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ORIGINAL RESEARCH

Influence of Upright Versus Supine Position 
on Resting and Exercise Hemodynamics 
in Patients Assessed for Pulmonary 
Hypertension
Charlotte Berlier, MD; Stéphanie Saxer, PhD; Mona Lichtblau , MD; Simon R. Schneider , MSc;  
Esther I. Schwarz, MD; Michael Furian, PhD; Konrad E. Bloch, MD; Arcangelo F. Carta , MD*;  
Silvia Ulrich , MD* 

BACKGROUND: The aim of the present work was to study the influence of body position on resting and exercise pulmonary 
hemodynamics in patients assessed for pulmonary hypertension (PH).

METHODS AND RESULTS: Data from 483 patients with suspected PH undergoing right heart catheterization for clinical indica-
tions (62% women, age 61±15 years, 246 precapillary PH, 48 postcapillary PH, 106 exercise PH, 83 no PH) were analyzed; 
213 patients (main cohort, years 2016–2018) were examined at rest in upright (45°) and supine position, such as under upright 
exercise. Upright exercise hemodynamics were compared with 270 patients (historical cohort) undergoing supine exercise 
with the same protocol. Upright versus supine resting data revealed a lower mean pulmonary artery pressure 31±14 versus 
32±13 mm Hg, pulmonary artery wedge pressure 11±4 versus 12±5 mm Hg, and cardiac index 2.9±0.7 versus 3.1±0.8 L/min 
per m2, and higher pulmonary vascular resistance 4.1±3.1 versus 3.9±2.8 Wood P<0.001. Exercise data upright versus supine 
revealed higher work rates (53±26 versus 33±22 watt), and adjusting for differences in work rate and baseline values, higher 
end-exercise mean pulmonary artery pressure (52±19 versus 45±16 mm Hg, P=0.001), similar pulmonary artery wedge pres-
sure and cardiac index, higher pulmonary vascular resistance (5.4±3.7 versus 4.5±3.4 Wood units, P=0.002), and higher mean 
pulmonary artery pressure/cardiac output (7.9±4.7 versus 7.1±4.1 Wood units, P=0.001).

CONCLUSIONS: Body position significantly affects resting and exercise pulmonary hemodynamics with a higher pulmonary 
vascular resistance of about 10% in upright versus supine position at rest and end-exercise, and should be considered and 
reported when assessing PH.
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Pulmonary hypertension (PH) is generally diag-
nosed by right heart catheterization (RHC) at rest 
in supine position. However, many pulmonary 

hemodynamic measures lack standardization and the 
hemodynamic definition of PH is currently debated.1–3 
A recent consensus suggests to lower the diagnostic 
cutoff of the mean pulmonary artery pressure (mPAP) 
to >20 mm Hg based on studies which revealed that 

this cutoff corresponds to 2 SD of the mean normal 
value of 14 mm Hg and that mortality increases with an 
increasing mPAP starting from this normal value.4–6 To 
increase specificity for pulmonary vascular disease, a 
pulmonary vascular resistance (PVR) of ≥3 Wood units 
was added to the diagnostic criteria for precapillary 
PH, albeit the normal PVR limit is debated.1,7,8 The pul-
monary artery wedge pressure (PAWP >15 mm Hg) is 
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used to define postcapillary PH, but is known to vary 
considerably according to the measurement methods 
and the patients’ fluid status.9,10 The cardinal symp-
tom of PH is dyspnea on exertion, thus, a patholog-
ical PVR for a given cardiac output (CO) resulting in 
a higher mPAP potentially precedes resting PH and 
is associated with worse prognosis,11,12 albeit many 
questions about the diagnostic and prognostic value 
of exercise PH and the mode of assessment are still 
unanswered.3,13 Regarding these challenges, stan-
dardization of RHC-measures are highly warranted to 
diagnose and classify PH and for this, the influence 
of body position has to be explored. Expert consen-
sus suggests to obtain resting measurements in su-
pine position with pulsatory pressures averaged over 
several respiratory cycles and transducers of fluid-filled 
catheters zeroed to the mid-thoracic line.9,14 However, 
as soon as hemodynamics are measured during exer-
cise, body position may be changed to upright (≥45°), 
which may alter venous return and intrathoracic pres-
sures and thus significantly change pulmonary hemo-
dynamics. As humans spend most daytime upright, it 
may additionally be of interest to know the influence 

of this principal body position on pulmonary hemody-
namic measures at rest and exercise.

The aim of the present work was therefore to inves-
tigate the influence of the upright versus supine posi-
tion on main pulmonary hemodynamic parameters at 
rest and exercise and to explore if positional changes 
vary between diagnostic groups.

METHODS
The data and analytic methods will be shared with 
other interested researchers in the field upon request 
to the corresponding author.

Study Design and Patients
This is a retrospective analysis of data from all adults 
(aged >18  years) who underwent clinically indicated 
RHC in the PH-center at the University Hospital Zurich 
from January 2005 until July 2018. The main analysis 
cohort were patients investigated January 2016 to July 
2018 (main cohort) who had hemodynamic assess-
ment at rest both, supine and upright (defined as 45°), 
before performing upright stepwise cycle exercise. 
Exercise hemodynamics in upright position of this 
main cohort was additionally compared with patients 
who had supine stepwise cycling exercise from 2005 
to January 2016 (historical cohort).

To further explore positional differences according 
to diagnostic groups, we assessed patients overall and 
classified into the following 4 hemodynamic groups ac-
cording to guidelines or task-force statements2,13: pre-
capillary PH defined as mPAP ≥25 mm Hg and PAWP 
≤15 mm Hg at supine rest, postcapillary PH defined as 
mPAP ≥25 mm Hg and PAWP >15 mm Hg at supine 
rest, exercise PH defined as mPAP <25 mm Hg at su-
pine rest, thus not fitting into criteria for other groups, 
but mPAP >30 mm Hg and mPAP/CO >3 Wood units 
at end-exercise. No PH was defined as not fulfilling any 
of the other groups.

All patients gave written informed consent to un-
dergo RHC, data registration and scientific analysis. 
The study was approved by the cantonal ethical au-
thorities Zurich, Switzerland (KEK 2019-00470).

RHC at Rest and During Exercise
A balloon-tipped, triple-lumen, fluid-filled 7.5 Fr Swan 
Ganz catheter (Baxter/Edwards, Deerfield, IL, USA) 
was introduced via an internal jugular vein. Transducers 
were set at the mid-axillary line and zeroed to atmos-
pheric pressure9,14 to measure the mPAP, the PAWP 
and the right atrial pressure (RAP). CO was assessed 
by thermodilution (Baxter/Edwards) and cardiac index 
calculated as CO/body surface area. PVR was calcu-
lated as PVR= (mPAP−PAWP)/CO. The total pulmo-
nary resistance (mPAP/CO) was calculated at the end 

CLINICAL PERSPECTIVE

What Is New?
•	 To our knowledge, this is the largest study of 

patients with mainly pulmonary vascular dis-
ease assessed by right heart catheterization to 
study the influence of supine versus 45° upright 
body position on pulmonary hemodynamics.

What Are the Clinical Implications?
•	 Body position significantly affects resting and 

exercise pulmonary hemodynamics by reveal-
ing an about 10% higher pulmonary vascular 
resistance upright versus supine.

•	 Our data underscores the importance of con-
sidering body position while interpreting and 
reporting pulmonary hemodynamics in pulmo-
nary vascular disease.

Nonstandard Abbreviations and Acronyms

CO	 cardiac output
HR	 heart rate
mPAP	 mean pulmonary artery pressure
PAWP	 pulmonary artery wedge pressure
PH	 pulmonary hypertension
RAP	 right atrial pressure
RHC	 right heart catheterization
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of each step of exercise. Resting measurements were 
assessed in both cohorts supine as mean of 2 stable 
measurements after 15 minutes of rest and in 45° up-
right position after 5 minutes of rest in the main cohort 
with the transducers set at the same mid-axillary line 
as in the supine position.14 Exercise testing was per-
formed as stepwise incremental cycle exercise starting 
with 10 watts followed by an increase of 10 to 20 watts 
every 3 minutes at a cycling rate of 60 rounds/min, until 
patient exhaustion at end-exercise. Hemodynamic 
measurements were taken during the last 30 seconds 
of each step (TheraVital, Medica GmbH, Ravensburg) 
and averaged over several respiratory cycles. Exercise 
was performed in the upright position in the main co-
hort 2016 to July 2018 and in the supine position in the 
historical cohort 2005 to 2016. RHC was conducted 
by the same team throughout the years with similar 
protocols and methods.

Statistical Analysis
Data are expressed as mean±SD and mean differ-
ence (95% CI). Single missing values were rare and not 
imputed. As the data set was large normality was as-
sumed. Comparisons of hemodynamics at rest within 
the main cohort, were done using mixed regression 
analysis with hemodynamic parameters as depend-
ent variables and body position (upright versus supine), 
hemodynamic group (precapillary PH, postcapillary PH, 
exercise PH, and no PH) and their interaction term as 
fixed-independent variables and grouped by patient. 
From these mixed regression models, the average 
marginal effect (mean difference) induced by change in 
body position on hemodynamic parameters (overall and 
for each hemodynamic group) was calculated. Exercise 
data between the main cohort and historical cohort 
were investigated by mixed linear regression analysis 
and adjusted for respective baseline values and work-
load in watts. Model diagnostics analyzed by QQ-plots 

for residuals and random intercepts were deemed ac-
ceptable for the main outcomes. A P value <0.05 was 
considered statistically significant and no adjustment 
was made for multiplicity. Analysis was performed 
using SPSS 25 statistics, R-studio (packages “nlme”, 
“lmerTest”, “margins”), and SigmaPlot softwares.

RESULTS
Baseline Patient Characteristics
Characteristics and diagnostic groups of the 2 cohorts 
are shown in Table 1. The main cohort with resting data 
available in both positions consisted of 213 patients 
(60% women, mean±SD aged 61±15 years), and the 
historical cohort with exercise in supine position con-
sisted of 270 patients (61% women, age 60±15 years). 
Baseline characteristics and hemodynamic group dis-
tribution were similar between the 2 cohorts. The pa-
tients in the no PH group had clinically indicated RHC 
because of suspected PH in patients with otherwise 
unexplained dyspnea or being at risk factors for PH at-
tributable to an underlying disease, such as connective 
tissue disease.

Resting Hemodynamics in the Upright 
and Supine Position Within Patients of the 
Main Cohort
Main hemodynamic parameters at rest in the upright 
and supine position overall and separated by groups 
are shown in Table 2 and patterns of changes in hemo-
dynamics are illustrated in Figure  1. Overall, mPAP, 
PAWP, and RAP were slightly but significantly lower 
upright versus supine. The cardiac index was also sig-
nificant lower upright resulting in a higher PVR. Heart 
rate (HR), systolic blood pressure (SBP), diastolic blood 
pressure (DBP), mPAP/CO, and systemic vascular re-
sistance (SVR) were also significantly higher upright.

Table 1.  Baseline Characteristics of Patients

Main cohort 2016–2018 Historical cohort 2005–2016

No. of patients 213 270

Women, n (%) 127 (60%) 170 (63%)

Age, y 61±15 60±15

BMI, kg/m2 27±5 26±6

BSA, m2 1.9±0.2 1.82±0.2

Position of hemodynamic assessments at rest Supine and upright Supine

Position of hemodynamic assessments during exercise Upright Supine

Diagnostic groups

No PH (not classified into any PH-group) 31 (15%) 52 (19%)

Exercise PH 38 (18%) 68 (25%)

Precapillary PH 120 (56%) 126 (47%)

Postcapillary PH 24 (11%) 24 (9%)

Values are expressed as number (%) or mean±SD. BMI indicates body mass index; BSA, body surface area; and PH, pulmonary hypertension.
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Table 2.  Resting Hemodynamics in Upright and Supine 
Position Within the Main Cohort

Upright Supine
Mean change  
(95% CI) P Value

Overall patients, n=213

Heart rate, bpm 76±13 74±12 2.4 (1.5 to 3.3) <0.001

Systolic blood 
pressure, mm Hg

140±20 132±18 8.1 (6.6 to 9.6) <0.001

Diastolic blood 
pressure, mm Hg

81±15 77±11 4.3 (2.9 to 5.7) <0.001

Mean pulmonary 
artery pressure, 
mm Hg

31±14 32±13 −1.0 (−1.6 to −0.4) <0.001

Pulmonary artery 
wedge pressure, 
mm Hg

11±4 12±5 −1.5 (−1.8 to −1.1) <0.001

Right atrial 
pressure, mm Hg

7±4 9±4 −1.8 (−2.2 to −1.4) <0.001

Cardiac index, L/
min per m2

2.9±0.7 3.1±0.8 −0.2 (−0.3 to −0.2) <0.001

Pulmonary 
vascular 
resistance, WU

4.1±3.1 3.9±2.8 0.3 (0.1 to 0.5) <0.001

mPAP/cardiac 
output, WU

6.4±4.0 6.2±3.5 0.3 (0.0 to 0.5) 0.047

Systemic 
vascular 
resistance, WU

20.4±7.3 17.2±5.6 3.2 (2.6 to 3.8) <0.001

Patients with precapillary pulmonary hypertension, n=120

Heart rate, bpm 78±13 74±12 3.4 (2.2 to 4.5) <0.001

Systolic blood 
pressure, mm Hg

137±19 128±16 8.4 (6.3 to 10.4) <0.001

Diastolic blood 
pressure, mm Hg

81±13 77±11 4.0 (2.1 to 5.9) <0.001

Mean pulmonary 
artery pressure, 
mm Hg

38±13 39±12 −0.4 (−1.2 to 0.4) 0.376

Pulmonary artery 
wedge pressure, 
mm Hg

11±4 12±4 −1.0 (−1.5 to −0.5) <0.001

Right atrial 
pressure, mm Hg

8±5 10±4 −1.7 (−2.2 to −1.1) <0.001

Cardiac index,  
L/min per m2

2.8±0.7 3.0±.8 −0.2 (−0.3 to −0.1) <0.001

Pulmonary 
vascular 
resistance, WU

5.7±3.4 5.3±2.9 0.5 (0.2 to 0.7) <0.001

mPAP/cardiac 
output, WU

8.2±4.4 7.7±3.5 0.5 (0.2 to 0.9) 0.001

Systemic 
vascular 
resistance, WU

20.7±7.5 17.5±5.5 3.2 (2.3 to 4.0) <0.001

Patients with post-capillary pulmonary hypertension n=24

Heart rate, bpm 75±11 75±12 −0.3 (−2.8 to 2.3) 0.848

Systolic blood 
pressure, mm Hg

146±25 141±22 4.5 (0.2 to 9.4) 0.041

Diastolic blood 
pressure, mm Hg

78±13 75±12 3.7 (−0.6 to 8.0) 0.093

 (Continued)

Upright Supine
Mean change  
(95% CI) P Value

Mean pulmonary 
artery pressure, 
mm Hg

31±9 36±8 −5.1 (−7.0 to −3.3) <0.001

Pulmonary artery 
wedge pressure, 
mm Hg

15±4 19±5 −4.4 (−5.6 to −3.3) <0.001

Right atrial 
pressure, mm Hg

9±5 12±5 −2.7 (−3.9 to −1.5) <0.001

Cardiac index,  
L/min per m2

3.0±0.7 3.1±0.8 −0.1 (−0.3 to 0.1) 0.387

Pulmonary 
vascular 
resistance, WU

2.7±1.2 3.2±1.7 −0.3 (−0.9 to 0.3) 0.277

mPAP/cardiac 
output, WU

5.4±1.6 6.9±3.2 −1.2 (−2.0 to −0.5) <0.001

Systemic 
vascular 
resistance, WU

18.9±7.0 17.5±6.3 1.7 (−0.1 to 3.6) 0.063

Patients with exercise pulmonary hypertension n=38

Heart rate, bpm 74±11 72±11 1.8 (−0.3 to 3.8) 0.088

Systolic blood 
pressure, mm Hg

146±19 134±22 11.8 (8.2 to 15.4) <0.001

Diastolic blood 
pressure, mm Hg

84±22 77±10 7.0 (3.7 to 10.3) <0.001

Mean pulmonary 
artery pressure, 
mm Hg

20±4 20±3 0.1 (−1.4 to 1.5) 0.943

Pulmonary artery 
wedge pressure, 
mm Hg

9±3 9±2 −0.7 (−1.6 to 0.2) 0.155

Right atrial 
pressure, mm Hg

6±3 7±3 −1.4 (−2.4 to −0.5) 0.002

Cardiac index,  
L/min per m2

2.9±0.8 3.1±0.7 −0.2 (−0.4 to −0.0) 0.026

Pulmonary 
vascular 
resistance, WU

2.3±0.9 2.0±0.5 0.3 (−0.1 to 0.8) 0.127

mPAP/cardiac 
output, WU

4.0±1.1 3.7±0.7 0.3 (−0.3 to 0.9) 0.263

Systemic 
vascular 
resistance, WU

21.4±7.4 17.6±5.2 4.0 (2.5 to 5.4) <0.001

Patients without pulmonary hypertension, n=31

Heart rate, bpm 73±12 72±12 1.54 (−0.7 to 3.8) 0.176

Systolic blood 
pressure, mm Hg

141±15 137±16 5.0 (1.0 to 9.0) 0.014

Diastolic blood 
pressure, mm Hg

80±9 78±9 2.7 (−1.0 to 6.4) 0.147

Mean 
pulmonary 
artery pressure, 
mm Hg

16±4 18±3 −1.5 (−3.1 to 0.1) 0.067

Pulmonary 
artery wedge 
pressure, 
mm Hg

8±3 9±3 −1.8 (−2.8 to −0.8) <0.001

Table 2.  Continued

 (Continued)
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In the precapillary PH group, PAWP, RAP, cardiac 
index were significantly lower upright, PVR, HR, SBP, 
DBP, mPAP/CO, and SVR were significantly higher up-
right, whereas mPAP was not different.

In the postcapillary PH group, mPAP, PAWP, 
RAP, and mPAP/CO were significantly lower upright, 
whereas HR, DBP, cardiac index, PVR, and SVR were 
similar. SBP was significantly higher upright.

In the exercise PH group, RAP and cardiac index 
were significantly lower upright, whereas SPB, DBP, 
and SVR were higher upright and HR, mPAP, PAWP, 
mPAP/CO, and PVR were similar.

In the group without PH, PAWP, RAP, and cardiac 
index were significantly lower upright, whereas SBP, 
and SVR were significantly higher and the HR, DBP, 
mPAP, mPAP/CO, and PVR were unchanged.

Exercise Hemodynamics in Upright 
Position (Main Cohort) Versus Supine 
(Historical Cohort)
Hemodynamic measures under exercise in the upright 
position (main cohort) and supine position (historical 
cohort) at baseline and end-exercise, and the differ-
ence between upright and supine exercise are shown 
overall and separated by groups in Table 3 and illus-
trated in Figures 2 and 3.

Overall, patients in the upright position achieved 
significantly higher work rate compared with patients 
cycling supine and hemodynamics differed between 
positions already at baseline and also during exer-
cise. Compared with the supine position, there were 
distinct differences at end-exercise in the upright po-
sition, showing a higher work rate, a higher HR, SBP, 
mPAP, and PVR but unchanged mPAP/CO (Table 3). If 
adjusted for work rate and baseline, the main cohort 
exercising upright, revealed still a higher mPAP, PVR, 
and now as well mPAP/CO, whereas HR was no longer 

different, and the adjusted SBP and SVR were lower 
(Table 3).

In the largest subgroup with precapillary PH, the 
end-exercise work rate achieved upright was again 
significantly higher, which was associated with a higher 
HR, mPAP, and PVR at end-exercise. When adjusted 
for different baseline values between the 2 cohorts 
and higher work rates upright, the mPAP and PVR 
remained significantly higher upright versus supine, 
along with a higher mPAP/CO (Table 3).

In the postcapillary PH group, end-exercise work 
rate was significantly higher in the cohort cycling up-
right versus the cohort cycling supine. Adjusted for 
work-rate and baseline, the systemic blood pressure 

Upright Supine
Mean change  
(95% CI) P Value

Right atrial 
pressure, 
mm Hg

6±3 8±3 −1.9 (−2.9 to −0.9) <0.001

Cardiac index,  
L/min per m2

3.1±0.7 3.6±0.8 −0.5 (−0.7 to −0.3) <0.001

Pulmonary 
vascular 
resistance, WU

1.6±0.7 1.3±0.5 0.2 (−0.3 to 0.7) 0.369

mPAP/cardiac 
output, WU

3.1±1.2 2.9±0.9 0.1 (−0.5 to 0.8) 0.654

Systemic 
vascular 
resistance, WU

18.8±6.4 15.2±5.8 3.6 (2.0 to 5.2) <0.001

Values are expressed as means±SD and mean difference (95% CI). mPAP 
indicates mean pulmonary artery pressure; and WU, Wood units.

Table 2.  Continued

Figure 1.  Differences of resting hemodynamic in upright 
(45°) vs supine position in patients undergoing right 
heart catheterization because of suspected pulmonary 
hypertension.
Mean differences with 95% CIs of main resting hemodynamic 
measures assessed by right heart catheterization in upright 
vs supine position within patients of the entire main cohort 
(all groups together) and within patients of the different 
hemodynamic subgroups. Differences are negative if values in 
upright position are lower than in supine position. Cardiac index, 
L/min per m2; mPAP, mean pulmonary artery pressure, mm Hg; 
PAWP, pulmonary artery wedge pressure, mm Hg; PH, pulmonary 
hypertension; and PVR, pulmonary vascular resistance.
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(BP) at end-exercise was lower upright versus supine 
with a tendency towards lower SVR.

In the exercise PH group, end-exercise work-rate 
was again significantly higher in the cohort cycling up-
right, other parameters were mainly unchanged with 
the exception of a lower systemic BP and SVR upright 
versus supine at end-exercise.

In the subgroup without PH, work rate was again 
higher upright versus supine, the RAP and cardiac 
index at end-exercise was higher upright versus su-
pine, no other differences were detected.

DISCUSSION
This study provides novel comprehensive data on the 
influence of body position on hemodynamics in pa-
tients with suspected PH evaluated by RHC at rest 
and during exercise. Within a large cohort of patients 
assessed at rest upright and supine, we found that in 
the upright versus supine position both mPAP and, to 
a minimally greater extent, PAWP, decreased in asso-
ciation with a reduction in cardiac index indicating an 
increase in PVR of about 10%. Comparing the present 
main cohort cycling upright with a historical cohort 
cycling supine revealed that the work rate achieved 
upright versus supine was significantly higher, result-
ing in higher HR, mPAP, and PVR at end-exercise. 
Adjustment for different baseline and work rates of the 
2 cohorts confirmed a significantly higher mPAP, PVR, 
and also mPAP/CO at end-exercise in upright versus 
supine position. Thus, body position at rest and during 
exercise should be considered when investigating and 
defining PH.

Resting hemodynamics assessed supine and up-
right within patients of the main cohort revealed that 
HR and systemic BP were increased in upright po-
sition, which is in line with the known baroreflex re-
sponse to orthostasis with an increased sympathetic 
and reduced parasympathetic outflow in response 
to upright position.15,16 Accordingly, PVR and SVR in-
creased in the upright versus supine position as in-
dicated by reductions in PAWP and RAP, an only 
minimal reduction in mPAP and a clear increase in 
systemic BP along with a reduction in cardiac index. 
Regarding the higher HR, the decreased CI indicates 
a significantly lower stroke volume, which is in line 
with lower RAP and venous return in accordance with 
Guytons experiments, which showed already decades 
ago that that the venous return determines cardiac 
output.17,18 Bevegard et al studied healthy volunteers 
(10 untrained, 8 athletes) by RHC and showed that the 
cardiac output was lower in the sitting compared with 
the supine position at rest, because of a smaller stroke 
volume in the sitting position.19,20 In line with these 
data and our study, 10 healthy men investigated by 
left and right heart catheterization in the supine and 
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upright position,21 revealed lower PAWP, left ventricu-
lar end-diastolic pressure, and cardiac index in the sit-
ting versus supine position. The mPAP in these healthy 
men was not different between the 2 positions at rest, 
which is in line with the presently investigated patients 
with precapillary PH, exercise PH, and no PH (Table 2 
and Figure 2). In subgroup analyses, we could indeed 
show that the lower mPAP found upright versus su-
pine in the analysis of the entire cohort was driven by 
the subgroup with postcapillary PH, which revealed 
a much greater reduction in PAWP and mPAP com-
pared with patients with precapillary PH, exercise PH, 
and no PH (Figure 3). The major group of patients with 
precapillary PH responded to upright position with a 
significant increase in HR and SBP and a significant 
decrease in RAP, with consecutively lowered stroke 
volume and cardiac index despite increased HR, 

which may indicate a high dependency of pulmonary 
hemodynamics from cardiac pre- and afterload in pre-
capillary PH. As the mPAP was only minimally reduced 
in upright position, the decreased PAWP and cardiac 
index resulted in a significantly increased PVR upright 
versus supine. Patients with postcapillary PH, however, 
did not reveal an increased HR and DBP upright ver-
sus supine and the SBP was only minimally increased, 
which thus may point towards a certain orthostatic 
dysregulation in these patients, which often reveals 
concomitant diastolic dysfunction and systemic hy-
pertension. The association of autonomic dysfunction 
in hypertension and heart failure is known and it is cur-
rently investigated whether interventional therapies to 
modulate autonomic tone may be beneficial in these 
conditions.22,23 The PAWP was significantly lower up-
right versus supine overall and especially in patients 

Figure 2.  Hemodynamic measures in upright (45°) and supine position at baseline rest, at 
50% and 100% of individual work rate.
Means and SD of main hemodynamic measures assessed by right heart catheterization in upright 
(main cohort, n=217, black diamonds) and supine position (historical cohort, n=270, white squares) 
at baseline, and at 50% and 100% of individual end-exercise work rate. *P<0.05 between groups 
in the adjusted regression analyses. A, Mean pulmonary artery pressure. B, Pulmonary artery 
wedge pressure. C, Cardiac index. D, Pulmonary vascular resistance. mPAP, mean pulmonary 
artery pressure; PAWP, pulmonary artery wedge pressure; PH, pulmonary hypertension; PVR, 
pulmonary vascular resistance; and WU, Wood units.
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with postcapillary PH who were the only group who 
did not show a decrease in cardiac index when up-
right, possibly reflecting some fluid overload in supine 
position. Patients diagnosed with exercise PH re-
vealed an increased systemic BP in the upright versus 
supine position associated with an increase in SVR, a 
slight elevation of HR and a reduction in CI according 
to the expected orthostatic reaction with lower venous 
return18 but PVR was unchanged in this relatively small 
and heterogeneous group. In summary, our findings 
demonstrate that resting pulmonary hemodynamics 
within the same patients are significantly different ac-
cording to the body position and that some positional 

effects vary according to pre- and postcapillary PH 
subgroups. As humans spend most of the daytime 
upright with constantly lower venous return and car-
diac output and consecutively higher resistances, 
hemodynamics measured supine in the catheter lab-
oratory may not truly reflect what pulmonary vessels 
withstand during activities of everyday life.

Nevertheless, for convenience and standardization, 
resting hemodynamics are conventionally measured 
supine and current PH definitions are based on supine 
resting measurements.1 Pulmonary hemodynamic 
assessments during exercise are also possible and 
widely applied in the supine position with the advan-
tage to keep the position of a patient in the catheter 
laboratory constant and to compare the exercise with 
resting measures.3,13 However, exercising in a supine 
position does not correspond to daily activities and 
the necessary elevation of the legs to reach the ped-
als from the supine position already corresponds to 
a leg-lift maneuver as used to provoke an increased 
venous return and uncover occult left-heart disease.24 
In addition, leg-lift may increase mechanoreflexes and 
augment peripheral sympathetic response, which may 
contribute to exercise limitation.25 These arguments 
are in favor of investigating pulmonary hemodynam-
ics during exercise in a more natural, upright position, 
which in turn calls to repeat resting measures upright 
as a baseline to determine the hemodynamic changes 
with exercise. In our PH center, we changed our daily 
practice to investigate patients assessed for PH in the 
45° upright position in 2016. This allowed us to com-
pare pulmonary hemodynamics during cycle exercise 
assessed upright in the presently described main co-
hort in comparison to the historical cohort, which was 
similarly assessed supine from 2005 to 2016.

The cohort of patients performing stepwise 
cycle exercise upright achieved significantly higher 
work rates compared with the cohort cycling su-
pine (Table  3). This is in line with previous studies 
that revealed that supine exercise is associated with 
a reduced workload, whereas the effect of the body 
position on maximal oxygen uptake, HR, and respira-
tion is more debated.26–28 As hemodynamics of the 2 
cohorts included in the current study already differed 
at rest because of different body positions and poten-
tially other unknown factors, and as significantly higher 
work rates were achieved upright versus supine, com-
parisons at end-exercise were performed without and 
with adjustment for respective baseline values and 
work rates. Whereas unadjusted at end-exercise in the 
upright versus the supine exercise cohort, HR, sys-
temic BP, mPAP, and PVR were higher along with the 
higher work rate, adjusted measures revealed a similar 
HR, an even lower systemic BP but still higher mPAP, 
PVR, and mPAP/CO. Such position-related differences 
in resting and exercise hemodynamics may influence 

Figure 3.  Differences of hemodynamic measures at the end 
of exercise in upright (45°) vs supine position unadjusted and 
adjusted for baseline values and end-exercise work rate.
Mean differences with 95% CIs of main hemodynamic 
parameters assessed by right heart catheterization at the end of 
cycle exercise in upright (main cohort, n=217) vs supine position 
(historical cohort, n=270). Open circles represent unadjusted 
differences and filled circles represent differences adjusted for 
baseline values and end-exercise work rate. Data from all patients 
and from patients of the different hemodynamic subgroups are 
displayed in separate panels. Differences are negative if values in 
upright position are lower than in supine position. Cardiac index, 
L/min per m2; mPAP, mean pulmonary artery pressure, mm Hg; 
PAWP, pulmonary artery wedge pressure, mm Hg; PH, pulmonary 
hypertension; and PVR, pulmonary vascular resistance.
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the classification of patients with PH and it is thus of 
importance to include body position in hemodynamic 
reports and definitions.

Unadjusted hemodynamic differences among the 
120 patients with precapillary PH cycling upright and 
the 126 historical controls cycling supine were mainly 
the same as those in the respective entire cohorts, with 
higher work rates, HR, mPAP, and PVR. If adjusted for 
the baseline differences and work rate, HR was similar 
but end-exercise mPAP, PVR, and mPAP/CO were sig-
nificantly higher upright versus supine, corroborating 
an essential effect of body position on exercise hemo-
dynamics in patients with precapillary PH.3,13

The differences in PVR and mPAP/CO at end-
exercise between the upright versus supine cohorts 
overall and in the major precapillary subgroup were 
not present in the smaller subgroups with postcapil-
lary PH, exercise PH, and no PH. This is in line with a 
previous study investigating 30 healthy young adults of 
both sexes by exercise echocardiography upright and 
semi-recumbent, which found a similar pressure-flow 
relationship despite increased work rates achieved 
upright.28 Thus, different disorders as defined by he-
modynamic groups may reveal distinct hemodynamic 
responses to exercise in different body positions. 
In postcapillary PH, the unadjusted PAWP at end-
exercise was significantly higher supine versus upright, 
but there was no significant difference after adjustment 
for the higher work rate and baseline. This is in line with 
our overall cohort and healthy subjects investigated 
decades ago, which revealed a higher PAWP and left 
ventricular end diastolic pressure when cycling supine, 
but a similar increase from baseline.21

Limitations of our study are the retrospective de-
sign, the lack of randomized allocation to the differ-
ent positions and that exercise hemodynamics were 
compared between 2 different cohorts and not within 
individuals cycling twice. However, the 2 cohorts were 
comparable on age and baseline characteristics and 
adjusted regression for baseline differences and dis-
tinct work rates between cohorts should minimize 
these biases. In addition, repetitive symptom-limited 
exercise during RHC in different positions would also 
be prone to an order-bias and a sufficiently long recre-
ational period between exercises would be challenging 
for patients and logistics.

In conclusion, body positions distinctly affect resting 
and exercise hemodynamics with PVR at rest and end-
exercise in upright position exceeding values in supine 
position by about 10%. Body position should thus be 
considered when defining PH at rest and during exer-
cise and included in reports on RHC. Upright hemo-
dynamic may better reflect everyday life position of 
humans and may thus be included into hemodynamic 
assessments, especially under exercise.
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