
CLINICAL TRIAL
published: 29 July 2021

doi: 10.3389/fpsyt.2021.696170

Frontiers in Psychiatry | www.frontiersin.org 1 July 2021 | Volume 12 | Article 696170

Edited by:

Yuan-Pang Wang,

University of São Paulo, Brazil

Reviewed by:

Caroline Ann Browne,

Uniformed Services University of the

Health Sciences, United States

Alina Wilkowska,

Medical University of Gdansk, Poland

*Correspondence:

Carmen Schiweck

carmen.schiweck@kgu.de

†These authors share first authorship

Specialty section:

This article was submitted to

Mood and Anxiety Disorders,

a section of the journal

Frontiers in Psychiatry

Received: 16 April 2021

Accepted: 21 June 2021

Published: 29 July 2021

Citation:

Schiweck C, Lutin E, De Raedt W,

Cools O, Coppens V, Morrens M, Van

Hoof C, Vrieze E and Claes S (2021)

Twenty-Four-Hour Heart Rate Is a Trait

but Not State Marker for Depression in

a Pilot Randomized Controlled Trial

With a Single Infusion of Ketamine.

Front. Psychiatry 12:696170.

doi: 10.3389/fpsyt.2021.696170

Twenty-Four-Hour Heart Rate Is a
Trait but Not State Marker for
Depression in a Pilot Randomized
Controlled Trial With a Single Infusion
of Ketamine
Carmen Schiweck 1,2*†, Erika Lutin 3,4†, Walter De Raedt 4, Olivia Cools 5, Violette Coppens 5,6,

Manuel Morrens 5,6, Chris Van Hoof 3,4,7, Elske Vrieze 1,8 and Stephan Claes 1,8

1Department of Neurosciences, Psychiatry Research Group, KU Leuven-University of Leuven, Leuven, Belgium,
2Department of Psychiatry, Psychosomatics and Psychotherapy, Goethe University, Frankfurt am Main, Germany, 3 Electrical

Engineering, ESAT-MICAS Department, KU Leuven, Leuven, Belgium, 4 Imec, Leuven, Belgium, 5Collaborative Antwerp

Psychiatric Research Institute, University Antwerp, Antwerp, Belgium, 6Department of Psychiatry, University Psychiatric

Centre Duffel, Duffel, Belgium, 7OnePlanet Research Center, Wageningen, Netherlands, 8Department of Psychiatry,

University Psychiatric Centre KU Leuven, Leuven, Belgium

Background:Abnormalities of heart rate (HR) and its variability are characteristic of major

depressive disorder (MDD). However, circadian rhythm is rarely taken into account when

statistically exploring state or trait markers for depression.

Methods: A 4-day electrocardiogram was recorded for 16 treatment-resistant patients

with MDD and 16 age- and sex-matched controls before, and for the patient group

only, after a single treatment with the rapid-acting antidepressant ketamine or placebo

(clinical trial registration available on https://www.clinicaltrialsregister.eu/ with EUDRACT

number 2016-001715-21). Circadian rhythm differences of HR and the root mean square

of successive differences (RMSSD) were compared between groups and were explored

for classification purposes. Baseline HR/RMSSD were tested as predictors for treatment

response, and physiological measures were assessed as state markers.

Results: Patients showed higher HR and lower RMSSD alongside marked reductions in

HR amplitude and RMSSD variation throughout the day. Excellent classification accuracy

was achieved using HR during the night, particularly between 2 and 3 a.m. (90.6%). A

positive association between baseline HR and treatment response (r = 0.55, p = 0.046)

pointed toward better treatment outcome in patients with higher HR. Heart rate also

decreased significantly following treatment but was not associated with improved mood

after a single infusion of ketamine.

Limitations: Our study had a limited sample size, and patients were treated with

concomitant antidepressant medication.

Conclusion: Patients with depression show a markedly reduced amplitude for HR and

dysregulated RMSSD fluctuation. Higher HR and lower RMSSD in depression remain

intact throughout a 24-h day, with the highest classification accuracy during the night.
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Baseline HR levels show potential for treatment response prediction but did not show

potential as state markers in this study.

Clinical trial registration: EUDRACT number 2016-001715-21.

Keywords: heart rate, depression, heart rate variability, circadian rhythm, ketamine, biomarker

INTRODUCTION

Research over the past 50 years has posited an association
between depression and aberrant autonomic nervous system
(ANS) activity (1). Significantly increased heart rate (HR)
and low levels of heart rate variability (HRV) as surrogate
markers for ANS functioning seem to support this position.
The HR/HRV changes in individuals with major depressive
disorder (MDD) have been described for both short recordings
and psychological exposures, demonstrating robustness across
several conditions (2). While these changes are usually tested
in relatively short time intervals (i.e., minutes), pronounced
alterations in patients with MDD have also been described for
cardiac circadian rhythm variations. Compared to “normal”
circadian variation in the healthy population, early research
reports robustly reduced amplitudes of HR/HRV indexes in
depression using 24-h recordings (3–7). It is noteworthy that
altered amplitude of circadian rhythm is not only limited to
cardiac parameters but has also been observed for other measures
such as plasma cortisol, norepinephrine, or body temperature
(8), emphasizing that these alterations do not merely reflect
altered activity patterns but are a wide reaching and consistent
feature of MDD.

More recently, the application of cardiac parameters as
potential, non-invasive state markers for depression has been
discussed. The relevance for such markers would be highly
relevant for early warning mobile applications, but current real-
life studies for such applications are still sparse. Among the first to
experimentally demonstrate the potential of cardiac parameters
as state markers, Bylsma et al. (9) revealed normalization of
cardiovascular parameters in remitted patients toward controls
and compared to currently depressed patients in a cross-sectional
stress paradigm (9). However, treatment paradigms investigating
HRV indexes as potential state markers have shown mixed
results: While some found normalization toward controls after
antidepressant treatment for at least one HRV index (10–13),
others suggest HR/HRV is better used as a trait rather than
state marker for depression (3, 14–16). Nonetheless, usefulness
as a predictive marker for treatment response prediction was
achieved in some of these reports. Notably, the study paradigms
used in the research described above focused on short-term
recordings during specific times of day or do not mention a
time of recording. Yet, in light of the established circadian
rhythm differences in MDD, circadian rhythm variations may
yield more insight and potentially more precise results as
biomarkers. Indeed, Saad et al. (17) have shown that night
recordings in particular might be useful markers for depression
(17). Recordings during sleep may constitute a more robust
biomarker, given the absence of conscious neural modulation

and external, potentially stressful stimuli or movement that
could obscure HR measurements. Given the new technical
advances, long-term, real-life monitoring with unobtrusive
hardware may therefore be a less-biased measure to assess
biomarkers for depression. Real-life home monitoring makes it
possible to correct movement artifacts and use circadian rhythm
variations as selective markers rather than as cofounding element
encountered in depression.

Regular antidepressant treatments can take weeks to months
before achieving the desired effect (18). Side effects of
treatment include, among others, weight gain or loss (19),
nausea, and altered activity/energy levels—all of which may
have an impact on HR/HRV indexes. Treatment with the
recent, rapid-acting antidepressant ketamine yields a unique
paradigm for testing whether changes in mood are associated
with changes in HR or HRV, without significant changes
of other covariates: Within a short period of time (usually
24–48 h), drastic improvements in mood can be seen in
a majority of patients with depression (20) with relapse
occurring within 7 days after administration of ketamine
(21). If HR and HRV indexes can be directly correlated
to changes in mood, treatment with ketamine may reveal
such associations.

The aim of this study is three-fold: First, we aim to
confirm circadian rhythm abnormalities in a well-defined
sample of patients with treatment-resistant depression (hereafter
referred to as “patients”) and matched controls using wearable
technology, with potential for clinically applicable remote
monitoring. Second, we aim to examine the potential of HR
and root mean square of successive difference (RMSSD), with
particular focus on the night period, as a biomarker to correctly
categorize patients and controls. Third, we aim to assess HR
and RMSSD before and after antidepressant treatment with a
single dose of ketamine or placebo to assess its applicability
for treatment response prediction and as a state marker
of depression. We hypothesize a different circadian rhythm
between depressed and control groups, as evidenced by a
lower amplitude, and hypothesize that real-life psychophysiology
monitoring can be used to accurately distinguish patients with
MDD from controls. Lastly, we hypothesize that cardiovascular
parameters predict treatment response to ketamine and improve
with mood.

METHODS

This study was approved by the Ethics Committee Research
UZ/KU Leuven, and written informed consent was obtained
from all participants prior to any study-related procedure.
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Participants
For this report, 32 participants were available.
Psychophysiological data was available for 16 adult patients
satisfying diagnostic criteria for MDD, without psychotic
features [DSM-IV 296.22, 296.23, 296.32, or 296.33, n = 13,
or bipolar disorder (BPD) type I or II in a depressed episode
without recent (hypo)manic episodes: DSM-IV 296.89] as per the
Diagnostic and Statistical Manual of Mental Disorders–Fourth
Edition Text Revised (DSM-IV-TR; n = 3), and 16 sex-matched
controls with comparable age was available from the FEEDBACK
Trial (ethical registration number S59102, EU Clinical Trials
registration number 2016-001715-21). The trial was stopped
after the foreseen recruitment period (see CONSORT flow
diagram in Supplementary Figure 1). Depression diagnosis
was confirmed by correspondence with treating physicians
and/or psychiatrists and independent validation using the
Dutch Version of the Mini International Neuropsychiatric
Interview 5.0 (MINI) (22) as diagnostic interview by a trained
psychologist or psychiatrist. To be included, patients (with
MDD and BPD) needed to have at least moderate depressive
symptoms as determined by a depression score of 17 or above
on the Hamilton Rating Scale for Depression (HRSD) (23),
must have had at least two courses of different antidepressant
medication, or for BPD 2 courses of antidepressant/lithium, and
were currently not taking anti-inflammatory medication (e.g.,
no systematic use of corticosteroids, antipyretics, antibiotics,
or non-steroidal anti-inflammatory drugs on a regular basis;
other drugs were evaluated on a case-to-case basis). Patients
with BPD needed to be taking mood-stabilizing medication 4
weeks prior to and throughout the study. Patients and controls
had to be free of cardiovascular disease (additionally confirmed
with an ECG), show no signs of hypertension (diastolic blood
pressure <90 mmHg), and were free from a history of drug
abuse. Concomitant antidepressant medication was allowed but
limited to four concurrent psychotropic medications and had to
be kept on a stable dose for at least 30 days before the start of the
study. Patients had to be naïve to ketamine treatment in order to
participate. Demographic data and comparisons can be found in
Table 1 and Supplementary Table 1.

Questionnaires
Depressive symptom severity was determined using the
HRSD 17-item version, and participants completed the Quick
Inventory of Depressive Symptomatology (self-rated version). In
addition, the Depression Anxiety and Stress Scale (DASS) was
administered. During the psychophysiological data collection
phase, participants were also invited to indicate whether they
had subjectively slept well (yes/no) every morning before 10 a.m.,
using a questionnaire on a smartphone.

Study Design and Ketamine Treatment
The current study was a two-center, multiple-phase, randomized
controlled trial with parallel arms of ketamine/placebo treatment
in diagnosed patients with MDD and incomplete response
to antidepressant therapy. The study consisted of a baseline
phase including collection of questionnaires, blood samples
(not reported), 4 days of psychophysiological (ECG) at home,

and 6 days of ecological momentary assessment sampling
(not reported). Second, there was a treatment intervention
that consisted of one placebo-controlled administration of
intravenous (R,S) ketamine in a 2:1 ratio of ketamine/placebo.
The study medication/placebo was prepared per protocol by the
designated pharmacies. Subjects with MDD were randomized
to one single administration of intravenous ketamine (0.5
mg/kg, 40min infusion) or an equal amount/duration of
saline solution. The infusion was identical for both products,
performed with an automatic infusion pump under supervision
of an anesthesiologist. The treatment phase was followed by
a follow-up phase identical to the baseline measurements (4
days of psychophysiological recording). We allowed for a 4-h
recovery period after ketamine administration before starting the
recording in order for the acute effects of ketamine to dissipate.
Healthy controls only completed the baseline assessment. An
overview of the study design can be found in Figure 1.

Randomization Procedure
Upon entry into the study (screening), patients were attributed
the next number in the list of available study participant
numbers, which was a three-number code generated at random.
This number was matched to a randomization code for
ketamine/placebo that had been created and matched by a
third party (Johnson and Johnson pharmaceuticals) with a 1:2
allocation ratio (placebo/ketamine) per block of 20 individuals.
The codes were directly transmitted to the pharmacy and were
stored in a folder inaccessible to any person other than the
designated study pharmacist. All study employees directly or
indirectly involved with the patient (except for the pharmacy)
had no access to randomization codes at any time, until
sealing of the electronic case reporting form at the end of the
complete study.

Treatment Response to Ketamine/Placebo
For the purpose of this study, we distinguished two groups:
non-responders, defined as <30% reduction of HRSD
(non-responders) between pre-assessment and 24 h post-
administration and a second group of “responders,” consisting
of partial responders and full responders [change score of at
least 30% as proposed by Irwin et al. (24) and 50%; e.g., (25),
respectively]. Additionally, to achieve more power, we used
change scores on the HRSD from baseline to 24 h post-ketamine
as secondary outcome point.

Devices
The participants were provided with a wireless chest patch
“BioTel Research ePatch” (Biotelemetry, Horsholm, Denmark).
The chest patch measures a 2-lead ECG at 256Hz and
acceleration (ACC) at 32Hz. The participants wore the patch
both day and night. The participants were asked to wear the
sensor for the entire recording period. Exceptions were permitted
if sensors were experienced as disagreeable during the night (two
occurrences, one patient and one control during one night).
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TABLE 1 | Demographic data.

Controls, n = 16 Patients, n = 16 t-Value/X² p-Value

Mean SD Mean SD

Age 43.62 12.57 46 12.29 −0.54 0.593 ns

BMI 24.61 4.24 30.48 5.24 −3.48 0.002**

HRSD 2.12 2.0 21.88 4.26 −16.81 <0.001***

QIDS 2 2.39 18,50 3.08 −16.93 <0.001***

Smoking 12% 19% – 0.237 0.626 ns

Sex female 69% – 69% – 0 1 ns

HR (bpm) 62.44 5.33 77.79 9.53 −5.62 <0.001***

RMSSD (ms) 69.64 20.5 38.88 14.34 4.96 <0.001***

Std. ACC 0.05 0.01 0.03 0.01 6.39 <0.001***

Antidepressant medication n %

SSRI/SNRI/SARI – – 11 69% – –

TCA/TECA – – 5 31% – –

Benzodiazepines/Atypical/Other – – 14 88% – –

Unmedicated 0 0%

Differences are indicated for healthy controls and patients, matched for sex and of similar age. For wearable data of patients, pre- and post-treatment phases are taken into account.

BMI, body mass index; HRSD, Hamilton Ratings Scale for Depression; QIDS-SR, Quick Inventory of Depressive Symptomatology Self-Rated version; HR, heart rate at baseline; RMSSD,

root mean square of successive differences at baseline; Std ACC, unfiltered standard deviation of the activity index. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Bold values

indicate significant results.

FIGURE 1 | Overview of the study design. Both patients and controls

completed a pre-phase (“baseline”) of 6 days, with a portable ECG recording

during the first 4 days. Only patients proceeded to a treatment with either

ketamine (66%) or placebo (33%) and a subsequent follow-up phase of 6 days

(out of which 4 days with psychophysiological recording). Responder status

was assessed 24 h post-ketamine administration.

Feature Calculation
Two features were calculated from the ECG signal: the mean
HR and the root mean square of the successive differences
(RMSSD) in RR peaks. We selected RMSSD as it has been shown
to be an indicator for cardiac vagal modulation and thus may
provide information regarding differences in parasympathetic
ANS activation. Choosing high-frequency heart rate variability
(HF-HRV) as an indicator for cardiac vagal activation is less

suitable for our data since we were unable to accurately address
respiratory activation. Both features were calculated in a window
of 5min (overlap of 4min), which is the minimum window
required to calculate HRV features (26). The activity level of
the participants was calculated as the standard deviation of the
magnitude of acceleration as derived from the accelerometer of
the ECG patch. In accordance with the ECG features, activity
levels were calculated in windows of 5min with 4-min overlap.

Quality and Activity Filtering
The quality of ambulant physiological recordings may be affected
by artifacts from motion and poor sensor attachment. Therefore,
a quality indicator was assigned to every 10-s segment of the
signal. The quality indicator is based on research published by
Orphanidou et al. (27). In order to qualify as “high quality,” two
steps are passed: In the first step, the algorithm performs a beat
detection and assesses the derived output for the satisfaction of
three criteria: (a) a physiologically plausible HR (e.g., between 40
and 180 bpm), (b) a criterion establishing a maximum distance
between adjacent RR peaks (3 s), and (c) a cut-off value for the
ratio of minimum and maximum beat-to-beat interval length for
each identified segment (>2.2). These criteria have shown to be
excellent indicators for detection of artifacts (27, 28). If all three
rules are satisfied, the algorithm proceeds to the second step,
consisting of adaptive QRS template matching. If the segment
is irregular in morphology, it is assumed to be affected by an
artifact, resulting in a bad quality label (0). In case of a high
level of regularity, the segment is reported as good quality (1).
In addition to the algorithm, random checks of 10 segments (5
high- and 5 low-quality segments) were verified manually using
KUBIOS software 2.0, which agreed with the algorithm. The
resulting data was filtered using the QI. All 5-min windows with
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an average QI below 0.8 were excluded. In addition, following
Smets et al. (28), all segments of high activity (std ACC > 0.04)
were excluded as well in order to obtain a clear result in absence
of the confounding effect of physical activity. Lastly, all retained
windows were averaged into either hourly measurements or
blocks of 6 h depending on the analysis.

General Activity Index
To assess general activity levels of participants, we used
the standard deviation of the overall magnitude of the
activity during the entire assessment period, unfiltered for
high activity, as an indicator for overall activity in patients
and controls.

Statistical Analysis
All statistical analysis was performed in R version 3.6.1. Graphical
representations were performed with GraphPad Prism version
8.1.1 and Python version 2.7. Data analysis was performed on all
available data with sufficient quality and filtered for high activity
levels as described in the Feature calculation section. Due to slight
deviations for model assumptions, data was log transformed.

In a linear mixed model with random intercept per subject,
we predicted ECG outcome variable (HR/HR variability indexes)
with the independent variables group, age, sex, body mass index
(BMI), and overall activity index. As there are well-known
circadian effects of HR and HR variability, we also introduced
the first (e.g., per 24 h) and second (e.g., per 12 h) harmonic
regression coefficient for time as described in the literature (29).
The final model was selected using backwards stepwise regression
(model selection based on p-value). Secondly, because we were
interested in distinction capacity at night, we tested the average
data of day (12:00–18:00 h) and night (00:00–06:00 h) periods
for classification performance using a binary logistic regression
with leave-one-out cross-validation [caret package in R (30)].
Additionally, we repeated the analysis for the hour block with
identical activity patterns in both groups.

To determine the effects of treatment on the link between
cardiovascular parameters andmood, we conducted two analyses
within the MDD patients. First, we assessed whether baseline
HR/HRV was different between responders and non-responders
for the entire phase. Associations were tested with Spearman’s
rank correlation between baseline HR/RMSSD and change scores
on the HRSD (i.e., the change of depressive symptomatology
between baseline and day 9). Second, we ran a linear mixed
model including treatment phase (pre- or post-treatment) into
the model.

Lastly, since we were not aware of any study design that could
be used to estimate effect sizes, we also set out to explore the effect
size for this kind of analysis and thus estimate the number of
participants needed to reach sufficient power. For this purpose,
we simulated a dataset based on expected estimates for 60
participants using the package SimR (31). Given the difficulty of
recruiting patients for the trial and loss of data due to insufficient
quality of the recording, we only achieved to recruit 32 people
with valid ECG information (see CONSORT Flow diagram in
Supplementary Figure 1 for an overview). We therefore also

added post-hoc power calculation for 32 people, on simulated
data (see Supplementary Information 1 for power calculations).

RESULTS

Demographics and Physiological Data
Description
Sixteen patients were matched with 16 controls of similar age
and the same sex. Demographic data can be found in Table 1.
No significant differences were present for age and sex, and BMI
was higher in the depressed population, as expected. Patients
had significantly higher depression scores, higher HR, and lower
RMSSD (both p < 0.001, see Table 1). Measures of clinician-
rated and self-rated depression both indicated a moderately to
severely depressed group (23). After filtering for quality and
activity as described in the Methods section, we retained an
average of 37.53 (SD 10.39) full hours of physiological recording
for controls and 48.43 h (SD 16.91) for patients, spread over
the entire period of approximately 84 h. For the post-ketamine
period, 13 participants had data with sufficient quality to use (2
placebo and 11 ketamine). After filtering for quality and activity
as described in the Methods section, we retained an average of
54.03 h (SD 12.96) in the post-treatment phase.

Psychophysiological Group Differences in
Depression
A good model fit was achieved for the final model predicting
circadian variations in HR (conditional R squared: 0.75) and
RMSSD (conditional R squared: 0.56). The significant main
effects for HR included group, age, and circadian rhythm.
Subjective sleep quality did not influence HR levels neither
during night (b = 0.02, t = 0.68, p = 0.503) nor during day (b
= −0.01, t = −0.33, p = 0.744). Significant effects for RMSSD
emerged for group, sex, and circadian rhythm. Again, sleep
quality did not influence RMSSD levels during the night (b =

−0.08, t = −1.00, p = 0.323) and day (b = −0.06, t = −0.92,
p = 0.360). A detailed overview of model statistics can be found
in Table 2. Figures 2A,B display group differences per time point
for HR and RMSSD, respectively. BMI and overall standard
activity did not contribute to either model and were therefore not
selected in the final models.

Circadian Rhythm Variation Differs per
Group
Importantly, a group × circadian rhythm interaction emerged
for HR [Table 2(A)] and RMSSD [Table 2(B)], showing altered
circadian rhythm variation per group. Figure 2C shows the
HR model simulation of circadian rhythms. Figure 2D shows
the simulated model for RMSSD. Healthy controls showed
higher amplitude in their overall HR circadian rhythm with
a prominent drop during night (10 p.m.−6 a.m.) and a steep
rise in the morning (6 a.m.−3 p.m.). Circadian variations of
healthy controls also showed a 12-h variation, as reflected by an
intermediate decrease of HR in the afternoon (3 p.m.). While
patients exhibited similar HR circadian rhythm variation, the
overall variation was less pronounced, as evidenced by the three
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TABLE 2 | Results of linear mixed models.

Estimate t-Value p-Value

A

Group 0.221 6.477 <0.001***

Age −0.176 −2.908 0.007**

sin[2 × pi/24 × (t)] −0.108 −24.935 <0.001***

cos[2 × pi/24 × (t)] −0.087 −19.835 <0.001***

sin[2 × pi/12 × (t)] −0.033 −7.638 <0.001***

cos[2 × pi/12 × (t)] 0.017 5.740 <0.001***

Group × sin[2 × pi/24 × (t)] 0.037 6.191 <0.001***

Group × cos[2 × pi/24 × (t)] 0.055 9.151 <0.001***

Group × sin[2 × pi/12 × (t)] 0.026 4.320 <0.001***

B

Group −0.632 −5,981 <0.001***

Sex2 0.320 2,806 0.009**

sin[2 × pi/24 × (t)] 0.012 0.708 0.479

cos[2 × pi/24 × (t)] −0.008 −0.464 0.642

sin[2 × pi/12 × (t)] −0.025 −2,001 0.046*

Group × sin[2 × pi/24 × (t)] −0.083 −3,403 <0.001***

Group × cos[2 × pi/24 × (t)] −0.077 −3,125 0.002**

(A) Heart rate. Results are presented for significant terms of the linear mixed model

predicting heart rate after log transformation, with random intercept. Sine and cosine

terms are indicated for 24-h cycles and for 12-h cycles, respectively. Estimates for group

and group × harmonic regression terms interactions are indicated for the depression

group. (B) RMSSD. Results are presented for significant terms of the linear mixed model

predicting RMSSD after log transformation, with random intercept. RMSSD, root mean

square of successive differences. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

Bold values indicate significant results.

significant group × harmonic terms interactions that reflect a
reduction of amplitude and variation of circadian rhythm.

For RMSSD, healthy controls showed several smaller
fluctuations throughout the day, while the patient group showed
a single, slow increase of relatively larger magnitude, reaching
a plateau in the early to late afternoon (11 a.m.−6 p.m.). While
the increase was relatively larger in the patient group, the general
group difference showing lower RMSSD in patients remained
intact when testing the two most similar scores between
groups (hour block 11–12 smallest difference, t = −2.37, df =

28.65, p-value = 0.025). For a summary of the functions for
harmonic regression terms, see Supplementary Figure 2 and
Supplementary Table 2.

Classification of Groups
Since HR and HRV levels are known to be significantly different
between patients and controls (32), as a next step, we tested
whether we could determine group membership, with particular
focus on the pronounced differences in the “night” compared
to the “day” period. Although we filtered data on activity such
that only low activity data were included, an impact of activity
cannot be excluded. We therefore repeated analysis for the hour
block showing the lowest activity patterns in both control and
depressed groups (hour block 2, see Supplementary Figure 3).

Classification results showed excellent accuracy for the log
of HR (day accuracy: 81.25%, kappa: 62.5%; night accuracy:

90.63%, kappa: 81.25%) and RMSSD (day accuracy: 71.88, kappa:
43.75%; night accuracy: 81.25%, kappa: 62.5%). The combination
of HR and RMSSD did not outperform HR as predictor alone
(day accuracy: 78.13, kappa: 56.25; night accuracy: 87.5%, kappa:
75.0%). During night, 14 controls and 15 patients were classified
correctly based on HR. Results were essentially equal for hour
block 2 (2–3 a.m.).

Response Prediction
In order to determine whether treatment response was associated
with baseline HR/RMSSD levels, we assessed the difference of
HR/RMSSD by responder status. There were no significant
differences between responders (n = 6) and non-responders (n
= 7), neither for HR nor RMSSD. A positive correlation between
baseline levels of HR and treatment change scores on the HDRS
(pre-post scores) emerged after excluding an outlier based on an
unlikely value of more than themeanHR plus two times standard
deviation (e.g., HR > 99.96) (Spearman’s r = 0.55, 95% CI: 0.01–
0.84, p = 0.046; including the outlier Spearman’s r = 0.31, 95%
CI: −0.22–0.70, p = 0.24). Analysis by groups (responders/non-
responders) revealed no significant differences (difference: 8.1,
95% CI:−2.60–16.60, p= 0.152) (Figures 3A,B).

Treatment Effects
Thirteen of the 16 patients had data for the post-treatment
period. A significant effect emerged comparing pre- and post-
phases, showing lower levels of HR in the post-phase (b= 0.03, t
= 5.77, p< 0.001) but no significant change of levels occurred for
RMSSD (b = 0.02, t = 1.05, p = 0.295). However, a comparison
of HR levels in the post-phase with healthy control levels (pre-
phase) still showed significant group effects (overall: b = 0.16,
t = 4.41, p < 0.001) (Figure 4). A single infusion of ketamine
did show a reductive effect of HR in the post-phase (ketamine:
b = 0.01, t = 3.10, p = 0.002). Since only two patients from the
placebo group had pre- and post-data available, the effect for the
placebo group was not explored any further.

DISCUSSION

In this small dataset of treatment-resistant patients with
depression, we show that the well-established association of
higher HR and lower RMSSD levels with depression remains
intact at all times of a 24-h day, with the strongest differences
during the night. The period between 2 and 3 a.m. in particular
may be pertinent to assess HR as a biomarker for depression.
Patients with depression show a markedly reduced amplitude
for HR and less daily fluctuations for RMSSD. However, while
baseline HR levels may show potential for treatment response
prediction, in these preliminary results, we could not confirm
previous studies showing potential for physiological measures as
state markers of depression.

Baseline and Circadian Rhythm
Differences in Depression
While short-term recordings have established baseline
differences including high HR and low RMSSD in depression
(32, 33), only little recent research has focused on cardiac
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FIGURE 2 | The 24-h cycle averaged over the entire recording period of 4 days. (A) Mean heart rate data in beats per minute (bpm) of patients (red) and controls

(black). Clear group differences can be observed. (B) Mean RMSSD in milliseconds (ms) for patients (red) and controls (black). (C) Simulation of the regression line

fitted to the data for heart rate (HR). (D) Simulation of the regression line fitted to the data for root mean square of successive differences (RMSSD).

FIGURE 3 | (A) Correlation of Hamilton Rating scale for depression score between baseline and 24 h post-treatment with baseline HR levels (B) Baseline HR levels

grouped by response [no response: <30% reduction of Hamilton Rating Scale for Depression (HRSD), yes response ≥30% reduction on the HRSD].

circadian rhythm abnormalities in depression. Early studies
have shown that a diagnosis of depression, possibly combined
with anxiety, is associated with higher HR and lower HRV

in overall 24-h recordings and that HR remains elevated in
depressed patients during sleep (6, 34, 35). Taillard et al. (6)
showed that the abnormalities in depression particularly involve
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FIGURE 4 | (A) Comparison of pre- and post-treatment phase regardless of treatment. Patients (n = 13) showed significant drops in heart rate levels in the

post-treatment phase (p < 0.001). The black line shows the control data collected at baseline, in order to provide a reference for the effect magnitude. (B) Effect in all

responders independent from treatment (ketamine or placebo). (C) Effect in all non-responders independent from treatment (ketamine or placebo).

the HR amplitude indicated by a flattened rise of HR during
the day and reduced decrease during the night using the
simple cosinor method. Here, we replicate this finding using a
customized approach with four different harmonic regression
terms and activity-filtered, continuous data. Our results suggest
that patients have a markedly reduced amplitude compared to
controls and show reduced fluctuation in the 12-h period. Albeit
these observations were made in a small group of patients, this
could point toward a more rigid response system and/or an
exhausted responsiveness to stress in depression.

Classification of Patients With Depression
We achieved very accurate classification of patients and controls
using HR and significant, but slightly diminished, accuracy

for RMSSD. This confirmed these indexes as accurate trait
markers for depression and identified a particular time window
that can be used. Attempts of classification based on short-
term physiological recordings have been made before (2, 36),
achieving a moderate-to-good accuracy, but classifications based
on long-term or night data are limited. Few studies attempted to
classify patients based on longitudinal physiological data. Gaetz
et al. (34) found a rather poor classification accuracy when
using the diurnal physiological measures, but much improved
accuracy (70.2%) when using nighttime data. Saad et al. (17)
were able to classify depressed patients with sleep abnormalities.
The authors showed accurate distinction between patients and
controls based on HR and EEG parameters (79.9%) (17). While
highly informative, this approach precludes application in a
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home setting due to recording of an EEG. Here, we establish
a very high accuracy by ECG recording filtered for activity;
albeit in a small dataset, our classification accuracy suggests great
clinical applicability, given the relative ease of application for
the procedure.

Classification at night is of particular interest, given that the
nighttime is a “resetting point” for the ANS. Contrarily to the day
trend for an increase in HR and decrease of HRV, the night phase
is usually characterized by a decrease of sympathetic nervous
system activity and an increase in parasympathetic activity (37).
The higher HR levels and lower RMSSD could indeed point
toward a dysfunctional recovery at night. Our results suggest that
ECGmonitoring, particularly at night, might be a very promising
and easily applicable non-invasive biomarker.

Treatment Response Prediction Based
on HR
A biomarker for depression naturally achieves great applicability
if it can predict (early) treatment response or can identify
depressive states rather than being stable over time. Here,
we showed a small positive association of baseline HR with
improvement of depressive symptoms after a single ketamine
administration, if an outlier was excluded. This may point to a
possible effect for HR as a response predictor, but will need to
be confirmed, given our low sample size and the high variability
of this effect. It should be noted that ketamine itself has effects
on cardiovascular output: several studies have reported increased
HR during and immediately after ketamine infusion (38, 39). A
recent study in healthy volunteers has shown that ketamine can
increase HR significantly during a 120-min recording period (39)
and generally reduces HF-HRV (40).

Indeed, next to antagonizing the N-methyl-D-aspartic
acid receptor, ketamine also affects several other receptors,
among which are muscarinic receptors (41), thereby reducing
parasympathetic activity. This can result in higher HR and
lower levels of measures for parasympathetic activity (such
as RMSSD), which has indeed been observed before (40, 42).
However, nearly no studies have investigated the cardiovascular
effects of ketamine when given in doses relevant for depression
treatment, since most studies investigated ketamine as an
anesthetic agent. In addition, here we omitted the 4 h following
ketamine infusion to allow for the immediate effects to dissipate.
Interestingly, a recent study also investigated the use of HR
for response prediction to ketamine for depression: Similar
to the here-reported results, Meyer et al. (43) have found HR
to be significantly higher in responders, supporting a possible
predictive value of HR for (ketamine) treatment outcome
and warranting further research into the relationship between
low-dose ketamine and HR.

The relationship between antidepressant responses
and conventional medication may also contribute to the
understanding of the association between cardiovascular
parameters and mood: Hage et al. (16) showed higher low-
frequency (LF) HRV and respiratory sinus arrhythmia in
responders, and Glassman et al. (3) showed an association of
LF-HRV with improvements in mood. Yet, opposed findings

have also been reported: Hartmann et al. (11) found no
association of baseline HRV, and Choi et al. (44) reported an
association of lower baseline HR with treatment response. A
recent large-scale study by Kircanski et al. (45) may shed light
on these apparent incongruences: In their 8-week treatment
paradigm with venlafaxine, sertraline, or escitalopram, anxious
symptomatology in depression played a defining role. While
a positive correlation of HR and treatment response emerged
for depressed patients with anxious symptoms, this was not
true for those without anxious symptoms (45). A similar
association emerged for RMSSD, where higher levels of RMSSD
in the anxious population were positively associated with
response rates. This large-scale study emphasizes the need for
a personalized medicine approach, including the individual
symptomatology of MDD patients for the selection of functional
treatment response predictors.

Modulation of ANS With Successful
Treatment?
Of particular interest is the question if HR and HRV
indexes normalize toward healthy controls (i.e., “improve”) in
congruence with amelioration of mood and have value as a state
marker of depression. Here, we indeed observed that HR levels
dropped significantly after treatment. However, this effect could
not be associated with treatment response, and no effect emerged
for RMSSD. The interaction effect showed that while HR and
depression severity were associated before treatment, this was
not the case after treatment. It is conceivable that a factor linked
to ketamine treatment per se or an external factor linked to
treatment (e.g., enhanced social interaction and activity) may
contribute to a drop in HR levels. Evidently, these conclusions
should be treated with caution, given the low sample size, and
future studies need to compare the effect between treatment and
responder groups.

While we now know that long-term consequences of
antidepressant treatment with tricyclic, serotonergic, or
noradrenergic agents include an increase of HR and reduction
of HRV, as was elegantly and extensively demonstrated by
Licht et al. (46) and in a meta-analysis by Kemp et al. (32)
[for tricyclic antidepressant (TCA) only], treatment response is
seldomly explored in association with HR and antidepressant
medication. Few studies have specifically investigated the effect
of HR/HRV with a link to treatment response: Hartmann et al.
(11) and Park et al. (13) have found an increase of HF-HRV
in patients responding to treatment, and Balogh et al. (10)
have found higher HRV indexes (SDNN, RMSSD) particularly
in responders to non-tricyclic antidepressant medication.
However, others have found no effect or even a decrease of
HRV parameters (RMSSD, HF-HRV, and LF-HRV) in response
to pharmacological treatment (3, 15, 16) and electroconvulsive
therapy (14). Yet, most studies have used relatively small sample
sizes, and the change of covariates linked to antidepressant
treatment (i.e., weight gain or enhanced activity) can play
important moderating roles of this effect. Future research should
be conducted as large-scale projects with emphasis on clinical
characteristics and change of covariates.
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LIMITATIONS

This study has a number of limitations. First, the small number of
participants does not allow for drawing robust conclusions based
on the results or for extrapolating to the general population.
However, the extremely high classification accuracy achieved
in this small sample does support our model for classification
approaches, although only with certainty for treatment-resistant
depressed patients as assessed here. Furthermore, others have
established chronotype as an important factor in circadian
rhythm analyses. The assessment of this variable is missing
here. Importantly, it was revealed that increased HR may be a
consequence of antidepressant medication, in particular TCAs
(47). Here, we assessed treatment-resistant depressed patients
who have been treated with various antidepressant medications
over several years, and all individuals tested were currently taking
one or more antidepressants, including those known to have
an impact on cardiovascular factors. The found alterations may
therefore also be due to treatment effects rather than depression
diagnosis per se or could be specific to treatment-resistant
patients and thus cannot be generalized to all depressed patients.
Furthermore, we also included three bipolar patients who,
although they did not have a recent (hypo)manic episode, might
affect the results. Since our data do not make it possible to control
for antidepressant effects, larger studies in unmedicated patients
are needed. In addition, patients in the ketamine group may
have suspected to be in the verum group, since saline solution
should not provoke any side effects. An active comparator like
midazolam should be used in future studies. Lastly, sincemultiple
doses of ketamine may show better response, future studies
should use ketamine in a multiple-dose design.

CONCLUSION

We confirm the value of HR/HRV as a trait marker for
MDD: Increased HR and decreased HRV are striking
hallmarks of depression, throughout both the day and
night, with HR at 2–3 a.m. achieving excellent classification
accuracy (90.6%). This might constitute a very reliable
and easily accessible biomarker for depression. However,
while these indexes may have some predictive potential for
treatment response, we cannot confirm its relevance as a
state marker for depression when using a single infusion
of ketamine.
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