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Abstract
Background The cardiopulmonary haemodynamic profile observed during exercise may identify patients
with early-stage pulmonary vascular and primary cardiac diseases, and is used clinically to inform
prognosis. However, a standardised approach to interpreting haemodynamic parameters is lacking.
Methods We performed a systematic literature search according to PRISMA guidelines to identify
parameters that may be diagnostic for an abnormal haemodynamic response to exercise and offer optimal
prognostic and differential-diagnostic value. We performed random-effects meta-analyses of the normal
values and report effect sizes as weighted mean±SD. Results of diagnostic and prognostic studies are
reported descriptively.
Results We identified 45 eligible studies with a total of 5598 subjects. The mean pulmonary arterial
pressure (mPAP)/cardiac output (CO) slope, pulmonary arterial wedge pressure (PAWP)/CO slope and
peak cardiac index (or CO) provided the most consistent prognostic haemodynamic parameters during
exercise. The best cut-offs for survival and cardiovascular events were a mPAP/CO slope >3 Wood units
(WU) and PAWP/CO slope >2 WU. A PAWP/CO slope cut-off >2 WU best differentiated pre- from post-
capillary causes of PAP elevation during exercise. Upper limits of normal (defined as mean+2SD) for the
mPAP/CO and PAWP/CO slopes were strongly age-dependent and ranged in 30–70-year-old healthy
subjects from 1.6 to 3.3 WU and 0.6 to 1.8 WU, respectively.
Conclusion An increased mPAP/CO slope during exercise is associated with impaired survival and an
independent, prognostically relevant cut-off >3 WU has been validated. A PAWP/CO slope >2 WU may
be suitable for the differentiation between pre- and post-capillary causes of PAP increase during exercise.

Introduction
Cardiopulmonary haemodynamic parameters during exercise have been investigated since the introduction
of right heart catheterisation (RHC) into clinical practice [1]. The relevance of exercise haemodynamic
parameters per se to diagnosing pulmonary circulatory disorders, which include a constellation of highly
morbid pulmonary hypertension (PH) subtypes encountered commonly in cardiovascular medicine
practice, was considered by the World Health Organization (WHO) meeting on cor pulmonale in 1960 [2]
and at the first WHO Pulmonary Hypertension congress in 1973 [3]. The first expert consensus definition of
exercise PH focused on mean pulmonary artery pressure (mPAP) >30 mmHg at peak physical activity [4].
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This definition was also used by the National Institutes of Health (NIH) registry in the USA to collect data
on patients diagnosed as having primary PH [5]. However, this approach did not consider the effect of age
and workload on global haemodynamic response to exercise, and, therefore, did not distinguish normal
from clinically relevant patient profiles. This has been pointed out in a systematic literature review that
analysed the haemodynamic data of almost 1200 healthy subjects at rest and during exercise [1]. As a
consequence, the term exercise PH has been abandoned from the haemodynamic definition of PH in the
latest PH guidelines [6–8]. A standardised definition of exercise PH is still lacking, despite accumulating
data indicating that exercise cardiopulmonary haemodynamic parameters offer a critical opportunity for
timely PH diagnosis, optimised risk stratification and appropriate management strategies.

To address these issues, a European Respiratory Society (ERS) Task Force [9] and a consecutive Clinical
Research Collaboration (PEX-NET) [10] have been assembled. In addition to this large collaborative effort, a
significant number of studies have been initiated in the last 10 years by individual centres investigating
exercise haemodynamic parameters in healthy subjects and various patient populations. Novel haemodynamic
variables addressing the pressure–flow relationship during exercise, such as the mPAP/cardiac output (CO),
pulmonary arterial wedge pressure (PAWP)/CO and trans-pulmonary gradient (TPG)/CO slopes have been
introduced in order to appropriately define exercise PH [11]. Two potential haemodynamic definitions for
exercise PH have been suggested [12–16], each acknowledging that pulmonary pressure is strongly
dependent on changes in pulmonary blood flow provoked by exercise. According to the ERS Task Force, the
preliminary definition of exercise PH is mPAP >30 mmHg and total pulmonary resistance (TPR) >3 Wood
units (WU) at peak exercise [9, 15]; an alternative suggested definition is to use a threshold of an mPAP/CO
slope >3 WU [13, 16]. With minor differences, both definitions imply that, in patients with exercise PH,
mPAP increases steeply in relation to pulmonary blood flow during exercise.

Based on the above considerations, we had three aims in this systematic literature review and
meta-analysis: 1) to assess the thresholds of normal exercise haemodynamic parameters based on RHC
investigations in healthy individuals, focusing mainly on the pressure-flow relationship during exercise;
2) to assess the prognostic value of cardiopulmonary haemodynamic parameters during exercise; and 3) to
assess the differential-diagnostic value of exercise haemodynamic parameters for the distinction between
pre- and post-capillary causes of PAP increase.

Methods
To address these questions, we performed three independent systematic literature analyses: one for normal
values (i.e. to diagnose an abnormal haemodynamic reaction to exercise), one for prognostic values and
one for differential-diagnostic values of cardiopulmonary haemodynamic parameters during exercise. We
searched for English-language, peer-reviewed original publications (we only included original manuscripts
with original data) that assessed cardiopulmonary haemodynamic parameters during exercise by using
RHC. Two independent researchers (K.Z. and G.K.) evaluated study eligibility and quality independently.
The same researchers performed data extraction using standardised data collection sheets. Disagreements
were resolved by consensus.

Of note, we included studies from 1945 for the prognostic and differential-diagnostic questions, because
these questions have not been addressed systematically. For the normal values we included studies after
2003, because this question has been addressed in a previous systematic review, which included studies
between 1947 and 2003 [1]. An additional reason was that more-recent studies used modern diagnostic
tools to exclude any relevant comorbidities in the included healthy volunteers.

For normal values, studies were included if pulmonary haemodynamic parameters during exercise were
assessed by RHC, with at least one valid measurement at rest as well as during exercise; if they provided at
least mPAP and CO at rest and during exercise; and if they included at least one group of subjects that was
described as being healthy. Here, we identified studies that included healthy volunteers (“healthy subjects”)
and studies that included subjects presenting with mild to moderate dyspnoea on effort and undergoing RHC
due to clinical reasons who were claimed to be healthy by the authors (“healthy patients”). These patients
had normal resting haemodynamic parameters and a clinical work-up did not provide an explanation for their
symptoms. In the main analysis, we only included the data from symptom-free healthy volunteers.

In the final analysis of normal values, haemodynamic parameters were estimated separately for studies in
the supine and upright positions for both healthy subjects and healthy patients. Upper limits of normal
(ULN) were calculated as mean+2SD. Slopes (mPAP/CO slope=(mPAPmax–mPAPrest)/(COmax–COrest);
PAWP/CO slope=(PAWPmax–PAWPrest)/(COmax–COrest); TPG/CO slope=(TPGmax–TPGrest)/(COmax–COrest))
were only calculated when measurements at rest and during exercise were performed in the same body
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position. The meta-analysis was computed with a random-effects model, thus assuming a degree of
between-study heterogeneity. We further conducted three separate moderator analyses: 1) we compared
estimates of haemodynamic parameters at rest versus during exercise; 2) we compared estimates of
haemodynamic parameters in healthy subjects versus healthy patients; and 3) we tested whether age had an
effect on the haemodynamic parameters. Moderator analyses 1 and 2 were conducted with categorical
moderator variables, while age was included as a continuous covariate in the meta-regression. Given the
limited number of studies in each condition, we decided to follow a conservative strategy for the estimation
of the parameters by applying the Knapp–Hartung correction [17–19] to the meta-analysis with and
without moderators. This correction returns the meta-analytic findings with robust standard errors and
broader confidence intervals, which in turn enable a more conservative interpretation of results. To
illustrate how age influenced the mPAP/CO and PAWP/CO slopes, we provided age-adjusted estimates for
the minimum, mean and maximum mean age values in the group of included studies under consideration.
We calculated values for the mPAP/CO slope with the equation estimate=−0.2719+0.0386×age, R2=0.93,
and for the PAWP/CO slope with estimate=−0.5805+0.0293×age, R2=1.00. R2 indicates the amount of
heterogeneity accounted for. The results of prognostic and differential-diagnostic studies were summarised
with descriptive statistics.

Detailed additional description of data sources, search strategy, study selection, data preparation and
stratification of the data are available in the supplementary material.

Results
Normal pulmonary haemodynamic parameters and the diagnosis of abnormal haemodynamic
response to exercise
We identified 11 studies that included 250 symptom-free volunteers in whom major comorbidities had
been excluded with state-of-the-art methods. RHC was performed in six of 11 studies (119 subjects) in the
supine position and in five of 11 studies (131 subjects) in the upright position. A detailed overview of the
studies is provided in supplementary table S1a, b.

In the supine position, resting weighted mean values for mPAP, PAWP and pulmonary vascular resistance
(PVR) were 13.5±2.0 mmHg, 8.6±0.6 mmHg and 1.0±0.2 WU, respectively (table 1). Of all reported
parameters, only systolic systemic arterial pressure and PVR were significantly influenced by age at rest.
The ULN resting PVR ranged between 1.3 and 1.8 WU among 30–70-year-old healthy subjects.
Corresponding values in the upright position are also provided in table 1. During exercise, mPAP and
PAWP increased significantly in both positions (p<0.001). PVR showed a slight but nonsignificant
decrease (supine: p=0.114; upright: p=0.05).

During supine exercise, older age was associated with a higher systolic systemic arterial pressure, mPAP,
PAWP, TPR and right atrial pressure as well as with a higher mPAP/CO slope and PAWP/CO slope (table 1
and figure 1). The mPAP/CO slope was 0.8±0.4 WU (ULN 1.6 WU) in subjects aged ∼30 years (reflecting
the minimum of reported mean age across the included studies), 1.6±0.2 WU (ULN 2.1 WU) in subjects
aged ∼50 years (reflecting the mean of reported mean age across the included studies) and 2.4±0.5 WU
(ULN 3.3 WU) in subjects aged ∼70 years (reflecting the maximum of reported mean age across the
included studies). The PAWP/CO slope ranged from 0.3±0.2 WU (ULN 0.6 WU) in ∼30-year-old subjects to
1.4±0.2 WU (ULN 1.8 WU) in ∼70-year-old subjects (table 2). The TPG/CO slope was 0.8±0.2 WU (ULN
1.2 WU) and was not significantly affected by age. In the upright position, the influence of age on
haemodynamic parameters was less pronounced (table 1). Multipoint mPAP/CO measurements during
exercise were only available from a small number of studies (n=4) and were therefore not further analysed.

Patients with mild to moderate dyspnoea on exercise
In addition to the described 11 studies of healthy individuals, we identified nine studies with 303 subjects
(194 subjects from six studies in the supine position and 109 subjects from three studies in the upright
position) presenting with mild to moderate dyspnoea on exercise who were classed as “healthy patients” by
the authors. This was based on normal resting haemodynamic parameters and the fact that clinical work-up
had excluded obvious cardiovascular factors as an explanation of symptoms. When these subjects were
compared to our healthy symptom-free volunteers, there were only slight haemodynamic differences at rest
and exercise, and no significant differences in the mPAP/CO slope (healthy patients 1.7±0.8 WU versus
healthy subjects 1.6±0.6 WU), PAWP/CO slope (healthy patients 0.8±0.4 WU versus healthy subjects
0.9±0.5 WU) and TPG/CO slope (healthy patients 0.8±0.3 versus healthy subjects 0.8±0.2 WU) either in
the supine (data provided) or in the upright position. Of note, similar to healthy subjects, the mPAP/CO
and PAWP/CO slopes of healthy patients were age-dependent in the supine position (supplementary tables
S1b and S2).
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TABLE 1 Resting and exercise cardiopulmonary haemodynamic parameters in healthy subjects in the supine
and upright position

Condition Parameter (unit) k Estimate

Supine
Rest mPAP (mmHg) 8 13.5±2.0¶

Rest PAWP (mmHg) 6 8.6±0.6¶

Rest PVR (WU) 6 1.0±0.2#,
+

Rest CO (L·min−1) 8 5.6±0.5¶

Rest CI (L·min−1·m−2) 8 2.9±0.2¶

Rest RAP (mmHg) 5 6.1±1.5
Rest HR (bpm) 8 63±3¶

Rest dSAP (mmHg) 5 74±6¶

Rest sSAP (mmHg) 5 129±10#,
¶

Rest TPR (WU) 8 2.4±0.5¶

Exercise mPAP (mmHg) 8 29.2±5.3#

Exercise PAWP (mmHg) 6 17.8±3.7#

Exercise PVR (WU) 6 0.8±0.2
Exercise CO (L·min−1) 8 16.0±2.0#

Exercise CI (L·min−1·m−2) 8 8.4±1.0#

Exercise RAP (mmHg) 4 8.6±2.0#

Exercise HR (bpm) 8 131±13
Exercise dSAP (mmHg) 5 88±5
Exercise sSAP (mmHg) 5 178±13#

Exercise TPR (WU) 8 1.8±0.5#

mPAP/CO slope (WU) 8 1.5±0.6#

PAWP/CO slope (WU) 6 0.9±0.5#

TPG/CO slope (WU) 6 0.8±0.2
Upright
Rest mPAP (mmHg) 4 17.3±0.6¶

Rest PAWP (mmHg) 4 10.5±1.7#,
¶

Rest PVR (WU) 4 1.4±0.2
Rest CO (L·min−1) 4 4.7±0.3¶

Rest CI (L·min−1·m−2) 4 2.6±0.2¶

Rest RAP (mmHg) 4 6.0±0.9
Rest HR (bpm) 4 68±10¶

Rest dSAP (mmHg) 3 80±2
Rest sSAP (mmHg) 3 129±1¶

Rest TPR (WU) 4 3.6±0.3¶

Exercise mPAP (mmHg) 8 27.6±4.3
Exercise PAWP (mmHg) 7 16.5±3.4
Exercise PVR (WU) 7 0.9±0.2
Exercise CO (L·min−1) 8 14.7±3.6
Exercise CI (L·min−1·m−2) 8 7.9±1.8
Exercise RAP (mmHg) 7 8.4±2.0
Exercise HR (bpm) 8 140±22#

Exercise dSAP (mmHg) 3 80±1
Exercise sSAP (mmHg) 3 169±5
Exercise TPR (WU) 8 2.0±0.5#

mPAP/CO slope (mmHg) 4 1.3±0.2
PAWP/CO slope (mmHg) 4 0.7±0.2#

TPG/CO slope (mmHg) 4 0.6±0.1

Data are presented as weighted mean±SD. Slopes were only calculated when rest and exercise measurements
were performed in the same position; therefore, two studies were excluded for the calculation in the upright
position (supine [20–25]; upright [26–30]). A more detailed description of all identified studies is provided in
supplementary table S1a. mPAP: mean pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure;
PVR: pulmonary vascular resistance; WU: Wood units; CO: cardiac output; CI: cardiac index; RAP: right atrial
pressure; HR: heart rate; dSAP: diastolic systemic arterial pressure; sSAP: systolic systemic arterial pressure;
TPR: total pulmonary resistance; TPG: trans-pulmonary gradient; ULN: upper limit of normal. #: significant
influence of age (or age-dependency) (p<0.05); ¶: significant difference between rest and exercise conditions
(p<0.05); +: ULN of PVR at rest in the supine position are 0.7±0.3 WU (ULN 1.3 WU) for ∼30-year-old subjects,
1.0±0.2 WU (ULN 1.3 WU) for ∼50-year-old subjects and 1.3±0.3 WU (ULN 1.8 WU) for ∼70-year-old subjects.
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Prognostic relevance of pulmonary haemodynamic parameters during exercise
We identified 18 studies with 3981 patients focusing on the prognostic relevance of cardiopulmonary
haemodynamic parameters during exercise as assessed by RHC. In most of these studies, prognostic
end-points were all-cause mortality alone or combined with heart failure-related hospitalisation. The studies
were heterogeneous in size, with the number of subjects ranging from 27 to 1772 (median 71). Most
studies (n=8) investigated patients with left heart disease (heart failure with preserved ejection fraction
(HFpEF), heart failure with reduced ejection fraction (HFrEF), valvular heart disease or coronary artery
disease) or pre-capillary PH (n=5). The remaining studies included patients with unexplained dyspnoea
(n=2), chronic obstructive pulmonary disease (COPD) (n=2) and systemic sclerosis (n=1).

The following cardiopulmonary exercise parameters were most frequently reported to be significantly
associated with prognosis in the identified studies: mPAP/CO slope, PAWP/CO slope, peak cardiac index
(or CO), peak PVR, peak PAWP and the change in cardiac index, systolic pulmonary arterial pressure
(sPAP) and heart rate from rest to peak exercise (table 3).

The mPAP/CO slope, a haemodynamic parameter that was suggested as a key parameter for the diagnosis
of exercise PH [16], presented as a general prognostic marker across different conditions and was
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FIGURE 1 a) Mean pulmonary arterial pressure (mPAP)/cardiac output (CO) slope (Wood units (WU) and b) pulmonary arterial wedge pressure
(PAWP)/CO slope (WU) by age group in the supine position. Each line represents an individual study group or a subgroup according to stratification
to age in one study (see figure 2 for details). Older subjects (blue line) had a steeper mPAP/CO and PAWP/CO slope and tended to have higher
mPAP at rest. During exercise, older subjects reach higher mPAP and PAWP at lower CO values as than younger individuals. The solid black lines
show the age-adjusted mean slopes (estimated by mean age across the included studies). Exercise values in healthy subjects did not exceed mPAP
>30 mmHg in combination with exercise total pulmonary resistance >3 WU (dashed line in figure 1a).

TABLE 2 Effect of age on exercise cardiopulmonary haemodynamic parameters and ULN for mPAP/CO slope
and PAWP/CO slope in healthy subjects in the supine position

Slope Age (years) Groups included (n) Predicted value# (WU) SD (WU) ULN (WU)

mPAP/CO slope 29 8 0.8 (0.5–1.27) 0.4 1.6
39 8 1.2 (1.0–1.5) 0.3 1.7
49 8 1.6 (1.4–1.8) 0.2 2.1
59 8 2.0 (1.7–2.3) 0.3 2.7
69 8 2.4 (2.0–2.8) 0.5 3.3

PAWP/CO slope 29 6 0.3 (0.1–0.4) 0.2 0.6
39 6 0.6 (0.4–0.7) 0.1 0.8
49 6 0.8 (0.7–1.0) 0.1 1.0
59 6 1.1 (1.0–1.3) 0.1 1.4
69 6 1.4 (1.2–1.7) 0.2 1.8

ULN: upper limit of normal; mPAP: mean pulmonary arterial pressure; CO: cardiac output; PAWP: pulmonary
arterial wedge pressure. #: mean (95% confidence interval).
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independently associated with survival in patients with exercise dyspnoea, pre-capillary PH, left heart
disease and systemic sclerosis. In patients with exercise dyspnoea, the cut-off for increased mortality was
3 WU [31] and in systemic sclerosis it was 3.5 WU [48]. An elevated PAWP/CO slope was strongly

Mean

a) Age

Study Mean (95% CI)

20 40 50 6030 70 80

WOLSK et al. 2017_1 [65]

CLAESSEN et al. 2015 [20]

ANDERSEN et al. 2012 [23]

CLAEYS et al. 2019 [21] 

WOLSK et al. 2017_2 [65]

VAN EMPEL et al. 2014 [25]

MAEDER et al. 2010 [24]

WOLSK et al. 2017_3 [65]

Random effects model

 12.85%  29.00 (26.77–31.23)

 11.77%  36.00 (28.14–43.86)

 12.75%  46.00 (42.90–49.10)

 12.36%  46.00 (40.56–51.44)

 12.86%  49.00 (46.92–51.08)

 12.92%  54.00 (52.87–55.13)

 11.65%  61.00 (52.68–69.32)

 12.84%  69.00 (66.65–71.35)

 100.00%  48.76 (38.00–59.51)

Weighted mean

b) mPAP/CO slope

Study Mean (95% CI)

0.5 1.5 2.5 3.5

WOLSK et al. 2017_1 [65]

CLAESSEN et al. 2015 [20]

ANDERSEN et al. 2012 [23]

CLAEYS et al. 2019 [21] 

WOLSK et al. 2017_2 [65]

VAN EMPEL et al. 2014 [25]

MAEDER et al. 2010 [24]

WOLSK et al. 2017_3 [65]

Random effects model

 15.58%  0.90 (0.66–1.14)

 12.33%  1.20 (0.63–1.77)

 13.27%  1.02 (0.53–1.50)

 10.02%  1.53 (0.74–2.32)

 13.13%  1.49 (0.99–1.99)

 15.26%  2.01 (1.73–2.29)

 7.23%  2.16 (1.05–3.27)

 13.18%  2.38 (1.89–2.88)

 100.00%  1.55 (1.09–2.01)

Weighted mean

c) PAWP/CO slope

Study Mean (95% CI)

0 0.5 1.51.0 2.52.0

Wolsk et al. 2017_1 [65]

ANDERSEN et al. 2012 [23]

WOLSK et al. 2017_2 [65]

VAN EMPEL et al. 2014 [25]

MAEDER et al. 2010 [24]

WOLSK et al. 2017_3 [65]

Random effects model

 19.21% 0.30 (0.12–0.48)

 17.43%  0.55 (0.22–0.87)

 17.05%  0.88 (0.52–1.23)

 19.07%  1.00 (0.81–1.20)

 9.49%  1.35 (0.47–2.23)

 17.74%  1.49 (1.18–1.79)

 100.00%  0.89 (0.41–1.37)

FIGURE 2 Forrest plots of the identified studies in healthy subjects in the supine position for a) mean age
(years), b) mean pulmonary arterial pressure (mPAP)/cardiac output (CO) slope (Wood units (WU)) and
c) pulmonary arterial wedge pressure (PAWP)/CO slope (WU). Estimates were computed using the Knapp–
Hartung correction due to the low number of available studies. The study of WOLSK et al. [65] assessed different
age groups that are separately displayed in the Forrest plot, showing the influence of age on cardiopulmonary
haemodynamic parameters during exercise. WOLSK et al. 2017_1 provided the youngest age group (<40 years)
and WOLSK et al. 2017_3 the oldest ( >60 years) [65].
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TABLE 3 Overview of the identified studies for prognostic value and their main characteristics based on their underlying condition

Publication Subjects
(n)

Age
(years)#

Sex
(M:F)

Main inclusion criteria End-point Exercise parameters predicting events

Exercise dyspnoea
HO et al. 2020 [31] 714 57±16 292:422 Exercise dyspnoea;

LVEF ⩾50%
All-cause mortality,

HF-related hospitalisation
mPAP/CO slope >3 WU, elevated TPG/CO slope

and PAWP/CO slope
EISMAN et al. 2018 [32] 175 57±17 65:110 Exercise dyspnoea;

LVEF >50%,
PAWP <15 mmHg

HF-related hospitalisation,
HF-related mortality, elevation of resting
PAWP in follow-up RHC >15 mmHg

PAWP/CO slope >2 WU

DORFS et al. 2014 [33] 355 61±11 120:235 Exercise dyspnoea and suspected HFpEF All-cause mortality Steep PAWP increase (>25.5 mmHg·W−1·kg−1)¶

Left heart disease
DOBARRO et al. 2020 [34] 33 74±8 30:3 Moderate to severe aortic stenosis,

<85 years
All-cause mortality, surgical aortic valve

replacement, TAVI or planned intervention
for AST

PaO2
at peak exercise

HUANG et al. 2018 [35] 104 61±12 39:65 HFpEF (normal LVEF, no valvular heart
disease)

All-cause mortality,
HF-related hospitalisation

PVR >1 WU at peak exercise

RIETH et al. 2017 [36] 167 65±12 125:42 HFrEF (LVEF ⩽45%) All-cause mortality, LuTX and/or HTX, heart
assist device

Change in CO <1.154 L·min−1 and change in
sPAP <17.5 mmHg

LEWIS et al. 2011 [12] 60 60±12 47:13 HFrEF (LVEF <40%, NYHA II–IV) All-cause mortality mPAP/W slope >median (0.25 mmHg·W−1), steep
increase in mPAP followed by a plateau pattern

GRIFFIN et al. 1991 [37] 49 63±11 39:10 Congestive HF (symptoms >1 year) HF-related mortality PAWP at rest and exercise, peak stroke work index
SZLACHICIC et al. 1985
[38]

27 56 27:0 Congestive HF (clinically stable) All-cause mortality Peak CI

GOHLKE et al. 1983 [39] 1772 50±6 1595:177 Coronary artery disease and normal or
mildly impaired left ventricular function

All-cause mortality Peak CO

Pulmonary arterial
hypertension
FAURE et al. 2020 [40] 49 53±16 16:33 PAH All-cause mortality Change in HR and sPAP
TANG et al. 2018 [41] 140 33±11 39:101 IPAH LuTX and/or HTX,

HF-related mortality
Change in HR, peak work rate, PVR and CI

HASLER et al. 2016 [42] 70 65 (50–73) 27:43 PAH+CTEPH All-cause mortality, LuTX and/or HTX Maximal workload, peak and change in CI and
mPAP/CO

CHAOUAT et al. 2014 [43] 55 54±16 25:30 IPAH, heritable or anorexigen-associated
PAH

All-cause mortality, LuTX and/or HTX Peak CI, change in sPAP, change in CI

BLUMBERG et al. 2013 [44] 36 54±15 15:21 PAH+CTEPH
(NYHA II–III)

All-cause mortality, LuTX and/or HTX mPAP/CO slope, peak CI¶

Systemic sclerosis
STAMM et al. 2016 [45] 72 Range:

42–74
10:62 SSc with exercise dyspnoea±reduced DLCO

or FVC/DLCO >1.6
All-cause mortality, LuTX and/or HTX Peak mPAP, mPAP increase, mPAP/W increase¶

COPD
OLSEN et al. 1989 [46] 29 64±5 29:0 Lung resection due to airflow obstruction

and lung mass
Postoperative death within 60 days or

prolonged ventilation (>30 days)
Peak CI

FINLAY et al. 1983 [47] 74 59 60:14 Clinically stable COPD, symptoms >3 years All-cause mortality Increase in mPAP+PVR during exercise

Exercise protocol was ergometry for all studies. M: male; F: female; LVEF: left ventricular ejection fraction; HF: heart failure; mPAP: mean pulmonary arterial pressure; CO: cardiac output;
TPG: trans-pulmonary pressure gradient; PAWP: pulmonary arterial wedge pressure; RHC: right heart catheterisation; HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with
reduced ejection fraction; W: Watts; TAVI: transcatheter aortic valve implantation; AST: aortic stenosis; PaO2

: partial pressure of oxygen; PVR: pulmonary vascular resistance; LuTX: lung
transplantation; HTX: heart transplantation; sPAP: systolic pulmonary arterial pressure; NYHA: New York Heart Association; CI: cardiac index; PAH: pulmonary arterial hypertension; IPAH:
idiopathic pulmonary arterial hypertension; CTEPH: chronic thromboembolic pulmonary hypertension; SSc; systemic sclerosis; DLCO: diffusing capacity of the lung for carbon monoxide; FVC:
forced vital capacity. #: data presented as mean±SD or mean (interquartile range), unless otherwise specified; ¶: only exercise and not resting pulmonary haemodynamic parameters predicted the
end-point.
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associated with prognosis in subjects with exercise dyspnoea [31] and the best cut-off >2 WU was found
in subjects with suspected or overt left heart disease [32]. Peak cardiac index (and CO) was also strongly
associated with prognosis in several cohorts of patients with pre-capillary PH and left heart disease (table 3).

Recognition of left heart or pulmonary vascular disease based on exercise haemodynamic profiles
A total of 16 studies with 1367 patients investigated the cause of pulmonary pressure increase during
exercise, mainly with the aims of recognising left heart or pulmonary vascular disease (PVD) and
distinguishing between pre- and post-capillary causes of dyspnoea in patients with normal resting PAWP.

Haemodynamic parameters that identified left heart disease as the cause of dyspnoea or exercise limitation
included peak PAWP with predefined cut-offs by the authors at 20 mmHg or 25 mmHg, and the PAWP/CO
slope with a cut-off >2 WU. In contrast, an elevated TPG/CO slope or peak PVR may be suggestive for
PVD in patients with exercise dyspnoea and systemic sclerosis (table 4).

Discussion
Normal pulmonary haemodynamic parameters and the diagnosis of abnormal haemodynamic
response to exercise
Cardiopulmonary haemodynamic parameters at rest and during exercise
The weighted means of resting haemodynamic variables (table 1) corresponded well to previously
described normal values from systematic literature analyses and meta-analyses [1, 49, 64]. Of note, based
on the provided values (mean±SD), it is likely that some individuals in the included studies had mPAP
>20 mmHg, which is considered to be abnormal. In line with previous studies [1, 49], mPAP and PAWP
increased significantly during exercise in both the supine and upright positions while PVR showed a trend
for a moderate decrease during exercise. The mPAP/CO slope emerged as a simple and consistent variable
characterising pulmonary haemodynamic changes during exercise.

We did not perform a direct comparison of data derived from the supine and upright position owing to the limited
number of comparable studies and because the data in different positions were not available from the same subjects
and the same studies. The effect of posture on cardiopulmonary haemodynamic parameters during exercise has
been described previously [1, 49] considering only studies that tested the same subjects in both positions.

Of note, in this study, the variability of resting haemodynamic parameters (i.e. standard deviations) was
smaller than in previous systematic reviews. This may be explained by the relative homogeneity of the
subjects included in this analysis and the applied methodology (healthy volunteers without dyspnoea,
relevant cardiopulmonary comorbidities excluded by modern diagnostic methods, more homogenous zero
levels) as compared to previous systematic reviews.

The present review is solely based on studies providing haemodynamic data based on RHC. This decision
was made to ensure the highest data quality to define thresholds for normal haemodynamic parameters
during exercise, as well as prognostic and differential-diagnostic cut-offs. Non-invasive assessment of
exercise haemodynamic parameters with echocardiography is of increasing clinical value; however, it is
still considered to lack precision as compared to invasive haemodynamic measurements [9].

Age-dependency of the normal mPAP/CO slope
Based on the identified studies, the weighted mean of the mPAP/CO slope influenced by age and the ULN
for 30–70-year-old subjects ranged from 1.6 to 3.3 WU. The age-dependency of the mPAP/CO slope was
mainly driven by the age-dependency of the PAWP/CO slope while the TPG/CO slope was not significantly
age-dependent. This might indicate the decline of the left ventricle’s filling compliance during exercise as
part of a physiological aging process [65], whereas the distensibility of the pulmonary vessels may remain
largely unaffected by age. As shown in figure 2a, studies in healthy subjects with mean age >60 years were
under-represented in the current meta-analysis, which was also the case in earlier physiological studies [1, 49].
Therefore, the haemodynamic values provided for older subjects may be less reliable.

Owing to the limited number of studies including multipoint mPAP/CO slopes and PAWP/CO slopes, it
was not possible to analyse the curvilinearity of the slopes in healthy individuals within the framework of
the present study. Previous investigations suggested an almost linear mPAP/CO slope, with an eventual
gradual flattening at high levels of exercise [13, 48, 65–67]. This supports the use of the mPAP/CO slope
as key in cardiopulmonary exercise haemodynamic parameters.
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TABLE 4 Overview of the identified studies for diagnostic and differential-diagnostic value and their most relevant findings

Publication Subjects
(n)

Age
(years)#

Sex
(M:F)

Patient cohort Most relevant finding

Recognising LHD
GODA et al.
2019 [50]

71 67±11 15:56 CTEPH Patients with peak PAWP >20 mmHg (predefined) had larger left
atrial volume index (40 versus 34 mL·m−2) than patients with peak
PAWP ⩽20 mmHg, suggesting LHD

EISMAN et al.
2018 [32]

175 57±17 65:110 HFpEF+Dyspnoea
+Controls

The ULN for PAWP/CO slope was 2 WU in controls; a ULN >2 was
characteristic of HFpEF, related to lower exercise capacity, and
may also identify HFpEF in patients with normal PAWP at rest

MAOR et al.
2015¶ [51]

63 60±20 18:45 Dyspnoea Patients with resting PAWP 12–15 mmHg were 4.5 times more likely
to present with a steep PAWP increase during exercise as
compared to patients with resting PAWP <12 mmHg

ANDERSEN et al.
2015 [52]

26 70±9 9:15 HFpEF+Controls 94% of patients with left ventricular diastolic dysfunction on
echocardiography but 0% of controls had peak PAWP >25 mmHg
during exercise

A steep PAWP increase may uncover LHD
VAN EMPEL et al.
2014 [53]

28 62±1 – HFpEF+Controls HFpEF patients had higher PAWP at peak exercise than controls (32
versus 16 mmHg)

BORLAUG et al.
2010 [54]

55 56±15 17:38 Dyspnoea Exercise PAWP was used to classify patients with resting
PAWP <15 mmHg as having HFpEF (PAWP at exercise ⩾25 mmHg)
or non-cardiac dyspnoea (PAWP at exercise <25 mmHg)

PAWP and sPAP were strongly correlated during exercise
YOSHIDA et al.
1985 [55]

40 Range 26–
71

38:2 Coronary artery
disease+Controls

dPAP/CO slope is steeper in patients with coronary artery disease
and angina than in those without angina or in controls

Recognising PVD
NAGEL et al.
2019 [56]

112 58±13 24:88 SSc SSc patients with resting mPAP 21–24 mmHg had higher peak PVR
(2.7 versus 1.8 WU) and lower 6-min walking distance and peak
cardiac index than patients with resting mPAP ⩽20 mmHg, which
may indicate early PVD

GORTER et al.
2018 [57]

161 67±11 59:102 HFpEF Among HFpEF patients (resting PAWP ⩾15 mmHg), combined post-
and pre-capillary pH was associated with higher peak PVR (4.5
versus 1.9 WU) and lower peak pulmonary arterial compliance (1.4
versus 2.3 mL·mmHg−1) as compared to isolated post-capillary PH,
suggesting the presence of PVD

CLAESSEN et al.
2015 [20]

36 62±12 27:9 CTEPH+Controls mPAP/CO slope was steeper in CTEPH patients after pulmonary
endarterectomy than in controls and similar to those with
unoperated CTEPH, suggesting the presence of residual PVD

TAYLOR et al.
2015 [58]

39 57±9 32:7 HF At a given CO (∼4.5 L·min−1) during exercise, mPAP was greater in
patients with HF and combined pre- and post-capillary PH, than
in patients without PH and, to a lesser extent, than in patients
with isolated post-capillary PH (∼55 versus ∼32 versus ∼45 mmHg,
respectively)

TOLLE et al.
2008 [59]

109 55±15 40:69 PAH+Controls Exercise patterns differ between PAH patients and controls
PAH presents with a strong initial increase of mPAP followed by a

plateau, whereas a continuous moderate mPAP increase was
characteristic in controls

Recognising LHD
and PVD
BENTLEY et al.
2020¶ [60]

121 55 (range
50–60)

61:60 Dyspnoea
+Controls

Pulse pressure/PAWP slope >2.5 (ULN in controls) uncovers a
subgroup among subjects with a normal mPAP/CO slope (ULN in
controls 3.2 WU) that is suggestive of an exaggerated pulmonary
vascular to PAWP response and might indicate an abnormal PAP
response, which is not driven by LHD

ULN of the PAWP/CO slope in controls was 2.0 WU
KEUSCH et al.
2014¶ [61]

101 61 (range
52–68)

31:70 Dyspnoea Out of patients with exercise dyspnoea and resting PAP 20–
24 mmHg, about the same number had either a steep PAWP or
PVR increase, suggesting either post- or pre-capillary cause of
mPAP elevation during exercise

Continued
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Prognostic relevance of pulmonary haemodynamic parameters during exercise
Prognostically relevant cut-offs in exercise dyspnoea: mPAP/CO >3 WU, PAWP/CO >2 WU
Two large studies aimed to provide prognostically relevant haemodynamic thresholds during exercise for a
general population with dyspnoea on effort. HO et al. [31] included 714 subjects and analysed the
association between exercise PH and a combined end-point defined as all-cause mortality or cardiovascular
hospitalisation. The authors defined exercise PH as an mPAP/CO slope >3 WU. The presence of exercise
PH was associated with a 2-fold increased risk of an event. In addition, besides the mPAP/CO slope, both
TPG/CO and PAWP/CO slopes were independently associated with prognosis [31].

In a second large study, EISMAN et al. [32] included 110 patients with dyspnoea on exercise but normal
PAWP and ejection fraction at rest. The authors defined the ULN PAWP/CO slope at 2 WU (1.2±0.4 WU),
based on the haemodynamic values of a control group. In patients with dyspnoea, a PAWP/CO slope
>2 WU was found in ∼40% of subjects and this was associated with adverse clinical outcomes, defined as
cardiovascular death, hospitalisation due to heart failure or abnormal resting PAWP in a future RHC. As a
consequence, a PAWP/CO slope >2 WU may be considered as a prognostically relevant marker in HFpEF
subjects with normal resting PAWP and ejection fraction.

Prognostically relevant haemodynamic parameters in cardiopulmonary diseases
The prognostic relevance of cardiopulmonary haemodynamic parameters during exercise has also been assessed
in patients with pre-capillary PH, left heart diseases and COPD. In pre-capillary PH, two haemodynamic
variables appeared to have the strongest prognostic relevance. First, cardiac index at peak exercise or its
change from rest to exercise was found to be of prognostic relevance in most of the studies [40–44].
Of note, an increase in cardiac index by >50% of its resting value [43] or ⩾0.55 L·min−1·m−2 [42]
was associated with a better prognosis. Second, similar to patients with exercise dyspnoea, in pre-capillary
PH an elevated mPAP/CO slope was associated with poor survival [42, 44]. However, in patients with PH
at rest, the range of the slopes was much higher: even in patients with better survival, the mPAP/CO slope
was frequently >10 WU [42].

In patients with suspected or confirmed left heart disease, a steep increase of PAWP during exercise
appeared as the single most important prognostic haemodynamic parameter. In patients with dyspnoea and
suspected HFpEF, a steep increase in PAWP during exercise was strongly associated with mortality, even if
haemodynamic parameters at rest were normal [33]. The best cut-off for a poor survival was
>25.5 mmHg·W−1·kg−1, e.g. in a subject with a body weight of 75 kg, PAWP would increase above
25 mmHg at 75 W workload. Of note, pulmonary blood flow during exercise is dependent on workload,
but with large individual variability [16]. Nevertheless, these results support the data of EISMAN et al. [32]
and the prognostic relevance of the PAWP/CO slope in patients with dyspnoea and at risk for HFpEF. In
patients with established left heart disease, the mPAP/CO (or mPAP/workload) slope also appears to be of
prognostic relevance. A steep initial increase of mPAP (0.41±0.16 mmHg·W−1) followed by a plateau was

TABLE 4 Continued

Publication Subjects
(n)

Age
(years)#

Sex
(M:F)

Patient cohort Most relevant finding

HAGER et al.
2013¶,

+

[62]
173 53±13 20:153 SSc+Controls Exercise may distinguish between pre-capillary (i.e. PVD,

characterised by an increase in TPG and PVR during exercise) and
post-capillary (i.e. mainly HFpEF, characterised by a steep
PAWP/CO slope and no significant change in TPG during exercise)
cause of exercise PH in SSc

SAGGAR et al.
2010¶ [63]

57 50±13 12:45 SSc According to predefined criteria by the authors, SSc patients may
reveal pre- or post-capillary causes of exercise PH

The main characteristics of post-capillary exercise PH may be the
relevant increase of PAWP at peak exercise, while the main
characteristics of pre-capillary exercise PH may be an increased
PVR and TPG at peak exercise

M: male; F: female; LHD: left heart disease; CTEPH: chronic thromboembolic pulmonary hypertension; PAWP: pulmonary arterial wedge pressure;
HFpEF: heart failure with preserved ejection fraction; CO: cardiac output; WU: Wood unit; ULN: upper limit of normal; sPAP: systolic pulmonary
arterial pressure; dPAP: diastolic pulmonary arterial pressure; PVD: pulmonary vascular disease; SSc: systemic sclerosis; mPAP: mean pulmonary
arterial pressure; PVR: pulmonary vascular resistance; PH: pulmonary hypertension; PAH: pulmonary arterial hypertension; PAP; pulmonary arterial
pressure; TPG: trans-pulmonary gradient. #: data presented as mean±SD or mean (interquartile range), unless otherwise specified; ¶: these studies
provide data both for the recognition of LHD and PVD based on parameters of exercise haemodynamic parameters; +: in these studies the exercise
protocol was arm lifting with weights, while in all other studies patients performed cycle-ergometry.
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associated with severely impaired survival in patients with HFrEF as compared to subjects with a
moderate, linear mPAP increase during exercise (0.28±0.12 mmHg·W−1) [12].

Two studies investigated the prognostic relevance of cardiopulmonary haemodynamic parameters during
exercise in COPD. An increase in mPAP and PVR during exercise was associated with clinical
deterioration [47], while a low peak cardiac index during exercise predicted poor results of lung surgery,
defined as death or prolonged ventilation [46].

Because systemic sclerosis (SSc) represents a significant risk for pulmonary arterial hypertension, changes in
cardiopulmonary haemodynamic parameters during exercise may reveal early signs of PVD with potential
clinical relevance. A recent study stratified SSc patients into subjects with PH at rest, with exercise PH and
with normal haemodynamic parameters [45]. Survival was superior in patients with normal haemodynamic
parameters as compared to the other groups, but it was not significantly different between resting and
exercise PH. Haemodynamic variables including mPAP at peak exercise, mPAP increase during exercise and
the mPAP/workload slope were predictors of transplant-free survival, while haemodynamic parameters at rest
were not [45]. In a later study, PVR and CO at peak exercise and the mPAP/CO slope were predictors of
long-term survival in SSc patients with no or mildly increased PAP, whereas resting haemodynamic
parameters were not [48]. Of note, the best mPAP/CO cut-off to predict survival was 3.5 WU, which is very
similar to the prognostic threshold in patients with exercise dyspnoea (3 WU).

Taken together, in patients with exercise dyspnoea or different cardiopulmonary conditions, the mPAP/CO
slope, the PAWP/CO slope and peak cardiac index (or CO) appear to be the most robust prognostically
relevant haemodynamic parameters during exercise.

Recognition of left heart disease or PVD based on exercise haemodynamic parameters
PAWP/CO slope >2 WU identifies a post-capillary cause of elevated PAP during exercise
According to the identified studies, an increased PAWP/CO slope with a cut-off >2 WU may be the most
important indicator of a post-capillary cause for abnormal cardiopulmonary haemodynamic parameters
during exercise. Nearly all patients with overt HFpEF and elevated resting PAWP (PAWP >15 mmHg) had
a PAWP/CO slope far above this threshold [32], whereas in subjects with normal resting PAWP, a PAWP/CO
slope >2.0 WU was associated with adverse cardiac outcomes [32].

In patients with normal resting PAWP, higher PAWP values during exercise were associated with increased
left atrial area and volumes [51], highlighting the role of exercise haemodynamic parameters in uncovering
latent left heart disease. Of note, peak PAWP ⩾25 mmHg during exercise has been suggested to identify
HFpEF in patients with exertional dyspnoea, normal ejection fraction and resting PAWP ⩽15 mmHg [54].
This suggestion was also adopted in the current European Society of Cardiology diagnostic algorithm for
HFpEF [68].

As compared to peak PAWP values, the PAWP/CO slope incorporates the level of increasing flow during
exercise and may therefore be more suitable for describing an abnormal haemodynamic response to
exercise than peak PAWP alone.

Haemodynamic patterns suggesting PVD
Some studies aimed to describe haemodynamic patterns during exercise that may be characteristic for
pre-capillary pulmonary vascular involvement, despite normal or near normal resting haemodynamic
parameters. The relevance of the mPAP/CO slope and pulmonary arterial compliance during exercise as
potential markers of PVD was highlighted in a study comparing untreated chronic thromboembolic
pulmonary hypertension (CTEPH) patients, CTEPH patients with normalised haemodynamic parameters
after pulmonary endarterectomy and healthy controls. The mPAP/CO slope was steeper in post-pulmonary
endarterectomy patients than in healthy controls, while pulmonary arterial compliance was similar to that
in patients with untreated CTEPH, suggesting that such changes may indicate PVD [20].

In addition, increased PVR or TPG during exercise have been considered as suggestive for early PVD in
patients with SSc [56, 62, 63]. However, currently no large prospective studies are available that could
confirm that a certain haemodynamic pattern is significantly associated with the development of pulmonary
arterial hypertension.

Potential definition of exercise PH
A flow-corrected, simple, reliable haemodynamic parameter with a single, prognostically relevant cut-off at
the ULN would represent an optimal definition for exercise PH. However, mainly due to the strong
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FIGURE 3 Mean pulmonary arterial pressure (mPAP)/cardiac output (CO), pulmonary arterial wedge pressure (PAWP)/CO and trans-pulmonary gradient (TPG)/CO slopes for the characterisation
of pulmonary haemodynamic parameters during exercise. Abnormal pulmonary haemodynamic parameters during exercise may be defined by an increased mPAP/CO slope. This slope is
strongly age-dependent and its upper limit of normal (ULN) (mean+2SD) ranges from 1.6 Wood units (WU) (in ∼30-year-old healthy subjects) to 3.3 WU (in ∼70-year-old healthy subjects) in the
supine position (table 2). The ULN based on the weighted mean and SD of all healthy subjects included in this analysis was 2.7 WU in the supine position. An increased mPAP/CO slope with a
cut-off above >3 WU is independently associated with poor survival and heart failure-related hospitalisations. The mPAP/CO slope corresponds to the sum of the TPG/CO slope and the PAWP/CO
slope. Like the mPAP/CO slope, the PAWP/CO slope is also strongly age-dependent and its ULN ranges from 0.6 to 1.8 WU. An increased PAWP/CO slope with a cut-off >2 WU is associated with
impaired survival and increased cardiovascular (CV) events and may be diagnostic for a post-capillary cause of PAP elevation during exercise. The ULN for the TPG/CO slope is 1.2 WU and
age-independent. An increased TPG/CO slope is also associated with impaired survival and may be suggestive of pulmonary vascular disease (PVD). Studies reporting on the prognostic relevance
of the mPAP/CO, TPG/CO and PAWP/CO slopes are indicated in the footnotes. LHD: left heart disease. #: for validating mPAP/CO >3 WU cut-off [31], and [12, 42, 44, 45, 48]; ¶: for validating
mPAP/CO >3 WU cut-off [31]; +: [31, 48]; §: [31]; ƒ: [56, 57, 61–63]; ##: for validating PAWP/CO >2 WU cut-off [32], and [31, 33]; ¶¶: for validating PAWP/CO >2 WU cut-off [32], and [31]; ++: for
validating PAWP/CO >2 WU cut-off [32], and [54].

https://doi.org/10.1183/13993003.03181-2021
12

EU
RO

PEAN
RESPIRATO

RY
JO

U
RN

AL
REVIEW

|
K
.ZED

ER
ET

AL.



age-dependency of most cardiopulmonary haemodynamic parameters during exercise and the limited
number of available datasets in healthy older subjects, no parameter and cut-off appears to fulfil all these
criteria. Haemodynamic parameters incorporating CO, such as the mPAP/CO slope, appropriately account
for the impact of blood flow on mPAP as compared to the absolute value of maximal mPAP, which was
previously used to define exercise PH. In addition, the mPAP/CO slope is a consistent variable to describe
abnormalities of the pulmonary circulation during exercise and is independently associated with prognosis
in patients with exercise dyspnoea and in several cardiovascular conditions. Based on these considerations,
the mPAP/CO slope may be suitable to define exercise PH.

Limitations
We acknowledge several limitations of our study. We cannot exclude that some relevant studies were
missed by our systematic search strategy. In addition, we included a limited number of studies per
condition for the meta-regression models and therefore generalisation to a broader population of values
may not be accurate. Our decision to consider only studies after 2003 for the analysis of normal values
contributed to the limited number of included studies for this question. However, this approach was used
to ensure the best possible quality of data, and the inclusion of 250 healthy subjects complying with
state-of-the-art work-up for exclusion of comorbidities, examined by RHC, allowed for robust general
conclusions. Referral bias may have influenced the available data, because invasive studies may not have
been offered at all clinics. The estimation of age-dependency of the ULN for slopes in healthy older
controls should be interpreted with caution because the number of these subjects in the dataset was small.
Nevertheless, the results were consistent with a similar dataset of symptomatic patients with no
pathological findings, suggesting robustness of the data. Age was included in the moderator analysis as an
aggregated variable, underestimating the true variability of this parameter within each individual study.
Some methodological details such as the zero reference point or the exact method for assessment of
pulmonary pressures during exercise (end-expiratory versus averaging over several respiratory cycles) were
not provided in all studies. However, it can be assumed that recent discussions and recommendations have
reduced the heterogeneity as compared to previous studies. Further, study results were reported
heterogeneously and therefore some statistical approximations and calculations had to be performed, as
outlined in the supplementary material. These calculations may have introduced a degree of uncertainty in
our data. It is unlikely, though, that they significantly influenced the major results of our analysis.
Comparisons for sex and race have not been performed due to the limited number of studies that would
have allowed such an analysis. Finally, beyond their description, a true direct comparison between
haemodynamic indices for their prognostic or differential-diagnostic relevance is not possible based on the
currently available data. We expect that this question may be addressed within the next years in a large,
well-powered multicentre clinical registry study [10].

Conclusions
The mPAP/CO and PAWP/CO slopes appear to be the most valuable parameters to characterise pulmonary
circulation during exercise. In contrast to the absolute values of mPAP, the mPAP/CO slope is largely
unaffected by workload, but it is strongly age-dependent, its ULN ranging from 1.6 WU to 3.3 WU. An
increased mPAP/CO slope is associated with impaired survival in different cardiopulmonary conditions,
and an independent prognostic cut-off with mPAP/CO >3 WU has been validated in dyspnoea patients
(figure 3).

The PAWP/CO slope is strongly age-dependent and its ULN ranges between 0.6 WU and 1.8 WU. A
PAWP/CO slope >2 WU is associated with adverse cardiovascular events and differentiates between pre-
and post-capillary causes of exercise PH. These findings may contribute to the identification of early
pulmonary vascular and early left heart disease and provide a basis for future therapeutic studies.
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