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Abstract 20 

Physical deconditioning after stroke may induce post-stroke fatigue. However, research on 21 

this association is limited. Our primary objective was to investigate the associations of post-22 

stroke fatigue with oxygen uptake (V̇O2) at peak exercise and the time constant of V̇O2 23 

kinetics (τV̇O2) at the onset of exercise. The secondary objective was to examine the 24 

associations between fatigue and cardiorespiratory variables potentially affecting V̇O2 during 25 

exercise. Twenty-three inpatients from a subacute rehabilitation ward were enrolled in this 26 

study. The median (interquartile range) Fatigue Severity Scale (FSS) score as a measure of 27 

fatigue was 32 (27, 42) points. The FSS score was not associated with V̇O2 at peak exercise 28 

during a symptom-limited graded exercise test (rho = −0.264; p = 0.224), while it was 29 

significantly associated with τV̇O2 during a submaximal constant-load exercise test (rho = 30 

0.530; p = 0.009). A higher FSS score was also significantly correlated with a longer time 31 

constant of cardiac output kinetics (rho = 0.476, p = 0.022). These results suggest that the 32 

ability of the cardiorespiratory system to adapt to exercise is impaired in individuals with 33 

severe post-stroke fatigue. Our findings can contribute to the development of an appropriate 34 

rehabilitation program for such individuals. 35 

  36 
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Introduction 37 

Post-stroke fatigue can be defined as ‘a subjective lack of physical and/or mental 38 

energy that is perceived by the individual to interfere with usual or desired activities’ [1,2]. In 39 

addition, a case definition for post-stroke fatigue included a criterion for self-reported 40 

significant fatigue that interfered with daily activities [3,4]. A systematic review reported that 41 

the prevalence of post-stroke fatigue could range between 25% and 85% [2]. Post-stroke 42 

fatigue is associated with various factors, such as depressive symptoms and functional 43 

disability [1]. Furthermore, individuals with post-stroke fatigue are reported to have poor 44 

recovery of activities of daily living [5,6], a lower rate of returning to work [7], reduced 45 

health-related quality of life [8], and increased mortality [6,9]. The underlying 46 

pathophysiology of post-stroke fatigue is not completely understood, although probable 47 

factors include low excitability of the motor cortex and inflammatory responses [1]. In 48 

addition, there is insufficient evidence regarding the effectiveness of rehabilitative exercise 49 

programmes for improving post-stroke fatigue [1,10], although there is sufficient evidence 50 

that exercise training can improve fitness, balance, mobility, and activities of daily living in 51 

individuals with stroke [11]. 52 

Post-stroke fatigue has been suggested to be triggered by physical deconditioning, 53 

which may lead to the avoidance of physical activities and further deconditioning [12]. 54 

However, there is limited evidence on the association between post-stroke fatigue and 55 
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cardiorespiratory fitness [12]. Oxygen uptake (V̇O2) at peak exercise measured during a 56 

symptom-limited graded exercise test is widely accepted as an indicator of cardiorespiratory 57 

capacity in individuals with stroke [11,13,14]. V̇O2 at peak exercise in individuals with 58 

stroke is 26%–87% of that in healthy age- and sex-matched individuals [13]. However, a 59 

cross-sectional study in individuals with chronic stroke (4.1 ± 3.5 years post-stroke) reported 60 

that post-stroke fatigue was associated with depressive symptoms but not with V̇O2 at peak 61 

exercise [15]. 62 

The assessment of V̇O2 kinetics at the onset of submaximal exercise has also been 63 

shown to provide objective information on cardiorespiratory fitness in individuals with stroke 64 

[16,17]. Transient measurements of V̇O2 to a constant-load exercise at an intensity below the 65 

ventilatory threshold are classified into three phases. The time constant of V̇O2 in phase Ⅱ 66 

(τV̇O2) has often been used to assess V̇O2 kinetics at the onset of exercise, which reflects the 67 

ability of the cardiorespiratory system to adapt from rest to a new steady-state during 68 

submaximal exercise [18]. A longer τV̇O2 is associated with poorer health status, ageing, and 69 

a sedentary lifestyle [18,19]. Tomczak et al. [16] reported that τV̇O2 was greater in individuals 70 

with stroke than in age-, sex-, and activity-matched healthy adults. τV̇O2 has been reported to 71 

be more sensitive than V̇O2 at peak exercise in assessing cardiorespiratory functional 72 

changes associated with training and inactive lifestyle [19-22]. Therefore, we hypothesised 73 

that the severity of post-stroke fatigue could be associated more strongly with τV̇O2 than V̇O2 74 
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at peak exercise. 75 

 Wu et al. [4] proposed a conceptual model of post-stroke fatigue that biological 76 

factors may trigger fatigue present at an early stage after stroke (usually within the first 3 77 

months after stroke), whereas fatigue present at a later stage after stroke (usually over 1 year 78 

after stroke) may be more attribute to psychological and behavioural factors. However, the 79 

association between post-stroke fatigue at the early stage after stroke and cardiorespiratory 80 

fitness has not been reported. The primary objective of this study was to examine whether 81 

more severe fatigue was associated with a longer τV̇O2 at the onset of exercise measured 82 

during a submaximal constant-load exercise test rather than a lower V̇O2 at peak exercise 83 

obtained during a symptom-limited graded exercise test in inpatients at a subacute 84 

rehabilitation ward. In addition, impairments of respiratory and cardiac function to supply 85 

oxygen and the inability of skeletal muscles to extract oxygen may limit the increase in V̇O2 86 

during exercise in individuals with stroke [16,23,24]. Thus, our secondary objective was to 87 

identify associations between post-stroke fatigue and cardiorespiratory variables potentially 88 

affecting V̇O2 during exercise such as the oxygen uptake kinetics efficiency slope (OUES), 89 

cardiac output (CO), and arterial-venous oxygen difference (AVO2diff). Although there have 90 

been no published studies regarding the cardiorespiratory mechanisms underlying the 91 

impairments of τV̇O2 in individuals with stroke, ventilatory efficiency and muscle oxygen 92 

extraction, measured by the OUES and AVO2diff, respectively, are lower in individuals with 93 
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stroke than in healthy adults [25,26]. Therefore, we hypothesised that the impairment of these 94 

variables would also be associated with post-stroke fatigue. Elucidating cardiorespiratory 95 

factors associated with post-stroke fatigue could contribute to the development of an 96 

appropriate rehabilitation program for individuals with post-stroke fatigue. 97 

 98 

Results 99 

Participants 100 

A flow chart of participants enrolled in the study is shown in Fig. 1. Thirty 101 

individuals with stroke provided informed consent. However, two participants refused to 102 

perform exercise tests. In addition, in five of 28 participants who performed the submaximal 103 

constant-load exercise test, cardiorespiratory data during the test could not be measured 104 

because of technical difficulties. Consequently, 23 participants were included in the analysis. 105 

Although all participants were recruited from a subacute rehabilitation ward, five participants 106 

were in the chronic phase of stroke recovery (≥3 months after stroke) [27]. Table 1 shows the 107 

characteristics of the participants. 108 

 109 

Exercise testing 110 

No significant adverse events occurred during or after these exercise tests. All 111 

participants had to stop the symptom-limited graded exercise test due to their inability to 112 



7 
 

maintain a cycling cadence of >40 rpm. Concerning each of the three criteria for reaching the 113 

maximal effort, 21 participants (91.3%) had an increase in V̇O2 <150 mL·min-1 for >1 min 114 

despite increased work rate, six (26.1%) achieved a respiratory exchange ratio >1.10, and 11 115 

(47.8%) reached 85% of the age-predicted maximal heart rate. The ventilatory threshold was 116 

determined in all participants. 117 

Regarding cardiorespiratory variables measured during the submaximal constant-118 

load exercise test, the mean ± standard deviation (SD) coefficients of determination of the 119 

kinetics of V̇O2, CO, AVO2diff, and minute ventilation (V̇E) were 0.99 ± 0.01, 0.96 ± 0.02, 120 

0.93 ± 0.03, and 0.98 ± 0.01, respectively. In addition, the mean ± SD ratio of the time 121 

constant of CO (τCO) to τV̇O2 was 1.19 ± 0.56. In 15 of 23 participants (65.2%), the ratio of 122 

τCO to τV̇O2 was >1.00. 123 

Measurement values obtained during the symptom-limited graded and submaximal 124 

constant-load exercise tests are shown in Table 2. 125 

 126 

Correlations between the Fatigue Severity Scale (FSS) score and cardiorespiratory 127 

variables measured during the symptom-limited graded and submaximal constant-load 128 

exercise tests (Table 2) 129 

The median (interquartile range) FSS score was 32 (27, 42). The mean ± SD V̇O2 130 

values at peak exercise and τV̇O2 at the onset of exercise were 18.0 ± 4.2 mL·kg-1·min-1 and 131 
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38.6 ± 10.1 s, respectively. 132 

The FSS score was not significantly correlated with V̇O2 at peak exercise (rho = 133 

−0.264, p = 0.224; Fig. 2a), while a higher FSS score was significantly correlated with a 134 

longer τV̇O2 (rho = 0.530, p = 0.009; Fig. 2b). Although the FSS score was not also 135 

associated with other cardiorespiratory variables at peak exercise and at the ventilatory 136 

threshold measured during the symptom-limited exercise test, a higher FSS score was 137 

significantly associated with a longer τCO (rho = 0.476, p = 0.022; Fig. 3) during the 138 

submaximal constant-load exercise test. Changes in V̇O2 and CO at the onset of exercise in 139 

representative participants with different fatigue levels (low and high) are shown in 140 

Supplementary Figs. S1 and S2, respectively, online. 141 

 142 

Associations of participants’ characteristics with the FSS score, τ�̇�O2, and τCO 143 

No demographic and clinical variables were significantly associated with the FSS 144 

score (Table 1) and τV̇O2 and τCO (Table 3). These results indicate that there were no 145 

potentially confounding variables in the associations of the FSS score with τV̇O2 and τCO 146 

measured during the exercise tests. 147 

 148 

Discussion 149 

  The primary objective of this study was to examine whether more severe fatigue was 150 



9 
 

associated with a longer τV̇O2 measured during a submaximal constant-load exercise test 151 

rather than a lower V̇O2 at peak exercise obtained during a symptom-limited graded exercise 152 

test in inpatients at a subacute rehabilitation ward. The results of post-stroke fatigue 153 

assessment in this study are in line with those of previous studies [28,29]. This study 154 

demonstrated that a higher FSS score was associated with a longer τV̇O2 at the onset of 155 

exercise; however, fatigue was not associated with V̇O2 at peak exercise. In addition, our 156 

secondary objective was to identify the associations between post-stroke fatigue and 157 

cardiorespiratory variables potentially affecting V̇O2 during exercise, such as the OUES, CO, 158 

and AVO2diff. As a result, a higher FSS score was associated with a longer τCO at the onset 159 

of exercise. As we observed no demographic and clinical variables significantly correlated 160 

with the FSS score, τV̇O2, and τCO, this study indicated that the FSS score was associated 161 

with τV̇O2 and τCO independently of other participants’ characteristics. Our findings suggest 162 

that the ability of the cardiorespiratory system to adapt to exercise is impaired in individuals 163 

with severe post-stroke fatigue. 164 

  Individuals with post-stroke fatigue lack the energy necessary to perform activities, 165 

are more easily tired by activity, experience unpredictable and unexplainable feelings of 166 

fatigue, and have increased stress sensitivity and increased need for longer sleep durations, 167 

naps, or rest [30]. Thus, it is plausible that post-stroke fatigue might be associated with 168 

decreased cardiorespiratory fitness and reduced physical activity [12,31]. A systematic review 169 
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reported that both post-stroke fatigue and reduced cardiorespiratory fitness were associated 170 

with low levels of physical activity in individuals with stroke [32]. However, no statistically 171 

significant correlation between the FSS score and V̇O2 at peak exercise has been shown in 172 

individuals with chronic stroke [15]. Therefore, based on the conceptual model of post-stroke 173 

fatigue that fatigue at the early stage after stroke may be attributed to biological factors [4], 174 

all participants in the present study were recruited from a subacute rehabilitation ward. 175 

However, our result regarding the association between the FSS score and V̇O2 at peak 176 

exercise is consistent with that in a previous study on chronic stroke [15]. To the best of our 177 

knowledge, this is the first study to investigate the association between post-stroke fatigue 178 

and τV̇O2 measured during the submaximal constant-load exercise test. We observed that the 179 

mean coefficient of determination of cardiorespiratory kinetics was >0.85, which indicates 180 

that the fitting procedures were acceptable [33]. The mean value of τV̇O2 in this study was 181 

similar to the value obtained in a previous study, which showed that individuals with stroke 182 

had a longer τV̇O2 than age-, sex-, and activity-matched healthy adults [16]. In healthy adults, 183 

the acceleration of τV̇O2 has been reported to occur in the early period of endurance training, 184 

and V̇O2 at peak exercise can subsequently increase [20,21]. Additionally, a previous study 185 

reported that τV̇O2 was shorter in the recreationally active group than in the inactive group; 186 

however, there was no significant difference in V̇O2 at peak exercise between the two groups 187 

[19]. These results of previous studies indicated that τV̇O2 was more sensitive than V̇O2 at 188 
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peak exercise in assessing cardiorespiratory functional changes, which may explain our 189 

results that a higher FSS score was significantly correlated with a longer τV̇O2 but not with 190 

V̇O2 at peak exercise. 191 

  We found that the mean ratio of τCO to τV̇O2 was >1.00, indicating that oxygen 192 

delivery was not in excess of the metabolic demand during exercise onset and that V̇O2 193 

kinetics at exercise onset were limited by a delayed increase in CO [34]. These findings may 194 

explain the association between the FSS score and τCO observed in this study. Unfortunately, 195 

because there have been no published studies that measured τCO in individuals with stroke, it 196 

is unclear why participants with severe post-stroke fatigue showed a longer τCO. However, 197 

given that post-stroke fatigue is associated with low physical activity [32], an inactive 198 

lifestyle may lead to a longer τCO in individuals with severe fatigue. The prompt increase in 199 

CO at the onset of exercise is compatible with the notion of immediate vagal withdrawal. 200 

Capelli et al. [35] reported that the increase in CO at the onset of exercise became slower 201 

after than before prolonged bed rest in healthy adults because of the decreased vagal activity 202 

at rest and the elimination of vagal withdrawal during exercise. Individuals with stroke have 203 

been reported to show decreased vagal modulation [36,37]. In addition, reductions in cardiac 204 

mass and function, reduced plasma volume, and decreased venous return after prolonged bed 205 

rest [38-41] may also negatively affect the increase in CO during exercise onset. In the future, 206 

understanding the pathogenesis of a delayed increase in CO during exercise onset in 207 
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individuals with fatigue at the early stage after stroke can contribute to the development of an 208 

appropriate rehabilitation program for these individuals. 209 

  Our findings suggest that individuals with severe post-stroke fatigue need to improve 210 

τV̇O2 at the onset of exercise. Previous studies showed that aerobic exercise training was 211 

effective in the improvement of τV̇O2 in older individuals [22,42,43]. In addition, a 212 

randomised controlled trial reported that the combination of cognitive-behavioural therapy 213 

and graded activity training was more effective than cognitive-behavioural therapy alone in 214 

treating post-stroke fatigue [44]. Although post-stroke fatigue has a negative impact on the 215 

recovery of activities of daily living [5,6], a systematic review reported that aerobic exercise 216 

can improve the functional ability in individuals with stroke [11]. Furthermore, at the 217 

subacute phase of stroke recovery, several articles demonstrate the effectiveness of exercise 218 

in improving health outcomes after stroke including cardiovascular, functional, and mobility 219 

outcomes [45,46]. Therefore, because fatigue is associated with low levels of daily activities 220 

after stroke [32], rehabilitative exercise programmes may be beneficial in individuals with 221 

post-stroke fatigue. 222 

  The use of exercise testing for the clinical assessment and exercise prescription is 223 

limited in stroke rehabilitation settings [47,48], limiting the clinical applicability of our 224 

findings. A lack of exercise equipment, time, space, and support staff have also been reported 225 

as a barrier to exercise testing [47]. In addition, the cardiac, cognitive, functional, and 226 
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physical impairments in individuals with stroke may make it difficult to perform exercise 227 

testing safely [47]. More specific clinical guidelines for post-stroke exercise testing, 228 

educational training associated with exercise testing, and greater collaboration between stroke 229 

and cardiac rehabilitation teams can help implement exercise testing in stroke rehabilitation 230 

settings [47,48]. 231 

  This study had some limitations. First, the sample size was relatively small, although 232 

it was determined based on a power analysis. The sum score of 36 or the average score of 4 233 

was the cut-off value of the FSS score [2,49]. We could not examine whether the association 234 

between the FSS score and cardiorespiratory variables during exercise could differ between 235 

participants with and without post-stroke fatigue. In addition, although post-stroke fatigue has 236 

been reported to be associated with clinical variables, such as depressive symptoms and 237 

functional disability [1], these associations were not statistically significant. These results 238 

may be attributed to a relatively small sample size. Furthermore, we could not perform the 239 

subgroup analyses according to sex, the phase of stroke recovery, and the type of stroke of the 240 

participants. Being female has been reported to be associated with the presence of post-stroke 241 

fatigue and a longer τV̇O2 [1,50]. Changes in the brain after stroke may also affect post-stroke 242 

fatigue and cardiorespiratory control during exercise [1,51]. Even though our participants 243 

were recruited from a subacute rehabilitation ward, five participants were in the chronic 244 

phase of stroke recovery [27]. In addition, 12 participants with ischaemic stroke and 11 with 245 
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haemorrhagic stroke were included in this study. Functional recovery differs between 246 

individuals with ischaemic and haemorrhagic stroke. Stroke severity is higher in 247 

haemorrhagic stroke than in ischaemic stroke, while individuals with haemorrhagic stroke 248 

have been shown to have a higher therapeutic response to rehabilitation than those with 249 

ischaemic stroke [52,53]. This study demonstrated that sex, the time since stroke, and the 250 

type of stroke were not confounding variables in the associations of the FSS score with τV̇O2 251 

and τCO. Nevertheless, further studies employing a stratified sampling method would 252 

increase the generalisability of our results. 253 

Second, most participants were in the subacute phase of stroke recovery. Because 254 

fatigue present over 1 year after stroke may be more associated with psychological and 255 

behavioural factors than biological factors [4], the generalisation of our findings to 256 

individuals who are over 1 year after stroke should be made with caution. Third, many 257 

individuals with stroke (n = 424) were excluded from the study. Many of them were excluded 258 

due to being >80 years of age, a Mini-Mental State Examination score ≤24 points, and/or 259 

unstable medical conditions, as shown in Fig.1. This may limit the generalisability of our 260 

findings to individuals with these conditions. Finally, because this study used a cross-261 

sectional observational design, the cardiorespiratory variables associated with temporal 262 

changes in post-stroke fatigue could not be examined. Thus, further longitudinal studies are 263 

needed to investigate the temporal association between post-stroke fatigue and 264 
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cardiorespiratory fitness variables. 265 

In summary, a higher FSS score statistically significantly correlated with longer 266 

τV̇O2 at the onset of exercise measured during a submaximal constant-load exercise test, but 267 

not with V̇O2 at peak exercise obtained during a symptom-limited graded exercise test. In 268 

addition, a higher FSS score was associated with a longer τCO at the onset of exercise. These 269 

results suggest that the ability of the cardiorespiratory system to adapt to exercise is impaired 270 

in individuals with severe post-stroke fatigue. Collectively, our findings can contribute to the 271 

development of an appropriate rehabilitation program for individuals with post-stroke fatigue. 272 

 273 

Methods 274 

Study design 275 

This study used a cross-sectional design. The study protocol was approved by the 276 

appropriate ethics committees of Tokyo Bay Rehabilitation Hospital (approval number, 172-277 

2) and Shinshu University (approval number: 3813). All participants provided written 278 

informed consent before their enrolment in the study. The study was conducted according to 279 

the Declaration of Helsinki of 1964, as revised in 2013. 280 

 281 

Participants 282 

Participants were recruited from a subacute rehabilitation ward between November 283 
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2017 and March 2020. The inclusion criteria for the study were age 40–80 years, within 180 284 

days of the initial stroke, ability to maintain a target cadence of 50 rpm during exercise, and a 285 

Mini-Mental State Examination score >24 [54]. Conversely, the exclusion criteria were 286 

limited range of motion and/or pain that could affect the exercise test; unstable medical 287 

conditions, such as unstable angina, uncontrolled hypertension, or tachycardia; the use of 288 

beta-blocker; and any comorbid neurological disorders. Demographic and clinical data, such 289 

as age and the type of stroke, were obtained from the patients’ medical record. 290 

 291 

Procedure 292 

Data collection was completed within a week from the start of the procedure. On the 293 

first day, we assessed post-stroke fatigue, depressive symptoms, and functional outcomes. On 294 

the second day, participants performed a symptom-limited graded exercise test to determine 295 

the workload for their submaximal exercise test. On the third day, three repetitions of a 296 

submaximal constant-load exercise test were performed at 80% of the workload 297 

corresponding to the ventilatory threshold to assess the kinetics of cardiorespiratory variables 298 

[55].  299 

 300 

Assessments of post-stroke fatigue, depressive symptoms, and functional outcomes 301 

Post-stroke fatigue was assessed using the 9-item FSS [49], the most widely used 302 
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measure of post-stroke fatigue [2]. Each item was rated on a 7-point Likert scale that ranged 303 

from 1 to 7 (1, strongly disagree; 7, strongly agree). The FSS score was calculated as the sum 304 

of 9-item scores. A higher score indicated a large impact of fatigue on daily activities.  305 

The 15-item Geriatric Depression Scale (GDS) [56] was used to assess depressive 306 

symptoms. The presence of depressive symptoms was denoted by a GDS score ≥5 points. 307 

The motor function and independency in performing daily activities were assessed as 308 

functional outcomes. The total Stroke Impairment Assessment Set motor function score was 309 

measured to assess motor impairments in the paretic upper and lower extremities [57]. The 310 

Functional Independence Measure score was used to evaluate the degree of independence in 311 

activities of daily living [58].  312 

 313 

Exercise testing 314 

Participants were instructed to refrain from food consumption for 3 h, caffeine intake 315 

for at least 6 h and vigorous physical activity for 24 h before the symptom-limited graded and 316 

submaximal constant-load exercise tests [59]. These tests were performed on a recumbent 317 

cycle ergometer (Strength Ergo 240; Mitsubishi Electric Engineering Co., Ltd., Tokyo, Japan) 318 

that could be precisely load-controlled (coefficient of variation, 5%) over a wide range of 319 

pedalling resistance (0–400 W). Participants were instructed to maintain a target cadence of 320 

50 rpm in all exercise phases [59]. Expired gas was measured on a breath-by-breath basis 321 
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during the exercise test using an expired gas analyser (Aerosonic AT-1100; ANIMA Corp., 322 

Tokyo, Japan). Before expired gas data collection, the analyser was calibrated using gas 323 

mixtures with accurately known concentrations of oxygen and carbon dioxide. CO was 324 

measured on a beat-by-beat basis using a noninvasive impedance cardiography device (Task 325 

Force Monitor model 3040i; CN Systems Medizintechnik GmbH., Graz, Austria), as 326 

previously described [60]. Three short band electrodes, one on the neck and two others below 327 

the thorax, were placed on participants. Stroke volume was calculated with the following 328 

equation:  329 

Stroke volume = Vth ✕ LVET ✕ (dZ/dt)max/Z0 330 

where Vth is the electrical participating thoracic volume, LVET is the left ventricular ejection 331 

time, (dZ/dt)max is the maximal rate of decrease in impedance for a given heartbeat, and Z0 is 332 

the base impedance. CO was calculated as the product of stroke volume and heart rate. The 333 

impedance cardiography method is a valid and reliable method for measuring cardiac 334 

haemodynamics at rest and during exercise [60]. The measurement values of 335 

cardiorespiratory variables were interpolated to 1 s intervals, time-aligned, and averaged into 336 

5 s bins to derive the AVO2diff on a second-by-second basis [16,24], which was calculated as 337 

the ratio between V̇O2 and CO based on Fick’s equation [61]:  338 

V̇O2 = CO × AVO2diff. 339 

All participants rested for 5 min before obtaining the measurements. The symptom-340 



19 
 

limited graded exercise test started with a warm-up at 0 W for 3 min followed by a 10-W 341 

increment every minute [59]. The test was terminated if the participant showed signs of 342 

angina, dyspnoea, inability to maintain a cycling cadence of more than 40 rpm, hypertension 343 

(>250 mmHg systolic or >115 mmHg diastolic), or a drop in systolic blood pressure by >10 344 

mmHg, despite the increase in workload [24]. To identify whether the maximal effort was 345 

reached during the exercise test, at least one of the following criteria had to be met: V̇O2 346 

increased <150 mL·min-1 for >1 min despite increased work rate, respiratory exchange ratio 347 

>1.10, or heart rate achieved 85% of the age-predicted maximal heart rate calculated as 220 348 

minus age [14]. V̇O2, CO, AVO2diff, V̇E, and respiratory exchange ratio at peak exercise 349 

were defined as the average value obtained during the last 30 s of the exercise test [59]. In 350 

addition, the OUES was determined by calculating the slope of the regression line between 351 

V̇O2 and the log transformation of V̇E during the whole exercise period using the following 352 

equation: 353 

 V̇O2 = a logV̇E + b 354 

where the constant a is the OUES [62]. A low OUES represents a higher amount of 355 

ventilation required in response to a given oxygen uptake, which indicates ventilatory 356 

inefficiency during exercise. 357 

The ventilatory threshold was determined using a combination of the following 358 

criteria: the point where the ventilatory equivalent of oxygen reaches its minimum or starts to 359 
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increase, without an increase in the ventilatory equivalent of carbon dioxide; the point at 360 

which the end-tidal oxygen fraction reaches a minimum or starts to increase, without a 361 

decline in the end-tidal carbon dioxide fraction; and the point of deflection of carbon dioxide 362 

output versus V̇O2 (the V-slope method), as previously described [24,63]. V̇O2, CO, 363 

AVO2diff, V̇E, and respiratory exchange ratio at the ventilatory threshold were obtained. 364 

The submaximal constant-load exercise test started with resting on the cycle 365 

ergometer for 3 min, followed by performing exercise at 80% of the workload corresponding 366 

to the ventilatory threshold for 6 min [19,34]. The protocol was repeated three times, with a 367 

rest between each repetition. The kinetics of the V̇O2, CO, AVO2diff, and V̇E data at the 368 

onset of exercise were obtained by averaging the three repeats. Additionally, before 369 

modelling, the first 20 s of data after the onset of the exercise was eliminated, as during this 370 

period, the increase in V̇O2 reflects merely an increase in the pulmonary blood flow rather 371 

than changes in tissue gas exchange [18]. To calculate the time constants of V̇O2, CO, 372 

AVO2diff, and V̇E at the onset of exercise, a non-linear least squares regression procedure 373 

(GraphPad Prism version 7.00 for Windows; GraphPad Software, CA, USA) was applied to 374 

the onset phase, using the following formula: 375 

Y (t) = Ybaseline + (Ysteady-state − Ybaseline) * (1 − exp−(t − TD)/ τ) 376 

where Y (t) represents V̇O2, CO, AVO2diff, or V̇E at a given time (t); TD is the time delay; 377 

and τ is the time constant. Ybaseline and Ysteady-state were defined as the average values of Y 378 
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during the last minute of the resting period and exercise, respectively. Fit quality was 379 

determined by the coefficient of determination. The fitting procedure was considered 380 

acceptable if the coefficient of determination was >0.85 [33]. In addition, the ratio of τCO to 381 

τV̇O2 >1.00 indicated a slow increase in CO relative to V̇O2 at the onset of exercise. 382 

 383 

Statistical analyses 384 

The sample size for correlational analysis was computed for 0.05 alpha, 0.80 power, 385 

and 0.50 estimated effect size (large) [15] with G Power software version 3.1.9.2 (Heinrich 386 

Heine University, Dusseldorf, Germany). Consequently, a minimum sample size of 26 387 

participants was required. Assuming 10% of the participants could be excluded, we aimed to 388 

recruit 30 participants. 389 

The results are shown as medians (interquartile ranges) or means ± SDs. We 390 

examined the associations between the FSS score and cardiorespiratory variables measured 391 

during the exercise tests using the Spearman’s rank correlation coefficient. To identify the 392 

potentially confounding variables, we also determined the associations of participants’ 393 

characteristics with the FSS score and cardiorespiratory variables that significantly correlated 394 

with the FSS score using the Pearson’s product-moment correlation coefficient, the 395 

Spearman’s rank correlation coefficient, and the unpaired t-test based on variable types. 396 

Statistical analyses were performed with R version 3.2.2 (R Foundation for Statistical 397 
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Computing, Vienna, Austria). Poisson (p) values <0.05 were considered statistically 398 

significant.  399 
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Data availability 400 

The datasets generated during and/or analysed during the current study are available 401 

from the corresponding author on reasonable request. 402 
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Figure legends 610 
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Figure 1. Flow diagram of study participants. MMSE, Mini-Mental State Examination. 612 

 613 

Figure 2. Correlations of the Fatigue Severity Scale score with (a) oxygen uptake at peak 614 

exercise and (b) the time constant of oxygen uptake kinetics. 615 

 616 

Figure 3. Correlations of the Fatigue Severity Scale score and the time constant of cardiac 617 

output kinetics. 618 
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Figure 2

Correlations of the Fatigue Severity Scale score with (a) oxygen uptake at peak exercise and (b) the time
constant of oxygen uptake kinetics.



Figure 3

Correlations of the Fatigue Severity Scale score and the time constant of cardiac output kinetics.
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