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Background: Exercise tolerance decreases as COPD progresses. Pulmonary hypertension (PH) 

is common in COPD and may reduce performance further. COPD patients with and without 

PH could potentially be identified by cardiopulmonary exercise test (CPET). However, results 

from previous studies are diverging, and a unified conclusion is missing. We hypothesized that 

CPET combined with arterial blood gases is useful to discriminate between COPD outpatients 

with and without PH.

Methods: In total, 93 COPD patients were prospectively included. Pulmonary function tests, 

right heart catheterization, and CPET with blood gases were performed. The patients were 

divided, by mean pulmonary artery pressure, into COPD-noPH (,25 mmHg) and COPD-PH 

($25 mmHg) groups. Linear mixed models (LMMs) were fitted to estimate differences when 

repeated measurements during the course of exercise were considered and adjusted for gender, 

age, and airway obstruction.

Results: Ventilatory and/or hypoxemic limitation was the dominant cause of exercise 

termination. In LMM analyses, significant differences between COPD-noPH and COPD-PH 

were observed for PaO
2
, SaO

2
, PaCO

2
, ventilation, respiratory frequency, and heart rate. PaO

2
 

,61 mmHg (8.1 kPa) during unloaded pedaling, the only load level achieved by all the patients, 

predicted PH with a sensitivity of 86% and a specificity of 78%.

Conclusion: During CPET, low exercise performance and PaO
2
 strongly indicated PH in 

COPD patients.

Keywords: COPD, pulmonary hypertension, right heart catheterization, cardiopulmonary 

exercise test, hypoxemia

Introduction
Exercise tolerance in patients with COPD is reduced due to ventilatory limitation, gas 

exchange abnormalities, and deconditioning as the disease progresses, and this may 

impair functional capacity and the quality of life.1,2 Pulmonary hypertension (PH) is 

a common complication in COPD3–5 associated with increased mortality.6,7 COPD 

patients usually terminate physical activity when the ventilatory requirement exceeds 

their maximal ventilatory capacity. If they have PH, the altered hemodynamic response 

may reduce their exercise capacity further. 

Impaired exercise tolerance in COPD patients would suggest that cardiopulmonary 

exercise test (CPET) is a valuable tool to reveal whether they have PH or not. How-

ever, results from previous studies are diverging, and it is still considered difficult to 

separate COPD patients with and without PH based on the CPET variables. Different 

outcomes are partially explained by differences in study populations of highly selected 

patients, different exercise protocols, or different methods for diagnosing PH, where 

right heart catheterization (RHC) represents the gold standard. In the evaluation of PH 
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in COPD patients, it is relevant to consider left heart function, 

as arterial hypertension and left ventricle diastolic dysfunc-

tion, important causes of postcapillary PH, are frequent in 

COPD and make it difficult to distinguish whether the PH is 

caused by COPD, left heart disease, or a combination.8,9

Most of the previous studies are retrospective.10–13 There 

are few prospective, invasive studies of nonselected COPD 

populations with PH presenting CPET results,14,15 which gives 

a rationale for the present study where we included COPD 

outpatients with varying degrees of airway obstruction. The 

patients represented a typical and stable COPD population, 

with the important exception that those with any signs of 

left heart disease had been thoroughly excluded to rule out 

postcapillary components to PH. 

The aim of the present study was to evaluate the entire 

course of exercise during CPET in COPD outpatients. We 

hypothesized that CPET with arterial blood gases could dis-

criminate between COPD patients with and without PH. 

Methods
Study subjects
The present cross-sectional study enrolled 93 consecutive 

COPD patients from the pulmonary outpatient clinic at Oslo 

University Hospital-Aker, during the period 2006–2010. 

Patients were Caucasians, aged 40–75 years, all current 

or former smokers with a smoking history of more than 

10 pack-years. They had stable disease without exacerba-

tion for the last 2 months. Prior to inclusion, the COPD 

diagnosis was verified by spirometry before and after 

bronchodilation,16 and treatment was optimized. Seven 

patients received long-term oxygen treatment (LTOT), 

and four patients had oxygen administration only dur-

ing exercise. Patients underwent thorough pulmonary 

and cardiologic preinclusion screening, and those with 

pulmonary disease other than COPD and emphysema, 

as well as arrhythmia, valvular or coronary heart disease, or 

left ventricle dysfunction, were excluded. In addition, patients 

with obstructive sleep apnea syndrome, pulmonary embo-

lism, systemic hypertension $160/90 mmHg, inflamma-

tory diseases, hyperthyroidism, renal failure, or inability to 

exercise on bicycle were excluded. Patients using β-blockers, 

clopidogrel, or anticoagulating agents were also excluded. 

A detailed description of the inclusion process has previously 

been published,4,17 as we have reported on hemodynamic 

and echocardiographic data, as well as pulmonary func-

tion at rest in this cohort. The study was approved by the 

Regional Ethics Committee South East Norway (274-07127a 

1.2007.1085) and performed according to the Declaration of 

Helsinki. Written informed consent was obtained from all 

the participants.

Study protocol
All study tests were performed within 2 consecutive days: 

CPET on the first day and RHC on the next day. Patients 

were instructed to take their regular medication. All the tests 

were performed without supplemental oxygen, even for the 

patients usually receiving LTOT. 

Spirometry, body plethysmography, and diffusion capacity 

for carbon monoxide measurements (MasterScreen™ PFT; 

Jaeger, Würzburg, Germany) were performed according to 

the guidelines, and % predicted values were calculated.18–20 

Maximal voluntary ventilation maneuver was performed prior 

to exercise with patients ventilating with maximal effort for 

10 seconds to estimate maximal minute ventilation (V̇E). 

CPET was performed on electronically braked cycle 

ergometer (Ergoline Variobike 550; Jaeger) with all patients 

breathing ambient air. Oxygen uptake (V̇O
2
), carbon dioxide 

output (V̇CO
2
), and minute V̇E were measured breath by 

breath (Oxycon Delta; Jaeger). The equipment was calibrated 

prior to every test. An incremental protocol, with a fixed 

cadence at 60 rpm, was applied, starting with 4 minutes of 

unloaded pedaling, 4 minutes of 25 W, followed by incre-

ments of 10 W every second minute until exhaustion. Vari-

ables for each exercise level were recorded every 30 seconds, 

and the median value for each level was denoted. Peak 

workload and V̇O
2
 were defined as the highest level that 

could be performed for a minimum of 30 seconds. Oxygen 

(O
2
) pulse was calculated by dividing V̇O

2
 by heart rate (HR). 

Ventilatory equivalent for CO
2
 (V̇E/V̇CO

2
) was calculated, 

and V̇E/V̇CO
2
 nadir was defined as the lowest value on the 

curve during exercise. Norwegian reference values for CPET 

were applied.21 Arterial blood samples were obtained from 

a radial artery cannula at rest, every fourth minute during 

exercise and at peak exercise. Systemic blood pressure was 

measured invasively (BIOPAC® Systems, Goleta, CA, USA) 

through the radial artery line. Anaerobic threshold (AT) was 

defined as the V̇O
2
 where arterial lactate equaled 3 mmol/L. 

From two adjacent measurements, we performed linear 

interpolation of the point where lactate equaled 3 mmol/L 

with the corresponding V̇O
2
, well aware that this was a crude 

estimate, as lactate rises in a curvilinear way; thus, AT could 

be slightly underestimated. 

RHC (Mac-Lab; GE Healthcare, Milwaukee, WI, USA) 

was performed with the patient in the supine position. Via 

the antecubital or femoral vein, a 7-F Swan-Ganz™ catheter 

was advanced to the pulmonary artery guided by fluoroscopy. 
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Pressure was balanced against atmospheric pressure, and the 

zero reference level was at mid-axillary line at right atrial 

level. Cardiac output was estimated by thermodilution tech-

nique, averaging three or five measurements.22 Measurements 

of mean pulmonary arterial pressure (mPAP), right atrial 

pressure, pulmonary capillary wedge pressure (PCWP), and 

right ventricle pressure were performed at end expiration.

COPD patients with mPAP $25 or mPAP ,25 mmHg 

will be referred to as COPD-PH and COPD-noPH, 

respectively.22 

Statistical method
Continuous variables were expressed as mean and standard 

deviation. Crude differences between COPD-noPH and 

COPD-PH groups were assessed with independent sample 

t-test or Mann–Whitney U-test as appropriate. To analyze 

between-group differences regarding CPET parameters, 

linear mixed models (LMMs) for repeated measures were 

fitted. A diagonal covariance structure was used to model 

dependencies among measurements for each subject at mul-

tiple time points during exercise. Each time point represented 

a certain load. Measurements at every time point (load) were 

considered, including rest, and LMMs therefore were adjusted 

for baseline differences. Models for each outcome included 

measurement occasion (load level), grouping of subjects 

(COPD-noPH and COPD-PH), and interaction between load 

level and group. Further, LMMs were adjusted for gender, 

age, and forced expiratory volume in 1 second (FEV
1
) (L) 

to test for potential confounders. Model fit was better for the 

load levels both groups could perform; therefore, we chose 

to restrict analyses up to 85 W. However, the results would 

have been the same if all levels were included.

Receiver operating characteristic (ROC) curve analysis 

was performed to test diagnostic accuracy and optimal cut-

off value for the ability of a CPET variable to discriminate 

between COPD-noPH and COPD-PH. P-values ,0.05 were 

considered statistically significant; all tests were two-sided. 

The analyses were performed by using IBM SPSS Statistics, 

Version 22 (IBM Corporation, Armonk, NY, USA).

Results
PH according to the current guidelines was observed in 

24% of the patients with COPD. The majority had mild-

to-moderate elevation of mPAP (range 25–35 mmHg) and 

PCWP ,15 mmHg. Three patients, characterized by severe 

emphysema, had mPAP in the range of 35–40 mmHg. 

The COPD-PH patients had more advanced pulmonary 

disease, with more airway obstruction, hyperinflation, 

impaired gas diffusion capacity, and hypoxemia (Table 1). 

There was no difference between the groups in systemic 

blood pressure (Tables 1 and 2), although well-treated 

systemic hypertension was present in 31% of the patients. 

Diabetes was present in 8% of the patients. 

Ventilatory limitation was the main reason for exercise 

termination, as 69% of the patients experienced a ventilatory 

reserve ,15%. Hypoxemia was strongly contributing to the 

low exercise capacity in COPD-PH, as 14 subjects (64%) 

developed PaO
2
 ,53 mmHg. In total, 23% of the cohort 

did not reach AT.

Exercise capacity was severely reduced in COPD-PH 

compared with COPD-noPH (Table 2). The COPD-PH 

patients achieved significantly lower load, V̇O
2
, O

2
-pulse, and 

Table 1 Subject characteristics at rest for 93 COPD patients 
with and without pulmonary hypertension

Characteristics mPAP  
,25 mmHg 
(n=71)

mPAP  
$25 mmHg 
(n=22)

P-value

Gender, female % 49 59 0.43
Age, yearsa 64 (6) 61 (8) 0.19
Height, cma 169 (9) 169 (11) 0.65
Weight, kg 71 (17) 70 (20) 0.93
BMI, kg/m2 25 (4) 25 (6) 0.91
mPAP, mmHg 18.0 (3.5) 28.7 (4.6) ,0.001
PCWP, mmHg 8.4 (3.8) 11.0 (3.0) 0.004
PVR, WU 2.0 (0.9) 3.4 (1.5) ,0.001
TPG, mmHga 9.6 (3.5) 17.7 (6.4) ,0.001
CO, L/min 5.1 (0.9) 5.5 (1.2) 0.11
CI, L/min/m2a 2.8 (0.4) 3.1 (0.5) 0.06
Systemic SBP, mmHg 141 (23) 139 (19) 0.71
Systemic DBP, mmHg 69 (11) 66 (10) 0.25
Systemic MAP, mmHg 95 (14) 93 (10) 0.47
Heart rate, beats/min 89 (17) 96 (18) 0.08
FEV1 %pred 47 (16) 29 (9) ,0.001
FVC %pred 77 (20) 59 (16) ,0.001
FEV1/FVC% 50 (10) 41 (11) 0.001
TLC %pred 123 (20) 136 (26) 0.05
RV %preda 193 (59) 253 (57) ,0.001
RV/TLC %a 58 (11) 69 (9) ,0.001
DLCO %pred 57 (19) 30 (14) ,0.001
MVV, L/mina 55 (25) 34 (12) ,0.001
PaO2, mmHg 74 (9) 61 (11) ,0.001
PaCO2, mmHg 40 (5) 44 (5) 0.005
SaO2, %

a 96 (2) 92 (5) 0.001

Notes: Values are presented as mean (SD) or %. aNonparametric test. For TLC and 
RV, n=90. For DLCO, n=83. P-values are shown in bold for significant differences.
Abbreviations: BMI, body mass index; CI, cardiac index; CO, cardiac output; 
COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; 
DLCO, diffusion capacity of the lung for carbon monoxide; FEV1, forced expiratory 
volume in 1 second; FVC, forced vital capacity; MAP, mean arterial pressure; mPAP, 
mean pulmonary artery pressure; MVV, maximum voluntary ventilation; PaCO2, 
arterial carbon dioxide tension; PaO2, arterial oxygen tension; PCWP, pulmonary 
capillary wedge pressure; PVR, pulmonary vascular resistance; RV, residual volume; 
SaO2, oxygen saturation; SBP, systolic blood pressure; SD, standard deviation; TLC, 
total lung capacity; TPG, transpulmonary pressure gradient.
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tension (PaCO
2
) was higher in COPD-PH in comparison with 

COPD-noPH at peak exercise (Table 2). Similar relationship 

was also identified when we fitted LMM analyses; adjusted 

for gender, age, and FEV
1
, we found that PaO

2
, SaO

2
, and 

PaCO
2
 were all significantly affected by the presence of PH 

(P,0.001 for all). V̇E (P=0.01) and respiratory frequency 

(Rf; P=0.02) were also significantly affected by the presence 

of PH, whereas tidal volume (V
T
) and V̇E/V̇CO

2
 were not. 

Arterial lactate was not significantly affected by the presence 

of PH, but pH was (P=0.03).

The most striking difference between patients with and 

without PH was the difference in the maximal load they 

could perform (Figure 1). None of the COPD patients with 

PH were able to bicycle .85 W, whereas 30% of COPD-

noPH reached a higher load. To make a simple algorithm 

in order to predict PH, we focused on the patients who per-

formed #85 W. We observed that 8 of 22 (36%) COPD-PH 

subjects performed unloaded pedaling as their maximal load, 

in contrast to 8 of 71 (11%) subjects in the COPD-noPH 

group (Figure 1). To be able to compare COPD-noPH and 

COPD-PH groups at the same load, we chose unloaded 

pedaling as our target level and applied ROC curves for 

the variables associated with PH in our LMM analyses 

(Figure 2). The ability to discriminate between COPD-noPH 

and COPD-PH groups was best for PaO
2
, as ROC curve 

demonstrated an area under the curve (AUC) of 0.86 (95% 

confidence interval [CI] [0.78, 0.95], P,0.001), the same 

result as for SaO
2
. ROC curve for PaCO

2
 showed AUC of 

0.71 (95% CI [0.57, 0.85], P=0.01). HR gave AUC of 0.64 

(95% CI [0.49, 0.79], P=0.06). ROC curves for V̇ E, Rf, and 

pH at unloaded pedaling were not useful in this respect.

Our data revealed that PH is unlikely if a COPD patient 

is able to bicycle .85 W. For patients who perform ,85 W, 

the evaluation of PaO
2
 during unloaded pedaling is useful, as 

a cutoff value of 61 mmHg will predict PH with a sensitivity 

of 86% and a specificity of 78% (Figure 3). 

Discussion
The present study shows that CPET can be a valuable tool 

in detecting PH in an outpatient COPD population without 

any clinical signs of left heart disease. We were not able to 

discriminate fully between patients with and without PH, as 

the results were overlapping, but certain CPET findings were 

highly indicative of PH.

The COPD population studied is characterized by the 

exclusion of left heart disease to avoid postcapillary com-

ponents to PH; otherwise, it represents a common, unse-

lected population with a broad range of airway obstruction. 

Table 2 Subject characteristics during exercise for 93 COPD 
patients with and without pulmonary hypertension

Characteristics mPAP  
,25 mmHg 
(n=71)

mPAP  
$25 mmHg 
(n=22)

P-value

Peak load, watt 72 (31) 40 (21) ,0.001
V̇O2, mL/mina 1,251 (399) 968 (300) 0.001
V̇O2, mL/min/kg 17.6 (4.3) 13.9 (3.0) ,0.001
Heart rate, beats/min 134 (18) 130 (19) 0.38
O2-pulse mL/beat 9.4 (2.9) 7.5 (2.1) 0.005
Systemic MAP, mmHg 135 (25) 129 (23) 0.33
Tidal volume, liter 1.37 (0.44) 1.12 (0.36) 0.02
Respiratory frequency, 
breaths/min

37 (7) 33 (8) 0.21

Ventilation, L/mina 46 (15) 35 (12) 0.003
Ventilatory reserve, % 9 (22) −7 (19) 0.002
V̇E/V̇CO2 nadir* 37 (6) 41 (8) 0.02
RER 0.96 (0.13) 0.90 (0.12) 0.08
PaO2, mmHg 71 (13) 50 (8) ,0.001
PaCO2, mmHg 41 (6) 48 (8) ,0.001
SaO2, %

a 93 (4) 84 (8) ,0.001
pH 7.36 (0.03) 7.35 (0.04) 0.58
Lactate, mmol/La 5.6 (2.6) 4.1 (2.4) 0.01
V̇O2@AT, mL/min* 936 (300) 860 (253) 0.39
Borg10 dyspnea score 9.3 (1.4) 9.6 (1.2) 0.31

Notes: Values are presented as mean (SD). aNonparametric test. All variables are 
given at peak exercise, except for variables marked with “*”. P-values are shown in 
bold for significant differences.
Abbreviations: AT, anerobic threshold; COPD, chronic obstructive pulmonary 
disease; MAP, mean arterial pressure; mPAP, mean pulmonary artery pressure;  
O2-pulse, oxygen pulse; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen 
tension; RER, respiratory exchange ratio; SaO2, oxygen saturation; SD, standard 
deviation; V̇CO2, carbon dioxide production; V̇E, ventilation; V̇O2, oxygen uptake.

V̇ E at peak exercise. There was no difference in HR at peak 

exercise. However, this implies that PH patients achieved 

the same HR at a significantly lower load than COPD-noPH 

(40±21 vs 72±31 W, respectively; P,0.001). When compar-

ing exercise responses, it is relevant to compare variables 

achieved at the same load (Figure 1) and preferably evaluate 

the entire course of exercise.

When applying the LMM analyses, we found that the 

observed difference in V̇O
2
/kg between the COPD-PH and 

COPD-noPH groups was not related to PH, but to load 

level and gender, as well as FEV
1
. There was no difference 

in HR at peak exercise between the two groups, but when 

we considered all HR measurements during exercise and 

controlled for gender, age, and airway obstruction, we found 

that PH affected HR significantly (P=0.01). For O
2
-pulse, 

our data revealed the opposite; the difference observed 

between COPD-noPH and COPD-PH at peak exercise 

(Table 2) was not associated with PH when we considered 

all O
2
-pulse measurements and controlled for gender, age, 

and FEV
1
 (Table 3). Arterial oxygen tension (PaO

2
) and 

oxygen saturation (SaO
2
) were lower and carbon dioxide 
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Figure 1 (Continued)
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Figure 1 (A) First horizontal panel shows the number of patients who have been able to exercise at a certain load; left section shows subjects without pulmonary 
hypertension; middle section shows subjects with pulmonary hypertension and right section shows all subjects. The next panels show the development of variables during 
exercise for each subject, as well as the mean values for COPD-noPH represented by red lines and mean values for COPD-PH represented by blue lines. (B) Development 
of arterial blood gases during exercise. With increasing load, fewer patients are represented in the presentation of the mean.
Abbreviations: COPD, chronic obstructive pulmonary disease; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension; PH, pulmonary hypertension; 
SaO2, oxygen saturation; V̇O2, oxygen uptake.

However, due to this study design, we found significant 

differences in pulmonary function between patients with 

and without PH. One can argue that the observed differences 

between the two groups are more related to differences in 

airway obstruction than in pulmonary hemodynamics, and 

we agree that the differences in pulmonary function may 

to some extent explain the differences during exercise. To 

control for differences in load and pulmonary function, 

we therefore applied a statistical model that allowed us to 

consider the number of load levels performed, and to mini-

mize the confounding effect of airway obstruction, we cor-

rected for FEV
1
, as well as gender and age. With this model, 

we identified significant differences for HR, V̇E, Rf, SaO
2
, 

PaO
2
, PaCO

2
, and pH.

The strong impact of blood gases is visualized in Figure 1, 

and calculations confirmed significant differences at rest, peak 

exercise, and when all exercise levels were included. Hypoxia 

has a role in the development of PH in pulmonary disease, 
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and we have earlier shown that PaO
2
 is a strong predictor 

of mPAP in COPD patients.17 Alveolar hypoxia induces 

vasoconstriction in pulmonary vessels, and when chronic, it 

causes remodeling of the small muscular arteries, increasing 

pulmonary artery pressure. Remodeling of vessels has also 

been shown in normoxic smokers,23 indicating that inflam-

matory mechanisms also contribute to PH in COPD patients. 

The remodeling causes worsening of gas diffusion capacity, 

which is already low in COPD patients with emphysema. The 

resulting hypoxemia reflects alveolar hypoxia, pulmonary 

vascular dysfunction, and V̇E perfusion mismatch and has a 

detrimental effect on exercise capacity. 

In our LMM, V̇O
2
 was not related to PH, and as shown 

in Figure 1, both groups had similar V̇O
2
 at a given load. 

There was no significant difference in HR at rest or peak 

exercise; however, LMM analyses confirmed that PH had 

a significant effect on HR. The higher HR in COPD-PH 

may reflect increased sympathetic activity, and both hypox-

emia and impaired ventricular function are associated with 

tachycardia. We have previously documented compromised 

right heart function for the COPD-PH group,24 which might 

influence both HR and O
2
-pulse, but in LMM analysis, we 

were not able to show significant effect of PH regarding 

O
2
-pulse. V̇E was lower in COPD-PH at peak exercise, as 

expected with more severe airway obstruction. However, in 

LMM analyses, when we considered all measurements and 

adjusted for airway obstruction, V̇E was actually higher in 

COPD-PH, possibly due to the effects of PaCO
2
, PaO

2
, and 

lactate. LMM analyses revealed higher breathing frequency 

in COPD-PH than in COPD-noPH, whereas V
T
 was similar. 

Unfortunately, inspiratory capacity was not measured during 

exercise, but these findings may be associated with dynamic 

hyperinflation. 

Despite the differences in pulmonary function between 

COPD-noPH and COPD-PH in our study, it is relevant to 

compare our results to those of studies of more uniform 

COPD cohorts. Unlike our study, most studies have not been 

able to demonstrate significant differences in peak work load 

and V̇O
2
 between COPD patients with and without PH.10,11,14 

However, Thirapatarapong et al found significant differ-

ences in work load and V̇O
2
 in a study of comparable size 

including 98 COPD/emphysema patients with FEV
1
 ,50% 

predicted evaluated for lung transplant, volume reduction 

surgery, or rehabilitation.13 Like our study, Thirapatarapong 

et al also demonstrated that O
2
-pulse was significantly lower 

in COPD-PH, although they found lower values in both the 

groups than we did (5.0 vs 7.5 mL/beat in COPD-PH and 

5.2 vs 9.4 mL/beat in COPD-noPH). Other studies have not 

found differences in O
2
-pulse.10,11 V̇E/V̇CO

2
 is an indicator 

of V̇E/perfusion mismatch, and similar to our observations, 

Holverda et al found significantly higher V̇E/V̇CO
2
 nadir in 

COPD-PH in a study of 25 patients with moderate-to-severe 

COPD.11 The lower PaO
2
 and SaO

2
 at rest and peak exercise 

Table 3 Estimated overall difference between COPD patients 
with (n=22) and without (n=71) pulmonary hypertension including 
measurements at rest and each level of exercise up to 85 watts, 
adjusted for gender, age, and FEV1

Variables Difference 95% CI P-value

V̇O2, mL/min/kg 0.02 −0.8, 0.9 0.97
Ventilation, L/min 3.9 1.2, 6.6 0.01
Respiratory frequency, 
breaths/min

2.4 0.4, 4.4 0.02

Tidal volume, L 0.03 −0.1, 0.1 0.53
Heart rate, beats/min 7.3 1.8, 12.7 0.01
O2-pulse, mL/beat 0.07 −0.5, 0.7 0.82
V̇E/V̇CO2 0.1 −2.7, 2.9 0.93
PaO2, mmHg −13 −17, −9 ,0.001
PaCO2, mmHg 4 2, 6 ,0.001
SaO2, % −6 −7, −5 ,0.001
pH −0.02 −0.03, −0.002 0.03
Lactate, mmol/L 0.7 −0.2, 1.5 0.12

Notes: Estimated marginal mean from linear mixed model analyses. Reference 
group: mPAP ,25 mmHg. P-values are shown in bold for significant differences.
Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary 
disease; FEV1, forced expiratory volume in 1 second; mPAP, mean pulmonary artery 
pressure; O2-pulse, oxygen pulse; PaCO2, arterial carbon dioxide tension; PaO2, 
arterial oxygen tension; SaO2, oxygen saturation; V̇CO2, carbon dioxide production; 
V̇E, ventilation; V̇O2, oxygen uptake.

Figure 2 ROC curve for the prediction of pulmonary hypertension for PaO2 during 
unloaded pedaling exercise.
Abbreviations: PaO2, arterial oxygen tension; ROC curve, receiver operating 
characteristic curve.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of COPD 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

98

Skjørten et al

in patients with PH in our study are also demonstrated in 

other studies,11,14,15 emphasizing the important role of blood 

gases in the evaluation of PH in COPD. 

Patients with pulmonary arterial hypertension often dem-

onstrate low AT.25 In COPD patients, AT is more difficult 

to evaluate by ventilatory methods, as they often terminate 

exercise at the moment they reach ventilatory compensation 

point; thus, we chose to define AT as the V̇O
2
 where arterial 

lactate is 3 mmol/L. The arterial cannula made repeated 

lactate measurements possible and allowed a more accurate 

evaluation of AT. To have an arterial cannula inserted is more 

time-consuming and discomforting for the patient; however, 

we consider it well worth the effort as repeated blood gas 

and lactate measurements provide very useful information. 

We did not experience any adverse events related to the 

arterial cannula. 

In our cohort, even for patients with mPAP in the higher 

range, we found predominantly ventilatory exercise limita-

tion. Mean ventilatory reserve capacity was fully exhausted in 

COPD-PH, and one can discuss the rationale for identifying 

mild-to-moderate PH in those patients, as V̇E and hypoxemia 

were the major contributors to exercise limitation. Moreover, 

vasodilating agents have a detrimental effect on PaO
2
 in 

patients with COPD,26 and PH-specific medication is not 

recommended.22 However, identifying PH in COPD pinpoints 

patients at risk who need extra support in terms of broncho-

dilating treatment and oxygen supplement. In the future, they 

may be the target of anti-inflammatory treatment inhibiting 

remodeling of pulmonary vessels. When suspecting PH in 

COPD, an exercise test demonstrating maximal load ,85 W 

and PaO
2
 ,61 mmHg during unloaded pedaling justifies 

referral to further investigations by a cardiologist.

Limitations
In order to study only precapillary PH in COPD, many 

patients with common comorbidities were excluded from 

the study; thus, our findings may not be applicable to the 

general COPD population.

COPD patients experience enhanced pressure swings 

during the respiratory cycle, and the intrathoracic pressure 

transmits to pulmonary vasculature.27,28 We have measured 

pulmonary artery pressures at end expiration, which may 

overestimate mPAP, and unfortunately, we have not been 

able to compensate for respiratory fluctuations. We do 

believe, however, that our data do not deviate much from the 

true result, as the pressure swings are less important at rest 

compared with during exercise where they are augmented 

by dynamic hyperinflation.

We have not measured end-tidal pressures of CO
2
 (PET 

CO
2
) as the equipment available for the study did not have 

this option. PET CO
2
 could have provided additional infor-

mation about V̇E/perfusion mismatch. 

The reference values we have used for CPET were from 

treadmill exercise,21 whereas the study patients exercised on 

a cycle ergometer. About 10% lower V̇O
2
 would be expected 

when cycling, leading to a false low V̇O
2
 %predicted value. 

However, as the aim was to compare the groups, this limita-

tion did not affect our results.

COPD

Cardiopulmonary
exercise test

Maximal exercise:
25–85 watt

Maximal exercise:
>85 watt

PaO2 at unloaded
pedaling ≤61 mmHg

PaO2 at unloaded
pedaling >61 mmHg

Maximal exercise:
unloaded pedaling

Pulmonary hypertension
unlikely

Pulmonary hypertension
likely

Figure 3 Flowchart for the evaluation of pulmonary hypertension in patients with COPD.
Abbreviations: COPD, chronic obstructive pulmonary disease; PaO2, arterial oxygen tension.
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Conclusion
The present study of COPD outpatients with a broad range 

of airway obstruction showed significant differences during 

CPET for COPD patients with and without PH. We observed 

that although multiple variables differed at rest and peak 

exercise, only PaO
2
, PaCO

2
, SaO

2
, pH, HR, V̇E, and Rf dif-

fered in a statistical model that considered the entire course 

of exercise and adjusted for gender, age, and FEV
1
. If load 

.85 W was achieved, PH was unlikely. If unloaded pedaling 

was the maximal load achieved, PH was observed in 50%. 

PaO
2
 was the parameter that best discriminated between 

COPD-noPH and COPD-PH. CPET alone was not able to 

fully diagnose COPD patients with PH, but very low exercise 

performance and PaO
2
 strongly indicated PH. 
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