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Background: Heart rate variability (HRV) and respiratory sinus arrhythmia (RSA) are
indices of cardiac autonomic and cardiac vagal control (CVC), both of which are markers
of emotional regulation and physical health. This study examined (1) the differences
in cardiac autonomic regulation and CVC during baseline, depressive, and happiness
autobiographical memory tasks between participants with major depressive disorder
(MDD group) and healthy controls (HC group); (2) the associations between depressive
symptoms and cardiac autonomic and CVC; and (3) the reactivity and recovery of cardiac
autonomic and CVC between the MDD and HC groups.

Methods: A total of 168 and 178 participants were included in the MDD and HC groups,
respectively. Demographic data and the Beck Depression Inventory-Il were collected
before the experimental procedure. Lead Il electrocardiograph (ECG) was measured
during baseline, depressive, and happiness autobiographical memory tasks, and then
interbeat intervals from ECG were converted to the time and frequency domains of HRV
and RSA.

Results: The participants in the MDD group showed lower HRV (including standard
deviation of normal to normal intervals, low frequency, the natural logarithm of low
frequency, and the natural logarithm of high frequency) and CVC (RSA and InRSA) than
those in the HC group. Depressive symptoms were positively correlated with heart rate
and negatively correlated with the indices of cardiac autonomic and CVC. There was
significantly increased reactivity and recovery of cardiac autonomic and CVC during and
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after depressive and happiness autobiographical memory tasks in the HC group, but not

in the MDD group.

Discussion: Participants with MDD had cardiac autonomic and CVC dysregulation,
decreased reactivity, and did not recover to baseline after emotional provocations. These
results can be the theoretical basis for clinical intervention by using HRV biofeedback
to restore cardiac autonomic regulation and CVC during and after emotional events in

the future.

Keywords: cardiac autonomic, cardiac vagal control, depression, heart rate variability, respiratory sinus

arrhythmia

INTRODUCTION

Dysregulation in cardiac autonomic and cardiac vagal control
(CVC) includes sympathetic nervous system (SNS) hyperactivity
and/or parasympathetic nervous system (PNS) hypoactivity,
also called vagal withdrawal (1). This dysregulation is widely
viewed as an index of capacity, adaptation, and flexibility in
emotional regulation in patients with major depressive disorder
[MDD; (1-3)]. Heart rate variability (HRV) and respiratory sinus
arrhythmia (RSA) were measured using electrocardiography
(ECG), which has the advantages of being noninvasive, cost-
effective, continually tracking the changes in different situations,
and is a common biomarker of cardiac autonomic regulation and
CVC (4-6).

Two pathophysiological mechanisms of cardiac autonomic
regulation and CVC are present in MDD. First, SNS hyperactivity
(4-6), one study reported lower interbeat intervals (IBIs),
frequency/high frequency (LF/HF) ratios, and higher heart rates
in 498 unmedicated patients with MDD than that in 462 healthy
controls (HC group; (7)). Second, for PNS or vagal withdrawal,
two meta-analysis studies reported lower resting HRV in the
MDD group than in the HC group (8, 9). Kemp et al. included
18 case-controlled studies and found a reduced resting high
frequency (HF) of HRV in 401 patients with MDD compared
to 407 HC (8). Koenig et al. included six studies that included
99 MDD and 160 HC, and the results found reduced resting HF
of HRV in the MDD group (9). Moreover, some original studies
also reported lower low frequency (LF) HRV (7), HF (7, 8, 10—
12), a standard deviation of normal to normal intervals (SDNN),
root mean square of the successive differences, number of pairs
of successive NNs that differ by more than 50 ms (NN50), and
the percentage of NN50 (11-14) in the MDD group than in the
HC group.

Two theories link cardiac autonomic, CVC, and emotional
regulation. First, polyvagal theory (15) states that appropriate
physiological and behavioral states can facilitate prosocial
behavior. Second, the neurovisceral integration model (16)
indicates that the vagus nerve integrates the prefrontal cortex
and heart rhythm and that people have positive outcomes
in executive functions, emotion, and health. However, these
theories focus on the resting baseline and do not explore cardiac
autonomic regulation and CVC under different situations.
Recently, the vagal tank theory (17) emphasized CVC under
different situations, including resting, reactivity, and recovery,

and extended this theory to neurophysiological, cognitive, and
social interactions. The reactivity of cardiac autonomic and CVC
refers to the changes in HRV or CVC values from a resting
baseline to an experimental/emotional task. The recovery of
cardiac autonomic and CVC represents the change from an
experimental/emotional task to a period after that event. The
vagal tank theory hypothesizes that in the process of adaptation
and emotional regulation, cardiac autonomic and CVC values
may decrease or increase during the event and then cause faster
or longer cardiac autonomic and CVC values to return to the
resting baseline (4, 6, 18, 19).

Regarding resting HRV and RSA values, patients with
MDD had reduced vagal modulation at the resting baseline
(20, 21). Rottenberg et al. indicated that low CVC was
related to decreased cardiac outflow, low HRV, decreased social
engagement, and a lack of flexibility to cope with environmental
demands (22). Patients with MDD tend to exhibit inactivity,
flat facial expression, lack of gaze behavior, less eye contact in
social interaction, and constricted and stereotyped emotional
responses in laboratory situations (22, 23). Rottenbergs (6)
meta-analysis found a reduced resting CVC in 262 patients
with MDD compared to 334 HC. Licht et al. (24) found a
lower RSA and SDNN in the 1,849 Netherlands MDD group
than in the 524 HC group. Some studies have found that low
RSA and HF of HRV are related to emotional dysregulation
and social dysfunction in MDD when they counter social
interaction (6, 19, 24). Therefore, the aforementioned studies
support higher SNS, lower PNS, and lower CVC during
the resting baseline in the MDD group than in the HC
group (1, 13).

Some studies have used a cognition task (e.g., challenging
task, speech task, or mirror tracing task) or a sad video
to examine the reactivity and recovery of HRV and RSA
related to cardiac autonomic regulation and CVC. Cyranowski
et al. (25) used a speech task to decrease CVC activation
and a relationship imagery task to increase CVC activation.
The results showed CVC withdrawal during the speech
task and a lack of recovery to baseline after 1h of the
speech task in the MDD group. Furthermore, the MDD
group did not show increased CVC activation during the
relationship imagery task. These results indicated reduced
cardiac autonomic and CVC during a cognition task in
both MDD and HC groups. The participants in the HC
group recovered to the baseline, but patients with MDD
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did not recover to the baseline, which was related to their
vagal withdrawal.

Other studies have reported atypically increased PNS or CVC
and decreased SNS during or after an experimental task in the
MDD group. Shinba (10) compared 22 drug-naive depressed
patients with 47 age- and sex-matched HC groups at baseline,
during, and after a cognitive challenge task. The results showed
lower HF and higher LF/HF ratio during the challenging task in
the HC group but not in the MDD group. This result indicated
decreased PNS regulation and increased SNS activation during
cognitive stress in the HC group but not in the MDD group.
Rottenberg et al. (26) showed a sad video to the MDD and HC
groups; participants who were crying after watching a sad video
had increased RSA (CVC) in the HC group, which was called
vagal rebound. Rottenberg et al. (18) also found vagal rebound
after speech and mirror tracing tasks in the HC group. However,
the vagal rebound has not been observed in patients with MDD.
These phenomena are considered flexible or adaptive (19), and
evidence indicates that moderate reactivity of autonomic and
CVC is most adaptive, while too less or too much reactivity may
be considered maladaptive (27).

Patients with MDD frequently ruminate or recall negative
events and experience depressive moods. Previous studies have

indicated the positive autobiographical memory deficit that
patients with MDD have difficulty in recalling the positive
events in their daily life (28). Given that the examined
reactivity and recovery of the cardiac autonomic regulation
and CVC during and after social interactions is relatively
new, especially for participants depressive and happiness
autobiographical memories.

The aims of this study were as follows: (1) to investigate
the group differences in cardiac autonomic regulation and CVC
during baseline between the MDD and HC groups; (2) to
examine group differences in the reactivity and recovery of
cardiac autonomic and CVC during depressive and happiness
autobiographical memory tasks in the MDD and HC groups;
and (3) to examine the association between depressive symptoms
and indices of cardiac autonomic and CVC. We hypothesized
that participants’ flexibility or fluctuation of cardiac autonomic
and CVC were impaired in the MDD group but not in the
control group. Therefore, decreased reactivity of HRV and
RSA indices, and faster recovery after depressive and happiness
autobiographical memory tasks were found in the HC group,
but not in the MDD group. There were negative correlations
between depressive symptoms and cardiac autonomic and
CVC indices.
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MATERIALS AND METHODS

Participants

Participants were recruited from the outpatient clinics of the
Department of Psychiatry at Kaohsiung Medical University
Hospital, Kaohsiung Municipal SiaoGang Hospital, Kaohsiung
Municipal Ta-Tung Hospital, and Kaohsiung Chang Gung
Memorial Hospital. The inclusion criteria for patients
with MDD were diagnosed by psychiatrists based on the
Diagnostic and Statistical Manual of Mental Disorders,
fifth version (29). Participants in the MDD group had
no current or past physical illness (e.g., cardiovascular
disease, cancer, liver, or kidney disease) and no severe
psychiatric disorder except for MDD or MDD comorbid
with anxiety disorder.

The participants in the HC group were recruited from the
Health Management Center of Kaohsiung Medical University
Hospital, college students at Kaohsiung Medical University, and
the community of Kaohsiung city. The participants aged between
20 and 75 years, had no current or past physical illness (e.g.,
cardiovascular disease, cancer, liver, or kidney disease), and

had no severe psychiatric disorder (e.g., schizophrenia, bipolar
disorder, or dementia).

Institutional review board approval was obtained from the
ethics committees of Kaohsiung Medical University Hospital
and Kaohsiung Chang Gung Memorial Hospital, Taiwan, and
informed consent was obtained from each participant before the
study. Participants received approximately USD 11 (N'T$300) as
compensation for their participation.

Materials and Measurements

Demographic characteristics and the Beck Depression Inventory-
II (BDI-II) scores were collected before the experimental
procedure. Disease history and medications were obtained from
medical records, and electrocardiography (ECG) was measured
during the experimental stages for all participants.

The BDI-II is a self-report inventory that includes 21-item,
four-point Likert questions to assess depressive symptoms in
the period of 2 weeks before the study, such as sadness,
pessimism, past failure, loss of pleasure, and feelings of guilt
(30). The total score of depression ranged from 0 to 63, with

TABLE 1 | Demographic characteristics and research variables between the MDD and HC groups (N = 346).

Variables MDD group HC group F/x? p

(n =168) (n=178)
Age 42.72 (13.84) 40.26 (13.07) 2.89 0.090
Sex
Female, n (%) 122 (72.62%) 112 (62.92%) 3.71 0.054
Male, n (%) 46 (27.38%) 66 (37.08%)
Body mass index 23.68 (4.66) 23.56 (3.48) 0.07 0.787
Medications
Antidepressants 145 (41.9%) N/A
Benzodiazepine andanxiolytics 105 (30.3%) N/A
Hypnotics/sedatives 37 (10.7%) N/A
Others 48 (13.9%) N/A
BDI-II
Total depression score 30.83 (10.28) 3.85(3.31) 1104.99** < 0.001
Cognitive depression 22.74 (8.65) 2.15(2.29) 938.95"** < 0.001
Somatic depression 8.09 (3.30) 1.71 (1.61) 530.45"** < 0.001
Breathing rates 15.55 (3.72) 14.18 (3.71) 10.63* 0.001
Heart rate (bpm) 73.76 (10.64) 71.05 (8.59) 6.30" 0.013
HRV indices
SDNN (ms) 32.95 (15.81) 41.47 (14.60) 27.14% < 0.001
LF (ms®/Hz) 109.39 (250.66) 196.45 (219.82) 11.83" < 0.001
InLF 3.86 (1.28) 4.74 (1.09) 47 .41+ < 0.001
HF (ms?/Hz) 118.39 (153.22) 160.57 (141.14) 7.10™ 0.008
InHF 4.01(1.38) 4.61(1.11) 19.81* < 0.001
LF/HF ratio 1.87 (4.51) 2.31 (4.08) 0.91 0.342
CVC indices
RSA (ms?/Hz) 88.66 (123.01) 114.92 (110.18) 4.32* 0.038
INRSA 3.68 (1.40) 4.29 (1.05) 21.09"* < 0.001

o < 0.05, *p < 0.01, *p < 0.001.

BDI-ll, Beck Depression Inventory Il; CVC, cardiac vagal control; HC, healthy controls; HF, high frequency; LF, low frequency; InLF, natural logarithm of low frequency; InHF, natural
logarithm of high frequency; INRSA, natural logarithm of respiration sinus arrhythmia; MDD, major depressive disorder; RSA, respiration sinus arrhythmia; SDNN, standard deviation of

all normal to normal intervals.
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TABLE 2 | One-way repeated measure ANOVA at different experimental stages between the MDD and HC groups in HRV and CVC indices.

Variables Time
Baseline Depressive Depressive Happiness Happiness F np? Bonferroni Post-hoc comparison
(B) autobiographical recovery (DR) autobiographical recovery (HR)
memory (D) memory (H)
HRYV indices
SDNN (ms) MDD 35.52 (156.52) 32.62 (16.66) 35.48 (18.72) 31.45 (16.91) 34.86 (18.54) 1.04 0.01
HC 41.37 (14.59) 39.46 (15.95) 42.67 (16.78) 38.32 (13.84) 43.18 (156.67) 3.32¢ 0.02 B>H, DR>D, HR>H DR>H, HR>D
LF (ms?/Hz) MDD 96.30 (133.51) 93.26 (131.52) 122.62 (199.72) 91.55 (143.65) 124.88 (182.45) 1.21 0.01
HC 194.88 (219.44) 141.20 (149.37) 237.91 (289.65) 145.94 (178.72) 218.04 (252.48) 8.29%** 0.05 B>H, B>D, HR>H, DR>D, DR>H,
HR>D
InLF MDD 3.85 (1.27) 1.30(0.37) 4.05 (1.25) 3.82 (1.21) 4.07 (1.27) 47.78** 0.26 B>D, H>D, HR>H, DR>D,
HR>B, DR>H, HR>D,
HC 4.73 (1.09) 1.47 (0.27) 4.89 (1.14) 4.47 (1.08) 4.84 (1.08) 142.84*** 0.45 B>H, B>D, H>D, HR>H,
DR>D, DR>H, HR>D, DR>B,
HF (ms®/Hz) MDD 118.17 (162.12) 98.57 (128.52) 137.71 (257.18) 123.90 (208.77) 128.02 (210.45) 0.86 0.01
HC 160.17 (141.44) 130.30 (120.46) 152.34 (144.86) 131.51 (120.85) 154.00 (151.96) 0.70 < 0.01
InHF MDD 3.97 (1.38) 3.79 (1.43) 4.03 (1.38) 3.93 (1.40) 4.08 (1.28) 0.39 < 0.01
HC 4.60 (1.11) 4.39 (1.11) 4.57 (1.09) 4.41 (1.08) 4.59 (1.08) 0.43 <0.01
LF/HF ratio MDD 1.88 (4.86) 1.95 (2.97) 1.68 (2.29) 1.40 (2.00) 1.64 (2.80) 0.18 <0.01
HC 2.31 (4.09) 1.74 (2.08) 2.45(3.42) 1.76 (2.67) 2.35 (3.44) 13.94* 0.07 DR>D
CVC index
RSA (ms?/Hz) MDD 90.91 (131.41) 76.15 (113.81) 95.75 (151.58) 79.01 (120.86) 85.62 (140.67) 0.26 < 0.01
HC 114.86 (110.50) 87.47 (77.92) 109.90 (98.41) 87.75 (86.51) 105.63 (94.36) 5.45*** 0.03 B>D, B>H, DR>D, HR>H, HR>D,
DR>H
INRSA MDD 3.65 (1.42) 3.51(1.38) 3.70 (1.39) 3.53 (1.39) 3.65 (1.33) 0.37 < 0.01
HC 4.28 (1.08) 4.08 (1.07) 4.27 (1.06) 4.01 (1.06) 4.25 (1.00) 4.30** 0.03 B>H, B>D, HR>H, DR>D, DR>H,
HR>D
Breathing MDD 15.57 (3.73) 15.33 (3.63) 15.17 (3.27) 16.73 (3.16) 15.49 (3.14) 2.26 0.02
rate (bpm) HC 14.18 (3.71) 156.16 (5.72) 14.35 (3.74) 15.54 (3.73) 14.50 (3.74) 8.86*** 0.05 B<H, H>HR DR<H

*p < 0.05, **p < 0.01, **p < 0.001.
B, baseline; CVC, cardiac vagal control; D, depressive autobiographical memory; DR, depressive recovery; H, happiness autobiographical memory; HC, healthy controls; HF, high frequency; HR, happiness recovery; LF, low frequency;
InLF, natural logarithm of low frequency; InHF, natural logarithm of high frequency; INRSA, natural logarithm of respiration sinus arrhythmia; MDD, major depressive disorder; RSA, respiration sinus arrhythmia; SDNN, standard deviation

of all normal to normal intervals.

The bold values used to indicate the significant differences between five experimental stages.
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two subscales, namely, somatic depression (e.g., fatigued) and
cognitive depression (e.g., worthless) (30).

The ECG sensor with a sampling rate of 2,048 Hz was used to
acquire lead IT ECG raw signals (PQRST wave), and a respiration
sensor with a sampling rate of 256 Hz was used to obtain the
breathing rates. The ECG and breathing rates were collected
using ProComp Infiniti"™ version 6.1.1 (Thought Technology
Ltd., Montreal, Quebec, CAN).

Research Design and Experimental

Procedure

A cross-sectional study with a counterbalanced design was used
to balance the sequence effect between depressive and happiness
autobiographical memory tasks. The total experimental stage was
25 min, with eyes closed in the following sequence: (1) baseline
(B, 5min), in which participants sat on a comfortable chair and
rested; (2) depressive autobiographical memory task (D; 5 min),
in which participants were guided to recall their depressive
autobiographical memory and maintain the depressive feeling
in their mind, followed by a 5-min depressive recovery stage
(DR), in which participants were asked to sit on a chair and
rest; (3) happiness autobiographical memory task (H; 5min),
in which participants were guided to recall their happiness
autobiographical memory and maintain the happy feeling in
their mind, followed by a 5-min happiness recovery stage (HR),

in which participants were asked to sit on a chair and rest
(Figure 1); and (4) depressive and happiness autobiographical
memory tasks, with a 10-min break in between.

Patients with MDD were instructed to take their medication
as usual. All participants were asked to refrain from caffeine
or alcoholic beverages and not exercise excessively or smoke
3 h before the experimental procedure. The psychophysiological
measurements were arranged between 9 am and 5 pm in a
sound-attenuated and temperature-controlled room.

Data Reduction and Statistical Analysis

A CardioPro Infiniti HRV analysis module (Thought Technology
Ltd., Montreal, Quebec, CAN) with a fast Fourier transform
was used to analyze the raw ECG signals. The automatic filter
to exclude IBI was more or < 20% of the previous IBI. We
used visual inspection to detect ECG artifacts and modified
them by adding, splitting, and averaging consecutive IBI. If the
total ECG artifacts were more than 20% in each experimental
stage, these data were deleted from the statistical analyses. These
IBI were converted to (1) the frequency-domain of the HRV:
included LF power (0.04-0.15Hz; influenced by both SNS and
PNS activations and related to blood pressure regulation by
baroreflexes), high frequency (HF) power (0.15-0.4 Hz; reflects
vagal and PNS activities), and the LF/HF ratio; and (2) time-
domain of the HRV: included the SDNN calculated from the IBI
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FIGURE 2 | HRV (A-C) and CVC (D) indices under depressive and happiness autobiographical memories for the MDD and HC groups. B, baseline; D, depressive
autobiographical memory; DR, depressive recovery; H, happiness autobiographical memory; HR, happiness recovery.
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of the ECG signals and referred the total HRV (4, 31). The CVC
index was acquired from the power spectrum at 0.13-0.5 Hz as
RSA power (6, 18). The non-normal distribution of the frequency
domain of HRV and RSA indices was transformed into natural
logarithms as InLE, LnHF, and InRSA.

The HRV and RSA reactivities were calculated using the values
during the depressive autobiographical memory minute baseline
(D-B), as well as the values during the happiness autobiographical
memory minute baseline (H-B). The HRV and RSA recoveries
were calculated from the values during depressive recovery
minute depressive autobiographical memory (DR-D), the values
during happiness recovery minute happiness autobiographical
memory (HR-H), the values during depressive recovery minute
baseline (DR-B), and the values during happiness recovery
minute baseline (HR-B).

Multivariate analysis of variance (F-test) and chi-square tests
were used to examine the group differences in demographic
characteristics, BDI-II, breathing rates, heart rate (HR), HRV,
and CVC indices at baseline. Pearson’s correlation was used to
examine the associations between depressive symptoms, HRYV,
and CVC indices. One-way repeated measures ANOVA was

used to examine the time-main effects on HRV and CVC
indices during different experimental stages for the MDD
and HC groups, respectively. Mauchlys test of sphericity
with Greenhouse-Geisser adjustment was applied in one-way
repeated measures ANOVA, and the Bonferroni method was
used for post-hoc comparisons. All analyses were performed
using SPSS predictive analytics software (version 21.0; SPSS Inc.,
Chicago, IL, USA).

RESULTS

Participants’ Characteristics and Research

Variables

A total of 411 participants were enrolled, including 210 patients
with MDD (MDD group) and 201 healthy controls (HC group).
After deleting ECG artifacts in one of the experimental stages of
ECG artifacts and experimental procedure failure, there were 168
participants in the MDD group (mean age, 42.72 + 13.84 years;
122 women and 46 men) and 178 participants in the HC group
(mean age, 40.26 £ 13.07 years; 112 women and 66 men) who
had five stages of HRV and RSA data. There were no significant

TABLE 3 | The HRV reactivity and HRV recovery between the MDD and HC groups.

Variables MDD group HC group F p Bonferroni Post-hoc comparison
HRV reactivity = depressive autobiographical memory (D) - baseline (B)

ASDNN 0.38 (11.35) —1.86 (13.36) 2.81 0.094

ALF —11.2 (216.73) —52.61 (173.67) 3.86 0.050

AHF —19.98 (86.76) —29.96 (89.5) 1.1 0.294

ARSA —14.30 (56.23) —27.21 (92.68) 2.40 0.122

HRYV reactivity = happiness autobiographical memory (H) - baseline (B)

ASDNN —1.87 (10.07) —3.02 (11.01) 1.02 0.313

ALF —18.97 (190.3) —47.83 (191.89) 1.96 0.162

AHF 0.48 (101.71) —29.04 (94.74) 7.81** 0.005 HC > MDD
ARSA —12.66 (73.24) —26.85 (73.74) 3.18 0.076

HRV recovery = depressive recovery (DR) - depression autobiographical memory (D)

ASDNN 2.27 (9.57) 3.18 (13.56) 0.52 0.472

ALF 22.5(133.24) 96.66 (234.48) 12.82%** <0.001 HC > MDD
AHF 34.59 (159.16) 22.3(97.92) 0.76 0.385

ARSA 16.30 (89.18) 22.40 (74.28) 0.47 0.493

HRV recovery = happiness recovery (HR) — happiness autobiographical memory (H)

ASDNN 3.91 (8.24) 4.84 (11.24) 0.75 0.386

ALF 35.47 (118.29) 73.92 (214.36) 418" 0.042 HC > MDD
AHF 4.24 (62.01) 23.6 (83.74) 5.91* 0.016 HC > MDD
ARSA 6.53 (47.89) 18.30 (71.01) 3.20 0.074

HRV recovery = depressive recovery (DR) - baseline (B)

ASDNN 2.65 (11.6) 1.32 (10.99) 1.19 0.275

ALF 11.3 (246.86) 44.05 (256.34) 1.46 0.228

AHF 14.61 (189.19) —7.65 (82.71) 2.05 0.153

ARSA 2.00 (89.52) —4.81 (71.60) 0.60 0.438

HRV recovery = happiness recovery (HR) - baseline (B)

ASDNN 2.05(10.52) 1.82(9.7) 0.04 0.837

ALF 16.5 (171.52) 26.09 (234.81) 0.19 0.667

AHF 4.72 (121.56) —5.44 (81.75) 0.84 0.360

ARSA —6.13 (92.19) —8.55 (73.70) 0.07 0.789

0 < 0.05, *p < 0.01, **p < 0.001.

CVC, cardiac vagal control; RSA, respiration sinus arrhythmia; SDNN, standard deviation of all normal to normal intervals; LF, low frequency; HC, healthy controls; HF, high frequency;

MDD, major depressive disorder; A reactivity and recovery.
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differences in age, sex, or body mass index between the two
groups (Table 1).

There were higher total depression scores, cognitive
depression, and somatic depression in the MDD group than in
the HC group (F = 1104.99, p < 0.001; F = 938.95, p < 0.001;
and F = 530.45, p < 0.001, respectively), as well as higher breathe
rate and heart rate in the MDD group than in the HC group
(F = 10.53, p = 0.001 and F = 6.30, p = 0.013, respectively).
However, there was a lower SDNN, LE InLF, HE, and InHF of
cardiac autonomic regulation (F = 27.14, p < 0.001; F=11.83, p
< 0.001; F =47.41, p < 0.001; F =7.10, p < 0.01; and F = 19.81,
p < 0.001, respectively) and lower RSA and InRSA of CVC (F =
4.32, p = 0.038; F = 21.09, p < 0.001, respectively) in the MDD
group than in the HC group. There was no significant difference
in the LF/HF ratio between the two groups (F = 0.91, p = 0.342)
(Table 1).

The Differences Between Experimental
Stages in HRV and CVC Indices for the
MDD and HC Groups

In the MDD group, there was a significant time main effect in
InLF (F =47.78, p < 0.001, nlzJ = 0.26). The Bonferroni post-
hoc exam found a higher InLF during the baseline than that
during depressive autobiographical memory (B > D), as well as
higher InLF during depressive recovery than during depressive
autobiographical memory (DR > D), and higher InLF during
happiness recovery than during happiness autobiographical
memory (HR > H).

In the HC group, there were significant time main effect
in SDNN, LE InLE LF/HF ratio, RSA, and InRSA (F = 3.32,
p < 005 n; = 002 F = 829, p < 0001, ny = 0.05;
F=142.84, p < 0.001, ng = 045 F = 13.94, p < 0.001,
n; =007 F = 545, p < 0.001, ny = 0.03; and F = 4.30,
and p < 0.01, nf, = 0.03, respectively). The Bonferroni post-
hoc examination found a higher SDNN during the baseline than
during happiness autobiographical memory (B > H), higher
SDNN during depressive recovery than during autobiographical
memory (DR > D), and higher SDNN during happiness recovery
than during happiness autobiographical memory (HR > H).
There were higher LE, InLF, RSA power, and InRSA during
baseline than during depressive autobiographical memory and
happiness autobiographical memory (B > D and B > H), as well
as higher LE, InLE, RSA, and InRSA during depressive recovery
than during depressive autobiographical memory (DR > D), and
higher LE InLE RSA, and InRSA during happiness recovery than
during happiness autobiographical memory (HR > H) (Table 2,
Figure 2).

The HRV/RSA Reactivity of
Depressive/Happiness Autobiographical
Memory Tasks and Baseline Between the

MDD and HC Groups

HRV/RSA reactivity of happiness autobiographical memory (H)
and baseline (B) significantly decreased in AHF in the HC group
compared to the MDD group (F = 7.81, p < 0.01); however,

there was not a significant difference in HRV/RSA reactivity of
depressive autobiographical memory (D) and baseline between
the two groups (Table 3).

The HRV/RSA Recovery of
Depressive/Happiness Autobiographical
Memory Tasks and Depressive/Happiness
Recovery Between the MDD and HC

Groups

There was a significant increase in HRV/RSA recovery of
depressive autobiographical memory and depressive recovery in
ALF in the HC group compared to the MDD group (F = 12.82,
p < 0.001), as well as a significant increase in HRV recovery of
happiness autobiographical memory and happiness recovery in
ALF and AHF in the HC group compared to the MDD group
(F=4.18,p < 0.05and F = 5.91, p < 0.05, respectively). There
were no significant differences in depressive recovery (DR) and
baseline (B) as well as happiness recovery (HR) and baseline (B)
between the MDD and HC groups (Table 3, Figure 3).

Correlations Between Depressive
Symptoms and Indices of Cardiac
Autonomic Activation and CVC in All

Participants

There were positive correlations between total depression score,
cognitive depression, and heart rate (r = 0.12, p < 0.05 and
r = 0.12, p < 0.05), and negative correlations between total
depression score, cognitive depression, somatic depression, and
the indices of HRV and CVC, including SDNN, LE InLF, InHF,
and InRSA power (r = —0.14 to —0.32). However, there was
no significant correlation between the total depression score,
cognitive depression, somatic depression, HF, LF/HF ratio, and
RSA power (Table 4).

DISCUSSION

The most significant findings included lower cardiac autonomic
and CVC during the resting baseline in the MDD group
compared to the HC group. Participants in the MDD group
showed reduced reactivity and recovery of cardiac autonomic and
CVC during and after depressive and happiness autobiographical
memory tasks compared to the HC group. Depressive symptoms
were positively correlated with the heart rate and negatively
correlated with the indices of cardiac autonomic and CVC.

The reduced cardiac autonomic and CVC during the resting
baseline in patients with MDD were consistent with previous
studies that lower HRV was found in patients with first-episode
MDD (2), unmedicated depression (24), late-life depression (16,
18, 35), and childhood and adolescent depression (36). These
results revealed reduced vagal and parasympathetic activations
and cardiac autonomic and showed higher HR and LF/HF
ratio, lower SDNN, LE, HE and InRSA during the resting
baseline. The psychophysiological mechanism indicated vagal
and parasympathetic withdrawal in the MDD group (11, 28) and
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FIGURE 3 | The reactivity and recovery of cardiac autonomic (A=C) and CVC (D) for the MDD and HC groups. B, baseline; D, depressive autobiographical memory;
DR, depressive recovery; H, happiness autobiographical memory; HR, happiness recovery.

TABLE 4 | The correlations between depression and baseline HRV and CVC indices.

Variables HRV indices CVC indices
heart rate SDNN LF InLF HF InHF LF/HF ratio RSA InRSA
Total depression score 0.12* —0.21%** -0.19* —0.32*** -0.07 -0.16** —0.06 —0.03 —0.15**
Cognitive depression 0.12* —0.21%** -0.20* —0.31*** —0.06 -0.15"* -0.07 -0.03 -0.14*
Somatic depression 0.10 —0.19* -0.14* —0.29*** —0.08 -0.15"* -0.03 -0.02 -0.14*

0 < 0.05, *p < 0.01, **p < 0.001.

CVC, cardiac vagal control; HF, high frequency; LF, low frequency; InLF, natural logarithm of low frequency; InHF, natural logarithm of high frequency; INRSA, natural logarithm of respiration
sinus arrhythmia; RSA, respiration sinus arrhythmia; SDNN, standard deviation of all normal to normal intervals.

made it harder for participants with MDD to restore or replenish
psychological or physical energy (4).

Regarding the reactivity of cardiac autonomic and CVC,
participants in the MDD group did not demonstrate the
flexibility to regulate their cardiac autonomic and CVC. Our
results showed that participants in both groups had decreased
HF of HRV during depressive autobiographical memory,
with no group difference. However, there was a significant
decrease in vagal and PNS activity (HF) during happiness
autobiographical memory in the HC group compared to that
in the MDD group. Therefore, this result supported the vagal
tank theory, participants in the HC group had better self-
regulation with larger PNS and CVC decreases during happiness
autobiographical memory (17). Moreover, patients with MDD
have a deficit in positive autobiographical memory (28, 32), and
this makes it hard to regulate their PNS and CVC to cope with
happiness autobiographical memory (27). Reduced flexibility in
the PNS and CVC is related not only to the severity of depression

but also to hypoactivity in the amygdala, which is an important
brain area for emotional regulation (32).

Regarding the recovery of cardiac autonomic and CVC, the
participants in the HC group recovered more magnitude or
rapidly in cardiac autonomic (LF) after depressive and happiness
autobiographical memories in the HC group compared to the
MDD group, which presented healthy participants with the
flexibility to regulate their cardiac autonomic. The physiological
mechanism of LF is influenced by both SNS and PNS, and LF
is also modulated by the vagal pathway through the baroreflex
receptor to regulate blood pressure. Activated CVC can balance
the SNS and PNS and regulate cardiac rhythm, heart rate, and
cardiac output. Moreover, activated baroreflex receptors can
regulate blood pressure and restore the heart rate and breathing
patterns to homeostasis (17, 31). In addition, participants in the
HC group recovered more in their CVC (HF of HRV) after
the happiness autobiographical memory task compared to the
MDD group. Interestingly, participants in the two groups did not
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show a difference in CVC after the depressive autobiographical
memory, indicating that the CVC was influenced by depressive
events and needed to take longer or slower to recover to the
initial baseline. According to vagal rebound and vagal tank
theory, recovering more or faster indicates better self-regulation
and emotional adaptation (26, 31). The results were consistent
with the results of Rottenberg et al. (26), who found increased
CVC after the sad films in the HC group, but not in the MDD
group. Rottenberg et al. (26) indicated vagal rebound, which is
a homeostatic function or buffering effect of RSA for increasing
PNS tone both during and after the sad film. Low RSA or HRV
in the MDD group may increase the risk of cardiac morbidity
or mortality (38). RSA increases under stress situations (speech
task and mirror tracking task) or sad film in the HC group and
recovers rapidly in the CVC after stress. However, this effect was
not observed in the MDD group. The possible reason was that
patients with MDD experienced depressive emotions repeatedly,
decreased flexibility or fluctuation in their CVC, or vagal
withdrawal (22). While CVC is related to individuals’ ability and
flexibility under social interaction or stress situations, increasing
RSA fluctuation under stress situations is a buffering effect
that increases individuals’ behavioral flexibility and adaptation
(26). Low RSA levels and blunted RSA reactivity are related
to impaired emotion regulation capacity in participants with
MDD (27).

This study was supported by a positive correlation between
depressive severity and heart rate and SNS hyperactivity (34),
and negative correlations between depressive severity and
cardiac autonomic and CVC (12), which indicated PNS or
vagal withdrawal. This study extended the depressive severity
supported by cognitive depression, and somatic depression was
also related to poor cardiac autonomic function and CVC (33).

This study has two limitations. First, participants were not
asked to suspend prescriptions before ECG measurements, and
a previous study reported that antidepressants (such as tricyclic)
may decrease HRV values (8, 35). Second, this study had a cross-
sectional research design, depressive symptoms were correlated
with cardiac autonomic and CVC, and longitudinal studies and
follow-up will be needed in future studies.

CONCLUSION

This study confirmed cardiac autonomic dysregulation and vagal
withdrawal in patients with MDD. There were reduced large
cardiac autonomic and CVC and active vagal rebounds to
recover to the initial baseline during and after the happiness
autobiographical memory task in the HC group, but not in the
MDD group. HRV biofeedback with slow-paced breathing has

REFERENCES

1. Berntson GG, Norman GJ, Hawkley LC, Cacioppo JT. Cardiac autonomic
balance versus cardiac regulatory capacity. Psychophysiology. (2008) 45:643—-
52. doi: 10.1111/j.1469-8986.2008.00652.x

been confirmed to restore cardiac autonomic regulation and CVC
during the resting baseline in participants with MDD (36-38).
Future studies will explore the efficacy of HRV biofeedback in
HRV/CVC reactivity and recovery for participants with MDD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Kaohsiung Medical University
Hospital, Taiwan. Ethics Committee of Kaohsiung Chang Gung
Memorial Hospital, Taiwan. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

Y-CW conducted the original study and performed the HRV and
statistical analyses. P-YL, C-LKK, M-FH, Y-CY, K-TW, C-FY,
and C-HK recruited and referred the study participants. I-ML
was responsible for the planning and conducting of the original
study and supervised the ECG recordings and HRV analysis.
W-SS checked draft of the manuscript. I-ML and S-YF drafted
and revised the manuscript accordingly. All authors participated
substantially in writing the manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

I-ML received a research grant from the Ministry of Science
and Technology, Taiwan, and the grant numbers are 101-2410-
H-037-007, 105-2410-H-037-002, 106-2410-H-037-003, and 110-
2410-H-037-003. The funding sources had no role in the design
and conduct of the study, preparation, review, or approval of
the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Yu Leeg, Dr. Nien-Mu Chiug, and Dr. Chi-Fa
Hung at the Department of Psychiatry, Kaohsiung Chang Gung
Memorial Hospital, for their patients. We also thank the student
assistants Yi-Ting Chen, Che-Cheng Chu, San-Yu Wang, Hsin-
Yi Lin, Ya-Ting Hung, Ting-Chun Chen, Chia-I Ko, Tzu-Yi
Lu, Hong-En Yu, Sok-In Ho, Cheng-Tzu Chou, Li-Hsin Chang,
Min-Han Huang, and Chun-Yuan Yin for data collection.

2. Kemp AH, Quintana DS. The relationship between mental and physical
health: insights from the study of heart rate variability. Int J Psychophysiol.
(2013) 89:288-96. doi: 10.1016/j.ijpsycho.2013.06.018

3. Liang C-S, Lee J-E Chen C-C, Chang Y-C.
heart rate  variability in patients  with

Reactive

male first-episode

Frontiers in Psychiatry | www.frontiersin.org

10 June 2022 | Volume 13 | Article 878285


https://doi.org/10.1111/j.1469-8986.2008.00652.x
https://doi.org/10.1016/j.ijpsycho.2013.06.018
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Lin et al.

Heart Rate Variability in Depression

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Rottenberg,

major depressive disorder. Prog Neuropsychopharmacol
Biol  Psychiatry. ~ (2015)  56:52-7.  doi:  10.1016/j.pnpbp.2014.
08.004

. Laborde S, Mosley E, Thayer JF. Heart rate variability and cardiac

vagal tone in  psychophysiological  research-recommendations
for experiment planning, data analysis, and data reporting.
Front Psychol. (2017) 20:1-18. doi: 10.3389/fpsyg.2017.
00213

. Shaffer F, Ginsberg JP. An overview of heart rate variability metrics

and norms. Front Public Health. (2017) 5:1-17. doi: 10.3389/fpubh.2017.
00258
J. Cardiac vagal control in depression: a critical
analysis. Biol Psychol. (2007) 74:200-11. doi: 10.1016/j.biopsycho.2005.
08.010

. Chang HA, Chang CC, Chen CL, Kuo TB, Lu RB, Huang SY.

Major depression is associated with cardiac autonomic dysregulation.

Acta  Neuropsychiatr.  (2012)  24:318-27. doi: 10.1111/j.1601-5215.
2011.00647.x

. Kemp AH, Quintana DS, Gray MA, Felmingham KL, Brown
K, Gatt JM. Impact of depression and antidepressant treatment
on heart rate variability: a review and meta-analysis. Biol
Psychiatry. (2010) 67:1067-74. doi: 10.1016/j.biopsych.2009.
12.012

. Koenig J, Kemp AH, Beauchaine TP, Thayer JF Kaess M.
Depression and resting state heart rate variability in children
and adolescents—a systematic review  and  meta-analysis.
Clin ~ Psychol ~ Rev. (2016) 46:136-50. doi:  10.1016/j.cpr.2016.
04.013

Shinba T. Altered autonomic activity and reactivity in depression
revealed by heart-rate variability measurement during rest and task
conditions. Psychiatry Clin Neurosci. (2014) 68:225-33. doi: 10.1111/pcn.
12123

Tonhajzerova I, Ondrejka I, Javorka K, Turianikova Z, Farsky
I, Javorka M. Cardiac autonomic regulation is impaired
in girls with major depression. Prog  Neuropsychopharmacol
Biol  Psychiatry. ~ (2010)  34:613-8.  doi:  10.1016/j.pnpbp.2010.
02.023

van der Kooy KG, van Hout HPJ, van Marwijk HWJ], de Haan M,
Stehouwer CDA, Beekman ATF. Differences in heart rate variability between
depressed and non-depressed elderly. Int J Geriatr Psychiatry. (2006) 21:147-
50. doi: 10.1002/gps.1439

Wang Y, Zhao X, ONeil A, Turner A, Liu X, Berk M.
Altered  cardiac  autonomic nervous function in  depression.
BMC Psychiatry. (2013) 13:187. doi: 10.1186/1471-244X-
13-187

Ha JH, Park S, Yoon D, Kim B. Short-term heart rate
variability in older patients with newly diagnosed depression.
Psychiatry ~ Res.  (2015)  226:484-8.  doi:  10.1016/j.psychres.2015.

02.005
Porges SW. The polyvagal theory: phylogenetic contributions to social
behavior. Physiol Behav. (2003) 79:503-13. doi: 10.1016/s0031-9384(03)
00156-2
Thayer JE Lane RD. Claude Bernard and the heart-brain connection:
further elaboration of a model of neurovisceral integration. Neurosci
Biobehav ~ Rev.  (2009)  33:81-8.  doi:  10.1016/j.neubiorev.2008.
08.004
Laborde S, Mosley E, Mertgen A. Vagal tank theory: the three

rs of cardiac vagal control functioning-resting, reactivity, and
recovery. Front Neurosci. (2018) 12:458. doi: 10.3389/fnins.2018.
00458

Rottenberg ], Clift A, Bolden S, Salomon K, RSA.
fluctuation ~ in  major  depressive  disorder.  Psychophysiology.
(2007) 44:450-8. doi: 10.1111/j.1469-8986.2007.
00509.x

Rottenberg J, Chambers AS, Allen JJB, Manber R. Cardiac vagal control
in the severity and course of depression: the importance of symptomatic
heterogeneity. J Affect Disord. (2007) 103:173-9. doi: 10.1016/j.jad.2007.
01.028

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Udupa K, Sathyaprabha TN, Thirthalli J, Kishore KR, Lavekar
GS, Raju TR, et al. Alteration of cardiac autonomic functions in
patients with major depression: a study using heart rate variability
measures. ] Affect Disord. (2007) 100:137-41. doi: 10.1016/j.jad.2006.
10.007

Nahshoni E, Aravot D, Aizenberg D, Sigler M, Zalsman G,
Strasberg B, et al. Heart rate variability in patients with major
depression. Psychosomatics. (2004) 45:129-34. doi: 10.1176/appi.psy.45
2.129

Rottenberg J, Salomon K, Gross JJ, Gotlib IH. Vagal withdrawal

to a sad film predicts subsequent recovery from depression.
Psychophysiology.  (2005) ~ 42:277-81. doi:  10.1111/j.1469-8986.2005.
00289.x
Rottenberg J.  Mood and emotion in major  depression.
Psychol  Sci. (2005) 14:167-70.  doi: 10.1111/.0963-7214.2005.
00354.x

Licht CM, de Geus EJC, Zitman FG, Hoogendijk WJG, van Dyck
R, Penninx BWJH. Association between major depressive disorder and
heart rate variability in the Netherlands study of depression and anxiety
(NESDA). Arch Gen Psychiatry. (2008) 65:1358-67. doi: 10.1001/archpsyc.65.
12.1358

Cyranowski JM, Hofkens TL, Swartz HA, Salomon K, Gianaros P]. Cardiac
vagal control in nonmedicated depressed women and nondepressed controls:
impact of depression status, lifetime trauma history, and respiratory
factors. Psychosom Med. (2011) 73:336-43. doi: 10.1097/PSY.0b013e318
213925d

Rottenberg J, Wilhelm FH, Gross JJ, Gotlib IH. Vagal rebound during
resolution of tearful crying among depressed and nondepressed
individuals. Psychophysiology. (2003) 40:1-6. doi: 10.1111/1469-8986.
00001

Stange JP, Alloy LB, Fresco DM. Inflexibility as a vulnerability to depression:
a systematic qualitative review. Clin Psychol. (2017) 24:245. doi: 10.1111/cpsp.
12201
Williams
Psychol
008370
American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. 5th ed. Washington, DC: American Psychiatric
Association (2013).

Beck AT, RA,
Depression  Inventory-II.
Corporation. (1996).
Billman GE. The effect of heart rate of the heart rate variability response to
autonomic interventions. Front Physiol. (2013) 4:1-9. doi: 10.3389/fphys.2013
.00222

Young KD. Siegle GJ. Bodurka ], Drevets WC. Amygdala activity
during autobiographical memory recall in depressed and vulnerable
individuals: association with symptom severity and autobiographical
overgenerality. Am ] Psychiatry. (2016) 173:78-89. doi: 10.1176/appi.ajp.2015.
15010119

De Jonge P. Mangano D. Whooley MA. Differential association of
cognitive and somatic depressive symptoms with heart rate variability
in patients with stable coronary heart disease: findings from the heart
and soul study. Psychosom Med. (2007) 69:735. doi: 10.1097/PSY.0b013e31
815743ca

Agelink MW. Boz C. Ullrich H, Andrich J. Relationship between
major depression and heart rate variability: clinical consequences and
implications for antidepressive treatment. Psychiatry Res. (2002) 113:139-
49. doi: 10.1016/s0165-1781(02)00225-1

Kemp AH. Fraguas R. Brunoni AR, Bittencourt MS, Nunes MA, Dantas EM, et
al. Differential associations of specific selective serotonin reuptake inhibitors
with resting-state heart rate and heart rate variability: implications for health
and well-being. Psychosom Med. (2016) 78:810-8. doi: 10.1097/PSY.00000000
00000336

Karavidas MK. Lehrer PM. Vaschillo E, Vaschillo B, Marin H, Buyske S, et al.
Preliminary results of an open label study of heart rate variability biofeedback
for the treatment of major depression. Appl Psychophysiol Biofeedback. (2007)
32:19-30. doi: 10.1007/s10484-006-9029-z

JMG, Scott .
Med. (1988)

Autobiographical memory in depression.
18:689-95. doi: 10.1017/50033291700

Manual
TX:

GK.
Antonio,

Steer Brown for  the  Beck

San Psychological

Frontiers in Psychiatry | www.frontiersin.org

June 2022 | Volume 13 | Article 878285


https://doi.org/10.1016/j.pnpbp.2014.08.004
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1016/j.biopsycho.2005.08.010
https://doi.org/10.1111/j.1601-5215.2011.00647.x
https://doi.org/10.1016/j.biopsych.2009.12.012
https://doi.org/10.1016/j.cpr.2016.04.013
https://doi.org/10.1111/pcn.12123
https://doi.org/10.1016/j.pnpbp.2010.02.023
https://doi.org/10.1002/gps.1439
https://doi.org/10.1186/1471-244X-13-187
https://doi.org/10.1016/j.psychres.2015.02.005
https://doi.org/10.1016/s0031-9384(03)00156-2
https://doi.org/10.1016/j.neubiorev.2008.08.004
https://doi.org/10.3389/fnins.2018.00458
https://doi.org/10.1111/j.1469-8986.2007.00509.x
https://doi.org/10.1016/j.jad.2007.01.028
https://doi.org/10.1016/j.jad.2006.10.007
https://doi.org/10.1176/appi.psy.45.2.129
https://doi.org/10.1111/j.1469-8986.2005.00289.x
https://doi.org/10.1111/j.0963-7214.2005.00354.x
https://doi.org/10.1001/archpsyc.65.12.1358
https://doi.org/10.1097/PSY.0b013e318213925d
https://doi.org/10.1111/1469-8986.00001
https://doi.org/10.1111/cpsp.12201
https://doi.org/10.1017/s0033291700008370
https://doi.org/10.3389/fphys.2013.00222
https://doi.org/10.1176/appi.ajp.2015.15010119
https://doi.org/10.1097/PSY.0b013e31815743ca
https://doi.org/10.1016/s0165-1781(02)00225-1
https://doi.org/10.1097/PSY.0000000000000336
https://doi.org/10.1007/s10484-006-9029-z
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Lin et al.

Heart Rate Variability in Depression

37. LinI, Fan SY, Yen CE Yeh YC, Tang ZC, Huang MF, et al. Heart rate variability
biofeedback increased autonomic activation and improved symptoms of
depression and insomnia among patients with major depression disorder.
Clin Psychopharmacol Neurosci. (2019) 17:222-32. doi: 10.9758/cpn.2019.17.
2222

Pizzoli SF. Marzorati C. Gatti D, Monzani D, Mazzocco K, Pravettoni
G. A meta-analysis on heart rate variability biofeedback and depressive
symptoms.  Sci  Rep. (2021) 11:1-10. doi: 10.1038/s41598-021-
86149-7

38.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lin, Wu, Su, Ke, Lin, Huang, Yeh, Wu, Yen, Ko and Fan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org

12

June 2022 | Volume 13 | Article 878285


https://doi.org/10.9758/cpn.2019.17.2.222
https://doi.org/10.1038/s41598-021-86149-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Cardiac Autonomic and Cardiac Vagal Control During and After Depressive and Happiness Autobiographical Memories in Patients With Major Depressive Disorder
	Introduction
	Materials and Methods
	Participants
	Materials and Measurements 

	Research Design and Experimental Procedure 
	Data Reduction and Statistical Analysis

	Results
	Participants' Characteristics and Research Variables
	The Differences Between Experimental Stages in HRV and CVC Indices for the MDD and HC Groups
	The HRV/RSA Reactivity of Depressive/Happiness Autobiographical Memory Tasks and Baseline Between the MDD and HC Groups
	The HRV/RSA Recovery of Depressive/Happiness Autobiographical Memory Tasks and Depressive/Happiness Recovery Between the MDD and HC Groups
	Correlations Between Depressive Symptoms and Indices of Cardiac Autonomic Activation and CVC in All Participants

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


