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Peak oxygen uptake and respiratory muscle 
performance in patients with chronic obstructive 
pulmonary disease
Clinical findings and implications
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Abstract 
The maximal oxygen uptake (VO2max) is the gold standard measure of aerobic exercise capacity and is an important outcome 
measure in patients with chronic obstructive pulmonary disease (COPD). And respiratory muscle performance is also an important 
functional parameter for COPD patients. In addition to the traditional respiratory muscle strength test, the Test of Incremental 
Respiratory Endurance has recently been introduced and validated in patients with COPD. However, the relationship between 
VO2 and respiratory muscle performance in COPD is not well understood. Therefore, this study investigated the correlations 
among VO2 and respiratory muscle performance and other functional markers in COPD. A total of 32 patients with COPD were 
enrolled. All study participants underwent the following assessments: cardiopulmonary exercise test, pulmonary function test, 
respiratory muscle strength test, peripheral muscle strength test, and bioelectrical impedance analysis. When comparing VO2peak 
and respiratory muscle parameters, the sustained maximal inspiratory pressure (SMIP) was the only factor with a significant 
relationship with VO2peak. Among other functional parameters, the forced expiratory volume in one second (FEV1) showed the 
strongest correlation with VO2peak. It was followed by phase angle values of lower limbs, leg extension peak torque, age, and total 
skeletal muscle mass. When comparing respiratory muscle performance with other functional parameters, the SMIP showed the 
strongest correlation with hand grip strength, followed by peak cough flow, forced vital capacity, maximal inspiratory pressure, and 
FEV1. The results showed that the SMIP was more significantly correlated with VO2peak than the static measurement of respiratory 
muscle strength. This suggests that TIRE may be a useful assessment tool for patients with COPD. Additionally, FEV1 and other 
functional markers were significantly correlated with VO2peak, suggesting that various parameters may be used to evaluate aerobic 
power indirectly.

Abbreviations: BMI = body mass index, COPD = chronic obstructive pulmonary disease, CPET = cardiopulmonary exercise 
test, FEV1 = forced expiratory volume in one second, FFM = fat-free mass, FVC = forced vital capacity, MEP = maximal expiratory 
pressure, MIP = maximal inspiratory pressure, mMRC = modified Medical Research Council, PCF = peak cough flow, SMIP = 
sustained maximal inspiratory pressure, SMM = skeletal muscle mass, TIRE = Test of Incremental Respiratory Endurance, VE/
VCO2 = minute ventilation/carbon dioxide production, VO2 = oxygen uptake.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is an airway 
disease characterized by progressive and irreversible airway 
obstruction, usually caused by exposure to noxious particles or 
gases.[1] The global prevalence of COPD in people over 30 years 
of age increased from 10.7% in 1990 to 11.7% (men, 14.3%; 
women, 7.6%) in 2010.[2] Many COPD patients experience 

dyspnea, exercise intolerance, and muscle dysfunction. Many 
parameters have been developed and widely used to assess these 
pathologic conditions.

Aerobic power is an important outcome measure, as many 
COPD patients complain of exercise intolerance and exer-
tional dyspnea.[3] The maximal oxygen uptake (VO2max) is the 
gold standard measure of aerobic exercise capacity, and the 
American Heart Association now considers VO2 a vital sign.[4] 
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VO2 can be measured through a cardiopulmonary exercise test 
(CPET). However, it is difficult to perform a CPET in a patient 
with poor physical function, gait impairment, or musculoskele-
tal disease.[5] And special equipment, including a treadmill, gas 
analyzer, electrocardiogram device, and blood pressure monitor, 
are needed to perform a CPET. So there have been many studies 
trying to establish simpler tests for assessing a patient’s aerobic 
power. For example, a six-minute walk test is widely used to 
assess a patient’s exercise tolerance. However, the six-minute 
walk distance is not a direct indicator of aerobic power and is 
affected by skeletal, muscular function, balance, and leg pain. 
Kim et al[6] also reported many limitations in predicting VO2 
through six-minute walk test.

Pulmonary function is decreased in COPD patients, and 
the parameters such as forced expiratory volume in one sec-
ond (FEV1), forced vital capacity (FVC), and FEV1/FVC ratio 
are reduced. Chronic inflammation and structural changes in 
the proximal airways, peripheral airways, lung parenchyma, 
and pulmonary vasculature are the main pathophysiologies of 
COPD. Matarese and Santulli[7] reported that angiogenesis is 
also a crucial component of lung pathophysiology, and it can 
control and orchestrate the progression of airway remodeling. 
Respiratory muscle dysfunction is also an important clinical 
feature in COPD patients. Respiratory muscle performance 
has been assessed by measuring maximal inspiratory pressure 
(MIP) and maximal expiratory pressure (MEP). Recently, the 
Test of Incremental Respiratory Endurance (TIRE) has been 
introduced and validated in patients with COPD.[8] This test 
can measure MIP, sustained maximal inspiratory pressure 
(SMIP), and inspiratory duration by recording the entire inspi-
ratory process.

Peripheral muscle dysfunction also plays an important role 
in exercise intolerance in COPD patients. Several factors, 
including physical inactivity, malnutrition, and drug use, con-
tribute to muscle dysfunction. Furthermore, Barreiro and Gea[9] 
reported that biological mechanisms, including systemic inflam-
mation, muscle fiber changes, and reduced oxidative enzymes, 
also contribute to muscle dysfunction. Maltais et al[10] reported 
that reduced oxidative metabolism results in premature mus-
cle acidosis and a higher accumulation of inorganic phosphate. 
Decreased capillary density is also considered to contribute to 
progressive muscle wasting. Basic et al[11] reported that tumor 
necrosis factor increases the expression of specific proteins 
and disturbs angiogenesis in skeletal muscle in COPD patients. 
Several parameters, including hand grip strength, quadriceps 
muscle strength, and muscle mass, have been widely used for 
evaluating peripheral muscle. Recent radiologic analysis of skel-
etal muscles is also used to measure muscle volume. Tashiro et 
al[12] compared the cross-sectional area of the pectoralis mus-
cles and erector spinae muscles with VO2 at peak exercise, and 
found a significant correlation between them.

Despite many previous studies, the relationship between VO2 
and respiratory muscle performance in COPD is not well under-
stood. Therefore, this study aimed to investigate the relationship 
between VO2 and respiratory muscle performance in patients 
with COPD. And we also analyzed correlations between VO2 
and other parameters to determine which parameters can be 
used to predict aerobic power in situations where a CPET can-
not be performed.

2. Material and Methods

2.1. Experimental design

We performed the following assessments on COPD patients: 
CPET, pulmonary function test, respiratory muscle strength 
test, peripheral muscle strength test, and bioelectrical imped-
ance analysis. And we analyzed the relationship between VO2peak 
and respiratory muscle performance, the relationship between 

VO2peak and other functional parameters, and the relationship 
between respiratory muscle parameters and other functional 
parameters. Additionally, we classified the patients into five 
groups according to the VO2peak criteria and analyzed the differ-
ences in each outcome among the five groups.

2.2. Participants

A total of 32 patients with COPD (31 men and 1 woman) who 
visited the Department of Pulmonary Medicine of Inje University 
Haeundae Paik Hospital between April 2020 and April 2021 
were enrolled in the study. The inclusion criteria were as fol-
lows: age > 40 years, diagnosis of COPD (the presence of a 
post-bronchodilator FEV1/FVC < 0.70), and agreement to pro-
vide informed consent for the study. The exclusion criteria were 
as follows: inability to undergo the pulmonary function test 
and CPET, pregnancy or planning to conceive during the study 
period, respiratory disease other than COPD, neuromuscular 
disease, current immunosuppression treatment, and refusal to 
provide informed consent for the study.

The study was conducted according to the guidelines of the 
Declaration of Helsinki and approved by the Inje University 
Haeundae Hospital Institutional Review Board (approval no. 
2020-03-007). All participants provided written informed con-
sent after receiving a detailed explanation of the study protocol. 
In addition, this study was registered at the Clinical Research 
Information Service (approval no. KCT0005032).

2.3. CPET

To determine the individual’s aerobic power, all participants 
underwent CPET using a modified Bruce protocol. CPET was per-
formed using a real-time recording 12-channel electrocardiogram 
(CASE; GE Healthcare, Waukesha, WI), respiratory gas analyzer 
(Quark-CPET, COSMED, Rome, Italy), automatic blood pressure 
and pulse monitor (Tango M2; SunTech Medical, Morrisville, 
NC), and treadmill (T2100-ST2, GE Healthcare). The VO2peak 
and minute ventilation/carbon dioxide production (VE/VCO2) 
slope values were recorded.[5,13] VO2peak was defined as the highest 
20 seconds-interval average measured during the last one minute 
of the CPET. Termination of the CPET was determined accord-
ing to the American College of Sports Medicine guidelines and 
included factors such as the achievement of a rate of perceived 
exertion of 17 (hard to very hard) and a respiratory exchange 
ratio of > 1.10. Additionally, the participants were classified into 
five groups (very poor, poor, fair, good, and very good) according 
to the VO2peak criteria for healthy Korean adults[14] (see Table S1, 
http://links.lww.com/MD/H684, Supplemental Digital Content, 
which describes the VO2peak criteria for healthy Korean adults).

2.4. Pulmonary function test

In accordance with the American Thoracic Society/European 
Respiratory Society guidelines, all participants underwent 
post-bronchodilator spirometry (VMAX 22 spirometer; 
Sensormedics, Yorba Linda, CA).[15] The participants inhaled 
400  μg salbutamol 20  minutes before testing. We measured 
FVC, FEV1, and FEV1/FVC ratio.

The peak cough flow (PCF) was assessed using an Asthma 
Mentor Peak Flow Meter (Respironics, Murrysville, PA).[16] 
Participants performed a quick and explosive expiration after 
maximal inspiration in the sitting position. The average value 
from the three tests was calculated.

2.5. Respiratory muscle strength test

MIP and MEP were measured using Pony FX (COSMED).[17] 
The highest value among the three trials was adopted.

http://links.lww.com/MD/H684
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The TIRE was conducted using a PrO2 device (PrO2 Health 
Incorporated, Smithfield, RI). The participants performed maxi-
mal sustained inspiration after maximal expiration in the sitting 
position.[8] SMIP, which represented the area under the inspira-
tion curve, was measured.[18]

2.6. Peripheral muscle strength test

Hand grip strength was measured three times for each hand 
using a Jamar® Smart hand dynamometer (Patterson Medical 
Ltd., Nottinghamshire, UK). The highest value of the three mea-
surements was recorded.[19] Isokinetic knee flexion and exten-
sion tests were performed at a velocity of 120°/s using a Biodex 
isokinetic dynamometer (Biodex Medical Systems, Shirley, 
NY).[20]

2.7. Bioelectrical impedance analysis

InBody S10 (InBody, Seoul, Korea) was used to measure skel-
etal muscle mass (SMM), fat-free mass (FFM), and phase 
angle.[21,22]

2.8. Statistical analysis

All continuous values are described as mean ± standard devi-
ation, and categorical values are expressed as the absolute 
number. We calculated the Pearson correlation coefficients to 
assess the relationship between VO2peak and other variables for 
which normality was assumed through Mardia’s kurtosis test. 
For variables for which normality was not assumed, we cal-
culated the Spearman correlation coefficient. Only total SMM 
was not assumed for normality and was therefore correlated by 
Spearman. To test for homogeneity of variance, we analyzed the 
spread of the scatterplot between variables. All variables showed 
a similar spread across their ranges, confirming the homogene-
ity of variance. Therefore, all variables except total SMM were 
correlated by Pearson. For comparisons among groups classified 
according to the VO2peak criteria, we used the Kruskal–Wallis test 
because the sample size of group 2 was so small that normal-
ity was not assumed. We used R 4.0.2 (The R Foundation of 
Statistical Computing, Vienna, Austria) for Mardia’s kurtosis 
test. SPSS 25 (SPSS Inc., Chicago, IL) was used for the rest of 
the statistical analyses. In all analyses, a P value < .05 was con-
sidered significant.

3. Results
Table 1 shows the participants’ baseline characteristics. The aver-
age age was 69.09 years, and the mean body mass index (BMI) 
was 22.58 kg/m2. With respect to smoking status, ex-smokers 
were the most predominant (18 participants). Concerning the 
dyspnea score, participants with modified Medical Research 
Council (mMRC) grade 1 had the highest proportion (19 par-
ticipants). The mean FEV1/FVC was 57.31%, and the mean 
FEV1 (% predicted) was 68.34%, corresponding to Global 
Initiative for Chronic Obstructive Lung Disease stage 2 (mod-
erate disease).

3.1. Relationship between VO2peak and respiratory muscle 
performance

Table 2 shows the relationship between VO2peak and respiratory 
muscle performance. VO2peak showed a significant positive cor-
relation with SMIP (R = 0.450, P = .010). By contrast, it was 
not significantly correlated with MIP (R = 0.074, P = .689) and 
MEP (R = 0.032, P = .863).

3.2. Relationship between VO2peak and other functional 
parameters

Table 3 shows the relationship between VO2peak and the other 
functional parameters. Among the pulmonary function param-
eters, the FEV1 (L) showed the strongest correlation with 
VO2peak (the scatterplot is shown in Fig. 1). It was followed by 
FEV1 (% predicted), FVC (L), FVC (% predicted), and PCF; 
however, VO2peak was not significantly correlated with the VE/
VCO2 slope. VO2peak was negatively correlated with age and 
not significantly correlated with BMI. VO2peak showed positive 
correlations with all peripheral muscle strength parameters 
(hand grip strength, leg extension peak torque, and leg flex-
ion peak torque), as well as with all Bioelectrical impedance 
analysis (BIA) parameters (except for the phase angle of the 
left arm).

3.3. Relationship between respiratory muscle performance 
and other functional parameters

Table 4 shows the relationship between respiratory muscle per-
formance and other functional parameters. MIP was positively 
correlated with SMIP, right-hand grip strength, SMM of upper 
extremities, and phase angles of the right upper and left lower 
extremities. No parameters showed significant correlations with 
MEP. SMIP showed positive correlations with VO2peak, FVC (L), 

Table 1

Participants’ baseline characteristics.

Characteristics, N = 32  

Sex, male/female 31/1
Age (yr) 69.09 ± 5.47
Body weight (kg) 64.36 ± 8.21
Height (m) 1.69 ± 0.06
BMI (kg/m2) 22.58 ± 2.71
Hypertension 11 (34%)
Diabetes 7 (22%)
Dyslipidemia 4 (13%)
Smoking status
  Never smoker 6 (19%)
  Ex-smoker 18 (56%)
  Current smoker 8 (25%)
FEV

1
 (% predicted) 68.34 ± 19.7

FEV
1
/FVC (%) 57.31 ± 16.09

mMRC grade
  0 1 (3%)
  1 19 (59%)
  2 7 (22%)
  3 5 (16%)
  4 0 (0%)

BMI = body mass index, FEV
1
 = forced expiratory volume in one second, FVC = forced vital 

capacity, mMRC = modified Medical Research Council.

Table 2

Relationship between peak oxygen uptake (VO2peak/kg) and 
respiratory muscle performance.

 Mean ± SD Coefficient P value 

VO
2peak

/kg (mL/min/kg) 21.75 ± 5.57 – –
MIP (cm H

2
O) 62.75 ± 20.25 0.074 .689

MEP (cm H
2
O) 68.62 ± 21.39 0.032 .863

SMIP (PTU) 324.97 ± 147.08 0.450 .010*

MEP = maximal expiratory pressure, MIP = maximal inspiratory pressure, PTU = pressure time 
units, SD = standard deviation, SMIP = sustained maximal inspiratory pressure, VO

2
 = oxygen 

uptake.

*A P value < .05 was considered significant.
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FVC (% predicted), FEV1 (L), FEV1 (% predicted), PCF, and 
MIP. SMIP was also positively correlated with the grip strength 
of both hands, left leg extension peak torque, SMM of upper 

extremities, total FFM, and phase angle of all extremities. 
Among all functional parameters, the right-hand grip strength 
showed the strongest correlation with SMIP (the scatterplot is 
shown in Fig. 2).

3.4. Comparisons among groups classified according to 
VO2peak

Table 5 shows the comparisons among groups classified accord-
ing to VO2peak. On the basis of the VO2peak criteria,[14] 20 patients 
were classified into the very poor group (Group 1), four patients 
into the poor group (Group 2), and eight patients into the fair 
group (Group 3). None of the patients belonged to the good 
or very good groups. Age and BMI showed no significant dif-
ferences among the three groups. Of the pulmonary function 
parameters, FVC (L) was significantly different among the three 
groups; however, other parameters did not show significant 
differences. The respiratory muscle strength parameters (MIP, 
MEP, and SMIP) showed no significant differences among the 
three groups. Regarding the peripheral muscle strength param-
eters, only the right leg extension peak torque showed signifi-
cant differences among the three groups. Of the BIA parameters, 
both leg SMM and total FFM showed significant differences 
among the three groups.

4. Discussion
This study investigated the relationship between VO2peak and 
respiratory muscle performance in patients with COPD. 
Respiratory muscle dysfunction, resulting in decreased MIP 
and MEP, is often observed in patients with COPD.[23–25] In 
this study, the mean MIP was 62.75, and the mean MEP was 
68.62, which were lower than the average values reported in 
healthy adults,[26,27] consistent with the general findings of the 
previous studies.[28] However, MIP and MEP did not show a sig-
nificant correlation with VO2peak. By contrast, SMIP, a parame-
ter reflecting endurance, showed a significant correlation with 
VO2peak. In other words, time-dependent respiratory pressure 

Table 3

Relationship between peak oxygen uptake (VO2peak/kg) and other 
functional parameters.

 Mean ± SD Coefficient P value 

Age (yr) 69.09 ± 5.47 −0.557 <.001*
BMI (kg/m2) 22.58 ± 2.71 0.023 .899
VE/VCO

2
 slope 38.91 ± 9.13 −0.312 .083

FVC (L) 3.74 ± 0.95 0.509 .003*
FVC (% predicted) 86.91 ± 19.64 0.444 .011*
FEV

1
 (L) 2.09 ± 0.65 0.697 <.001*

FEV
1
 (% predicted) 68.34 ± 19.70 0.540 .001*

FEV
1
/FVC (%) 57.31 ± 16.09 0.220 .227

PCF (L/min) 288.12 ± 86.26 0.473 .006*
Hand grip strength Rt (kg) 31.52 ± 8.91 0.468 .007*
Hand grip strength Lt (kg) 30.63 ± 8.17 0.453 .009*
Leg extension peak torque Rt (N·m) 67.70 ± 21.42 0.508 .003*
Leg extension peak torque Lt (N·m) 71.07 ± 21.23 0.542 .001*
Leg flexion peak torque Rt (N·m) 33.47 ± 15.92 0.427 .015*
Leg flexion peak torque Lt (N·m) 36.32 ± 15.65 0.517 .002*
SMM_Total (kg) 27.77 ± 5.00 0.525 .002*
SMM_Rt upper limb (kg) 2.62 ± 0.51 0.411 .020*
SMM_Lt upper limb (kg) 2.61 ± 0.48 0.398 .024*
SMM_Rt lower limb (kg) 7.85 ± 1.18 0.510 .003*
SMM_Lt lower limb (kg) 7.81 ± 1.22 0.523 .002*
FFM_Total (kg) 48.75 ± 5.72 0.494 .004*
PhA_Rt upper limb (°) 5.34 ± 0.67 0.423 .016*
PhA_Lt upper limb (°) 5.26 ± 0.66 0.331 .064
PhA_Rt lower limb (°) 5.05 ± 0.86 0.568 <.001*
PhA_Lt lower limb (°) 4.90 ± 0.83 0.666 <.001*

BMI = body mass index, FEV
1
 = forced expiratory volume in one second, FFM = fat-free mass,  

FVC = forced vital capacity, Lt = left, PCF = peak cough flow, PhA = phase angle, Rt = right,  
SD = standard deviation, SMM = skeletal muscle mass, VE/VCO

2
 = minute ventilation/carbon 

dioxide production.
*A P value < .05 was considered significant.

Figure 1. Scatterplot of the relationship between VO2peak/kg and FEV1 (L). FEV1 = forced expiratory volume in one second, VO2 = oxygen uptake.
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measurements could better reflect aerobic power than a static 
respiratory pressure measurement. It means that the TIRE, 
which measures SMIP, could be a useful tool for assessing aero-
bic power in patients with COPD. These findings are consistent 
with the study of Formiga et al,[29] which revealed that SMIP 
was significantly correlated with the six-minute walk distance. 
In other words, the TIRE better reflected the overall functional 
state of patients with COPD than traditional methods that mea-
sure MIP and MEP only.

Peripheral muscle dysfunction is also major comorbidity in 
patients with COPD. In this study, all peripheral muscle strength 
parameters showed significant positive correlations with VO2peak, 
implying that patients with weak limb muscles have lower aero-
bic power. Furthermore, SMM, FFM, and phase angle showed a 
significant correlation with VO2peak, confirming that muscle mass 
also plays an important role in an individual’s aerobic power. 
Meanwhile, when comparing respiratory muscle and peripheral 
muscle parameters, SMIP and MIP showed more significant cor-
relations with the upper limb muscle parameters than the lower 
limb muscle parameters. This implies that upper limb exercise is 
important to strengthen respiratory muscle, which is consistent 
with DePalo et al[30]

Among the pulmonary function parameters, FEV1 (L) was 
most strongly correlated with the VO2peak. FEV1 (% predicted) 
also showed a strong positive correlation with VO2peak, indicat-
ing that patients with more severe COPD had lower aerobic 
power. These results are consistent with those of other studies 
by Ganju et al[31] and Babb et al,[32] which reported significant 
correlations between FEV1 and VO2peak. FVC also showed a 
significant positive correlation with VO2peak, consistent with 

previous studies.[33,34] Yuan et al[35] reported that the difference 
between forced and slow vital capacity, which indicates small 
airway collapse, significantly correlated with VO2peak. FVC and 
FEV1 were also strongly correlated with SMIP. These findings 
are consistent with the study of Formiga et al,[36] which reported 
that SMIP was correlated with pre- and post-bronchodilator 
FVC and FEV1.

The average PCF value in our patients was 288 L/min, which 
was lower than the normal value of healthy adults. Cardoso 
et al[37] reported that the mean PCF values ranged from 316 to 
499 L/min in healthy men. It is known that PCF can be used 
as an assessment tool to identify the risk of developing fre-
quent exacerbation in patients with COPD.[16] In our study, PCF 
showed a significant correlation with SMIP. This suggests that 
SMIP can be used as a biomarker for predicting acute exacerba-
tion in patients with COPD. We are conducting further research 
in this area.

The VE/VCO2 slope is a well-established CPET measure of 
ventilatory efficiency, reflecting the matching of alveolar ven-
tilation and pulmonary perfusion.[13,38] In our study, the VE/
VCO2 slope did not show a significant correlation with VO2peak. 
However, its value in our participants was 38.9 ± 9.13, which 
corresponds to the worst 10 percentile of healthy men in their 
60s and 70s.[39] Neder et al[40] also reported that patients with 
COPD have high VE/VCO2 values and that VE/VCO2 can be 
used to estimate the risk of all-cause and respiratory mortality 
in patients with COPD.

In general, the VO2peak value decreases with increasing age.[41] 
Therefore, we classified the participants into groups accord-
ing to the VO2peak criteria for Korean adults to adjust for the 

Table 4

Relationship between respiratory muscle performance and other functional parameters.

Variable 

MIP (cm H2O) MEP (cm H2O) SMIP(PTU)

Coefficient P value Coefficient P value Coefficient P value 

VO
2peak

/kg (mL/min/kg) 0.074 .689 0.032 .863 0.450 .010*
Age (yr) −0.225 .216 −0.022 .906 −0.336 .060
BMI (kg/m2) 0.202 .267 0.156 .394 0.153 .404
VE/VCO

2
 slope 0.242 .182 −0.073 .692 0.193 .291

FVC (L) 0.178 .330 0.061 .741 0.520 .002*
FVC (% predicted) 0.159 .386 −0.001 .997 0.560 <.001*
FEV

1
 (L) 0.191 .295 0.064 .729 0.490 .004*

FEV
1
 (% predicted) 0.127 .490 −0.001 .995 0.439 .012*

FEV
1
/FVC (%) 0.053 .773 0.036 .844 −0.022 .904

Peak cough flow (L/min) 0.290 .107 0.196 .282 0.612 <.001*
MIP (cm H

2
O) – – 0.344 .054 0.498 .004*

MEP (cm H
2
O) 0.344 .054 – – 0.042 .821

SMIP (PTU) 0.498 .004* 0.042 .821 – –
Hand grip strength Rt (kg) 0.390 .027* 0.266 .141 0.673 <.001*
Hand grip strength Lt (kg) 0.210 .250 0.302 .093 0.626 <.001*
Leg extension peak torque Rt (N·m) −0.111 .545 0.159 .384 0.285 .114
Leg extension peak torque Lt (N·m) 0.120 .515 0.069 .706 0.375 .035*
Leg flexion peak torque Rt (N·m) 0.123 .503 0.236 .194 0.296 .100
Leg flexion peak torque Lt (N·m) 0.122 .504 0.199 .275 0.330 .065
SMM_Total (kg) 0.223 .221 0.200 .271 0.280 .121
SMM_RtUEx (kg) 0.370 .037* 0.235 .195 0.421 .016*
SMM_LtUEx (kg) 0.369 .038* 0.272 .133 0.400 .023*
SMM_RtLEx (kg) 0.131 .476 0.109 .553 0.340 .057
SMM_LtLEx (kg) 0.123 .503 0.131 .477 0.308 .086
FFM_Total (kg) 0.319 .075 0.228 .210 0.351 .049*
PhA_RtUEx (°) 0.384 .030* 0.162 .376 0.460 .008*
PhA_LtUEx (°) 0.329 .066 0.153 .403 0.414 .018*
PhA_RtLEx (°) 0.328 .067 0.106 .562 0.472 .006*
PhA_LtLEx (°) 0.403 .022* 0.092 .617 0.504 .003*

BMI = body mass index, FEV
1
 = forced expiratory volume in one second, FFM = fat-free mass, FVC = forced vital capacity, Lt = left, MEP = maximal expiratory pressure, MIP = maximal inspiratory 

pressure, PCF = peak cough flow, PhA = phase angle, PTU = pressure time units, Rt = right, SMIP = sustained maximal inspiratory pressure, SMM = skeletal muscle mass, VE/VCO
2
 = minute ventilation/

carbon dioxide production, VO
2
 = oxygen uptake.

*A P value < .05 was considered significant.
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Figure 2. Scatterplot of the relationship between SMIP and right-hand grip strength. PTU = pressure time units, Rt = right, SMIP = sustained maximal inspi-
ratory pressure.

Table 5

Comparisons among groups classified according to VO2peak.

Variable Group 1 (N = 20) Group 2 (N = 4) Group 3 (N = 8) P value 

VO
2peak

/kg (mL/min/kg) 19.45 ± 5.44 25.82 ± 5.53 25.46 ± 1.90 .008*
Age (yr) 68.55 ± 5.92 67.50 ± 6.03 71.25 ± 3.81 .423
BMI (kg/m2) 22.01 ± 2.52 24.53 ± 2.47 23.04 ± 3.04 .190
VE/VCO

2
 slope 39.38 ± 10.35 40.00 ± 3.72 37.20 ± 8.25 .693

FVC (L) 3.41 ± 0.90 4.53 ± 0.76 4.17 ± 0.81 .037*
FVC (% predicted) 80.55 ± 18.50 103.50 ± 20.86 94.50 ± 15.96 .066
FEV

1
 (L) 1.91 ± 0.71 2.46 ± 0.63 2.34 ± 0.30 .187

FEV
1
 (% predicted) 63.00 ± 21.43 78.25 ± 18.89 76.75 ± 10.08 .337

FEV
1
/FVC (%) 57.85 ± 19.09 55.00 ± 15.01 57.12 ± 7.53 .842

PCF (L/min) 269.50 ± 92.31 307.50 ± 51.23 325.00 ± 77.09 .225
MIP (cm H

2
O) 63.10 ± 18.91 68.50 ± 26.64 59.00 ± 22.50 .950

MEP (cm H
2
O) 65.25 ± 22.61 71.25 ± 21.95 75.75 ± 18.39 .418

SMIP (PTU) 318.60 ± 145.10 328.75 ± 77.21 339.00 ± 189.08 .987
Hand grip strength Rt (kg) 30.14 ± 9.47 33.95 ± 6.95 33.75 ± 8.57 .655
Hand grip strength Lt (kg) 29.28 ± 8.61 31.62 ± 9.17 33.51 ± 6.58 .539
Leg extension peak torque Rt (N·m) 59.97 ± 15.79 89.45 ± 33.23 76.16 ± 18.97 .043*
Leg extension peak torque Lt (N·m) 64.66 ± 17.05 83.85 ± 24.98 80.69 ± 24.97 .116
Leg flexion peak torque Rt (N·m) 29.44 ± 14.61 40.85 ± 19.73 39.84 ± 15.91 .158
Leg flexion peak torque Lt (N·m) 32.17 ± 16.45 40.55 ± 15.96 44.59 ± 10.16 .108
SMM_Total (kg) 27.18 ± 5.83 29.52 ± 0.78 28.35 ± 3.91 .074
SMM_Rt upper limb (kg) 2.47 ± 0.50 2.97 ± 0.16 2.84 ± 0.54 .055
SMM_Lt upper limb (kg) 2.46 ± 0.46 2.98 ± 0.12 2.82 ± 0.50 .058
SMM_Rt lower limb (kg) 7.47 ± 1.14 8.76 ± 0.21 8.36 ± 1.22 .012*
SMM_Lt lower limb (kg) 7.38 ± 1.15 8.76 ± 0.10 8.42 ± 1.22 .013*
FFM_total (kg) 46.72 ± 5.07 53.30 ± 0.80 51.54 ± 6.50 .009*
PhA_Rt upper limb (°) 5.22 ± 0.71 5.75 ± 0.42 5.44 ± 0.66 .346
PhA_Lt upper limb (°) 5.14 ± 0.66 5.65 ± 0.67 5.36 ± 0.66 .359
PhA_Rt lower limb (°) 4.85 ± 0.89 5.70 ± 1.04 5.24 ± 0.53 .132
PhA_Lt lower limb (°) 4.66 ± 0.87 5.52 ± 0.96 5.18 ± 0.35 .106

BMI = body mass index, FEV
1
 = forced expiratory volume in one second, FFM = fat-free mass, FVC = forced vital capacity, Lt = left, MEP = maximal expiratory pressure, MIP = maximal inspiratory 

pressure, PCF = peak cough flow, PhA = phase angle, PTU = pressure time units, Rt = right, SMIP = sustained maximal inspiratory pressure, SMM = skeletal muscle mass, VE/VCO
2
 = minute ventilation/

carbon dioxide production, VO
2
 = oxygen uptake.

*A P value < .05 was considered significant.
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age factor and further analyzed the differences in functional 
parameters among the groups. Only eight participants (25%) 
had average aerobic power according to the VO2peak criteria, 
and none of them had good or very good exercise capacity. This 
means that even ambulatory COPD patients with mild dyspnea 
have low aerobic power compared with healthy adults of the 
same age, which was consistent with previous studies.[3,42,43] The 
FVC (L), right leg extension peak torque, SMM of both legs, 
and total FFM showed significant differences among the three 
groups. Interestingly, only the parameters of the lower extrem-
ities, not the upper extremities, showed significant differences 
among groups. This means that lower limb muscle function is 
more important in aerobic power. Since aerobic power was mea-
sured using a treadmill in this study, patients with greater lower 
limb muscle function could walk better on a treadmill and, as a 
result, could achieve higher VO2.

To the best of our knowledge, this is the first study to exam-
ine the relationship between the TIRE measures and VO2peak in 
subjects with COPD. Our findings confirmed that SMIP is sig-
nificantly associated with the VO2peak than the static measure-
ment of respiratory muscle strength. However, this study also 
has limitations. First, when the participants were classified into 
groups according to VO2peak criteria, the number of patients in 
each group was small. Future studies, including a large number 
of participants, are needed for higher reliability. Second, as our 
study participants showed a male predominance, it is difficult 
to apply the results of this study to female patients with COPD. 
Third, as this was a cross-sectional study, future studies will 
need to analyze the parameters that change prominently over 
time through follow-up investigations. Fourth, we could not 
control drugs such as diuretics and menstrual periods during 
the BIA test. This may have caused measurement bias of SMM, 
FFM, and phase angle.

5. Conclusion
We investigated the relationship between VO2 and respiratory 
muscle performance in COPD patients. The results showed 
that the SMIP was more significantly correlated with VO2peak 
than MIP and MEP, suggesting that respiratory endurance is 
an important factor for aerobic power in patients with COPD. 
And SMIP also showed significant correlations with many other 
functional parameters. Hence, TIRE could be a useful assess-
ment tool for COPD patients. FEV1, the severity marker of 
COPD, had the strongest correlation with VO2peak. And FVC, 
PCF, peripheral muscle strength, and muscle mass also showed 
significant correlations with VO2peak. This suggests that vari-
ous parameters may be used to indirectly evaluate the aerobic 
power of COPD patients in situations where a CPET cannot be 
performed.
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