated with a greater increase in HR. Spearman's

correlation analysis revealed no correlation between EEG seizure

duration and TMax. In addition, Spearman's correlation analyses clari-

fied that T1/2 was positively correlated with both the imipramine‐
equivalent (rs = 0.40, P < 0.05) dose and the chlorpromazine‐equiva-
lent (rs = 0.41, P < 0.05) dose. We found no correlations between

medication dose and HRMax or TMax.

When we investigated the evolution of T1/2 among sessions 1‐9
in patients who underwent at least nine ECT sessions, we found that

T1/2 significantly decreased with ECT repetition (regression analysis;

rs = 0.75, P < 0.05) (Figure 4). The largest drop in T1/2 along the

ECT sessions occurred between the first and second ECT treat-

ments. Beyond that, T1/2 consistently and gradually decreased.

3.3 | HRV parameters

We visually inspected the inter‐individual averaged HRV waveform in

ECT sessions 1‐3 (Figures 5-7). The period 70‐90 seconds after the

ECT stimulus is considered to be the third component of the triphasic

ANS change that occurs after ECT stimulation (parasympathetic–sym-

pathetic–parasympathetic nervous activity). The HF component in this

F IGURE 2 Changes in T1/2 duration during the course of
electroconvulsive therapy (ECT). T1/2 decreased with the number of
ECT sessions (*P < 0.05)

F IGURE 3 Correlation between
electroencephalogram (EEG) seizure
duration and T1/2. T1/2 was positively
correlated with EEG seizure duration
(rs = 0.74, P < 0.05)
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period increased with the number of ECT sessions. Additionally, activ-

ity during this period tended to differ substantially (Figure 6) among

the ECT sessions. An ANOVA revealed no significant effect of “time”

(ie, the number of ECT sessions) as a main factor.

4 | DISCUSSION

We found that the T1/2 of HR decreased as the number of ECT ses-

sions increased. Additionally, the shorter the ECT seizure duration,

the more quickly HR returned to the baseline value.

The observed correlation between T1/2, peak HR, and seizure dura-

tion indicates that although the change in seizure duration did not

reach significance, the T1/2 and the reduction in the maximum HR may

be related to the shortened duration of the ECT‐induced seizure.

Because reduced seizure duration is an index of anticonvulsant activ-

ity,8,20 the different seizure lengths in the EEG that are associated with

ECT treatment efficacy may reflect individual diversity in the strength

of the inhibitory processes that terminate the seizure. Such

information could help to isolate biological variability that may predis-

pose an individual to a positive or negative clinical response to ECT.21

In previous studies, hemodynamic parameters such as blood pres-

sure (BP), HR, and rate pressure product (RPP, defined as HR multi-

plied by systolic BP) have been described as a class of possible

physiological markers and have been examined in terms of their rela-

tionship to the therapeutic efficacy of ECT.22,23 If the impact of a

cerebral seizure on the diencephalon is related to ECT efficacy, then

BP, HR, and RPP may reflect different aspect of efficacy with respect

to EEG seizure activity, which primarily reflects cortical activity.22

The current finding that T1/2 was significantly decreased with subse-

quent ECT sessions suggests that the cardiovascular index may be

associated with the anticonvulsant effect of multiple ECT sessions.

This phenomenon has repeatedly been shown in previous reports.6–8

Heart rate and HRV analyses in previous studies have revealed

that autonomic nervous activity changes triphasically after ECT, such

that changes in parasympathetic, sympathetic, and parasympathetic

nervous activity occur after exposure to ECT stimuli.12,24 Therefore,

the observed reduction of T1/2 in the HR data, elicited by subsequent

F IGURE 4 Evolution of T1/2 in patients
among nine electroconvulsive therapy
(ECT) sessions. T1/2 was negatively
correlated with ECT sessions (rs = 0.75,
P < 0.05)

F IGURE 5 Grand average of heart rate
variability during low‐frequency (LF) ECT
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ECT sessions, can be interpreted in terms of (a) an earlier decrease in

sympathetic nervous system (SNS) activity (second phase) or (b) an

earlier increase in parasympathetic nervous system (PNS) activity

(third phase) with successive ECT sessions. Previous studies have

reported that the therapeutic outcomes of ECT are related to

parasympathetic nervous activity recovery.25,26 Bär et al25 hypothe-

sized that PNS activity following SNS activity elicited by ECT stimula-

tion may be related to the therapeutic mechanisms of ECT.

Specifically, earlier increases in PNS activity as the result of repeated

ECT sessions may be associated with the therapeutic outcomes of

ECT. We found that cardiac autonomic nervous activity tended to

exhibit an abrupt pattern of change among the ECT sessions, particu-

larly in terms of indicators of PNS activity. These data appear to sup-

port our hypothesis that an earlier onset of parasympathetic nervous

activity as a result of repeated ECT sessions may be associated with

the therapeutic outcomes of ECT. Additionally, these data appear to

support our proposal that the 3rd phase of ANS change, in which

parasympathetic nervous activity increases, may be related to the

clinical efficacy of ECT.24 Future studies are needed to explore

whether earlier decreases in SNS activity or earlier increases in PNS

activity could act as predictors of therapeutic outcome and/or might

be useful in determining the optimal number of ECT sessions.

Hyperventilation gives rise to an increase in PO2 and a fall in

PCO2 and may improve the quality of ECT‐induced convulsions as

well as the safety of ECT.27–31 Hyperventilation prior to ECT stimu-

lation lowers the convulsive threshold, and 100% oxygenation is rec-

ommended.30 Both hyperoxidation and hypocapnia prior to

stimulation are beneficial for preventing ECT failure and improving

the quality of convulsions.27,29,31–33 Similarly, hyperventilation may

contribute to the reduction of T1/2. However, because all of our T1/2

data were associated with hyperventilation, the direct effect of

hyperventilation on the reduction of T1/2 remains unclear.

F IGURE 6 Grand average of heart rate
variability during high‐frequency (HF) ECT

F IGURE 7 Grand average of heart rate
variability during low‐frequency (LF)/high‐
frequency (HF) ECT
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The current study involved several limitations that should be

considered when interpreting our results. In the current study,

patients received a variety of medications during the course of ECT.

A previous study reported that patients with MDD exhibit profound

autonomic dysfunction, which is exacerbated by selective serotonin

reuptake inhibitors and serotonin–norepinephrine reuptake inhibi-

tors.34 We were not able to remove the anticonvulsive effects of

thiopental in the current study. Second, we could not exclude the

effects of antihypertensive medications in several patients during

ECT. Previous studies have reported that diltiazem causes a reduc-

tion in HR and seizure duration 33–35 and that nicardipine accelerates

the increase in HR after ECT stimulation.34–36 We were unable to

control the use of antihypertensive medications between the 1st

and 3rd ECT sessions in three patients.

The time required for ECT‐induced sympathetic nervous activa-

tion, as reflected by HR, to return halfway to baseline was shortened

during a course of ECT.
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