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Background: Chronic obstructive pulmonary disease (COPD) often involves the cardiopulmonary dysfunction that
deteriorates health-related quality of life (HRQL) and exercise capacity. Work efficiency (WE) indicates the efficiency of overall
oxygen consumption (VO2) during exercise. This study investigated whether different WEs have different effects on pulmonary
rehabilitation (PR).
Methods: Forty-five patients with stable COPD were scheduled for PR. The PR programs consisted of twice-weekly sessions for
three months. These patients were comprehensively evaluated by cardiopulmonary exercise testing and COPD assessment test (CAT)
before and after PR. We compared these parameters between patients with a normal versus poor WE.
Results: Twenty-one patients had a normal WE and twenty-four patients had a poor WE (<8.6 mL/min/watt). Patients with a poor WE
had earlier anaerobic metabolism, a poorer oxygen pulse, lower exercise capacity, more exertional dyspnea, and a poorer HRQL than
those with a normal WE. PR improved exercise capacity, HRQL, anaerobic threshold, exertional dyspnea and leg fatigue in patients
with either normal or poor WE. However, significant improvement of WE, oxygen pulse, respiratory frequency (Rf) during exercise,
chest tightness, activity and sleepiness by CAT were noted only in patients with a poor WE. Among the patients with a poor WE, 29%
patients had WE returned to normal after PR.
Conclusion: Patients with different WE had different responses to PR. PR improved exercise capacity and HRQL regardless of
a normal or poor WE. However, WE, oxygen pulse, Rf during exercise, chest tightness, activity and sleepiness were only improved in
patients with a poor WE.
Keywords: chronic obstructive pulmonary disease, exercise intolerance, pulmonary rehabilitation, work efficiency

Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death and it is a global health problem with
increasing prevalence.1 COPD is characterized by coughing or wheezing, excess sputum production, and shortness of
breath.1 A subgroup of patients of COPD have progressive disease and results in the deterioration of cardiopulmonary
function.1 These patients tend to have poor exercise capacity and health-related quality of life (HRQL).

Some patients of COPD experience difficulty with physical activity and unpleasant symptoms even under
optimal medical treatment. Pulmonary rehabilitation (PR) may help improve physical activity and HRQL in these
patients with COPD and the Global Initiative for Chronic Obstructive Disease (GOLD) guideline recommends that PR
should be an integral part of COPD treatment. PR is a cornerstone in COPD management but not all patients benefit from
PR,2 and this could relate to pre-PR work efficiency (WE). We want to investigate this systematically.
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Cardiopulmonary exercise testing (CPET) is used to evaluate exercise intolerance. WE, one parameter of CPET,
measures an individual’s oxygen consumption (VO2) during exercise workload (WR).3 WE is a measure of overall
oxygen consumption efficiency during exercise. We previously reported that COPD patients with a poor WE also had
early anaerobic metabolism, lower exercise capacity, more exertional dyspnea, and poorer HRQL.4 However, whether
WE affects the effect of PR in COPD patients with a poor WE remain unknown.

Since no studies to date have examined the effects of PR in patients with a poor WE, here we aimed to investigate the
effects of PR in COPD patients with a normal versus poor WE. Specifically, we aimed to determine how different WE
affects PR.

Materials and Methods
Study Design
Patients with COPD were recruitment from the outpatient department in Taipei Tzu-Chi Hospital. These patients
underwent pre-PR assessments by CPET, questionnaire of HRQL, respiratory muscle strength. They then received a 12-
week PR. After PR, they underwent post-PR assessment by CPET, questionnaire of HRQL, respiratory muscle strength
again.

In this study, we aimed to investigate whether patients with different WE respond differently to PR. The normal range
of WE is 8.6–10.1 mL/min/watt.3 Wasserman et al suggested that a WE <8.6 mL/min/watt indicates a poor WE.3 We
therefore divided the patients into two groups: group 1 (Gr 1) were patients with a normal WE and group 2 (Gr 2) were
patients with a poor WE. The primary outcome was to assess the changes in WE in patients with a normal WE versus
those with a poor WE. The secondary outcomes were to assess circulatory responses, ventilatory responses, gas
exchanges, exercise capacity and HRQL in patients with a normal WE versus those a with poor WE.

Patient Recruitment
Forty-five patients with stable COPD were recruited. The diagnosis and severity of COPD was defined according to
GOLD guideline.5 The inclusion criteria were absence of acute exacerbations for 3 months before recruitment, ability to
ambulate for completion of CPET and PR, and willingness to be included in the study. The exclusion criteria were
a history of other lung diseases such as asthma, pulmonary tuberculosis, etc., orthopedic or neurological impairment that
unable to perform CPET and PR, unwilling to participate in the PR programs and those had ever participated in a PR
program. The ethics committee of Taipei Tzu-Chi Hospital approved the study. All patients provided informed consent.

Pulmonary Function Test
According to the standards of the American Thoracic Society (ATS), the patients used a spirometer (Medical Graphics
Corporation; St Paul, MN, USA) for the pulmonary function tests.6 According to the GOLD guidelines,7 we used the
percentage of forced expiratory volume in 1 second (FEV1%) to evaluate the degree of airflow obstruction.

Cardiopulmonary Exercise Test
All participants underwent the CPET using a bike ergometer (Lode Corival, Netherlands) through a progressive protocol.
Their exhaled air was analyzed by breath analysis (Breeze Suite 6.1; Medical Graphics Corporation, St Paul, MN, USA)
to assess their oxygen consumption (VO2), carbon dioxide output (VCO2), end tidal PCO2 (PETCO2) and tidal volume
(VT). Their oxygen saturation (SpO2), respiratory frequency (Rf), electrical heart function, blood pressure (BP), and heart
rate (HR) were continuously monitored during the CPET.

Peak VO2 (VO2peak) was measured at exercise capacity. WE is the relationship between VO2 and WR during
exercise.8 WE is defined as the slope of VO2/WR and determined using linear regression analysis. The VO2 at the
anaerobic threshold (AT) was determined by the VCO2 versus VO2 graph.9 The predicted VO2 at AT less than 40% of
predicted VO2max indicates a poor AT%.3 Oxygen pulse (O2P) was defined as VO2 divided by HR (O2P = VO2/HR). An
O2P at a peak exercise level lower than 80% of the predicted value is considered poor.3 Respiratory gas exchange (RER)
is defined as VCO2/VO2.3
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Respiratory Muscle Strength
Maximum inspiratory pressure (MIP) and maximum expiratory pressure (MEP) were measured five times with a pressure
gauge (Respiratory Pressure Meter; Micro Medical Corp, England), and the highest value was recorded.4,10 For the
measurement of MIP, the patients exhaled to the residual volume and then perform a rapid maximal inspiration. For the
measurement of MEP, the patients inhaled to the total lung capacity and then exhaled with maximal effort.

Exertional Dyspnea and Leg Fatigue Scores
The dyspnea and leg fatigue scores were evaluated using a modified version of Borg scale at peak exercise during CPET,
which is scored 0–10 points; higher scores indicate more severe dyspnea or leg fatigue.11 Dyspnea and leg scores are
determined at peak exercise during the CPET.

Health-Related Quality of Life
The Chinese version of the COPD Assessment Test (CAT) was used to assess HRQL. The CAT consists of eight
items (cough, phlegm, chest tightness, dyspnea, activity, confidence to leave home, sleeplessness, and energy).
The score for each item ranges from 0 to 5,12 and the total score ranges from 0 (best) to 40 (worst) points.12

A total CAT score ≥10 is classified as a high-level symptom.12 The minimum clinically important difference of
CAT is 2 points.12

PR Program
All patients performed a 12-week twice-weekly hospital-based PR program. In each training session, formal education,
including proper use of medications, breathing exercise (purse-lip and diaphragm breathing), and self-management skills
were provided. The exercise training was performed by cycle ergometer. Patients were encouraged to achieve their
maximal exercise as possible. The exercise intensity was targeted to 50–100% of peak VO2 as patients’ tolerance. During
the exercise training, respiratory therapists monitored the WR, SpO2, Rf, HR, BP, dyspnea, and leg fatigue.

Statistical Analysis
The parameters are shown as mean and standard deviation. A paired t-test was used to compare parameters before and
after PR. An independent sample t test was used to compare the pre- and post-PR parameters between the two groups.
The changes in parameters were defined as differences between pre- and post-PR and were analyzed by the independent
sample t test between the two groups. We perform Normality test of variables to identify the parametric test that is used
to analyze normal distribution variables. A statistically significant difference was set at p < 0.05. The statistical analyses
were performed using SPSS version 24.0 (SPSS, Inc., Chicago, IL, USA).

Results
Baseline Clinical and Demographic Characteristics
Table 1 shows the demographic and clinical characteristics of all patients. Among the 45 COPD patients, 21 had
a normal WE (Gr 1) and 24 had a poor WE (Gr 2). No significant differences were noted in body weight, body height,
body mass index, age, gender, smoking status, COPD severity, duration of diagnosis of COPD, comorbidities of
congestive heart failure, hypertension and diabetes mellitus between these two groups. Most enrolled patients were
COPD group B.

Effects of PR on Circulatory Parameters of Patients with a Normal versus Poor WE
At baseline, the WE, AT, and O2P were significantly lower in Gr 2 than in Gr 1 (Table 2) but mean blood pressure (MBP)
and HR did not differ significantly between Gr 1 and Gr 2. For Gr 1, at post-PR, significant improvement was seen in AT
but not in WE, O2P, HR, or MBP. For Gr 2, at post-PR, significant improvement was seen in WE, AT, O2P, and MBP at
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rest. The improvement in circulatory parameters after PR for each group is shown in Figure 1. The improvements in WE,
AT, and O2P after PR were significantly greater in Gr 2 than in Gr 1.

Effects PR on Ventilatory Parameters of Patients with a Normal and Poor WE
At baseline, the FVC%, FEV1%, FEV1/FVC, MIP, and MEP were significantly lower in Gr 2 than in Gr 1 (Table 3). For
Gr 1, there were no significant differences in FVC, FEV1, MIP, MEP, Rf, or VT at pre- versus post-PR. For Gr 2, there
were no significant differences in FVC, FEV1, MIP, MEP, and VT at pre- versus post-PR, but Rf at exercise was
significantly lower at post- than pre-PR. The improvement in ventilatory parameters at post-PR for each group is shown
in Figure 2. No significant intergroup difference in FVC, FEV1, MIP, MEP, Rf, or VT was noted at post-PR.

Effects PR on Gas Exchanges of Patients with a Normal versus Poor WE
At baseline, the PETCO2, SpO2 at rest or during exercise and the RER were similar between Gr 1 and 2 (Table 4). The
PETCO2 and SpO2 at rest or during exercise and the RER did not differ. The changes in PETCO2, SpO2 at rest or during
exercise after PR for each group are shown in Figure 3. The changes in SpO2and PETCO2 after PR were similar between
Gr 1 and Gr 2.

Effects of PR on Exercise Capacity of Patients with a Normal versus Poor WE
At baseline, the mean exercise capacity (VO2 and WR at peak exercise) was significantly greater in Gr 1 than in Gr 2
(Table 5). PR significantly improved VO2 and WR at peak exercise in patients of both groups. The changes in VO2 and
WR at peak exercise after PR for both groups are shown in Figure 4. The changes in VO2 and WR at peak exercise after
PR were similar between groups.

Table 1 Baseline Demographic Characteristics

All, N=45 Gr 1, N=21
Normal WE

Gr 2, N=24
Poor WE

P
Gr 1 vs Gr 2

Age (years) 67.5±8.9 65.7±9.4 69.0±8.2 0.244

BH (cm) 163.5±8.7 166.2±8.4 161.2±8.4 0.051

BW (kg) 65.6±13.8 69.6±11.4 62.2±14.8 0.069
BMI (Kg/m2) 24.3±3.5 25.1±2.8 23.7±24.0 0.203

Gender (Male/Female) 34/11 18/3 16/8 0.177

Smoking, Pack-year 19.2±13.9 19.0±14.1 19.3±13.9 0.928
Never smoker 11 5 6 0.238

Current smoker 12 8 4
Ex-smoker 22 8 14

Duration of diagnosis of COPD (years) 3.1±1.0 3.1±1.2 3.1±0.9 0.803

COPD severity
Group A 0 0 0 0.205

Group B 40 20 20

Group C 0 0 0
Group D 5 1 4

Congestive heart failure 5 2 3 0.751

Hypertension 11 5 6 0.926
Diabetes mellitus 8 4 4 0.835

Notes: P Gr 1 vs Gr 2: P value of the comparison between Gr 1 and Gr 2; *P < 0.05.
Abbreviations: BH, body height; BW, body weight; BMI, body mass index; WE, work efficiency; Gr 1, group 1; Gr 2, group 2.
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Table 2 Effects of PR on Circulatory Parameters of Patients with a Normal and Poor WE

All (N=45) Gr 1 Normal WE (N=21) Gr 2 Poor WE (N=24)

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

P
Pre-PR
Gr 1 vs 2

P
Post-PR
Gr 1 vs 2

WE (mL/min/watt) 8.2±1.6 8.5±1.3 0.223 9.5±0.6 9.1±1.1 0.112 7.1±1.4 8.0±1.3 <0.001* <0.001* 0.003*

VO2 at AT (mL/min) 674.2±148.9 747.5±141.1 <0.001* 766.7±139.7 808.9±140.0 0.049* 593.3±103.9 693.8±121.0 <0.001* <0.001* 0.005

VO2 at AT (%) 43.4±9.9 48.2±9.7 <0.001* 43.8±8.7 46.4±9.0 0.039* 42.0±11.0 46.8±10.3 <0.001* 0.780 0.250
O2P (mL/beats) 9.8±3.1 9.7±2.7 0.019 11.1±2.9 11.1±2.7 0.949 7.3±2.0 8.5±2.1 <0.001* <0.001* 0.001*

O2P (%) 88.2±25.0 94.1±18.3 <0.001* 98.3±22.9 98.3±7.7 0.985 79.4±23.8 90.4±18.5 <0.001* 0.010* 0.150

MBP rest (mmHg) 95.2±11.2 88.5±7.8 0.005 92.9±7.9 88.6±4.1 0.076 92.2±10.0 87.5±10.0 0.032* 0.818 0.349
MBP exercise (mmHg) 109.9±14.1 107.4±12.2 0.342 112.8±16.9 109.6±11.9 0.488 107.4±10.9 105.5±12.4 0.526 0.212 0.266

HR exercise (beats/min) 119.4±15.2 123.8±17.5 0.055 122.2±17.8 126.3±18.5 0.205 116.8±12.3 121.6±16.7 0.163 0.238 0.673

Notes: P pre vs post: P value of the comparison between pre-PR and post-PR; P pre-PR Gr 1 vs Gr 2: P value of the comparison of pre-PR parameters between Gr 1 and Gr 2; P post-PR Gr 1 vs Gr 2: P value of the comparison of post-
PR parameters between Gr 1 and Gr 2; *P < 0.05.
Abbreviations: WE, work efficiency; VO2, oxygen consumption; AT, aerobic threshold; O2P, oxygen pulse; MBP, mean blood pressure; HR, heart rate; PR, pulmonary rehabilitation; Gr 1, group 1; Gr 2, group 2.
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Effects of PR on HRQL, Exertional Dyspnea, and Leg Fatigue Scores of Patients with
a Normal versus Poor WE
At baseline, the phlegm, breathlessness, activities, CAT total score, and modified British Medical Research Council
(mMRC) score were significantly poorer in Gr 1 than in Gr 2 (Table 6). For patients in Gr 1, PR significantly improved
breathlessness, CAT total score, mMRC score, dyspnea, and fatigue at peak exercise. For patients in Gr 2, PR
significantly improved phlegm, chest tightness, breathlessness, activities, sleep, CAT total score, mMRC score, dyspnea,
and leg fatigue during exercise.

The changes in CAT, mMRC score, dyspnea, and leg fatigue during exercise after PR for each group are shown in
Figure 5. The changes in breathlessness, activity, CAT total score, and mMRC score after PR were significantly greater in
Gr 1 than in Gr 2.

Subgroups Analysis of Patients with Poor WE
Among the 24 patients with a poor WE, WE returned to normal in 7 patients (29%), and WE did not return to normal in
17 patients (71%). We compared the baseline data and response to PR of these two groups of patients, as shown in
Table 7. For baseline data, WE, VO2 at AT and O2P were significantly higher in patients with normalized WE than those
without normalized WE. However, age, gender, body mass index, exercise capacity, and CAT total score at baseline did
not show significant difference between the two groups.

Figure 1 Degree of changes in circulatory parameters after PR in patients by study groups. The changes of WE (A), AT (B) and O2P (C) of Gr 2 were significantly higher
than those of Gr 1. However, changes in MBP at rest (D), MBP during exercise (E), and HR during exercise (F) were not significantly different between the two groups.*p <
0.05, ***p < 0.001, ns: p > 0.05. Yellow and blue dots are outliers.
Abbreviations: AT, anaerobic threshold; Gr, group; HR, heart rate; MBP, mean blood pressure; ns, non-significance; O2P, oxygen pulse; WE, work efficiency.
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Table 3 Effects of PR on Ventilatory Parameters of Patients with a Normal and Poor WE

All (N=45) Gr 1 Normal WE (N=21) Gr 2 Poor WE (N=24)

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

P
Pre-PR
Gr 1 vs 2

P
Post-PR
Gr 1 vs 2

FVC (L) 2.42±0.73 2.40±0.68 0.603 2.68±0.71 2.66±0.63 0.760 2.20±0.69 2.17±0.66 0.667 0.025* 0.016*

FVC (%) 78.0±20.5 77.3±18.8 0.614 82.9±22.2 81.6±17.9 0.577 73.8±18.3 73.5±19.2 0.903 0.137 0.153

FEV1 (L/min) 1.54±0.55 1.59±0.57 0.075 1.78±0.52 1.84±0.49 0.199 1.32±0.49 1.36±0.54 0.232 0.004* 0.003*

FEV1 (%) 64.4±21.7 66.0±24.5 0.147 70.6±21.3 72.3±18.1 0.327 59.0±20.4 60.5±21.2 0.299 0.069 0.052

FEV1/FVC (%) 62.8±10.0 65.8±14.7 0.061 66.1±6.4 70.0±12.5 0.113 59.9±11.6 62.2±15.8 0.298 0.032* 0.076

MIP (cmH2O) 70.1±27.5 77.3±27.0 0.060 88.6±19.7 88.9±26.0 0.229 56.6±26.4 67.1±24.0 0.130 <0.001* 0.006*

MIP (%) 74.0±25.3 81.8±26.9 0.070 84.8±17.9 87.6±23.1 0.267 64.7±27.3 76.4±29.4 0.130 0.006* 0.178

MEP (cmH2O) 114.9±34.1 120.1±27.7 0.127 133.8±28.6 136.8±29.4 0.557 98.4±30.0 105.5±15.5 0.128 <0.001* <0.001*

MEP (%) 63.2±19.3 65.5±16.2 0.169 70.3±11.6 71.9±11.2 0.537 56.9±22.5 59.9±18.0 0.196 0.015* 0.011*

Rf at rest (breaths/min) 19.9±7.0 18.8±6.6 0.269 18.7±6.0 17.8±5.7 0.447 21.0±7.8 19.8±7.4 0.426 0.281 0.321

Rf at exercise (breaths/min) 33.0±7.6 34.1±7.7 0.144 34.1±7.1 34.1±6.1 0.971 34.1±8.9 31.9±8.1 0.017* 0.996 0.331

VT at rest (mL) 618.1±183.4 658.5±217.5 0.168 671.6±217.5 698.3±223.0 0.580 571.3±135.2 623.7±210.9 0.151 0.077 0.256

VT at exercise (mL) 1217.4±382.5 1319.2±404.2 0.010* 1454.1±344.1 1536.4±331.0 0.063 1010.4±284.8 1129.1±369.4 0.064 <0.001* <0.001*

Notes: P pre vs post: P value of the comparison between pre-PR and post-PR; P pre-PR Gr 1 vs Gr 2: P value of the comparison of pre-PR parameters between Gr 1 and Gr 2; P post-PR Gr 1 vs Gr 2: P value of the comparison of post-
PR parameters between Gr 1 and Gr 2; *P < 0.05.
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in the first second; MIP, maximal inspiratory pressure; MEP, maximal expiratory pressure; Rf, respiratory frequency; VT, tidal volume; PR, pulmonary
rehabilitation; WE, work efficiency; Gr 1, group 1; Gr 2, group 2.
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Discussion
This is the first study to assess the different effects of PR in COPD patients with a normal versus poor WE. There are
some important and novel findings in this study. Compared to COPD patients with a normal WE, those with a poor WE
had decreased exercise capacity, more exertional dyspnea, poor HRQL, and poor circulatory parameters. Our PR program
was efficient to improve exercise capacity, exertional dyspnea, HRQL, and circulatory parameters for COPD patients
with both normal or poor WE. However, greater improvements in VO2 at AT, exercise capacity, and CAT were found in
patients with a poor WE than those with a normal WE. Furthermore, improvements in WE, O2P, and Rf in peak exercise,
chest tightness, activity, and sleep quality were found only in patients with a poor WE, but not in patients with
a normal WE.

In our study, we used high intensity (50–100%) of exercise training and these patients had improvement of exercise
capacity and HRQL after such training. Patients with a poor WE further had improvement of WE and O2P. However, it is
not known about the effect of low intensity (<50%) exercise training on WE. Besides, most enrolled patients were COPD
group B in the current study. This was because that we enrolled stable COPD for PR and we excluded acute
exacerbations within three months. Since the majority of patients were COPD group B, it is unclear whether patients
of other groups would get the same results after exercise training.

Figure 2 Degree of changes in ventilatory parameters after PR of patients by study groups. The changes of FEV1 (A), FVC (B), MIP (C), MEP (D), Rf at rest (E), Rf at
exercise (F), VT at rest (G) and VT at exercise (H) were not significantly different between the two groups. p > 0.05. Yellow and blue dots are outliers.
Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; Gr, group; MEP, maximal expiratory pressure; MIP, maximal inspiratory pressure; ns,
non-significance; Rf, respiratory frequency; VT, tidal volume.
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Table 4 Effects of PR on Gas Exchanges of Patients with a Normal and Poor WE

All (N=45) Gr 1 Normal WE (N=21) Gr 2 Poor WE (N=24)

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

P
Pre-PR
Gr 1 vs 2

P
Post-PR
Gr 1 vs 2

SpO2 at rest (%) 95.2±2.5 95.5±1.8 0.377 95.2±2.4 95.6±1.5 0.310 95.3±2.6 95.3±2.1 0.824 0.937 0.601

SpO2 at exercise (%) 93.9±4.7 94.0±4.1 0.769 94.9±2.5 95.0±2.6 0.893 93.1±6.0 93.2±5.1 0.798 0.187 0.146
PETCO2 at rest (mmHg) 34.6±6.3 34.6±6.9 1.000 34.3±6.3 34.5±9.1 0.915 34.8±6.4 34.7±4.5 0.907 0.793 0.912

PETCO2 at exercise (mmHg) 39.5±7.7 39.9±9.1 0.594 38.6±8.7 38.7±11.6 0.971 40.2±6.7 41.0±6.3 0.493 0.494 0.391
RER 1.02±0.11 1.04±0.11 0.332 1.07±0.07 1.07±0.07 0.953 0.99±0.12 1.01±0.13 0.295 0.006* 0.059

Notes: P pre vs post: P value of the comparison between pre-PR and post-PR; P pre-PR Gr 1 vs Gr 2: P value of the comparison of pre-PR parameters between Gr 1 and Gr 2; P post-PR Gr 1 vs Gr 2: P value of the comparison of post-
PR parameters between Gr 1 and Gr 2.
Abbreviations: SpO2, peripheral capillary oxygen saturation; PETCO2, partial pressure of end-tidal carbon dioxide; RER, respiratory exchange ratio; PR, pulmonary rehabilitation; WE, work efficiency; Gr 1, group 1; Gr 2, group 2.
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The overall VO2 dynamics during exercise depend on the gas exchange by the respiratory system, oxygen delivery by
the circulatory system, and oxygen extraction for exercise by the musculoskeletal system.13 Oxygen extraction further
depends on the muscle mass of the limbs, muscular capillary contents, and mitochondrial function of muscle cells.8

A poor WE suggests a poor overall oxygen consumption efficiency that indicates poor oxygen delivery or impaired
muscular extraction of oxygen.14

In the current study, patients with a poor WE had early AT, poorer exercise capacity, and poorer HRQL than those
with a normal WE. The consequence of a poor WE is early anaerobic metabolism during exercise.14 Anaerobic
glycolysis produces lactic acidosis, which further leads to excessive ventilation responses to acidosis-stimulating
chemoreceptors.14,15 Hyperventilation during early exercise further results in exertional dyspnea sensation, exercise
intolerance, and a poor HRQL.15 This explained that the COPD patients with a poor WE experience early anaerobic
metabolism during exercise and are therefore prone to exercise intolerance and poor HRQL.

Wasserman et al previously suggested that trained and untrained patients would have a similar WE regardless of age
or gender.8 However, we found that PR improved WE in COPD patients with a poor WE but not in those with a normal
WE. Therefore, exercise training is not unable to change WE. It is for patients with a normal WE, exercise training will
not increase their WE. But for patients with a poor WE, exercise training will still increase their WE. Patients with
a normal WE indicated good oxygen delivery and extraction. Therefore, for patients with a normal WE, there is little
room for improvement in WE. Patients with a poor WE indicated poor oxygen delivery or extraction. Exercise training
improves their oxygen delivery or extraction.

The mechanisms of the improvement in WE after PR are multiple. One previous study suggested that PR
improved the central cardiovascular response such as stroke volume during exercise in COPD.16 We here also
showed that O2P, a reliable surrogate marker of stroke volume, was improved in patients with a poor WE. Nasis
et al also showed that PR improved cardiac output in patients with COPD.17 The reduction in dynamic hyperinfla-
tion after PR is related to the improvement in stroke volume.16 Besides, exercise training is known to improve
contractile capacity of cardiomyocyte.18

Skeletal muscle and mitochondrial dysfunction is a systemic manifestation in some patients with COPD.19 Vogiatzis
et al revealed that PR increased muscle cross-sectional area and capillary contents.20 Marillier et al also found that
exercise training increased muscle cell mitochondrial function.19 According to these studies, exercise training increases
muscle mass, muscular capillary contents, and mitochondrial function, which are important factors of oxygen extraction.
The improvement in oxygen extraction also resulted in an increase in WE. Although we did not examine mitochondrial

Figure 3 Degree of changes in gas exchange after PR in patients by study groups. The changes of SpO2 at rest (A) or exercise (B), and PETCO2 at rest (C) or exercise (D)
were not significantly different between the two groups. p > 0.05. Yellow and blue dots are outliers.
Abbreviations: Gr, group; ns, non-significance; PETCO2, end tidal carbon dioxide; SpO2, blood oxygen saturation by pulse oximeter.
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Table 5 Effects of PR on Exercise Capacity of Patients with a Normal and Poor WE

All (N=45) Gr 1 Normal WE (N=21) Gr 2 Poor WE (N=24)

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

P
Pre-PR
Gr 1 vs 2

P
Post-PR
Gr 1 vs 2

VO2peak (mL/min) 1083.3±348.6 1213.9±372.0 <0.001* 1332.4±289.1 1457.0±320.1 0.032* 865.4±231.5 1001.2±272.7 0.003* <0.001* <0.001*
VO2peak (%) 69.6±21.5 77.7±19.7 <0.001* 76.1±19.6 84.3±16.2 0.005* 63.4±21.5 71.9±21.0 0.008* 0.035* 0.031*

WR (watt) 77.9±29.6 90.4±29.6 <0.001* 97.3±22.5 105.3±24.6 0.042* 60.9±24.3 77.3±27.7 <0.001* <0.001* 0.001*

WR (%) 77.8±31.1 90.6±31.5 <0.001* 84.9±24.5 91.7±24.7 0.005* 71.7±35.3 89.3±36.9 <0.001* 0.158 0.787

Notes: P pre vs post: P value of the comparison between pre-PR and post-PR; P pre-PR Gr 1 vs Gr 2: P value of the comparison of pre-PR parameters between Gr 1 and Gr 2; P post-PR Gr 1 vs Gr 2: P value of the comparison of post-
PR parameters between Gr 1 and Gr 2; *P < 0.05.
Abbreviations: VO2peak, oxygen consumption at peak exercise; WR, work rate; PR, pulmonary rehabilitation; WE, work efficiency; Gr 1, group 1; Gr 2, group 2.
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function and muscle mass after PR, it is plausible based on these studies that PR leads to improve peripheral muscle mass
and mitochondrial function.

There is one previous study about the impact of PR on severe physical inactivity in patients with COPD.2 In this
study, most patients of severe physical inactivity (78%) did not change activity level after PR. The result seems to
contradict our results that we showed the improvement of WE in patients with a poor WE. However, the two studies
aimed at different outcomes. Thyregod et al focused on physical inactivity and we focused on WE. WE is determined by
multiple factors. Physical inactivity with muscle deconditioning may be one possible reason of a poor WE, but not all
patients in severe physical inactivity result in a poor WE. Most of our enrolled patients also self-reported physical
inactivity, but only 24 of 45 patients had a poor WE.

Clinical Implication
Exercise intolerance, exertional dyspnea, poor HRQL are common in patients with COPD.15 An individual’s overall
oxygen consumption efficiency depends on oxygen delivery, oxygen extraction, and mitochondrial function.8 WE is
a good parameter that provides information about circulatory and tissue oxygen consumption function during exercise.
We suggested here that COPD patients with a poor WE have more severe exertional dyspnea, lower exercise capacity,
poor circulatory function, earlier anaerobic metabolism, and poorer HRQL. PR improved their exercise capacity,
circulatory function, anaerobic metabolism, and HRQL.

Study Limitations
Although our research has many important findings, it still has some limitations. First, patients with a poor WE had poor
circulatory function, more severe exercise intolerance, and poorer HRQL. However, the value of WE for predicting long-
term outcomes such as the survival of patients with COPD is unclear. Therefore, the long-term impact of PR for
improving WE is unknown. Further, PR improved WE in our study, but we could not determine whether this was due to
improved circulatory, muscular, or mitochondrial function for these patients. However, it is difficult to determine
muscular and mitochondrial function in patients with COPD. Therefore, WE is still an available, effective, and non-
invasive parameter for monitoring an individual’s overall cardiovascular, muscular, and mitochondrial function
after PR.8

Conclusions
Patients with a poor WE had poor circulatory parameters, exercise capacity and HRQL. PR improved exercise capacity,
HRQL, and VO2 at AT in patients of both normal or poor WE. However, greater improvements in VO2 at AT, exercise

Figure 4 Degree of change in exercise capacity after PR in patients by study groups. The changes of WR (A) and peak VO2 (B) were not significantly different between the
two groups. p > 0.05. Yellow and blue dots are outliers.
Abbreviations: Gr, group; ns, non-significance; VO2, oxygen consumption; WR, work rate.
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Table 6 Effects of PR on HRQL, Exertional Dyspnea and Leg Fatigue Score of Patients with a Normal and Poor WE

All (N=45) Gr 1 Normal WE (N=21) Gr 2 Poor WE (N=24)

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

Pre-PR Post-PR P
Pre vs Post

P
Pre-PR
Gr 1 vs 2

P
Post-PR
Gr 1 vs 2

Cough 2.0±1.1 1.8±0.6 0.162 1.8±1.2 1.7±0.6 0.605 2.2±1.0 1.9±0.6 0.183 0.120 0.364

Phlegm 1.8±1.2 1.4±0.8 0.025* 1.4±1.2 1.2±0.9 0.329 2.2±1.2 1.7±0.8 0.043* 0.025* 0.027*
Chest tightness 1.7±0.9 1.3±0.8 0.005* 1.5±0.7 1.2±0.8 0.055 1.9±1.2 1.5±0.8 0.038* 0.162 0.266

Breathlessness 2.6±0.9 1.8±0.7 <0.001* 2.1±0.6 1.7±0.6 0.002* 3.0±0.9 2.0±0.7 <0.001* 0.001* 0.098

Activities 1.2±0.8 0.7±0.6 0.001* 0.9±0.7 0.8±0.7 0.419 1.5±0.8 0.7±0.5 0.001* 0.010* 0.761
Confidence 0.9±0.6 0.8±0.5 0.538 0.7±8.6 0.8±0.6 0.493 1.0±0.6 0.8±0.5 0.203 0.091 0.861

Sleep 1.7±0.8 1.4±0.8 0.046* 1.6±0.6 1.6±0.9 1.000 1.8±0.9 1.2±0.6 0.012* 0.476 0.161

Energy 1.9±0.8 1.6±0.6 0.018* 1.8±0.7 1.5±0.7 0.137 2.0±0.9 1.6±0.6 0.073 0.534 0.591
CAT total score 13.8±4.8 11.0±2.7 <0.001* 11.8±3.4 10.4±2.9 0.021* 15.5±5.3 11.5±2.4 <0.001* 0.006* 0.187

mMRC dyspnea scale 2.4±0.6 1.7±0.6 <0.001* 2.1±0.5 1.6±0.6 <0.001* 2.7±0.5 1.8±0.6 <0.001* 0.001* 0.138

Dyspnea at exercise 4.6±1.4 3.5±1.1 <0.001* 4.4±1.5 3.6±1.2 0.031* 4.8±1.3 3.4±1.0 <0.001* 0.286 0.518
Fatigue at exercise 4.2±1.4 2.9±1.4 <0.001* 4.0±1.6 3.0±1.5 0.015* 4.3±1.2 2.9±1.3 <0.001* 0.427 0.891

Notes: P pre vs post: P value of the comparison between pre-PR and post-PR; P pre-PR Gr 1 vs Gr 2: P value of the comparison of pre-PR parameters between Gr 1 and Gr 2; P post-PR Gr 1 vs Gr 2: P value of the comparison of post-
PR parameters between Gr 1 and Gr 2; *P < 0.05.
Abbreviations: CAT, COPD assessment test; mMRC, modified British Medical Research Council; PR, pulmonary rehabilitation; WE, work efficiency; Gr 1, group 1; Gr 2, group 2.
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capacity, and HRQL were found in COPD patients with a poor WE than those with a normal WE. Furthermore,
improvements in WE, O2P, and Rf at peak exercise, chest tightness, activity, and sleep quality were found only in
patients with a poor WE.

Data Sharing Statement
The datasets used during the current study are available from the corresponding author on reasonable request.

Figure 5 Degree of change in HRQL after PR in patients by study group. There were no significant differences in the changes of cough (A), sputum (B) and chest tightness
(C) between the two groups. The improvement of dyspnea (D) and activity (E) were significantly more in the Gr 2 than those in the Gr 1. Changes of confidence (F), sleep
(G) and energy (H) were without significant difference between the two groups. The decreases in CAT total score (I) and mMRC (J) were significantly more in the Gr 1 than
those in the Gr 1. The changes of dyspnea (K) and leg fatigue (L) Borg scale at peak exercise did not differ between the two groups.*p < 0.05, **p < 0.01, ns: p > 0.05. Yellow
and blue dots are outliers.
Abbreviations: CAT, COPD assessment test; Gr, group; mMRC, modified British Medical Research Council; ns, non-significance.
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Table 7 Subgroup Analysis of Patients with a Poor WE

Group A (N=7) Group B (N=17) P Group A (N=7) Group B (N=17) P Group A (N=7) Group B (N=14) P

Pre-PR Post-PR Differences Between Pre-PR and Post-PR

Age (years) 67.6±12.8 69.6±6.0 0.597

Gender (female/male) 4/3 5/12 0.525
BMI (kg/m2) 24.5±3.0 23.4±4.4 0.563

WE (mL/min/watt) 7.8±0.5 6.7±1.3 0.032* 9.6±0.5 7.4±0.8 <0.001* 1.7±0.8 0.7±1.2 0.028*

WR (watt) 68.6±15.3 57.7±27.0 0.330 87.0±11.9 73.2±31.4 0.277 18.4±14.2 15.5±15.6 0.676
VO2 at peak exercise (mL/min) 980.7±210.9 817.8±228.3 0.119 1139.4±140.7 944.2±296.1 0.113 158.6±185.3 126.4±216.0 0.734

VO2 at AT (mL/min) 659.4±87.1 566.1±99.9 0.043* 739.4±87.1 675.1±125.8 0.245 80.0±44.2 109.0±67.0 0.300
O2P (mL/beat) 8.7±2.1 6.8±1.8 0.031* 9.5±2.0 8.1±2.1 0.161 0.7±0.9 1.3±1.4 0.323

FVC (L) 2.30±0.61 2.16±0.73 0.653 2.13±0.20 2.20±0.77 0.840 −0.17±0.38 0.04±0.19 0.213

FEV1 (L/min) 1.39±0.43 1.29±0.53 0.670 1.54±0.51 1.28±0.55 0.285 0.16±0.20 −0.01±0.11 0.070
MIP (cmH2O) 64.8±29.5 53.2±25.1 0.335 66.3±24.9 67.5±24.4 0.915 1.4±18.6 14.3±18.6 0.138

MEP (cmH2O) 97.7±19.6 98.7±33.9 0.947 107.4±11.5 104.7±17.1 0.698 9.7±12.1 6.0±25.2 0.716

CAT total score 13.4±5.7 16.4±5.0 0.216 9.6±1.9 12.2±2.2 0.011* −3.9±4.1 −4.2±5.0 0.883
Dyspnea at exercise 4.9±1.1 4.8±1.4 0.956 2.8±1.2 3.6±0.9 0.081 −2.1±1.2 −1.2±1.3 0.150

Fatigue at exercise 4.7±1.5 4.2±1.0 0.315 2.6±1.5 3.0±1.2 0.427 −2.1±1.3 −1.2±1.2 0.083

Notes: Group A is the patients with poor WE and returned to normal WE after PR. Group B is the patients with poor WE and did not returned to normal WE after PR. *P < 0.05.
Abbreviations: BMI, body mass index; WE, work efficiency; WR, work rate; VO2, oxygen consumption; AT, aerobic threshold; O2P, oxygen pulse; FVC, forced vital capacity; FEV1, forced expiratory volume in the first second; MIP,
maximal inspiratory pressure; MEP, maximal expiratory pressure; CAT, COPD assessment test; pre-PR, pre-pulmonary rehabilitation; post-PR, post-pulmonary rehabilitation.
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