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ABSTRACT 

Purpose: Pulmonary hypertension (PH) is frequently observed in advanced idiopathic 

pulmonary fibrosis (IPF), and is associated with poor prognosis. Non-invasive and early markers 

of pulmonary vascular impairment are needed for accurate prognostic assessment. We studied 

whether non-invasive exercise parameters are predictive for PH in IPF; and determined the 

predictive value of these parameters for survival.

Methods: From our interstitial lung disease protocol database, we reviewed the records of 

consecutive patients with IPF in whom symptom limited cardiopulmonary exercise testing and 

echocardiography were performed within two weeks.

Results: The data of 38 patients diagnosed with IPF were included in the present study. Eleven 

patients (29%) had evidence of PH at rest, defined as sPAP ≥40mmHg. From all non-invasive 

CPET parameters only the ventilatory equivalent for CO2 (V’E/V’CO2) at anaerobic threshold 

differed significantly between patients with and without PH. ROC curve analysis for V’E/V’CO2 

resulted in AUC of 0.77 (95% CI: 0.569 – 0.970; p=0.026), with an optimal cut-off value for 

predicting PH of >45.0. Patients with a V’E/V’CO2 >45.0 had a significantly worse survival 

compared to patients with a V’E/V’CO2 ≤45.0 (p=0.001). In contrast, sPAP did not predict survival 

in this group of patients.

Conclusion: Based upon our data, we suggest that V’E/V’CO2 at anaerobic threshold is a 

potentially useful non-invasive marker for early detection of pulmonar vascular impairment, 

and therefore may be of use for a more accurate prognostic assessment of IPF patients.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a uniformly fatal disease of unknown etiology. (1-4). 

Clinically, IPF is characterized by gradually progressive dyspnea, impaired exercise capacity, a 

decreased quality of life and reduced life expectancy. In IPF, pulmonary hypertension (PH) is 

frequently observed in advanced disease; reported prevalence ranging from 8% to 84% (5-7). 

Importantly, in patients with IPF, the presence of PH at rest has a significant adverse impact on 

survival (5;6;8). In advanced fibrosis, pulmonary vascular resistance as measured by right heart 

catheterization was demonstrated to be associated with early mortality (9). Accurate prognostic 

assessment is important, particularly with regard to transplant assessment and prioritization. 

However, invasive assessment with right heart catheterization is not always practicable. 

Noninvasive and early markers of pulmonary vascular impairment are therefore needed for 

accurate prognostic assessment. 

  In PH, reduction in exercise capacity is one of the key symptoms; and exercise capacity, 

reflected by peak oxygen consumption (V’O2-peak) in a symptom limited cardiopulmonary 

exercise test (CPET) was shown to be an important predictor of survival in PH patients (10;11). 

Upon analysis with CPET, pulmonary vascular limitation is reflected by a typical pattern of 

physiological responses. This pattern is well described and validated, and has prognostic 

significance in patients with primary pulmonary hypertension (10;12-15). Recognition of this 

pattern can identify exercise intolerance due to pulmonary vascular limitation and might 

therefore serve as a early marker of PH in IPF patients, i.e. even in patients with manifest PH at 

exertion only. 

  The aim of this study was therefore to assess whether non-invasive CPET parameters are 

predictive for the presence of PH in IPF; and to determine the predictive value of these CPET 

parameters for survival. 

METHODS

Patients

Between November 1993 and December 2009 patients with IPF were included in the interstitial 

lung disease (ILD) protocol of the Department of Respiratory Medicine of the Academic Medical 

Centre, a university-affiliated referral centre for ILD in Amsterdam, the Netherlands. This protocol 

is a local protocol for examination and treatment of patients with ILD.

 Diagnosis was made according to the ATS/ERS guidelines (4). If at the time of referral 

the diagnosis had been histologically confirmed, the biopsy material was reviewed in the 

Department of Pathology of our hospital. Otherwise, if indicated, surgical lung biopsy 

was performed if the patient was able to undergo a surgical procedure. If applicable, final 

confirmation was provided by histological investigation of lung resection material at the time 

of lung transplantation or at the time of autopsy. Pathology specimens were judged according 

to the criteria described by Katzenstein and Myers (16). In all patients an occupational or 
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environmental cause for the pulmonary fibrosis was excluded; none of the studied patients 

developed a connective tissue disease during follow-up in the protocol.

Study Design

The records of consecutive patients with IPF in whom symptom limited CPET and 

echocardiography were performed within two weeks were reviewed. All examinations were 

performed as part of routine clinical practice and results were recorded in medical records. For 

study purpose the clinical data of the patients were extracted from these medical records and 

prospectively collected into the ILD protocol database. The research protocol for this study was 

conducted in accordance with the principles of the Declaration of Helsinki. The study protocol 

was approved by the local Medical Ethics Committee, and at inclusion all patients were asked 

for consent to collect their data. However, as the analyses in the present study comprised an 

analysis of anonymised data, registered for research purposes, the need for informed consent 

was waived. 

Echocardiography

Transthoracic echocardiography (TTE) was performed as described before (17;18), using 

conventional clinical echocardiographic equipment with 2.5 or 3.5 mHz transducers. Trans-

thoracic M-Mode, Doppler and two-dimensional images were obtained from para-sternal long- 

and short-axis, apical four- and two chamber, and sub-costal four-chamber views. Tricuspid 

regurgitant jet flow velocity (TRV) was identified by colour flow Doppler techniques. The systolic 

pulmonary artery pressure (sPAP) was estimated by use of the maximum tricuspid regurgitation 

jet velocity (TRV). The velocity was used to obtain sPAP from the calculated right ventricle-to-

right atrium systolic pressure gradient (Bernouilli equation) (19;20); to obtain sPAP, right atrial 

pressure (RAP) values were added to the calculated gradient, with RAP estimated by using 

the collapsibility index of the inferior caval vein in each patient (21). Patients with trace or no 

tricuspid regurgitant were considered to have normal sPAP. PH was defined as a sPAP equal to 

or greater than 40 mmHg, based on the criteria of the World Health Organization Symposium 

on primary pulmonary hypertension, which defines mild PH as a sPAP of 40-50 mmHg (22-24).

Cardiopulmonary exercise testing 

Symptom limited CPET was performed and assessed according to the guidelines of the 

American Thoracic Society (25). Briefly, following placement of a radial artery catheter for 

arterial blood sampling, patients were placed on a cycle ergometer in the upright position and 

continuous measurements were made of minute ventilation (V’E), oxygen consumption (V’O2), 

carbon dioxide production (V’CO2), heart rate (HR), blood pressure and electrocardiography. 

Work load was increased by 5 to 15 Watt, depending on the predicted maximum exercise 

capacity and in such a way that maximal effort was attained within 10-15 minutes. Every two 

minutes arterial blood gas analysis was performed. Peak oxygen consumption (V’O2-peak) was 
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defined as the highest attained value averaged over 8 breaths. Oxygen pulse (O2-pulse) was 

calculated as V’O2 divided by HR. Anaerobic threshold (AT) was determined using the V-slope 

method (15). Maximal voluntary ventilation (MVV) was measured prior to CPET, during 15 

seconds of maximal hyperventilation. MVV was used to calculate the ventilatory reserve (pre-

assessed MVV minus peak V’E)

  The PH specific pattern of physiological changes during CPET is characterized by reduced 

peak V’O2 (<84% of the predicted value), low V’O2 at the anaerobic threshold (V’O2@AT; <40% 

of the predicted value), normal to high ventilatory reserve (pre-assessed maximal ventilation 

minus actual peak-ventilation; >11 L or >15% of maximal ventilation), a high ventilatory 

equivalent for CO2 (V’E/V’CO2) at the anaerobic threshold (>34), and a decreased oxygen-pulse 

(O2-pulse (V’O2/HR)) reflecting an impaired stroke volume response (12-15;26).

Statistical analysis

Results are expressed as mean ± standard deviations (SD). SPSS (version 18.0) and Graphpad 

Prism (version 5.01) statistical software were used for data analysis. Pearson’s correlation 

coefficients were calculated for correlations between sPAP and non-invasive exercise parameters, 

and were tested for two-sided significance. An unpaired t-test was used to analyze differences 

between the patients with and without PH. For the exercise variables that were significantly 

different between IPF patients with and without PH, receiver-operator characteristic (ROC) 

curve analysis was performed to further determine the prognostic value of these variables for 

the presence of PH. Optimal cut-off points for predicting the presence of PH were identified 

by determining the highest sum of sensitivity and specificity values. Areas under the curve 

(AUC) are presented with a 95% confidence interval (CI). For parameters with a significant AUC, 

univariate Kaplan-Meier survival curves were constructed. Hazard ratios and their 95% CI were 

calculated by univariate Cox proportional risk analysis. For all analyses, a value of p <0.05 was 

considered statistically significant.

 

RESULTS

The data of 38 patients diagnosed with IPF (8 females; age 60±9 yrs (range 39-75)), who fulfilled 

the predefined citeria, i.e. echocardiography and CPET within 2 weeks, were included in the 

present study. In our cohort of 38 IPF patients, 11 patients (29%) had evidence of PH at rest 

with sPAP ranging from 40 to 68 mmHg. Of the 27 patients without evidence for PH, 13 had an 

undetectable TRV and were considered to have normal sPAP. Baseline characteristics between 

patients with or without evidence of PH were similar (Table1). 
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Table 1  Differences between IPF patients with (sPAP≥40 mmHg) and without (sPAP<40 mmHg) evidence 
of pulmonary hypertension. 

sPAP < 40 mmHg
(n= 27)

sPAP ≥40 mmHg
(n= 11) p-value

Age, yrs 58 ± 10 62 ± 8 ns

Gender, M/F 22/5 8/3 ns

VC, % predicted 73±16 67±14 ns

FEV1, % predicted 75±16 72±14 ns

TLC, % predicted 68±16 57±11 ns

TL,CO, % predicted 46±15 36±18 ns

TL,CO/VA, % predicted 75±17 68±27 ns

Peak Workload, % predicted 76±27 59±38 ns

V’O2-peak, % predicted 73±24 63±24 ns

V’E-peak, % predicted 103±45 96±38 ns

HR-peak, % predicted 86±11 86±13 ns

V’E/V’CO2@AT 37.9±7.5 54.0±21.9 0.021

O2-pulse, % predicted 86±27 75±38 ns

Data are expressed as mean ± SD; a p-value <0.05 was considered statistically significant; ns: not significant

Exercise capacity

Twenty-nine of the 38 studied patients (76%) had a diminished exercise capacity with a 

decreased peak oxygen uptake (V’O2-peak), i.e. below 84% of the predicted value. On average, 

V’O2-peak (16.5±5.5 ml.min-1.kg-1; 66.6% predicted), and maximal work rate (97.8±48.1 Watt; 

63.2% predicted) were decreased. In accordance with maximal effort, RER at top was 1.17±0.24. 

Mean ventilatory reserve was decreased (5.4±22.4 L or 2.2±26.9% of MVV), indicating a 

ventilatory limitation to exercise. Reduced exercise capacity met the accepted criteria for 

exercise limitation by a pulmonary vascular limitation in 9 patients, 6 of whom had an sPAP 

≥40 mmHg (mean sPAP 53±9 mmHg); the other 3 patients had an undetectable TRV. From the 

patients without CPET characteristics indicative for a pulmonary vascular limitation to exercise, 

9 had a normal exercise tolerance, while the others (n=20) were in major part limited by their 

ventilatory capacity. 

  Despite a significant correlation with sPAP (r=-0.50, p=0.012; Figure 1), V’O2-peak did not 

differ between patients with and without PH (Table 1). From all non-invasive CPET parameters 

only the ventilatory equivalent for CO2 (V’E/V’CO2) at anaerobic threshold differed significantly 

between patients with and without PH. ROC curve analysis for V’E/V’CO2 resulted in an AUC of 

0.77 (95% CI: 0.569 – 0.970; p=0.026; Figure 2). The optimal cut-off point for predicting PH was 

determined by the highest sum of sensitivity and specificity (Table 2), leading to a cut-off for 

V’E/V’CO2 at anaerobic threshold of >45.0. 
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Table 2  Sensitivity, specificity and likelihood ratio determining the diagnostic value of the ventilatory 
equivalent for CO2 (V’E/V’CO2) at anaerobic threshold at different cut-of values.

Cut-off 
V’E/V’CO2

Sensitivity % (95% CI) Specificity% 
(95% CI) Likelihood ratio

> 26.10 100.0 (71.5- 100.0) 7.7 (0.2- 36.0) 1,08

> 36.10 90.9 (58.7- 99.8) 38.5 (13.9- 68.4) 1,48

> 36.80 81.8 (48.2- 97.7) 53.8 (25.1- 80.8) 1,77

> 39.85 72.7 (39.0- 94.0) 69.2 (38.6- 90.9) 2,36

> 45.00 63.6 (30.8- 89.1) 84.6 (54.6- 98.1) 4,14

> 46.35 54.5 (23.4- 83.2) 92.3 (64.0- 99.8) 7,09

> 57.25 36.4 (10.9- 69.2) 100.0 (75.3- 100.0)

Survival

The mean follow-up time in this study was 42.3±42.2 months. The estimated median survival of 

the entire group of patients was 44.0 months, with a 5-year survival rate of 32.4%. Twenty-four 

patients died during the follow-up period (mean follow-up time in non-survivors: 32.9±25.8 

months). A total of 14 patients were still alive at the time of analysis including 3 patients who 

received lung transplantation (follow-up time 58.5±58.8 months, p=0.142, compared with non-

survivors). Baseline characteristics, i.e. age, gender and lung function parameters did not differ 

between patients who died and the survivors (data not shown). 

Figure 1  Relation between peak oxygen uptake (V’O2-
peak) and estimated systolic pulmonary 
arterial pressure (sPAP). Solid squares indicate 
patients with sPAP <40mmHg, open rounds 
indicate patients with sPAP ≥ 40mmHg.
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Figure 1. Relation between peak oxygen uptake (V’O2-peak) and estimated systolic 
pulmonary arterial pressure (sPAP). Solid squares indicate patients with sPAP 
<40mmHg, open rounds indicate patients with sPAP ≥ 40mmHg.  
 

 

 

 
Figure 2  Receiver-operator characteristic (ROC) curve 

of the ventilatory equivalent for CO2 (V’E/
V’CO2) at anaerobic threshold to predict PH in 
IPF patients. Area under the curve (AUC): 0.77 
(95% CI: 0.569 – 0.970; p=0.026). 
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Figure 2. Receiver-operator characteristic (ROC) curve of the ventilatory equivalent 
for CO2 (V’E/V’CO2) at anaerobic threshold to predict PH in IPF patients. Area under 
the curve (AUC): 0.77 (95% CI: 0.569 – 0.970; p=0.026).  
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Figure 3. shows the Kaplan-Meier cumulative survival curve stratified for a V’E/V’CO2 cut-off 

value of >45.0 and sPAP ≥40 mmHg as assessed by echocardiography, respectively. IPF patients 

with a V’E/V’CO2 ≤45.0 (n=24, mean survival time 81.3±14.1months) had a significantly better 

prognosis (p=0.001) compared to patient with a V’E/V’CO2 >45.0 (n=14, mean survival 21.0±4.9 

months). In contrast, sPAP did not predict survival in this group of patients (p=0.235). 

Figure 3  Kaplan-Meier cumulative survival curve stratified for a) IPF patients with (V’E/V’CO2 >45.0, n=14) 
and without (V’E/V’CO2 ≤45.0, n=24) ventilatory equivalent of CO2 at anaerobic threshold above 
45.0 (p=0.001) b) IPF patients with (sPAP≥40 mmHg, n=11) and without (sPAP<40 mmHg, n=27) 
evidence of pulmonary hypertension (p=0.235).

DISCUSSION

In the present study we demonstrated that in patients with IPF, the ventilatory equivalent of 

CO2 (V’E/V’CO2) at anaerobic threshold can be used as a non-invasive marker for the presence 

of pulmonary hypertension, defined as an echocardiographical determined sPAP ≥40 mmHg. 

Moreover, V’E/V’CO2, was shown to be a good predictor of survival in IPF patients. Our data point 

to a possible role for cardio-pulmonary exercise testing as a tool for early prognostic assessment 

in IPF patients.

  As far as we know, this is the first study in which V’E/V’CO2 was shown to be a predictor 

of survival in patients with IPF. Previous studies have reported on other exercise related 

parameters, like arterial oxygen pressure (Pa,O2) at maximal exercise, V’O2-peak <8.3 ml.min-1.

kg-1, six minute walk distance (6-MWD) and/or oxygen desaturation (SaO2<88%) during six 

minute walk test (6-MWT) as predictors of survival in IPF (27-31) In addition, various studies 

reported on the prognostic significance of baseline clinical and physiological markers at rest 

(29;32-34). Recently, baseline TL,CO adjusted for alveolar volume (KCO) and change over time 

in KCO, considered to reflect the level of vascular impairment, were shown to be predictors of 

survival in patients with IPF and fibrotic nonspecific interstitial pneumonia (NSIP); in addition, 

in this study, baseline KCO correlated with sPAP determined by echocardiography at rest (35). 

However, it is highly likely that in IPF, during the course of disease, PH at exertion will precede 

PH at rest. Detection of exercise-induced PH may identify patients prone to develop PH at rest, 

and thereby serve as an early, more accurate tool for the prognostic assessment of IPF patients. 
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Figure 3. Kaplan-Meier cumulative survival curve stratified for a) IPF patients 

with (V’E/V’CO2 >45.0, n=14) and without (V’E/V’CO2 ≤45.0, n=24) ventilatory 

equivalent of CO2 at anaerobic threshold above 45.0 (p=0.001) b) IPF patients with 

(sPAP≥40 mmHg, n=11) and without (sPAP<40 mmHg, n=27) evidence of pulmonary 

hypertension (p=0.235).
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  In pulmonary arterial hypertension, V’E/V’CO2 at anaerobic threshold has been more 

extensively studied. Several studies showed that an increased V’E/V’CO2 at anaerobic threshold 

was associated with hemodynamic severity of disease and survival (10;14;36;37). V’E/V’CO2 at 

anaerobic threshold reflects the ventilatory efficiency. In PH, ventilation is excessively increased 

in relation to the metabolic rate. This excessive ventilation in PH is believed to be caused by 

increased dead space ventilation, exercise induced hypoxemia, sympathetic overstimulation 

and/or stimulation of pressure receptors in the pulmonary vascular bed (10;14;38-40). As blood 

flow fails to perfuse the ventilated lung, dead space ventilation increases. To compensate for 

this increase in dead space ventilation the patient’s ventilatory requirement must increase 

(14;15;41). At the same time, the PH-associated inability to increase cardiac output impairs 

appropriate oxygen transport in response to exercise (26;36), causing a low work rate “lactic 

acidosis” and exercise-induced hypoxemia, thereby further stimulating the ventilatory drive.

  According to the generally accepted criteria for interpretation of clinical exercise testing, 

pulmonary vascular limitation is likely when V’O2-peak and V’O2 at the anaerobic threshold 

are reduced, breathing reserve is normal or high, V’E/V’CO2 at anaerobic threshold is increased 

and O2-pulse is decreased (12-15;26). Individual interpretation of all exercise tests in our study 

showed a pulmonary vascular limitation in 9 patients. In view of the fact that 9 patients had a 

normal exercise tolerance and 20 patients a ventilatory limitation to exercise, it is not surprising 

that overall exercise capacity in this group of patients was determined by ventilatory parameters 

rather than sPAP. The relatively mild severity of disease of patients included in the present study 

must be taken into account here. The relatively high median survival compared to previous 

studies (5;8;9;27;30;42), and the normal exercise tolerance in 9 out of 38 patients suggests that 

we have included patients with less advanced disease. Even more, a V’O2-peak <8.3 ml.min-1.

kg-1 that was previously reported as a good prognostic marker of survival (27), was in our study 

found in 1 patient only.

  Given the mild severity of disease of the patients in this study, our data strengthen the 

usability of V’E/V’CO2 as an early prognostic marker in IPF, especially in the absence of any 

prognostic value of sPAP at rest in this group. Although V’E/V’CO2 was found to differ between 

IPF patients with and without PH and by ROC curve analysis shown to be a good predictor of 

PH, only V’E/V’CO2 and not sPAP ≥40mmHg, was found to predict survival in IPF. This absence 

of any prognostic value of sPAP is in apparent contrast with other studies (5;42). The used cut-

off value of sPAP <40 mmHg may have been of influence. Nadrous and colleagues reported a 

sPAP ≥50mmHg to be associated with worse survival in IPF patients (5). An sPAP ≥50mmHg, 

however, was detected in 4 out of our patients only; again pointing to the relatively mild 

severity of disease in our patients. Moreover, although generally used and validated to screen 

for the presence of PH (22-24), previously reported data on echocardiography in interstitial lung 

diseases showed rather low positive (40-60%) and negative (45-75%) predictive values for the 

presence of PH as determined by right heart catheterization (43;44), which is especially true 

when using a lower cut-off value. This might also explain our CPET findings in 3 patients with 
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a pulmonary vascular limitation despite a non-detectable TRV. More extensive studies using 

right heart catheterization may further clarify the precise relation between V’E/V’CO2 and the 

presence of PH at rest in IPF, although we do not think this will influence its prognostic value.

  The absence of right heart catherization might be considered a major limitation of this 

study. Since by definition a new prognostic variable can never exhibit better sensitivity and 

specificity than the variable to which it is compared; by using echocardiography at rest we may 

have underestimated the prognostic value of V’E/V’CO2 at anaerobic threshold in predicting 

PH. Nevertheless, this does not change its prognostic value for survival, in which V’E/V’CO2 is 

believed to be a marker of an early pulmonary vascular impairment. Ultimately, the relation 

between V’E/V’CO2 and the development of a pulmonary vascular impairment in IPF, as well 

as the prognostic value of V’E/V’CO2 needs to be confirmed in a larger, prospectively studied 

cohort of IPF patients

  In conclusion, in the present study we found V’E/V’CO2 at anaerobic threshold as a marker 

of the presence of PH in ILD. Moreover, V’E/V’CO2 at anaerobic threshold was significantly 

associated with survival. Based upon our data, and given the inclusion of a relatively mildly 

affected group of patients, we suggest that V’E/V’CO2 at anaerobic threshold is a potentially 

useful noninvasive parameter for early detection of clinically significant vascular impairment, 

and therefore may be of use for a more accurate prognostic assessment in IPF patients. 
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