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Abstract

Background

Understanding the cardiorespiratory factors related to the increase in oxygen consumption

( _VO2) during exercise is essential for improving cardiorespiratory fitness in individuals with

stroke. However, cardiorespiratory factors related to the increase in _VO2 during exercise in

these individuals have not been examined using multivariate analysis. This study aimed to

identify cardiorespiratory factors related to the increase in _VO2 during a graded exercise in

terms of respiratory function, cardiac function, and the ability of skeletal muscles to extract

oxygen.

Methods

Eighteen individuals with stroke (aged 60.1 ± 9.4 years, 67.1 ± 30.8 days poststroke) under-

went a graded exercise test for the assessment of cardiorespiratory response to exercise.

The increases in _VO2 from rest to first threshold and that from rest to peak exercise were

measured as a dependent variable. The increases in respiratory rate, tidal volume, minute

ventilation, heart rate, stroke volume, cardiac output, and arterial-venous oxygen difference

from rest to first threshold and those from rest to peak exercise were measured as the inde-

pendent variables.

Results

From rest to first threshold, the increases in arterial-venous oxygen difference (β = 0.711)

and cardiac output (β = 0.572) were significant independent variables for the increase in

_VO2 (adjusted R2 = 0.877 p < 0.001). Similarly, from rest to peak exercise, the increases in

arterial-venous oxygen difference (β = 0.665) and cardiac output (β = 0.636) were significant

factors related to the increase in _VO2 (adjusted R2 = 0.923, p < 0.001).
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Conclusion

Our results suggest that the ability of skeletal muscle to extract oxygen is a major cardiore-

spiratory factor related to the increase in _VO2 during exercise testing in individuals with

stroke. For improved cardiorespiratory fitness in individuals with stroke, the amount of func-

tional muscle mass during exercise may need to be increased.

Introduction

Individuals with stroke have reduced cardiorespiratory fitness compared with age- and sex-

matched healthy individuals [1, 2]. Cardiorespiratory fitness reduction in individuals with

stroke is potentially related to walking disability [3, 4], poor cognitive performance [5], and

limitations in activities of daily living [6–8]. Low levels of cardiorespiratory fitness following

stroke may lead to avoidance of physical activity, which causes further deconditioning [9, 10].

Therefore, understanding the cardiorespiratory factors related to cardiorespiratory fitness in

individuals with stroke is essential for the development of appropriate therapies to improve

physical activity levels and prevent further deconditioning.

From the physiological point of view, three phases and two thresholds can be defined with

increasing exercise intensity [11]. Phase I is between rest and a first threshold. With increasing

exercise intensity above the first threshold, the lactate production rate is higher than the

metabolizing capacity of the muscle cell. Phase II is between the first threshold and a second

threshold. Phase III is above the second threshold. With further increase in the workload

above a second threshold, the muscular lactate production rate exceeds the systemic lactate

elimination rate.

Oxygen consumption ( _VO2) at first threshold and that at peak exercise measured during a

graded exercise test are used to assess cardiorespiratory fitness in individuals with stroke [1,

12–14]. The cardiorespiratory factors that potentially limit _VO2 at peak exercise are respiratory

and cardiac functions to supply oxygen, and the ability of skeletal muscles to extract oxygen

[13, 15, 16]. In healthy adults, _VO2 at peak exercise is limited by oxygen utilization among

untrained individuals, while among trained individuals it is limited by oxygen supply [15–17].

Since the amount of active muscle mass determines whether the increase in _VO2 during exer-

cise is either centrally or peripherally limited (e.g. during exercise recruiting smaller muscle

mass), the increase in _VO2 may be limited by oxygen utilization, even in trained individuals

[18]. The decrease in functional muscle mass due to paralysis may be one of the causes limiting

cardiorespiratory responses to exercise [18]. Previous studies [13, 19–21] reported that tidal

volume, heart rate, and arterial-venous oxygen difference at peak exercise are significantly

lower in individuals with stroke than those in age- and sex-matched healthy adults, which may

lead to the deterioration of cardiorespiratory fitness after stroke. Tomczak et al. [21] reported

a significant difference between individuals with stroke and healthy adults in _VO2 at peak

exercise, but not in _VO2 at rest. Thus, identifying the cardiorespiratory factors related to the

increase in _VO2 during exercise contributes to understanding the mechanisms of decrease in

cardiorespiratory fitness in individuals with stroke. However, in individuals with stroke, the

cardiorespiratory factors related to the increase in _VO2 during exercise have not been exam-

ined using multivariate analysis.

Cross-sectional and longitudinal studies found a relationship between _VO2 and arterial-

venous oxygen difference at peak exercise in individuals with stroke [20, 22]. Therefore, we
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hypothesized that arterial-venous oxygen difference is a major cardiorespiratory factor related

to the increase in _VO2 during exercise in these individuals. In this study, we aimed to explore

the cardiorespiratory factors related to the increase in _VO2 from rest to first threshold and that

from rest to peak exercise among individuals with stroke. The secondary aim was to determine

the cardiorespiratory factors related to the increase in _VO2 from first threshold to peak exer-

cise, that from first threshold to second threshold, and that from second threshold to peak

exercise in these individuals.

Methods

Study design

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

the appropriate ethics committees of the Tokyo Bay Rehabilitation Hospital (approval number:

172–2) and the Shinshu University (approval number: 3813). All participants provided written

informed consent prior to study enrollment. The study was conducted in accordance with the

regulations of Declaration of Helsinki of 1964, as revised in 2013.

Participants

Participants were recruited from a convalescent rehabilitation hospital between November

2017 and November 2018. The inclusion criteria for the study were as follows: (1) age 40–80

years, (2) being within 180 days after first-ever stroke, (3) ability to maintain a target cadence

of 50 rpm during exercise, and (4) a Mini-Mental State Examination score [23] of 24 or more.

The exclusion criteria were as follows: (1) limited range of motion and/or pain that could affect

the exercise test, (2) unstable medical conditions such as unstable angina, uncontrolled hyper-

tension, and tachycardia, (3) use of beta-blocker, and (4) any comorbid neurological disorder.

Exercise testing

Participants were instructed to refrain from eating for 3 hours and to avoid caffeine and vigor-

ous physical activity for at least 6 and 24 hours, respectively, before the exercise test [24]. All

participants performed a symptom-limited graded exercise test on a recumbent cycle ergome-

ter (Strength Ergo 240; Mitsubishi Electric Engineering Co., Ltd., Tokyo, Japan) that can be

precisely load-controlled (coefficient of variation, 5%) over a wide range of pedaling resistance

(0–400 W). The distance from the seat edge to pedal axis was adjusted so that the participant’s

knee flexion angle was 20˚ when extended maximally. The backrest was set at 20˚ reclined

from the vertical position. Additional strapping was attached to secure the paretic foot to the

pedal as needed. Following a 3-min of rest period (in sitting position) on the recumbent cycle

ergometer to establish a steady state, a warm-up was performed at 0 W for 3 min followed by

10 W increments every minute [24, 25]. Participants were instructed to maintain a target

cadence of 50 rpm throughout the exercise [24, 25]. Blood pressure was monitored every min-

ute from the non-paretic arm using an automated system (Tango; Sun Tech Medical Inc., NC,

USA). The test was terminated if the participants showed signs of angina, dyspnea, inability to

maintain cycling cadence more than 40 rpm, hypertension (more than 250 mmHg systolic or

more than 115 mmHg diastolic), or a drop in systolic blood pressure of more than 10 mmHg

despite an increase in work load [25, 26]. Participants provided their ratings of perceived exer-

tion (6 = no exertion at all, 20 = maximal exertion) [27] for dyspnea and leg effort at the end of

the test. Work rate at peak exercise was defined as the peak wattage on test termination [22].

To identify whether maximal effort was reached during the exercise test, at least 1 of the fol-

lowing criteria had to be met: (1) _VO2 increased less than 150 mL�min-1 for more than 1 min

Factors related to the increase in oxygen consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0217453 October 9, 2019 3 / 21

https://doi.org/10.1371/journal.pone.0217453


despite increased work rate, (2) respiratory exchange ratio achieved greater than 1.10, (3) or

heart rate achieved 85% of the age-predicted maximal heart rate (210 minus age) [28–30].

Participants rested for 5 min prior to obtaining the measurements. Cardiorespiratory vari-

ables were measured at rest for 3 min and continuously during exercise test. _VO2, respiratory

rate, tidal volume, and minute ventilation were measured on a breath-by-breath basis using an

expired gas analyzer (Aerosonic AT-1100; ANIMA Corp., Tokyo, Japan). Carbon dioxide out-

put, the ventilatory equivalents of oxygen and carbon dioxide, and the end-tidal oxygen and

carbon dioxide fractions were also measured using the expired gas analyzer to determine first

and second threshold. Heart rate, stroke volume, and cardiac output were measured on a beat-

by-beat basis using a noninvasive impedance cardiography device (Task Force Monitor model

3040i; CN Systems Medizintechnik GmbH., Graz, Austria). The impedance cardiography

method is a valid and reliable method for measuring cardiac hemodynamics at rest and during

exercise [31–33]. The reproducibility of two consecutive measurements of stroke volume with

the device was confirmed by the correlation coefficient, r = 0.971 [33]. The mean and standard

deviations of the differences between two consecutive measurements of stroke volume are

0.845 ± 2.549 mL [33]. Measurement values of cardiorespiratory variables were interpolated to

1-s intervals, time-aligned, and averaged into 5-s bins. This approach was used to assess the

cardiorespiratory responses to exercise in healthy adults [34] and in individuals with stroke

[21]. We could derive arterial-venous oxygen difference on a second-by-second basis by con-

verting the breath-by-breath expired gas data and the beat-by-beat cardiac hemodynamics

data into second-by-second data. Arterial-venous oxygen difference was calculated as the ratio

between _VO2 and cardiac output according to the Fick’s equation: _VO2 = cardiac output ×
arterial-venous oxygen difference [35].

Cardiorespiratory variables at rest were defined as the average value obtained during 1 min

before exercise onset, and those at peak exercise were defined as the average value obtained

during the last 30 s of exercise test [21, 24]. The first threshold was determined using a combi-

nation of the following criteria: (1) the time point where the ventilatory equivalent of oxygen

reached its minimum or started to increase, without an increase in the ventilatory equivalent

of carbon dioxide; (2) the time point at which the end-tidal oxygen fraction reached a mini-

mum or started to increase, without a decline in the end-tidal carbon dioxide fraction; and (3)

the time point of deflection of carbon dioxide output versus _VO2 [11]. The first two methods

were prioritized in case the three methods presented different results [36, 37]. The second

threshold is the intensity at which the muscular lactate production rate begins to exceed the

systemic lactate elimination rate [11]. The second threshold was determined by: (1) the mini-

mal value or nonlinear increase in the ventilatory equivalent of carbon dioxide; (2) the time

point at which the end-tidal carbon dioxide fraction started to decline; and (3) the time point

of deflection of minute ventilation versus _VO2 [11]. The first two criteria were prioritized in

case the three methods presented different results [36]. The first and second threshold were

determined as an average based on the values provided by two independent raters (NI and

YS), when the difference in _VO2 values of the corresponding points as determined by the two

raters was less than 100 mL�min-1 [37, 38]. In case of any discrepancy, a third experienced

rater (KO) judged the time point, and either the first or second threshold was used as the aver-

age of the two closest values [36, 37].

Functional impairment assessment

A lower extremity motor subscale of Fugle-Meyer Assessment [39] was used to assess func-

tional impairment in the paretic lower extremity. The possible score ranged from 0 to 34

points.

Factors related to the increase in oxygen consumption
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Statistical analysis

The G Power computer program version 3.1.9.2 (Heinrich Heine University, Dusseldorf, Ger-

many) [40] was used to calculate the sample size required for multiple regression analysis. If

up to seven variables (respiratory rate, tidal volume, minute ventilation, heart rate, stroke vol-

ume, cardiac output, and arterial-venous oxygen difference) would be modeled at an effect size

of 0.49 (very large), α level of 0.05 and power of 0.80, a minimum of 13 participants would be

required [40, 41].

Normality of distribution was tested using the Shapiro Wilk test. One-way repeated-mea-

sures analysis of variance or Friedman test with exercise period as a factor was used to examine

whether cardiorespiratory variables changed during exercise. Post hoc analyses were per-

formed using the Bonferroni multiple comparison test.

The increase in _VO2 from rest to first threshold and that from rest to peak exercise were cal-

culated as the dependent variables. The increase in _VO2 from first threshold to peak exercise,

that from first threshold to second threshold, and that from second threshold to peak exercise

were also calculated as the dependent variables. Pearson’s product moment correlation coeffi-

cient or Spearman’s rank correlation coefficient was used to test the correlations between the

increases in _VO2 and other cardiorespiratory variables. Pearson’s product moment correlation

coefficient or Spearman’s rank correlation coefficient was also used to examine if age, func-

tional impairment, and other anthropometric characteristics including height, body mass, and

body mass index were related to the increase in _VO2 during exercise testing [25, 26, 37, 42].

We performed these correlation analyses to identify independent variables that were entered

in the stepwise multiple regression analysis. Variables that significantly correlated with the

increase in _VO2 during exercise testing were then entered in the stepwise multiple regression

analysis to identify the cardiorespiratory factors related to the increase in _VO2, while consider-

ing multicollinearity. When age, functional impairment, and/or anthropometric characteris-

tics were selected as independent variables for multiple regression analysis, we found

potentially confounding effects of age, functional impairment, and/or anthropometric charac-

teristics on the relationships between the increases in _VO2 and other cardiorespiratory vari-

ables during exercise testing. Statistical analyses were performed using the Statistical Package

for the Social Sciences software version 24.0 (International Business Machines Corp., NY,

USA). Any p values less than 0.05 were considered statistically significant.

Results

A flow diagram of study participants is shown in Fig 1. Eighteen individuals with stroke partic-

ipated in the study. Table 1 shows the characteristics of the participants.

No significant adverse events occurred during or after the exercise test. All participants

stopped the exercise test due to their inability to maintain cycling cadence more than 40 rpm.

With respect to each of the 3 criteria for reaching maximal effort, 16 participants (89%)

showed the increase in _VO2 less than 150 mL�min-1 for more than 1 min despite increased

work rate, 4 participants (22%) achieved a respiratory exchange ratio value greater than 1.10,

and 9 participants (50%) reached 85% of the age-predicted maximal heart rate. All participants

met at least one of the criteria for reaching maximal effort. One and nine participants met

three and two criteria for reaching maximal effort, respectively. Median (interquartile range)

values of the ratings of perceived exertion for dyspnea and leg effort at the end of the test were

13 (13–15) and 15 (13–15), respectively. Mean ± standard deviation of respiratory exchange

ratio and work rate at peak exercise were 0.98 ± 0.13 and 69.4 ± 30.6 W, respectively.

Factors related to the increase in oxygen consumption
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Measurement values at rest, first threshold, second threshold, and peak exercise are shown

in Table 2 and Fig 2. The first threshold was determined in all participants, while the second

threshold could be determined in only 11/18 participants. Therefore, we excluded the data of

second threshold from statistical analyses. We observed a main effect of exercise period on all

cardiorespiratory variables (p< 0.001). All cardiorespiratory variables at first threshold were

significantly higher than those at rest (p< 0.001). From first threshold to peak exercise, cardio-

respiratory variables, except for stroke volume and arterial-venous oxygen difference increased

significantly (p < 0.001).

Fig 1. Flow diagram of study participants.

https://doi.org/10.1371/journal.pone.0217453.g001

Table 1. Characteristics of participants.

Variable Value

Age, years 60.1 ± 9.4

Sex, male/female 14 (78)/4 (22)

Height, m 1.66 ± 0.07

Body mass, kg 63.6 ± 8.9

Body mass index, kg�m-2 23.0 ± 3.3

Type of stroke, ischemic/hemorrhage 11 (61)/7 (39)

Side of motor paresis, right/left 8 (44)/10 (56)

Time since stroke, days 67.1 ± 30.8

Fugl-Meyer lower extremity motor scores, points 28.8 ± 7.7

Antihypertensive medications

Angiotensin II receptor blocker 2 (11)

Calcium channel blocker 4 (22)

Comorbidities

Hypertension 6 (33)

Diabetes mellitus 4 (22)

Hyperlipidemia 3 (17)

Values are presented as mean ± SD or number (%).

https://doi.org/10.1371/journal.pone.0217453.t001
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From rest to first threshold, correlations between the increases in _VO2 and other cardiore-

spiratory variables are shown in Table 3 and Fig 3. The increase in _VO2 significantly correlated

with the increases in tidal volume (Fig 3B), minute ventilation (Fig 3C), heart rate (Fig 3D),

cardiac output (Fig 3F), and arterial-venous oxygen difference (Fig 3G). The increases in _VO2

did not significantly correlate with age, Fugl-Meyer lower extremity motor scores, and anthro-

pometric characteristics (Table 3). Stepwise multiple regression analysis revealed that the

increases in arterial-venous oxygen difference (β = 0.711) and cardiac output (β = 0.572) were

the significant independent variables for the increase in _VO2 (adjusted R2 = 0.877, p< 0.001)

(Table 4). The increase in arterial-venous oxygen difference was a major cardiorespiratory fac-

tor related to the increase in _VO2 from rest to first threshold.

From rest to peak exercise, correlations between the increases in _VO2 and other cardiore-

spiratory variables are shown in Table 5 and Fig 4. The increases in _VO2 significantly corre-

lated with the increases in tidal volume (Fig 4B), minute ventilation (Fig 4C), heart rate (Fig

4D), cardiac output (Fig 4F), and arterial-venous oxygen difference (Fig 4G). The increases in

_VO2 also significantly correlated with body mass (Table 5). Stepwise multiple regression analy-

sis revealed that the increases in arterial-venous oxygen difference (β = 0.665) and cardiac out-

put (β = 0.636) were significant factors related to the increase in _VO2 (adjusted R2 = 0.923,

p< 0.001) (Table 6). The increase in arterial-venous oxygen difference was a major cardiore-

spiratory factor related to the increase in _VO2 from rest to peak exercise.

From first threshold to peak exercise, correlations between the increases in _VO2 and other

cardiorespiratory variables are shown in Table 7 and Fig 5. The increases in _VO2 significantly

correlated with the increases in respiratory rate (Fig 5A), tidal volume (Fig 5B), minute ventila-

tion (Fig 5C), heart rate (Fig 5D), and arterial-venous oxygen difference (Fig 5G). The

Table 2. Cardiorespiratory variables at rest, first threshold, second threshold, and peak exercise.

Variable Rest First threshold Second threshold

(n = 11)

Peak exercise p value

_VO2, mL�min-1 253.1 ± 57.7 899.7 ± 224.8� 972.1 ± 224.2 1098.3 ± 330.3†, ‡ < 0.001

Respiratory rate, breaths�min-1 18.5 ± 2.8 25.2 ± 4.5� 25.8 ± 3.9 32.6 ± 8.5†, ‡ < 0.001

Tidal volume, L 0.46 ± 0.11 1.07 ± 0.23� 1.17 ± 0.19 1.28 ± 0.30†, ‡ < 0.001

Minute ventilation, L�min-1 8.5 ± 1.8 26.1 ± 6.9� 30.4 ± 8.1 41.7 ± 14.5†, ‡ < 0.001

Heart rate, bpm 76.0 ± 9.2 109.9 ± 13.6� 114.2 ± 12.1 128.6 ± 17.5†, ‡ < 0.001

Stroke volume, mL 55.0 ± 7.6 73.0 ± 10.4� 74.6 ± 10.3 71.0 ± 9.4† < 0.001

Cardiac output, L�min-1 4.17 ± 0.65 7.91 ± 1.02� 8.44 ± 1.00 9.12 ± 1.38†, ‡ < 0.001

Arterial-venous oxygen difference, mL�100 mL-1 6.2 ± 1.6 11.2 ± 1.8� 11.5 ± 1.9 12.0 ± 2.4† < 0.001

Respiratory exchange ratio 0.74 ± 0.06 0.79 ± 0.06� 0.87 ± 0.10 0.98 ± 0.13†, ‡ < 0.001

Rating of perceived exertion for dyspnea NA NA NA 13 (13–15) NA

Rating of perceived exertion for leg effort NA NA NA 15 (13–15) NA

Work rate, W 0 ± 0 31.7 ± 28.1 47.3 ± 34.1 69.4 ± 30.6 NA

Values are presented as mean ± SD or median (interquartile range).

The data of second threshold were excluded from the statistical analyses.

p value represents a significant main effect of the exercise period.

�, a significant difference between first threshold and rest (p < 0.05).
†, a significant difference between peak exercise and rest (p < 0.05).
‡, a significant difference between peak exercise and first threshold (p < 0.05).

NA, not applicable.

https://doi.org/10.1371/journal.pone.0217453.t002
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Fig 2. Relationships of work rate with _VO2 (A), respiratory rate (B), tidal volume (C), minute ventilation (D), heart rate

(E), stroke volume (F), cardiac output (G), and arterial-venous oxygen difference (H) during the exercise test. Diamonds,

circles, and squares represent the mean values at rest, first threshold, and peak exercise, respectively. Vertical and

horizontal bars represent standard deviation. The data of second threshold were excluded, as it was obtained from only 11

participants.

https://doi.org/10.1371/journal.pone.0217453.g002
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increases in _VO2 also significantly correlated with Fugl-Meyer lower extremity motor scores

and body mass (Table 7). Stepwise multiple regression analysis revealed that the increases in

minute ventilation (β = 0.584) and arterial-venous oxygen difference (β = 0.389) were signifi-

cant independent variables associated with for the increase in _VO2 (adjusted R2 = 0.786,

p< 0.001) (Table 8).

The cardiorespiratory factors related to the increase in _VO2 from first threshold to second

threshold and then from second threshold to peak exercise were determined in 11 participants

who reached second threshold. The increase in _VO2 from first threshold to second threshold

was not correlated with the increases in other cardiorespiratory variables (Table 9). From sec-

ond threshold to peak exercise, the increases in _VO2 significantly correlated with the increases

in respiratory rate, tidal volume, minute ventilation, heart rate, and arterial-venous oxygen dif-

ference (Table 10). The increases in _VO2 did not significantly correlate with age, Fugl-Meyer

lower extremity motor scores, and anthropometric characteristics (Table 10). Stepwise multi-

ple regression analysis revealed that the increase in minute ventilation (β = 0.850) was a signifi-

cant independent variable associated with the increase in _VO2 (adjusted R2 = 0.691, p = 0.001)

(Table 11).

Discussion

This is the first study to explore cardiorespiratory factors related to the increase in _VO2 during

graded exercise in individuals with stroke. This study demonstrated that the increase in arte-

rial-venous oxygen difference was a major cardiorespiratory factor related to both the

increases in _VO2 from rest to first threshold and that from rest to peak exercise. Our results

also demonstrated no significant confounding effects of age, functional impairment, and

anthropometric characteristics on the relationships between increases in _VO2 and other

cardiorespiratory variables during exercise testing. These findings suggest that the impaired

ability of skeletal muscles to extract oxygen is a main cardiorespiratory factor related to the

decrease in cardiorespiratory fitness in individuals with stroke.

Table 3. Correlations between the increases in _VO2 from rest to first threshold and the increases in other cardio-

respiratory variables, age, functional impairment, and anthropometric characteristics.

Variable Increase in _VO2

r 95% CI p value

Increase in respiratory rate 0.309 -0.185, 0.678 0.213

Increase in tidal volume 0.620 0.215, 0.843 0.006

Increase in minute ventilation 0.730 0.399, 0.893 < 0.001

Increase in heart rate 0.804 0.540, 0.924 < 0.001

Increase in stroke volume -0.290 -0.667, 0.204 0.243

Increase in cardiac output 0.623 0.221, 0.845 0.006

Increase in arterial-venous oxygen difference 0.752 0.440, 0.902 < 0.001

Age -0.055 -0.509, 0.423 0.829

Fugl-Meyer lower extremity motor scores 0.168 -0.325, 0.589 0.506

Height 0.080 -0.402, 0.527 0.752

Body mass 0.302 -0.192, 0.674 0.224

Body mass index 0.221 -0.275, 0.623 0.379

r, correlation coefficient; 95% CI, 95% confidence interval

https://doi.org/10.1371/journal.pone.0217453.t003
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The decrease in functional muscle mass due to paralysis can limit the increases in _VO2 and

other cardiorespiratory variables during exercise testing. The influences of the amount of

active muscle mass on cardiorespiratory responses to exercise have been investigated by

Fig 3. Correlations of the increases in _VO2 with respiratory rate (A), tidal volume (B), minute ventilation (C), heart

rate (D), stroke volume (E), cardiac output (F), and arterial-venous oxygen difference (G) from rest to first threshold.

https://doi.org/10.1371/journal.pone.0217453.g003
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comparing cardiorespiratory outcomes during one-legged and two-legged cycling exercises in

healthy people [18]. _VO2 at first threshold and that at peak exercise are lower during one-leg-

ged cycling exercises compared to those during two-legged cycling exercises [43–50]. Minute

ventilation and arterial-venous oxygen difference responses are also lower during one-legged

cycling exercises [45, 46, 51]. Furthermore, the level of catecholamines is lower during one-leg-

ged cycling exercises compared to that in two-legged cycling exercises [46, 52]. As catechol-

amines stimulate cardiorespiratory functions, lower levels of catecholamines during one-

legged cycle exercises explain the lower cardiorespiratory responses [18]. Although we did not

assess the amount of functional muscle mass during exercise, the above studies suggest that the

decrease in functional muscle mass due to paralysis can explain the relationships between

increases in _VO2 and other cardiorespiratory variables during exercise testing observed in this

study.

The increase in arterial-venous oxygen difference was a major independent variable for the

increases in _VO2 from rest to first threshold and that from rest to peak exercise. From first

threshold to peak exercise, the increase in arterial-venous oxygen difference was also an inde-

pendent variable for the increases in _VO2, while cardiac output was not. These results support

the findings of Jakovljevic et al. [20] and Moore et al. [22] who reported that oxygen extraction

rather than oxygen supply is related with cardiorespiratory fitness in individuals with stroke.

Skeletal muscle changes after stroke, such as muscle atrophy and shift of muscle fiber type

Table 4. Stepwise multiple regression analysis for identifying factors related to the increases in _VO2 from rest to first threshold.

Variable β Coefficient SE t value p value

Increase in arterial-venous oxygen difference from rest to first threshold 0.711 76.91 9.24 8.32 < 0.001

Increase in cardiac output from rest to first threshold 0.572 118.32 17.69 6.68 < 0.001

Constant -184.99 80.01 -2.31 0.035

F (2, 15) = 61.37, p < 0.001, R2 = 0.891, Adjusted R2 = 0.877

β, standard coefficient; SE, standard error

https://doi.org/10.1371/journal.pone.0217453.t004

Table 5. Correlations between the increase in _VO2 from rest to peak exercise and the increases in other cardiore-

spiratory variables, age, functional impairment, and anthropometric characteristics.

Variable Increase in _VO2

r 95% CI p value

Increase in respiratory rate 0.375 -0.111, 0.717 0.125

Increase in tidal volume 0.806 0.544, 0.925 < 0.001

Increase in minute ventilation 0.803 0.537, 0.923 < 0.001

Increase in heart rate 0.691 0.330, 0.875 0.002

Increase in stroke volume -0.115 -0.552, 0.372 0.651

Increase in cardiac output 0.703 0.352, 0.881 0.001

Increase in arterial-venous oxygen difference 0.729 0.398, 0.892 < 0.001

Age -0.094 -0.537, 0.390 0.710

Fugl-Meyer lower extremity motor scores 0.423 -0.055, 0.743 0.080

Height 0.309 -0.184, 0.678 0.212

Body mass 0.554 0.117, 0.811 0.017

Body mass index 0.349 -0.141, 0.701 0.156

r, correlation coefficient; 95% CI, 95% confidence interval

https://doi.org/10.1371/journal.pone.0217453.t005
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(from type I slow-twitch muscle fibers to type II fast-twitch muscle fibers) particularly in the

paretic lower extremity, are observed in individuals with stroke [53]. The impaired vasodila-

tory function and reduction in blood flow in the paretic lower extremity have also been

reported [54, 55]. In addition to the decrease in functional muscle mass during exercise, these

Fig 4. Correlations of the increases in _VO2 with respiratory rate (A), tidal volume (B), minute ventilation (C), heart

rate (D), stroke volume (E), cardiac output (F), and arterial-venous oxygen difference (G) from rest to peak exercise.

https://doi.org/10.1371/journal.pone.0217453.g004
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changes in skeletal muscles after stroke can reduce their ability to extract oxygen. This may

further increase the dependence on anaerobic glycolysis for energy output, thus increasing the

output of lactate [56, 57]. However, from our respiratory exchange ratio data, we expected

blood lactate concentration to remain low in this study. These findings support the relation-

ships between the increases in _VO2 and arterial-venous oxygen difference during exercise test-

ing observed in this study.

Furthermore, this study demonstrated that the increase in cardiac output was related to the

increases in _VO2 from rest to first threshold and that from rest to peak exercise irrespective of

the increase in arterial-venous oxygen difference. Tomczak et al. [21] reported that the

impaired increase in _VO2 during exercise testing in individuals with stroke is attributed to the

impaired increase in cardiac output, which in turn could be attributed to the impaired increase

in heart rate. From first threshold to peak exercise, we observed the significant increases in

heart rate and cardiac output, but not in stroke volume. These results suggest that the increase

in heart rate contributed to the increase in cardiac output in this phase. In addition, our corre-

lational analysis indicated that the increase in _VO2 during exercise testing was related with the

increase in heart rate, but not the increase in stroke volume. These results of our study support

the findings of Tomczak et al. [21]. As mentioned above, the increases in heart rate and cardiac

output during exercise testing may be limited by lower levels of catecholamines due to the

decrease in functional muscle mass after stroke [18]. In addition, the decreased functional

Table 6. Stepwise multiple regression analysis for identifying factors related to the increases in _VO2 from rest to peak exercise.

Variable β Coefficient SE t value p value

Increase in arterial-venous oxygen difference from rest to peak exercise 0.665 83.85 8.54 9.82 < 0.001

Increase in cardiac output from rest to peak exercise 0.636 152.22 16.22 9.38 < 0.001

Constant -395.25 92.20 -4.29 0.001

F (2, 15) = 102.57, p < 0.001, R2 = 0.932, Adjusted R2 = 0.923

β, standard coefficient: SE, standard error

https://doi.org/10.1371/journal.pone.0217453.t006

Table 7. Correlations between the increases in _VO2 from first threshold to peak exercise and the increases in

other cardiorespiratory variables, age, functional impairment, and anthropometric characteristics.

Variable Increase in _VO2

r 95% CI p value

Increase in respiratory rate 0.641 0.249, 0.853 0.004

Increase in tidal volume 0.644 0.253, 0.854 0.004

Increase in minute ventilation 0.857 0.651, 0.946 < 0.001

Increase in heart rate 0.649 0.261, 0.856 0.004

Increase in stroke volume -0.406 -0.734, 0.075 0.095

Increase in cardiac output 0.325 -0.167, 0.688 0.188

Increase in arterial-venous oxygen difference 0.799 0.531, 0.922 < 0.001

Age -0.104 -0.545, 0.381 0.681

Fugl-Meyer lower extremity motor scores 0.566 0.135, 0.817 0.014

Height 0.468 0.001, 0.767 0.050

Body mass 0.638 0.244, 0.851 0.004

Body mass index 0.363 -0.125, 0.710 0.138

r, correlation coefficient; 95% CI, 95% confidence interval

https://doi.org/10.1371/journal.pone.0217453.t007
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muscle mass in individuals with stroke can reduce the increases in heart rate and cardiac out-

put, just matching the needs of the lower muscle mass [18]. These findings can explain the

Fig 5. Correlations of the increases in _VO2 with respiratory rate (A), tidal volume (B), minute ventilation (C), heart

rate (D), stroke volume (E), cardiac output (F), and arterial-venous oxygen difference (G) from first threshold to peak

exercise.

https://doi.org/10.1371/journal.pone.0217453.g005
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relationship between the increases in _VO2 and cardiac output during exercise testing observed

in this study.

Sisante et al. [19] and Tomczak et al. [21] reported that tidal volume, minute ventilation,

and _VO2 at peak exercise were significantly lower in the stroke group than in control, while

there was no significant difference in respiratory rate at peak exercise between the groups.

Therefore, the decrease in tidal volume is believed to limit minute ventilation and _VO2 at peak

exercise in individuals with stroke [19, 21]. The paralysis of expiratory muscles on the affected

side, decreased motion of the diaphragm, and reduced chest wall excursion may limit the

increases in tidal volume during exercise [13, 58]. These findings support the relationship

between increases in _VO2 and the increases in tidal volume and minute ventilation during

exercise testing. Both from rest to first threshold and from rest to peak exercise, there was no

significant correlation between the increases in _VO2 and respiratory rate. Therefore, the tidal

volume response may be related to _VO2 response irrespective of respiratory rate response dur-

ing exercise testing. The increase in minute ventilation was a major independent variable for

the increase in _VO2 from first threshold to peak exercise, and then from second threshold to

peak exercise, but not from rest to peak exercise. There was no occurrence of cardiorespiratory

factors related to the increase in _VO2 from first threshold to second threshold, which may be

attributed to low increment of _VO2 in this phase. The increment of _VO2 from rest to first

Table 8. Stepwise multiple regression analysis for identifying factors related to the increases in _VO2 from first threshold to peak exercise.

Variable β Coefficient SE t value p value

Increase in minute ventilation from first threshold to peak exercise 0.584 8.436 2.28 3.70 0.002

Increase in arterial-venous oxygen difference from first threshold to peak exercise 0.389 41.78 16.98 2.46 0.027

Constant 36.25 33.45 1.08 0.296

F (2, 15) = 32.22, p < 0.001, R2 = 0.811, Adjusted R2 = 0.786

β, standard coefficient; SE, standard error

https://doi.org/10.1371/journal.pone.0217453.t008

Table 9. Correlations between the increases in _VO2 from first threshold to second threshold and the increases in

other cardiorespiratory variables, age, functional impairment, and anthropometric characteristics (n = 11).

Variable Increase in _VO2

r 95% CI p value

Increase in respiratory rate -0.050 -0.631, 0.567 0.885

Increase in tidal volume 0.598 -0.003, 0.882 0.052

Increase in minute ventilation 0.601 0.001, 0.883 0.051

Increase in heart rate 0.485 -0.162, 0.841 0.130

Increase in stroke volume -0.155 -0.691, 0.491 0.650

Increase in cardiac output 0.156 -0.490, 0.691 0.647

Increase in arterial-venous oxygen difference 0.487 -0.159, 0.841 0.129

Age 0.476 -0.174, 0.837 0.139

Fugl-Meyer lower extremity motor scores 0.240 -0.421, 0.734 0.477

Height -0.005 -0.603, 0.597 0.989

Body mass 0.092 -0.537, 0.656 0.787

Body mass index 0.053 -0.565, 0.633 0.876

r, correlation coefficient; 95% CI, 95% confidence interval

https://doi.org/10.1371/journal.pone.0217453.t009
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threshold accounted for approximately 75% of the increment of _VO2 from rest to peak exer-

cise. This may explain why the increases in arterial-venous oxygen difference and cardiac out-

put rather than the increase in minute ventilation were selected as the independent variables

for the increases in _VO2 from rest to peak exercise. These results suggest that the ability of skel-

etal muscles to extract oxygen and cardiac function rather than respiratory function are related

to cardiorespiratory fitness in individuals with stroke.

Considering the influences of the amount of active muscle mass on cardiorespiratory

responses to exercise [18], it is important to increase the amount of functional muscle mass

during exercise for enhancing the cardiorespiratory responses in individuals with stroke.

Therefore, exercises that recruit more muscle mass, such as combined arm and leg exercises

could be beneficial to improve cardiorespiratory fitness in these individuals.

Studies reported that functional impairment is related to cardiorespiratory responses dur-

ing exercise testing in individuals with stroke [25, 37, 59]. However, we found no significant

confounding effects of functional impairment on the relationships between the increases in

_VO2 and other cardiorespiratory variables during exercise testing, which may be attributed to

the fact that our study participants presented with relatively mild functional impairment.

Although all participants stopped the exercise test due to their inability to maintain cycling

cadence, seven participants did not reach the second threshold during exercise testing. In addi-

tion, 14 participants did not achieve a respiratory exchange ratio value greater than 1.10. The

relatively low ratings of perceived exertion at the end of the test may be explained by the low

number of participants who reached the second threshold and/or respiratory exchange ratio

value greater than 1.10. Although a respiratory exchange ratio greater than 1.10 is generally

considered an indication of excellent subject effort during exercise testing [35], as several stud-

ies also reported, individuals with hemiparetic stroke find it difficult to reach the respiratory

exchange ratio greater than 1.10 during exercise testing on a recumbent cycle ergometer [24,

37, 60]. In individuals with stroke, impairments in strength, coordination, muscle endurance,

and sensorimotor control contribute to difficulties in pedaling at a high work rate [60]. The

_VO2 reserve and heart rate reserve percentages were recommended for prescribing aerobic

Table 10. Correlations between the increases in _VO2 from second threshold to peak exercise and the increases in

other cardiorespiratory variables, age, functional impairment, and anthropometric characteristics (n = 11).

Variable Increase in _VO2

r 95% CI p value

Increase in respiratory rate 0.747 0.266, 0.930 0.008

Increase in tidal volume 0.823 0.441, 0.953 0.002

Increase in minute ventilation 0.850 0.509, 0.960 0.001

Increase in heart rate 0.803 0.391, 0.947 0.003

Increase in stroke volume -0.246 -0.737, 0.415 0.466

Increase in cardiac output 0.559 -0.006, 0.868 0.074

Increase in arterial-venous oxygen difference 0.689 0.152, 0.912 0.019

Age -0.225 -0.727, 0.434 0.507

Fugl-Meyer lower extremity motor scores 0.568 -0.048, 0.871 0.068

Height 0.360 -0.306, 0.790 0.276

Body mass 0.433 -0.226, 0.820 0.184

Body mass index 0.115 -0.521, 0.669 0.735

r, correlation coefficient; 95% CI, 95% confidence interval

https://doi.org/10.1371/journal.pone.0217453.t010
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exercise intensity for individuals with stroke [61]. Therefore, it is probably difficult for individ-

uals with stroke to achieve sufficient intensity of exercise prescription during exercise testing

using a recumbent cycle ergometer. An exercise test, using the combined arm and leg modality

such as the total-body recumbent stepper, may be useful for guiding exercise prescription in

these individuals [42].

This study had several limitations. First, all participants were in the subacute stages of

recovery from stroke. Therefore, generalization of the findings to individuals with chronic

stroke should be made with caution. Second, the sample size was relatively small, although that

was determined based on power analysis. Therefore, we could not perform subgroup analyses

to determine whether cardiorespiratory variables related to the increase in _VO2 during exer-

cise testing would be different between participants who reached and those who failed to reach

the second threshold or participants who reached and those who failed to reach a respiratory

exchange ratio value greater than 1.10. Third, we used a recumbent cycle ergometer. A tread-

mill [6], a total-body recumbent stepper [42], a robotics-assisted tilt table [36], and an arm

crank ergometer [37] are also used to assess cardiorespiratory fitness in individuals with

stroke. Differences in the amount of active muscle mass among exercise devices may affect the

relationships observed between the increases in _VO2 and other cardiorespiratory variables

during exercise testing. Further studies are warranted to examine whether the major cardiore-

spiratory factors related to the increase in _VO2 during exercise differ among different exercise

devices. Finally, as this study used a cross-sectional observational design, the factors related to

the temporal changes in _VO2 at first threshold and at peak exercise could not be examined.

Further longitudinal studies are needed to examine whether impairments in arterial-venous

oxygen difference and cardiac output affect the temporal changes in _VO2 for the development

of appropriate therapies to improve cardiorespiratory fitness in individuals with stroke.

Conclusions

Our results suggest that the ability of skeletal muscles to extract oxygen is a major cardiorespi-

ratory factor related to the increase in _VO2 during exercise testing in individuals with stroke.

Our findings could potentially contribute to the development of appropriate therapies to

improve cardiorespiratory fitness in individuals with stroke.

Acknowledgments

The authors certify that no other persons have made substantial contributions to this

manuscript.

Author Contributions

Conceptualization: Kazuaki Oyake, Yasuto Baba, Nao Ito, Yuki Suda, Jun Murayama, Ayumi

Mochida, Kunitsugu Kondo, Yohei Otaka, Kimito Momose.

Table 11. Stepwise multiple regression analysis for identifying factors related to the increases in _VO2 from second threshold to peak exercise (n = 11).

Variable β Coefficient SE t value p value

Increase in minute ventilation from second threshold to peak exercise 0.850 12.46 2.58 4.83 0.001

Constant -10.95 49.06 -0.22 0.828

F (1, 9) = 23.35, p = 0.001, R2 = 0.722, Adjusted R2 = 0.691

β, standard coefficient; SE, standard error

https://doi.org/10.1371/journal.pone.0217453.t011

Factors related to the increase in oxygen consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0217453 October 9, 2019 17 / 21

https://doi.org/10.1371/journal.pone.0217453.t011
https://doi.org/10.1371/journal.pone.0217453


Data curation: Kazuaki Oyake, Yasuto Baba, Nao Ito, Yuki Suda, Jun Murayama, Ayumi

Mochida.

Formal analysis: Kazuaki Oyake, Yohei Otaka, Kimito Momose.

Funding acquisition: Kazuaki Oyake.

Investigation: Kazuaki Oyake, Yasuto Baba, Nao Ito, Yuki Suda, Jun Murayama, Ayumi

Mochida, Kunitsugu Kondo, Yohei Otaka, Kimito Momose.

Methodology: Kazuaki Oyake, Yasuto Baba, Nao Ito, Yuki Suda, Jun Murayama, Ayumi

Mochida, Kunitsugu Kondo, Yohei Otaka, Kimito Momose.

Project administration: Kazuaki Oyake.

Supervision: Kazuaki Oyake, Kimito Momose.

Validation: Kazuaki Oyake.

Writing – original draft: Kazuaki Oyake, Kimito Momose.

Writing – review & editing: Kazuaki Oyake, Yasuto Baba, Nao Ito, Yuki Suda, Jun Murayama,

Ayumi Mochida, Kunitsugu Kondo, Yohei Otaka, Kimito Momose.

References
1. Smith AC, Saunders DH, Mead G. Cardiorespiratory fitness after stroke: a systematic review. Int J

Stroke. 2012; 7(6):499–510. Epub 2012/05/09. https://doi.org/10.1111/j.1747-4949.2012.00791.x

PMID: 22568786.

2. Dunn A, Marsden DL, Van Vliet P, Spratt NJ, Callister R. Independently ambulant, community-dwelling

stroke survivors have reduced cardiorespiratory fitness, mobility and knee strength compared to an

age- and gender-matched cohort. Top Stroke Rehabil. 2017; 24(3):163–169. Epub 2016/09/28. https://

doi.org/10.1080/10749357.2016.1236482 PMID: 27670905.

3. Kelly JO, Kilbreath SL, Davis GM, Zeman B, Raymond J. Cardiorespiratory fitness and walking ability in

subacute stroke patients. Arch Phys Med Rehabil. 2003; 84(12):1780–1785. https://doi.org/10.1016/

s0003-9993(03)00376-9 PMID: 14669183.

4. Patterson SL, Forrester LW, Rodgers MM, Ryan AS, Ivey FM, Sorkin JD, et al. Determinants of walking

function after stroke: differences by deficit severity. Arch Phys Med Rehabil. 2007; 88(1):115–119.

https://doi.org/10.1016/j.apmr.2006.10.025 PMID: 17207686.

5. Boss HM, Van Schaik SM, Witkamp TD, Geerlings MI, Weinstein HC, Van den Berg-Vos RM. Cardiore-

spiratory fitness, cognition and brain structure after TIA or minor ischemic stroke. Int J Stroke. 2017; 12

(7):724–731. Epub 2017/04/06. https://doi.org/10.1177/1747493017702666 PMID: 28382852.

6. Mackay-Lyons MJ, Makrides L. Exercise capacity early after stroke. Arch Phys Med Rehabil. 2002; 83

(12):1697–1702. https://doi.org/10.1053/apmr.2002.36395 PMID: 12474172.

7. Ivey FM, Macko RF, Ryan AS, Hafer-Macko CE. Cardiovascular health and fitness after stroke. Top

Stroke Rehabil. 2005; 12(1):1–16. https://doi.org/10.1310/GEEU-YRUY-VJ72-LEAR PMID: 15735997.

8. Kim BR, Han EY, Joo SJ, Kim SY, Yoon HM. Cardiovascular fitness as a predictor of functional recovery

in subacute stroke patients. Disabil Rehabil. 2014; 36(3):227–231. Epub 2013/04/17. https://doi.org/10.

3109/09638288.2013.787123 PMID: 23594057.

9. Thilarajah S, Mentiplay BF, Bower KJ, Tan D, Pua YH, Williams G, et al. Factors associated with post-

stroke physical activity: a systematic review and meta-analysis. Arch Phys Med Rehabil. 2018; 99

(9):1876–1889. Epub 2017/10/19. https://doi.org/10.1016/j.apmr.2017.09.117 PMID: 29056502.

10. Saunders DH, Greig CA, Mead GE. Physical activity and exercise after stroke: review of multiple mean-

ingful benefits. Stroke. 2014; 45(12):3742–3747. Epub 2014/11/04. https://doi.org/10.1161/

STROKEAHA.114.004311 PMID: 25370588.

11. Binder RK, Wonisch M, Corra U, Cohen-Solal A, Vanhees L, Saner H, et al. Methodological approach

to the first and second lactate threshold in incremental cardiopulmonary exercise testing. Eur J Cardio-

vasc Prev Rehabil. 2008; 15(6):726–734. https://doi.org/10.1097/HJR.0b013e328304fed4 PMID:

19050438.

Factors related to the increase in oxygen consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0217453 October 9, 2019 18 / 21

https://doi.org/10.1111/j.1747-4949.2012.00791.x
http://www.ncbi.nlm.nih.gov/pubmed/22568786
https://doi.org/10.1080/10749357.2016.1236482
https://doi.org/10.1080/10749357.2016.1236482
http://www.ncbi.nlm.nih.gov/pubmed/27670905
https://doi.org/10.1016/s0003-9993(03)00376-9
https://doi.org/10.1016/s0003-9993(03)00376-9
http://www.ncbi.nlm.nih.gov/pubmed/14669183
https://doi.org/10.1016/j.apmr.2006.10.025
http://www.ncbi.nlm.nih.gov/pubmed/17207686
https://doi.org/10.1177/1747493017702666
http://www.ncbi.nlm.nih.gov/pubmed/28382852
https://doi.org/10.1053/apmr.2002.36395
http://www.ncbi.nlm.nih.gov/pubmed/12474172
https://doi.org/10.1310/GEEU-YRUY-VJ72-LEAR
http://www.ncbi.nlm.nih.gov/pubmed/15735997
https://doi.org/10.3109/09638288.2013.787123
https://doi.org/10.3109/09638288.2013.787123
http://www.ncbi.nlm.nih.gov/pubmed/23594057
https://doi.org/10.1016/j.apmr.2017.09.117
http://www.ncbi.nlm.nih.gov/pubmed/29056502
https://doi.org/10.1161/STROKEAHA.114.004311
https://doi.org/10.1161/STROKEAHA.114.004311
http://www.ncbi.nlm.nih.gov/pubmed/25370588
https://doi.org/10.1097/HJR.0b013e328304fed4
http://www.ncbi.nlm.nih.gov/pubmed/19050438
https://doi.org/10.1371/journal.pone.0217453


12. Boyne P, Reisman D, Brian M, Barney B, Franke A, Carl D, et al. Ventilatory threshold may be a more

specific measure of aerobic capacity than peak oxygen consumption rate in persons with stroke. Top

Stroke Rehabil. 2017; 24(2):149–157. Epub 2016/07/25. https://doi.org/10.1080/10749357.2016.

1209831 PMID: 27454553; PubMed Central PMCID: PMC5588902.

13. Billinger SA, Coughenour E, Mackay-Lyons MJ, Ivey FM. Reduced cardiorespiratory fitness after

stroke: biological consequences and exercise-induced adaptations. Stroke Res Treat. 2012;

2012:959120. Epub 2011/08/14. https://doi.org/10.1155/2012/959120 PMID: 21876848; PubMed Cen-

tral PMCID: PMC3159380.

14. Saunders DH, Sanderson M, Hayes S, Kilrane M, Greig CA, Brazzelli M, et al. Physical fitness training

for stroke patients. Cochrane Database Syst Rev. 2016; 3:CD003316. Epub 2016/03/24. https://doi.

org/10.1002/14651858.CD003316.pub6 PMID: 27010219.

15. Richardson RS, Harms CA, Grassi B, Hepple RT. Skeletal muscle: master or slave of the cardiovascu-

lar system? Med Sci Sports Exerc. 2000; 32(1):89–93. Epub 2000/01/27. https://doi.org/10.1097/

00005768-200001000-00014 PMID: 10647534.

16. Bassett DR, Howley ET. Limiting factors for maximum oxygen uptake and determinants of endurance

performance. Med Sci Sports Exerc. 2000; 32(1):70–84. https://doi.org/10.1097/00005768-200001000-

00012 PMID: 10647532.

17. Gifford JR, Garten RS, Nelson AD, Trinity JD, Layec G, Witman MA, et al. Symmorphosis and skeletal

muscle VO2 max: in vivo and in vitro measures reveal differing constraints in the exercise-trained and

untrained human. J Physiol. 2016; 594(6):1741–1751. Epub 2015/11/29. https://doi.org/10.1113/

JP271229 PMID: 26614395; PubMed Central PMCID: PMC4799962.

18. Volkers MEM, Mouton LJ, Jeneson JAL, Hettinga FJ. Active muscle mass affects endurance physiol-

ogy: a review of single versus double-leg cycling. Kinesiology. 2018; 50(1):19–32.

19. Sisante JF, Mattlage AE, Arena R, Rippee MA, Billinger SA. Decreased tidal volume may limit cardio-

pulmonary performance during exercise in subacute stroke. J Cardiopulm Rehabil Prev. 2015; 35

(5):334–341. https://doi.org/10.1097/HCR.0000000000000119 PMID: 26034936; PubMed Central

PMCID: PMC4552576.

20. Jakovljevic DG, Moore SA, Tan LB, Rochester L, Ford GA, Trenell MI. Discrepancy between cardiac

and physical functional reserves in stroke. Stroke. 2012; 43(5):1422–1425. Epub 2012/02/23. https://

doi.org/10.1161/STROKEAHA.111.649434 PMID: 22363066.

21. Tomczak CR, Jelani A, Haennel RG, Haykowsky MJ, Welsh R, Manns PJ. Cardiac reserve and pulmo-

nary gas exchange kinetics in patients with stroke. Stroke. 2008; 39(11):3102–3106. Epub 2008/08/14.

https://doi.org/10.1161/STROKEAHA.108.515346 PMID: 18703810.

22. Moore SA, Jakovljevic DG, Ford GA, Rochester L, Trenell MI. Exercise induces peripheral muscle but

not cardiac adaptations after stroke: a randomized controlled pilot trial. Arch Phys Med Rehabil. 2016;

97(4):596–603. Epub 2016/01/04. https://doi.org/10.1016/j.apmr.2015.12.018 PMID: 26763949;

PubMed Central PMCID: PMC5813708.

23. Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for grading the cognitive

state of patients for the clinician. J Psychiatr Res. 1975; 12(3):189–198. https://doi.org/10.1016/0022-

3956(75)90026-6 PMID: 1202204.

24. van de Port IG, Kwakkel G, Wittink H. Systematic review of cardiopulmonary exercise testing post

stroke: Are we adhering to practice recommendations? J Rehabil Med. 2015; 47(10):881–900. https://

doi.org/10.2340/16501977-2031 PMID: 26551052.

25. Tseng BY, Kluding P. The relationship between fatigue, aerobic fitness, and motor control in people

with chronic stroke: a pilot study. J Geriatr Phys Ther. 2009; 32(3):97–102. PMID: 20128333; PubMed

Central PMCID: PMC4353495.

26. Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner VA, et al. Exercise standards for testing

and training: a scientific statement from the American Heart Association. Circulation. 2013; 128(8):873–

934. Epub 2013/07/24. https://doi.org/10.1161/CIR.0b013e31829b5b44 PMID: 23877260.

27. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 1982; 14(5):377–381.

PMID: 7154893.

28. Roecker K, Striegel H, Dickhuth HH. Heart-rate recommendations: transfer between running and

cycling exercise? Int J Sports Med. 2003; 24(3):173–8. Epub 2003/05/13. https://doi.org/10.1055/s-

2003-39087 PMID: 12740734.

29. Gordon D, Mehter M, Gernigon M, Caddy O, Keiller D, Barnes R. The effects of exercise modality on

the incidence of plateau at VO2max. Clin Physiol Funct Imaging. 2012; 32(5):394–399. Epub 2012/08/

04. https://doi.org/10.1111/j.1475-097X.2012.01142.x PMID: 22856347.

30. Knaier R, Niemeyer M, Wagner J, Infanger D, Hinrichs T, Klenk C, et al. Which cutoffs for secondary V

O2max criteria are robust to diurnal variations? Med Sci Sports Exerc. 2019; 51(5):1006–1013. Epub

2018/12/15. https://doi.org/10.1249/MSS.0000000000001869 PMID: 30550515.

Factors related to the increase in oxygen consumption

PLOS ONE | https://doi.org/10.1371/journal.pone.0217453 October 9, 2019 19 / 21

https://doi.org/10.1080/10749357.2016.1209831
https://doi.org/10.1080/10749357.2016.1209831
http://www.ncbi.nlm.nih.gov/pubmed/27454553
https://doi.org/10.1155/2012/959120
http://www.ncbi.nlm.nih.gov/pubmed/21876848
https://doi.org/10.1002/14651858.CD003316.pub6
https://doi.org/10.1002/14651858.CD003316.pub6
http://www.ncbi.nlm.nih.gov/pubmed/27010219
https://doi.org/10.1097/00005768-200001000-00014
https://doi.org/10.1097/00005768-200001000-00014
http://www.ncbi.nlm.nih.gov/pubmed/10647534
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1097/00005768-200001000-00012
http://www.ncbi.nlm.nih.gov/pubmed/10647532
https://doi.org/10.1113/JP271229
https://doi.org/10.1113/JP271229
http://www.ncbi.nlm.nih.gov/pubmed/26614395
https://doi.org/10.1097/HCR.0000000000000119
http://www.ncbi.nlm.nih.gov/pubmed/26034936
https://doi.org/10.1161/STROKEAHA.111.649434
https://doi.org/10.1161/STROKEAHA.111.649434
http://www.ncbi.nlm.nih.gov/pubmed/22363066
https://doi.org/10.1161/STROKEAHA.108.515346
http://www.ncbi.nlm.nih.gov/pubmed/18703810
https://doi.org/10.1016/j.apmr.2015.12.018
http://www.ncbi.nlm.nih.gov/pubmed/26763949
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
http://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.2340/16501977-2031
https://doi.org/10.2340/16501977-2031
http://www.ncbi.nlm.nih.gov/pubmed/26551052
http://www.ncbi.nlm.nih.gov/pubmed/20128333
https://doi.org/10.1161/CIR.0b013e31829b5b44
http://www.ncbi.nlm.nih.gov/pubmed/23877260
http://www.ncbi.nlm.nih.gov/pubmed/7154893
https://doi.org/10.1055/s-2003-39087
https://doi.org/10.1055/s-2003-39087
http://www.ncbi.nlm.nih.gov/pubmed/12740734
https://doi.org/10.1111/j.1475-097X.2012.01142.x
http://www.ncbi.nlm.nih.gov/pubmed/22856347
https://doi.org/10.1249/MSS.0000000000001869
http://www.ncbi.nlm.nih.gov/pubmed/30550515
https://doi.org/10.1371/journal.pone.0217453


31. Charloux A, Lonsdorfer-Wolf E, Richard R, Lampert E, Oswald-Mammosser M, Mettauer B, et al. A new

impedance cardiograph device for the non-invasive evaluation of cardiac output at rest and during exer-

cise: comparison with the "direct" Fick method. Eur J Appl Physiol. 2000; 82(4):313–320. https://doi.

org/10.1007/s004210000226 PMID: 10958374.

32. Richard R, Lonsdorfer-Wolf E, Charloux A, Doutreleau S, Buchheit M, Oswald-Mammosser M, et al.

Non-invasive cardiac output evaluation during a maximal progressive exercise test, using a new imped-

ance cardiograph device. Eur J Appl Physiol. 2001; 85(3–4):202–207. https://doi.org/10.1007/

s004210100458 PMID: 11560071.
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