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Prompt prescription and early initiation of exercise training are essen-
tial for patients undergoing elective percutaneous coronary interven-
tion (PCI). We hypothesized that cardiopulmonary exercise testing 
(CPET) parameters determined the day after elective PCI during hospi-
talization would not differ from those obtained 1–3 weeks post-PCI in 
patients with stable coronary heart disease (CHD). CPET was performed 
the day after and 1–3 weeks (13± 4.6; 7–21 days) after PCI. CPET was 
performed with a bicycle ergometer up to the ventilatory aerobic thresh-
old (VAT) on the day after PCI. Symptom-limited CPET was conducted 
1–3 weeks after PCI. No complications arose from the tests. There were 
no significant differences in %VAT (next day: 88.6± 16.7 vs. 1–3 weeks 
later: 91.4%± 18.7%), the workload at the VAT (51.8± 11.0 W vs. 52.9±  
11.6 W), heart rate (HR) at the VAT (95.3± 105 beats/min vs. 94.1± 11.3 
beats/min), or metabolic equivalent (METs) at the VAT (3.69± 0.69 vs. 

3.84± 0.78) between the two sessions. The slope of linear regression for 
two repeated measurements was close to 1 (%VAT, 1.02; workload at 
the VAT, 0.95; METs at the VAT, 1.03), except for HR (0.70). Bland–Altman 
plots revealed the reproducibility of all four CPET measurements between 
the two sessions. In conclusion, CPET up to the VAT can be performed 
safely 1-day post-PCI in patients with stable CHD. CPET parameters do 
not significantly differ between testing performed the day after and  
1–3 weeks after PCI. Next-day CPET during hospitalization after PCI 
may enable prompt exercise prescription without the need for another 
CPET 1–3 weeks later.
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INTRODUCTION

The benefits of cardiac rehabilitation have long been investigat-
ed. Several studies have shown that exercise rehabilitation (ER) 
not only enhances functional capacity, cardiac function, and quali-
ty of life but also reduces mortality and morbidity in patients un-
dergoing percutaneous coronary intervention (PCI), those with 
heart failure, and those with stable coronary artery disease (Goel et 
al., 2011; Hambrecht et al., 2004; Olsen et al., 2018; Yang et al., 
2017).

Cardiopulmonary exercise testing (CPET) is now widely used 
for formulating ER prescriptions. Among the CPET indicators, 
ventilatory aerobic threshold (VAT) has been extensively employed 
to evaluate pathophysiology in patients with various heart diseases 
as well as to assess physical activity in healthy individuals (Myers, 
2005). Additionally, VAT has been utilized to determine the in-
tensity of the prescribed exercise (Mann et al., 2013).

Promptly and accurately issuing an ER prescription prepared  
1 day after PCI during hospitalization allows for early initiation of 
ER in patients with stable angina undergoing elective PCI. The 
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advantages of this swift ER prescription post-PCI based on CPET 
are: (a) an early start to ER, (b) eliminating the need for a later visit 
to undergo CPET for the ER prescription, and (c) enhancing and 
maintaining motivation for ER. However, conducting CPET 1 day 
after PCI raises certain concerns as well: (a) the exercises might lead 
to adverse effects, and (b) the CPET parameters obtained 1-day 
post-PCI might not align with those captured 1–3 weeks post-PCI.

Coronary lesions are small relative to the whole body. With ad-
vancements in PCI technology, elective PCI for patients with sta-
ble CHD is now performed in a short time with minimal inva-
siveness. Based on these considerations, we hypothesized that (1) 
CPET can be performed safely up to the VAT level and (2) the 
CPET parameters, including VAT, workload, and metabolic equiv-
alents (METs) at VAT obtained 1-day after PCI might not be sig-
nificantly different from those obtained 1–3 weeks after PCI.

However, to the best of our knowledge, no studies have con-
ducted CPET 1 day after elective PCI or compared the CPET pa-
rameters from one day post-PCI to those from 1–3 weeks post-
PCI. Accordingly, the present study was carried out to test the 
two aforementioned hypotheses.

MATERIALS AND METHODS

Patients
The reproducibility study was conducted at the Okayama Heart 

Clinic. We analyzed 15 patients with stable CHD who agreed to 
participate in two CPET sessions at the clinic using a bicycle er-
gometer: one session the day after their elective PCI and another 
1–3 weeks (13±4.6 days; range, 7–21 days) post-PCI. All 15 pa-
tients had preserved left ventricular function and non-elevated 
levels of N-terminal prohormone of brain natriuretic peptide. In-
formed consent was obtained from each participant, and the in-
formed consent form outlined the study’s objectives, advantages, 
disadvantages, and safety concerns. Patients who were unable to 
perform the exercise test using a bicycle ergometer were excluded. 
Furthermore, we excluded those patients who underwent PCI for 
chronic total occlusion, those who had coronary bypass grafting, 
and those with three-vessel lesions.

The required sample size was >7 patients to detect a correlation 
coefficient of 0.90 with a power of 0.8 and a significance level of 
α=0.05 between two sessions in a correlation analysis. All exam-
inations and analytical procedures adhered to the principles of the 
Declaration of Helsinki, and the study was approved by the Insti-
tutional Ethics Committee for Human Research of Okayama Heart 
Clinic (approval number, RT2). Written informed consent for the 

use of data without personally identifiable information was ob-
tained from all patients.

Percutaneous coronary intervention
PCI was performed in the afternoon of the day of admission, and 

discharge was scheduled for the 2nd hospital day. Aspirin, hepa-
rin, and antiplatelet agents (e.g., clopidogrel) were administered 
before PCI. An intravenous heparin bolus of 0.25 mg/kg was ad-
ministered during PCI, followed by continuous intravenous infu-
sion of heparin at 0.125 μg/kg/min to maintain an activated clot-
ting time of 350–400 sec. First, coronary angiography was per-
formed, and the target lesion was identified. Intracoronary nitrate 
was administered to ensure maximal epicardial vasodilation. Then, 
the target coronary artery was examined using intravascular ultra-
sound to determine the size and length of the stent and to facili-
tate stent placement. Next, a floppy wire was passed through the 
target lesion. The stent was either directly implanted without 
coronary predilation or after balloon dilation when necessary. The 
selection of stents was left to the operator’s discretion.

Cardiopulmonary exercise testing
The drugs administered were unchanged from the first and sec-

ond sessions. CPET was performed twice: on the day after and  
1–3 weeks after PCI. CPET was performed in accordance with 
scientific standards, using approved equipment in a quiet room 
designed for this purpose (Balady et al., 2010; Ross, 2003). CPET 
was conducted by two examiners: a cardiologist and a physical ther-
apist. On day after PCI (2nd hospital day), to avoid changes in the 
CPET parameters due to the autonomic tone, CPET was performed 
in the patients in the morning or in the afternoon 2 hours after a 
meal. In CPET performed the day after PCI, exercise loading was 
stopped at the VAT to avoid the risk of cardiac accidents. Patients 
were then discharged 2–4 hours after CPET.

In the second session (1–3 weeks after PCI), patients underwent 
symptom-limited CPET using the following termination criteria: 
(a) inability to withstand exercise and (b) patient slowing of pedal 
rotation rate to ≤55 cycles/min. The exercise intensity on the bi-
cycle ergometer was continuously increased by 5, 7, or 10 W/min 
after ramping up at rates of 5, 7, and 10 W, respectively, during a 
4-min warm-up period. The exercise program depended on the 
patient’s condition, age, sex, and body weight. CPET was planned 
to be completed within 8–12 min. The pedal rotation speed was 
set at 60 cycles/min. Minute ventilation, oxygen uptake (VO2), 
and carbon dioxide production were monitored continuously with 
a respiratory mass spectrometer using the breath-by-breath meth-
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od (CPex1, OG Wellness, Okayama, Japan). The 8-sec moving 
average of the VO2 was continuously calculated from the instanta-
neously detected VO2. Surface standard 12-lead electrocardiogra-
phy parameters were also monitored continuously (Cardimax8 
FX-8800, Fukuda Denshi, Tokyo, Japan). The forearm blood pres-
sure was determined every 15 min using the cuff-oscillometric 
method based on Korotkoff sounds (Tango M2, SunTach Medical, 
Morrisville, NC, USA, respectively).

The two examiners determined the VAT in accordance with es-
tablished criteria (Balady et al., 2010; Beaver et al., 1986; Wasser-
man et al., 1973). The VAT was obtained as a percentage of the 
reported age- and sex-matched value for the healthy population 
(Itoh et al., 2013). The percent values of VAT (%AT) and the 
workload (W), heart rate (beats/min), and METs at the VAT were 
recorded for statistical analyses (Itoh et al., 2013). After completion 
of CPET, the VAT was further confirmed by several experienced 
members of staff.

Statistics
The statistical analyses were performed using R ver. 3.2.2 (R 

Foundation for Statistics Computing, Vienna, Austria). Simple 
linear regression analysis was performed using CPET data obtained 
the day and 1–3 weeks after PCI. Coefficients of regression and 
correlation were used to determine the reproducibility of the re-
sults. Power analysis was performed to evaluate the necessary sam-
ple size for the study. Bland–Altman plots were also used to deter-
mine the reproducibility of CPET indices between the two sessions. 
Paired-sample t-tests were used to compare values between the 
two sessions. In accordance with the sample size, a Shapiro–Wilk 
test and histogram were used to determine the normality of the 
distribution. The homogeneity of variance was checked using the 
F-test. The data are expressed as the mean±standard deviation. 
Differences with P-values <0.05 were considered significant.

RESULTS

Characteristics of patients
The characteristics of the included patients are shown in Table 1. 

There were no exceptional cases, such as PCI with notable com-
plications, suggesting that the enrollment process was free of bias.

Characteristics of PCI
Table 1 summarizes lesion characteristics and procedural pa-

rameters for the included patients. Procedural time, the volume of 
contrast medium used, and the level of radiation exposure were 

approximately 45 min, 50 mL, and 1 gray, respectively.

Safety of CPET
CPET was performed the day after PCI (2nd hospital day), un-

eventfully and without any complications such as an angina attack. 
All patients were discharged 2–4 hours afterward. Similarly, CPET 
was completed without complications 1–3 weeks after PCI.

Comparison between the two sessions via regression and 
correlation analyses

Paired t-tests were used to compare CPET data obtained the 
day after and 1–3 weeks after PCI (Table 2). No significant differ-
ences in %VAT, workload, heart rate, or METs at the VAT were 
observed between the two sessions. The coefficients of variation 

Table 1. Clinical and PCI characteristics of the included patients

Characteristic Value

No. of patients 15
Sex, female:male 4:11
Age (yr) 67± 9.2
Exercise habit (− vs. +) 12:3
History of stent implantation (− vs. +) 10:5
Body mass index (kg/m2) 27.1± 3.9
Smoking (− vs. +) 14:1
Hypertension (− vs. +) 7:8
Diabetes mellitus (− vs. +) 13:2
Dyslipidemia (− vs. +) 2:13
Chronic kidney disease (− vs. +) 15:0
Log N-terminal prohormone of brain natriuretic peptide 1.99± 0.43
left ventricular ejection fraction 62.4± 8.2
Percutaneous coronary interventions characteristics

Target lesion location
LAD   7
RCA   2
LAD & RCA   2
LCx   1
LAD & LCx   2
RCA & LCx   1

No. of target lesions
One vessel 11
Two vessels   4

No. of stents implanted 1.4± 0.49 (1–2)
Procedural time (min) 45± 14
Radiation exposure (gray) 1.01± 0.39
Contrast medium (mL) 85± 24

Values are presented as number or mean± standard deviation (range).
PCI, percutaneous coronary intervention; LAD, left anterior descending coronary ar-
tery; RCA, right coronary artery; LCx, left circumflex coronary artery.
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for all four parameters were around 5%.
The results of regression and correlation analyses are also listed 

in Table 3 and shown in the upper panels of Figs. 1–4. The coeffi-
cients of regression and linear regression intercepts were close to 1 
and 0 for %VAT and for workload/METs at the VAT, respectively. 
The regression line for heart rate at the VAT deviated slightly from 
the line y=x. Correlation coefficients were high (approximately 
0.9) for %VAT, workload at the VAT, and METs at the VAT. The 
correlation coefficient for heart rate at the VAT was somewhat low 
but significant.

The number of days from 1st to 2nd CPET sessions did not 
correlate with any of the differences in CPET parameters of %VAT, 
workload, HR, or METs at VAT obtained between one day and 
1–3 weeks after PCI.

Bland–Altman analysis
Bland–Altman plots for %VAT and workload, heart rate, and 

METs at the VAT are shown in the lower panels of Figs. 1–4. All 
plots demonstrated acceptable reproducibility between measure-
ments obtained the day after and 1–2 weeks after PCI, except for 
the %VAT and METs at the VAT. These two parameters were close 
to +1.96 standard deviation of the differences’ average.

DISCUSSION

This study was conducted on patients with uncomplicated sta-
ble CHD and had two notable findings. First, CPET could be safely 
performed up to the VAT point one day after PCI. Second, the 
CPET parameters can demonstrate clinically acceptable reproduc-
ibility between measurements taken one day after PCI and those 
taken 1–3 weeks post-PCI.

The present study did not find any complications associated 
with CPET performed one day after PCI. No other studies have 
been conducted on CPET one day after PCI; hence, the safety re-
sults from this study could not be compared to previous research. 
Exercise loading was stopped at the VAT point and not at the limit 
of subjective symptoms. Additionally, the included patients had 
preserved left ventricular ejection fraction and did not show ele-
vated levels of N-terminal prohormone of brain natriuretic pep-

Table 2. Comparison of CPET parameters between the day after and 1–3 weeks 
after PCI

Variable Next day 1–3 Weeks 
after PCI P-value† Difference

Predicted VAT (%) 88.6± 16.7 91.4± 18.7 0.059 3.4± 7.6
Workload at VAT (W) 51.8± 11.0 52.9± 11.6 0.237 1.06± 5.43
Heart rate at VAT (/min) 95.3± 10.5 94.1± 11.3 0.693 -0.63± 4.56
METs at VAT 3.69± 0.69 3.84± 0.78 0.060 0.30± 1.30

PCI, percutaneous coronary intervention; CPET, cardiopulmonary exercise testing; 
VAT, ventilatory aerobic threshold; METs, metabolic equivalents.
†Paired t-test.

Table 3. Results of regression and correlation analyses

Variable
Coefficient of 
the regression 
equation (a)

P-value Interception Correlation 
coefficient

Predicted VAT (%) 1.02 < 0.001 1.34 0.91
Workload at VAT (W) 0.95 < 0.001 4.24 0.89
Heart rate at VAT (/min) 0.70 0.009 27.8 0.65
METs at VAT 1.03 < 0.001 0.03 0.91

Linear regression analysis (y= ax+b).
VAT, ventilatory aerobic threshold; METs, metabolic equivalents.

Fig. 1. Linear regression (A) and Bland–Altman plots (B) for percent ventilatory 
aerobic threshold measured the day after and 1–2 days after percutaneous 
coronary intervention (PCI). SD, standard deviation.
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Fig. 2. Linear regression (A) and Bland–Altman plots (B) for the workload at the ventilatory aerobic threshold measured the day after and 1–2 days after percutane-
ous coronary intervention (PCI). SD, standard deviation.
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Fig. 3. Linear regression (A) and Bland–Altman plots (B) for heart rate at the ventilatory aerobic threshold measured the day after and 1–2 days after percutaneous 
coronary intervention (PCI). SD, standard deviation.
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tide. These factors, at least partly, might explain the lack of associ-
ation with adverse effects during CPET performed one day after 
PCI. Our findings suggest that CPET can be safely conducted one 
day after PCI in patients with uncomplicated stable coronary ar-
tery disease.

The present study found no clinically significant differences in 
CPET parameters between the day following PCI and 1–3 weeks 
post-PCI. To date, no other study has compared CPET parameters 
across these two-time frames. It is well-established that autonom-
ic function and inflammatory status can influence CPET measure-
ments (Chen et al., 2014; Kasapis and Thompson, 2005; Maciel 
et al., 1986; Rahimi et al., 2005). Given that coronary lesions are 
small in relation to the entire body and considering that the PCI 
is a relatively quick procedure (approximately 45 min) with mini-
mal radiation exposure and a limited amount of contrast medium, 
it is believed that the procedure’s impact on autonomic function 
and inflammation is minimal. As a result, PCI does not appear to 
significantly affect CPET parameters between 1 day and 1–3 weeks 
post-procedure.

The implications of the present study were as follows: Substan-
tial evidence suggests that ER improves outcomes for patients 
with coronary artery disease, including those diagnosed with sta-
ble angina (Gielen et al., 2001; Hambrecht et al., 2004). Addition-
ally, ER has been shown to effectively improve serum lipid levels 
and reduce body weight, even in control groups (Tran and Weltman, 
1985). Conducting CPET the day after PCI, during hospitaliza-
tion, allows for an immediate exercise prescription. This eliminates 
the need for the patient to return for additional testing 1–3 weeks 
later and facilitates an early start to the ER. Such a prompt approach 
might further motivate patients to engage in ER.

This study had several limitations: First, the primary focus of 
this study was to assess the reproducibility of the CPET; therefore, 
it involved a relatively small number of patients. A power analysis 
indicated that the sample size was adequate for correlation analy-
sis. Detailed statistical evaluations produced acceptable results, 
suggesting that an increase in sample size would likely not pro-
duce significantly different outcomes. Second, the CPET performed 
the day after PCI was not symptom-limited, which means param-
eters obtained at maximal exercise could not be compared between 
the two sessions. Nonetheless, this may not be a significant lim-
itation as these parameters are not crucial for ET prescription. Third, 
due to the diverse conditions of the patients, the timing of the 2nd 
CPET session post-PCI was not consistent. Despite this, our find-
ings demonstrate that the duration of CPET did not correlate with 
variations in parameters between the sessions nor did it impact 

linear regression or Bland–Altman plot analyses.
In conclusion, CPET up to VAT is safe the day after PCI. Our 

results show consistent CPET results between the day after and 
1–2 weeks post-PCI. Conducting CPET the next day during hos-
pitalization eliminates the need for follow-up tests, potentially 
encouraging patients to start ET sooner.
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