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Abstract

Background Coronary artery bypass grafting is associated with a high occurrence of postoperative cardiopulmo-
nary complications. Preliminary evidence suggested that enhanced recovery after surgery can effectively reduce

the occurrence of postoperative cardiopulmonary complications. However, enhanced recovery after surgery

with systematic integration of cardiopulmonary rehabilitation (ERAS-CaRe) into for Coronary artery bypass grafting
has not been evaluated so far. We thus design the ERAS-CaRe randomized-controlled trial to evaluate possible superi-
ority of embedding cardiopulmonary rehabilitation in ERAS over ERAS alone as well as to investigate effects of differ-
ential timing of cardiopulmonary rehabilitation within enhanced recovery after surgery (pre-, post-, perio-operative)
on post-operative cardiopulmonary complications following Coronary artery bypass grafting surgery.

Methods ERAS-CaRe is a pragmatic, randomized-controlled, parallel four-arm, clinical trial. Three hundred sixty
patients scheduled for Coronary artery bypass grafting in two Chinese hospitals will be grouped randomly into (i)
Standard enhanced recovery after surgery or (i) pre-operative ERAS-CaRe or (iii) post-operative ERAS-CaRe or (iv)
perio-operative ERAS-CaRe. Primary outcome is the occurrence of cardiopulmonary complications at 10 days

after Coronary artery bypass grafting. Secondary outcomes include the occurrence of other individual complications
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including cardiac, pulmonary, stroke, acute kidney injury, gastrointestinal event, ICU delirium rate, reintubation rate,
early drainage tube removal rate, unplanned revascularization rate, all-cause mortality, ICU readmission rate, plasma
concentration of myocardial infarction-related key biomarkers etc.

Discussion The trial is designed to evaluate the hypothesis that a cardiopulmonary rehabilitation based enhanced
recovery after surgery program reduces the occurrence of cardiopulmonary complications following Coronary
artery bypass grafting and to determine optimal timing of cardiopulmonary rehabilitation within enhanced recov-

as devising clinical recommendations.

ery after surgery. The project will contribute to increasing the currently limited knowledge base in the field as well

Trial registration The trial was registered at the Chinese Clinical Trials Registry on 25 August 2023
(ChiCTR2300075125; date recorded: 25/8/2023, https:.//www.chictr.org.cn/).

Keywords Coronary artery bypass grafting, Enhanced recovery after surgery, Cardiopulmonary rehabilitation, Full
disease cycle, Randomized controlled trial, Cardiopulmonary complications

Background

Coronary artery bypass graft (CABG) surgery is gener-
ally recommended with major occlusion of any of the
main coronary arteries and contraindication or previ-
ous unsuccessful attempts of percutaneous coronary
intervention (PCI). In particular, CABG can effectively
improve survival when severe stenosis of the left main
coronary artery (>50% in diameter) occurs, and triple
large coronary arteries are severely narrowed (>70%
in diameter) with or without involvement of the proxi-
mal anterior descending artery [1]. Despite progress in
recent decades, CABG surgery is invasive and considered
a high-risk procedure, associated with 30-day morbidity
and mortality rates to 14.0% and 2.0%, respectively. More-
over, postoperative complications, including pneumonia
(1-3.9%) [2], periprocedural myocardial infarction(PMI)
(9.7-12.5%) [3, 4], atrial fibrillation(5-40% within 2—4
days postoperatively) [5, 6], stroke (1.6—8.4%) [7, 8], and
acute kidney injury (5-42%) [9-11] affect treatment suc-
cess and patients’ quality of life.

Programs targeting the prevention of such complica-
tions including Enhanced recovery after cardiac surgery
(ERAS-cardiac) with demonstrated effectiveness are
thus of pivotal importance [12-14]. ERAS-Cardiac [15,
16] is an umbrella term for multimodal and interdisci-
plinary intervention programs targeting perioperative
management of a patient with the aim of promoting
early recovery after cardiac surgery. ERAS-Cardiac
usually includes three phases [17] the pre-, peri- and
post-surgery, including smoking and alcohol cessation,
dietary modifications, and psychological care, among
others. ERAS programs after CABG have been shown
to reduce bronchopneumonia rate from 18.8 to 9.7%
[18], atrial fibrillation from 39 to 26% [19], stroke
from 3 to 0% [20]. Moreover, the mean length of ICU
and hospital stay decreased by 1-3 days and 1-7 days,
respectively [18, 21]. An additional file shows this in
more detail (see Additional file 1). Although ERAS has

the potential to reduce postoperative complications,
postoperative bed rest and reduced activity in CABG
patients can result in decline in in muscle strength and
decreased cardiopulmonary endurance.

Cardiopulmonary rehabilitation (CR) [22] is a com-
plementary multidisciplinary intervention program that
targets the above problems. CR includes physical and
occupational therapy with specific such as positive airway
pressure treatment, respiratory muscle training and aero-
bic exercise. There is low to moderate quality evidence
suggesting that pre- and post-operative CR in patients
undergoing CABG surgery is superior to standard care
as regards the reduction of post-operative complica-
tions [23-26] and readmissions(10-19.1%) [27] as well as
lengths of inpatient stay (1-3days) [28, 29]. An additional
file shows this in more detail (see Additional file 2).

Although ERAS-Cardiac guidelines generally empha-
size the importance of rehabilitation, no specific inter-
vention protocols are provided to date. In particular, it is
unclear which particular rehabilitation interventions can
be routinely embedded in ERAS-Cardiac; and how reha-
bilitation interventions ought to be timed, that is before
(pre) or after (post) surgery or in both stages (perio).

Based on the above rationale, we design an enhanced
recovery after surgery program integrating cardiopul-
monary rehabilitation (ERAS-CaRe) and developed a
protocol for a pragmatic, randomized controlled, four
parallel arms, clinical trial to evaluate this program. The
ERAS-Care trial aims to determine possible superiority
of CR-embedded ERAS over ERAS alone as well as to
investigate effects of differential timing of the rehabilita-
tion component within ERAS (pre-, post-, perio-opera-
tive) on post-operative cardiopulmonary complications
and other complications including post-operative cardiac
complications, post-operative pulmonary complications,
stroke, acute kidney injury, ICU delirium, reintubation,
revascularization, all-cause mortality, medical costs, and
length of stay in the context of CABG surgery.
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Methods/design

Study design

This study is a pragmatic, multi-center, randomized
controlled, parallel group, clinical trial. Table 1 shows
the overview of the trial registration information. This
trial protocol has been developed according to SPIRIT

Table 1 The WHO trial registration data set for the ERAS-Care trial
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[30, 31] for pragmatic trials and non-pharmacological
treatment interventions.

Trial objectives

The primary objective of the planned trial is to deter-
mine whether systematically embedding CR within
ERAS is superior to ERAS without CR, in reducing the

Data category

Information

Primary registry and trial identifying number

Date of registration in primary registry
Secondary identifying numbers

Trial protocol version

Source(s) of monetary or material support
Primary sponsor

Secondary sponsor

Contact for public queries

Contact for scientific queries

Public title

Scientific title

Countries of recruitment
Health condition(s) or problem(s) studied
Intervention(s)

Key inclusion and exclusion criteria

Study type

Date of first enroliment
Target sample size
Recruitment status
Primary outcome(s)

Key secondary outcomes

Chinese Clinical Trial Registry number: ChiCTR2300075125
August 25, 2023

N/A

Version 1

N/A

N/A

N/A
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China

Patients with coronary artery disease undergoing CABG
Standard ERAS

Pre-operative ERAS-CaRe

Post-operative ERAS-CaRe

Perio-operative ERAS-CaRe

Ages eligible for study: aged 18 year or older

Sexes eligible for study: both

Accepts health volunteers: No

Inclusion criteria: see Table 2
Exclusion criteria: see Table 2

Type: Pragmatic, randomized controlled, parallel group, clinical trial

Allocation: Block randomization

Intervention model: Parallel assignment

Masking: Assessor, physician, data analyst, and statistician blinded

Primary purpose: Prevention and improvement

Phase: N/A

Not yet started

360

Recruiting

Occurrence of post-operative cardiopulmonary complications within the first 10 post-operative days

Occurrence of PCCs; occurrence of PPCs; occurrence of stroke; occurrence of acute kidney injury;
other complications include ICU delirium rate, gastrointestinal event and revascularization; reintuba-
tion rate; early drainage tube removal rate; time to remove mechanical ventilation length; total

LOS; ICU readmission rate; overall readmission rate; LVEF; cTnT; hs-CRP; Self-reported METs; Inpatient
all-cause mortality; ICU LOS; Total medical expenses

CABG coronary artery bypass graft, ERAS-CaRe enhanced recovery after surgery program integrating cardiopulmonary rehabilitation program, hs-CRP hypersensitive
C-reactive protein, ICU intensive care unit, LOS length of stay, LVEF left ventricular ejection fraction, METs metabolic equivalents, PPCs post-operative pulmonary
complications, PCCs post-operative cardiac complications, RCTs randomized controlled trials
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occurrences of post-operative cardiopulmonary com-
plications within 10 days following CABG. Herein, dif-
ferences between pre-operative, post-operative, and full
peri-operative integration of CR into ERAS will also be
analyzed in order to determine an optimal protocol.

Secondary objectives are to investigate whether pre-,
post-, and/or peri- ERAS-CaRe are more effective than
control in improving specific subtypes of complications
(including cardiac complications, pulmonary complica-
tions; stroke, acute kidney injury, gastrointestinal event,
reintubation rate, early drainage tube removal rate,
unplanned revascularization rate, all-cause mortality,
ICU readmission rate, left ventricular ejection fraction
(LVEF), serum cardiac troponin T concentration (cTnT),
hypersensitive C-reactive protein (hs-CRP), self-reported
metabolic equivalents (METs), ICU LOS, total LOS, ICU
readmission rate, overall readmission rate, and total med-
ical expenses.

Ethics statement

The trial has been prospectively registered at the Chi-
nese Clinical Trial Registry (http://www.chictr.org.cn):
ChiCTR2300075125. The institutional review board in
the First Affiliated Hospital of Nanjing Medical Univer-
sity has approved the trial (protocol reference: 2023-SR-
348). In accordance with the Declaration of Helsinki of
1964 as revised in 2013, the International Conference of
Harmonization Guidelines for Good Clinical Practice
and the requirement of the local ethics committees, writ-
ten informed consent will be obtained from all enrolled
participants. Any important changes regarding the study
protocol in terms of eligibility criteria, interventions, out-
comes or analyses will be conducted under the supervi-
sion and approval of the institutional review board.

Trial setting

The trial is implemented at First Affiliated Hospital of
Nanjing Medical University (Nanjing, Eastern China), a
metropolitan primary referral hospital with 3700 beds
and Qingdao Hospital, University of Health and Reha-
bilitation Sciences (Qingdao, Northern China), a 2000-
bed primary referral hospital which have implemented
ERAS guidelines to all surgical units. Hospitals will be
selected based on their capacity to treat the target patient
population, the availability of specialized medical staff,
and their experience in conducting clinical trials. First
Affiliated Hospital of Nanjing Medical University will
implement this program standard operation procedures
(SOPs) which discussed and approved by relevant medi-
cal staff including the procedure of enrollment, randomi-
zation, rehabilitation intervention, assessment and data
collection and regular visits to the participating staff.
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Each hospital will have a designated principal investiga-
tor responsible for overseeing the trial at their respective
site.

Trial status

The trial is ongoing and is actively enrolling. The num-
ber of enrolled patients as of the submission date of the
manuscript was 200.

Eligibility and withdrawal criteria

The target population for this trial encompasses those
who meet the consolidated criteria below, and Table 2 is
listed for ease of reading.

Eligibility criteria

The target population for this study comprises patients
who meet the following inclusion criteria: (i) aged 18
years or older; (ii) diagnosed with coronary heart disease
through coronary angiogram and laboratory examina-
tion based on symptoms and signs of the patient; (iii) met
indications of CABG with or without valvular surgery
defined as at least 2 vessel lesions or significant left major
coronary arteries stenosis or SYNTAX score >33; (iv)
with normal cognition and being able to cooperate with
the CR training; (v) agreed to participate in the trial and
signed the consent form [1, 22, 32].

Patients will be excluded if they meet any of the fol-
lowing criteria: (i) pregnant; (ii) undergoing aortic sur-
gery or equivalent surgery within 6 months; (iii) history
of cardiogenic shock or sudden cardiac arrest and severe
hypertension; (iv) having complications with persistent
ischemia, hemodynamic impairment, or at risk of arterial
occlusion with massive myocardial infarction; (v) having
complications with unstable angina, malignant arrhyth-
mia and severe cardiac insufficiency New York Heart
Association (NYHA) of IV or LVEF<35%); (vi) having
acute myocardial infarction complicated with severe
mechanical complications such as ventricular aneurysm
formation, mitral regurgitation caused by papillary mus-
cle rupture, or rupture of free wall; (vii) having periph-
eral neuropathy, peripheral artery disease, superficial
thrombophlebitis, deep vein thrombosis, and thus unable
to tolerate rehabilitation training; (viii) terminal disease
like cancer, malignancies, liver failure, or other severe
systemic diseases; (ix) participated in other trials within
6 months; (x) Having substance abuse, depression etc. [1,
22, 33-35].

Withdrawal from the trial

In the trial, patients will be withdrawn for either of the
following: (i) making such a request during the trial to
withdraw the consent form and request to withdraw from
the trial; (ii) developing a serious disease during the trial,


http://www.chictr.org.cn
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Table 2 Trial inclusive, exclusive and withdrawal criteria
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Inclusion criteria

- Aged 18 years or older

« Diagnosed with coronary heart disease through coronary angiogram and laboratory examination based on symptoms and signs of the patient

- Met indications of CABG with or without valvular surgery defined as at least 2 vessel lesions or significant left major coronary arteries stenosis or SYN-

TAX score >33

- With normal cognition and being able to cooperate with the CR training
- Agreed to participate in the trial and signed the consent form
Exclusion criteria

A. Unable to tolerate intervention or high-risk profile:

« Pregnant

- Undergoing aortic surgery or equivalent surgery within 6 months

« History of cardiogenic shock or sudden cardiac arrest and severe hypertension

+Having complications with persistent ischemia, hemodynamic impairment, or at risk of arterial occlusion with massive myocardial infarction

+ Having complications with unstable angina, malignant arrhythmia and severe cardiac insufficiency (NYHA of IV or LVEF < 35%)

+ Having acute myocardial infarction complicated with severe mechanical complications such as ventricular aneurysm formation, mitral regurgitation

caused by papillary muscle rupture, or rupture of free wall

«Having peripheral neuropathy, peripheral artery disease, superficial thrombophlebitis, deep vein thrombosis

B. Competing risk

- Terminal diseases like cancer, malignancies, liver failure, or other severe systemic diseases

C. Anticipated lack of collaboration with rehabilitation training or anticipated lack of compliance

« Having substance abuse, depression etc.
D. Competing intervention

- Participated in other trials within 6 months
Withdrawal criteria

« The patient makes such a request during the trial to withdraw the consent form and request to withdraw from the trial

- The patient develops a serious disease during the trial, such as malignancies or severe systemic diseases, and continuing participation becomes a risk

to the patient in the opinion of the physician responsible for the treatment

- The patient develops a severe adverse reaction during the treatment

CABG Coronary artery bypass graft, CR cardiopulmonary rehabilitation, LVEF Left ventricular ejection fraction, NYHA New York Heart Association

such as malignancies or severe systemic diseases, and
continuing participation becomes a risk to the patient
in the opinion of the physician responsible for the treat-
ment; (iii) developing a severe adverse reaction during
the treatment [36].

Recruitment, randomization and allocation
Patients will be selected from candidates electively
undergoing CABG surgery at the First Affiliated Hospi-
tal of Nanjing Medical University and Qingdao Hospital,
University of Health and Rehabilitation Sciences. They
will be assessed by a multidisciplinary team consisting
of a registered nurse, anesthetist, and surgeon from the
admitting surgical team 7 days prior to their operation.
For generating the allocation sequence in our study,
we utilized a computerized block randomization
approach. This was implemented using the R statistical
software (version 4.2.0), ensuring a balanced distribu-
tion of participants across the four study groups. The
randomization was structured with a predetermined

block size of 8, which was chosen to maintain a con-
sistent and equitable allocation ratio throughout the
enrollment process [37].

Mechanism of implementing the allocation sequence
& Who will generate the allocation sequence, who will
enroll participants, and who will assign participants to
interventions: After generating the allocation sequence,
the sequence will be securely transferred to an inde-
pendent data manager who is not involved in par-
ticipant recruitment or assessment. This manager will
maintain the allocation concealment in sealed, opaque
envelopes, each corresponding to a participant number.
When a participant is enrolled and consented, a desig-
nated clinical staff member, blinded to the sequence,
will open the next sequential envelope to assign the
participant to their respective group. This process
ensures allocation concealment and minimizes selec-
tion bias.

Figure 1 demonstrates the overview of recruitment,
randomization, and allocation based on the SPIRIT prin-
ciple [31].
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All patients scheduled
® Undergoing equi surgery <6 h for CABG in the hospital
@ History of sudden cardiac arrest and severe ® Aged >18yd

hypertension

® With persistent ischemia, hemodynamic
impairment, or at risk of arterial occlusion with
massive myocardial infarction

® with malignant arrhythmia and NYHA of IV (or

® Diagnosed with CAD through coronary
angiogram and laboratory examination based
on symptoms and signs of the patient
Scheduled for CABG with or without valvular

LVEF <35%)

® Having acute myocardial infarction with severe
mechanical complications

® With peripheral diseases, and thus unable to

Screen for eligible
patients in the hospital

surgery because of at least 2 vessel lesions or
significant left major coronary arteries stenosis
or SYNTAX score > 33

Normal cognition and being able to cooperate
with the rehab training

tolerate rehabilitation training
® With terminal disease
@ Participated in other trials within 6 months

Agreed to participate in

{ Informed consent ’

uonedIo[IVy

{ Randomization and allocation }

ERAS-CaRe

Receive usual care, CABG, and
our ERAS-CaRe program

Standard ERAS

Receive usual care, CABG
and routine ERAS

|

Three follow-ups at
1, 3, 6 and 12month
Data analysis based on
intention-to-treat analysis

JUSUISSISSE 29 UOIJUIAIIU]

Fig. 1 Flow chart of the ERAS-CaRe trial. CABG: Coronary artery bypass graft; CAD: coronary artery disease; CR: cardiopulmonary rehabilitation;
ERAS-CaRe: enhanced recovery after surgery program integrating cardiopulmonary rehabilitation program; ERAS: enhanced recovery after surgery;

LVEF: Left ventricular ejection fraction; NYHA: New York Heart Association

Interventions
Interventions are described according to the TIDieR
standard [38].

Brief name

ERAS-CaRe (enhanced recovery after surgery program
integrating cardiopulmonary rehabilitation program) for
CABG (coronary artery bypass grafting).

Why

Evidence suggests that preoperative and postoperative
cardiopulmonary rehabilitation can reduce complica-
tions and rehospitalization rates after CABG surgery

[39]. Integrating CR into the ERAS pathway may be supe-
rior to a standalone ERAS approach. The timing of CR
within the ERAS pathway (preoperative, postoperative,
perioperative) may further influence the occurrence of
postoperative cardiopulmonary complications.

What (materials and procedures)

Control group: Standard ERAS

Patients included will receive usual care, CABG and rou-
tine ERAS according to ERAS-cardiac guidelines [32].
Usual care mainly comprises pharmacotherapy (like aspi-
rin and clopidogrel) before and after CABG. The ERAS
pathway follows and runs through three stages [34] as
detailed in Table 3.
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Experimental groups: ERAS-CaRe

Patients under ERAS-CaRe will receive usual care,
CABG, and our ERAS-CaRe program. According to
timing of the intervention three groups are foreseen: (i)
pre-operative ERAS-CaRe, (ii) post-operative ERAS-
CaRe, (ii) peri-operative ERAS-CaRe. Pre-, post-, and
pre+post- CR share the same protocol, which com-
prises cardiopulmonary rehabilitation education, dia-
phragmatic breathing, airway clearance techniques,
positioning, respiratory muscle exercises, and aerobic
training. Specific supervision context and contents,
schedule, intensity, duration, frequency, and rationale
are provided in Table 3. A flowchart of the CR-ERAS
program is given in Fig. 2.

Who provides

Intervention will be delivered by rehabilitation doc-
tors, cardiologists, cardiac surgeons, anesthesiologists,
physical therapists, respiratory therapists, nutritionists
and nurses. All health professionals will receive one day
of trial-related training provided by the principal inves-
tigators of the respective study sites before the start
of the project, and weekly guidance from supervisors
at each center will also be provided. All surgeons and
anesthesiologists involved in the study should have at
least one year of experience with CABG surgeries and
will undergo standardized training for ERAS.

How

All interventions are given to patients on a one-on-one,
face-to-face basis during outpatient visits or hospitali-
zation and described in Table 3.

Where

Preoperative nutritional screening, chronic disease
medical optimization, blood pressure, and HBAlc level
control of the ERAS will be completed in the outpatient
clinic involving nutritionists and chronic disease spe-
cialists. Intraoperative interventions will be conducted
by surgeons and anesthesiologists during the surgery.
The remaining ERAS interventions and all CR interven-
tions will be completed in the ward by a team of doc-
tors, nurses, and therapists.

When and how much

Preoperative, intraoperative, and postoperative inter-
ventions will take place at planned times. The preopera-
tive ERAS-CaRe intervention will start after the patient
is admitted and continue daily until the day of sur-
gery. The postoperative ERAS-CaRe intervention will
begin on the first day after surgery and continue until
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discharge. For scheduling, intensity, duration, and fre-
quency see Table 3.

Tailoring
No personalization or adaptation is implemented in this
study.

How well (planned)

Adherence to the intervention will be assessed by thera-
pists, who will document whether the preoperative and
postoperative interventions are completed in each item.
Before initiating the intervention, the therapist will reit-
erate the components and benefits of CR. The therapist
will accompany the patient throughout the intervention,
aiming to enhance patient compliance.

Outcomes

Primary outcome

The primary outcome of the ERAS-CaRe trial is the occur-
rence of post-operative cardiopulmonary complications
within the first 10 post-operative days. It involves two
parts: post-operative pulmonary complications (PPCs) and
post-operative cardiac complications (PCCs) [36]. Data
on PPCs and PCCs will be collected prospectively accord-
ing to pre-agreed definitions as follows. PPCs are defined
with the Melbourne Group Scale (MGS) diagnostic scor-
ing tool, and are liable and valid following thoracic sur-
gery with high inter-rater reliability [40-42]. A PPC will
be diagnosed when the following four or more factors are
identified: (i) new abnormal breath sounds different to pre-
operative; (ii) chest X-ray findings of atelectasis or consoli-
dation; (iii) raised white cell count (WCC) (>11x10°/L);
(iv) temperature>38 °C; (v) purulent sputum differing
from pre-operative status; (vi) signs of infection on sputum
culture; (vii) pulse oximetry oxygen saturation < 90% with-
out oxygen therapy; and (viii) pneumonia diagnosed based
on physician’s experience [42]. When a positive diagno-
sis of a PPC is confirmed, the patient will receive specific
respiratory interventions provided by the doctors from
Department of Respiration. PCCs are defined as acute
myocardial infarction, ventricular tachycardia/fibrillation,
primary cardiac arrest, angina, complete heart block, any
cardiac-related death, or atrial arrhythmia [36].

Secondary outcomes
Secondary outcomes are listed as follows:

+ The occurrence of PCCs is defined as above within
the first 10 post-operative days.

+ The occurrence of PPCs is defined as the same as
above within the first 10 post-operative days.
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;--+ Randomization Usual care, CABG _, Usual care, CABG and

; * and routine ERAS or [ routine ERAS or
Daselinel Ll i ERAS-CaRe program i ERAS-CaRe program
i ‘ before CABG | after CABG

Post-CABG
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___Usual care, CABG and 1/3/6/12M
" routine ERAS or ERAS-
CaRe program perio-

{7 “after CABG

Follow-up observation

ERAS-CaRe program or Standard ERAS

Selective data collection at each follow-up time points

Safety monitoring of blood pressure and heart rate before and after training

The occurrence of stroke is defined as the propor-
tion of patients with new or recurrent stroke after
CABG surgery within the first 10 post-operative
days [43].

The occurrence of acute kidney injury is defined as
the proportion of patients with acute kidney injury
after CABG surgery.

The occurrence of gastrointestinal event is defined
as the proportion of patients with any gastrointes-
tinal event using the Society of Thoracic Surgeons
Adult Cardiac Surgery Database definition within
the first 10 post-operative days [44].

Reintubation rate is defined as the percentage of
reintubation in extubation after tracheotomy calcu-
lated within 10 days after CABG [45].

ICU delirium rate is defined as the percentage of
delirium within 10 days after CABG. ICU delirium
is clinically diagnosed using screening tools such
as the Confusion Assessment Method for the ICU
[46].

Early drainage tube removal rate is defined as the
proportion of the number of people with drainage
tubes removed within 10 day [47].

Unplanned revascularization rate refers to the rate
of repeated episodes of coronary revascularization
with CABG across index hospitalization and fol-
low-up period.

All-cause mortality is defined as mortality from any
cause after registration. The causes of death were
classified as cardiovascular (e.g., malignant arrhyth-
mia, myocardial infarction, or stroke) and non-
cardiovascular (e.g., new cancer or severe systemic
disease). The number of deaths due to any cause
was calculated as a percentage of the total number
of patients included [16].

ICU readmission rate is defined as any overnight
stay past midnight in a hospital ICU center (includ-
ing the emergency department) within 10 days of
discharge from the initial procedure. The ICU read-

Fig. 2 Flow diagram of ERAS-CaRe program. CABG: Coronary artery bypass graft; CAD: coronary artery disease; CR: cardiopulmonary rehabilitation;
ERAS-CaRe: enhanced recovery after surgery program integrating cardiopulmonary rehabilitation program; ERAS: enhanced recovery after surgery

mission rate is the proportion of readmissions (due
to cardiovascular and cerebrovascular diseases, re-
operations, post-operative infections, etc.) to the
total population.

The readmission rate is the proportion of readmis-
sions (due to cardiovascular and cerebrovascular dis-
eases, re-operations, post-operative infections, etc.)
to the total population. Readmission was defined as
any overnight stay past midnight in a hospital within
a follow-up 12 months of discharge from the initial
procedure. Because adjudication of observation sta-
tus or readmission is not readily apparent in the elec-
tronic health record, patients were considered to be
readmitted if they were in a hospital (including the
emergency department) past midnight [48].

Plasma concentration of myocardial infarction-
related key biomarkers (PCMIKB) will be reflected
with the concentration of cardiac troponin T (cTnT),
cardiac troponin I (cTnl), creatine kinase (CK) cre-
atine kinase myocardial band (CK-MB), lactic dehy-
drogenase (LDH), alpha-hydroxybutyric dehydroge-
nase (HBDH), and aspartic transaminase (AST).
Cardiac function will be measured with two-dimen-
sional echocardiography and reflected in left ventric-
ular ejection fraction (LVEF).

Pulmonary function will be reflected in the time to
remove the mechanical ventilation length and the
mechanical ventilation length evaluated by the hour
[49].

Exercise endurance will be measured with Metabolic
equivalents (METs) [50]. METs refer to the aver-
age oxygen consumption of 3.5 ml/kg per minute, or
1METs, usually in a quiet state.

ICU LOS is the addition of the acute period after
CABG and total LOS during ICU and ICU readmis-
sion.

Total LOS is the addition of the acute period after
CABG, total LOS during the recovery and readmission.
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+ Total medical expenses will be calculated by the addi-
tion of the cost of each admission over the course of
the trial.

Data collection

A blinded assessor will evaluate patients for PPCs and
PCCs on each expected day, including post-operative
day 1, day 7 and the discharge day. As references, medi-
cal records like radiologist reports and laboratory sheets
will be examined. On the discharge day, patients will get
a log sheet where they can record any self-identified res-
piratory symptoms that they may experience throughout
the next one-month, three-month, six-month and twelve-
month periods. All noted data may be used as a reference
for diagnosing PPCs and PCCs while they are staying at
home. On their follow-up days, patients will be asked to
provide the assessor with their log sheets for recording.
If any serious symptoms appear, it will be advised that
patients should be readmitted to the hospital.

Data in terms of the occurrence of PCCs and the
occurrence of PPCs will be collected within the first 10
post-operative days. The occurrence of gastrointestinal
event, the occurrence of stroke, the occurrence of acute
kidney injury, delirium rate, reintubation rate, early
drainage tube removal rate, unplanned revascularization
rate, inpatient all-cause mortality, ICU readmission rate
and the readmission rate will be collected throughout the
index hospitalization and follow-up period. All time-to-
event outcomes, including date and type of events, will
be recorded by the research assistants according to death
certificate (for mortality outcomes) or through medical
records (for non-fatal outcomes). Exercise endurance
(METs) will be reviewed and confirmed by the treat-
ing physician. PCMIKB, cardiac function, and pulmo-
nary function will be measured across all follow-up time
points as well as on the admission day. Total hospital LOS
and total medical costs will be reported at the close-out.
Scheduled data collection at each time point is presented
in Table 4 for details.

Blinding

In our clinical trial, due to the nature of the intervention,
complete blinding is not feasible for patients and physi-
otherapists. However, we have implemented measures
to blind other key parties. Medical staff and surgeons,
though providing co-interventions, are excluded from
specific clinical rehabilitation sessions linked to the trial
interventions, thereby maintaining their blinding. Asses-
sors, crucial to unbiased data collection, are kept blind by
being entirely uninvolved in any trial procedures or inter-
ventions. For data analysts and statisticians, we ensure
blinding through the use of anonymized data sets, where
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group labels are not disclosed. This approach is under-
pinned by regular training to reinforce the importance of
blinding and audits to assess its effectiveness. A contin-
gency plan is in place for inadvertent unblinding, involv-
ing immediate reporting and measures to minimize the
impact on the trial’s integrity.

Data management

Standardized case report forms (CRF) have been devel-
oped specifically for the trial. All data will be entered into
electronic standardized case report forms (eCRF) and
stored in a bespoke trial cloud database upon its collec-
tion. Data entry will be independently performed, dated,
and signed by two trial assistants. Typos and missing
data will be detected by specifically designed computer
programs. When discrepancies occur, consensus will be
achieved by checking raw-data, repeated patient inter-
views or discussion. Confidentiality of data is assured
by restricted access to the cloud database granted to
authorized investigators only, for example, members of
the data safety monitoring board (DSMB). The primary
investigator, coordinators, DSMB members, data ana-
lysts, statisticians, and trial assistants will meet periodi-
cally to (1) monitor and review patient safety in the trial;
(2) request and perform interim data analyses; (3) review
patient recruitment, accrual and withdrawal;(4) discuss
continuing or modifying the trial; and (5) stop the trial
upon any severe adverse events (e.g., any events result in
death or persistent disability, or require inpatient hos-
pitalization or prolonged hospitalization) considered to
have been caused by the CR-ERAS program.

Sample size calculation

Previous studies have reported that the occurrence of
post-operative complications with undergoing CABG
was around 40% [27, 33]. An absolute risk reduction of
15% was regarded as a clinically meaningful effect for the
occurrence of post-operative cardiopulmonary complica-
tions at any point in time over the 12 months observa-
tion period. Sample size calculation was performed for
a Cox proportional hazard model with a two-sided false
discovery rate of 0.01 and a power of 80%. The minimum
sample size was estimated as n=320, i.e., 80 per group.
Taking dropouts, non-compliance, and uncertainty of
baseline risk into account, 10% attrition was considered
realistic, and the target sample size was determined as
360 (90 per group).

Strategies for achieving adequate participant enroliment

to reach target sample size

Our recruitment strategy is designed to ensure adequate
enrollment to reach our target sample size of 360 par-
ticipants. We will employ multiple methods, including
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engaging referring physicians at our two primary hospi-
tals to identify eligible patients and conducting informa-
tion sessions for patients scheduled for CABG surgery.
To maintain interest and minimize dropouts, we will
provide comprehensive information about the trial’s ben-
efits, maintain regular communication with participants,
and offer flexible scheduling for assessments and inter-
ventions. Our multidisciplinary team will closely monitor
the recruitment process, making adjustments as neces-
sary to achieve our enrollment goals.

Statistical analysis

Outcome analysis will be performed on an intention-
to-treat (ITT) basis and presented with Kaplan-Meier
curves [51]. Per-protocol analysis of all primary and sec-
ondary outcomes will also be performed in patients who
adhere to the cardiopulmonary rehabilitation regimens
as specified in the section on interventions.

The primary and secondary time-to-event outcomes,
including the occurrence of post-operative cardiovascu-
lar complications, the occurrence of PCCs, the occur-
rence of PPCs, the occurrence of stroke, the occurrence
of acute kidney injury, delirium rate, reintubation rate,
early drainage tube removal rate, unplanned revascu-
larization rate, inpatient all-cause mortality, ICU read-
mission rate, and the readmission rate. Total medical
expenses will be analyzed with generalized linear mod-
els for gamma-distributed outcome (dependent on the
validity of the distributional assumption). For secondary
outcomes with normal and non-normal distributions,
including PCMIKB, cardiac function, pulmonary func-
tion, exercise endurance, ICU LOS, and total LOS, group
differences will be estimated with mixed effects linear
regression.

Data is assumed to be missing at random (MAR). The
validity of assumptions about missing data and possible
effects of missing values on results will be evaluated as
delineated in the sensitivity analysis [52]. To examine
the effects of unit-missing values, that is, dropout from
the study, all analyses will be repeated with inverse prob-
ability weights derived from propensity scores for drop-
out estimated from baseline variables and outcomes at
previous time points. Several scenarios using counter-
factual violating the MAR assumption will also be cal-
culated to estimate possible effects of such violation on
the results [53]. To examine the effects of item-missing
values, multiple imputation using chained-equations will
be performed. All main analyses will be performed with-
out adjustments [54]. To analyze potential effects of con-
founders, all analyses will be repeated with adjustments
for patient characteristics at baseline that may have an
impact on the outcomes among groups, including age,
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gender, weight, height, BMI, comorbidities, smoking sta-
tus, smoking index, physical status.

The null hypothesis is that systematically embedding
CR within ERAS plays no role, that is, groups do not dif-
fer with regard to analyzed outcomes. In general, 4-group
trials are compatible with 6 different types of analysis for
the comparison of groups, and all 6 pairwise compari-
sons between groups will be performed. 2-tailed tests will
be Bonferroni adjusted for multiplicity of testing, which
yields an acceptable alpha error of 0.008. All test statistics
will be reported with 99.2% Cls. All analyses will be per-
formed using Stata version 16 or later (StataCorp, Col-
lege Station, TX, USA).

Discussion

Patients undergoing CABG surgery continue to experi-
ence cardiopulmonary complications including myocar-
dial infarction and pneumonia [1]. While ERAS-Cardiac
can contribute to reduce postoperative complications,
length of hospital stay (LOS), and associated medical
expenses [13, 32, 35, 44], it lacks specialized strategies
and points of entry for rehabilitation interventions which
might further contribute to improved outcomes. Post-
CABG CR [1, 22], is a Class 1 A recommendation of the
American Heart Association/American College of Cardi-
ology and the European Society of Cardiology. Yet, there
is a noticeable absence of a standardized intervention
timelines and content. For this reason, we developed a
CR framework that can be embedded in ERAS programs
tailored to CABG patients. Moving beyond the limited
focus of earlier research, our study integrates a full spec-
trum of perioperative CR-ERAS interventions and fur-
ther aims to determine optimal timing of rehabilitation
interventions within ERAS. The embedded rehabilitation
program suggested here moves beyond early mobiliza-
tion and incorporates position management, respiratory
muscle training, airway clearance, and aerobic exercises
[24, 25, 55].

Our study navigates through challenges such as ensur-
ing adherence to the ERAS-CaRe plan and maintaining
uniformity across interventions. We tackle these through
meticulous planning and stringent adherence protocols.
Therapists are integral to this process, ensuring compli-
ance by accompanying patients throughout the interven-
tion and highlighting the benefits of CR. This proactive
approach is tailored to boost patient engagement and
program fidelity.

Nonetheless, we also found some limitations during the
process, and made some attempts to solve them. First,
the short hospital stays typical for CABG patients limit
the window for rehabilitation interventions, this par-
ticularly applies to the pre-surgery phase. For this rea-
son, we foresee outpatient visits and remote consulting
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sessions instructing patients on home-exercise and other
measures. Second, although we have established stand-
ardized procedures, the details of treatment may vary
from center to center and from therapist to therapist.
To address this issue, we provided standardized train-
ing to each therapist at the beginning of the project. At
the same time, the head of the sub-center will evaluate
the therapists’ operation in the hospital every 6 months.
Third, some of the outcomes require long-term follow-up
and there is patient shedding. We have a dedicated staff
for postoperative follow-up, and we review the patient’s
condition through telephone contact and free clinics.
Fourth, cardiopulmonary rehabilitation interventions
cannot be double-blind, and patients may be conflicted
because of inconsistencies in the rehabilitation interven-
tion programs between the four groups. Fifth, there are
no guidelines summarizing standardized processes for
CR programs and interventions, and our intervention
frequency and content were designed based on the lit-
erature and recommendations from those with clinical
experience. We combined ERAS and CR interventions,
but lacked a gradient progression training approach for
CABG patients of different ages. To address this, we will
monitor the patients’ blood pressure and heart rate dur-
ing the intervention to ensure the safety of their training.
Meanwhile, in the aerobic exercise component, we will
personalize the exercise for patients who cannot perform
the intended intervention.

By seamlessly integrating CR into the ERAS pathway,
our trial strives to enhance patient outcomes, aiming to
reduce complications and foster overall recovery. This
novel approach promises to establish a new benchmark
in post-CABG care, championing a more holistic and
patient-centric recovery model. We anticipate that the
developed ERAS-CaRe results in a significant reduction
in postoperative cardiopulmonary and other complica-
tions, shorter hospital stay, decreased medical expenses,
and enhanced quality of life post-surgery.
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