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Abstract

Background: High levels of physical activity (PA) and heart rate variability (HRV) are associated with cardiovascular
benefits in patients with cardiovascular diseases. HRV, representing cardiac autonomic function, is positively associ-
ated with PA. However, the impacts of PA and cardiac autonomic function on cardiovascular outcomes were not
analysed in the same study population. This lack of evidence supported our hypothesis that PA might contribute to
cardiovascular benefits via enhanced cardiac autonomic function.

Methods: Patients with implantable cardioverter defibrillator (ICD) or cardiac resynchronisation therapy defibrilla-
tor (CRT-D) implantation were included from the SUMMIT registry. HRV and PA values were assessed during the first
30-60days post device implantation using a continuous home monitoring system. Causal mediation analysis was
conducted to explore the possible mediation function of HRV in the association of PA with long-term cardiac death
and all-cause mortality in patients at a high risk of sudden cardiac death.

Results: Over a mean follow-up period of 47.7 months, 63 cardiac deaths (18.9%) and 85 all-cause death events
(25.5%) were observed among 342 patients with ICD/CRT-D implantation. A positive linear association between HRV
and PA was demonstrated and the (3 value of HRV was 0.842 (95% confidence interval [Cl]: 0.261-1.425, P =0.005)

in the multiple linear regression analysis. Multivariable Cox proportional hazards analysis revealed that high levels

of PA (=11.0%) and HRV (>=75.9ms) were independent protective factors against cardiac death (PA: hazard ratio
[HR]=0.273;95% Cl,0.142-0.526, P < 0.001; HRV: HR =0.224; 95% Cl, 0.103-0.489, P < 0.001) and all-cause mortality
(PA:HR=0.299; 95% Cl, 0.177-0.505, P <0.001; HRV: HR=0.394; 95% (I, 0.231-0.674, P=0.001). Causal mediation
analysis demonstrated partial mediation effects of PA that were mediated through HRV on cardiac death (mediation
proportion = 12.9, 95%Cl: 2.2-32.0%, P = 0.006) and all-cause mortality (mediation proportion =8.2, 95%Cl: 1.6-20.0%,
P=0.006).

Conclusions: HRV might be a modest mediator in the association between high levels of PA and the reduced risks of

cardiac death and all-cause mortality in ICD/CRT-D recipients. This finding supports that enhanced cardiac autonomic
function might be one of the underlying mechanisms by which regular PA contributes to cardiovascular benefits.
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Introduction

Physical activity (PA) refers to any bodily movement
resulting from skeletal muscle action, which can reflect
the status of energy expenditure or exercise intensity
of an individual [1, 2]. Previous studies have reported
that high levels of PA can protect against cardiovascu-
lar adverse events, cardiovascular death, and all-cause
mortality in individuals with or without cardiovascu-
lar diseases (CVDs) [3-5]. Moreover, the dose-response
relationships between the extent of PA and the risks of
cardiac death and all-cause mortality were assessed to
determine the optimal beneficial intervals [3, 6, 7]. Con-
sequently, appropriate exercise-based cardiac rehabilita-
tion or exercise training was recommended for patients
with coronary heart diseases or chronic heart failure
(HF) [3]. However, the potential underlying mechanism
through which regular PA contributed to cardiovascular
benefits remains unclear.

PA was previously assessed using self-reported struc-
tured questionnaires; however, this assessment had cer-
tain biases and errors depending on the individuals’
educational level and cognitive function [8, 9]. In recent
studies, the values of the objective accelerometer-meas-
ured PA have been widely recognised [10]. Objective
accelerometer-derived PA has a positive association with
heart rate variability (HRV) [11-13]. HRV is a non-inva-
sive and easily measured parameter in a time-dominant
or frequency-dominant form and reflects cardiac auto-
nomic function [14, 15]. Dysfunction of the autonomic
nervous system also plays a crucial role in the clinical
course of CVDs, and low levels of HRV indices are asso-
ciated with increased risks of cardiovascular adverse
events and mortality [16, 17]. Moreover, available evi-
dence implies that regular PA might protect against death
partly by enhanced cardiac autonomic function [11].
Nevertheless, a lack of studies evaluates the associations
among PA, HRV, and long-term mortality in the same
study population. The possible mediation function of car-
diac autonomic function in the association between PA
and long-term mortality demands further discussion.

Cardiac implantable electronic devices, such as
implantable cardioverter defibrillator (ICD) or cardiac
resynchronisation therapy defibrillator (CRT-D), can
provide daily PA and HRV data that can be routinely col-
lected using a continuous remote home monitoring sys-
tem [18]. Therefore, in the present study, we performed
a causal mediation analysis of the data from ICD/CRT-D
recipients and aimed to 1) explore the causal chains

among PA, HRV, and long-term mortality, 2) evaluate the
possible mediation function of HRV in the association
between high levels of PA and reduced risks of cardiac
death and all-cause mortality, and 3) derive some evi-
dence supporting that PA might contribute to cardiovas-
cular benefits via enhanced cardiac autonomic function.

Methods

Study participants

In the present study, we conducted a retrospective analy-
sis using the archived home monitoring transmission
data from the Study of Home Monitoring System Safety
and Efficacy in Cardiac Implantable Electronic Device-
implanted Patients (SUMMIT) registry [7]. Patients who
underwent ICD or CRT-D implantation between May
2010 and April 2014 were included upon meeting the fol-
lowing criteria: 1) ICD or CRT-D implantation in accord-
ance with the recommendations outlined in the current
guideline [19]; 2) the equipment with a remote home
monitoring system and initiation of continuous moni-
toring after implantation; 3) capacity to supply available
data related to daily HRV and PA; 4) age of the patients
>18years at implantation; and 5) life expectancy > 1year
after device implantation. Exclusion criteria were as fol-
lows: 1) diagnosis of persistent, long-standing, or per-
manent atrial fibrillation (AF); 2) AF episodes occurring
during the first 30-60days after implantation; 3) >5% of
atrial or ventricular pacing percentages during the win-
dow period of HRV measurement; 4) missing or incom-
plete home monitoring data; 5) loss to follow-up; 6)
diagnosis of a malignant tumour; or 7) schedule for heart
transplantation.

This study complied with the Declaration of Helsinki
and was approved by the ethics committee of Fuwai
Hospital (the chief institute) and all other participating
organisations. All patients provided written informed
consent before study participation.

Collection of baseline characteristics

Data regarding baseline characteristics, including demo-
graphic characteristics (sex, age at implantation, body
mass index [BMI], ICD or CRT-D implantation, and New
York Heart Association [NYHA] Class III-IV), echo-
cardiographic characteristics (left ventricular ejection
fraction [LVEF], left ventricular end-diastolic dimen-
sion [LVEDD]), comorbidities (hypertension, diabetic
mellitus [DM], stroke, dilated cardiomyopathy [DCM],
hypertrophic  cardiomyopathy [HCM], ischaemic
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cardiomyopathy [ICM], valve disease, prior myocar-
dial infarction [MI], percutaneous coronary interven-
tion [PCI], coronary artery bypass grafting [CABG],
prior paroxysmal AF, long QT syndrome [LQTS], and
pre-implant syncope), and medication (angiotensin-con-
verting enzyme inhibitors or angiotensin receptor block-
ers [ACEIs/ARBs], aldosterone antagonists, diuretics,
statins, calcium channel blockers [CCBs], beta-blockers,
amiodarone, and antiplatelets), were collected from med-
ical records.

Measurement of PA and HRV

Daily PA and HRV were detected using ICD devices (Bio-
tronik, Germany). HRV and PA at baseline were assessed
during the first 30-60 days after the ICD/CRT-D implan-
tation, in accordance with the recommendations of previ-
ous studies [20]. The average values of daily PA and HRV
at baseline were calculated for each patient.

PA was measured using the devices’ acceleration sen-
sors. PA was expressed as a percentage of the active time
per day when the recorded rates were higher than basic
rates, where 20% indicated 4.8 h of daily PA, with a reso-
lution of 2s. The accuracy of these acceleration sensors
has been validated using the treadmill exercise [21].

HRV was measured in a time domain analysis and
quantified as the standard deviation (SD) of the normal
P-P intervals (SDNN algorithm) over a 24-h period [11,
15]. High levels of HRV can represent better joint sympa-
thetic and parasympathetic modulation of heart rate [14,
15]. To obtain the reliable results of HRV analysis, the
average values of daily atrial and ventricular pacing per-
centages should be both <5% during the window period
of HRV measurement [22, 23].

Follow-up and clinical outcomes

Data regarding PA and HRV were recorded and transmit-
ted using a remote home monitoring system every day.
If data transmission was disrupted, the clinical research
coordinator contacted the patients or their family mem-
bers and confirmed the patients’ health conditions imme-
diately. Regular telephonic interviews or clinic visits were
conducted to collect the information about clinical out-
comes during follow-up. Data regarding the date of death
and cause of death were obtained from the death certifi-
cate provided by family members. The primary endpoint
was cardiac death (ICD-10: 100 to 109, 111, 120 to 151),
and the secondary endpoint was all-cause mortality.

Grouping

Based on the baseline PA tertiles, patients were catego-
rized into three groups: PA tertile 1 (range, 1.1-7.8%;
n=114), PA tertile 2 (range, 7.8—-13.0%; n=114), and PA
tertile 3 (range, 13.0-33.3%; n=114).
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Statistical analysis

The main exposure variables included PA and HRV.
Continuous variables are presented as means *+ SDs,
and categorical variables are presented as numbers and
percentages. Baseline characteristics were compared
between groups using one-way analyses of variance for
continuous variables and the chi-squared tests for cat-
egorical variables. Rates of cardiac death and all-cause
mortality events were calculated, and the difference was
compared using the chi-squared test.

A box plot was generated to display the distribution of
HRV based on different PA levels at baseline, and a scat-
ter plot was used to describe the association between PA
and HRV. Simple and multiple linear regression models
were used to further explore their linear relations (Fig. 1,
Path a). Multiple linear regression analysis considered the
impacts from potential confounding variables, includ-
ing age at implantation, sex, BMI, LVEF, LVEDD, ICD
or CRT-D implantation, NYHA Class, hypertension,
DM, stroke, DCM, ICM, MI, PCI, pre-implant syncope,
prior AF, uses of ACEIs/ARBs, diuretics, and aldosterone
antagonists, which should maintain consistent with those
in the multivariable Cox regression models.

Restricted cubic splines were used to flexibly model
and visualize the associations between PA or HRV and
hazard ratios (HRs) for long-term clinical outcomes, as
well as to explore their cut-off values for cardiac death
and all-cause mortality based on the inflection points
demonstrated by the smooth curve fitting. Univariable
and multivariable Cox proportional hazards models were
used to evaluate the independent predictive values of PA
and HRYV for long-term cardiac death and all-cause mor-
tality (Fig. 1, Path b and c). Either PA or HRV entered the
univariable Cox regression models. Variables selected for
in the multivariable analysis were those with a P value
of <0.05 in the univariable models and other potential
confounders. Multivariable Cox regression model 1 was
adjusted for age at implantation, sex, BMI, LVEF, LVEDD,
ICD or CRT-D implantation, NYHA Class, hypertension,
DM, stroke, DCM, ICM, MI, PCI, pre-implant syncope,
prior AF, uses of ACEIs/ARBs, diuretics, and aldoster-
one antagonists. Multivariable Cox regression model 2
was adjusted for the above-mentioned confounders and
additional HRV or PA. HRs and 95% confidence intervals
(CIs) were calculated to show the impact at each level.
A P value <0.05 was considered significant, and all tests
were two-sided.

Causal mediation analysis was conducted to assess
the possible mediation function of HRV in the associa-
tion between PA and long-term mortality. The media-
tion function represented the extent of PA that was able
to influence the long-term mortality through modulating
cardiac autonomic function. A causal mediation model
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Fig. 1 Path diagram of the causal mediation model with a three-variable system. In Path a, PA (independent variable) has a significantly positive
relationship with HRV (mediator) in a multiple linear regression model. In Path b, PA (independent variable) was shown as an independent predictor
for long-term cardiac death and all-cause mortality (outcome variables) in the multivariable Cox regression model without HRV. In Path ¢, both PA
(independent variable) and HRV (mediator) remained significant to predict the outcome variables using the multivariable Cox regression model.
Thus, this mediation analysis confirmed the partial mediation function of HRV. Cl: confidence interval; HRV: heart rate variability; HR: hazard ratio; PA:
physical activity. * each additional 1% increase in PA. # each additional 1 ms increase in HRV

with a three-variable system was established following
the Baron and Kenny’s procedure [24, 25]. A path dia-
gram is used to depict the causal chains (i.e., Path a-c)
among PA (independent variable), HRV (mediator), and
cardiac death and all-cause mortality (outcome variables)
(Fig. 1). The mediation function is present when the fol-
lowing three conditions are met: a) PA is significantly
associated with HRV in the multiple linear regression
model (i.e., Path a, variations in the independent variable
significantly accounted for the variations in presumed
mediator); b) PA is shown as an independent predictor
for cardiac death and all-cause mortality in the multivari-
able Cox regression model without HRV (i.e., Path b, var-
iations in the independent variable significantly account
for the outcome variables); ¢) HRV can independently
predict the risks of cardiac death and all-cause mortality
using the multivariable Cox regression model in which
PA and HRV are simultaneously included (i.e., Path c,
variations in presumed mediator significantly account for
the outcome variables).

In Path c, if the effect of PA on clinical outcomes com-
pletely disappears, HRV fully mediates the association
between PA and outcomes (full mediation), indicating
that HRV as a single, dominant mediator; if the effect
of PA still exits, HRV partially mediates the association
between PA and outcomes (partial mediation), indicating

the operation of multiple mediating factors. In addition,
the R mediation package was used to estimate the aver-
age causal mediation effect (ACME) and the mediation
proportion (prop. mediated) of PA on long-term mor-
tality mediated through HRV [26]. The quasi-Bayesian
Monte Carlo method was used to calculate the point esti-
mates, 95% CI values and P values [27].

Statistical analyses were conducted using SPSS Statis-
tics version 23.0 (IBM Corp., Armonk, NY) and R version
4.0.3 (Bunny-Wunnies Freak Out, The R Foundation for
Statistical Computing, Vienna, Austria).

Results

Baseline characteristics

In this retrospective analysis, 342 out of 1008 patients
with HRV and PA data were included. Patients were
excluded due to lack of continuous HRV data availabil-
ity with single-chamber ICDs (n =509), incomplete HRV
data (n =60), incomplete PA data (n =14), diagnosis of
persistent, long-standing persistent AF, AF episodes
occurring during the first 30-60days (n =45), and>5%
of average daily atrial or ventricular pacing percentages
(n =35), or period of <3months after device implanta-
tion (n=3). Figure 2 shows the flow chart for patient
selection.
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period of < 3 months after device implantation

Fig. 2 Flow chart for patient selection. AF: atrial fibrillation; HRV: heart rate variability; ICD: implantable cardioverter-defibrillator; PA: physical activity

The mean age at implantation was 62.5+ 13.4 years, and
the male sex was dominant in the study cohort (78.1%).
CRT-Ds were implanted in 184 (53.8%) patients and the
mean LVEF was 39.13 + 14.43%. The mean PA and HRV
were 10.70+5.46% and 72.52427.07ms, respectively.
Significant differences in PA (P<0.001), HRV (P <0.001),
age at implantation (P <0.001), hypertension (P=0.003),
stroke (P=0.001), ICM (P=0.021), PCI (P<0.001) and
CCBs usage (P=0.019) were observed among different
levels of baseline PA. Table 1 illustrates the comparison
of baseline characteristics across three groups with dif-
ferent baseline PA levels.

Clinical outcomes

Over a mean follow-up duration of 47.7 +20.8 months,
62 cardiac deaths (18.1%) and 94 all-cause mortality
events (27.5%) were observed. As baseline PA increased
from tertile 1 to tertile 2 to tertile 3 (5.18 £2.01% vs.
10.30£1.48% vs. 16.93+3.19%), the correspond-
ing HRV increased continuously (62.40+25.43ms vs.
72.23+26.87ms vs. 78.90+28.25ms), but the inci-
dence rates of cardiac death (26.3% vs. 18.4% vs. 9.6%,
P=0.005) and all-cause mortality (42.1% vs. 29.8% vs.
10.5%, P=0.001) decreased continuously.

Relationship between PA and HRV

The distribution of HRV among groups with differ-
ent PA levels is displayed using the box plot (Fig. 3a),
with HRV increasing from PA tertile 1 group (HRYV,
median=60.4ms, interquartile range [IQR]: 46.5—
75.8ms) to PA tertile 2 group (HRV, median=70.4ms,
IQR: 54.3-88.5ms) to PA tertile 3 group (HRV,
median=280.7 ms, IQR: 59.2-97.8 ms). A positive linear
association between PA and HRV is demonstrated using
the scatter plot (Fig. 3b).

A simple linear regression model was used to further
assess the linear association between PA and HRV, and
the  of HRV was 1.193 (95%CI: 0.657-1.729, P <0.001).
After adjusting for potential confounding variables in
the multiple linear regression analysis, the p of HRV was
0.842 (95%CI: 0.261-1.425, P =0.005), indicating that
HRV was increased by 0.842ms for each additional 1% of
PA at baseline.

Cutoff values of HRV and PA for predicting long-term
outcomes

The associations between PA or HRV and HRs for cardiac
death and all-cause mortality are demonstrated using the
smooth curve fitting (Fig. 4). The risks of cardiac death
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Table 1 Baseline clinical characteristics
Parameters Total (n =342) Tertile 1 (n=114) Tertile2 (n=114) Tertile3(n=114) P value
Home monitoring data
Baseline PA, % 10.80£5.35 518+201 10.30+1.48 1693+3.19 -
Baseline HRV, ms 711412763 6240+£2543 722312687 78.80428.85 -
Demographics
Gender, male 78.4% (268) 76.3% (87) 74.6% (85) 84.2% (96) P=0.169
Age at implantation, years 62.37+£1348 66.32£13.66 63.26£13.07 5752+£12.26 P<0.001
BMI, Kg/m2 23.56+287 23.62+285 2353+£3.26 23724245 P=0.890
CRT-D implantation 53.8% (184) 51.8% (59) 57.9% (66) 51.8% (59) P=0.562
NYHA, Class IlI-IV 61.4% (210) 67.5% (77) 61.4% (70) 55.3% (63) P=0.163
Echocardiography
LVEF, % 39.13+£1443 38.64+14.61 39.48+14.20 39.29+£14.60 P=0.900
LVEDD, mm 62.38+£13.20 60.17£11.36 62.76£13.69 64.23+£14.18 P=0.066
Comorbidities
Hypertension 35.1% (120) 39.5% (45) 43.0% (49) 22.8% (26) P=0.003
DM 14.6% (50) 7.5% (20) 14.0% (16) 12.3% (14) P=0.519
Stroke 2.6% (9) 7.0% (8) 0.9% (1) 0.0% (0) P=0.001
DCM 29.8% (102) 28.9% (33) 29.8% (34) 30.7% (35) P=0.959
HCM 3.8% (13) 0.9% (1) 5.3% (6) 5.3% (6) P=0.081
ICM 39.8% (136) 47.7% (54) 42.1% (48) 29.8% (34) P=0.021
Valve disease 2.3% (8) 3.5% (4) 1.8% (2) 1.8% (2) P=0.671
Prior MI 14.0% (48) 20.2% (23) 12.3% (14) 9.6% (11) P=0.059
PCl 11.7% (40) 21.1% (24) 9.6% (11) 4.4% (5) P<0.001
CABG 1.8% (6) 3.5% (4) 0.0% (0) 1.8% (2) P=0.060
Prior paroxysmal AF 7.6% (26) 9.6% (11) 7.0% (8) 6.1% (7) P=0.582
LQTS 1.5% (5) 0.9% (1) 1.8% (2) 1.8% (2) P=0.801
Pre-implant syncope 15.8% (54) 19.3% (22) 9.6% (11) 18.4% (21) P=0.087
Medication
ACEIs/ARBs 1.5% (142) 43.0% (49) 43.9% (50) 37.7% (43) P=0.596
Diuretics 33.0% (113) 39.5% (45) 31.6% (36) 28.1% (32) P=0.172
Aldosterone antagonists 45.0% (154) 51.8% (59) 41.2% (47) 42.1% (48) P=0.208
CCBs 10.2% (35) 2.0% (7) 5.6% (19) 2.6% (9) P=0.019
Statins 22.8% (78) 24.6% (28) 28.1% (32) 15.8% (18) P=0.075
Beta-blockers 57.6% (197) 57.0% (65) 57.9% (66) 57.9% (66) P=0.988
Amiodarone 28.1% (96) 272% (31) 23.7% (27) 33.3% (38) P=0.260
Antiplatelets 21.6% (74) 27.2% (31) 22.8% (26) 4.9% (17) P=0.074

ACEls angiotensin-converting enzyme inhibitors, AF atrial fibrillation, ARBs angiotensin receptor blockers, BMI body mass index, CABG coronary artery bypass grafting,
CCB calcium channel blockers, CRT-D cardiac resynchronization therapy with defibrillation, DCM dilated cardiomyopathy, DM diabetes mellitus, HCM hypertrophic
cardiomyopathy, HRV heart rate variability, ICM ischemic cardiomyopathy, LQTS long QT syndrome, LVEF left ventricular ejection fraction, LVEDD left ventricular end-
diastolic dimension, Ml myocardial infarction, PA physical activity, PC/ percutaneous coronary intervention

and all-cause mortality declined rapidly before 75.9 ms of
HRYV and 11.0% of PA and then started to decrease slowly
thereafter. Thus, 75.9ms of HRV and 11.0% of PA were
obtained as the cut-off values.

Predictive values of PA for long-term outcomes

Univariable and multivariable Cox regression analyses
revealed that increased PA protected against the risks
of cardiac death and all-cause mortality (Table 2). In

multivariable Cox regression model 1, a high level of PA
(>11.0%) was associated with reduced risks of cardiac
death (HR=0.239; 95% CI: 0.124—0.460, P<0.001) and
all-cause mortality (HR=0.277; 95% CI: 0.163-0.469,
P<0.001) after adjusting for age at implantation, sex,
BMI, LVEF, LVEDD, ICD or CRT-D implantation, NYHA
Class, hypertension, DM, stroke, DCM, ICM, MI, PCI,
pre-implant syncope, prior AF, use of ACEIs/ARBs, use
of diuretics, and use of aldosterone antagonists. When
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adjusting for the above-mentioned variables and addi-
tional HRYV, the predictive values of PA remained signifi-
cant for cardiac death (HR=0.897; 95% CI: 0.844—0.954,
P=0.001) and all-cause mortality (HR=0.888; 95% CI:
0.844-0.933, P<0.001) in multivariable model 2, indi-
cating that each 1% increase in PA could result in a 10.3
and 11.2% reduction in the risks of cardiac death and all-
cause mortality, respectively.

Predictive values of HRV for long-term outcomes

In 342 ICD/CRT-D recipients, univariable and multi-
variable Cox regression analyses showed that HRV was
inversely associated with the incidence rates of cardiac
death and all-cause mortality (Table 3). Multivariable
Cox regression analyses revealed that a high level of HRV
(>75.9ms) was associated with reduced risks of cardiac
death (HR=0.197; 95% CIL: 0.090-0.428, P<0.001) and
all-cause mortality (HR=0.351; 95% CI: 0.205-0.600,
P<0.001) when adjusted for age at implantation, sex,

BMI, LVEF, LVEDD, ICD or CRT-D implantation,
NYHA Class, hypertension, DM, stroke, DCM, ICM,
M1, PCI, pre-implant syncope, prior AF, use of ACEIs/
ARBs, use of diuretics, and use of aldosterone antago-
nists. After adjusting for the above-mentioned variables
and additional PA in multivariable model 2, the pre-
dictive values of HRV remained significant for cardiac
death (HR=0.979; 95% CI: 0.968-0.991, P<0.001) and
all-cause mortality (HR=0.986; 95% CI: 0.978-0.995,
P=0.003), indicating that each 1ms increase in HRV
could result in a 2.1 and 1.4% reduction in the risks of
cardiac death and all-cause mortality, respectively.

Mediation analysis

Figure 1 summarises the results of causal mediation
analysis. In Path a, PA (independent variable) had a posi-
tive linear relationship with HRV (mediator) in a multi-
ple linear regression analysis. In Path b, when HRV was
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Table 2 Predictive values of PA for long-term mortality

Univariable Cox regression model

Multivariable Cox regression

Multivariable Cox regression

model 1 model 2
HR (95% CI) P value HR (95% CI) P value HR (95% Cl) P value

Primary endpoint: cardiac death

Per 1%/increase® 0.904 (0.858-0.952) P<0.001 0.887 (0.834-0.944) P<0.001 0.897 (0.844-0.954) P=0.001

>11.0% group vs < 11.0% group 0.280 (0.154-0.509) P<0.001 0.239 (0.124-0.460) P<0.001 0.273 (0.142-0.526) P<0.001
Secondary endpoint: all-cause mortality

Per 1%/increase® 0.886 (0.848-0.926) P<0.001 0.880 (0.836-0.926) P<0.001 0.888 (0.844-0.933) P<0.001

>11.0% group vs < 11.0% group 0.276 (0.170-0.449) P<0.001 0.277 (0.163-0.469) P<0.001 0.299 (0.177-0.505) P<0.001

Multivariable Cox regression model 1 was adjusted for age at implantation, sex, BMI, LVEF, LVEDD, ICD or CRT-D implantation, NYHA Class, hypertension, DM, stroke,
DCM, ICM, M|, PCI, pre-implant syncope, prior AF, use of ACEIs/ARBs, use of diuretics, and use of aldosterone antagonists. Multivariate Cox regression model 2 was

adjusted for the above-mentioned confounders and additional HRV

ACEIs/ARBs angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, AF atrial fibrillation, BMI body mass index, CI confidence interval, CRT-D cardiac
resynchronisation therapy defibrillator, DM diabetic mellitus, HRV heart rate variability, HR hazard ratio, ICD implantable cardioverter defibrillator, ICM ischaemic
cardiomyopathy, LVEF left ventricular ejection fraction, LVEDD left ventricular end-diastolic dimension, M/ myocardial infarction, NYHA New York Heart Association, PA

physical activity, PCl percutaneous coronary intervention

2 each additional 1% increase in PA
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Table 3 Predictive values of HRV for long-term mortality
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Univariable Cox regression

Multivariable Cox regression Multivariable Cox regression

model model 1 model 2
HR (95% ClI) P value HR (95% Cl) Pvalue HR (95% Cl) P value
Primary endpoint: cardiac death
Per 1 ms/increase? 0.978 (0.968-0.987) P<0.001 0.978 (0.967-0.989) P <0.001 0.979 (0.968-0.991) P<0.001
>75.9ms group vs <75.9ms group 0.169 (0.080-0.355) P<0.001 0.197 (0.090-0.428) P<0.001 0.224 (0.103-0.489) P<0.001
Secondary endpoint: all-cause mortality
Per T ms/increase® 0.983 (0.976-0.991) P<0.001 0.984 (0.976-0.993) P <0.001 0.986 (0.978-0.995) P=0.003
>75.9ms group vs <75.9ms group 0.291 (0.176-0.482) P<0.001 0.351(0.205-0.600) P <0.001 0.394 (0.231-0.674) P=0.001

Multivariable Cox regression model 1 was adjusted for age at implantation, sex, BMI, LVEF, LVEDD, ICD or CRT-D implantation, NYHA Class, hypertension, DM, stroke,
DCM, ICM, M, PCI, pre-implant syncope, prior AF, use of ACEIs/ARBs, use of diuretics, and use of aldosterone antagonists. Multivariate Cox regression model 2 was

adjusted for the above-mentioned confounders and additional PA

ACEIs/ARBs angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, AF atrial fibrillation, BMI body mass index, CI confidence interval, CRT-D cardiac
resynchronisation therapy defibrillator, DM diabetic mellitus, HRV heart rate variability, HR hazard ratio, ICD implantable cardioverter defibrillator, ICM ischaemic
cardiomyopathy, LVEF left ventricular ejection fraction, LVEDD left ventricular end-diastolic dimension, M/ myocardial infarction, NYHA New York Heart Association, PA

physical activity, PCl percutaneous coronary intervention

2@ each additional 1 ms increase in HRV

not included in the multivariable Cox regression model,
PA (independent variable) was an independent predictor
for long-term cardiac death and all-cause mortality (out-
come variables). In Path ¢, both PA (independent vari-
able) and HRV (mediator) remained significant to predict
the outcome variables in the multivariable Cox regres-
sion model. Thus, this mediation analysis confirmed the
partial mediation function of HRV in the association
between high levels of PA and increased risks of cardiac
death and all-cause mortality.

Figure 5 shows that for cardiac death, the mediation
effect was statistically significant (ACME =56.7, 95%CI:
7.4-148.7, P =0.006; total effect=402.3, 95%CI: 197.3—
705.1, P <0.001), and 12.9% (prop. Mediated=12.9,
95%CI: 2.2-32.0%, P=0.006) of the mediation effect of
PA on the risks of cardiac death was mediated through
HRV. For all-cause mortality, the mediation effect
remained significant (ACME=20.0, 95%CI: 2.9-45.6,
P=0.006; total effect=225.2, 95%CI: 141.2-318.7,
P<0.001), and 8.2% (prop. Mediated=8.2, 95%CI: 1.6—
20.0%, P=0.006) of the mediation effect of PA on the
risks of all-cause mortality was mediated through HRV.

Discussion

In this retrospective analysis, data regarding PA and HRV
obtained from a continuous remote home monitoring
system were included, and causal mediation analysis was
established to explore the possible mediation function of
HRYV in the association between PA and long-term mor-
tality in patients with a high risk of sudden cardiac death
(SCD). The main findings were: 1) HRV was positively
associated with PA, 2) both PA and HRV were independ-
ent protective predictors for cardiac death and all-cause

mortality, 3) the causal mediation analysis confirmed
partial mediation effects of PA on the risks of cardiac
death and all-cause mortality among 342 ICD/CRT-D
recipients; 12.9 and 8.2% of the mediation effects of PA
on the risks of cardiac death and all-cause mortality,
respectively, were mediated through HRV. These findings
support that PA might contribute to cardiovascular ben-
efits partly via enhanced cardiac autonomic function.
The autonomic nervous system plays a crucial role in
the clinical course of CVDs through modulating arrhyth-
mias, heart rate, blood pressure, breathing, digestion,
etc. [14-17]. HRV is the fluctuation in the intervals
between heartbeats, which can be acquired using the
time-domain or frequency-domain measurement from
ECG recordings [14, 15]. High levels of HRV can reflect
better modulation between sympathetic and parasympa-
thetic activities [14, 15]. Some studies conducted cross-
sectional analyses to investigate the association between
cardiac autonomic function and PA in the general popu-
lation at different ages [12, 13, 28, 29]. Soares-Miranda
et al. obtained HRV indices from a 24-h Holter in 985
older adults in the Cardiovascular Health Study [28].
Data regarding PA, which was categorised as leisure-
time activity, walking distance, and walking pace, were
obtained using the modified Minnesota PA question-
naire. Greater PA demonstrated an association with more
favourable HRV indices in older adults. In addition, the
Finnish MOPD study and a British study of civil serv-
ants focused on 3629 adolescent men and 3328 middle-
aged (35-55years) people, respectively [12, 29]. HRV
was derived from 5-min ECG recordings. Moderate and
vigorous PA were observed associated with higher HRV
indices in both studies. In the above-mentioned studies,
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Fig. 5 Causal mediation analysis results. ACME stands for average causal mediation effects of PA on the long-term mortality mediated through
HRV; ADE stands for average direct effects of PA on the long-term mortality; Total effect stands for the total effects (direct and indirect) of PA on the
long-term mortality; Prop. Mediated describes the proportion of the indirect/mediation effect of PA on the long-term mortality that goes through
the mediator. ACME, average causal mediation effect; ADE, average direct effect; Cl, confidence interval; HRV, heart rate variability; PA, physical
activity; Prop. Mediated: mediation proportion

HRYV values was acquired from traditional short-term
ECG recordings, or PA was obtained from self-assess-
ment questionnaires [12, 13, 28, 29]. Differently, Zhao S
et al. obtained the objective accelerometer-measured PA
and time-dominant HRV values from continuous ECG
recordings in ICD/CRT-D recipients, and confirmed a
significant correlation (r=0.601, P<0.001) between PA
and HRV although the sample size was small [11]. In
the present study, both HRV and PA values were derived
from continuous and quantitative monitoring data and
their average daily values were measured during the
first 30—60days after ICD/CRT-D implantation for each
patient, as recommended by published evidence [11, 20].
Box and scatter plot analyses, and multiple linear regres-
sion analysis were conducted to further investigate the
association between PA and HRV. The results showed
PA had a robust positive linear relationship with HRYV,
which was consistent with previous findings. Therefore,

the present study provided more evidence to support
that regular physical exercise was related to enhanced
cardiac autonomic regulation. Although the cellular and
molecular interpretations of the positive linear relation-
ship between cardiac autonomic and PA are complex, PA
may modulate cardiac autonomic function by improving
cardiomyocyte contractile capacity and cardiac electrical
stability [30, 31].

Previous studies have clarified the predictive values
of HRV or PA for long-term outcomes in patients with
different CVDs [3-7, 16, 17, 20, 32—-34]. Whether PA
was self-reported or accelerometer-derived, low lev-
els of PA were associated with increased incidences of
hospitalisations for HF, cardiovascular adverse events,
cardiovascular death, and all-cause mortality [3-7, 20].
In previous studies on different populations, HRV val-
ues were derived from 10-s to 24-h ECQG recordings [16,
17]. A low level of HRYV, indicative of cardiac autonomic
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dysfunction, was identified as an independent risk factor
for ventricular arrhythmia in patients who had experi-
enced acute MI and in those who were at a high risk of
SCD [16, 17, 32]. Other studies have reported similar
results for cardiac death and all-cause mortality in older
adults and patients at a high risk of type 2 DM [33, 34].
However, the predictive values of PA and HRV for long-
term mortality were not analysed in the same study pop-
ulation. Moreover, the mediation function of improved
HRYV in the relationship between regular PA and satisfy-
ing clinical outcomes was not explored. Schwartz et al.
observed that 6 weeks of treadmill training reduced the
incidence of ventricular fibrillation during acute myo-
cardial ischaemia by 100%, while HRV increased by 74%
derived from 25-min ECG recordings [35]. It implied that
the underlying mechanism of 100% survival rate might be
that exercise training improved cardiac autonomic mod-
ulation [35]. In the present study, the association between
PA and HRYV, and their effects on cardiac death and all-
cause mortality were simultaneously analysed in ICD/
CRT-D recipients. Additionally, we conducted a causal
mediation analysis to explore the possible mediation
function of cardiac autonomic function in the association
between PA and long-term cardiac death and all-cause
mortality.

In the multivariable Cox regression analysis, both HRV
and PA were found to be independent predictors for car-
diac death and all-cause mortality, regardless of various
baseline characteristics. Every additional 1% increase in
PA could result in a 10.3 and 11.2% reduction in risks
of cardiac death and all-cause mortality, respectively;
every additional 1ms increase in HRV could result in
a 2.1 and 1.4% reduction in risks of cardiac death and
all-cause mortality, respectively. The partial mediation
function was confirmed using the causal mediation anal-
ysis following the Baron and Kenny’s procedure [24]. It
was further estimated that the proportions of indirect
effects of PA on the risks of cardiac death and all-cause
mortality mediated through cardiac autonomic nerv-
ous modulation were 12.9 and 8.2%, respectively. This
finding revealed that the underlying mechanisms were
multifactorial and complex, and enhanced cardiac auto-
nomic regulation might be one of the most important
mechanisms by which regular PA contributed to cardio-
vascular benefits. Cardiac autonomic regulation should
be emphasised in the management of patients after ICD/
CRT-D implantation. More effective exercise regimens to
enhance the cardiac autonomic function should be devel-
oped in the clinical practice. In contrast, the direct effects
of PA, which probably include improved cardiac output,
enhanced cardiorespiratory fitness, reduced systemic
vascular resistance, and regulation on cardiac remodel-
ling, etc., cannot be ignored [36].
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Limitations

Two potential limitations were considered in the pre-
sent study. First, in the present study, only observational
data regarding PA and HRV from ICD/CRT-D recipients
were retrospectively analysed. Interventional studies with
a larger sample size are required to further explore the
mediation function of HRV in the association between
high levels of PA and long-term mortality in different
populations. Second, selection bias can occur, and cau-
tion should be exercised while generalizing the results
to populations other than ICD/CRT-D recipients. Third,
HRYV indices were acquired in a time-dominant form
using SDNN algorithm. SDNN algorithm can allow for
precise interpretations of cardiac autonomic function
and no gold standards for HRV measurement exist [15].
However, it would be better if both frequency-dominant
and time-dominant HRV indices could be evaluated.

Conclusions

Causal mediation analysis revealed partial mediation
function of HRV in the association between PA and long-
term mortality in ICD/CRT-D recipients. About 12.9
and 8.2% of the mediation effects of PA on the risks of
cardiac death and all-cause mortality, respectively, were
mediated through HRV. These findings indicated that
enhanced cardiac autonomic function might be one of
the underlying mechanisms by which regular PA contrib-
uted cardiovascular benefits.

Abbreviations

ACEl: angiotensin-converting enzyme inhibitor; ACME: average causal
mediation effect; ADE: average direct effect; AF: atrial fibrillation; ARB:
angiotensin receptor blocker; BMI: body mass index; CABG: coronary artery
bypass grafting; CCB: calcium channel blocker; CI: confidence interval; CRT-D:
cardiac resynchronisation therapy defibrillator; CVD: cardiovascular disease;
DCM: dilated cardiomyopathy; DM: diabetes mellitus; ECG: electrocardiogra-
phy; HCM: hypertrophic cardiomyopathy; HF: heart failure; HR: hazard ratio;
HRV: heart rate variability; ICD: implantable cardioverter defibrillator; ICM:
ischaemic cardiomyopathy; LVEDD: left ventricular end-diastolic dimension;
LVEF: left ventricular ejection fraction; LQTS: long QT syndrome; MI: myocar-
dial infarction; NYHA: New York Heart Association; PA: physical activity; PCl:
percutaneous coronary intervention; Prop. Mediated: mediation proportion;
SCD: sudden cardiac death; SD: standard deviation; SUMMIT: Study of Home
Monitoring System Safety and Efficacy in Cardiac Implantable Electronic
Device-implanted Patients.

Acknowledgements
Not applicable.

Authors’ contributions

Sun X and Zhao Shuang contributed to the conception or design of the

work. Sun X, Chen K, Hua W, Su'Y, Liu X, Xu W, Wang F, Fan X, Dai Y and Liu Z
contributed to the acquisition, analysis, or interpretation of data for the work.
Sun X drafted the manuscript. Zhang Shu critically revised the manuscript. The
author(s) read and approved the final manuscript.

Funding

This study was supported by Natural Science Foundation of China (81470466)
and the National Science & Technology Pillar Program during the 12th Five-
Year Plan Period (2011BAI11B02). The funding only provided financial support



Sun et al. Int J Behav Nutr Phys Act (2021) 18:128

but had no role in study design, data collection, analysis, data interpretation,
manuscript writing, or decision to submit the manuscript for publication.

Availability of data and materials

The datasets generated and analysed during the current study are not publicly
available due to the Fuwai Hospital regulations but are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee of Fuwai Hospital (the chief
institute, Approval No: 2010-296) and all other participating organisations. All
patients provided written informed consent before entering this study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Arrhythmia Center, State Key Laboratory of Cardiovascular Disease, Fuwai
Hospital, National Center for Cardiovascular Diseases, Chinese Academy

of Medical Sciences and Peking Union Medical College, 167 Bei Li Shi Road,
Xicheng District, Beijing 100037, China. 2Department of Cardiology, Shanghai
Institute of Cardiovascular Diseases, Zhongshan Hospital, Fudan University,
Shanghai, China. >Department of Cardiology, Beijing Anzhen Hospital, Capital
Medical University, Beijing, China. “Department of Cardiology, Nanjing Drum
Tower Hospital, Nanjing, China. >Department of Cardiology, Shanghai First
People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China.

Received: 14 March 2021 Accepted: 6 September 2021
Published online: 20 September 2021

References

1. Haskell WL, Lee IM, Pate RR, Powell KE, Blair SN, Franklin BA, et al. Physical
activity and public health: updated recommendation for adults from the
American College of Sports Medicine and the American Heart Associa-
tion. Med Sci Sports Exerc. 2007;39(8):1423-34.

2. Hills AR Mokhtar N, Byrne NM. Assessment of physical activity and energy
expenditure: an overview of objective measures. Front Nutr. 2014;1:5.

3. Jeong SW, Kim SH, Kang SH, Kim HJ, Yoon CH, Youn TJ, et al. Mortality
reduction with physical activity in patients with and without cardiovascu-
lar disease. Eur Heart J. 2019;40(43):3547-55.

4. Whitaker KM, Gabriel KP, Buman MP, Pereira MA, Jacobs DR Jr, Reis JP, et al.
Associations of accelerometer-measured sedentary time and physical
activity with prospectively assessed Cardiometabolic risk factors: the
CARDIA study. J Am Heart Assoc. 2019;8(1):e010212.

5. LaCroix AZ, Bellettiere J, Rillamas-Sun E, Di C, Evenson KR, Lewis CE, et al.
Association of Light Physical Activity Measured by Accelerometry and
incidence of coronary heart disease and cardiovascular disease in older
women. JAMA Netw Open. 2019;2(3):e190419.

6. Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH, Jefferis B, Fagerland
MW, et al. Dose-response associations between accelerometry measured
physical activity and sedentary time and all cause mortality: systematic
review and harmonised meta-analysis. BMJ. 2019;366:14570.

7. LiX,ZhaoS, Chen K, Hua W, Su,Yang J, et al. Dose-response association
of implantable device-measured physical activity with long-term cardiac
death and all-cause mortality in patients at high risk of sudden cardiac
death: a cohort study. Int J Behav Nutr Phys Act. 2020;17(1):119.

8. Warren JM, Ekelund U, Besson H, Mezzani A, Geladas N, Vanhees L, et al.
Assessment of physical activity - a review of methodologies with refer-
ence to epidemiological research: a report of the exercise physiology
section of the European Association of Cardiovascular Prevention and
Rehabilitation. Eur J Cardiovasc Prev Rehabil. 2010;17(2):127-39.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 12 of 13

Cleland C, Ferguson S, Ellis G, Hunter RF. Validity of the international
physical activity questionnaire (IPAQ) for assessing moderate-to-vig-
orous physical activity and sedentary behaviour of older adults in the
United Kingdom. BMC Med Res Methodol. 2018;18(1):176.

. Rowlands AV, Dawkins NP, Maylor B, Edwardson CL, Fairclough SJ,

Davies MJ, et al. Enhancing the value of accelerometer-assessed physi-
cal activity: meaningful visual comparisons of data-driven translational
accelerometer metrics. Sports Med Open. 2019;5(1):47.

. Zhao'S, Chen K, SuY, Hua W, Chen S, Liang Z, et al. Association

between patient activity and long-term cardiac death in patients with
implantable cardioverter-defibrillators and cardiac resynchronization
therapy defibrillators. Eur J Prev Cardiol. 2017;24(7):760-7.

. Tornberg J, Ikdheimo TM, Kiviniemi A, Pyky R, Hautala A, Méntysaari M,

et al. Physical activity is associated with cardiac autonomic function in
adolescent men. PLoS One. 2019;14(9):e0222121.

. de Sousa TLW, Ostoli TLVDP, Sperandio EF, Arantes RL, Gagliardi ART,

er al. Dose-response relationship between very vigorous physical
activity and cardiovascular health assessed by heart rate variability
in adults: Cross-sectional results from the EPIMOV study. PLoS One.
2019;14(1):e0210216.

. Xhyheri B, Manfrini O, Mazzolini M, Pizzi C, Bugiardini R. Heart rate vari-

ability today. Prog Cardiovasc Dis. 2012;55(3):321-31.

. Lahiri MK, Kannankeril PJ, Goldberger JJ. Assessment of autonomic

function in cardiovascular disease: physiological basis and prognostic
implications. J Am Coll Cardiol. 2008;51(18):1725-33.

. Kleiger RE, Miller JP, Bigger JT Jr, Moss AJ. Decreased heart rate variabil-

ity and its association with increased mortality after acute myocardial
infarction. Am J Cardiol. 1987;59(4):256-62.

. La Rovere MT, Bigger JT Jr, Marcus FI, Mortara A, Schwartz PJ.

Baroreflex sensitivity and heart-rate variability in prediction of total
cardiac mortality after myocardial infarction. ATRAMI (autonomic
tone and reflexes after myocardial infarction) investigators. Lancet.
1998;351(9101):478-84.

. Rosero SZ, Younis A, Jones P, McNitt S, Goldenberg |, Zareba W, et al.

Utility of cardiovascular implantable electronic device-derived patient
activity to predict clinical outcomes. Heart Rhythm. 2021;18(8):1344-51.

. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NA 3rd, Freedman RA,

Gettes LS, et al. 2012 ACCF/AHA/HRS focused update incorporated into
the ACCF/AHA/HRS 2008 guidelines for device-based therapy of cardiac
rhythm abnormalities: a report of the American College of Cardiology
Foundation/American Heart Association task force on practice guidelines
and the Heart Rhythm Society. J Am Coll Cardiol. 2013;61(3):e6-75.
Kramer DB, Mitchell SL, Monteiro J, Jones PW, Normand SL, Hayes DL,

et al. Patient activity and survival following implantable cardioverter-
defibrillator implantation: the ALTITUDE activity study. J Am Heart Assoc.
2015;4(5):001775.

Goto T, Mori K, Nakasuka K, Kato M, Nakayama T, Banno T, et al. Physical
activity and mortality in older patients with a pacemaker. Geriatr Gerontol
Int. 2020;20(2):106-11.

Pruvot E, Thonet G, Vesin JM. Van-Melle G, Seidl K, Schmidinger H, et al.
heart rate dynamics at the onset of ventricular tachyarrhythmias as
retrieved from implantable cardioverter-defibrillators in patients with
coronary artery disease. Circulation. 2000;101(20):2398-404.

Huikuri HV, Valkama JO, Airaksinen KE, Seppanen T, Kessler KM, Takkunen
JT, et al. Frequency domain measures of heart rate variability before the
onset of nonsustained and sustained ventricular tachycardia in patients
with coronary artery disease. Circulation. 1993,87(4):1220-8.

Baron RM, Kenny DA. The moderator-mediator variable distinction in
social psychological research: conceptual, strategic, and statistical consid-
erations. J Pers Soc Psychol. 1986;51(6):1173-82.

QiaoY, ShiR, Hou B,Wu L, Zheng L, Ding L, et al. Impact of alcohol con-
sumption on substrate remodeling and ablation outcome of paroxysmal
atrial fibrillation. J Am Heart Assoc. 2015;4(11):e002349.

Saunders CT, Blume JD. A classical regression framework for mediation
analysis: fitting one model to estimate mediation effects. Biostatistics.
2018;19(4):514-28.

Tofighi D, MacKinnon DP. RMediation: an R package for mediation analy-
sis confidence intervals. Behav Res Methods. 2011;43(3):692-700.
Soares-Miranda L, Sattelmair J, Chaves P, Duncan GE, Siscovick DS, Stein
PK, et al. Physical activity and heart rate variability in older adults: the
cardiovascular health study. Circulation. 2014;129(21):2100-10.



Sun et al. Int J Behav Nutr Phys Act (2021) 18:128

29.

30.

31.

32.

33

Rennie KL, Hemingway H, Kumari M, Brunner E, Malik M, Marmot M.
Effects of moderate and vigorous physical activity on heart rate variability
in a British study of civil servants. Am J Epidemiol. 2003;158(2):135-43.
Ellison GM, Waring CD, Vicinanza C, Torella D. Physiological cardiac
remodelling in response to endurance exercise training: cellular and
molecular mechanisms. Heart. 2012;98(1):5-10.

Billman GB. Cardiac autonomic neural remodeling and susceptibility to
sudden cardiac death: effect of endurance exercise training. Am J Physiol
Heart Circ Physiol. 2009;,297(4):H1171-93.

Zhao S, Chen K, SuY,Hua W, Pu J, Li H, et al. The role of variability in
night-time mean heart rate on the prediction of ventricular arrhythmias
and all-cause mortality in implantable cardioverter defibrillator patients.
Europace. 2015;17 Suppl 2:ii76-82.

Tsuji H, Venditti FJ Jr, Manders ES, Evans JC, Larson MG, Feldman CL, et al.
Reduced heart rate variability and mortality risk in an elderly cohort. The
Framingham Heart Study Circulation. 1994;90(2):878-83.

Page 13 of 13

34. Pop-Busui R, Evans GW, Gerstein HC, Fonseca V, Fleg JL, Hoogwerf BJ,
et al. Effects of cardiac autonomic dysfunction on mortality risk in the
action to control cardiovascular risk in diabetes (ACCORD) trial. Diabetes
Care. 2010;33(7):1578-84.

35. Hull SS Jr, Vanoli E, Adamson PB, Verrier RL, Foreman RD, Schwartz PJ. Exer-
cise training confers anticipatory protection from sudden death during
acute myocardial ischemia. Circulation. 1994;89(2):548-52.

36. Nystoriak MA, Bhatnagar A. Cardiovascular effects and benefits of exer-
cise. Front Cardiovasc Med. 2018;5:135.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Association between cardiac autonomic function and physical activity in patients at high risk of sudden cardiac death: a cohort study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study participants
	Collection of baseline characteristics
	Measurement of PA and HRV
	Follow-up and clinical outcomes
	Grouping
	Statistical analysis

	Results
	Baseline characteristics
	Clinical outcomes
	Relationship between PA and HRV
	Cutoff values of HRV and PA for predicting long-term outcomes
	Predictive values of PA for long-term outcomes
	Predictive values of HRV for long-term outcomes
	Mediation analysis

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


