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Diagnostic Procedures 

 

Cardiopulmonary exercise testing 

An incremental protocol with a work rate between 5 and 20 Watts per minute or a 25 

Watt incremental step protocol each one or two minutes was performed up to the 

patients’ maximum tolerance. Before starting the test, all patients were encouraged to 

give a maximal effort. Gas exchange was measured breath-by-breath during the test, 

using a commercially available gas exchange system (Viasys/CareFusion, Rolle, 

Switzerland). All centers used the equipment of the same manufacturer. Calibration 

was performed as recommended [S1]. Electrocardiography and pulse oximetry were 

continuously monitored. Minute ventilation, heart rate, oxygen pulse, oxygen uptake 

(VO2), carbon dioxide output, ventilatory equivalents for oxygen uptake (VE/VO2), 

ventilatory equivalents for carbon dioxide output (VE/VCO2), tidal volume vs minute 

ventilation, end-tidal O2 partial pressure (PETO2) and CO2 partial pressure (PETCO2) 

and the respiratory exchange ratio were measured breath-by-breath and averaged by 

a fixed time frame of 10-30 seconds. The time frame was optimized to best visual 

display of the data. The anaerobic threshold (AT) was determined from gas exchange 

by the V-slope method, as previously described [S2]. The other key variables were 

calculated and plotted as previously described [S3,S4]. Parameters of ventilatory 

efficiency (VE/VCO2 and PETCO2) were measured at the AT for analysis. Additionally, 

the lowest VE/VCO2 (nadir VE/VCO2) and the highest PETCO2 value during exercise 

(peak PETCO2) were determined for analysis. An example is shown in Figure 2. All 

analytic procedures were performed for each of the described gas exchange 

parameters.  

 All CPET studies were interpreted in a blinded manner by two reviewers from 

different centers (DD, RE). No reviewer interpreted tests from his own center.  
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All studies with questionable plausibility were additionally analyzed by the second 

reviewer, following a consensus agreement between both reviewers. Details on the 

determination of test implausibility are shown in table S1.  

 

Results 

Optimal expression of key parameters 

In each analysis, peak VO2 showed highest correlation with the invasively determined 

diagnosis of PAH when expressed as an absolute value, corrected for body weight 

(ml/min/kg).  (Figure S2A). Considering absolute values (ml/min) or the percentage of 

predicted values showed lower AUC values. PETCO2 showed highest correlation with 

the invasively determined diagnosis when the highest value during exercise was 

considered, instead of selecting the AT value (Figure S2B). VE/VCO2 similarly 

correlated best with the hemodynamic diagnosis of PAH when analyzing the lowest 

value during exercise, instead of considering the value at the AT (Figure S2C).  

 

Diagnostic accuracy and threshold values – subgroup analysis 

In the subgroup analysis, only including PAH patients with a moderate PAP elevation 

(group B1), peak VO2 showed highest sensitivity (73.9%), and peak PETCO2 showed 

highest specificity (84.6%, table S3).  

 

Diagnostic accuracy in relation to PAWP 

 A subgroup analysis was performed, dividing the whole cohort into a group 

with a PAWP<12 mmHg (n=127) and a group with a PAWP≥12 mmHg (n=44), 

independent of PAH status. For each of the two groups, a separate ROC analysis 

was performed for all relevant gas exchange parameters. The AUC showed higher 

values in the group with a PAWP<12 mmHg compared to the group with a 

PAWP≥12mmHg for peak VO2 (AUC 0,934 vs 0,775), peak PETCO2 (AUC 0,896 vs 
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0,750), nadir VE/VCO2 (AUC 0,890 vs 0,739), and AT (AUC 0,882 vs 0,769) (Figure 

S3).  
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Figure Legends 
 

 

Figure S1: Example of determining VE/VCO2 and PETCO2 at the AT:  

1) Determine the AT by the V-slope method (left panel) 

2) Locate time point of the AT oxygen uptake determined by the V-Slope method 

(right upper panel) 

3) Locate VE/VCO2 value (right middle panel) and  

4) PETCO2 value (right lower panel) at that time point 

Determining nadir VE/VCO2:  

Locate lowest VE/VCO2 value (N) during incremental exercise phase (middle panel) 

Determining peak PETCO2:  

Locate highest PETCO2 value (P) during incremental exercise phase (lower panel) 

 

Figure S2: ROC comparison of different parameter expressions in all analyzed 

patients (n=173), group A+C (no PAH) vs. group B (PAH). Different methods of peak 

VO2, PETCO2 and VE/VCO2 display. (A): Sensitivity and specificity of peak VO2 

expressed as percent of predicted, ml/min and ml/min/kg. (B):  Sensitivity and 

specificity of PETCO2, expressed as measurement at start of exercise, measurement 

at the AT and measurement of the peak value during exercise. (C): Sensitivity and 

specificity of VE/VCO2, expressed as measurement at start of exercise, 

measurement at the AT and measurement of the nadir value during exercise. 

 

Figure S3: ROC analysis of PAH detection by exercise gas exchange parameters 

(peak VO2, peak PETCO2, nadir VE/VCO2, AT) depending on PAWP. Comparison of 

group A (no PAH) vs group B (PAH). Upper panel: Only patients with a PAWP < 12 
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mmHg were included. Lower panel: Only patients with a PAWP ≥ 12 mmHg were 

included.   
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Tables 
 

Table S1: Criteria for implausibility of CPET studies 

 

Reason for implausibility Number of disqualified studies 

Test duration < 2 minutes 3 

Respiratory exchange ratio < 0.6 at 

rest 

2 

Low minute ventilation at rest  

(< 2 l/Min) 

1 

Signs of leaking mask at maximal 

exercise (simultaneous plateau in VE, 

VO2 and VCO2) 

7 

Low exercise minute ventilation  

(< 20 l/Min at 50 W or  

< 35 l/Min at 100 W)  

4 

Submaximal test (RER < 0.85 with a 

physiological increase in VO2) 

3 

Chaotic breathing pattern 1 
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Table S2: Classification of patients according to hemodynamic measurements 

 

 Group Subgroup Hemodynamic definition 

A No PAH 

A1: Normal  PAPmean ≤ 21 mmHg 

A2: Borderline PAP 

elevation 

PAPmean 21-24 mmHg,  

PAWP ≤ 15 mmHg 

B PAH 

B1: Moderate PAP 

elevation 

PAPmean 25-36 mmHg,  

PAWP ≤ 15 mmHg 

B2: Severe PAP 

elevation 

PAPmean ≥ 37 mmHg,  

PAWP ≤ 15 mmHg 

C Postcapillary PH 
PAPmean ≥ 25 mmHg,  

PAWP > 15 mmHg 
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Table S3: Threshold values for peak VO2, AT, peak PETCO2 and nadir VE/VCO2 

in different diagnostic settings. Comparison of patients without PAH (groups 

A+C) to patients with PAH and PAPmean between 25 and 36 mmHg (group B1).  

Condition Parameter Threshold Sensitivity Specificity Positive 

predictive 

value 

Negative 

predictive 

value 

RHC 

referral 

rate 

Missed 

PAH 

diagnoses 

Maximizing 

cumulative 

sensitivity 

+ 

specificity 

by Youden 

index 

Peak VO2 

(ml/min/kg) 

13.7  73.9 % 78.0 % 38.1 % 93.3 % 28.7 % 30.4 % 

Peak 

PETCO2 

(mmHg) 

31.3  69.6 % 84.6 % 45.7 % 93.7 % 24.0 % 30.4% 

Nadir 

VE/VCO2 

36.5 65.2 % 87.0 % 48.4 % 93.0 % 21.2 % 34.8 % 

AT 

(ml/min/kg) 

8.4  47.8 % 91 % 47.6 % 89.5 % 14.5 % 56.5 % 

Minimizing 

false 

negative 

results 

Peak VO2 

(ml/min/kg) 

17.6  95.7 % 45.5 % 24.2 % 98.2 % 62.3 % 4.3 % 

Peak 

PETCO2 

(mmHg) 

42.5  95.7 % 5.7 % 15.9 % 87.5 %  94.5 % 4.3 % 

Nadir 

VE/VCO2 

25.5 95.7 % 12.2 % 16.9 % 93.8 % 89.0 % 4.4 % 

AT 

(ml/min/kg) 

13.2 95.7 % 15.6 % 17.6 % 95.0 % 86.2 % 17.6 % 

Verifying 

literature 

values 

Peak 

PETCO2 

(mmHg) 

32 69.6 % 76.4 % 35.6 % 93.1 % 30.9 % 30.4 % 

Nadir 

VE/VCO2 

34 69.6 % 74.8 % 28.1 % 92.1 % 39.0 % 30.4 % 
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Figure S3 

Peak VO2 Peak PETCO2 Nadir VE/VCO2 AT 

Peak VO2 Peak PETCO2 Nadir VE/VCO2 AT 

AUC = 0.750 
95% CI 0.599-0.901 

AUC = 0.775 
95% CI 0.639-0.911 

AUC = 0.739 
95% CI 0.585-0.892 

AUC = 0.769 
95% CI 0.621-0.917 

AUC = 0.934 
95% CI 0.879-0.990 

AUC = 0.896 
95% CI 0.809-0.984 

AUC = 0.890 
95% CI 0.801-0.980 

AUC = 0.882 
95% CI 0.798-0.965 


