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Abstract

Background End-diastolic pressure–volume relationship

and LV stiffness, key parameter for diagnosing diastolic

dysfunction within Heart failure with preserved ejection

fraction (HFpEF) patients, can be directly obtained only by

invasive pressure–volume (PV) measurements. Therefore,

we aimed to establish diastolic pressure–volume quotient

(DPVQ), as a new non-invasive parameter for estimation of

LV stiffness in HFpEF obtained by 3D echocardiography

(3DE) and tissue Doppler imaging.

Methods Twenty-three HFpEF patients with suspected

diastolic dysfunction, scheduled for invasive pressure–

volume loop analyses obtained by conductance

catheterization were included. PV loop measurements were

compared with simultaneous 3DE full-volume recordings

of the LV and tissue Doppler measurements for LV dias-

tolic function. LV filling index E/E0 was used for estima-

tion of diastolic pressure. Single-beat method was

performed to calculate LV stiffness constant (bSB).

Results Fourteen of twenty-three patients showed in-

creased and 9/23 revealed normal LV stiffness b. End-

diastolic, end-systolic and stroke volume obtained by 3DE

correlated with those from PV loop analysis (r = 0.63,

r = 0.57 and r = 0.71, respectively). Estimated diastolic

pressure and DPVQ correlated with invasive measurements

(r = 0.81 and r = 0.91, both p\ 0.001). Accordingly,

calculated stiffness constant bSB revealed a significant

correlation with invasive determined stiffness coefficient b
(r = 0.73, p\ 0.001). DPVQ and bSB correlated with NT-

proBNP plasma level (r = 0.67 and r = 0.58, both,

p\ 0.001).

Conclusion 3D echocardiography allows accurate non-

invasive measurements of diastolic pressure–volume quo-

tient which correlates with invasive determined LV stiff-

ness in HFpEF.

Keywords Heart failure � Diastolic dysfunction �
Echocardiography (three-dimensional) � Tissue Doppler �
Pressure–volume relationship

Introduction

Heart failure with preserved ejection fraction (HFpEF) is a

common clinical syndrome with high morbidity and mor-

tality, and one that is increasing in prevalence with the

aging population. The heterogeneity of the disease also

leads to difficulties in diagnostics. There is overall consid-

erable variation in the degree of cardiac involvement in

HFpEF patients. Although it is now well known that the

pathophysiology of HFpEF is heterogeneous including

changes in LV coupling, atria and right ventricular function

and sizes, chronotropy, and pulmonary pressure, diastolic

dysfunction is thought to be a prominent part of the HFpEF
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syndrome and can include insufficient diastolic suction,

impaired relaxation, as well as disturbed compliance and

stiffness properties of the LV [1–3]. The determination of

invasive measured end-diastolic pressure–volume relation-

ship (EDPVR) is hereby the best accepted index for LV

stiffness in HFpEF. But in the clinical routine, EDPVR

determination is not feasible and non-invasive echocardio-

graphic based parameters need to be further developed [4–

7]. The single use of Mitral Doppler indices are not any-

more recommended due to their low sensitivity and speci-

ficity. Today, the LV filling index (E/E0) is recommended

for the estimation of LV diastolic pressure and E/E0 mean

[15 indicates severe diastolic dysfunction [13, 14]. How-

ever, E/E0 shows in the clinical routine often non-conclusive

results in the so called gray zone indicated by values be-

tween 8 and 15, most probably due to its volume depen-

dency. Three-dimensional echocardiography (3DE) is a

method which offers the non-invasive accurate measure-

ments of LV volume changes [8–12]. Thus, we hypothesize

that the calculation of the quotient of simultaneously de-

termined E/E0 to end-diastolic LV volume, the diastolic

pressure–volume quotient (DPVQ) can overcome E/E0

volume dependency and allow an improvement in the es-

timation of LV stiffness in HFpEF. To prove this hy-

pothesis, we performed a clinical study to directly compare

DPVQ with simultaneous pressure–volume (PV) analysis

obtained by conductance catheterization in HFpEF [15].

Methods

Patient population

Twenty-three patients with heart failure symptoms (NYHA

II–III) despite normal EF (HFpEF), and suggested diastolic

dysfunction which underwent routine conductance

catheterization procedure were investigated to further

characterize their cardiac function. All patients had at least

one episode of heart failure-related hospitalization within

1 year and were carefully screened for non-cardiac causes

of heart failure symptoms, including lung function tests.

All patients showed exercise dyspnea or exercise intoler-

ance, quantified by 6-min walk test and by elevated

N-terminal pro-brain natriuretic peptide (NT-proBNP)

plasma levels (Elecsys 2010, Roche Diagnostics, Germany)

[16]. Atrial fibrillation, valvular disease, significant coro-

nary artery disease, and lung diseases had all been ex-

cluded in both groups. All patients gave written informed

consent for invasive diagnostic procedures.

Simultaneous performance of echocardiography

and pressure–volume measurement

Transthoracic echocardiography was performed by VIVID

Seven Dimension (3 V and 3.5 MHz probe, GE Ultra-

sound) simultaneously with the conductance catheteriza-

tion in supine position. Echocardiography acquisition

included 3D full-volume measurement of the LV, mitral

flow and tissue Doppler imaging from standard apical po-

sition and was obtained at the same time during PV loop

registration in end- expiration. Echocardiographic loops

were marked for the corresponding PV loop sequence.

Cardiac cycles were recorded in a cine loop format. The

studies were stored digitally for subsequent offline analysis

at ECHOPAC PC Workstation. The exact analysis was

performed by two independent investigators who were

blinded for all information obtained from the invasive

analysis.

Pressure–volume measurements by conductance

catheter method

The conductance catheter was used to assess PV mea-

surements in all patients as described recently [17, 18].

Systolic and diastolic LV function was obtained by LV

end-diastolic pressure (LVEDP), isovolumetric relaxation

(Tau), and minimal and maximal rate of LV pressure

change (dP/dtmin and dP/dtmax) and LV maximal pressure

(LVP), stroke volume (SV) and ejection fraction (EF). We

calculated the average slope of the end-diastolic PV rela-

tionship during preload reduction by cavalballoon occlu-

sion to determine functional LV chamber stiffness

(LV stiffness, b) and the exponential curve fit to the end-

diastolic LV pressure–volume points (LVEDP =

c 9 exp(b 9 LVEDV) to determine how rapidly stiffness

increases with increasing pressure (LV stiffness b). Thus,

the end-diastolic PV relationship was fitted with an expo-

nential relation to obtain the chamber stiffness constant.

Although not absolutely load-insensitive [19], this tech-

nique defines more precisely, the natural curvilinear rela-

tion of PV and still represents an established method for

comparing LV stiffness among different subgroups. Dias-

tolic dysfunction was considered to be present if a LV

stiffness constant b (C0.015 ml-1) and/or LV stiffness

b (C0.19 mmHg/ml) was increased in clinically symp-

tomatic patients despite normal EF. These cut-off values

were defined as values corresponding to the 90-th per-

centiles of our control patients from previous studies

[17, 18].
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Echocardiographic analysis

Chamber dimensions were evaluated using standard pro-

cedures, including LV mass index (LVMI) [20] and left

atrial volume index (LAVI) [21]. The assessment of dias-

tolic function included pulsed-wave Doppler measurements

of the early (E) and late (A) mitral inflow velocities, de-

celeration time of early left ventricular filling, the peak

early diastolic velocity (E0) or the septal and lateral mitral

annulus by tissue Doppler in the 4-chamber view over at

least three cardiac cycles. Volume changes of the left

ventricular are obtained by a three-dimensional acquisition

using full-volume assessment over four cardiac cycles.

A TomTec standard software integrated at ECHOPAC PC

Workstation is used for post-acquisition volume analysis

and measurement of left ventricular end-diastolic volume

(EDV), end-systolic volume (ESV), stroke volume (SV),

cardiac output (CO) and ejection fraction (EF). Accord-

ingly, the ratio of early to late annular velocity (E0/A0) and

LV filling index as the transmitral flow velocity to annular

velocity ratio (E/E0) was determined for septal and lateral

site. LV filling index E/E0 has been used to estimate dias-

tolic pressures [13, 14, 17]. Diastolic LV filling pressure

(DP) was estimated by an equation, 0.85 9 E/E0 ? 4.4

derived from a direct comparison between E/E0 and

LVEDP as previously revealed [17]. Simultaneously,

assessment of a 3D volume acquisition allows an estima-

tion of the diastolic pressure–volume quotient (DPVQ,

ml-1). In addition, using the single-beat method, the end-

diastolic pressure–volume relationship (EDPVRSB) and

LV stiffness constant b (bSB) were calculated as described

previously [22, 23]. Briefly, from a single measured end-

diastolic pressure–volume point as obtained by TDI and

3DE (DP, LVEDV), the EDPVR can be predicted by cal-

culating the volume at which pressure is 0 [V0 =

LVEDV 9 (0.6-0.006 9 DP)] and the volume at which

pressure equals 30 mmHg [V30 = V0 ? (LVEDV-V0)/

(DP/27.78)(1/2.76)]. The EDPVR is subsequently repre-

sented as P = aVb, where b = log(DP/30)/log(LVEDV/

V30) and a = 30/Vb [23].

Statistical analysis

SPSS software (version 15.0, SPSS Inc, Chicago, IL, USA)

was used for statistical analysis. Descriptive characteristics

of continuous variables were expressed as mean val-

ues ± SD. Correlation analyses between echocardio-

graphic and PV loop diastolic indices were provided using

linear regression analyses. A p value below 0.05 was

considered statistically significant in all analyses. The au-

thors had full access to the data and take over the re-

sponsibility for its integrity. All authors have read and

approved the manuscript as written.

Results

Patient characteristics

The study included 14 women and 9 men with a median

age of 53 ± 10 years. The patients were suffering from

arterial hypertension (n = 11) and/or diabetes mellitus

(n = 4) and/or hyperlipoproteinemia (n = 9) and/or obe-

sity (n = 6). They were characterized by NYHA II or III,

increased plasma NT-proBNP levels or exercise intoler-

ance as obtained by ergometry. LV was not dilated

(LVEDVI\97 ml/m2) but LA volume index and LV mass

index were increased. All left atrial and ventricular di-

mensions are listed in Table 1.

LV systolic and diastolic function in HFpEF

According to the invasive PV loop analysis and echocar-

diography, all patients showed the indices of cardiac per-

formance and LV systolic function within the normal

range. Fourteen of twenty-three heart failure patients had

impaired LV EDPVR as characterized by an increased LV

stiffness constant b (increased stiffness group). They also

showed an elevation of mean LV end-diastolic pressure

(LVEDP), although at borderline absolute levels (Table 2)

and showed only tendency towards prolonged isovolumic

relaxation time index Tau. Nine of twenty-three patients

showed normal LV compliance characteristics with normal

LV stiffness (normal stiffness group). There were no dif-

ferences regarding LV contractility and systolic function.

The patients with increased stiffness had increased LV

filling index E/E0 (Table 3). In general, left ventricular end-

diastolic, end-systolic and stroke volume (LVEDV, LVESV

and SV) obtained by 3DE showed up to 30 % lower values

than those measured by conductance catheter (Tables 2, 3)

whereas EF showed similar values among the two methods.

There were no differences between the subgroups regarding

LVEDV, LVESV, SV and EF, independently from method

used, 3DE or conductance catheterization (Tables 2, 3).

Correlation of LV volume and derivate parameters

between 3D echocardiography and pressure–volume

analysis

EDV and ESV obtained by 3DE correlated significantly with

those from conductance catheterization (r = 0.87 and

r = 0.78, respectively, both p\ 0.001). Measurements of

stroke volume and ejection fraction showed a strong corre-

lation between the two methods (r = 0.62 and r = 0.71,

p\ 0.001, respectively). DP correlated well with invasive

measurements (r = 0.84, p\ 0.001). DPVQ correlated

significantly with LV chamber stiffness b (dP/dV) (r = 0.57,
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Table 1 Patient characteristics (variable expressed as median [25–75 % quartile])

Demographics All (n = 23) Increased stiffness (n = 14) Normal stiffness (n = 9) p

Women n 14 8 6 0.221

Age (years) 53 [45–65] 54 [43–65] 46 [39–54] 0.091

NYHA II–III n (%) 23 (100 %) 14 (100 %) 9 (100 %) –

NT-proBNP (pg/ml) 173 [98–224] 192 [134–529] 88 [55–138] 0.006

Exercise capacity (Watt) 100 [75–125] 100 [62.5–112.5] 125 [100–150] 0.046

BMI (kg/m2) 25.5 [21.9–31.2] 27.1 [22.6–31.2] 22.5 [20.9–32.4] 0.397

BP systolic (mmHg) 125 [110–157] 139 [121–163] 113 [109–130] 0.054

BP diastolic (mmHg) 74 [67–82] 73 [63–87] 76 [69–82] 0.921

Heart dimensions

LAVI (ml/m2) 27 [14–31] 28 [22–37] 19 [14–25] 0.048

Septum (mm) 12 [10–13] 12 [11–13] 9 [8–10] 0.006

Posterior wall (mm) 11 [10–12] 11 [10–13] 9 [8–10] 0.026

LVEDD (mm) 45 [43–50] 45 [42–50] 46 [40–54] 0.942

LVMI (g/m2) 121 [86–160] 122 [87–161] 97 [73–117] 0.398

LVEDVI (ml/m2) 77 [68–83] 78 [69–83] 72 [67–89] 0.741

Concomitant disease n (%)

Art. hypertension 12 (52 %) 10 (71 %) 2 (22 %) 0.01

Diabetes mellitus 4 (17 %) 4 (28 %) 0 (0 %) –

Obesity 6 (26 %) 4 (28 %) 2 (22 %) 0.613

Hyperlipoproteinemia 9 (39 %) 7 (53 %) 2 (22 %) 0.084

Smoking 8 (34 %) 5 (36 %) 3 (33 %) 0.732

BMI body mass index, NYHA New York Heart Association class, LA left atrial diameter, LAVI left atrial volume index, LVEDD LV end-diastolic

diameter, LVMI LV mass index, LVEDVI LV end-diastolic volume index

Table 2 LV systolic and

diastolic parameters in patients

with HFPEF compared with

controls (variable expressed as

median [25–75 % quartile])

Increased stiffness (n = 14) Normal stiffness (n = 9) p

Cardiac performance

HR (/min) 77 [66 to 88] 74 [66 to 78] 0.108

EF (%) 61 [58 to 68] 63 [61 to 71] 0.336

SV (ml) 89 [77 to 104] 100 [86 to 113] 0.071

CO (l/min) 7.5 [6.8 to 8.2] 7.0 [5.7 to 8.1] 0.734

Systolic indices

ESP (mmHg) 139 [117 to 153] 110 [101 to 124] 0.014

LVESV (ml) 55 [45 to 59] 53 [40 to 68] 0.801

dP/dtmax (mmHg/s) 1424 [1358 to 1723] 1403 [1336 to 1695] 0.962

Diastolic indices

LVEDV (ml) 138 [127 to 151] 155 [132 to 178] 0.071

LVEDP (mmHg) 14.1 [10.6 to 18.0] 8.0 [7.0 to 10.9] 0.011

dP/dtmin (mmHg/s) -1870 [-1787 to -2156] -1882 [-1442 to -2061] 0.369

Tau (ms) 51 [46 to 55] 45 [42 to 47] 0.549

Stiffness constant b (ml-1) 0.028 [0.024 to 0.035] 0.013 [0.011 to 0.014] \0.001

LV stiffness b (mmHg/ml) 0.23 [0.17 to 0.43] 0.14 [0.06 to 0.16] \0.001

HR heart rate, EF ejection fraction, SV stoke volume, ESV end-systolic volume, EDV end- diastolic volume,

CO cardiac output, ESP end-systolic pressure, dP/dtmax maximum rate of pressure change, EES end-systolic

elastance, LVEDP LV end-diastolic pressure, dP/dtmin minimal rate of LV pressure change, Tau iso-

volumetric relaxation time, LV stiffness b slope of end-diastolic PV relationship (dP/dV), Stiffness constant

b exponential curve fit to end-diastolic PV relationship
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p\ 0.001). The correlation to the exponential stiffness co-

efficient b was stronger (r = 0.91, p\ 0.001)

(Fig. 1) and Bland–Altman analysis showed low mean dif-

ferences but wide limits of agreement. Using the cut-off

value of DPVQ C0.10 ml-1, 13/14 patients with increased

LV stiffness were detected whereas none of them was false

positive. All patients with normal LV stiffness were correctly

selected (Fig. 1). DPVQ and calculated LV stiffness con-

stant b using single-beat method (bSB) were significantly

increased in patients with increased LV stiffness.

Calculated stiffness constant bSB revealed a significant

correlation with stiffness coefficient b (r = 0.73,

p\ 0.001). DPVQ also correlated with NT-proBNP plas-

ma level (r = 0.67, p\ 0.001; Fig. 2) and exercise per-

formance as obtained by bicycle exercise test (r = 0.58,

p\ 0.01).

Inter- and intraobserver variabilities of 3DE

assessment of LV size and function

Full-volume analysis obtained by 3DE showed low inter-

observer variability of the measurements of EDV, ESV, SV

and EF (1.7 ± 11.2; 2.2 ± 9.7; 0.6 ± 2.9; and

-0.2 ± 1.91 ml, respectively) which is comparable with

other studies. Volume analysis obtained by 3DE also

showed low intraobserver variability (-1.3 ± 6.63;

-1.1 ± 5.55; -0.2 ± 2.15 ml; and -0.3 ± 3.52 %, for

EDV, ESV, SV and EF, respectively).

Discussion

The silent finding of our study is that the quotient of si-

multaneously measured E/E0 and LV enddiastolic volume

(DPVQ) by TDI and 3DE allows a simple LV stiffness

determination in the clinical routine.

Direct measurement of EDPVR belongs to the gold

standard to determine LV stiffness, a hallmark of diastolic

dysfunction in HFPEF. It is usually determined by invasive

PV loop recordings over multiple beats during transient

preload reductions by vena cava occlusion maneuver.

However, it was also shown that invasive single-beat

recordings of pressure and volume are sufficient to estimate

LV stiffness. Recently, non-invasive mathematic single-

beat models using LV/RV catheter or echocardiographic

parameters were introduced for the characterization of LV

compliance. However, in the clinical routine, echocardio-

graphic indices are recommended and predominantly used

in RCTs. None of these parameters are generated to esti-

mate LV stiffness, since none of them integrate LV

Table 3 Measured and derived

indices of conventional, TDI

and 3D echocardiography

(variable expressed as median

[25–75 % quartile])

Increased stiffness (n = 14) Normal stiffness (n = 9) p

E (m/s) 0.84 [0.75–0.91] 0.71 [0.62–0.79] 0.003

A (m/s) 0.88 [0.68–0.98] 0.64 [0.54–0.68] 0.014

E/A 1.05 [0.83–1.24] 1.07 [0.86–1.32] 0.747

DT (ms) 217 [185–248] 201 [173–208] 0.340

IVRT (ms) 97 [89–111] 91 [81–104] 0.328

S0average (m/s) 0.07 [0.06–0.09] 0.09 [0.07–0.10] 0.071

E0
average (m/s) 0.08 [0.07–0.11] 0.13 [0.09–0.14] 0.050

A0
average (m/s) 0.08 [0.07–0.10] 0.08 [0.07–0.11] 0.884

E0/A0
average 1.1 [0.72–1.45] 1.47 [1.22–1.78] 0.056

E/E0
average 11.0 [9.1–13.6] 6.5 [4.5–9.2] 0.003

LAVI (ml/m2) 28 [22–37] 19 [14–25] 0.048

3D echocardiography

LVEDV (ml) 101 [86–105] 121 [101–132] 0.062

LVESV (ml) 35 [33–43] 38 [34–61] 0.138

SV (ml) 60 [53–70] 71 [63–79] 0.141

EF (%) 62 [59–65] 64 [56–67] 0.701

Derived indices

DP (mmHg) 13.7 [11.5–15.4] 8.3 [6.0–11.5] 0.001

E/E0/LVEDV (ml-1) 0.11 [0.10–0.14] 0.05 [0.04–0.07] \0.001

DPVQ (ml-1) 0.14 [0.12–0.17] 0.07 [0.06–0.0.09] \0.001

Stifness constant bSB 5.96 [5.91–5.99] 5.86 [5.81–5.91] 0.004

E/A ratio of early (E) to late (A) mitral flow peak velocities, DT deceleration time of early mitral flow, IVRT

isovolumetric relaxation time, S0 systolic, E0 early, A0 late diastolic peak velocities of mitral annulus, E0/A0

ratio, E/E0 LV filling index
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pressure with LV volume parameters. The recommended

echo-parameter for the determination of diastolic impair-

ment in HFpEF is E/E0. Nevertheless, E/E0 is also a volume

dependent parameter indicated by the clinical experience

that diuretics can acutely reduce E/E0 by the induction of a

left shift of the LV-PV loop without changing LV stiffness.

Therefore, interpretation of the E/E0 values without

knowing LV volume can lead to misinterpretations in the

clinical routine. In addition, one of the failures of RCT in

HFpEF could be argued by the heterogeneity of the in-

vestigated studies. It had been shown that, e.g., in

CHARM-Preserved, I-Preserve or in TOP-CAT, echocar-

diographic analysis of subpopulations from these studies

differs in the degree of diastolic dysfunction as well as in

the forms of left ventricular hypertrophy. Therefore, a

simple combination of E/E0 and LV enddiastolic volume is

abundant to investigate patient with suggested HFpEF as

well as to homogenize HFpEF subpopulations.

The time and velocity measurements as well as estimated

pressure data are already shown to be reliable if obtained by

comprehensive and tissue Doppler echocardiography. In the

clinical routine several echocardiographic approaches are

used to investigate diastolic function in HFpEF, including

comprehensive echocardiography and TDI [17, 24–28]. On

the contrary, determination of LV volume obtained by 2D

echocardiography has been shown to be observer variable

[8, 12, 29] and therefore not reliable for precise calculation

needed to reveal exact hemodynamic pressure/volume re-

lation analysis in HFpEF. With this study, we compared

three-dimensional echocardiography and TDI data with si-

multaneous pressure–volume analysis obtained by invasive

conductance catheterization in patients with HFpEF. We

Fig. 1 Linear regression between PV loop and 3DE indices. LVEDV

measured by 3D echocardiography (3DE) correlated with LVEDV

obtained by conductance catheter (LVEDV = 1.07 9 L-

VEDV(3DE) ? 32.6; r = 0.91, p\ 0.001); E/E0 correlated with

LVEDP (LVEDP = 1.17 9 E/E0 ? 0.74; r = 0.84, p\ 0.001);

DPVQ and estimated stiffness constant bSB correlated with LV

stiffness b (b = 0.214 9 DPVQ-0.002; r = 0.91, p\ 0.001 and

b = 0.087 9 bSB-0.498; r = 0.73, p = 0.004). Closed circles indi-

cate patients with increased LV stiffness and open circles indicate

patients without increased LV stiffness
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could show that LV volumes obtained by 3DE are accurate

and correlate with invasive measurements which are in

agreement with comparison studies between 3DE and MRI

[8, 9]. Comparable to our data, they also reported general

volume underestimation by 3D echocardiography but rela-

tive parameter such as EF was found similar to invasive

data. Furthermore, we proved that the quotient of simulta-

neously measured E/E0 and 3D LV enddiastolic volume

(DPVQ) correlated with EDPVR and LV stiffness, inva-

sively measured by conductance catheter. Particularly, the

pressure–volume relationship is crucial for understanding

isolated diastolic dysfunction in HFpEF. The use of 3D

echocardiography with full-volume modality and additional

apply of TDI integrate all three qualities crucial for char-

acterization of LV diastolic function: timing, flow/tissue

velocity and volume changes. These are important findings

with a clinical relevance since it may have an impact on

more specific non-invasive diagnostic of diastolic function

including crucial pressure–volume relations in everyday

clinic not only at steady state but also during physiological

exercise (e.g. bicycle exercise). However, further prospec-

tive clinical studies with larger population size have to show

the significance of the method in providing prognosis-

relevant results in HFpEF.

Reproducibility

Previous studies on real time three-dimensional echocar-

diography have shown that this technique has higher re-

producibility than 2DE, underlining that the most important

aspect of minimizing variation is the use of a three-di-

mensional dataset [8, 11, 30–32]. Similarly, we could also

show low inter- and intraobserver variabilities of LV

volumes taking into account the limitation that the small

sample size of the study and the selection of patients with

good image quality could explain these results.

Conclusion

Three-dimensional echocardiography is helpful in diagnos-

ing diastolic dysfunction and contributes to better under-

stand myocardial pathomechanisms in HFpEF, particularly

in patients with borderline results in TDI analysis. 3DE al-

lows an accurate measurement of diastolic pressure–volume

relationship which correlates with invasive determined LV

stiffness. Further studies have to prove whether DPVQ al-

lows to identify subpopulations of HFpEF with severe LV

stiffness, whether it correlates with the degree of the disease

and whether it is a reliable parameter useful for risk

stratification of HFpEF individuals. In addition, it is im-

portant to prove whether DPVQ allows to identify homo-

geneous subpopulations of HFEPF which might benefit from

more specific treatments targeting LV stiffness in the future.

Thus, DPVQ could be a helpful clinical tool to develop

personalized treatment options in HFpEF.

Limitations

A small study population is one of the limiting factors in

interpreting the results. However, the aim of the study was

to evaluate a new non-invasive echocardiographic method

to estimate LV stiffness in HFpEF. Since this was

evaluated and compared with a highly invasive catheter

procedure, from an ethical point of view, no age matched

Fig. 2 Correlation of plasma NT-proBNP level with DPVQ and

estimated stiffness constant b by single-beat analyzing (r = 0.67 and

r = 0.58, p\ 0.001, N = 20). Closed circles indicate patients with

increased LV stiffness and open circles indicate patients without

increased LV stiffness
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healthy control group was available. Furthermore, an ab-

solute LVEDP level of some patient with increased LV

stiffness were below the cut-off defined by ESC recom-

mendations, since LVEDP is preload dependent and was

not an obligatory criterion. Also, LV filling pressures are

influenced by intrapericardial pressure and RV–LV inter-

action, which was not performed by the current study.

However, the study was conducted to investigate new

techniques independent from the underlying disease

mechanism. Therefore, further studies in different and

larger cohorts are necessary to investigate the accuracy of

the method in other patients groups.
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