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ORIGINAL ARTICLE

The Value of Passive Leg Raise During Right 
Heart Catheterization in Diagnosing Heart Failure 
With Preserved Ejection Fraction
Arno A. van de Bovenkamp , MD, MSc; Niels Wijkstra, MD, MSc; Frank P.T. Oosterveer, BSc; Anton Vonk Noordegraaf , MD, PhD;  
Harm Jan Bogaard , MD, PhD; Albert C. van Rossum , MD, PhD; Frances S. de Man , PhD; Barry A. Borlaug , MD;  
M. Louis Handoko , MD, PhD

BACKGROUND: Because of limited accuracy of noninvasive tests, diastolic stress testing plays an important role in the diagnostic 
work-up of patients with heart failure with preserved ejection fraction (HFpEF). Exercise right heart catheterization is 
considered the gold standard and indicated when HFpEF is suspected but left ventricular filling pressures at rest are normal. 
However, performing exercise during right heart catheterization is not universally available. Here, we examined whether 
pulmonary capillary wedge pressure (PCWP) during a passive leg raise (PLR) could be used as simple and accurate method 
to diagnose or rule out occult-HFpEF.

METHODS: In our tertiary center for pulmonary hypertension and HFpEF, all patients who received a diagnostic right heart 
catheterization with PCWP-measurements at rest, PLR, and exercise were evaluated (2014–2020). The diagnostic value 
of PCWPPLR was compared with the gold standard (PCWPEXERCISE). Cut-offs derived from our cohort were subsequently 
validated in an external cohort (N=74).

RESULTS: Thirty-nine non-HFpEF, 33 occult-HFpEF, and 37 manifest-HFpEF patients were included (N=109). In patients with 
normal PCWPREST (<15 mmHg), PCWPPLR significantly improved diagnostic accuracy compared with PCWPREST (AUC=0.82 
versus 0.69, P=0.03). PCWPPLR ≥19 mmHg (24% of cases) had a specificity of 100% for diagnosing occult-HFpEF, 
irrespective of diuretic use. PCWPPLR ≥11 mmHg had a 100% sensitivity and negative predictive value for diagnosing occult-
HFpEF. Both cut-offs retained a 100% specificity and 100% sensitivity in the external cohort. Absolute change in PCWPPLR 
or V-wave derived parameters had no incremental value in diagnosing occult-HFpEF.

CONCLUSIONS: PCWPPLR is a simple and powerful tool that can help to diagnose or rule out occult-HFpEF.
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See Editorial by Cubero Salazar and Hsu

Heart failure with preserved ejection fraction (HFpEF) 
is a condition with a high prevalence, morbidity, and 
mortality.1 Stress testing is required to diagnose so-

called “occult-HFpEF”, that is, patients with normal left 
ventricular (LV) filling pressures at rest but a pathological 
rise in filling pressures during exercise, as a consequence 

of LV diastolic dysfunction.2 Noninvasive tests (namely 
natriuretic peptides and [exercise] echocardiogram) have 
been proven to have a low sensitivity and/or low speci-
ficity to diagnose (occult) HFpEF.2–7 In case of interme-
diate pretest likelihood, it is recommended to perform 
a right heart catheterization (RHC) with exercise, the 
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gold standard to diagnose HFpEF.8,9 Although RHC is 
proven safe in experienced centers,10,11 performing exer-
cise during a RHC presents some technical challenges, 
requiring special equipment and expertise, and additional 
procedure time. This begs the question as to whether 
alternative provocative maneuvers may be used short of 
exercise to enhance diagnosis for some patients.

Passive leg raise (PLR) results in an acute increase 
in venous return to the heart as blood from the lower 
extremities is returned to the central circulation.12 In 
the current study, we investigated whether PLR during 
RHC could be used to increase diagnostic accuracy, 
potentially to allow deferment of exercise-RHC in some 
cases. Previous studies have shown that the subsequent 

increase in pulmonary capillary wedge pressure (PCWP) 
following PLR was more pronounced in (occult)-HFpEF 
patients, compared with controls.12–14 This augmented 
rise of LV filling pressures in HFpEF is attributed to a 
decreased compliance of the left ventricle,12,13 although 
restriction from the pericardium15 and/or a stiff left 
atrium are other potential causes. Thus far, no well-
defined cut-offs have been established. The present 
study evaluates the diagnostic accuracy of PCWPPLR 
to diagnose or to rule out (occult-)HFpEF, using PCWP 
at peak exercise (PCWPEXERCISE) as reference, and then 
validate this cutoff in a separate cohort.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Study Population
This study analyzed all unique patients between 2014 and 
2020, who received an exercise right heart catheterization 
at VU University Medical Center (VUmc), a tertiary center for 
pulmonary hypertension and HFpEF. All patients received their 
RHC as part of their diagnostic work-up for or follow-up of 
unexplained dyspnea or (suspected) pulmonary hypertension. 
All cases with recorded PCWPREST, PCWPPLR, and PCWPEXERCISE 
were included. Patients with elevated LV filling pressures 
because of causes other than HFpEF were excluded (LV ejec-
tion fraction ≤50%, cardiac ischemia, hypertrophic or infiltrative 
cardiomyopathy, relevant valvular pathology, congenital and/
or pericardial disease). Cases with insufficient data or unreli-
able data quality were excluded. Patients were categorized as 
manifest-HFpEF (PCWPREST ≥15 mm Hg and PCWPEXERCISE 
≥25 mm Hg), occult-HFpEF (PCWPREST <15 mm Hg and 
PCWPEXERCISE ≥25 mm Hg), or non-HFpEF (PCWPREST <15 
mm Hg and PCWPEXERCISE <25 mm Hg) according to ESC-
guidelines.8 Pretest probability of HFpEF was calculated for 
each patient using the H2FPEF score.16

The Medical Ethics Review Committee of the VU University 
Medical Center did not consider the current study to fall within 
the scope of Medical Research Involving Human Subjects act, 
since the diagnostic procedures were performed for clinical 
purposes, and granted a waiver of informed consent (approval 
number 2012.288).

Exercise Right Heart Catheterization
Ultrasound-guided catheterization was performed via the 
right internal jugular vein, using a fluid-filled 7-French Swan-
Ganz catheter (131HF7, Baxter Healthcare), as previously 
described.17 The external pressure transducer was zeroed at 
mid-thoracic level in each patients, in accordance with latest 
consensus.18,19 RHC was performed in a supine position and in a 
nonfasting state, to prevent confounding of dehydration. In gen-
eral, patients were advised not to take their loop-diuretics in the 
morning of RHC. All pressures were assessed end-expiratory 
and averaged over ≥3 cardiac cycles. The PCWP values were 
evaluated mid-A wave, and also the peak of the V-wave was 
recorded. Cardiac output was assessed using thermodilution, 

Nonstandard Abbreviations and Acronyms

AUC area under the curve
CTEPH  chronic thromboembolic pulmonary 

hypertension
HFpEF  heart failure with preserved ejection 

fraction
LV left ventricular
mRAP mean right atrial pressure
PCWP pulmonary capillary wedge pressure
PCWPPLR PCWP during PLR
PLR passive leg raise
RHC right heart catheterization
ROC receiver operating characteristic

WHAT IS NEW?
• Passive leg raise (PLR) during right heart catheter-

ization can be used as an extra simple maneuver to 
diagnose or rule out occult heart failure with pre-
served ejection fraction.

• Pulmonary capillary wedge pressure (PCWP) dur-
ing PLR (PCWPPLR) of below 11 mm Hg could be 
used to rule out occult heart failure with preserved 
ejection fraction, and PCWPPLR of 19 mm Hg and 
above could be used to diagnose occult heart 
failure with preserved ejection fraction with 100% 
accuracy.

WHAT ARE THE CLINICAL IMPLICATIONS?
• Using the above described cut-offs of PCWPPLR  

to diagnose or rule out heart failure with pre-
served ejection fraction would allow for omission 
of exercise testing in approximately one-third of the 
patients with normal left ventricular filling pressures 
at rest.

• PCWPPLR is especially of value in centers where 
exercise during a right heart catheterization is dif-
ficult to perform.
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taking the average of ≥3 measurements (5 measurements 
in case of arrhythmia or more than 10% variance). Exercise 
was performed after all resting and PLR measurements were 
performed. All patients had an individualized stepped exercise 
protocol. All patients in the diagnostic work-up for unexplained 
dyspnea or HFpEF were required to exercise until maximum 
exertion. A few patients in follow-up of chronic thromboembolic 
pulmonary hypertension or gene carriers of pulmonary arterial 
hypertension performed submaximal exercise. Chronic throm-
boembolic pulmonary hypertension and pulmonary arterial 
hypertension-gene carriers with submaximal exercise with bor-
derline elevated PCWPEXERCISE (20–25 mm Hg) were excluded, 
because of uncertainty about the diagnosis HFpEF.

Passive Leg Raise Maneuver
During the passive leg raise maneuver, the legs of the 
patients were raised by staff in an angle of ≈50 degrees. 
During this maneuver, the patient was explicitly instructed to 
relax his/her legs and not to help so as to avoid a Valsalva 
maneuver. After raising the legs, the legs were placed in the 
binders of the bicycle (remaining in a 50° angle), while con-
tinuing the PCWP recording for up to 3 minutes. The high-
est PCWP values during this maneuver and spontaneous 
breathing, averaged over ≥3 cardiac cycles, were reported 
as the PCWPPLR.

V-Wave Analysis
A large V-wave, defined as V-wave minus PCWP ≥10 mmHg,20,21 
corresponds with elevated filling pressures during the passive 
filling of the left atrium. Although often associated with signifi-
cant mitral valve pathology,22 a large V-wave can also be seen 
in HFpEF, which is then explained by impaired LV distensibility 
and/or HFpEF-related atrial dysfunction.20,23–26 In the present 
study, the diagnostic value of the V-wave were evaluated using 
receiver operating characteristics (ROC) curve analyses.

Validation Cohort
Cut-offs derived from the derivation cohort were externally 
validated in a cohort evaluated for HFpEF (N=74), as previ-
ously published by Obokata et al.2 This validation cohort exists 
of 24 non-HFpEF, 18 occult-HFpEF, and 32 manifest-HFpEF 
patients. Manifest-HFpEF was excluded for validation pur-
poses, as these patients were not required to perform exercise 
for diagnostic purposes. Study procedures were similar to the 
derivation cohort.2 Conform derivation cohort, external pressure 
transducer was zeroed at mid-thoracic level in each patient.

Evaluation of Relationship Between Venous 
Return, Pericardial Restraint, and PCWPPLR
Rise in PCWP during PLR is considered to be more pro-
nounced in HFpEF because of reduced LV compliance. 
However, increased venous return or pericardial restraint are 
other potential causes. To evaluate whether these factors were 
similarly increased in (occult-)HFpEF and non-HFpEF, rise in 
mean right atrial pressure (mRAP) during PLR was compared 
among groups: ΔmRAP can be considered a reflection of the 
interaction between change in preload and pericardial restraint, 
since the heart generally distended to the point of pericardial 

restraint.15 In addition, mRAP-to-PCWP ratio, another surrogate 
for pericardial restraint, was compared between groups.15

Statistics
Data were checked for normal distribution. Data are shown 
as mean±SD or median (interquartile range) in case of non-
normal distribution. Data were log-transformed before statisti-
cal tests if applicable. Two-group comparisons of continuous 
variables were performed using a Student T-test, or Wilcoxon 
signed-rank test in case of a non-normal distribution. Three-
group comparisons were performed using a 1-way ANOVA or 
Kruskal-Wallis test in case of a non-normal distribution, fol-
lowed by a pairwise comparison with Bonferroni correction as a 
post hoc test. Categorical variables were compared using a chi-
squared test or Fisher’s exact test in case of group sizes below 
5. ROC analyses were used to evaluate the diagnostic perfor-
mance and cut-off values of different variables. Cut-off values 
with 100% positive predictive value, 100% negative predictive 
value, and the Youden’s index were reported. DeLong’s method 
was used to compare areas under the curve (AUC). As diuretics 
may influence venous return by PLR, we separately studied the 
diagnostic value of PCWPPLR in patients chronically on diuret-
ics. Pearson correlation analysis was performed to evaluate 
the relationship between ΔmRAPPLR and ΔPCWPPLR. Missing 
values were not imputed. Statistical significance was stated at 
P<0.05. R-Statistics (version 3.6.1.) was used for analyses.

RESULTS
Baseline Characteristics
A total of 109 unique patients were included in this 
study (Figure S1). The derivation cohort consisted of 39 
non-HFpEF patients, 33 occult-HFpEF patients, and 37 
manifest-HFpEF patients. Patients in this cohort were 
predominantly women, with a median age of 64 years 
old. Baseline characteristics are shown in Table 1. The 
diagnoses of the non-HFpEF patients consisted mainly 
of pulmonary (artery) disease and patients without a 
pulmonary or cardiac diagnosis (Table S1). The major-
ity of the patients had an intermediate H2FPEF score 
(Table 1). There was a stepwise increase in H2FPEF 
score between non-HFpEF, occult-HFpEF, and manifest-
HFpEF, with a median score of 1, 3, and 4, respectively.

Diagnostic Value of Passive Leg Raise to 
Diagnose HFpEF (Occult- and Manifest-HFpEF 
Combined)
As shown in Figure 1 and Table 2, there was evident 
overlap in PCWPREST between non-HFpEF and occult-
HFpEF. There was a clear and stepwise increase of 
PCWPPLR between non-HFpEF, occult-HFpEF, and 
manifest-HFpEF. The average rise of PCWP by PLR 
was 4 mm Hg in non-HFpEF, 6 mm Hg in occult-
HFpEF, and 5 mm Hg in manifest-HFpEF. There was 
no significant difference in PCWPEXERCISE between 
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occult and manifest-HFpEF. Importantly, all patients 
with PCWPREST ≥15 mm Hg had a PCWPEXERCISE ≥25 
mm Hg, which was not the case for lower PCWPREST 
values. The average time to max PCWPPLR was 20±13 
seconds (measured prospectively in 24 patients). After 
reaching max PCWPPLR, there was a short period of a 
steady state, followed by a slow decline in PCWP. All 
hemodynamic data are presented in Table 2.

Figure S2 shows the ROC-curve analyses of PCWP 
and V-wave at rest and during PLR. PCWPREST had an 
AUC of 0.85 to diagnose HFpEF (occult- and mani-
fest-HFpEF combined), PCWPPLR had an incremen-
tal diagnostic value of borderline significance (AUC 
0.91, P=0.05). The other parameters that we explored 
(ΔPCWPPLR, V-waveREST, V-wavePLR, ΔV-wavePLR) had no 
incremental diagnostic value. A “large V-wave” (n=8) 
had a low sensitivity, but a high specificity in diagnosing 

HFpEF (sensitivity: 9%, specificity: 95%, negative pre-
dictive value: 37%, and positive predictive value: 75%).

As shown in Figure S3, diuretic use showed no sig-
nificant effect modification on PCWPREST, PCWPPLR, and 
ΔPCWPPLR (P=0.52, P=0.83, and P=0.22, respectively). 
ΔPCWPPLR and V-wave derived parameters showed no 
incremental value over PCWPREST or PCWPPLR in patients 
with or without diuretics (V-wave derived parameters 
were omitted from further figures to improve readability).

Diagnostic Value of Passive Leg Raise to 
Diagnose Occult-HFpEF (Manifest-HFpEF 
Excluded)
Since PCWPREST≥15 mm Hg is diagnostic for HFpEF 
(and no additional tests are required), we zoomed in 
on patients with PCWPREST <15 mm Hg (n=72), where 

Table 1. Baseline Characteristics

 
Non-HFpEF  
(n=39)

Occult-HFpEF 
(n=33)

Manifest-HFpEF 
(n=37)

P value between 
groups

Sex (female), n (%) 24 (62%) 20 (61%) 30 (81%) 0.11

Age, y 52 (16)*† 63 (11)* 68 (10)† <0.001

BMI, kg/m2 26.5 (4.7)*† 29.7 (5.2)* 29.5 (5.5)† 0.01

NT-proBNP, pg/mL 63 (34–235)† 94 (49–161)‡ 198 (86–449)†‡ <0.01

NYHA class, n (%) 0.19

 I 6 (15%) 3 (9%) 2 (5%)  

 II 20 (51%) 23 (70%) 17 (46%)  

 III 12 (31%) 7 (21%) 17 (46%)  

 IV 1 (3%) 0 (0%) 1 (3%)  

Diuretic use 11 (28%)* 20 (61%)* 19 (51%) 0.02

 Hydrochlorothiazide 2 (5%) 3 (9%) 5 (14%) 0.45

 Loop-diuretic 8 (21%) 14 (42%) 9 (24%) 0.10

 MRA 5 (13%)* 13 (39%)* 11 (30%) 0.03

Medical history

 Hypertension 13 (33%)* 21 (64%)* 19 (51%) 0.03

 Renal dysfunction 6 (15%) 6 (18%) 13 (35%) 0.09

 Hypercholesterolemia 7 (18%) 11 (33%) 10 (27%) 0.32

 Coronary artery disease 3 (8%) 6 (18%) 7 (19%) 0.29

 Diabetes 4 (10%) 3 (9%) 8 (22%) 0.25

 OSAS 5 (13%) 8 (24%) 10 (27%) 0.28

 Atrial fibrillation 2 (5%) 4 (12%) 9 (24%) 0.05

 COPD 1 (3%) 3 (9%) 5 (14%) 0.21

 Rheumatoid disorders 1 (3%) 4 (12%) 4 (12%) 0.23

H2FPEF score 0.01*†‡

 Low (0–1) 20 (51%) 3 (9%) 5 (14%)  

 Intermediate (2–5) 18 (46%) 28 (85%) 20 (54%)  

 High likelihood (6–9) 1 (3%) 2 (6%) 12 (32%)  

BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; HFpEF, heart failure with preserved ejection 
fraction; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; NT-proBNP, N-terminal pro-B-type 
natriuretic peptide; and OSAS, obstructive sleep apnea syndrome.

*P<0.05 between non-HFpEF and occult-HFpEF.
†P<0.05 between non-HFpEF and manifest-HFpEF.
‡P<0.05 between occult-HFpEF and manifest-HFpEF.
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diagnostic uncertainty remains and PLR may be most rel-
evant. PCWPPLR had a significantly better predictive value 
to diagnose occult-HFpEF, compared with PCWPREST 
(Figure 2, AUC=0.82 versus 0.69, P=0.03). ΔPCWPPLR 
did not perform better than PCWPPLR or PCWPREST (Fig-
ure 2, P=0.21 and P=0.51, respectively).

As shown in Table 3, PCWPPLR ≥19 mm Hg (24% of 
cases where PCWPREST was <15 mm Hg) could be used 
to diagnose patients with occult-HFpEF with a 100% 
specificity and positive predictive value. PCWPPLR ≥11 
mm Hg had a 100% sensitivity and negative predictive 
value for diagnosing occult-HFpEF. Therefore, PCWPPLR 
<11 mm Hg (3% of cases) could be used to safely rule 
out occult-HFpEF (Table 3).

In patients evaluated for occult-HFpEF, diuretic use 
(43%) did not change the diagnostic value of PCWP-

PLR (AUC=0.82 if diuretics were used versus 0.81 if 
no diuretics were used, P=0.93). The PCWPPLR cut-
off of ≥19 mm Hg, to diagnose occult-HFpEF with a 
100% specificity, did not change whether patients used 
diuretics or not. A sub-analyses was performed without 
patients with chronic thromboembolic pulmonary hyper-
tension and pulmonary arterial hypertension-gene car-
riers in the control group, which resulted in the same 
cut-off values of PCWPPLR to diagnose or rule out HFpEF. 
ΔPCWPPLR did not improve diagnostic accuracy. Also, 

V-wave-derived parameters had no incremental diag-
nostic value to diagnose occult-HFpEF. Of note, a large 
V-wave was only present in one occult-HFpEF patient 
and in 2 non-HFpEF patients.

External Validation of the Diagnostic Value of 
PCWPPLR

A well-described cohort of 18 occult-HFpEF and 24 
non-HFpEF patients was used as validation cohort. 
Patients in this cohort were predominantly male (57%) 
with a mean age of 66 years old. A summary of patient 
characteristics and PCWP values are shown in Table S2, 
additional information is reported in the original article.2 
PCWPREST and PCWPPLR were significantly lower in 
non-HFpEF compared with occult-HFpEF (8 versus 12 
mm Hg and 12 versus 20 mm Hg, respectively). However, 
overlap was evident, especially in PCWPREST. As depicted 
in Figure 3, PCWPPLR had an even higher AUC (0.96) in 
the validation cohort. As shown in Table 4, PCWPPLR cut-
offs derived from the derivation cohort (PCWPPLR ≥19 
mm Hg to diagnose and PCWPPLR <11 mm Hg to rule out 
occult-HFpEF) retained a 100% specificity and 100% 
sensitivity in the validation cohort. These cut-offs could 
be used in 52% of the patients of the validation cohort 
to diagnose or rule out HFpEF with a 100% accuracy.

Figure 1. Pulmonary capillary wedge pressure (PCWP) at rest, passive leg raise (PLR), and exercise.
Dots (● ) are the individual data points. Triangles (▲) are the mean value of the group. HFpEF indicates heart failure with preserved ejection fraction.
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Relationship Between Venous Return, Pericardial 
Restraint, and PCWP During Leg Raise
The following analyses evaluate the influence of venous 
return or pericardial restraint on PCWPPLR. First of all, 
as shown in Table 2, there was no significant differ-
ence (P=0.55) in ΔmRAP (surrogate for the interaction 
between change in preload and pericardial restraint) 
during PLR between non-HFpEF, occult-HFpEF, and 
manifest-HFpEF. Furthermore, there was only a weak 
correlation between ΔmRAPPLR and ΔPCWPPLR (r=0.34, 
P<0.001), suggesting that the increase in PCWP was 
because of left heart properties and not due to venous 
return and pericardial interaction. In addition, mRAP-to-
PCWP ratio (another surrogate for pericardial restraint) 

was not significantly different (P=0.50) between non-
HFpEF, occult-HFpEF, and manifest-HFpEF, either. 
Moreover, mRAP-to-PCWP ratio did not correlate with 
ΔPCWPPLR (r=−0.08, P=0.40).

DISCUSSION
This study evaluated the diagnostic value of passive 
leg raise in diagnosing (occult) HFpEF. Performing 
PLR during RHC improved the diagnostic accuracy 
significantly over measurement at rest. PCWPPLR was 
particularly useful in the patient group with normal LV 
filling pressures at rest, where diagnostic uncertainty is 
the highest. In addition, we found that a high PCWPPLR 
(≥19 mmHg) could be used to diagnose occult-HFpEF 

Table 2. Hemodynamics

 
Non-HFpEF  
(n=39)

Occult-HFpEF 
(n=33)

Manifest-HFpEF 
(n=37)

P value between 
groups

Rest

 Heart rate, bpm 80 (15) 74 (10) 73 (10) 0.01

 Mean ABP, mm Hg 100 (9) 97 (10) 96 (10) 0.06

 Arterial saturation, % 96 (95–98) 96 (95–98) 97 (96–99) 0.89

 Venous saturation, % 73 (9) 71 (6) 70 (10) 0.29

 mRAP, mm Hg 6 (4)† 6 (3) 8 (4)† <0.01

 sRVP, mm Hg 33 (29–49) 32 (30–39)‡ 40 (34–56)‡ 0.03

 dRVP, mm Hg 3 (1–6)† 3 (1–5)‡ 6 (4–9)†‡ <0.01

 sPAP, mm Hg 30 (25–46)† 32 (28–35)‡ 40 (34–51)†‡ <0.01

 dPAP, mm Hg 14 (10–18)† 14 (12–18)‡ 16 (14–22)†‡ 0.01

 mPAP, mm Hg 19 (15–27)† 20 (17–23)‡ 24 (20–32)†‡ <0.01

 PCWPREST, mm Hg 11 (2)† 12 (2)‡ 18 (3)†‡ <0.001

 V-wave, mm Hg 14 (4)† 15 (4)‡ 24 (8)†‡ <0.001

 Large V-wave 2 (5%) 1 (3%) 5 (14%) 0.21

 Cardiac index, L/min per m2 3.4 (0.8) 3.1 (0.7) 3.0 (0.8) 0.03

 PVR, dyn∙s/cm5 114 (87–242) 93 (71–165) 129 (92–251) 0.10

 SVR, dyn∙s/cm5 1300 (401) 1200 (340) 1250 (326) 0.65

Passive leg raise

 mRAPPLR, mm Hg 10 (5–31)*† 12 (7–18)* 15 (9–24)† <0.001

 ΔmRAPPLR, mm Hg 3 (0–14) 4 (2–8) 4 (1–12) 0.55

 PCWPPLR, mm Hg 15 (3)*† 19 (4)*‡ 23 (3)†‡ <0.001

 ΔPCWPPLR, mm Hg 4 (2) 6 (3) 5 (2) 0.07

 V-wavePLR, mm Hg 19 (16–22)*† 23 (19–29)*‡ 29 (26–32)†‡ <0.001

 ΔV-wavePLR, mm Hg 5 (3–7) 7 (4–13) 7 (2–10) 0.08

Exercise

 PCWPEXERCISE, mm Hg 17 (3)*† 31 (5)* 30 (4)† <0.001

 Maximal exercise, Watt 73 (47)† 66 (23)‡ 50 (26)†‡ <0.01

 Venous saturation peak exercise, % 45 (9) 43 (10) 45 (13) 0.92

ABP indicates arterial blood pressure; dPAP, diastolic pulmonary arterial pressure; dRVP, diastolic right ventricular pressure; HFpEF, heart 
failure with preserved ejection fraction; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PCWP, pulmonary capil-
lary wedge pressure; PLR, passive leg raise; PVR, pulmonary vascular resistance; sPAP, systolic pulmonary arterial pressure; sRVP, systolic 
right ventricular pressure; and SVR, systemic vascular resistance.

*P<0.05 between non-HFpEF and occult-HFpEF. 
†P<0.05 between non-HFpEF and manifest-HFpEF.
‡P<0.05 between occult-HFpEF and manifest-HFpEF. 
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with 100% specificity and positive predictive value. In 
addition, PCWPPLR <11 mm Hg could be used to safely 
rule out HFpEF, although number of observations in 
this category was low. External validation confirmed 
these findings. More specifically, the cut-off value of  
PCWPPLR (≥19 mm Hg) was relatively common (26%), 
and 100% specific for the diagnoses of occult HFpEF in 
the external validation cohort. Similarly, the cut-off value 
of PCWPPLR <11 mmHg was also relatively common 
(26%), and 100% accurate to rule out occult HFpEF. The 
validation cohort was even suggestive for a PCWP <14 
mm Hg and ≥18 mm Hg to rule out or diagnose HFpEF. 
The difference in cut-off values found in the validation 
cohort was considered a play of chance. Using these cut-
offs would have led to misclassification in the derivation 
cohort and will result in a diminished diagnostic accuracy. 
Therefore, the more conservative and more accurate cut-
off values of the derivation cohort (PCWP <11 mm Hg 
and PCWP ≥19 mm Hg) are advised.

Importantly, the diagnostic value of PCWPPLR was not 
influenced by diuretic use. Furthermore, we observed that 
PCWP increases rapidly with leg raise, reaching a maxi-
mum in less than 1 minute. ΔPCWPPLR or V-wave derived 
parameters had no additional value compared with (abso-
lute) PCWPPLR. Furthermore, we found that PCWPREST 
of ≥15 mm Hg had 100% positive predictive value for 
PCWPEXERCISE ≥25 mm Hg, which was not the case for 
lower PCWPREST values. Confirming the PCWPREST cut-off 
of 15 mmHg currently used to manifest HFpEF.8,9 In addi-
tion, PCWPREST ≥6 mm Hg had a 100% negative predic-
tive value for HFpEF. However, as the number of patients 

below this cut-off were small, we could not safely identify 
a low threshold of PCWPREST that provided 100% certainty 
to rule out occult HFpEF. However, we could conclude that 
low-normal PCWPREST values (6–14 mm Hg) cannot be 
used to decide not to perform a PLR and/or exercise.

The results of our study are in accordance with other 
studies underlining the incremental diagnostic value of 
PLR. Borlaug et al12 found a similar value of PCWPPLR 
in occult-HFpEF (average of 18 mmHg) but had lower 
PCWPPLR values in their control group (11 mm Hg), 
resulting in an even higher AUC of PCWPPLR of 0.94. 
Unfortunately, no cut-off values were reported. Tos-
savainen et al13 reported a sensitivity and specificity of 
91 and 92% of PCWPPLR ≥15 mm Hg to predict HFpEF. 
However, half of these HFpEF patients had manifest-
HFpEF, consequently, this cut-off value would have less 
diagnostic value to predict occult-HFpEF. In addition, for 
a cut-off value assessed with an invasive test, a sensitiv-
ity or specificity of 90% may be less desirable. As a side 
note, although RHC is preferable, PLR has also been 
shown to be feasible during left heart catheterization.14,27

Additional analyses show that the V-wave derived 
parameters did not have incremental value over PCWP 

Figure 2. Receiver operating characteristics curve analysis to 
diagnose occult-heart failure with preserved ejection fraction 
(HFpEF; manifest-HFpEF excluded).
AUC indicates area under the curve; PCWP, pulmonary capillary 
wedge pressure; and PLR, passive leg raise.

Table 3. PCWPREST, PCWPPLR, and ΔPCWPPLR to Diagnose or 
Rule Out HFpEF in Patients With Normal LV Filling Pressures 
at Rest

Diagnostic tests (n=72) Sensitivity Specificity PPV NPV

PCWPREST, mm Hg

 ≥6 (n=71, 99%) 100% 3% 46% 100%

 ≥7 (n=69, 96%) 94% 3% 45% 33%

 ≥8 (n=66, 92%) 91% 8% 45% 50%

 ≥12* (n=41, 57%) 79% 62% 63% 77%

 ≥13 (n=33, 46%) 67% 72% 67% 72%

 ≥14 (n=17, 24%) 33% 85% 65% 60%

PCWPPLR, mm Hg

 ≥11 (n=70, 97%) 100% 5% 47% 100%

 ≥12 (n=66, 92%) 97% 13% 48% 83%

 ≥13 (n=62, 86%) 88% 15% 47% 60%

 ≥17* (n=34, 47%) 79% 79% 76% 82%

 ≥18 (n=26, 36%) 67% 90% 85% 76%

 ≥19 (n=17, 24%) 52% 100% 100% 71%

ΔPCWPPLR, mm Hg

 ≥1 (n=69, 96%) 97% 5% 46% 67%

 ≥2 (n=67, 93%) 97% 10% 48% 80%

 ≥3 (n=60, 83%) 94% 28% 53% 85%

 ≥6* (n=32, 44%) 64% 72% 66% 70%

 ≥8 (n=12, 17%) 33% 97% 92% 63%

 ≥10 (n=4, 6%) 12% 100% 100% 57%

HFpEF indicates heart failure with preserved ejection fraction; ΔPCWPPLR, rise 
in PCWP during PLR; NPV, negative predictive value; PCWP, pulmonary capillary 
wedge pressure; PCWPPLR, PCWP at passive leg raise; PCWPREST, PCWP at rest; 
and PPV, positive predictive value.

*Youden’s index.
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in diagnosing occult-HFpEF. This could be explained 
by the low prevalence of large V-waves in occult-
HFpEF patients (n=1). In contrast, the large V-wave 
was present in 14% of manifest-HFpEF and showed 
a high positive predictive value for manifest-HFpEF. 
The observation that the V-wave is more prominent 
in patients with HFpEF with elevated LV filling pres-
sures at rest is also described by Manouras et al,21 
reporting a prevalence of the large V-waves of 24% 
in patients with HFpEF, but mainly in patients with 
higher PCWPREST.

Analysis of right atrial pressures suggest that the 
distinct response in PCWPPLR between HFpEF and 
non-HFpEF is due to the reduced left heart (LA and LV) 
compliance in HFpEF and not due to increased venous 
return or exaggerated pericardial restraint.15,28

Strength and Limitations
This study is the first to investigate cut-off values of 
PCWPPLR to diagnose occult-HFpEF and elucidate its 
potential to complement exercise-RHC. Another strength 
is the patient selection, having excluded all other causes 
for elevated LV filling pressure, testing the diagnostic per-
formance of PLR where diagnostic uncertainty remains. 
Also, all patients underwent exercise-RHC to invasively 
confirm or exclude the diagnosis HFpEF. However, our 
study has some limitations. The derivation cohort comes 
from a retrospective study, although the external valida-
tion cohort was prospectively enrolled. Although study 
results were externally validated, the total sample size 

remains relatively small (N=114); therefore, a larger 
prospective cohort is warranted to improve the external 
validity of this study.

Clinical Implications
In this sample, use of PCWPPLR ≥19 mmHg to diagnose 
HFpEF and PCWPPLR <11 mmHg to rule out HFpEF 
would allow for omission of exercise testing in 36% of 
the patients with normal resting PCWP. A proposed diag-
nostic pathway with implementation of the passive leg 
raise is depicted in Figure 4. This would be most use-
ful in centers where equipment and expertise for exer-
cise testing is not available, although it is important to 
acknowledge that additional important physiological data 
are available from exercise testing, even if these diag-
nostic thresholds are met, including evaluation of cardiac 
output reserve with stress,29 and increases in pulmonary 
vascular pressures with respect to cardiac output, which 
have been shown to have prognostic implications.30,31 
Others have utilized fluid challenge to facilitate diagnosis 
of HFpEF.32,33 While this is also an option and may pro-
vide value, one potential strength of PLR as compared 
with fluid loading is greater simplicity and shorter dura-
tion. In addition, PLR only temporarily increases venous 
return, compared with an absolute increase in volume in 
fluid loading, consequently, there is no risk of decompen-
sation with PLR. Of note, this study used mid-thoracic 
zero-leveling, conform the guidelines, hence cut-off val-
ues derived from this study should only be used if mid-
thoracic zero-leveling is used. In this study, the diagnostic 
value of PCWPPLR was demonstrated. Whether PCWPPLR 
is also of prognostic value remains unclear and is of inter-
est for future studies. Nevertheless, increased PCWPPLR 
reflects elevated PCWPEXERCISE, which has been shown to 
be of prognostic relevance in HFpEF.34

Conclusions
There is no clear lower threshold of PCWP at rest where 
occult-HFpEF can be excluded, without performing a 

Table 4. PCWPPLR to Diagnose or Rule Out Occult-HFpEF 
(External Validation Cohort)

Diagnostic tests (n=42) Sensitivity Specificity PPV NPV

PCWPPLR, mm Hg

≥11 (n=31, 74%) 100% 46% 58% 100%

≥14* (n=23, 55%) 100% 79% 78% 100%

≥15 (n=21, 50%) 89% 79% 76% 90%

≥17 (n=14, 33%) 72% 96% 93% 82%

≥18 (n=12, 29%) 67% 100% 100% 80%

≥19 (n=11, 26%) 61% 100% 100% 77%

HFpEF indicates heart failure with preserved ejection fraction; NPV, negative 
predictive value; PCWPPLR, pulmonary capillary wedge pressure at passive leg 
raise; and PPV, positive predictive value.

*Youden’s index. 

Figure 3. Receiver operating characteristics curve analysis to 
diagnose occult heart failure with preserved ejection fraction 
(derivation-cohort and external validation).
AUC indicates area under the curve; PCWP, pulmonary capillary 
wedge pressure; and PLR, passive leg raise.



van de Bovenkamp et al Passive Leg Raise During RHC to Detect HFpEF

329Circ Heart Fail. 2022;15:e008935. DOI: 10.1161/CIRCHEARTFAILURE.121.008935 April 2022

diastolic stress test. Elevation in PCWP to 19 mm Hg 
or higher with passive leg raise can be used to diag-
nose occult-HFpEF. Conversely, a low PCWP with 
leg raise below 11 mm Hg could be used to rule out 
(occult-)HFpEF.
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