
Exercise pulmonary haemodynamic
response predicts outcomes in fibrotic
lung disease

To the Editor:

Pulmonary hypertension is diagnosed by an elevated mean pulmonary arterial pressure (mPAP) during
resting right heart catheterisation (RHC) [1]. Although “exercise-induced pulmonary hypertension” is no
longer a distinct clinical entity, recently, there has been renewed interest in the prognostic value of
pulmonary haemodynamic responses to exercise, particularly in patients with fibrotic lung disease [1–4].
As the optimal use of exercise RHC in this cohort remains unknown, our main objective in this study was to
study the relationship between exercise haemodynamics and outcomes in fibrotic lung disease patients [3–7].

All consecutive fibrotic lung disease patients undergoing exercise RHC testing at our centre over a 7-year
period, regardless of the mPAP at rest, were included in the study. Fibrotic lung disease, scored by one
observer (A. Jose) using the method of GOH et al. [8], was defined as >10% fibrosis on computed
tomographic imaging at the time of exercise RHC. Subjects without fibrotic lung disease, those with
missing data and those with an elevated pulmonary artery wedge pressure (PAWP) at rest (>15 mmHg)
were excluded.

Measurements at rest included heart rate, right atrial pressure (RAP), mPAP, digital mean PAWP,
thermodilution cardiac output (CO) and pulmonary artery oxygen saturation. Pressures were measured as
the digital mean across several respiratory cycles. Pulmonary vascular resistance (PVR) was calculated in
the standard fashion. After baseline haemodynamic measurements, the patients underwent supine bicycle
ergometer exercise to (subjective) maximal exertion and haemodynamic measurements were repeated.

The total pulmonary resistance was calculated both at rest (TPR=mPAP/CO) and at peak exercise
(TPRex). The exercise-induced TPR (ΔTPRex=ΔmPAP/ΔCO) was calculated from the difference between
rest and peak exercise haemodynamics [1, 3, 5–7]. An abnormal precapillary ΔTPRex, reflecting
pulmonary arterial response to exercise, was defined as ΔTPRex ⩾3 mmHg·L−1·min−1 with concomitant
PAWP <20 mmHg at peak exercise. This cut-off was used to definitively exclude patients with occult left
heart disease [1, 7]. Demographic, laboratory, functional testing (including 6-min walk test (6MWT)) and
pulmonary function testing (PFT) were collected within 3 months of the index exercise RHC.

The primary outcome was defined as the first of three clinical worsening events: hospitalisation for
cardiopulmonary decompensation, lung transplantation or death. Information on the primary outcome
was obtained from the medical record and review of patient’s charts. Time zero was the date of the index
RHC, and patients were followed until either an event occurred or the study period ended. Patients lost to
follow-up were censored at the time of their last clinical encounter. This study was reviewed and approved
by the Inova Institutional Review Board (IRB 15-2025).

Differences in clinical and haemodynamic characteristics between groups were compared using the
Wilcoxon rank-sum test for continuous variables and the Chi-squared test for categorical variables. A
two-tailed p-value <0.05 was considered significant. Cox proportional hazard models were used to assess
the relationship between variables and time to clinical worsening [9]. The variance inflation factor was
used to test for collinearity, with variables being retained on the basis of their univariable p-value.
Non-collinear individual variables with a p-value <0.1 in the univariable analysis were incorporated into
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the final multivariable model, which was subsequently adjusted for age, sex, RAP, resting mPAP, resting
CO, baseline 6MWT and the presence of targeted pulmonary arterial hypertension (PAH) therapy.
Additionally, an unadjusted multivariable analysis excluding patients with an exercise PAWP ⩾20 mmHg
was performed to exclude those patients with occult post-capillary disease. This model was constructed
using forwards and backwards selection, retaining variables based on the likelihood ratio test.

The proportional hazards assumption was examined for all models using scaled Schoenfeld residuals. All
analyses were performed using R version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).

TABLE 1 Baseline demographic, clinical and haemodynamic characteristics, and Cox
proportional hazards models

Baseline characteristics
Age years 65 (51–72)
White race 30 (61%)
Female sex 36 (73%)
On pulmonary arterial hypertension therapy 17 (35%)
BMI kg·m−2 29.6 (24.2–34.3)
Hypertension 28 (57%)
Diabetes mellitus 11 (22%)
Obstructive sleep apnoea 12 (24%)
Coronary artery disease 11 (22%)
6-min walk distance m 314 (215–396)
Pulse-rate recovery 21 (12–29)
Borg dyspnoea scale value 4 (3–5)
FVC L 1.96 (1.49–2.33)
FVC % predicted 61 (53–74)
FEV1 L 1.45 (1.15–1.70)
FEV1 % predicted 60 (49–73)
FEV1/FVC 77 (68–84)
TLC L 3.04 (2.59–3.61)
TLC % predicted 59 (47–69)
DLCO mL·mmHg−1·min−1 8.3 (7.2–10.5)
DLCO % predicted 32 (24–39)
Resting RAP mmHg 3 (2–6)
Resting systolic PAP mmHg 40 (35–55)
Resting diastolic PAP mmHg 15 (11–20)
Resting mean PAP mmHg 25 (21–34)
Resting PAWP mmHg 10 (7–13)
Resting cardiac output L·min−1 5.0 (4.5–6.5)
Resting PVR WU 2.6 (1.8–3.9)
Resting heart rate beats per min 70 (66–85)
Resting PAsat % 72 (69–74)
Pro-BNP pg·mL−1 38 (20–125)

Unadjusted final proportional hazard model
Diabetes mellitus 2.53 (1.05–6.07) (p=0.039)
6-min walk distance m 0.99 (0.99–1.00) (p=0.261)
Abnormal precapillary ΔTPRex 3.09 (1.22–7.85) (p=0.018)

Adjusted final proportional hazard model#

Diabetes mellitus 2.29 (0.86–6.11) (p=0.098)
6-min walk distance m 1.00 (0.99–1.00) (p=0.320)
Abnormal precapillary ΔTPRex 3.81 (1.05–13.79) (p=0.042)
Global scaled Schoenfeld residuals p=0.111

Unadjusted final hazards model: peak exercise PAWP <20 mmHg¶

ΔTPRex mmHg·min·L−1 1.14 (1.02–1.27) (p=0.025)
Global scaled Schoenfeld residuals p=0.759

Data are presented as median (interquartile range) or hazard ratio (95% CI), unless otherwise stated. BMI:
body mass index; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; TLC: total lung capacity;
DLCO: diffusing capacity of the lung for carbon monoxide; RAP: right atrial pressure; PAP: pulmonary
arterial pressure; PAWP: pulmonary artery wedge pressure; PVR: pulmonary vascular resistance; WU:
Wood unit; PAsat: pulmonary artery saturation; BNP: brain natriuretic peptide; ΔTPRex: exercise induced
change in total pulmonary resistance. #: adjusted for age, sex, resting RAP, resting mean PAP, resting
cardiac output and resting 6-min walk distance, and stratified on the presence of pulmonary arterial
hypertension therapy; ¶: n=22.
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A total of 119 patients underwent exercise RHC, of whom 49 had fibrotic lung disease and were included
in the final analysis. The most common aetiology of lung disease was connective tissue disease associated
(39%), followed by nonspecific interstitial pneumonitis (18%), and combined pulmonary fibrosis and
emphysema (14%).

The baseline characteristics of patients are shown in table 1. Patients were predominantly older Caucasian
females. As expected, all patients displayed physiological restriction and diffusion capacity impairment on
PFT. A number of patients (55%) had PH at rest and 35% were on targeted PAH therapy at the time of
the exercise RHC testing. The median observation period was 11 months and a total of 25 patients (51%)
experienced the primary outcome of clinical worsening. The most common primary outcome event was
hospitalisation, the majority (80%) driven by interstitial lung disease exacerbations. A total of four patients
died during the study period and one patient underwent lung transplantation.

As compared to stable patients, those with clinical worsening had a significantly higher resting PVR, lower
resting RAP and PAWP, and lower 6MWT distance. Additionally, the presence of diabetes mellitus was
significantly more common. Although there were no significant differences in exercise haemodynamics, a
greater proportion of patients with clinical worsening (40% versus 17%) had an abnormal pre-capillary
ΔTPRex.

The final multivariable models are shown in table 1. After adjustment, only an abnormal pre-capillary ΔTPRex
was significantly predictive of clinical worsening (hazard ratio 3.81, p=0.042). When limiting the analysis to
patients with an exercise PAWP <20 mmHg, the ΔTPRex had the strongest association with clinical worsening.

Our study demonstrates that abnormal pulmonary exercise parameters, specifically an abnormal
precapillary ΔTPRex, may predict clinical outcomes in patients with fibrotic lung disease. This variable
may reflect the underlying pulmonary vascular abnormalities present in some patients with fibrotic lung
disease [10–12]. Functionally, abnormal elevations in the ΔTPRex with exercise may reflect an impaired
relationship between mPAP and CO due to a limited pulmonary vascular reserve, recruitment and
compliance. Independent of the pulmonary vasculature, these abnormalities may also be a consequence of
hypoxic pulmonary vasoconstriction during exercise and fibrotic destruction of the pulmonary capillary
bed [5, 6, 10–13]. Interestingly, our results suggest that the presence of diabetes mellitus might also be
associated with worse outcomes. While our study was not designed to study this specific relationship, we
suggest that the association between exercise haemodynamics, metabolic dysfunction, pulmonary vascular
remodelling and clinical outcomes warrants further study [14].

In contrast to previous studies in patients with idiopathic pulmonary fibrosis, we found no association
between the PFT measures of disease severity and outcomes [15]. This may be due to the small numbers
and heterogeneous aetiologies of lung fibrosis in our study.

Our study has a number of strengths, including a well-described population of patients undergoing
exercise RHC and accounting for known markers of clinical worsening in our final model. However, there
are also some limitations. The study population included patients from a single tertiary referral centre,
some also predisposed to PAH due to conditions like scleroderma, and thereby on targeted PAH therapy.
This could potentially have introduced a certain selection bias and limits the generalisability of our findings.

In conclusion, exercise pulmonary haemodynamic response in the form of an abnormal pre-capillary ΔTPRex
is significantly and independently predictive of adverse clinical outcomes in patients with fibrotic lung
disease. Utilisation of haemodynamic information obtained during exercise RHC testing might be a useful
tool to risk-stratify patients with fibrotic lung disease. Further studies are encouraged to validate our findings.
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