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37 ABSTRACT

38 Introduction: Disabling atrial fibrillation (AF)-related symptoms (e.g., palpitations and 

39 dyspnea) may influence day-to-day cardiopulmonary exercise testing (CPET) performance, 

40 which can affect exercise prescription for high-intensity interval training (HIIT) and moderate-

41 to-vigorous intensity continuous training (M-VICT) and their outcomes. This study examined the 

42 test-retest reliability of CPET in patients with AF and assessed the proportion of participants 

43 achieving minimal detectable changes (MDC) in peak oxygen consumption (V̇O2peak) following 

44 HIIT and M-VICT. Methods: Participants were randomized into HIIT or M-VICT after 

45 completing two baseline CPETs: one with cardiac stress technologists (CPETdiag) and the other 

46 with a research team of exercise specialists (CPETresearch). Additional CPET was completed 

47 following 12 weeks of twice-weekly training. Reliability of CPETdiag and CPETresearch was 

48 assessed by intraclass correlation coefficient (ICC) and dependent t-tests. The MDC score was 

49 calculated for V̇O2peak using a reliable change index. The proportion of participants achieving 

50 MDC was compared between HIIT and M-VICT using chi-square analysis. Results: Eighteen 

51 participants (69±7 years, 33% females) completed two baseline CPETs. ICC was significant for 

52 all measured variables. However, peak power output (POpeak: 124±40 vs. 148±40 watts, p<0.001) 

53 and HR (HRpeak: 136±22 vs. 148±30 bpm, p=0.023) were significantly greater in CPETresearch 

54 than CPETdiag. Few participants achieved MDC in V̇O2peak (5.6 mL/kg/min) with no difference 

55 between HIIT (0%) and M-VICT (10.0%, p=0.244). Conclusions: POpeak and HRpeak differed 

56 significantly in patients with AF when CPETs were repeated under different settings. Caution 

57 must be practiced when prescribing exercise intensity based on these measures as under-

58 prescription may increase the number of exercise non-responders. Key words: cardiopulmonary 

59 fitness, arrhythmia, peak oxygen consumption, cardiovascular rehabilitation 
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60 Introduction

61 Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia(Dai et al., 2021) 

62 characterized by a rapid and irregular heartbeat that is associated with disabling symptoms, such 

63 as palpitations, dyspnea, and dizziness (Lip et al., 2016). AF increases the risk of stroke by five-

64 fold and the risk of all-cause mortality by nearly two-fold (Ruddox et al., 2017, Wolf et al., 

65 1991). As AF progresses from paroxysmal to persistent and permanent forms, the risks of 

66 thromboembolism (Chiang et al., 2012) and mortality (Mentel et al., 2020, Shukla and Curtis, 

67 2014) increase. The age-adjusted prevalence of AF approximately quadrupled from 20 to 96 per 

68 thousand in males and 14 to 49 per thousand in females, respectively, between 1998 and 2007 

69 (Schnabel et al., 2015). In 2017, AF afflicted more than 37 million people globally (Dai et al., 

70 2021). With the rise in AF incidence and prevalence, it meets the criteria for a 21st century 

71 cardiovascular disease epidemic (Kornej et al., 2020). 

72 Low aerobic fitness in patients with AF (Andrade et al., 2020, Mertens and Kavanagh, 

73 1996) may contribute to the high risk of morbidity and mortality (Kokkinos et al., 2023). Indeed, 

74 in patients with AF, an increase in one metabolic equivalent (MET, a measure of aerobic fitness) 

75 is associated with a 12% lower risk of morbidity and 15% lower risk of all-cause mortality 

76 (Garnvik et al., 2020), and increases of 2.0-3.0 METs are associated with approximately 31% 

77 lower mortality risks (Kokkinos et al., 2023). Although exercise training in the form of 

78 moderate-to-vigorous intensity continuous training (M-VICT) increases aerobic fitness 

79 (American College of Sports Medicine, 2021), growing evidence indicates that high-intensity 

80 interval training (HIIT) may elicit greater improvements in aerobic fitness in people with 

81 cardiovascular disease (Hannan et al., 2018). 
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82 Exercise intensity for HIIT and M-VICT in patients with AF has been prescribed as a 

83 fraction of peak oxygen uptake (V̇O2peak) (Mertens and Kavanagh, 1996), peak heart rate 

84 (HRpeak) (Malmo et al., 2016), peak power output (POpeak) (Reed et al., 2022), or based on ratings 

85 of perceived exertion (RPE) (Mertens and Kavanagh, 1996, Risom et al., 2016) achieved during 

86 a symptom-limited incremental cardiopulmonary exercise test (CPET). CPET protocols usually 

87 involve a gradual increase in the exercise work rate until patients reach volitional exhaustion or 

88 exhibit symptoms for which continued exercise is contraindicated. Despite some limitations of 

89 using fraction of maximal/peak responses for aerobic exercise prescription (Iannetta et al., 

90 2020b), this approach is often used to prescribe individualized exercise intensity to maximize the 

91 effects of exercise training on aerobic fitness (MacInnis and Gibala, 2017). 

92 To effectively prescribe exercise intensity or assess the effectiveness of interventions on 

93 aerobic fitness, variables determined from CPET must be reliable. In patients with stable angina 

94 (Sullivan et al., 1984) and coronary artery disease (Coeckelberghs et al., 2016, Faricier et al., 

95 2023), CPET provides highly reliable measures of V̇O2peak and HRpeak (intraclass correlation 

96 [ICC] ≥0.88). However, in patients with heart failure, V̇O2peak (Elborn et al., 1990), HRpeak, and 

97 RPE (Bensimhon et al., 2008) have been shown to be greater in the second CPET when two 

98 CPETs were performed over two weeks, suggesting that the test-retest reliability may depend on 

99 clinical conditions or test-retest familiarization. Notably, 17 of these patients (57%) had AF in 

100 one of these studies (Elborn et al., 1990). In patients with AF, the complex presentation of 

101 disabling AF-related symptoms (e.g., palpitations, dyspnea, weakness, and dizziness) combined 

102 with the effects of medications to control HR may influence day-to-day exercise performance 

103 during CPET beyond the expected biological variation seen in other non-arrhythmia populations. 
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104 Establishing the test-retest reliability of CPET allows for the determination of (1) 

105 consistency and variability in exercise intensity prescription for patients with AF, and (2) 

106 minimal detectable change (Chelune, 1993) that distinguishes the training effects from error and 

107 test exposure at the individual level (O'Connell et al., 2021, Chelune, 1993). The primary 

108 purpose of this study was to examine the test-retest reliability of variables available from CPET 

109 (i.e., V̇O2peak, POpeak, HRpeak, and RPE) in adult participants with persistent and permanent AF 

110 prior to embarking on a 12 week HIIT and M-VICT. The secondary purpose was to compare the 

111 proportion of participants achieving minimal detectable change after participating in 12 weeks of 

112 HIIT and M-VICT. 

113

114 Materials and methods

115 Study design: We analyzed data collected in a previous RCT that compared the effects of HIIT 

116 and M-VICT on functional capacity (6-minute walk test distance) and quality of life in patients 

117 with persistent and permanent AF (Reed et al., 2022). The test-retest reliability was assessed by 

118 analyzing the data from a subgroup of participants who completed CPET on two separate 

119 occasions within two weeks at baseline (i.e., before the exercise training intervention). Data from 

120 participants who completed CPETs at baseline (CPETpre) and following HIIT or M-VICT 

121 (CPETpost) were analyzed to compare the proportion of participants achieving the minimal 

122 detectable change in V̇O2peak between the groups. The study was approved by the Ottawa Health 

123 Science Network Research Ethics Board (protocol number: 20150427-01H) and all participants 

124 provided written consent prior to participating in the study. 

125
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126 Participants: Detailed description of participants has been reported (Reed et al., 2022). Briefly, 

127 this study included patients with diagnosed persistent and permanent AF who were ≥40 years old 

128 and had a resting HR ≤110 bpm. Patients who were participating in routine exercise training 

129 (≥twice a week) or diagnosed with unstable angina, uncontrolled diabetes, severe mitral or aortic 

130 stenosis, or hypertrophic obstructive cardiomyopathy with significant obstruction were excluded. 

131 Demographic and medical information of participants were retrieved from the electronic medical 

132 records system (EPIC). Study staff measured stature, body mass, percent body fat (bioelectrical 

133 impedance analysis), resting HR and blood pressure. Participants’ time spent in AF was assessed 

134 by a 24-hr Holter monitor. Physical activity levels were measured over seven days by an 

135 ActiGraph GT3X accelerometer (ActiGraph, Pensacola FL). 

136

137 Baseline cardiopulmonary exercise testing (CPET): At baseline, participants completed two 

138 separate CPETs within two weeks. One CPET was completed on an electronically-braked cycle 

139 ergometer (ergoselect 100, ergoline, Germany), with gas exchange and ventilatory responses 

140 measured using a Vmax metabolic cart (Sensormedics, Yorba Linda, CA, United States). This 

141 CPET was supervised by cardiac stress technologists in the Department of Cardiac Imaging 

142 (CPETdiag). On a separate day, another CPET was completed by a certified study staff member 

143 (CPETresearch) using an electronically-braked cycle ergometer (ergoselect 200, ergoline, 

144 Germany) and Oxycon Mobile portable indirect calorimetry (CareFusion, Canada). The open 

145 circuit calorimetry used in both CPETs provided breath-by-breath measures of oxygen uptake 

146 (V̇O2) and carbon dioxide exhalation (V̇CO2), based on which the respiratory exchange ratio 

147 (RER) was automatically calculated by the software. A 12-lead ECG was used to monitor HR 

148 continuously for CPETdiag and a 3-lead ECG for CPETresearch. The test termination criteria for 
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149 both tests were volitional exhaustion (e.g., participants requesting to stop or unable to sustain the 

150 cadence) or onset of severe symptoms (American College of Sports Medicine, 2021). Staff 

151 performing CPETs were blinded to the results of the other CPET.

152 The initial power output for CPETdiag was set at 20 watts and increased by 20 watts per 

153 minute thereafter. The initial power output of CPETresearch was set at 40 watts, which did not 

154 change for the first two minutes, followed by an increase of 20 watts per minute thereafter. 

155 Consequently, the power output only differed during the first minute (Figure 1). RPE was 

156 assessed at the end of each minute and at volitional exhaustion using the Borg’s 6-20 RPE Scale 

157 (Borg, 1970). For V̇O2 and V̇CO2, average measures captured over a 20-sec window were used 

158 for the analyses. The highest attained 20-second average V̇O2 during the exercise test was 

159 defined as V̇O2peak. The first ventilatory threshold (VT1, gas exchange threshold) and second 

160 ventilatory threshold (VT2, respiratory compensation point) were determined by an investigator 

161 blinded to the participant ID and conditions (i.e., CPETdiag or CPETresearch). As previously 

162 described, VT1 and VT2 were determined by plotting V̇CO2, ventilation (VĖ), V̇E/V̇O2, and 

163 VĖ/V̇CO2 against V̇O2 (Keir et al., 2022). Participants were instructed to take their prescribed 

164 medications as usual prior to CPETs. 

165

166 Exercise intervention: Following the baseline measures, participants were randomized 1:1 to 

167 HIIT or M-VICT. Each HIIT session was performed on a cycle ergometer and was 23 minutes in 

168 duration, including: a 2-min warm-up at 50% of POpeak; two blocks of 8 x 30-sec high-intensity 

169 bouts interspersed with 30-sec active recovery, with 4 min active recovery between the blocks; 

170 and, a 1-min cool-down at 25% POpeak. Exercise intensity of the high-intensity bouts was based 

171 on the CPETdiag results and set at 50% of POpeak for the first week and increased by 10% after 
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172 every other session. When participants were able to tolerate the prescribed 100% POpeak, they 

173 were permitted to increase the intensity up to 150% of their POpeak. All HIIT sessions were 

174 supervised by study personnel. The M-VICT sessions were supervised by cardiovascular 

175 rehabilitation staff. Each M-VICT session was 60 minutes in duration, including: 10 to 15-

176 minute warm-up, 30 minutes of continuous aerobic conditioning (i.e. walking or jogging, 

177 cycling, elliptical, rowing) at HR within 67-95% HRpeak or RPE between 12 and 16, and a 15-

178 minute cool-down with stretching and strengthening exercise. Both HIIT and M-VICT sessions 

179 were performed 2 days/week for 12 weeks.

180

181 Follow-up CPET: Willing participants completed an additional CPET following the allocated 

182 exercise interventions (i.e., HIIT or M-VICT). The CPETpost was performed by the study group 

183 using the Oxycon Mobile. The protocol used for the CPETpost was the same as the CPETresearch.

184

185 Minimal detectable change: Based on data obtained from two baseline CPETs (i.e., CPETdiag 

186 and CPETresearch) and using a reliable change index score of 1.96, the minimal detectable change 

187 in V̇O2peak was calculated (O'Connell et al., 2021, Faricier et al., 2023). Participants with V̇O2peak 

188 changes exceeding the minimal detectable change following HIIT and M-VICT were considered 

189 as positive responders.

190

191 Data analysis: All analyses were performed using SPSS statistical software version 29 (IBM 

192 Corp, Armonk, NY, USA). Descriptive statistics were used to summarize the characteristics of 

193 participants. Both relative and absolute reliabilities were assessed to determine the test-retest 

194 reliability of CPETs. Relative reliability was assessed using the intraclass correlation coefficient 
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195 (ICC) based on a two-way random-effects model and type consistency using average measures 

196 (ICC3,1). The ICC was classified as follows: <0.5 as poor, ≥0.5 and <0.75 as moderate, ≥0.75 and 

197 <0.9 as good, and ≥0.9 as excellent (Koo and Li, 2016). Paired t-tests were used to compare 

198 CPETdiag and CPETresearch. Bland-Altman plots were used to assess the limits of agreement. The 

199 presence of proportional bias was assessed by the linear regression of differences on averages 

200 before plotting the Bland-Altman plots (Weir, 2005). When proportional bias was present, 

201 modified Bland-Altman plots were plotted. 

202 For changes in aerobic fitness, the normality of data was assessed by the Shapiro-Wilk 

203 test. Repeated-measures analysis of variance (ANOVA) was used to examine the main effect of 

204 time and time by exercise intervention interaction effects. When two baseline CPETs were 

205 completed (i.e., CPETdiag and CPETresearch), the latter CPET conducted prior to attending 

206 prescribed exercise interventions were used for the analyses. The proportions of participants 

207 achieving minimal detectable change in V̇O2peak were compared between HIIT and M-VICT 

208 using chi-square analyses. A p value <0.05 was considered statistically significant. All 

209 continuous data are presented as mean ± SD.

210

211 Results

212 Participants: Of 94 participants with persistent or permanent AF consented, 18 (33% persistent 

213 AF, mean age: 69 ± 7 years, 33% females) completed two CPETs within two weeks at baseline 

214 and 23 completed CPETpre and CPETpost (n=13 in HIIT and n=10 in M-VICT). Participants’ 

215 characteristics are summarized in Table 1. Overall, participants were not physically active (13 ± 

216 11 minutes of moderate-intensity physical activity per day and 1 ± 1 minutes of vigorous- 

217 intensity physical activity per day) and spent most of the day in AF (≥ 95%). There was a large 
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218 variability in V̇O2peak among participants at baseline, ranging from 11.3 to 31.9 mL/kg/min (i.e., 

219 very poor to excellent (American College of Sports Medicine, 2021)).

220

221 Test-retest reliability of baseline CPETs: The two baseline CPETs were separated by 7 ± 2 

222 days. The majority of participants completed CPETdiag first (n=12, 67%). All CPETs were 

223 terminated when participants reached volitional exhaustion; no CPETs were terminated by a 

224 supervisor due to the onset of exercise contraindications. Seventeen participants (94%) achieved 

225 a respiratory exchange ratio (RER) ≥1.10 during CPETdiag and CPETresearch. The variables 

226 measured during the two baseline CPETs are presented in Figure 2. At volitional exhaustion, the 

227 POpeak (124 ± 40 vs. 148 ± 40 watts, p<0.001, d=-1.006) and HRpeak (136 ± 22 vs. 148 ± 30 bpm, 

228 p=0.023, d=-0.720) were significantly greater for CPETresearch compared to CPETdiag. However, 

229 the mean RPE at volitional exhaustion (18 ± 3 vs. 19 ± 1 points, p=0.129, d=-0.564) and the 

230 V̇O2peak (18.6 ± 5.9 vs. 19.3 ± 5.1 mL/kg/min, p=0.393, d=-0.207) did not differ significantly 

231 between CPETdiag and CPETresearch.

232 Between CPETdiag and CPETresearch,  the ICC was significant for V̇O2peak, POpeak, HRpeak, 

233 and RPE at exhaustion. The ICC of V̇O2peak was excellent, whereas the ICC of the other 

234 measures were in a good range. At VT1, there were no differences in V̇O2 (10.3 ± 2.0 vs. 10.9 ± 

235 1.8 mL/kg/min, p=0.191, d=-0.355) or %V̇O2peak (58.6 ± 11.5 vs. 58.8 ± 13.7 %, p=0.929, d=-

236 0.023) between CPETdiag and CPETresearch. Their ICCs were significant (p=0.022 for V̇O2 and 

237 p=0.002 for %V̇O2peak, respectively). VT2 could only be identified in three participants for both 

238 CPETdiag and CPETresearch, and thus, was excluded from the analysis. 

239 The Bland-Altman plots are presented in Figure 3. The limits of agreement were wide 

240 for POpeak and HRpeak with significant systematic bias between the repeated tests. Although the 
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241 mean difference was small for V̇O2peak between CPETdiag and CPETresearch, the limits of 

242 agreement were similarly wide (±6.2 mL/kg/min). For RPE, there were larger discrepancies 

243 between the two tests when average RPE was lower. 

244

245 Exercise training responders: The characteristics of participants who completed CPETpre and 

246 CPETpost are summarized in Table 1. Exercise adherence (i.e., % of exercise sessions attended) 

247 was high for both HIIT (91 ± 11%) and M-VICT (85 ± 10%) and did not differ between the 

248 groups (p=0.830). At week 10, 85% of participants in HIIT and 80% in M-VICT achieved the 

249 prescribed exercise intensity targets, with no difference in the proportion of participants 

250 achieving exercise target between the groups (p=0.772). 

251 At week 12, no significant change in V̇O2peak (18.8 ± 5.2 vs. 19.3 ± 4.6 mL/kg/min, main 

252 effect of time, p=0.386) or time by exercise intervention interaction effects (p=0.984) were 

253 found. The minimal detectable change for V̇O2peak was 5.6 mL/kg/min. Following HIIT and M-

254 VICT, there were no significant differences in the proportion of participants who achieved a 

255 reliable increase in V̇O2peak (0 [0%] in HIIT and 1 [10%] in M-VICT, p=0.244).

256

257 Discussion

258 CPET plays an important role in patients with AF to: (1) diagnose morbidity and mortality risks; 

259 (2) prescribe individualized exercise intensity; (3) determine the effectiveness of exercise 

260 training interventions; and, (4) assess the prognosis of clinical conditions (Mezzani et al., 2009). 

261 However, for these methods to be valid in patients with AF, the reliability of CPET needs to be 

262 established for this condition. Because two repeated tests were completed by different groups 

263 (diagnostics and research personnel) using different metabolic systems, we present conservative 

264 reliability that includes intra-individual, inter-tester, and inter-device variabilities.
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265 Between CPETdiag and CPETresearch, the ICC of POpeak and HRpeak were in the good range. 

266 However, both POpeak and HRpeak were significantly higher in CPETresearch compared to CPETdiag.  

267 In those unaccustomed to maximal and exhaustive efforts, increased confidence and expectations 

268 may permit heightened exercise tolerance and achievement of higher exercise intensity. Because 

269 a larger proportion of participants completed CPETresearch after CPETdiag (12 of 18 patients, 67%), 

270 it was possible that greater POpeak and HRpeak observed in CPETresearch were due to a learning or 

271 familiarization effect. To test the effects of the testing order, we performed dependent t-tests to 

272 compare the variables obtained in the first and second CPETs (results not shown). These 

273 comparisons showed no differences between the first and second CPETs (all p>0.05), 

274 highlighting that significantly higher POpeak and HRpeak during CPETresearch were not due to 

275 learning effects. Consequently, the observed differences in POpeak and HRpeak may reflect 

276 different testing settings, such as different degrees of encouragement provided in research versus 

277 clinical settings (Andreacci et al., 2002). Professionals involved in diagnostic evaluations often 

278 perform CPET to identify the underlying risks, whereas the research teams may often be more 

279 interested in peak/maximal performance. To partially support this, although the RPE did not 

280 differ significantly between CPETresearch and CPETdiag, the average RPE score was higher and 

281 variability smaller during CPETresearch compared to CPETdiag (18 ± 3 vs. 19 ± 1 points, p=0.129, 

282 d=-0.564), suggesting a consistent and greater level of effort during CPETresearch. 

283 Despite significantly higher POpeak and HRpeak in CPETresearch compared to CPETdiag, there 

284 was no difference in V̇O2peak. This was unexpected because, in healthy individuals, the expected 

285 gain in V̇O2 within the severe-intensity domain for a ramp of 20 watts/min ranges between 7.6 

286 and 9.2 mL/min/watt (Iannetta et al., 2019). This is equivalent to approximately 2.0 to 2.4 

287 mL/kg/min for a ~24 watts difference using the group mean body mass of our patients. The lack 
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288 of significant difference in V̇O2peak despite an increase in POpeak could be explained by 

289 physiological or technological factors. From a physiological perspective, this could reflect the 

290 achievement of maximal oxygen consumption (V̇O2max) in CPETresearch with additional work 

291 facilitated by anaerobic energy contributions. However, this is unlikely because a plateau in V̇O2 

292 was not observed. Alternatively, the high reliability for V̇O2peak in our study may be confounded 

293 by a systematic offset between V̇O2 measuring devices as accuracy and error are likely to differ 

294 between systems (Van Hooren et al., 2023). The excellent test-retest ICC for the V̇O2peak aligns 

295 with previous findings in patients with coronary artery disease (ICC 0.95; 95% CI, 0.92-0.97) but 

296 the study reported no differences in the PO and HR at V̇O2peak (Coeckelberghs et al., 2016). 

297 Thus, the use of two different metabolic systems complicates the interpretation of within-

298 participant changes in gas exchange variables and may have contributed to the dissociation of 

299 V̇O2 from the HR and PO data. The wide limits of agreement for V̇O2peak depicted in the Bland-

300 Altman plots (±6.2 mL/kg/min) also represents the combination of inter-individual and inter-

301 device variabilities. Similar to V̇O2peak, significant and good test-retest ICCs for the V̇O2 

302 and %V̇O2peak at VT1 need to be interpreted with caution given the different metabolic systems 

303 used. Future studies in AF should reevaluate the reliability of V̇O2peak (and other gas exchange 

304 and ventilatory indices) using the same metabolic system. That said, it is important to note that 

305 many cardiac centres are equipped with different metabolic systems from different 

306 manufacturers and often lack a standardized exercise testing protocol. 

307 After 12 weeks of exercise training, there were no significant changes in V̇O2peak. We 

308 also found that only one participant in M-VICT achieved the minimal detectable change in 

309 V̇O2peak. In the HIIT group, the exercise intensity prescription was based on POpeak achieved 

310 during CPETdiag. As shown in the original study (Reed et al., 2022), %HRpeak and RPE of the 
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311 HIIT sessions were performed at our vigorous intensity classification (American College of 

312 Sports Medicine, 2021). However, given the significantly lower POpeak in CPETdiag when 

313 compared to CPETresearch, the exercise prescription for HIIT may still have been insufficient to 

314 induce significant changes in V̇O2peak. It is possible that more rigorous and effective exercise 

315 prescriptions can be implemented when CPET is led by exercise specialists. In addition, POpeak at 

316 volitional exhaustion depends on the ramp slope (i.e., the rate and magnitude of PO increase) 

317 (Iannetta et al., 2020a, Keir et al., 2018). This concept is likely transferable to patients with 

318 clinical conditions (Keir et al., 2018, Bowen et al., 2012) and makes it challenging to prescribe 

319 appropriate exercise intensity based on POpeak. Considering that exercise intensity prescription 

320 based on HR may be confounded by arrhythmia and rate-controlling medications in AF, further 

321 research is warranted to elucidate the best way of prescribing an effective individualized exercise 

322 intensity for patients living with AF.

323 The M-VICT group was supervised by the cardiovascular rehabilitation team. The 

324 average RPE of the M-VICT group over the 12 weeks of intervention remained between 12 and 

325 13 (i.e., moderate intensity (American College of Sports Medicine, 2021)) and HR during the 

326 exercise was also in a moderate-intensity range (Reed et al., 2022). Thus, the M-VICT group 

327 may also have required a greater exercise intensity to improve V̇O2peak. Additionally, a higher 

328 exercise training volume predicts a greater proportion of individuals achieving an increase in 

329 aerobic fitness >0.5 METs, a threshold that has been considered clinically meaningful 

330 (Bonafiglia et al., 2021). As recommended by the Canadian Cardiovascular Society AF 

331 guidelines (Andrade et al., 2020), a greater exercise volume (i.e., ≥200 minutes weekly) might be 

332 required to increase V̇O2peak in patients with AF when exercise intensity is moderate. It is 

333 important to note that there was a significant improvement in six-minute walk test distance in 
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334 HIIT (21.3±34.1 m) and M-VICT (13.2±55.2 m) (Reed et al., 2022). This inconsistency (i.e., an 

335 increase in six-minute walk test distance but not in V̇O2peak) may be due to different statistical 

336 power or an increase in submaximal thresholds without a rise in V̇O2peak. Alternatively, there 

337 may be a dissociation between changes in six-minute walk test distance and V̇O2peak. The six-

338 minute walk test distance significantly correlates cross sectionally with V̇O2peak in patients with 

339 coronary artery disease (Mandic et al., 2013). However, the correlation between longitudinal 

340 changes in six-minute walk test distance and V̇O2peak is unclear. Considering that most 

341 participants in HIIT and M-VICT did not change V̇O2peak, finding the optimal exercise 

342 prescription to increase responders is warranted for patients with AF. 

343 This study has limitations. First, we examined the test-retest reliability of patients with 

344 AF using different testers and metabolic systems. Thus, the reliability we observed can be 

345 attributed to the combination of intra-individual and inter-testing environment variabilities. As 

346 discussed above, this limitation also reflects a reality of many cardiovascular rehabilitation 

347 environments where different metabolic systems are used. Second, the order of CPET was not 

348 randomized. While our subsequent analyses showed no differences between the first and second 

349 CPETs, randomized crossover study is needed to establish the reliability of CPET in AF. Third, 

350 the timing of two CPETs were not standardized. While participants were instructed to take 

351 prescribed medications prior to CPETs, their impact may have differed depending on the time of 

352 CPETs. In addition, although we confirmed the administration of prescribed medications prior to 

353 CPETresearch, this was not documented for CPETdiag. This may have affected HR responses to 

354 CPETdiag. Fourth, because CPETpost was only performed by those willing to complete this 

355 additional CPET, the participants included in the HIIT versus M-VICT analyses may have been 

356 more motivated. However, we observed no improvement in aerobic fitness. Last, the study may 
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357 have lacked the power to detect changes in aerobic fitness over time or differences between HIIT 

358 and M-VICT.

359

360 Conclusion

361 We found that POpeak and HRpeak can differ significantly when CPETs are repeated under 

362 different settings in patients with persistent and permanent AF. Caution must be practiced when 

363 prescribing exercise intensity based on these measures as under-prescription of exercise intensity 

364 can result in increased number of non-responders. Exercise interventions to increase responders 

365 are warranted in patients with AF.

366

367

368
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527 Figure legends

528 Figure 1. Baseline cardiopulmonary exercise testing (CPET) protocols. 

529 Broken line represents CPETresearch and solid line represents CPETdiag, respectively.

530

531 Figure 2. Test-retest reliability of baseline cardiopulmonary exercise testing

532 CPETdiag: cardiopulmonary exercise test conducted by diagnostics; CPETresearch: cardiopulmonary 

533 exercise testing conducted by the study group; HR: heart rate; POpeak: peak power output; RPE: 

534 rating of perceived exertion; V̇O2peak: peak oxygen consumption; VT1: first ventilatory threshold 

535 (gas exchange threshold)

536 ICC3,1: intraclass correlation coefficient based on a two-way random-effects model and type 

537 consistency using average measures 

538 Significantly different from CPETdiag: *p<0.05 and †p<0.001

539

540 Figure 3. Bland-Altman plots:

541 CPET: cardiopulmonary exercise testing; CPETdiag: CPET performed by diagnostics; 

542 CPETresearch: CPET performed by the study group; HR: heart rate; HRpeak: peak heart rate; POpeak: 

543 peak power output; LOA: limits of agreement; RER: respiratory exchange ratio; RPE: rating of 

544 perceived exertion; V̇O2peak: peak oxygen consumption; VT1: first ventilatory threshold (gas 

545 exchange threshold)

546
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Table 1. Participant characteristics 
Test-retest
reliability Exercise interventions

(N=18)
HIIT 

(n=13)
M-VICT 
(n=10)

HIIT vs. M-VICT, 
p-value

Female, n (%) 6 (33) 3 (23) 4 (40) 0.382
Persistent AF, n (%) 6 (33) 6 (46) 3 (30) 0.431
Permanent AF, n (%) 12 (67) 7 (54) 7 (70)
Time in AF, % 96 (12) 95 (15) 99 (3) 0.426

Age, years 69 (7) 67 (4) 71 (9) 0.215
Height, cm 172.7 (7.6) 174.6 (4.3) 174.8 (9.5) 0.947
Body mass, kg 91.5 (19.4) 96.8 (20.6) 95.6 (25.5) 0.901
Body mass index, kg/m2 30.6 (5.7) 31.8 (7.0) 31.2 (8.6) 0.844
Fat mass, % 28.9 (7.5) 30.3 (8.0) 30.0 (7.0) 0.944
Systolic blood pressure, mmHg 126 (19) 123 (15) 133 (20) 0.164
Diastolic blood pressure, mmHg 80 (11) 77 (10) 84 (9) 0.117
Resting heart rate, bpm 73 (11) 70 (13) 71 (9) 0.769

Physical activity level 
   Light, min/day 66 (45) 69 (54) 92 (88) 0.456
   Moderate, min/day 13 (11) 19 (17) 16 (15) 0.670
   Vigorous, min/day 1 (1) 1 (1) 1 (1) 0.359

Medical condition, n (%) 
   Hypertension 10 (56) 7 (54) 5 (50) 0.855
   Dyslipidemia 6 (33) 3 (23) 2 (20) 0.859
   Coronary artery disease 2 (11) 2 (15) 0 (0) 0.194
   Diabetes 4 (22) 1 (8) 3 (30) 0.162
    Medication, n (%) 
   ACE inhibitor 5 (28) 4 (31) 1 (10) 0.231
   ARB 3 (17) 1 (8) 4 (40) 0.063
   Statin 9 (50) 5 (39) 4 (40) 0.940
   Beta-blocker 12 (67) 11 (85) 5 (50) 0.074

547 Data are presented as mean (SD) unless indicated otherwise. AF: atrial fibrillation; ARB: angiotensin 
548 receptor blockers
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Figure 2
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Figure 3
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