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Purpose: We evaluated the long-term effect of a smartphone-facilitated home-based
cardiac rehabilitation (HBCR) model in revascularized patients with coronary heart
disease (CHD) on major adverse cardiac events (MACE), and secondary outcomes,
including safety, quality of life, and physical capacity.

Methods: It was a prospective observational cohort study including a total of 335 CHD
patients after successful percutaneous coronary intervention (PCI) referred to the CR
clinic in China between July 23, 2015 and March 1, 2018. Patients were assigned to
two groups: HBCR tailored by monitoring and telecommunication via smartphone app
(WeChat) (HBCR group, n = 170) or usual care (control group, n = 165), with follow-up
for up to 42 months. Propensity score matching was conducted to match patients in the
HBCR group with those in the control group. The patients in the HBCR group received
educational materials weekly and individualized exercise prescription monthly, and the
control group only received 20-min education at baseline in the CR clinic. The primary
outcome was MACE, analyzed by Cox regression models. The changes in the secondary
outcomes were analyzed by paired t-test among the matched cohort.

Results: One hundred thirty-five HBCR patients were matched with the same number
of control patients. Compared to the control group, the HBCR group had a much lower
incidence of MACE (1.5 vs. 8.9%, p = 0.002), with adjusted HR = 0.21, 95% ClI
0.07-0.85, and also had reduced unscheduled readmission (9.7 vs. 23.0%, p = 0.002),
improved exercise capacity [maximal METs (6.2 vs. 5.1, p = 0.002)], higher Seattle Angina
Questionnaire score, and better control of risk factors.

Conclusions: The Chinese HBCR model using smartphone interaction is a safe and
effective approach to decrease cardiovascular risks of patients with CHD and improve
patients’ wellness.

Clinical Trial Registration: http://www.chictr.org.cn, identifier: ChiCTR1800015042.

Keywords: coronary heart disease (CHD), exercise training, smartphone, home-based cardiac rehabilitation, major
adverse cardiac events
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INTRODUCTION

Coronary heart disease (CHD) remains the leading cause of
death worldwide after decades of major advances in treatment
(1, 2). In the USA, over 370,000 people die annually from CHD
(cdc.gov), whereas in economically developing countries, China,
for instance, the incidence of CHD exceeds 11 million with a
death rate of about 110 per 100,000.

Cardiac rehabilitation (CR), as a continuum of care for
patients with CHD after initial treatment, has been approved
to significantly promote wellness, improve exercise capacity,
and preserve cardiac function (3, 4). In 2018, multiple medical
professional agencies established referral to CR as a performance
measure (5, 6). However, the referral rate and completion rate for
CR are still suboptimal, with 53-74% of patients referred to CR
(5, 6) and participation rates of 19-34% (7, 8). The participation
rate is much lower in developing countries. In China, the referral
rate is <1%, although a large number of patients are eligible (8).
The major barriers to referral or participation to CR include lack
of center-based cardiac rehabilitation (CBCR) facilities and lack
of patient awareness. According to a survey, In China, there are
only ~500 CR centers nationwide and mostly located in major
cities; the majority of eligible patients are from rural areas and
they do not have an access to CR. To increase participation
and promote health and wellness, a more accessible and flexible
model of CR is needed in China.

Home-based cardiac rehabilitation (HBCR) programs were
thus introduced to increase access and patient acceptance and
are reported to be equally effective as conventional CR in
improving physical capacity and cholesterol control (9-12).
HBCR, conducted at non-clinical settings, including home and
other community-based facilities, is more accessible to patients
and costing less (12). One study reported a more than 50%
participant rate for HBCR in the United Kingdom after a cardiac
event (13). However, compared to conventional CR, HBCR
raised concerns about safety due to inadequate monitoring and
instant communication with the care team. HBCR facilitated by
telecommunication and monitoring offers a new opportunity.

HBCR with mobile communication has been used during the
past decade, and studies, mostly conducted with text messaging,
have shown promising results on improving CR enrollment,
physical activity, and physical exercise capacity (14-17). The
smartphone provides a flexible platform to deliver patient
education, monitor physical activity, exchange patient data, and
provide real-time communication and clinical support, and is
a better form of telemedicine that can be delivered to patients
compared to telephone call-/text message-based care (18, 19).

Most HBCR studies have revealed short-term benefits for
CHD patients (i.e., 6 months or less) (14-16, 18, 20, 21), except
one study with 24 months of follow-up, a reported exercise
capacity, and clinical biometric outcomes (22). Major adverse
cardiac events (MACE), however, are rarely reported in studies
due to limited follow-up time. To this end, we evaluate the impact
on MACE with up to 42 months follow-up, along with other
clinical outcomes, including cardiovascular disease risk factors,
exercise capacity, quality of life, and psychological outcome
in a Chinese population. Similar to Dorje’s study, we used

WecChat, a social app widely used as the main tool to deliver
HBCR with tele-education, telecommunication, telemonitoring,
and data transferring functions (19).

METHODS

Study Population
The study population included patients > 18 years of age who
were referred to the cardiac rehabilitation clinic at First Medical
Center of Chinese PLA General Hospital after successful PCI
between July 23, 2015 and March 1, 2018. Successful PCI was
defined as residual stenosis of the target lesion <30% without
procedural complications and TIMI flow grade 3. Inclusion
criteria also required smartphone ownership with an active
WeChat account; 350 patients agreed to participate in the study.

After obtaining informed consent, all participants were
rigorously screened for comorbidities, and 15 patients were
excluded because they had any of the following conditions:
unstable angina, myocardial infarction (MI) within 2 weeks,
new ST-segment deviation, severe arrhythmias, decompensated
heart failure, uncontrolled hypertension, severe pulmonary
hypertension, obstructive hypertrophic cardiomyopathy, severe
valvular heart disease, dementia, and inability to exercise as
a result of orthopedic or neurological limitations. Among 335
remaining patients, 170 chose to participate in the smartphone
HBCR program, while 165 patients declined and automatically
became controls.

The study was approved by the ethics committee of Chinese
PLA General Hospital and registered on http://www.chictr.org.
cn (ChiCTR1800015042).

Study Design and Procedures

This was a prospective observational cohort study. Participants
were followed up to 42 months, and the last follow-up date was
December 31, 2018. We stopped following up patients when the
last follow-up date was reached, or patients had unscheduled
rehospitalization due to worsening angina, or patients expired
or developed a primary outcome. The primary outcome is the
incidence of composite MACE, including cardiovascular death,
non-fatal acute myocardial infarction, unscheduled coronary
revascularization, and non-fatal stroke.

Baseline Assessment for All Participants
Patients’ demographics, socioeconomic status, disease history,
current medications, and laboratory tests were collected
at baseline, and physical examination was also conducted.
Cardiopulmonary exercise testing (CPET) was performed to
evaluate exercise intolerance and cardiopulmonary function
(Supplementary Material).

A 12-lead electrocardiogram was monitored throughout
CPET; the rated perceived exertion (RPE) on the original Borg
scale was recorded at the end of each stage; oxygen uptake (VO,)
and carbon dioxide output (VCO,) were measured every 10s.
Peak VO, was defined as the average oxygen consumption during
the last 15 s of cycle ergometry. VE/VCO; slope was measured by
plotting minute ventilation volume (VE) against VCO, obtained
every 10 s of exercise.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 731557


http://www.chictr.org.cn
http://www.chictr.org.cn
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Ma et al.

Chinese Home-Based Cardiac Rehabilitation Model

All cardiopulmonary exercise tests were reviewed by special
medical staff blinded to the study protocol.

Patients completed baseline questionnaires to assess
psychological stress, angina symptoms, and quality of life.
Psychological stress was assessed by the Generalized Anxiety
Disorder 7 (GAD-7) (23) and Patient Health Questionnaire 9
(PHQ-9) (24). The Seattle Angina Questionnaire (SAQ) was
used to measure the effect of angina on physical limitation,
anginal stability, anginal frequency, treatment satisfaction,
and disease perception (25). The World Health Organization
Quality of Life (WHOQOL) was used to assess the life quality of
the participants.

All participants received 20min of health education by
CR doctors and nurses, including counseling on lifestyle
modification, smoking cessation, and medication adherence.

All procedures complied with the Helsinki Declaration
standards.

CR Intervention Delivered by Smartphone
The CR intervention plan was based on standardized HBCR
and secondary prevention guidelines (5, 26), including exercise
prescription adjusted monthly and health education material.

Smart Phone Interaction System

The Smartphone Interaction System, a built-in WeChat plug-
in app was developed by Halents Life-Info Technologies. It
contains several modules, including the electronic medical
management (EMM) software, an education module displaying
educational materials; an exercise data collection module,
which collects data from wearable devices; and a reminder
module, to remind patients of upcoming clinic visits. The
EMM software contains a database storing patient demographics,
clinical measurement, and cardiopulmonary exercise testing
results. An exercise prescription is also in the software, which
sends prescriptions automatically to the intervention group
monthly. After participant enrollment in the CR management
system, remote data transmission makes the patient information
accessible to both HBCR participants and staff.

Health educational materials were delivered to the
intervention group weekly. The educational materials, including
education about hypertension, diabetes, cardiovascular health,
healthy nutritional advice, medications, psychological well-being,
and smoking cessation, are in text-based education articles and
video format. Educational topics also cover how to exercise and
the appropriate exercise (e.g., exercise type, duration, intensity)
for patients with CHD. The health educational materials were
created based on evidence-based recommendations and were
approved by a physician advisory board.

The heart rate, recorded by wearable devices such as
monitoring watch or single chest straps, was monitored remotely
by CR staff weekly. If the patient’s heart rate exceeds the
individualized target heart rate, the system will automatically
alarm the participant via heart rate watch or smartphone and
advise the patient to slow down. Besides uploading the heart
rate records, a structured lab value collection table was sent to
patients in this system; the patient can add body mass index
(BMI) measure and lab values if new labs are available. Patients

can also take a picture of lab reports and upload them through
the system.

Exercise Prescription

An exercise prescription was determined using the target
HR/HRar principle from the ninth edition of ACSM’s guidelines
for exercise (27). The target heart rate is defined as the sum of the
resting heart rate or 50-80% of the reserve heart rate, sometimes
combined with HRt, depending on which value is lower than
others. Exercise starts with 10 min of warm-up, followed by 30-
min aerobic exercise (fast walking or cycling or slow jogging) or
alternative exercise types to meet target heart rate, 10-15 minutes
resistance, stretching,and balance training, and ended by 5-min
cool down. Aerobic or stretching exercise is recommended five to
six times weekly, while resistance and balance training are two to
three times weekly. Patients were instructed to maintain all types
of exercise intensity between “relatively easy” and “slightly tiring”
which is equivalent to Borg Index 11-13 (28).

MACE and Home Exercise Follow-Up
Clinic staff called or used WeChat to communicate with
participants (HBCR and control groups) to collect MACE every
3 months. If an event occurred, the recall date and time were
recorded. Patient medical records were also reviewed every 3
months by well-trained clinical staff to identify MACE events.
Besides, several other questions were asked to patients, including
whether exercise-related adverse events occurred, family support,
length of exercise per day, and the number of days exercising per
week. The length of exercise and number of days with exercise
were scored according to the adherence scale developed by our
group (29). Adherence to exercise is calculated based on a scoring
algorithm: if a patient reported exercising 7 days a week was
scored 5, 5-6 days scored 4, 3-4 days scored 3, 1-2 days scored
2, and not exercising scored 1. Patients exercising daily for more
than 1h scored 5, 30 min to 1h scored 4, 10-30 min scored 3,
and <10 min scored 2. For each individual, the total score is the
product of the frequency score and duration of exercise score. A
score above 12 (e.g., exercise 5-6 days a week and 10-30 min each
time, or 3-4 days a week and 30 min—1 h each time) is considered
good adherence to exercise.

An independent committee blinded to treatment assignment
adjudicated clinical outcomes.

Follow-Up Procedures

All participants (HBCR and control) were instructed to return
to the clinic every 6 months for a follow-up visit. At the follow-
up visit, blood pressure (BP), BMI, and waist-to-hip ratio were
measured, and a series of tests were conducted, including lab
tests [lipid panel, uric acid (UA), homocysteine (Hcy)], ECG,
CPET, and echocardiogram. Patients were asked to answer GAD-
7 and PHQ-9 questionnaires at follow-up visits. WHOQOL
was administrated at the baseline and at the last follow-up. No
incentives were given to participants who made follow-up visits.

Control Group
Participants in the control group received standard care. Except
for the same initial 20 min of education given to the intervention
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TABLE 1 | Patients’ baseline characteristics, by case and intervention groups.

Total (n = 335) Control (n = 165) HBCR (n = 170) p-value
Age (years) 56.3 +9.5 56.5 + 8.9 56.2 + 10.1 0.755
Sex, No.
Male participant (%) 295 (88.1) 143 (86.7) 152 (89.4) 0.502
Female participant (%) 40 (11.9) 22 (13.3) 18 (10.6)
Manual workers (%) 91 (27.2) 46 (27.9%) 45 (26.5%) 0.807
BMI [kg/m] 26.2+3.0 262+29 26.2 £ 3.1 0.896
WHR 0.93 &+ 0.05 0.93 + 0.05 0.93 + 0.05 0.216
Exercise history (%) 184 (54.9) 82 (49.7%) 102 (60.0%) 0.063
Smoking history (%) 255 (76.1) 124 (75.2%) 131 (77.1%) 0.702
Systolic blood pressure (mmHg) 129.0 + 141 128.7 +14.4 129.3 +13.9 0.699
Systolic blood pressure target-reached (%) 190 (56.7) 97 (58.8) 93 (564.7) 0.508
Diastolic blood pressure (mmHg) 81.0+10.2 81.2+10.3 80.9 £10.2 0.786
Diastolic blood pressure target-reached (%) 158 (47.2) 74 (44.8) 84 (49.4) 0.444
Labs
LDL (mmol/L) 1.97 £ 0.71 1.99 +£0.75 1.95 £+ 0.66 0.720
LDL target-reached (%) 85 (46.4) 40 (46.0) 45 (46.9) 1.000
Total cholesterol (mmol/L) 3.45 4+ 0.88 3.48 +£0.92 3.43+0.85 0.670
Total triglyceride (mmol/L) 1.46 £ 0.90 151+ 1.00 1.43 £ 0.81 0.581
Uric acid (pmol/L) 351.1 +£80.0 347.8 + 84.7 353.9 + 76.1 0.625
Homocysteine (itmol/L) 15.4 +£5.7 16.1 £ 6.5 149 +5.0 0.355
Comorbidities
Myocardial infarction history (%) 128(38.2) 60 (36.4%) 68 (40.0%) 0.499
Hypertension (%) 184 (54.9) 87 (52.8%) 97 (57.1%) 0.444
Hyperlipidemia (%) 218 (65.1) 113 (68.5%) 105 (61.8%) 0.209
Diabetes mellitus (%) 70 (20.9) 28 (17.0%) 42 (24.7%) 0.106
Echocardiography
LVEF (%) 57.6 +8.9 59.0+7.2 58.0+ 7.1 0.182
Regional wall motion abnormality or ventricular aneurysm (%) 41 (12.2) 19 (11.5) 22 (12.9) 0.691
LVIDd (mm) 46.5 + 4.7 46.4 + 4.6 46.5+ 4.8 0.861
VS (mm) 108+ 1.2 10.8+ 1.1 108+ 1.3 0.974
Percutaneous coronary intervention
Number of stents/patients 23+1.4 22+1.2 25+1.6 0.071
Untreated stenosis (%) 187 (55.8) 87 (52.7%) 100 (58.8%) 0.273
Medication
Anti-platelet (%) 327 (97.6) 159 (96.4) 168 (98.8) 0.169
Statins (%) 271 (80.9) 133 (80.6) 138 (81.2) 0.502
B-Blocker (%) 198 (59.1) 95 (57.6) 104 (60.6) 0.581
ACEI/ARB (%) 74 (22.1) 34 (20.6) 40 (23.5) 0.513
Nitrates (%) 125 (37.3) 61 (37.0) 64 (37.6) 0.911
Diltiazem (%) 62 (18.5) 29 (17.6) 33 (19.4) 0.676
Trimetazidine (%) 119 (35.5) 57 (34.5) 62 (36.5) 0.733
CPET
METS 543 £1.32 5.60 +1.31 5.27 £1.32 0.023*
Peak oxygen pulse (ml Oz/beat) 11.70 + 4.09 12.04 + 3.64 11.38 + 4.47 0.142
VO, AT (ml.kg=".min~") 14.60 + 4.43 15.08 + 4.09 1413 £ 4.71 0.050
VE/NCO, 25.50 &+ 4.55 25.07 + 4.81 25.92 + 4.26 0.086
AVO,/AWR (ml.min=".W-T) 11.72 £ 293 12.05 £ 3.13 11.39 £ 2.69 0.039*
Psychological stress
GAD-7 3.24 +4.14 3.62 &+ 4.60 2.87 +3.63 0.107
PHQ-9 4.46 + 3.70 4.78 +4.18 4.16 +3.16 0.137
(Continued)
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TABLE 1 | Continued

Total (n = 335) Control (n = 165) HBCR (n = 170) p-value
Symptoms
SAQ-PL 67.01 £ 14.77 68.15 £ 13.95 66.08 £ 15.41 0.279
SAQ-AS 64.95 + 29.40 64.53 + 28.39 65.31 & 30.31 0.837
SAQ-AF 88.81 £ 17.67 88.84 £ 18.77 88.78 + 16.82 0.977
SAQ-TS 79.34 £ 14.10 78.44 +£14.92 80.06 + 13.41 0.377
SAQ-DP 60.51 + 20.87 61.85 +22.25 59.43 +19.71 0.371

BMIl indicates body mass index; WHR, waist hip rate; LDL, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal diameter at end-
diastole; IVS, interventricular septum; ACEI, angiotensin converting enzyme inhibitor; ARB, adrenergic receptor blockers. Untreated Stenosis was defined as stenosis >50% left untreated
after successful coronary stenting. METS indicates metabolism equivalents; VO», oxygen consumption; AT, Anaerobic Threshold; \/\CO», carbon dioxide production; VE/VCO,, minute
ventilation/carbon dioxide production relationship; AVO»>/AWR, VO»/work rate relationship; GAD-7, Generalized Anxiety Disorder-7; PHQ-9, Generalized Anxiety Disorder-7; SAQ, Seattle
Angina Questionnaire; PL, physical limitation; AS, anginal stability; AF, anginal frequency; TS, treatment satisfaction; DF, disease perception. Continuous parameters are shown as mean
+ standard deviation (SD). Categorical variables are presented as numbers and proportions. For continuous variables, comparisons between groups were made using two-sample
t-test. Categorical variables were compared using the chi-square test. *p value <0.05 was considered to be of statistical significance.

group at baseline, control participants did not receive any
additional CR-related intervention.

Statistical Analysis

Descriptive statistics were conducted for baseline measures,
where continuous measures were summarized by the mean
and standard deviation (SD), and categorical variables were
summarized by proportion. To assess whether the HBCR group
was similar to the control group at baseline measures, we
conducted the Student t-test if the variables were normally
distributed, or Wilcoxon rank-sum test otherwise for continuous
variables, and the chi-square test for categorical variables.

We conducted propensity score matching (30), where
propensity score was derived from a logistic regression model
with HBCR/control status as the outcome, and with baseline
characteristics (age, gender, BMI, systolic BP, physical capacity,
comorbidities, and length of time between baseline and last
follow-up time) to balance HBCR and control and to reduce the
bias due to the natural limitation of the cohort study. Nearest
neighbor matching within a 0.1 caliper distance was used to find
matched cases and controls.

For the primary outcome (i.e., MACE event), a Kaplan-Meier
survival plot was created and stratified by intervention group
and control group, and the log-rank test was used to compare
the survival probability. Multivariable Cox regression was used
with (i.e., model 1 to model 3 in Table 3) and without (i.e. crude
model in Table 3) adjustment for baseline characteristics. In the
final model (model 3), baseline demographic, medication, and
baseline exercise capacity were controlled. Hazard ratio and 95%
confidence interval for intervention status were estimated.

Secondary outcomes included changes of CPET, symptoms,
risk factors, exercise capacity, quality of life, and psychological
outcomes. Changes in secondary outcomes were calculated by
subcontracting baseline measures from follow-up measures.
Paired t-test was used to compare changes between matched
HBCR and control.

The absence of a measure for each secondary outcome during
follow-up was assessed, if the overall absence rate was above
50% (in both HBCR and control groups), the outcome was

dropped from the final analysis due to a high missing rate. For
remaining secondary outcomes, we applied multiple imputations
to impute missing values for follow-up measures; 100 imputed
values for each missing measure were created based on Markov
Chain Monte Carlo methods, and standard error was estimated
based on Rubin’s Rules wherein standard error was calculated by
combining within-imputation variance and between-imputation
variance (31).

In addition, as the comparison purpose, we conducted
analyses for unmatched raw data as well as comparison.
Similar multivariable Cox regression was applied to the primary
outcome. For the secondary outcomes, due to potentially
unbalanced baseline characteristics between HBCR and control
groups, we applied the generalized linear model (GLM) to
test the difference of changes between the HBCR group and
control group after controlling baseline demographic and clinical
variables. In order to adjust for different follow-up time, we
also included time between the follow-up date and baseline
date as a covariate in the model. The results were reported in
Supplementary Material.

Statistical analysis was performed using SPSS 19.0 for
Windows (SPSS Inc., Chicago, IL, USA) and SAS 9.2 (SAS
Institute Inc., Cary, NC, USA).

RESULTS

At baseline, the average age was 56.3 (+9.5) years old, and the
majority of participants were male (88%) and smokers (76%).
Regarding comorbidities, 38% had an MI history, 55% had
hypertension, 65% had hyperlipidemia, and 21% had diabetes.
About half of the participants reached the targeted blood
pressure (130/80 mmHg). Almost all patients received anti-
platelet medications (98%), 81% statins, 59% p-blockers, and
22% ACEI/ARB (Table 1). The majority of participants in both
the HBCR and control group did not report strong anxiety or
depression. The average GAD-7 score was 3.24 (£4.14), and the
PHQ-9 score was 4.46 (£3.7).

The baseline characteristics of the HBCR group were similar
to those of the control group, including demographics (age,
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TABLE 2 | Summary statistics of the Home-Based Cardiac Rehabilitation program on primary and second outcomes at end of follow-up period for matched case and

control.

Control(n = 135) HBCR (n = 135) pf
Primary outcomes
MACE 128.9) 2(1.5) 0.002*
Incidence of myocardial infarction 0(0.0) 0(0.0) -
Unscheduled revascularization 12 (8.9) 2(1.5) 0.002*
Stroke 0(0.0) 0(0.0) -
Cardiac death 1(0.6) 0(0.0) 0.493
Second outcomes
Unscheduled hospitalization worsened due to worsening angina 31 (23.0) 13(9.7) 0.002*
CPET
METS 51+14 6.2+1.3 0.001*
Peak oxygen pulse (ml Oz/beat) 12.4 £ 3.7 126 £ 3.4 0.27
VO, AT (ml.kg=".min~") 18.7 £ 41 16.2 +4.3 <0.001*
VE/NCO, 254+ 3.7 24,70 + 3.8 0.34
AVO2/AWR (ml.min=!.W~1) 111+£29 119+25 0.41
Risk factors control
SBP (mmHg) 130.1 +13.9 122.2 +13.7 <0.001*
Target-reached ratio of SBP 75 (55.5) 115 (85.2) <0.001*
DBP (mmHg) 81.1+10.4 77.5+11.6 0.09
Target-reached ratio of DBP 76 (56.3) 99 (73.3) 0.03
LDL (mmol/L) 22+08 1.5+0.6 <0.001*
Target-reached ratio of LDL 55 (40.7) 118 (87.4) <0.001*
Other labs
TC (mmol/L) 3.7+1.2 3.1 +£09 0.02*
TG (mmol/L) 1.6+1.0 1.4+£09 0.12
UA (mmol/L) 340.0 £+ 86.2 347.3+£77.9 0.71

+
p is the p-value for raw data (without imputation).

METS indicates metabolism equivalents; VO, AT, oxygen consumption at Anaerobic Threshold; VE, pulmonary ventilation; VVCO», carbon dioxide production; VE/VCO,, minute
ventilation/carbon dioxide production relationship;, AVO>/AWR, VO»/work rate relationship; SBF, systolic blood pressure; DBFR, diastolic blood pressure; LDL, low-density lipoprotein

cholesterol; TC, total cholesterol; TG, total triglyceride; UA, uric acid.
Data are shown as mean + standard deviation (SD).

Time effects of exercise (+) on the second endpoints were analyzed using paired t-test. "p-value < 0.05 was considered to be of statistical significance.

gender), health behavior and lifestyle (smoking history, exercise
history), vitals (BMI, BP), comorbidities (MI, hypertension,
hyperlipidemia, diabetes), baseline lab measures (LDL, total
cholesterol, uric acid, and homocysteine), echocardiographic
results (LVEF, regional wall motion abnormality, LVID, and IVS),
medication, PCI procedures, exercise capacity (heart rate reserve,
peak oxygen pulse, VO, AT, VE/VCO;), psychological stress,
and symptoms (Table 1). Only two differences were observed for
METS (5.3 £ 1.3 for HBCR group vs. 5.6 £ 1.3 for the control
group, p = 0.02), and AVO,/AWR (12.1 £ 3.1 for control group
vs. 11.4 &= 2.7 for the HBCR group, p = 0.04).

After matching, 135 patients remained in each group. The
difference of baseline characteristics between HBCR and control
groups were diminished, except for two lab measures (VO, AT
and AVO,/AWR) where measures for the control group were
slightly higher than those in the HBCR group (p = 0.05 and 0.039,
respectively, Supplementary Table 1).

There were no missing data for primary outcomes
(Supplementary Table 2) and very little missing for MET,

HR, and CPET measures at the final follow-up (0.9-1.2%).
GAD-7 and PHQ-9 were missing for ~8% of participants. SAQ,
LDL, TC, and TG have a moderate missing rate (35-49.9%),
while UA and Hcy were not included in the final analysis due to
the high missing rate (>50%). MET, HR, and CPET measures
at 6, 12, 18, 24, or 30 months were also missing for more than
half of participants; thus, these intermittent measures were not
imputed and were not used in the analysis.

Among the matched cohort, a total of 14 (10.4%) MACE
occurred during follow-up, including one cardiovascular death
and 14 unscheduled revascularizations (Table 2). The HBCR
group had a significantly lower incidence for MACE compared
to the control group (1.5 vs. 8.9%, p = 0.002) (Figure 1); the
hazard ratio of the incidence of MACE in HBCR reached 0.21
after adjusting for baseline characteristics (HR = 0.21, 95% CI
0.07-0.85) (Table 3, model 3).

The participants in the HBCR group demonstrated much
lower incidence of unscheduled hospitalizations due to worsened
angina than those in the control group (23.0 vs. 9.7%, p = 0.002).
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TABLE 3 | Multivariate Cox regression analysis of the correlation between
Home-Based Cardiac Rehabilitation program and incidence of clinical events, with
and without adjusting for confounding variables.

HR (95% Cl) p-value
Crude 0.21(0.07, 0.85) 0.008
Model 1 0.21 (0.070, 0.85) 0.008
Model 2 0.21(0.07, 0.85) 0.008
Model 3* 0.21(0.07, 0.85) 0.008*

"The fully adjusted result, which is used in interpreting the association between Home-
Based Exercise and Incidence of Clinical events.

Model 1: after adjustment for age and gender.

Model 2: after further adjustment for history of previous myocardial infarction, history of
diabetes mellitus, number of stents implanted, whether has residual stenosis or not.
Model 3: after further adjustment for BMI, WHR, history of Hypertension, history of
smoking, history of exercise, maximal METS, oxygen uptake at AT, VE/VCO», AVOo/AWR,
use of at least one antiplatelet drug, use of statins, use of trimetazidine, use off-blockade,
Whether received emergency PCI or not, systolic blood pressure value and diastolic blood
pressure value at the baseline level.

BMI indicates body mass index; WHR, waist hip rate; METS, metabolism equivalents; AT,
anaerobic threshold; VE/VVCO», minute ventilation/carbon dioxide production relationship;
AVOo/AWR, VOyo/work rate relationship; PCI, percutaneous coronary intervention.

The exercise capacities in the HBCR group were also better at
the end of follow-up compared to controls: maximal METs were
higher in the HBCR group (6.2 vs. 5.1, p = 0.001) than that for the
control group, and oxygen uptake at anaerobic threshold (VO,
AT) was also improved (16.2 vs. 13.7, p < 0.001) in the HBCR
group. Regarding the risk factor control, at the final follow-up,
the HBCR group had lower SBP (122 vs. 130, p < 0.001) and
a higher proportion of patients with controlled systolic blood
pressure (85.2 vs. 55.5%, p < 0.001) as well as diastolic blood
pressure (73.3 vs. 56.3%, p = 0.03). Similarly, the HBCR group
also had lower LDL-C (1.5 vs. 2.2, p < 0.001) and a higher
proportion of patients with controlled LDL-C (87.4 vs. 40.7%, p
< 0.001) (Table 2).

Table 4 shows the changes in secondary outcomes using
imputed data. Among CPET measures, the HBCR group (mean
= 0.9, 95% CI: 0.9-1.5) showed significant increase in METs
compared to the control group (mean = 0, 95% CI: —0.3 to 0.1).
The HBCR groups also had more significant increase in VO, at
AT (mean = 1.9, 95% CI 0.9-2.2), AVO,/AWR (mean = 0.6,
95% CI —0.1 to 0.9) and decrease in VE/VCO; (mean —1.2, 95%
CI —1.6 to 0.6) compared to controls. Systolic BP was reduced
for the HBCR group (mean = —5.2, 95% CI = —7.7 to 1.1),
but not for the control group (mean = 0.5, 94% CI —2.0 to 3.0).
The differences of those changes between the HBCR and control
group were significant (p = 0.003).

We assessed the psychological status and cardiac symptoms
at the final follow-up (Table 4). Among matched patients, the
changes of GAD-7 and PHD-9 did not show significant difference
between the HBCR and control groups (p > 0.20), while
three dimensions of SAQ showed significant difference between
the HBCR and the control groups, which were SAQ physical
limitation, angina frequency, and disease perception. The SAQ
physical limitation measure increased 6.9 (95% CI: 3.8-10.2) for
the HBCR group, which was significantly higher than that for the
control group (mean = —0.7, 95% CI: —4.1 to 2.2) (p = 0.001).

A similar tendency was found in the increase of SAQ angina
frequency and disease perception (2.9 vs. 0.8, p = 0.04).

DISCUSSION

This HBCR model which delivers via smartphone using the
WeChat built-in application in China found a significant
reduction of MACE in the HBCR group compared to the control
group (1.5 vs. 8.9%), confirming a clear benefit for HBCR during
the 24-48-month follow-up period. To our knowledge, this is
the first published study to assess the effect of smartphone-based
HBCR programs on MACE for patients with CHD with a long
follow-up time. No physical exercise-related adverse events were
observed during the follow-up period for both groups.

MACE is rarely reported as an outcome in CR studies. Soga
et al. reported the impact of exercise training on MACE events
after coronary stenting for CHD patients within 30 days as a
safety concern of early exercise after the coronary procedure
(32). In our study, we extend the safety concern of HBCR to a
long-term effectiveness measure, and MACE was evaluated after
more than 2 years of follow-up. Smartphone-facilitated HBCR
can effectively reduce MACE and is suggested to be suitable for
long-term use to prevent secondary severe outcomes in order to
promote general wellness to post-cardiac patients.

Consistent with another HBCR study, our study indicated
improved exercise capacity for patients, particularly for METs,
and oxygen consumption at Anaerobic Threshold (VO, AT)
(Table 2). Moreover, our study showed that the improvement
persists longer than 2 years (3, 9, 10). Previous studies have
established the connection between exercise capacity and health
outcome: each increment of 1 metabolic equivalent (MET)
3.5ml O, kg_l.min_l) in peak VO, corresponds to 13%
reductions in all-cause mortality and 15% in cardiovascular
mortality (32). In our study, although the baseline levels of peak
METs, oxygen uptake, and AVO,/AWR in the control group
were slightly higher than those in the HBCR group, after 2
years of intervention, peak METS were significantly improved
in the HBCR group. Moreover, VO, at the anaerobic threshold
(VOzaT) was observed to be higher in the HBCR group than the
control group, which indicates the further benefit of HBCR on
cardiorespiratory fitness. The improvements of exercise capacity
in the HBCR group were also more significant than those in the
control group.

Our study also found better adherence to exercise in the
HBCR group (85%) compared to the control (31%) during
the entire follow-up period, suggesting that smartphone-based
HBCR can be used as a long-term secondary prevention tool.
Though it is not clear which components of this smartphone-
based HBCR directly lead to improved exercise adherence,
the real-time monitoring, communication about exercise-related
concerns, individualized exercise prescription, and repeated
education may work together to promote patient engagement.
Regardless of the mechanism, long-term adherence to exercise,
resulting in improved exercise capacity, was associated with a
reduction of MACE.
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FIGURE 1 | Kaplan-Meier plot for MACE, stratified by intervention status (for the matched cohort).

Improved LDL-C and systolic BP control observed at the
final follow-up visit were consistent with findings from another
smartphone-based HBCR study (19). In that study, systolic BP
in HBCR was 8 mmHg lower compared to the control group at
6-month follow-up, which is slightly higher than the 5 mmHg
reduction in our study after 2 years of follow-up. LDL-C was
reduced 0.5 mmol/L more for HBCR in our study, compared
to 0.22 mmol/L in Dorje’s study at 12-month follow-up (19). It
has been suggested that the 10 mmHg reduction of systolic BP
is associated with 20% reduction of major cardiovascular events
(e.g., stroke, MI, HF) (33, 34). Although our results did not reach
the same degree of blood pressure reduction, the proportion of
patients who achieved the target BP control was significantly
improved (55% at baseline vs. 85% at the final follow-up visit)
for the HBCR group, compared to worsened BP control for the
control group (59% at baseline vs. 56% at the final follow-up visit)
(Tables 1, 2). Similarly, we also observed significantly improved
LDL-C control proportion (47 vs. 87%) for HBCR, compared to
46 vs. 41% for the control group (Tables 1, 2). BP and LDL-C
control are closely related to lifestyle modification (e.g., exercise,
diet), medication adherence, the educational material, exercise
prescription, and monitoring provided to the HBCR group,
which are likely to be associated with improved BP and LDL-
C (27). Moreover, LDL-C control is directly associated with the
reduced risks of cardiovascular disease and has been strongly
recommended by clinical guidelines since 2000. Educational
materials in the present study, particularly lifestyle modification
and diet education (35, 36), are thought to contribute to the
improvement in BP and LDL-C.

Smartphone-based HBCR makes it possible for real-time
communication and data exchange between medical staff and
patients (via WeChat) and promotes personalized exercise
prescription and exercise safety. Besides this individualized care,
which is usually an advantage of center-based CR, smartphone-
based HBCR is conducted in the home environment and is more
acceptable and accessible for patients. Thus, smartphone-based
intervention represents a new form of telemedicine wherein care
can be effectively delivered through telecommunication. This
form of telemedicine is particularly useful when patients are
not able to access clinic facilities (e.g., current lockdown due
to COVID-19). It is also a better option for countries such as
China where the smartphone is commonly available but health
care facilities are limited, particularly if intervention focuses
on improving knowledge and awareness of the disease through
educational materials. Moreover, a social media communication
tool such as WeChat has widespread use and extended functions
that can be connected to other applications (e.g., wearable
devices) thereby making the social media tool (e.g., WeChat) an
ideal and flexible platform to deliver care (19). It can be easy to
adapt as one form of telemedicine. The experience from our study
should be easily generalized to other disease areas.

There are several limitations of the study. First, participants
were not randomized and participant assignment was based on
their willingness to participate in HBCR which may result in
a self-selection bias. We conducted propensity score matching
(30) to reduce the potential bias; the baseline characteristics
were balanced among HBCR and control groups among the
matched cohort. The impact of HBCR in reducing MACE
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TABLE 4 | Effects of the Home-Based Cardiac rehabilitation program on psychological state, cardiac symptoms and biochemical metric changes for the matched cohort.

Control HBCR Difference ptt
Change' Change' (HBCR-Control)
(n =135) (n =135) Mean (95% CI)
Mean (95%Cl) Mean (95%Cl)
Psychological stress
GAD-7 -0.2(-0.9,0.4) -0.5(-1.0,0.5) -03(-1.4,7) 0.20
PHQ-9 0.2(-0.4,0.8) -0.3(-0.9,0.5) -0.5(-1.3,0.6) 0.22
Symptoms
SAQ-PL —0.7 (4.1, 2.2) 6.9 (3.8, 10.2) 7.6(3.2,12.1) 0.001
SAQ-AS -1.9(=10.1, 5.3) 59 (—1.4,12.8) 7.7(-1.9,13.8) 0.09
SAQ-AF 2.0 (-0.4,6.0 6.9 (4.2,10.7) 4.9(1.0,7.4) 0.04
SAQ-TS 0.8(-2.1,4.0) 2.9(-0.4,5.9) 2.1(-1.7,5.1) 0.21
SAQ-DP 4.3(1.9,10.2) 8.9(4.1,13.4) 4.6(0.9, 6.1) 0.04
Biometric metric
SBP 0.5(-2.0, 8.0 —-52(=7.7,-1.1) —5.7(-7.8,-2.2) 0.003
DBP -0.7 (-2.2,0.7) —3.2(-4.4,-0.9) -25(-85,0.2) 0.09
LDL-C 0.2 (=1.0,1.3) —0.3(=1.3,0.7) —0.5(=1.7, —=0.1) 0.03
CPET
Maximal MET 0.0 (-0.3,0.1) 0.9(0.7,1.2) 0.9(0.9, 1.5 < 0.001
Peak oxygen pulse (ml Oz/beat) 0.0 (-0.3,0.6) 1.8(0.7, 2.0 1.8(0.4,1.7) 0.05
VO, AT (ml.kg=".min~") -0.7 (=1.4, -0.2) 1.9(0.9,2.2) 2.6(1.6,3.3) < 0.001
VENCO, 0.4 (-0.6, 1.2 —-1.2(-1.6, -0.6) -1.6 (=21, -0.7) 0.001
AVO,/AWR (ml.min=".W-T) -0.6 (-1.3, -0.1) 0.6 (-0.1,0.9) 1.2(0.8, 1.5) 0.004

! Changes were summarized based on imputed data. p” is the p-value after imputation to test the changes between the HBCR and control groups.

GAD-7 indicates Generalized Anxiety Disorder-7; PHQ-9, Generalized Anxiety Disorder-7; SAQ, Seattle Angina Questionnaire; PL, physical limitation; AS, anginal stability; AF, anginal
frequency; TS, treatment satisfaction; DR, disease perception; SBF, systolic blood pressure; DBF, diastolic blood pressure; METS, metabolism equivalents; VOo, oxygen consumption;
AT, anaerobic threshold; \VCO», carbon dioxide production; VE/VCO», minute ventilation/carbon dioxide production relationship;, AVOo/AWR, VOo/work rate relationship.

*p-value < 0.05 was considered to be of statistical significance.

was even more appealing compared to the unmatched cohort
(Supplementary Tables).

Secondly, the sample size was relatively small and all patients
were recruited from a single center. Therefore, a large-scale
multi-center is needed to further verify the results. A multi-
center smartphone-based HBCR randomized trial, led by our
clinic center, has been initiated and is now in the patient
recruitment stage. Nevertheless, randomized control trials with
a greater number of patients are needed to confirm the findings
of this study.

Thirdly, because all follow-up visits are voluntary, more than
half of patients missed intermittent follow-up measures because
of secondary outcomes. Patients have to pay a ~500 Chinese
Yuan (~US $70) out-of-pocket expense at each follow-up visit,
which is a financial burden for most patients. Ideally, health
insurance would pay for tests as a continuum of care for CHD
patients. Because it generally takes a long time to advocate health
policy change, this may limit the practical use of HCBR.

CONCLUSION

To our knowledge, this study provides the longest follow-
up evaluation of smartphone-based HBCR for successfully
revascularized CHD patients. After more than 2 years of follow-
up, smartphone-based HBCR facilitated by a social network

application (WeChat) was effective in decreasing the incidence
of major adverse cardiovascular events, improving exercise
capacity, and risk factor control.
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