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ORIGINAL INVESTIGATION

Which Diastolic Pressure Should Be Used to 
Assess Diastolic Function?

ABSTRACT

Background: Although high left ventricular filling pressures [left ventricular (LV) end-
diastolic pressure or pulmonary capillary wedge pressure (PCWP)] are widely taken as 
surrogates for LV diastolic dysfunction, the actual distending pressure that governs LV 
diastolic stretch is transmural pressure difference (∆PTM). Clinically, preferring ∆PTM over 
PCWP may improve diagnostic and therapeutic decision-making. We aimed to compare 
the clinical implications of diastolic function characterization based on PCWP or ∆PTM.

Methods: We retrospectively screened our hospital database for adult patients 
with a clinical diagnosis of heart failure who underwent right heart catheterization. 
Echocardiographic diastolic dysfunction was graded according to the current guidelines. 
LV end-diastolic properties were assessed with construction of complete end-diastolic 
pressure–volume relationship (EDPVR) curves using the single-beat method. Survival 
status was checked via the electronic national health-care system.

Results: A total of 693 cases were identified in our database; the final study population 
comprised 621 cases. ∆PTM-based, but not PCWP-based, EDPVR diastolic stiffness con-
stants were significantly predictive of advanced diastolic dysfunction. PCWP-based dia-
stolic stiffness constants were not able to predict 5-year mortality, whereas ∆PTM-based 
EDPVR stiffness constants and volumes all turned out to have significant predictive 
power for 5-year mortality.

Conclusion: Left ventricular diastolic function assessment can be improved using ∆PTM 
instead of PCWP. As ∆PTM ultimately linked to right-sided functions, this approach 
emphasizes the limitations of taking LV diastolic function as an isolated phenomenon and 
underlines the need for a complete hemodynamic assessment involving the right heart in 
therapeutic and prognostic decision-making processes.

Keywords: Diastolic function, heart failure, hemodynamics, mortality, pressure–volume 
loop

INTRODUCTION

End-diastolic wall stretch is an important hemodynamic variable that governs left 
ventricular (LV) systolic and diastolic functions and their integration.1 According 
to the FrankStarling law, LV stroke volume (SV) increases with increasing end-
diastolic wall stretch.2,3 On the other hand, LV cannot be infinitely stretched, as 
LV end-diastolic pressure (LVEDP) exponentially increases while inherent elastic 
reserve of the LV is used up with further increases in LV volume (LVEDV). This end-
diastolic pressure–volume relationship (EDPVR) characterizes LV diastolic func-
tion, and a normal diastolic function requires a LVEDP that (1) generates enough 
stretch for the delivery of adequate SV and (2) does not exceed a certain threshold 
that causes the transmission of increased pressure backward, resulting in pulmo-
nary congestion. The current guidelines define this threshold as 15 mm Hg,4,5 and 
many noninvasive surrogates of diastolic function were tested against this “gold 
standard.”6,7

It is generally overlooked, however, that LVEDP or its more frequently used sur-
rogate; pulmonary capillary wedge pressure (PCWP), is not the sole force act-
ing on LV. There is also an outside pressure that prevents the distention of the 
LV and decreases its end-diastolic stretch. This external force is pericardial 
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pressure for the LV free wall and right ventricular (RV) end-
diastolic pressure for the interventricular septum. Since RV 
end-diastolic pressure is the same as right atrial (RA) pres-
sure, and pericardial pressure is very close to8-10 and follows 
the changes in10-12 RA pressure, RA pressure can be used as 
the pressure constraining the whole LV. Therefore, the real 
distending pressure that reflects LV stretch and governs 
EDPVR is not PCWP, but LV transmural pressure difference 
(∆PTM  = PCWP − PRA) (Figure 1). This distinction is important 
because, according to this rationale, any assessment of LV 
diastolic function should also take right heart into account. 
Therefore, whether a ∆PTM-based assessment would reflect 
diastolic function better than the PCWP-based one needs 
to be elucidated.

In this study, we aimed to compare these two approaches 
using a complete EDPVR analysis.

METHODS

Study Protocol
The study was conducted at Dr. Siyami Ersek Thoracic and 
Cardiovascular Surgery Training and Research Hospital, a 
tertiary center for heart failure (HF) and heart transplanta-
tion. A Local Ethical Committee approval was obtained, and 
the study was undertaken in accordance with the Declaration 
of Helsinki. We retrospectively screened our hospital data-
base for adult patients with a clinical diagnosis of HF who 
underwent right heart catheterization (RHC) between 2015 
and 2022. Exclusion criteria included incomplete RHC data, 
a PCWP less than 15 mm Hg, congenital heart disease with 
uncorrected shunts, and chronic kidney disease requiring 
dialysis.

The demographics and laboratory results were obtained 
via chart review and included complete blood count, kid-
ney function tests, serum N-terminal pro-brain natriuretic 
peptide (NT pro-BNP) levels, echocardiographic, and RHC 
measurements. Echocardiographic data were obtained 
using ultrasound machines of the EPIQ series (Philips Medical 
Systems, Bothell, Wash, USA). Left atrial and LV volumes, and 
LV ejection fraction (LVEF) were calculated using the biplane 
Simpson’s method. Mitral inflow pulsed-wave Doppler and 

lateral mitral annular tissue Doppler measurements were 
taken from the apical four-chamber view. Echocardiographic 
diastolic dysfunction was graded according to the guide-
lines,6 using E to A wave ratio, e’ velocity, Mitral E wave to 
e’ velocity, LA volume index, and maximum tricuspid regur-
gitation velocity. Only the patients with a complete set of 
these variables were included in the comparison with EDPVR 
parameters.

Right heart catheterization was performed via the right 
jugular or femoral vein using a 7F balloon-tipped Swan-Ganz 
catheter (Edwards Lifesciences, Irvine, Calif, USA). Cardiac 
output was measured using the indirect Fick method. 
Pressure system calibration was checked with a square-wave 
test before the recordings were acquired. All pressure trac-
ings were evaluated by visual exploration for physiological 
accuracy, and end-expiratory pressure values were taken. 
The LV transmural pressure difference (∆PTM) was calculated 
as PCWP minus RA pressure.

LV end-diastolic properties were assessed with construction 
of complete EDPVR curves using the single-beat method.13 
Briefly, the measured LVEDV was normalized by appropriate 
scaling, and a normalized EDPVR was constructed using the 
measured LVEDP pressure. LV volumes at zero pressure (V0) 
and 30 mm Hg (V30) were estimated based on the assump-
tion of a relatively consistent relationship between the vol-
ume at a certain pressure and V0. Then, the entire EDPVR was 
characterized as LVEDP = α(LVEDV)β, where diastolic stiff-
ness constants of α and β were calculated to force the curve 
through the measured LVEDP and LVEDV values, and the cal-
culated V0 and V30.

All patients were managed according to the ESC guidelines 
for the diagnosis and management of heart failure (HF).4,14 
Survival status was checked via electronic national health-
care system.

Statistical Analysis
The SPSS statistics software (version 29.0; SPSS Inc., 
Chicago, Ill, USA) was used for all statistical analyses. 
Continuous variables were expressed as mean ± standard 
deviation or median (interquartile range [IQR]), while cat-
egorical variables were expressed in counts (percentages). 
The normality of continuous variables was assessed using 
Shapiro–Wilk’s test and visual inspection of normal Q–Q 
plots. The diagnostic accuracy of PCWP and ∆PTM, and 
PCWP- and ∆PTM-based V0, V30, and diastolic stiffness con-
stants (α and β) for echocardiographic diastolic dysfunc-
tion grade II or III and 5-year mortality was analyzed using 
receiver operating characteristics curve analysis. Area 
under curve (AUC) values for PCWP- and ∆PTM-based val-
ues were compared pairwise using the method of DeLong 
et al.15 For all statistical analyses, a P-value <0.05 was con-
sidered significant.

RESULTS

A total of 693 cases were identified in our database; 72 
patients were excluded due to incomplete data (n = 21), a 
PCWP less than 15 mm Hg (n = 47), congenital heart disease 
with uncorrected shunts (n = 2), and a history of chronic 

HIGHLIGHTS
• Left ventricular (LV) diastolic function is usually assessed 

by LV filling pressures.
• High LV filling pressures (LV end-diastolic pressure or 

pulmonary capillary wedge pressure) are used as a sur-
rogate for diastolic dysfunction.

• However, LV diastolic function is also strongly influ-
enced by right-heart pressures.

• Left ventricular diastolic function should be assessed 
using LV transmural pressure instead of isolated LV fill-
ing pressures.

• This perspective underlines the need for a complete 
assessment involving right heart in the therapeutic and 
prognostic decision-making processes about LV dia-
stolic disorders.
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kidney disease requiring dialysis (n = 2). Therefore, the 
final study population comprised 621 cases. Baseline char-
acteristics are summarized in Table 1. Echocardiographic 
and invasive hemodynamic parameters are presented in 
Table 2.

Diastolic grading with a complete set of echocardio-
graphic variables was possible in 39.4% (245/621) of the 
study cohort. Grade I, II, and III diastolic dysfunction was 
diagnosed in 93 (37.9%), 61 (24.8%), and 91 (37.1%) patients, 
respectively. Both PCWP (AUC, 0.702; 95% confidence 
interval (CI), 0.636-0.768; P < .001) and ∆PTM (AUC, 0.674; 
95% CI, 0.606-0.741; P < .001) were able to predict grade 
II or III diastolic dysfunction. However, only ∆PTM-based 
diastolic stiffness constants α (AUC, 0.386; 95% CI, 0.313-
0.459; P = .005) and β (AUC, 0.636; 95% CI, 0.563-0.710; 
P = .001) were significantly predictive of grade II or III dia-
stolic dysfunction, whereas the predictive power of PCWP-
based α (AUC, 0.545; 95% CI, 0.468- 0.622; P = .269) and 
β (AUC, 0.475; 95% CI, 0.398-0.552; P = .548) was not signif-
icant. The diagnostic accuracy of ∆PTM-based α and β was 
significantly superior to PCWP-based ones (P for α = 0.002; 
P for β = .008). This superiority was mostly preserved when 
analyses were limited to reduced (<40%) (for α AUC differ-
ence; 0.255, 95% CI 0.094-0.416, P = .002 and for ß, AUC dif-
ference, 0.202; 95% CI 0.002-0.403, P = .048) and preserved 
(>50%) LVEF subgroups (for α AUC difference, 0.139; 95% CI 
0.013-0.265, P = .031). The difference in ∆PTM- and PCWP-
based ß was not significant in patients with preserved LVEF 
(AUC difference, 0.009; 95% CI −0.166 to 0.184, P = .916). V0 
(for V0-PCWP; AUC, 0.538; 95% CI, 0.461-0.615; P = .351 and 
for V0-∆PTM; AUC, 0.556, 95% CI, 0.479- 0.632; P = 0.172) and 
V30 (for V30-PCWP; AUC, 0.555; 95% CI, 0.478- 0.632; P = .179 

and for V30-∆PTM; AUC, 0.547, 95% CI, 0.471-0.624; P = .246) 
values were unable to predict grade II and III diastolic dys-
function with either approach.

Median follow-up was 511 (832) days and 5-year mortality 
rate was 27.1% (173/621). Both PCWP (AUC, 613; 95% CI, 0.565-
0.662; P < .001) and ∆PTM (AUC, 557; 95% CI, 0.507-0.606; 
P = 0.029) are turned out to have a significant diagnostic 
power for 5-year mortality, but PCWP had a better accu-
racy compared to ∆PTM (AUC difference, 0.057; 95% CI, 0.015-
0.099; P = .008).

PCWP-based diastolic stiffness constants, α (AUC, 511; 95% 
CI, 0.455- 0.567; P = .678) and β (AUC, 473; 95% CI, 0.418-
0.528; P = .313), were not able to predict 5-year mortality, 
whereas PCWP-based V0 (AUC, 559; 95 CI%, 0.507-0.611; 
P = .026) and V30 (AUC, 567; 95 CI%, 0.515-0.618; P = .013) had 
a minor but significant predictive power. On the other hand, 
∆PTM-based diastolic stiffness constants; α (AUC, 421; 95% CI, 
0.370- 0.472; P = .003) and β (AUC, 554; 95% CI, 0.503-0.606; 
P = .042), and volumes; V0 (AUC, 575; 95% CI, 0.524-0.627; 
P = .005) and V30 (AUC, 569; 95% CI, 0.517-0.622; P = .009), all 
turned out to have significant predictive power for 5-year 
mortality.

When the predictive power of PCWP-based and ∆PTM-
based parameters were compared in terms of AUC values, 
∆PTM-based diastolic stiffness constant α had a significantly 
higher predictive power compared to PCWP-based α (AUC 
difference, 0.090; 95% CI, 0.017-0.163; P = .016). Similarly, 
∆PTM-based V0 had a significantly higher predictive power 
compared to PCWP-based V0 (AUC difference, −0.016; 95% 
CI, −0.026 to −0.007; P = .001). Despite showing a trend in 
this direction, the difference between ∆PTM-based and 

Figure  1. Left ventricular (LV) end-diastolic pressure–volume relationship (EDPVR) characterizes LV diastolic properties. The 
curve can be defined as LVEDP = α(LVEDV)β, where LVEDP is left ventricular end-diastolic pressure, LVEDV is left ventricular end-
diastolic volume, α and β are constants that define the steepness of EDPVR curve. V0 and V30 are LV volumes at 0 and 30 mm Hg, 
respectively. Mechanistically, V0 represents remodeling; higher values indicate a more dilated LV. V30 represents a measure of 
ventricular stiffness; higher values indicate a more compliant LV. ∆PTM-based, but not PCWP-based, EDPVR diastolic stiffness 
constants were significantly predictive of grade II or III diastolic dysfunction. PCWP-based diastolic stiffness constants were not 
able to predict 5-year mortality, whereas ∆PTM-based EDPVR stiffness constants and volumes all turned out to have significant 
predictive power for 5-year mortality. ∆PTM, transmural pressure difference; EDPVRsb, single-beat end-diastolic pressure–volume 
relationship; LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic volume; PCWP, pulmonary 
capillary wedge pressure; PPCW, pulmonary capillary wedge pressure; PRA, right atrial pressure; SV, stroke volume.
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PCWP-based diastolic stiffness constant β did not reach 
statistical significance (AUC difference, −0.081; 95% CI, 
−0.167 to 0.004; P = .003). The difference between ∆PTM- and 
PCWP-based V30 was not significant (AUC difference, 0.003; 
95% CI, −0.008 to 0.013; P = .607).

Complete EDPVR curves with both approaches are given in 
Figure 2.

DISCUSSION

Several previous studies have questioned the interchange-
able use of PCWP with end-diastolic myocardial stretch 
when interpreting LV diastolic function, and suggested the 
use of ∆PTM instead of PCWP.16-21 Despite these findings, 
PCWP or LVEDP is still being widely used as the sole surro-
gate for LV diastolic function. One reason for this might be 
that all previous studies were mechanistic, and no study has 
compared a PCWP-based approach to diastolic function 

Table 1. Baseline Characteristics*

n = 621

Demographics

 Age, years 52 ± 14

 Female, % 186 (30)

 BMI, kg m−2 28.5 ± 5.7

 Heart rate, beats min−1 84 ± 17

 SBP, mm Hg 125 ± 27

Comorbidities

 AF, n (%) 275 (44.1)

 Hypertension, n (%) 249 (40.1)

 Diabetes, n (%) 174 (28)

 Dyslipidemia, n (%) 125 (20.2)

 CAD, n (%) 245 (39.6)

 CKD, n (%) 63 (10.1)

Laboratory parameters

 GFR, mL min−1 1.73 m−2 85 ± 33

 Hemoglobin, g dL−1 13.0 ± 2.1

 AST, mg dL−1 24.9 ± 10.0

 ALT, mg dL−1 28.0 ± 20.3

 CRP, mg dL−1 0.8 (2.6)

 hs-cTnT, ng L−1 8 (17.8)

 NT-proBNP, ng L−1 1485 (3072)

Functional class

 NYHA class I, n (%) 65 (10.4)

 NYHA class II, n (%) 257 (41.3)

 NYHA class III, n (%) 235 (37.8)

 NYHA class IV, n (%) 58 (9.3)

Treatment

 Aspirin, n (%) 280 (44.1)

 Anticoagulants, n (%) 274 (44.1)

 Diuretics, n (%) 552 (88.9)

 Beta blockers, n (%) 518 (83.4)

 ACEI/ARBs or ARNI, n (%) 480 (77.3)

 Spironolactone, n (%) 491 (79.1)

 Statins, n (%) 143 (17.6)
*Values are mean ± standard deviation, median (IQR), or number 
(percentage).
ACEI/ARB, angiotensinogen converting enzyme inhibitors or 
angiotensin II receptor blockers; AF, atrial fibrillation; ALT, alanine 
aminotransferase; ARNI, angiotensin receptor-neprilysin inhibitor; 
AST, aspartate aminotransferase; BMI, body mass index; CAD, 
coronary artery disease; CKD, chronic kidney disease; CRP, C-reactive 
protein; GFR, glomerular filtration rate; hs-cTnT, high-sensitivity 
cardiac troponin T; IQR, interquartile range; NT-proBNP, N-terminal 
pro-brain natriuretic peptide; NYHA, New York Heart Association; 
SBP, systolic blood pressure.

Table 2. Echocardiographic and Hemodynamic Parameters*

n = 621

Echocardiographic parameters

LVEF, % 45 (40)

 LVEF<40, n (%) 424 (68.3)

 LVEF 40-50, n (%) 15 (2.4)

 LVEF >50, n (%) 182 (29.3)

LVEDV, mL 129 (95)

LVESV, mL 66 (101)

LA area, cm2 23 (10)

RA area, cm2 21 (8)

LAVI, mL m−2 37 (14)

Mitral E wave velocity, m s−1 8.0 (0.4)

Mitral annulus e’ velocity, cm s−1 8.0 (0.5)

Mitral E/A ratio 2.0 (2.0)

Mitral E/e’ ratio 12.8 (7.5)

TAPSE, mm 17 (7)

Peak TR Vmax, m s−1 3.4 (0.9)

Pericardial effusion, n (%) 89 (14.3)

PA systolic pressure, mm Hg 56 (25)

PA diastolic pressure, mm Hg 28 (15)

PA mean pressure, mm Hg 38 (17)

Ao systolic pressure, mm Hg 120 (37)

Ao diastolic pressure, mm Hg 72 (18)

Ao mean pressure, mm Hg 89 (21)

RA mean pressure, mm Hg 13 (9)

PCWP, mm Hg 25 (11)

PVR, Woods 3 (3.1)

SVR, Woods 21 (9.7)

SaO2, % 97 (3)

MvO2, % 59 (16)

CO, L min−1 3.7 (1.6)

CI, L min-1 m−2 1.9 (0.8)

SV, mL 44 (22)

SI, mL min−1 23 (12)
*Values are median (interquartile range) or number (percentage).
Ao, aortic; CI, cardiac index; CO, cardiac output; LAVI, left atrial 
volume index; LVEDV, left ventricular end-diastolic volume; LVEF, left 
ventricular ejection fraction; LVESV, left ventricular end-systolic 
volume; MvO2, mixed venous oxygen saturation; PA, pulmonary artery; 
PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular 
resistance; RA, right atrium; RV, right ventricular; SaO2, systemic 
oxygen saturation; SI, stroke index; SV, stroke volume; SVR, systemic 
vascular resistance; TAPSE, tricuspid annular plane systolic excursion; 
TR, tricuspid regurgitation; Vmax, maximum velocity.
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with a ∆PTM-based one in terms of hard clinical endpoints. 
Our study, to our knowledge, is the first to directly compare 
these two approaches in an HF population with a long-term 
mortality endpoint. Our results support the superiority of the 
∆PTM-based diastolic function characterization in predicting 
significant echocardiographic diastolic dysfunction in both 
reduced and preserved LVEF subgroups. More importantly, 
∆PTM-based diastolic function characterization was superior 
to the PCWP-based one in the prediction of 5-year mortality.

Our study has several important implications. First, our 
results indicate that any noninvasive parameter evaluat-
ing diastolic function should be tested against ∆PTM, not 
PCWP. Secondly, the inclusion of RA pressure as an impor-
tant factor in LV diastolic function adds the maintenance 
of optimal volume status and right-heart hemodynamics to 
the list of therapeutic targets in the management of “dia-
stolic” HF. Even lowering ∆PTM without reducing PCWP actu-
ally results in better diastolic function and can be coupled 
with increased contractile performance via an improved 
systolodiastolic integration, as shown in a sub-study of 
the Evaluation Study of Congestive Heart Failure and 
Pulmonary Artery Catheterization Effectiveness (ESCAPE) 
trial.22 Thirdly, as diastolic stiffness is systematically over-
estimated when PCWP, instead of ∆PTM, is used, increased 
right-sided pressures can cause LV diastolic dysfunction to 
appear exaggerated. Indeed, it has been estimated that the 
contribution of external constraint to the PCWP can be as 
high as 50%-80% in HF patients.19 Therefore, diastolic func-
tion should be reassessed after adequate decongestion, 

otherwise, it may unnecessarily trigger a work-up for 
restrictive etiologies. Fourthly, at the extreme end of the 
spectrum, very high right-sided pressures can cause appar-
ent diastolic LV dysfunction without any inherent pathology 
in LV relaxation. Although volume overload due to neurohor-
monal activation in HF usually causes both PCWP and RA 
pressure elevation, these can be discordant in one-fourth 
to one-third of the patients with HF.23,24 This may be a prob-
lem especially in patients with pulmonary hypertension, and 
apparent LV failure due to right-sided HF may be possible 
in these patients, although the opposite, RV failure due to 
left heart disease, is the traditional concept. The presence 
of such a pathophysiological mechanism needs to be con-
firmed in further studies.

Lastly, it should be underlined that mechanistic and prognos-
tic meaning of a parameter can be different. For example, 
the prognostic information contained in PCWP is not limited 
to diastolic function but also includes total volume status, 
which reflects neurohormonal activity and disease progres-
sion. On the other hand, ∆PTM is at least partly independent 
of volume status, as both of its determinants, namely PCWP 
and RA pressure, are influenced by the same vascular vol-
umes and therefore cancel each other.

Thus, ∆PTM can characterize intrinsic diastolic function inde-
pendent of volume status but does this at the expense of 
losing some prognostic information. This may explain why 
∆PTM-based diastolic stiffness coefficients were superior 
to PCWP-based ones, while ∆PTM itself seems to be less 

Figure 2. Median left ventricular (LV) end-diastolic pressure–volume relationship (EDPVR) curves with shaded areas representing 
interquartile ranges. The pulmonary capillary wedge pressure (PCWP)-based approach systematically estimates a stiffer LV 
compared to an LV transmural pressure difference (∆PTM) one. ∆PTM, transmural pressure difference; EDPVRsb, single-beat end-
diastolic pressure-volume relationship; LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic 
volume; PCWP, pulmonary capillary wedge pressure. *∆PTM significantly superior compared to PCWP in predicting 
echocardiographic grade II or III diastolic dysfunction. †∆PTM significantly superior compared to PCWP in predicting 5-year 
mortality.
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powerful compared to the PCWP measurement in mortality 
prediction.

Study Limitations
Our study has several strengths and limitations. To our 
knowledge, this is the largest mechanistic study in HF evalu-
ating the pathophysiologic background of diastolic hemody-
namics with a clinical hard endpoint. Although AUC values 
for both PCWP-based and ∆PTM-based diastolic variables 
might seem low at first glance, it should be underlined that 
the main aim of this study was to prove the presence of a sig-
nificant difference between these assessment approaches, 
not to explore their diagnostic powers. Moreover, as these 
two approaches were compared in the same population, 
the study design was not influenced by baseline differences 
and confounding factors. Lastly, we used the whole EDPVR, 
which characterizes diastolic properties of LV better than 
a single snapshot pressure measurement such as LVEDP or 
PCWP. On the other hand, single-beat estimation of EDPVR 
depends on complex mathematical calculations and several 
assumptions, which is a limitation. Furthermore, LV volumes 
and pressure measurements were not done simultaneously. 
The gold standard for acquiring EDPVR with simultaneous 
pressure and volume measurements is recording pressure–
volume loops using a conductance catheter with chang-
ing venous return, but this would virtually be impossible on 
such a scale because of its prohibitive cost and cumbersome 
methodology.

CONCLUSION

Our results indicate that LV diastolic function is better 
characterized by ∆PTM instead of PCWP. This approach 
underlines the importance of a complete hemodynamic 
assessment involving right heart in the therapeutic and 
prognostic decision-making processes of LV diastolic func-
tion evaluation.
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