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Abstract

Pulmonary vascular distensibility (α) is a marker of the ability of the pulmonary

vasculature to dilate in response to increases in cardiac output, which protects the

right ventricle from excessive increases in afterload. α measured with exercise

predicts clinical outcomes in pulmonary hypertension (PH) and heart failure. In

this study, we aim to determine if α measured with a passive leg raise (PLR)

maneuver is comparable to α with exercise. Invasive cardiopulmonary exercise

testing (iCPET) was performed with hemodynamics recorded at three stages: rest,

PLR and peak exercise. Four hemodynamic phenotypes were identified (2019

ECS guidelines): pulmonary arterial hypertension (PAH) (n=10), isolated post‐
capillary (Ipc‐PH) (n=18), combined pre‐/post‐capillary PH (Cpc‐PH) (n=15),

and Control (no significant PH at rest and exercise) (n=7). Measurements of

mean pulmonary artery pressure, pulmonary artery wedge pressure, and cardiac

output at each stage were used to calculate α. There was no statistical difference

between α‐exercise and α‐PLR (0.87 ± 0.68 and 0.78± 0.47% per mmHg, respec-

tively). The peak exercise‐ and PLR‐based calculations of α among the four he-

modynamic groups were: Ipc‐PH=Ex: 0.94 ± 0.30, PLR: 1.00 ± 0.27% per mmHg;

Cpc‐PH=Ex: 0.51 ± 0.15, PLR: 0.47 ± 0.18% per mmHg; PAH=Ex: 0.39 ± 0.23,

PLR: 0.34± 0.18% per mmHg; and the Control group: Ex: 2.13 ± 0.91, PLR:

1.45 ± 0.49% per mmHg. Patients with α≥ 0.7% per mmHg had reduced cardio-

vascular death and hospital admissions at 12‐month follow‐up. In conclusion,

α‐PLR is feasible and may be equally predictive of clinical outcomes as α‐exercise
in patients who are unable to exercise or in programs lacking iCPET facilities.

KEYWORD S

invasive cardiopulmonary exercise test, passive leg raise, pulmonary hypertension,
pulmonary vascular distensibility

Pulmonary Circulation. 2022;12:e12029. wileyonlinelibrary.com/journal/pul2 | 1 of 10
https://doi.org/10.1002/pul2.12029

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

Naomi C. Chesler and Farhan Raza are combined last authors.

http://orcid.org/0000-0002-6166-8413
http://orcid.org/0000-0001-5750-2034
mailto:fraza@medicine.wisc.edu


INTRODUCTION

The ability of the right ventricle (RV) to adapt to increased
afterload by the pulmonary circulation defines clinical
outcomes in pulmonary hypertension (PH).1,2 Hemodyna-
mically, PH is classified into three groups: pre‐capillary,
isolated post‐capillary (Ipc‐PH), and combined pre‐/post‐
capillary PH (Cpc‐PH).3,4 Based on clinical phenotypes, PH
is classified into five World Health Organization (WHO)
groups.3 Among all PH phenotypes, the increased RV
afterload is a unifying feature, which influences ventricular‐
vascular coupling and RV function.5,6 Early identification of
increased RV afterload with provocative maneuvers can
lead to prompt and focused interventions.7–9

RV afterload has two main components: (1) a static
(mean) component described by pulmonary vascular re-
sistance (PVR), and (2) an unsteady (pulsatile) component
dependent on proximal artery compliance (PCa) and distal
arteriolar distensibility (α). Distensibility is defined as the
percent increase in diameter (or area) of the smallest pul-
monary arteries per mmHg increase in blood pressure. The
ability of the pulmonary vasculature to dilate helps to
protect the RV from excessive increases in pressure with
increases in cardiac output (CO). In healthy individuals, the
increase in diameter is 1.5%–2% per mmHg10,11 which helps
to maintain a low PVR during exercise.12 Reduced dis-
tensibility has been previously shown in settings of chronic
hypoxia10,13 and PH14–17 which can impair exercise capacity
and contribute to increased RV afterload.

Linehan et al.18 developed a distensible vessel model to
predict distensibility with pressure changes for increasing
flow. Distensibility is commonly determined using multi-
point pressure‐flow data18 collected during invasive cardi-
opulmonary exercise testing (iCPET). However, patients
with PH may not be able or willing to exercise. A passive
leg raise (PLR) is a simple maneuver that shifts approxi-
mately 300ml of blood from the venous system of the lower
extremities back toward the heart, resulting in an increase
in preload and pulmonary capillary wedge pressure
(PCWP).19 Here, we sought to determine whether dis-
tensibility calculated with a PLR maneuver was comparable
to distensibility calculated with exercise in three different
phenotypes of PH (pulmonary arterial hypertension: PAH,
Ipc‐PH, and Cpc‐PH) and a control group (with no sig-
nificant PH at rest and exercise).

METHODS

Study population

The study cohort included subjects presenting to our
University PH clinic for undefined dyspnea and referred

for an iCPET for clinical indication for dyspnea workup.
We evaluated 50 consecutive subjects over approximately
a 1‐year period: December 2019–January 2021. Per 2019
ESC/ERS guidelines, PH diagnosis was based on mean
pulmonary artery pressure (mPAP) >20mmHg at rest.
Study subjects were further classified into one of three
PH phenotypes: PAH (PCWP≤ 15mmHg and PVR≥ 3
WU), Ipc‐PH (PCWP> 15mmHg, and PVR< 3 WU),
Cpc‐PH (PCWP> 15mmHg, and PVR≥ 3 WU).3 PVR
was calculated as

PVR =
mPAP − PCWP

CO
. (1)

Subjects with mPAP≤ 20mmHg at rest, mPAP/CO
slope with exercise < 3.0 mmHg/L⋅min−1 and exercise
total pulmonary resistance (TPR) < 3.0 Wood units were
placed in the Control group.20,21 Exclusion criteria in-
cluded: need for supplemental oxygen or reported desa-
turation (SpO2≤ 95%) on 6‐min walk test (before iCPET),
serum creatinine >2mg/dl or requiring dialysis, pul-
monary veno‐occlusive disease, abdominal compressions,
or lymphedema.

Invasive cardiopulmonary exercise testing

All subjects underwent invasive CPET with simultaneous
right heart catheterization and expired gas analysis
(Metabolic Ultima™ CardiO2®; MedGraphics) at rest,
PLR, and during exercise. Right internal jugular venous
access was obtained with a 7‐Fr venous sheath and a
balloon‐tipped, double‐lumen, fluid‐filled 7‐Fr pulmon-
ary artery (PA) catheter. The metabolic cart was con-
nected to the subjects via a mouthpiece and a nose‐clip
was placed to avoid any air leak. At rest, right atrial
pressure (RAP), RV pressure, pulmonary artery pressure
(PAP), PCWP and CO were recorded at end‐expiration
with the subject in a supine position. CO was measured
via both direct Fick principle (oxygen consumption: VO2

recorded at the time of mixed venous sample collection)
and thermodilution methods.

Next, the subject's legs were placed in the pedals of a
stationary supine ergometer (Lode Angio‐imaging with
fixation set for instrument rails: part number 967905)
with thighs at a 90° angle to the abdomen and the knees
were bent. The subject's upper body was lifted to 45°
incline with a firm, wedge‐shaped pillow. At this time,
the pressure transducer connected to the PA catheter was
adjusted in this semi‐recumbent position to the level of
the right atrium. After 5 min, repeat hemodynamics were
recorded for the PLR stage. Subsequently, exercise was
started with unloaded peddling (0W) for 2 min and then
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resistance was increased on an incremental 10–20W/min
protocol. Thermodilution CO was performed at every 25
Watts. This was a symptom limiting test, and all subjects
were exercised to a maximum tolerated stage until they
requested to stop the test due to significant dyspnea and/
or muscle fatigue. The mixed venous sample was drawn
near peak exercise with the subject still pedaling (with
VO2 noted for direct Fick). Repeat hemodynamics were
recorded at peak exercise in this order: PAP, PCWP, RAP
(via side port) and then RV pressure. The PA catheter
and venous sheath were removed at the end of the study.
No radial arterial line was used for patient comfort.
However, all subjects underwent a pre‐test (iCPET)
6‐min walk test and maintained pulse oximetry >95%.

Distensibility and compliance

End‐expiratory hemodynamic measurements of mPAP,
PCWP, and CO at rest, PLR and peak exercise were
utilized in the distensible vessel model.18 mPAP was
calculated as a weighted time average over three cardiac
cycles, as previously reported.22 Assuming that the pul-
monary arteries are fully recruited, dilated and homo-
geneously distensible, α can be calculated using the
equation:18

α α

α
mPAP =

[(1 + PCWP) + 5 (TPR)CO] − 1
,

5 1
5

(2)

where TPR is the total pulmonary resistance at rest,
calculated as

TPR =
mPAP

CO
. (3)

Using the method of successive iterations,18 α‐
exercise was fit to rest and peak exercise; α‐PLR was fit to
rest and PLR. Fitting was done with a custom Matlab
code identical to that used by Argiento et al.16 and
Chesler et al.23

Large artery compliance (PCa) was calculated as the
ratio of stroke volume (SV) to pulmonary artery pulse
pressure (PP). SV was computed as CO divided by heart
rate (HR).

Statistical analysis

All results are presented as mean ± standard deviation
and p value < 0.05 was considered significant. Results
were analyzed for condition (peak exercise vs. PLR) and

hemodynamic group using a multiple linear regression
model, with repeated measures, and with PLR and he-
modynamic groups as fixed effects. Model assumptions
were verified by examining model diagnostic plots. Tu-
key's honestly significant difference test was used as a
post hoc test of significance. Categorical data were ana-
lyzed using Fischer's exact test. The prognostic value of
pulmonary vascular distensibility to predict cardiovas-
cular death and hospitalization in PH subjects was de-
termined using Kaplan–Meier survival with Log‐Rank
testing. All statistical analyses were conducted using
GraphPad Prism version 8.3.1 (GraphPad Software, Inc.),
R (version 4.0.3), and JMP Pro (Version 15).

RESULTS

Clinical characteristics

Baseline characteristics of the four hemodynamic phe-
notypes are shown in Table 1. The mean age of the entire
cohort (n= 50) was 65 ± 15 years. The subjects in the
Control group were younger (47 ± 15 years). Overall, 46%
of the subjects were female, with similar predominance
across the four groups. Subjects presented to the clinic
with exertional dyspnea and median New York Health
Association (NYHA) class 3 (interquatile range [IQR]:
2–3). PAH subjects (n= 10) included WHO Group I
(n= 7; two with idiopathic PAH, four with connective
tissue disease and one with portal hypertension), WHO
Group III (n= 2), or WHO Group IV (n= 1). PH vaso-
dilator therapies were initiated in all PAH subjects (after
the iCPET), and none of the subjects in rest of the cohort.

Invasive hemodynamics and pulmonary
vascular distensibility

Table 2 presents the hemodynamic measurements col-
lected at rest, PLR, and peak exercise in each group. As
expected, PCWP was highest in the Ipc‐PH and Cpc‐PH
groups based on the subject classification. While the
mPAP increased (with PLR and exercise) among all
subjects, the control group had a 2.5‐times augmentation
of cardiac output with exercise, while rest of the cohort
(different PH phenotypes) were unable to increase their
cardiac output by two‐fold. This resulted in preserved
compliance (PCa) in the control group, and reduced PCa
among rest of the cohort (Table 2). Distensibility was
determined using measurements of mPAP, PCWP, CO,
and TPR (Figure 1).

Among the overall cohort, there was no statistically
significant difference (p= 0.200) between the two
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measurements of distensibility: peak exercise and PLR
(Figure 2). The peak exercise‐ and PLR‐based measures
of distensibility were significantly reduced in the Ipc‐PH,
Cpc‐PH, and PAH groups compared to the Control group
(Figure 2). Additionally, distensibility was lower in the
groups with a pre‐capillary PH component compared to
the Control and Ipc‐PH groups (Figure 2). As represented
in Figure 3, distensibility with exercise was linearly
correlated with distensibility with PLR among the overall
cohort (adjusted R2 = 0.73, p< 0.001). Taking four he-
modynamic groups into account (as a fixed categorical
variable, without interaction) further improves the model
fit (adjusted R2 = 0.83, p< 0.001). The intercepts were
different among the four hemodynamics groups (inter-
cepts for Control = 0.11, Ipc‐PH= 0.45, Cpc‐PH= 0.17,
and PAH= 0.43).

Since the distensible vessel model assumes constant
hematocrit,18 serial hemoglobin (Hgb) measurements

were obtained. Hematocrit was computed from Hgb
using a Hct (%)/Hgb (g/dl) ratio of 3 (Table 2). There was
no difference in Hct (p= 0.234) between conditions (rest
vs. PLR vs. peak exercise).

Prognostic value of pulmonary vascular
distensibility

Distensibility is known to predict cardiovascular out-
comes in pulmonary hypertension and heart failure.14,24

To evaluate survival from adverse outcomes (defined as
cardiovascular death and hospital admissions) within
one‐year after the exercise study, we dichotomized dis-
tensibility based on previously published historical data
(<0.7% and ≥0.7% per mmHg).14 This was consistent
with the median value of our study cohort (0.82% per
mmHg). Kaplan–Meier time‐to‐event survival analysis

TABLE 1 Clinical characteristics of the four subject groups

PH phenotype Control (n = 7) Ipc‐PH (n = 18) Cpc‐PH (n = 15) PAH (n = 10)

Age, years 47 ± 15 69 ± 12* 65 ± 15* 71 ± 9*

Sex, female, n (%)a 4 (57) 8 (44) 6 (40) 5 (50)

BMI (kg/m2) 26 ± 4 34 ± 9 32 ± 7 25 ± 6#

6MWD (m) 428 ± 9 247 ± 84 235 ± 95 309 ± 110

BNP (pg/ml) 47 ± 46 294 ± 291 310 ± 326 341 ± 284

Creatinine (mg/dl) 0.9 ± 0.3 1.2 ± 0.4 1.4 ± 0.5 1.0 ± 0.3

Medications, n (%)a

Diuretics 3 (43) 16 (89) 14 (93) 8 (80)

Anticoagulants 1 (14) 11 (61) 5 (33) 2 (20)

Comorbidities, n (%)a

Diabetes mellitus 1 (14) 8 (44) 1 (7) 3 (30)

Hypertension§ 2 (29) 14 (78) 13 (87) 6 (60)

Chronic kidney disease 1 (14) 7 (39) 9 (60) 2 (20)

Atrial fibrillation 1 (14) 10 (56) 6 (40) 1 (10)

Obstructive sleep apnea 1 (14) 10 (56) 7 (47) 2 (20)

Coronary artery disease 0 (0) 9 (50) 7 (47) 2 (20)

Chronic obstructive pulmonary disease 2 (29) 4 (22) 3 (20) 1 (10)

Pulmonary embolism history 1 (14) 3 (17) 1 (7) 2 (20)

NYHA Functional Class, median (IQR) 2 (0) 3 (1) 3 (1) 3 (1)

Note: p < 0.05 versus Cpc‐PH within each condition.

Abbreviations: 6MWD, 6‐min walk distance; BMI, body mass index; BNP, brain natriuretic peptide; Cpc‐PH, combined pre‐/post‐capillary PH; Ipc‐PH, isolated
post‐capillary; IQR, interquartile range; NYHA, New York heart association; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension.
aFisher's exact test used for categorical data.

*p< 0.05 versus no PH.
#p< 0.05 versus Ipc‐PH.
§p< 0.05 no PH versus Ipc‐PH versus Cpc‐PH versus PAH.
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TABLE 2 Hemodynamic measurements from iCPET

PH phenotype Control (n = 7) Ipc‐PH (n = 18) Cpc‐PH (n = 15) PAH (n = 10)

mPAP (mmHg)

Rest 21 ± 4 29 ± 7 41 ± 7*,# 40 ± 9*,#

PLR 25 ± 4 35 ± 7 48 ± 8*,# 47 ± 10*,#

Peak exercise 30 ± 8 46 ± 10* 59 ± 8*,# 58 ± 9*,#

PCWP (mmHg)

Rest 13 ± 2 17 ± 4 18 ± 4 13 ± 2

PLR 15 ± 2 24 ± 6* 26 ± 5* 17 ± 4#,†

Peak exercise 18 ± 2 31 ± 7* 32 ± 6* 21 ± 2#,†

CO (L/min)

Rest 5.9 ± 1.1 5.3 ± 1.4 4.7 ± 1.2 4.0 ± 1.0

PLR 6.1 ± 1.2 5.0 ± 1.4 4.3 ± 1.2 9.0 ± 1.3

Peak exercise 13.9 ± 4.3 8.5 ± 3.0* 7.0 ± 2.2* 6.4 ± 1.7*

CI (L/min/m2)

Rest 3.1 ± 0.6 2.5 ± 0.5 2.4 ± 0.5 2.2 ± 0.4

PLR 3.2 ± 0.7 2.3 ± 0.5 2.2 ± 0.5 2.2 ± 0.5

Exercise 7.3 ± 2.3 3.9 ± 1.1* 3.5 ± 1.0* 3.5 ± 0.7*

SVI (ml/m2)

Rest 40 ± 8 37 ± 10 33 ± 8 35 ± 9

PLR 41 ± 10 35 ± 10 30 ± 7 32 ± 5

Peak exercise 53 ± 12 43 ± 11 38 ± 10* 38 ± 8

PVR (wood units)

Rest 1.4 ± 0.7 2.2 ± 0.6 5.0 ± 1.9*,# 6.6 ± 1.8*,#

PLR 1.6 ± 0.6 2.4 ± 0.8 5.5 ± 2.0*,# 7.7 ± 2.7*,#,†

Peak exercise 0.8 ± 0.6 2.0 ± 0.7 4.1 ± 1.4*,# 6.4 ± 2.6*,#,†

DPG (mmHg)

Rest 3 ± 3 5 ± 4 11 ± 5 14 ± 7*,#

PLR 4 ± 4 3 ± 3 8 ± 4 15 ± 9*,#

Peak exercise 5 ± 6 4 ± 4 10 ± 7 19 ± 9*,#,†

HR (bpm)

Rest 78 ± 11 67 ± 10 74 ± 12 66 ± 8

PLR 80 ± 7 68 ± 12 75 ± 13 68 ± 7

Peak exercise 136 ± 18 91 ± 20* 96 ± 20* 91 ± 14*

PCa (ml/mmHg)

Rest 6.1 ± 1.8 4.6 ± 1.5 2.4 ± 0.9*,# 1.9 ± 0.5*,#

PLR 5.8 ± 1.6 3.7 ± 1.5* 1.7 ± 0.6*,# 1.6 ± 0.4*,#

Peak exercise 4.5 ± 1.8 2.9 ± 1.0 1.5 ± 0.5*,# 1.5 ± 0.7*

Hematocrit (%)

Rest 38 ± 5 38 ± 6 40 ± 5 42 ± 7

PLR 39 ± 5 38 ± 5 40 ± 4 43 ± 7

Peak exercise 41 ± 6 40 ± 6 41 ± 5 44 ± 8

(Continues)
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TABLE 2 (Continued)

PH phenotype Control (n = 7) Ipc‐PH (n = 18) Cpc‐PH (n = 15) PAH (n = 10)

Peak workload parameters

Peak exercise TPR (Wood units) 2.2 ± 0.6 6.1 ± 2.4 9.4 ± 3.7* 10.0 ± 3.9*

mPAP/CO slope (mmHg/L/min) 1.1 ± 0.7 17.6 ± 44.4 11.8 ± 7.3 27.1 ± 41.2

Workload (W) 131 ± 68 64 ± 26* 45 ± 28* 40 ± 26*

% age‐predicted 83 ± 42 58 ± 21 37 ± 22* 48 ± 29

VO2 (ml/kg/min) 17.7 ± 8.7 9.0 ± 2.3* 8.5 ± 2.7* 9.6 ± 2.8*

% age‐predicted 62 ± 29 44 ± 12 38 ± 14* 43 ± 14

O2 pulse (ml/min) 9.7 ± 3.4 10.0 ± 2.3 7.7 ± 2.4 7.1 ± 1.4

% age‐predicted 72 ± 29 44 ± 12 38 ± 14 43 ± 14

ETCO2 (mmHg) 35 ± 6 32 ± 5 28 ± 6* 26 ± 4*

VE/VO2 35 ± 5 39 ± 6 45 ± 12 46 ± 11

Abbreviations: CI, cardiac index; CO, cardiac output; Cpc‐PH, combined pre‐/post‐capillary PH; DPG, diastolic pressure gradient; ETCO2, end‐tidal carbon
dioxide; HR, heart rate; iCPET, invasive cardiopulmonary exercise test; Ipc‐PH, isolated post‐capillary; mPAP, mean pulmonary artery pressure; O2 pulse, VO2/
HR; PAH, pulmonary arterial hypertension; PCa, pulmonary vascular compliance; PCWP, pulmonary capillary wedge pressure; PH, pulmonary hypertension;
PLR, passive leg raise; PVR, pulmonary vascular resistance; SV, stroke volume; SVI, stroke volume index; TPR, total pulmonary resistance; VE/VO2, minute
ventilation to carbon dioxide production slope; VO2, oxygen consumption.

*p< 0.05 versus no PH.
#p< 0.05 versus Ipc‐PH.
†p< 0.05 versus Cpc‐PH within each condition.

FIGURE 1 Hemodynamic measurements at rest, PLR and peak exercise for the four groups: Control (n= 7, green), Ipc‐PH (n= 18,
blue), Cpc‐PH (n= 15, grey), and PAH (n = 10, red). *p< 0.05 versus Control; #p< 0.05 versus Ipc‐PH; †p< 0.05 versus Cpc‐PH within each
condition. CO, cardiac output; Cpc‐PH, combined pre/post‐capillary PH; Ipc‐PH, isolated post‐capillary PH; mPAP, mean pulmonary artery
pressure; PAH, pulmonary arterial hypertension; PCWP, pulmonary capillary wedge pressure; PLR, passive leg raise maneuver; TPR, total
pulmonary resistance
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revealed that subjects with distensibility ≥0.7% per
mmHg had reduced cardiovascular death and hospital
admissions (Figure 4).

Among the overall cohort (n=50), the median follow‐
up was 12‐months. The event rate and median survival
were similar among distensibility values assessed with PLR
and exercise. Among subjects with distensibility <0.7% per
mmHg, two subjects died and five had hospital admission
from cardiovascular cause. Among subjects with dis-
tensibility ≥0.7% per mmHg, zero subjects died and one
subject had a cardiovascular hospital admission. The
median survival from adverse outcomes was 10.2 months
for distensibility <0.7% per mmHg and 11.9 months for
distensibility ≥0.7% per mmHg.

DISCUSSION

Right ventricular function is a key determinant in the
clinical presentation and prognosis of pulmonary hy-
pertension. RV function in turn, depends on RV after-
load. Increased stiffness of the large pulmonary arteries is
associated with worse RV performance.25 An increase in
stiffness (decrease in PCa) was observed in all PH groups
compared to the Control group with PLR and at peak
exercise (Table 2). Loss of distal arteriolar distensibility
also contributes to increases in RV afterload since α acts
to limit the increase in RV afterload in disease and with
exercise. Using exercise to measure α, reduced dis-
tensibility predicts exercise capacity and survival in left
heart failure.14 However, many subjects with PH are not
able to exercise. Using the distensible vessel model,18 we
have shown that in our cohort of subjects with and
without PH, pulmonary vascular distensibility can be
reliably measured via PLR, which provides prognostic
value similar to distensibility with exercise.

The distensibility with exercise measured here was
similar to previously reported values in healthy subjects
and those with different PH phenotypes. Present calcu-
lations of distensibility (with exercise) for the Control
group agree with prior studies in which a value of
1.5%–2% per mmHg was observed.10,11 Distensibility with
exercise was decreased in all PH phenotypes, with the
lowest values obtained in the groups with a pre‐capillary
component (Cpc‐PH and PAH). These results are also
comparable to previously reported distensibility values in
the range of 0.25%–0.4% per mmHg in PAH, and around
0.8%–0.9% per mmHg in heart failure with either reduced
or preserved ejection fraction.14 The Cpc‐PH group had a
calculated distensibility closer to that of the PAH group
than the Ipc‐PH group. This finding is consistent with
previous studies demonstrating that the PVC‐PVR

FIGURE 2 Distensibility calculated from PLR (0.78 ± 0.47% per mmHg) and peak exercise (0.81 ± 0.54% per mmHg) with no
statistically significant difference, p= 0.263 (left). Significant differences between the four groups were identical with distensibility based on
PLR‐ and peak exercise‐based calculations: Control (n= 7, green), Ipc‐PH (n= 18, blue), Cpc‐PH (n= 15, gray), and PAH (n= 10, red)
(right). *p< 0.05 versus Control; #p< 0.05 versus Ipc‐PH; †p< 0.05 versus Cpc‐PH within each condition. Cpc‐PH, combined
pre/post‐capillary PH; Ipc‐PH, isolated post‐capillary PH; PAH, pulmonary arterial hypertension; PLR, passive leg raise maneuver

FIGURE 3 Distensibility with exercise is linearly correlated
with distensibility with PLR (p< 0.001, adjusted R2 = 0.73). PLR,
passive leg raise maneuver
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relationship in Cpc‐PH more closely resembles PAH than
Ipc‐PH.26

We also sought to determine whether distensibility
measured with a passive leg raise maneuver was comparable
to distensibility measured with exercise. We note that our
PLR methodology was in semi‐recumbent position, which is
different than a pure supine position of previously reported
PLR studies by Borlaug et al.8 The semi‐recumbent position
was chosen for patient comfort and to allow longer duration
of exercise. Among the Ipc‐PH and Cpc‐PH subjects in our
study, the observations of PCWP>20mmHg with PLR
along with a 7–8‐point increase in PCWP from rest‐to‐PLR
(Table 2), indicates a physiologically significant increased
venous return. This behavior of PCWP with PLR in post‐
capillary PH in our study is also consistent with the HELP
trial.9 In the HELP trial, a PCWP>20mmHg with PLR
maneuver was an inclusionary criteria that qualifies a sub-
ject with diagnosis of PH due to heart failure with preserved
ejection fraction. Based on this methodology, distensibility
was also calculated with PLR. Among the overall cohort,
there was no statistical difference between α‐exercise and α‐
PLR (Figure 2) and there was good correlation between α‐
exercise and α‐PLR (Figure 3). We interpret the lack of
difference as an indication that the response of the small
arterial pulmonary circulation (which is reflected by the
metric of distensibility) to slight volume loading by PLR is
equivalent to the response to much greater volume loading
by exercise.

While exercise is a physiological stressor that increases
blood flow resulting in an increase in mPAP,20 we noted a
similar response with increased preload due to the PLR
maneuver. In the Control group, increases in flow were
accompanied by small increases in pressure indicating high
distensibility. The Ipc‐PH group had small increases in flow
with large increases in pressure. Finally, the Cpc‐PH and

PAH groups had smallest increases in flow combined with
the largest increases in pressure, resulting in significantly
lower calculated distensibility (Figure 2).

Lastly, the prognostic value of distensibility with PLR
was similar to that of distensibility with exercise
(Figure 4). Using a previously validated cut‐off of dis-
tensibility (0.7% per mmHg with exercise), the survival
from cardiovascular death and hospitalization based on
α‐PLR was reportable, and comparable to, α‐exercise.
This adds to the value of PLR in discriminating different
disease phenotypes and acquiring prognostic information
in different PH phenotypes.

Several limitations of the study should be noted. All
measurements were collected from a single‐center cohort of
subjects with a moderate sample size (n=50). While a
moderate sample size may lead to a type I error, a strong
correlation of distensibility with PLR and exercise
(Figure 3), along with a sound physiological interpretation,
provides confidence in the results. CPET procedures are not
commonly performed in subjects without significant car-
diopulmonary disease; all subjects in the Control group
were undergoing testing for dyspnea and suspicion of PH
and may not be representative of a completely healthy
population. This may result in the underestimation of the
differences between the PH groups and healthy controls.
Due to the size of the study population (n=50), data were
not disaggregated or analyzed for sex differences. In healthy
subjects, pulmonary vascular distensibility has been shown
to decrease with age.10,17 Sex differences have also been
observed in healthy subjects, with greater pulmonary vas-
cular distensibility observed in women <50 years old.17

Lastly, a radial arterial line was not used which limits as-
sessment of mechanism of dead space ventilation due to
unavailability of parameters including partial pressure of
carbon dioxide. Given the focus of our study was on

FIGURE 4 Survival from cardiovascular death and hospitalization based on distensibility with PLR maneuver (left) was reportable, and
similar to distensibility with exercise (right). PLR, passive leg raise maneuver
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invasive hemodynamics, the results and interpretations
were not affected.

In summary, this study shows that pulmonary vascular
distensibility can be measured via PLR and may provide
prognostic information similar to distensibility with ex-
ercise. This finding is clinically important for subjects who
are unable to exercise and/or for clinicians who do not have
exercise cardiac catheterization facilities. While this study
reports on subjects with NYHA II‐III, future studies are
needed to validate these findings on a larger scale and
different disease phenotypes and severity.
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