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ABSTRACT Pulmonary arterial hypertension (PAH) is a feared complication of systemic sclerosis. In
this prospective cohort study, we monitored the changes in resting and exercise pulmonary
haemodynamics of scleroderma patients without initial PAH over a mean follow-up period of ∼4 years.

All patients underwent exercise echocardiography and cardiopulmonary exercise testing at baseline and
follow-up. A subgroup underwent exercise right heart catheter (RHC) investigations. The primary end-
point was the echocardiographic systolic pulmonary arterial pressure at 50 W exercise (sPAP50).

We included 99 patients, of whom 58 had a complete dataset. Three out of 99 patients developed RHC-
confirmed PAH (0.75 cases per 100 patient-years). sPAP50 increased (p<0.001) and peak oxygen uptake
(secondary end-point) decreased significantly (p=0.001) during follow-up, but there was no significant
change in resting sPAP (p=0.38). In the RHC subgroup (n=28), mean (m)PAP and pulmonary vascular
resistance at 50 W increased significantly (p=0.02 and p=0.002, respectively), but resting mPAP was
unchanged.

Scleroderma patients without PAH develop a mild but significant deterioration of pulmonary exercise
haemodynamics and exercise capacity over a 4-year follow-up period, indicating a progression of
pulmonary vascular disease. The manifestation rate of RHC-confirmed PAH was 0.75 cases per
100 patient-years.
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Introduction
Pulmonary arterial hypertension (PAH) is a feared complication of systemic sclerosis. The prevalence of
haemodynamically proven precapillary pulmonary hypertension in large cohorts of scleroderma patients
ranges from 5% to 12% [1–5], while the estimated incidence of PAH among systemic sclerosis patients is
between 0.61 and two cases per 100 patient-years [6–10]. PAH is considered to be the primary cause of
death in 14% of scleroderma patients [11], indicating significantly poorer survival than in scleroderma
patients without PAH [3, 11]. Moreover, systemic sclerosis-associated PAH has been shown to have an
even worse prognosis than idiopathic PAH [12–14]. Screening programmes have been implemented in
order to recognise systemic sclerosis-associated PAH at an early stage, in the hope that this may lead to
better therapy responses and improved survival [4, 15, 16].

Clinical signs and markers including decreased diffusion capacity of the lung for carbon monoxide (DLCO)
[9, 17, 18], forced vital capacity [9], exercise hypoxia [18], the presence of anti-RNA polymerase or
anti-U3RNP antibodies [7] and increased N-terminal pro-brain natriuretic peptide (NT-proBNP) [17] may
predict the development of PAH in systemic sclerosis. In addition, a strong increase in pulmonary arterial
pressure (PAP) during exercise, which may indicate stiffening of the pulmonary arteries, was shown to be an
independent predictor of PAH [8, 19] and was associated with decreased exercise capacity and poor outcome
[20, 21]. Altogether, changes in pulmonary exercise haemodynamics over time may reveal important
information on the development of pulmonary vascular disease in scleroderma patients. In this study, we
investigated the changes in pulmonary haemodynamics by means of echocardiography and right heart
catheterisation (RHC) at rest and during exercise in patients with systemic sclerosis. To our knowledge, this
is the first follow-up study of exercise pulmonary haemodynamics in such a patient population. We
hypothesised that exercise PAP values increase over time, indicating the progression of pulmonary vascular
disease.

Patients and methods
Our study included patients with systemic sclerosis who took part in our previous screening programmes
[20, 22] and underwent exercise echocardiography. The time between the baseline and follow-up
investigation was ⩾3 years. Patients with known PAH or those with severe cardiac (systolic or diastolic left
ventricular failure (ejection fraction <50% or diastolic failure >mild), significant valvular disease or
systemic arterial hypertension (resting systolic values >150 mmHg or resting diastolic values >90 mmHg
on medication)) or pulmonary comorbidities (forced expiratory volume in 1 s <60% predicted) at baseline
were excluded. Written informed consent was obtained from all patients and the study was conducted in
line with the Helsinki declaration.

All patients underwent routine laboratory and pulmonary function tests including the determination of
DLCO as well as resting echocardiography. All patients underwent exercise echocardiography during a
symptom-limited cardiopulmonary exercise test on a variable-load, half-recumbent, left-sloping
echocardiography cycle ergometer (ER 900 EL; Ergoline; Bitz, Germany) using a standard protocol with a
25 W workload increment every 2 min. Doppler signals were continuously recorded. Recordings at rest
and during exercise were analysed off-line in random order and in a blinded fashion. Tricuspid
regurgitation was visualised from the apical four-chamber view. Systolic pulmonary arterial pressure
(sPAP) was estimated from the peak tricuspid regurgitation jet, using the simplified Bernoulli equation
(sPAP=4×v2+right atrial pressure), where “v” is the peak velocity of the tricuspid regurgitation jet (m·s−1),
and the right atrial pressure is estimated from the diameter and breath-induced variability of the inferior
vena cava.

In patients with suspected pulmonary hypertension, based on resting echocardiography [1] or a strong
increase of PAP during exercise (>50 mmHg), or unexplained exercise limitation during cardiopulmonary
exercise testing, RHC at rest and during exercise was suggested. RHC examinations were performed using
a 7 F, quadruple lumen, balloon tipped, flow-directed Swan–Ganz catheter (Edwards Lifesciences, Irvine,
CA, USA) using the transjugular approach. The reference point was set at mid-thoracic level, as suggested
previously [23]. Pressures were continuously recorded and averaged over several respiratory cycles during
spontaneous breathing, during both rest and exercise. Parameters obtained at rest included systolic,
diastolic and mean (m)PAP, pulmonary arterial wedge pressure (PAWP), right atrial pressure and cardiac
output measured using the thermodilution technique. Pulmonary vascular resistance (PVR) was derived
from the difference between mPAP and PAWP divided by cardiac output. Oxygen tension (PO2) and
oxygen saturation of arterialised ear lobe capillary blood and pulmonary arterial blood were determined
using an ABL 800 Flex (Radiometer, Copenhagen, Denmark) blood gas analyser. Systemic blood pressure
was measured using a sphygmomanometer. After baseline measurements, patients underwent a
symptom-limited exercise test on the same cycle ergometer and using the same exercise protocol as during
exercise echocardiography. Systolic, diastolic and mean PAP and corresponding systemic blood pressure
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values, as well as PAWP and right atrial pressure, cardiac output, capillary and central venous PO2 and
oxygen saturation were measured at each stage of exercise and at 3 and 8 min after exercise. All
examinations and measurements were performed by the same experienced team. There were no
complications.

The predefined primary end-point of our study was the change in sPAP at 50 W (sPAP50) over the
follow-up period. The secondary end-point was the change in peak oxygen uptake between the baseline
and follow-up examination, as a measure of exercise capacity. In the subgroup of patients with at least two
RHC examinations, in addition to exercise echocardiography, the change in mPAP at rest, at 50 W and
PVR at 50 W from baseline to follow-up represented further end-points.

Data are presented as mean±SD or mean (95% CI) or median and interquartile range for continuous
variables and absolute and relative frequency for categorical data. Patients’ characteristics were compared
using t-tests, the Mann–Whitney U-test, Chi-squared test and Fisher’s exact test. Changes were analysed
using the Wilcoxon signed-rank test or paired t-test, as appropriate. A p-value <0.05 was considered
significant. Statistical analysis was performed using SPSS Statistics (release 22.0.0. 2013; IBM, Chicago, IL,
USA) software.

Results
We enrolled 99 patients, out of whom 58 (limited cutaneous systemic sclerosis 76%, diffuse cutaneous
systemic sclerosis 16% and mixed connective tissue disease 9%) underwent follow-up examination. All of
the 58 patients had a complete dataset (figure 1; patients’ characteristics are shown in table 1 and online
supplementary tables S1 and S2). The mean time interval between the two examinations was 3.9±0.9 years.
During this period, three out of 99 patients developed RHC-confirmed PAH (0.75 cases per
100 patient-years). There was a significant increase in sPAP50 and a significant decrease in peak oxygen
uptake between the two examinations (primary and secondary end-points, p<0.001 and p=0.001,
respectively; table 2 and figure 2). There was no significant change in resting sPAP (p=0.38; fig. 2).
NT-proBNP showed a small statistically significant increase during follow-up, while patients’ pulmonary
function tests showed no significant changes (table 2). There was no relevant correlation between baseline
characteristics and changes in sPAP or peak oxygen uptake during follow-up (online supplementary table
S3). Out of the 58 patients, 28 underwent at least two RHC examinations (mean interval between
examinations 2.4±1.3 years). Within this subgroup, there was a significant increase in mPAP at 50 W
(p=0.02), PVR at 50 W (p=0.002) and in the mPAP/cardiac output slope (p=0.049), while there was no
significant change in resting mPAP, PAWP or PAWP/cardiac output (table 3 and figure 3). At baseline
RHC, eight out of 28 patients, and at follow-up catheterisation, 11 out of 28 patients revealed a mPAP
>30 mmHg and a total pulmonary resistance >3 Woods units during maximal exercise. There was no
significant difference between these patients and those not fulfilling these criteria regarding their change in
resting or exercise haemodynamics during follow-up (online supplementary table S4).

Discussion
In this study, the changes in pulmonary exercise haemodynamics were assessed by exercise
echocardiography and RHC in patients with systemic sclerosis ∼4 years after their baseline examination.
To our knowledge, this is the first long-term study with follow-up exercise pulmonary haemodynamic data
from scleroderma patients. We found a significant increase in PAP, PVR, and the PAP/cardiac output
slope during exercise and a significant decrease in exercise capacity, indicating a progression towards

FIGURE 1 Study flow diagram. PH:
pulmonary hypertension.

Baseline and follow-up right heart catheterisation n=28
At least baseline right heart catheterisation n=42

Follow-up exercise echocardiography n=58 (PH developed n=2)

Comorbidity (unable to exercise) n=9 (PH developed n=1)
Lost to follow-up n=10
No consent n=18
Died n=4

Baseline exercise echocardiography     n=99
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pulmonary vascular disease. RHC-confirmed PAH developed in three out of 99 patients, corresponding to
⩾0.75 cases per 100 patient-years, which is in line with previous reports [6–10].

Exercise haemodynamics in systemic sclerosis
In recent years, growing evidence has accumulated that pulmonary exercise haemodynamics [24, 25] may
be important for recognising early pulmonary vascular disease in systemic sclerosis [8, 19, 20]. RHC
represents the most reliable method to assess pulmonary haemodynamics during exercise, while exercise
echocardiography has been considered for screening purposes where it may provide valuable data in
experienced hands [22]. In several studies, a strong increase in PAP during exercise was described in a
large proportion of scleroderma patients [26–30], but there are few data regarding the change in these
parameters over the years. In this study, we prospectively performed baseline and follow-up exercise
echocardiography in all enrolled patients and assessed the changes in pulmonary haemodynamics during
exercise; almost half of the subjects were additionally examined using invasive measurements confirming
all the major findings of the noninvasive assessment. At RHC, besides the increase in absolute PAP values
during exercise, we observed a mild but significant increase in the PAP/cardiac output slope between the
two examinations. Generally, these slopes were much steeper than those derived from healthy control
subjects [24, 31].

Several underlying mechanisms may cause a strong increase in PAP during exercise. In systemic sclerosis
patients, the causes of exercise-induced pulmonary hypertension may be quite heterogeneous, with latent
left heart disease being the most common single cause [32–36]. This might be supported by the increasing
number of patients (n=7 at baseline and n=12 during follow-up) with PAWP values >20 mmHg during
maximal exercise. Nevertheless, further analysis of our RHC data revealed that the increase in mPAP

TABLE 1 Characteristics of patients with baseline and follow-up exercise echocardiography

Subjects n 58
Height cm 166.2±7.0
Weight kg 67.7±13.6
Sex
Male 6 (10.3)
Female 52 (89.7)

Time between exercise echo studies years 3.9±0.9
Time between RHC studies years 2.4±1.3
Age at diagnosis years 46.7±11.3
Age at first non-Raynaud symptom years 46.9±11.7
Age years
Baseline 51.3±11.5
Follow-up 55.3±11.6

Time since diagnosis years
Baseline 3.0 (1.1–6.9)
Follow-up 6.7 (5.2–11.5)

Patients on bosentan therapy
Baseline 4 (6.9)
Follow-up 16 (27.6)

Patients on immunosuppressive therapy
Baseline 17 (29.3)
Follow-up 18 (31.0)

Uric acid mg·dL−1

Baseline 4.5 (3.9–5.2)
Follow-up 4.7 (4.0–5.6)

Patients with ACA positivity
Baseline 30 (51.7)
Follow-up 33 (56.9)

Patients with telangiectasis
Baseline 26 (44.8)
Follow-up 29 (50.0)

Rodnan skin thickness score
Baseline 7.3±8.1
Follow-up 6.7±6.7

Data are presented as mean±SD, n (%) or median (interquartile range), unless otherwise stated. RHC: right
heart catheterisation; ACA: anticentromere antibody.
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during exercise between baseline and follow-up was not so much triggered by an increase in PAWP, but
rather by an increase in the PAP/cardiac output slope and PVR (table 3). In addition, we did not observe a
significant change in the PAWP/cardiac output slope between baseline and follow-up (table 3). These
findings are in line with the hypothesis that the main driving force for progression of pulmonary
hypertension in systemic sclerosis is progressive pulmonary vascular disease. Surprisingly, the increase in
exercise PAP and PVR did not translate into a significant increase in the resting values (tables 2 and 3),
suggesting that in early pulmonary vascular disease, exercise haemodynamics might be more sensitive to
vascular remodelling than resting haemodynamics.

Cardiopulmonary exercise test and NT-proBNP
Peak oxygen uptake is acknowledged as a clinically relevant parameter in patients with pulmonary vascular
disease [1, 37]. In addition, it has been shown that decreased peak oxygen uptake may indicate PAH in
patients with systemic sclerosis [38]. During follow-up, cardiopulmonary exercise testing revealed a significant
increase in the ventilatory equivalent for carbon dioxide the ventilatory threshold, an indicator of pulmonary
vascular disease. In addition, we found a mild but significant decrease in peak oxygen uptake over 4 years,
which might be due to progression of pulmonary vascular disease, cardiac dysfunction or both.

TABLE 2 Main haemodynamic and pulmonary function parameters and N-terminal pro-brain
natriuretic peptide (NT-proBNP) at baseline and follow-up in patients using exercise
echocardiography

Baseline Follow-up p-value

sPAP50 mmHg 38.0 (30.0–43.8) 43.0 (36.0–50.3) <0.001
sPAP rest mmHg 25.0 (22.0–27.0) 25.0 (22.8–30.0) 0.384
sPAP peak mmHg 43.2±11.7 49.5±10.7 <0.001
V′O2max % pred 79.5±23.6 72.1±22.4 0.001
EqCO2 L 28.2±4.0 30.2±3.9 <0.001
FEV1 % pred 97.8±15.8 96.3±16.9 0.148
FVC % pred 102.8±17.2 102.3±17.2 0.691
FEV1/FVC % 80.9±6.1 79.5±7.2 0.009
DLCO cSB % pred 82.2 (64.5–93.9) 77.1 (64.5–91.8) 0.237
DLCO cVA % pred 83.7 (71.8–94.9) 82.4 (69.6–90.3) 0.045
NT-proBNP pg·mL−1 124.5±81.2 155.3±117.2 0.007

Data are presented as median (interquartile range) or mean±SD, unless otherwise stated. n=58. sPAP:
systolic pulmonary arterial pressure; sPAP50: sPAP at 50 W exercise; V′O2max: maximal oxygen uptake; %
pred: % predicted; EqCO2: ventilatory equivalent for carbon dioxide at the ventilator threshold; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; DLCO cSB: single breath diffusing capacity of lung for
carbon monoxide corrected for haemoglobin; DLCO cVA: diffusing capacity of lung for carbon monoxide for
alveolar volume corrected for haemoglobin.

FIGURE 2 Systolic pulmonary arterial
pressure (sPAP) values at rest and at
50 W. Comparison between baseline
and follow-up after 3.9±0.9 years in
n=58 patients undergoing exercise
echocardiography.
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We observed a mild but significant increase in NT-proBNP during follow-up. This may suggest increased
cardiac stress. In addition, NT-proBNP is considered as a relevant prognostic factor for the development
of PAH in systemic sclerosis [17, 39].

Mortality in the study period
Four out of 99 patients died during follow-up. The causes of death were malignant melanoma (n=1) and
sepsis (n=1), while in two cases the cause of death could not be determined. None of these patients
showed any signs of PAH before death.

Role of medical therapy
28% of our patients received bosentan for digital ulcers during the follow-up period, while this was only
7% at baseline. This may have ameliorated the haemodynamic results, as bosentan is a PAH drug and may

TABLE 3 Haemodynamic parameters derived from right heart catheterisation at baseline and
follow-up

Baseline Follow-up p-value

mPAP rest mmHg 16.3±3.8 16.8±3.6 0.450
mPAP50 mmHg 26.5 (23.3–30.8) 28.0 (24.0–31.8) 0.020
Heart rate rest beats·min-1 73.0±9.5 69.8±8.7 0.031
Heart rate 50 W beats·min-1 111.4±12.4 106.9±12.1 0.016
mSAP rest mmHg 87.0 (83.0–94.0) 82.0 (75.0–93.0) 0.009
mSAP50 mmHg 104.5±12.4 101.5±15.7 0.240
PAWP rest mmHg 7.6±3.1 8.4±2.7 0.154
PAWP 50 W mmHg 13.0±4.9 14.6±5.8 0.159
Cardiac output rest L·min−1 5.2±1.3 4.9±1.3 0.075
Cardiac output 50 W L·min−1 9.8±1.6 9.0±1.4 0.005
RAP rest mmHg 4.6±2.6 5.1±2.3 0.285
RAP 50 W mmHg 6.5 (4.5–8.0) 8.0 (7.0–9.8) 0.027
PVR rest dyn·s·cm−5 141.6±62.3 143.2±54.3 0.801
PVR 50 W dyn·s·cm−5 120.7±55.6 136.9±57.0 0.002
mPAP/CO slope# mmHg·L−1·min−1 2.4 (1.7–3.6) 2.6 (2.2–3.7) 0.049
PAWP/CO slope# mmHg·L−1·min−1 1.13 (0.40–1.89) 1.16 (0.65–2.14) 0.471

Data are presented as mean±SD or median (interquartile range), unless otherwise stated. n=28. mPAP:
mean pulmonary arterial pressure; mPAP50: mPAP at 50 W exercise; mSAP: mean systemic arterial
pressure; mSAP50: mSAP at 50 W exercise; PAWP: pulmonary arterial wedge pressure; RAP: right atrial
pressure; PVR: pulmonary vascular resistance; CO: cardiac output. #: between rest and 50 W.

FIGURE 3 Increase in mean
pulmonary arterial pressure
(mPAP; cardiac output slope
assessed between rest and 50 W) at
incremental cardiac output values
during exercise. Comparison
between baseline and follow-up
right heart catheterisation in n=28
patients.
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have prevented the development of PAH [40]. Nevertheless, in this subgroup of patients we found similar
changes over time to those found in the rest of the cohort. Immunosuppressive therapy was applied in
29% of the patients at baseline and in 31% during follow-up, which also may have contributed to the
clinical stability of patients [41].

The question remains as to whether the observed changes in pulmonary haemodynamics during exercise
justify PAH therapy. Some pilot studies have been devoted to this question, with promising results [40, 42],
but larger scale clinical trials will be needed to answer this important question.

Limitations
The relatively small number of patients included may be a limitation of our study. We excluded patients
with significant left heart or lung disease, chronic thromboembolic pulmonary hypertension or PAH
before enrolment. Therefore, we enriched the population with patients with a lower risk of development of
pulmonary hypertension as compared with an average scleroderma cohort. Despite this, we observed a
significant deterioration of pulmonary haemodynamics. This was primarily an echocardiography-based
study; however, we performed RHC in a considerable portion of the patients and the results derived were
in very good agreement with echocardiography. A further limitation may be the absence of a healthy
control group. However, due to ethical reasons, invasive haemodynamic assessment is problematic in
healthy subjects and currently there are no follow-up data available describing the changes in pulmonary
exercise haemodynamics by noninvasive methods.

In conclusion, patients with systemic sclerosis developed mild deterioration of pulmonary exercise
haemodynamics and exercise capacity over a 4-year follow-up period, indicating mild but significant
progression of pulmonary vascular disease. The manifestation rate of PAH was ⩾0.75 cases per
100 patient-years.
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