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Abstract

Aims The diastolic pressure gradient (DPG) has been proposed as a marker pulmonary vascular disease in the setting of
left heart failure (HF). However, its diagnostic utility is compromised by the high prevalence of physiologically incompat-
ible negative values (DPGygg) and the contradictory evidence on its prognostic value. Pressure pulsatility impacts on DPG
measurements, thus conceivably, pulmonary artery wedge pressure (PAWP) measurements insusceptible to the oscillatory
effect of the V-wave might yield a more reliable DPG assessment. We set out to investigate how the instantaneous PAWP at
the trough of the Y-descent (PAWP,) influences the prevalence of DPGygg and the prognostic value of the resultant DPGy,.
Methods Hundred and fifty-three consecutive HF patients referred for right heart catheterisation were enrolled prospectively.
DPG, as currently recommended, was calculated. Subsequently, PAWP, was measured and the corresponding DPG, was
calculated.

Results DPG, yielded higher values (median, IQR: 3.2, 0.6-5.7 mmHg) than DPG (median, IQR: 0.9, —1.7-3.8 mmHg);
p <0.001. Conventional DPG was negative in 45% of the patients whereas DPG, in only 15%. During follow-up
(22 + 14 months) 58 patients have undergone heart-transplantation or died. The predictive ability of DPG,>6 mmHg for
the above defined end-point events was significant [HR 2.1; p=0.007] and independent of resting mean pulmonary artery
pressure (PAP,,). In contrast, conventional DPG did not comprise significant prognostic value following adjustment for PAP,,.
Conclusion Instantaneous pressures at the trough of Y-descent yield significantly fewer DPGygg than conventional DPG
and entail superior prognostic value in HF patients with and without PH.
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Introduction

Secondary pulmonary vascular disease is a common com-
plication of heart failure (HF). In addition to a passive back-
ward transmission of elevated filling pressures to the pulmo-
nary venous system, structural and functional alterations of
the pre-capillary pulmonary vasculature may occur resulting
in further increase of the right ventricular afterload, associ-
ated with poor prognosis [1-6]. In pulmonary hypertension
due to left heart disease (PH-LHD), the diastolic pressure
gradient (DPG), i.e. the difference between the pulmonary
artery diastolic pressure (PAP;) and the mean pulmonary
artery wedge pressure (PAWP,,), has been proposed as a
specific marker of pre-capillary involvement [7], which is
an important part of the evaluation for transplant candidacy.
Nevertheless, the initially demonstrated prognostic superior-
ity of DPG over traditional markers of precapillary pulmo-
nary vascular changes [8—10] was not corroborated in subse-
quent large-scale studies [11-15], raising concerns about the
utility of the DPG. Although indeed thought provoking, the
aforementioned discrepancy may not infer that the overall
concept of DPG is invalid; it might rather reflect important
and potentially amendable methodological inaccuracies in
the DPG calculation.

While the PAP, constitutes an instantaneous late diastolic
event, the PAWP,, encompasses both steady and pulsatile
components integrated throughout the cardiac cycle. Not

@ Springer

surprisingly, PAWP,, often overestimates the diastolic left
atrial pressure (LAP), particularly in the occurrence of aug-
mented pulsatility during the V-wave [16]. The subsequent
DPG underestimation, consistent with the high prevalence
of negative DPG values (DPGygg) [11, 16, 17], might also
partly stand for the ambiguity regarding the DPG’s prognos-
tic value [11, 12]. In our previous work we demonstrated that
negative DPG values indeed are in large part attributable to
the presence of large V-waves. Thus, it is conceivable that
pressure measurements more representative of the diastolic
LAP that obviate the effect of systolic V-waves would be
preferential for achieving a more reliable DPG assessment
[18].

In an early study, Braunwald and colleagues demonstrated
that the instantaneous c-wave pressure on the PAWP curve
provided a better estimate of the left ventricular end-diastolic
pressures (LVEDP) compared to PAWP,, [19]. However, the
c-wave is often absent or difficult to find. Another approach
to approximate the diastolic PAWP is to measure the mean
A-wave, i.e. the mean of the highest and lowest A-wave
pressure. An inherent major limitation of both of the afore-
mentioned methods is that patients with atrial arrhythmias
lack an A-wave and consequently a c-wave’; therefore, in a
significant proportion of patients these measurements are not
feasible. This limitation is overcome by the method, recently
proposed by Wright and colleagues, namely to use the onset
of the QRS complex to approximate the end diastolic PAWP
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Fig.1 Pulmonary artery wedge pressure measurements in a patient
with normal (a) and another with high V-wave (b). The top panels
shows the pulmonary artery wedge pressure (PAWP), the middle pan-
els the pulmonary artery pressure (PAP) waveform, the bottom panels
the corresponding ECG traces for both measurements (ECG of the
PAWP curve in red, ECG of the PAP curve in blue). First the two
pressure waveforms were synchronized, using the ECG, so that simul-
taneous pressure waveforms were achieved over at least three heart
cycles. On the PAWP waveform the following instantaneous pressure
values were measured: peak of the V-wave, PAWP at the trough of
the Y-descent (PAWP,), PAWP at the time point that is simultaneous

[20]. This measurement is attainable in all patients; on the
other hand, due to the time delay between the left atrial and
PAW pressure together with the delay between depolariza-
tion and contraction, the suggested method will not actually
capture end diastolic PAWP [21]. Another group suggested
that measuring the pressure at the base of the descending
branch of the V-wave (Y-descent) might provide a more
representative diastolic LAP value for the purpose of DPG
calculation (Fig. 1) [22]. We hypothesized that this latter
approach might be less susceptible to the distortive V-wave
pulsatility, and might provide a physiologically sound, feasi-
ble and more robust DPG assessment. Thus, we set out to (1)
investigate the influence of this measurement on the DPG,
in particular the occurrence of DPGyg values; and (2) to
assess the prognostic value of DPG based on the suggested
alternative PAWP measurement method in LHD patients.

Materials and methods

Study population

Two hundred and twenty patients referred for right heart
catheterization (RHC) at the Karolinska University Hospital

for hemodynamic assessment because of known or suspected
HF, between February 2014 and June 2017, were enrolled
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with PAP;, (PAWPy). Absolute V-wave was defined as the pressure
difference between the beginning of the ascending limb of the V-wave
and the peak V-wave pressure. On the PAP waveform the following
instantaneous pressure values were measured: peak of the ascend-
ing limb of the PAP curve (PAP;) and the point at the end of diastole
(PAPp). In addition, the software provided automated calculation of
mean PAP (PAP,,) and PAWP (PAWP,,) by integrating the PAP or
PAWP, respectively, over the entire cardiac cycle. PAWP values for
panel a PAWPmean=13.5 mm Hg PAWP,=12 mm Hg; panel b
PAWPmean =40 mm Hg, PAWP,=36 mm Hg

prospectively. Of them 11 patients who previously under-
went cardiac transplantation (HX) were excluded. By the
results of catheterization, 29 patients turned out to have an
underlying disease other than primary left heart myocardial
disease (pulmonary arterial hypertension, n=15; constric-
tive pericarditis, n = 14) and were, therefore, excluded from
further analysis. In addition, three patients with ARVD, ten
patients with significant valvular disease (five severe mitral
regurgitation (MR) and five with severe tricuspid regurgita-
tion) and three patients with poor echocardiographic image
quality were also excluded. In 11 cases the RHC pressure
tracings were judged to have inadequate quality, these were
not included in the final analysis (Figure S1). Patients were
followed up during a mean period of 558 days [IQ range:
295-950]. The end-point of the study was the combined out-
come of death or HX/left ventricular assist device (LVAD)
implantation.

The study conformed to the Declaration of Helsinki and
was approved by local ethics committee. All participants
provided written informed consent.

Echocardiography

All subjects underwent transthoracic echocardiogra-
phy within 1 h prior to RHC, using an E9 system (GE
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Ultrasound, Horten, Norway) equipped with a 2.5-MHz
matrix array transducer, in keeping with current guidelines
[23].

Catheterization

During RHC all patients were in haemodynamically sta-
ble condition and euvolemic status. RHC was performed
in using a 6F balloon-tipped fluid-filled Swan-Ganz cath-
eter (Edwards Lifesciences, Irvine, CA, USA) through the
jugular vein access. Mean right atrial pressure, pulmonary
artery pressures, PAWP and right ventricular systolic pres-
sure were recorded under fluoroscopy after calibration with
the zero-level set at the mid-thoracic line. Measurements
were recorded at end-expirium during spontaneous breath-
ing and stored in a connected haemodynamic recorder (Xper
Information Management, Philips Medical Systems, The
Netherlands). Cardiac output (CO) was measured using the
Fick’s principle. The oxygen consumption was measured
breath-by-breath (Jaeger Oxycon Pro, VIASYS™ Health-
care, Palm springs, CA, USA) in ml/min. Arterio-venous
oxygen difference was calculated from oxygen concentra-
tion in arterial and mixed venous blood from the pulmonary
artery. In ten cases thermodilution was employed.

Exercise protocol

Following the assessment of resting haemodynamics,
patients with normal PAWP,, at rest (<15 mmHg) and with-
out significantly elevated PAP,, or with clinical suspicion
of HFpEF performed supine cycle ergometry. Furthermore,
patients with HFrEF also underwent ergometry as part of
the haemodynamic evaluation in our lab. Patients cycled
at 60 rpm starting at a 20-W workload and increasing by
10-W increments in 1-min stages to maximum tolerated lev-
els. PAWP,, was determined at peak exercise. Prior studies
in normal controls have shown that peak PAWP,, during
supine exercise is <20-23 mmHg [21, 24-26]. In our study,
PAWP,,>23 mmHg during peak exercise denoted an abnor-
mal PAWP,, response.

Off-line analysis of RHC waveforms

PAWP and PAP waveforms were individually reviewed
and those of good quality for analysis (n=153) exported
from the haemodynamic recorder and then imported into
MATLAB software (R2018b, MathWorks, MA, USA).
This system allowed simultaneous display of both wave-
forms along with the corresponding ECG traces. First the
ECGs of the two recordings were synchronised manually
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so that despite non-beat-to-beat synchronous measure-
ments, temporal synchronisation was achieved.

From the PAP recordings, the peak of the ascending
limb of the PAP curve (PAPy) as well as the end dias-
tolic pressure (PAP,) was identified and marked manu-
ally, following which the software provided an automated
calculation of PAPg and PAP;, Subsequently mean PAP
(PAP,,) was calculated by integration of PAP over the
entire cardiac cycle. Similarly, on the PAWP waveform
the point signifying the peak of the V-wave and the trough
of the Y-descent (PAWPy) were marked, as well as the time
point at which the ECG-synchronized PAP;, was obtained
(PAWPy) (Fig. 1). Additionally, automated integration
of the PAWP waveform over the entire cardiac cycle was
also obtained (PAWP,,). All pressure measurements were
averaged from a minimum of three heart cycles at end-
expiration. Importantly, in order to ensure the uniform-
ity of data acquisition and analysis the same investigator
(AM) participated in the majority of RHC procedures and
performed the analysis of all waveforms. For the analysis,
data were anonymized; thus all analysis was performed in
a blinded fashion. Large V-waves were defined as the peak
V-wave exceeding the PAWP,, by > 10 mmHg [27]. The
reproducibility of the instantaneous PAWP measurements
were determined in ten randomly selected patients.

Statistical analysis

The IBM SPSS statistics version 23.0 was used. Normal-
ity was tested by the Shapiro—Wilk test. Continuous vari-
ables were expressed as median and interquartile ranges,
and categorical variables as absolute values and percent-
age. The Wilcoxon test and Mann—Whitney U test were
used for matched samples and comparisons between inde-
pendent groups, respectively. Correlations were tested by
Spearman test. For comparison of differently obtained
PAWP measurements as well as the derived DPG values
Bland—Altman analysis was used. All tests were performed
at 95% confidence intervals. A p value of < 0.05 was con-
sidered statistically significant. The predictive value of the
differently obtained DPG values for the combined outcome
of death or heart-transplantation (HX) was tested using a
time to event analysis with univariate and multivariable
Cox proportional hazards models and Kaplan—Meier non-
parametric test and compared employing a log-rank test.
The proportional hazards assumption was tested for all
analyses.
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Table 1 Demographic data

All patients (153) HFpEF (78) HFrEF (75)

Demographics

Age 62 (50-74) 71 (60-78)%** 56 (46-63)

Female (%) 43 63 25

BMI (kg/m?) 26.7 (22.8-29.7) 26.8 (22.8-29.7) 25.7 (22.7-29.4)

HT (%) 61 62 49

DM (%) 14 13 15

IHD (%) 23 13 33

HFpEF (%) 51%

HR (bpm) 68 (60-78) 68 (60-78) 68 (60-79)

Non-sinus rhythm (%) 30 32 28
Functional class

NYHA I 7% 12% 1%

NYHA I 18% 22% 14%

NYHA II-1V 75% 66% 85%
Medication

Diuretics 80% 71% 88%

ACEi/ARB 63% 46% 81%

Beta blockers 79% 66% 92%

CCA 18% 22% 13%

MRA 54% 36% 74%
Echo data

EF 53 (26-63) 61 (56-65)** 27 (20-42)

LVEDD (mm) 50 (40-60) 50 (40-50)* 60 (50-75)

LVESD (mm) 37 (28-56) 29 (25-33)%** 56 (45-65)

LA-ESVi (ml/m?) 45 (35-62) 42 (34-55)* 49 (38-68)

RVEDD (mm) 41 (35-47) 41 (34-45) 42 (36-48)

TAPSE (mm) 15 (12-20) 17 (13-24)** 14 (11-17)

>gr I MR (%) 9 7 11
Biochemical data

NT-proBNP (ng/1) 1940 (605-2965) 1100 (295-2730)* 2270 (1250-3590)

Hb (g/ml) 132 (118-145) 125 (114-142)* 137 (124-147)

Creatinine (pmol/1) 93 (71-118) 80 (65-110)** 98 (84-127)

Continuous values are expressed as median followed by interquartile ranges in brackets

BMI body mass index, HT hypertension, DM diabetes mellitus, /HD ischaemic heart disease, HFpEF heart
failure with preserved ejection fraction, HR heart rate, bpm beats per minute, NYHA New York Heart Asso-
ciation functional class, ACEi angiotensin-convertase inhibitor, ARB angiotensin receptor blocker, CCA
calcium channel blocker, MRA mineralocorticoid receptor antagonist, EF ejection fraction, LVEDD left
ventricular end-diastolic diameter, LVESD left ventricular end-systolic diameter, LA-ESVi left atrial end-
systolic volume indexed to BSA, RVEDD right ventricular end-diastolic diameter, TAPSE tricuspid annulus
plane systolic excursion, Hb haemoglobin

%p<0.05; **p<0.001

Results
Demographics

Demographic data are provided in Table 1. Recordings of 153
patients were analysed (age 60 [50-74] years; 43% females),
who all fulfilled the diagnostic criteria of HF, having ele-
vated PAWP,, (> 15 mmHg) at rest or during exercise testing

(>23 mmHg). 51% had preserved ejection fraction (EF>50%).
88 (57%) patients had elevated PAP,, (>25 mmHg) at rest,
whereas all patients demonstrated elevated PAP,, (>35 mmHg)
and PAWP,, (>23 mmHg) upon exercise.

At the time of enrollment all patients were sympto-
matic. Ischemic cardiomyopathy was the cause of HF in 20
cases, idiopathic dilated cardiomyopathy in 53, restrictive
cardiomyopathy of various origin in 21 (amyloidosis: 5,
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Table 2 Haemodynamic characteristics of the patients classified by EF group

All patients (153)

PAP,, (mmHg)

PAP,, (mmHg)

PAWP,, (mmHg)

Peak V-wave (mmHg)

Large V-waves

CI (/min/m?)

DPG (mmHg)

TPG (mmHg)

PVR (WU)

PAWP;, (mmHg)

PAWP¢ (mmHg)

Bias [PAWP,~PAWP,,] (mmHg)
Bias [PAWPPAWP,,] (mmHg)
Bias [PAWP,~PAWP ] (mmHg)
DPGy (mmHg)

DPGg (mmHg)

27 (22 to 34)

18 (14 to 23)
17.3 (13.3t0 23.7)
22.8 (16.5t0 31.1)

27 (18%)

23(1.9t02.7)
0.9 (= 1.7 t0 3.8)

10 (7 to 14)
22(1.4103.2)
14.2 (114 to 18.9)
15.2 (11.9 to 20)

-22(=39t0-1.2)
—-19(-3.4t0-0.5)

—03(=1.5t00.5)
37(1.5105.7)
3.2(0.6105.7)

HFpEF (78) HFrEF (75) Frequency of
negative values
27 (22 to 36) 27 (22 to 32)
18 (13 to 23) 19 (14 to 24)

16.5 (13.3 to 21.5)

22.8(16.5t0 31.2)
19 (24%)

2.5% (2.0 0 3.1)

18.8 (13.3 to 24.4)
23.2(16.3t0 31.0)
8 (10.7%)
2.2 (1.8 t02.4)

0.9 (— 1.4 to 4.3) 0.9 (— 1.8 t03.2) 68 (45%)
11* (8 to 15) 8(5t0 12)

2.5% (1.5 0 3.5) 1.9 (1.1 to 3.0)

13.6 (11.0to 18.2) 162 (11.8 to 19.6)

13.8*% (11.6 to 18.2) 15.9 (12.1 to 21.4)
4.1(1.8105.9) 3.2 (1.0t05.6) 23 (15%)
3.6 (1.2 105.8) 24(=0.1t05.7) 30 (20%)

Continuous variables are expressed as median followed by interquartile ranges in brackets. Frequencies are expressed as number of patients fol-

lowed by percentages in brackets

HFpEF heart failure with preserved ejection fraction, HFrEF heart failure with reserved ejection fraction, PAP,, pulmonary artery mean pres-
sure, PAP;, pulmonary artery diastolic pressure, PAWP,, mean pulmonary artery wedge pressure, C/ cardiac index, DPG diastolic pressure gra-
dient, TPG trans-pulmonary gradient, PVR pulmonary vascular resistance, PAWP) pulmonary artery wedge pressure measured at the trough
of the Y-descent, PAWP pulmonary artery wedge pressure measured simultaneously with the time-point of PAP,, DPGy DPG derived from

PAWPy, DPG¢ DPG derived from PAWP

*Signifies statistically significant difference (p <0.05) between HFpEF and HFrEF
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Fig.2 Bland—Altman analysis of instantaneous (PAWP)) vs inte-
grated mean pulmonary artery wedge pressure (PAWP;,) (a) and
the derived DPG, and DPG values (b). Median values and 97.5%
and 2.5% CI are presented. ¢ Changes of DPG in patients reclassi-

Mean of DPG, and DPG

Axes represent DPG values in mmHg. PAWP,, mean pulmonary
artery wedge pressure, PAWP, PAWP measured at the trough of the
Y-descent, DPG diastolic pressure gradient, DPG, DPG calculated
using PAWP,, CI confidence interval

fied from normal by conventional DPG to pathological by DPGy.
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sarcoidosis: 1, hypertrophic: 5, other: 10), and viral myo-
carditis in one case, with the rest being of multifactorial
origin. Moderate MR was present 13 and mild MR in 135
patients; in all cases the MR was functional.

Methodological validation

PAWP,, showed strong correlation with both PAWP,,
(r=0.94, p<0.001) and PAWP, (r=0.93, p<0.001)
measurements. However, as shown in Table 2, PAWP,
yielded significantly lower pressures as compared to
PAWP,, [median bias: —2.2 (— 3.9 to— 1.2)], with a hardly
discernible underestimation of PAWP [PAWP,~PAWP:
median bias — 0.3 (— 1.5 to 0.5)].

Importantly, the discrepancy between the PAWP,,
and the two instantaneous PAWP measurements was
accentuated with increasing pressure and/or at the pres-
ence of large V-waves, whereas the degree of concord-
ance between PAWP, and PAWP; was kept similar along
the whole pressure range and was independent of large
V-waves (Fig. 2).

Notably, the relation of all three PAWP measurements
with either PAP,, or PAP,, was essentially identical (cor-
relation of PAP,, with PAWP,, r=0.83, with PAWP,,
r=0.82, with PAWP, r=0.75; correlation of PAP,, with
PAWP,, r=0.81, with PAWP, r=0.83, with PAWP;
r=0.81; p<0.001 for all).

Reproducibility measures of the instantaneous PAWP
measurements were excellent, with an intra-observer
intra-class correlation coefficient (ICC) of 0.98 and inter-
observer ICC of 0.97 for PAWP, measurement.

Haemodynamic implications on DPG

The DPGy values derived from PAWP, were signifi-
cantly higher than conventional DPG calculated using
PAWP,, [DPG,=3.2 (0.6 to 5.7) vs. DPG=0.9 (- 1.7 to
3.8) mmHg, p <0.001]. Similarly, DPGg values [3.7 (1.5
to 5.7) mmHg] were significantly higher compared to the
conventional DPG [p <0.001] (Table 2).

Accordingly, among DPGy and DPGg there was a signifi-
cantly lower prevalence of DPGygg (15% and 20%, respec-
tively) compared to conventional DPG (45%).

Large V-waves (peak V-wave amplitude—
PAWP,,>10 mmHg) were present in 27 (18%) patients, of
whom essentially all displayed DPGyg [DPG=—-1.6; (—4.7
to—0.1) mmHg], with a significantly lower median value
compared to the group without large V-waves [DPG=1.4
(— 1.2 to 4.0) mmHg, p <0.001]. In contrast, DPGy values
did not differ between the two V-wave groups [DPGy: 3.9
(0.1 to 5.4) mmHg, in large V-wave group; DPGy: 3.7 (1.5

to 5.7) mmHg, in non-large V-wave group; p > 0.05 in both
cases]. Accordingly, the V-wave amplitude demonstrated a
significant inverse association with the conventional DPG
(r=-0.45, p<0.001), but not with the DPG, or DPGg
(p>0.05, in both cases).

Finally, PAP,, exhibited a stronger association with DPG,,
(r=0.57, p<0.001), and DPGg (r=0.52, p<0.001) com-
pared to the corresponding relationship with the conven-
tional DPG (r=0.34, p <0.001).

In the subgroup of patients with resting PAP,,>25 mmHg
the DPGy was higher 4.9 (1.9 to 7.3) mmHg, compared to
the group with PAP,, <25 mmHg [2.6 (0.3 to 4.2) mmHg,
(» <0.001)]. In contrast, conventional DPG did not differ
between the two subgroups (PH-group: 1 [— 1.7 to 4.6] vs.
non-PH-group 0.9 [-1.6 to 3.2] mmHg; p=0.3). The cor-
responding values for PVR for the two subgroups were 2.6
[1.7 to 4.8] vs. 1.8 [1.2 to 2.3] WU (p <0.001).

The prognostic value of DPG, in HF patients

In total, 58 events (28 deaths and 30 HX or LVAD implan-
tations) occurred during the follow up period [median
558 days, IQ range: 295-950]. The prognostic ability of
DPG and DPGy was assessed using Cox-regression analy-
sis. DPGy was tested at different cut-off values of which
the lowest that entailed significant prognostic value for the
combined endpoint of death/HX/LVAD was at 6 mmHg
(HR: 2.1; p=0.007). Importantly, the prognostic ability
of DPGy was independent of the presence of PH at resting
RHC, as it remained significant when adjusted for resting
PAP,,>or <25 mmHg (HR: 1.95; p=0.021). Again, adjust-
ment for clinical variables (gender, age, BMI and EF) did
not impact on the prognostic strength of DPG, (HR: 2.1;
p=0.022) (Fig. 3). Conventional DPG was also tested for the
most sensitive, lowest cut-off value, at which it entailed sig-
nificant prognostic ability, which was identified at 6 mmHg
(HR: 2.2; p=0.02) (Figure S2). However, it did not remain
predictive following adjustment for PAP,,> or <25 mmHg.
Similarly, while pulmonary vascular resistance (PVR) at
the cut-off value of 3 WU was a significant predictor of the
combined outcome, it lost its prognostic ability following
adjustment for PAP,,.

Eighteen cases with normal DPG (<6 mmHg) were
reclassified as at increased risk for adverse events
(=6 mmHg) when using DPG,. Importantly, of these
patients a markedly higher proportion [9 out of the 16 reclas-
sified cases (56%)] experienced an event during follow up,
compared to 38% for the whole cohort.

In regard to the prognostic significance of DPGyg, the
incidence of death among DPGy patients was still as high
as 12%, only slightly lower than the corresponding value
for the entire population (18%). Importantly, of the eight
patients with DPGypg who died during follow-up, six cases
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— DPGY 2 6 mmHg
- DPGY < 6 mmHg

©
2
<
3
? 04 p =0.007
0,2 -
T T T T T T T
0 10 20 30 40 50 60
Time [months]
Number at risk
DPGy 26 mmHg 36 24 12 7 5 1 0
DPGY <6 mmHg 117 90 63 36 18 8 0
B
. HR adjusted for
HR HR adjusted
unadjusted ¢ for PAPw ¢l p ag;’l\dglerl‘i’;’:er’ (¢]] p
DPGy
(26 mmHg) 2.1 1.2-3.6 0.008 1.95 1.1-3.4 0.021 2.1 1.1-3.8 0.022
DPG
(26 mmHg) 2.2 1.1-42 0.020 NS NS
PVR
(23 WU) 2.0 1.2-3.4 0.013 NS NS

Fig.3 Prognostic value of DPGy in heart failure patients. a Kaplan—
Meyer curve showing survival of patients with elevated and normal
DPGy, using cut-off value of 6 mmHg; b Cox proportional hazard
models, classifying patients by DPG, DPG, and PVR, adjusted for
clinical variables. DPG diastolic pressure gradient, DPGy DPG cal-

were reclassified to positive when using DPGy. Finally, com-
parison of the hemodynamic profiles of the patients with
negative DPG or DPGy values (Table 3), demonstrated that
negative DPG,, was characterized by less pronounced hemo-
dynamic alterations.

Interestingly, when stratifying patients according to
their ejection fraction, both conventional DPG and DPG,
remained prognostic in the pEF cohort (HR: 3.9, CI: 1.4-10.4,
p=0,007, HR: 3.9, CI: 1.6-9.6, p=0.001, for DPG and DPGy,

@ Springer

culated using PAWP measured at the trough of the Y-descent, HR
hazard ratio, CI confidence interval, PAP,, mean pulmonary artery
pressure, BMI body mass index, EF ejection fraction, PVR pulmonary
vascular resistance, WU wood units

respectively); however, it carried no prognostic information
among patients with rEF (HR: 1.6, CI: 0.6-4.0, p=0,36, HR:
1.4, CI: 0.7-2.8, p=0.37, for DPG and DPGy, respectively).
This finding suggests potentially differential pulmonary vas-
cular alterations within these two patient groups; however, due
to the low case numbers after such division, caution should be
exercised when interpreting this finding. Further studies are
warranted to investigate the disparate diagnostic and prognos-
tic utility of DPG in various HF cohorts.
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Table 3 Haemodynamic A B

characteristics of patients with

A, normal and pathological DPGy,<6 (117) DPG,>6 (36) DPG, <0 (23) DPG >0 (68)

DPGy B, negative DPGy and

negative DPG values Age 62 (51-74) 63 (52-76) 56 (45-68) 60 (48-70)
BMI (kg/m?) 26 (23-29) 28 (24-32) 26 (22-29) 26 (23-30)
HR 67 (59-76) 71% (65-81) 63" (58-80) 68 (60-78)
EF 50 (26-63) 55 (25-63) 46 (25-60) 53 (29-64)
PAP,, (mmHg) 25 (21-32) 34% (31-44) 20™ (16-30) 28 (22-33)
PAP,, (mmHg) 17 (13-21) 24% (21-33) 16 (12-25) 20 (15-25)
PAWP, (mmHg) 14 (11.3-18.6) 16.2 (12.4-22.1) 14.1 (10.6-21.9) 15.3(12.3-19.9)
PAWP,, (mmHg) 17 (13-23) 19 (15-25) 16 (12-25) 20 (15-25)
Absolute V-wave (mmHg) 8 (4-11) 5(3-9) 8 (6-13) 10 (7-16)
Prevalence of large V-waves  19% 14% 26% 31%
CI (I/min/m?) 2.3(1.8-2.8) 2.3 (2.0-2.5) 4.7 (4.3-5.7) 4.6 (4.0-5.8)
TPG (mmHg) 9(6-11) 15% (12-21) 43%(2.2-7.1) 7.2 (4.3-10.1)
PVR (WU) 1.9 (1.3-2.7) 3.2%(2.3-5.0) 0.9% (0.5-1.4) 1.6 (0.9-2.4)

BMI body mass index, HR heart rate, EF ejection fraction, PAP,, pulmonary artery mean pressure, PAP;,
pulmonary artery diastolic pressure, PAWP,, mean pulmonary artery wedge pressure, CI cardiac index,
DPG diastolic pressure gradient, TPG trans-pulmonary gradient, PVR pulmonary vascular resistance,
PAWPy pulmonary artery wedge pressure measured at the trough of the Y-descent, DPG, DPG derived

from PAWP,,

Discussion

The current study explores the validity of a novel approach
for DPG assessment. We show that instantaneous LAP at the
trough of the Y-descent evades the influence of pressure pul-
satility and consequently substantially limits the occurrence
of negative DPG values. Furthermore, we demonstrate that
the resultant DPG, measurements have superior diagnostic
ability compared to conventional DPG in discerning patients
at risk for adverse events and entail significant prognostic
information in HF patients both with elevated and with nor-
mal resting PAP.

It is common practice to deduce diastolic LV pressures
from RHC-derived wedge pressures, as this approach is fea-
sible and allows for comprehensive haemodynamic assess-
ment. Nevertheless, early studies revealed that PAWP,, fre-
quently overestimates the LVEDP, a discrepancy that has
in large part been ascribed to the pulsatile PAWP elements
[28, 29]. Rather than representing purely diastolic events,
PAWP,, comprises an integration of systolic and diastolic
LA pressures. It is thus conceivable that the phasic pres-
sure oscillations that characterize the PAWP waveform by
ensuing uneven pressure distribution might lead to over-
estimation of the diastolic atrial pressures when employ-
ing PAWP,,. Hence, pressure measurements that are not
directly affected by the V-waves are expected to provide
more reliable estimation of the diastolic LAP. It has been
shown that the pressure at the trough of X-descent yields
improved concordance between the LAP and the LVEDP
[29]. However, this approach suffers from an important
inherent limitation, namely that it can only be employed in

patients in sinus rhythm. In a recent investigation, instanta-
neous PAWP measurements at the onset of the QRS complex
have been proposed for DPG calculation in order to attenu-
ate the aforementioned methodological shortcomings of
conventional DPG assessment [20]. This method, however,
does not take into account the phase delay between the LAP
and the PAWP, nor does it count with the electromechanical
delay between depolarization and contraction. In reality the
representation of the end-diastolic pressure on the PAWP
waveform should occur 130-200 ms after the on the onset of
the QRS complex on the surface ECG; thus this method may
underestimate the PAWP and thus overestimate the DPG
[21]. Indeed, Wright and co-workers did not find a mortality
difference between the patient groups classified based on the
meticulously calculated ECG-gated DPG values.

It has also been suggested that pressure measurements at
the trough of Y-descent (PAWPy), which coincide with the
beginning of diastasis, might better represent LVEDP [22],
a methodology that is easily applicable and feasible inde-
pendently of the presence of supraventricular arrhythmias.
In the present report we show that in contrast to PAWP,,,
PAWP, remains unaffected by the phasic pulsatile LAP com-
ponents and yields systematically lower pressures, this dif-
ference being particularly evident in subjects with prominent
V-waves. More importantly, the relationship of the obtained
instantaneous PAWP,, with the direct haemodynamic cor-
relate of LAP remained unaltered as indicated by the PAP,
and the PAP,,, demonstrating similar associations with
PAPW,, and the corresponding PAWP;,.

Following its introduction, the DPG has gained primary
importance in the PH-LHD diagnostics. However, the lack
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of consistency in the results of various studies on this metric
has resulted in questioning its role in HP diagnostics. In fact,
as defined in the yet unpublished ERS/ESC guidelines, the
DPG is not any more recommended as a primary metric in
the diagnostics of group 2 PH.

From a physiological perspective, the DPG ideally
describes the functional state of pulmonary vasculature dur-
ing cardiac diastasis, as it theoretically relies on diastolic
pressures, thus obviating the influences of flow conditions
and the arterial Windkessel effect. It is important to note that
albeit PAWP,, is designated as a surrogate of diastolic pres-
sures, in fact it comprises the sum of pressure events dur-
ing both the diastolic and the systolic phase, which indeed
distorts the otherwise sound rationale upon which the use
of DPG is founded. Recently, our group has demonstrated
that the high prevalence of negative DPG can in large part be
assigned to the pulsatile LAP components [16] and impor-
tantly, might lead to inadequate diagnostic and prognostic
assessment. In the present study, roughly half of the patients
demonstrated DPGygg when employing the conventional
DPG calculation, whereas PAWP-derived DPG provided
a substantial reduction in DPGygg occurrence. Comparison
of the haemodynamic profiles of patients with negative DPG
or DPGy values revealed less pronounced haemodynamic
alterations in the latter group. Admittedly, despite the sig-
nificant reduction in DPGygg, these still occurred in 15% of
the patients. Even when calculating the DPG by applying
PAP,-synchronized instantaneous PAWP measurements,
this approach did not eliminate the occurrence of DPGygg
(20%). This implies that in addition to the influence of pres-
sure pulsatility, other factors, such as catheter whip and/or
the limited accuracy of fluid-filled catheters might as well
contribute to the occurrence of the incompatible DPGygg
measurements which remains a limitation in the clinical
setting.

Previous studies investigating the functional pulmonary
vascular alterations in LHD have focused on patients dis-
playing PH at rest (PAP,;,>25 mmHg). However, several
studies have provided evidence that PAP,, values close to
the upper limit of normal are also associated with long-term
increased risk and mortality [30, 31]. Furthermore, due to
concomitant diuretic and vasoactive therapy or right heart
failure, HF patients often demonstrate normal pressures dur-
ing resting RHC and the HF-related abnormal haemodynam-
ics might only be evident during exertion [32-35]. Indeed, it
has been demonstrated that 20-40% of HF patients undergo-
ing RHC exhibit normal LAP at rest, while abnormal LAP
and PAP,, elevations occur on exertion [34, 36, 37]. This
implies that haemodynamic manifestations of pulmonary
capillary alterations might occur despite normal PAP,, at
rest. In our cohort, conventional DPG was not significantly
different between patients with and without elevated resting
PAP and accordingly failed to provide significant prognostic

@ Springer

information. In contrast, although the DPG, was lower in
patients without PH, it entailed significant prognostic value,
even when adjusted for PAP,, and clinical parameters. Nota-
bly, using DPGy, 18 patients were reclassified from low- to
high-risk group (DPG,>6 mmHg). Among these patients,
the event rate was considerably higher than in the rest of
the cohort, indicating that DPGy, provides a more sensitive
stratification tool compared to conventional DPG. Further-
more, although negative DPG values have been shown to
carry generally favourable prognosis [16], adverse events
in this group are not infrequent. Importantly, 75% of the
DPGyq patients who experienced an adverse event during
follow-up demonstrated positive DPGy. The aforementioned
results argue for the utility of DPGy as a prognostic marker
in HF independently of the presence of PH at rest and sug-
gest that the controversial results regarding the prognostic
validity of DPG might in large part reflect shortcomings of
the employed methodology rather than the physiologic basis
of the DPG index.

Limitations

The most relevant limitation of the present investigation is
the relatively small cohort size. In fact, the lack of prog-
nostic power of conventional DPG after adjustment might
partly be due to the relatively limited scale of the study.
The fact that the cause of death was not known is also a
limitation. Thus, further validation of the suggested method
in larger cohorts is warranted. Nonetheless, with the provi-
sion of detailed analysis of invasive pressure waveforms,
the present report is still among the largest of its kind. Solid
catheters provide better accuracy compared to fluid-filled
catheters; however, the current approach conforms to the
everyday clinical practice, thereby corroborating the clini-
cal impact of our findings. 5% of our original cohort had to
be excluded due to inadequate quality of the pressure trac-
ings for reliable PAWP, measurement; however, we believe
that carefully recorded, decent tracings are generally a pre-
requisite to draw appropriate conclusions, independent of
the measurement applied. Although the currently employed
beat-to-beat haemodynamic analysis might be impractical
in the clinical setting, the proposed method may readily be
automated thus lending itself for routine use.

Conclusions

In the present study we show that measuring PAWP at the
instantaneous time point of the trough of the Y-descent,
instead of applying its mean value, results in a significant
reduction in the prevalence of negative DPG values. The
resulting DPGy demonstrates significant predictive value in
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heart failure patients, independently of the presence of rest-
ing pulmonary hypertension.

Acknowledgements Open access funding provided by Karolinska
Institute.

Funding AIN was supported by the Janos Bolyai Scholarship of the
Hungarian Academy of Sciences. LHL reports grants from the Swed-
ish Research Council [Grants 2013-23897-104604-23 and 523-2014-
2336], the Swedish Heart Lung Foundation [Grants 20120321 and
20150557] and the Stockholm County Council [Grant 20110120].

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Guazzi M, Borlaug BA (2012) Pulmonary hypertension due to left
heart disease. Circulation 126:975-990

2. Mehra MR, Jessup M, Gronda E, Costanzo MR (2006) Ration-
ale and process: International Society for Heart and Lung Trans-
plantation guidelines for the care of cardiac transplant candi-
dates—2006. J Heart Lung Transplant 25:1001-1002

3. Rosenkranz S (2015) Pulmonary hypertension 2015: current
definitions, terminology, and novel treatment options. Clin Res
Cardiol 104(2015):197-207

4. Rosenkranz S, Gibbs JS, Wachter R, De Marco T, Vonk-Noorde-
graaf A, Vachiery JL (2016) Left ventricular heart failure and
pulmonary hypertension. Eur Heart J 37:942-954

5. KagiokaY, Yasuda M, Okune M, Kakehi K, Kawamura T, Kobuke
K, Miyazaki S, Iwanaga Y (2019) Right ventricular involvement
is an important prognostic factor and risk stratification tool in
suspected cardiac sarcoidosis: analysis by cardiac magnetic reso-
nance imaging. Clin Res Cardiol. https://doi.org/10.1007/s0039
2-019-01591-y (in press)

6. Sugiura A, Kitahara H, Iwahana T, Suzuki N, Okada S, Miyauchi
H, Kobayashi Y, Werner N (2019) Association of heart failure
duration with clinical prognosis in advanced heart failure. Clin
Res Cardiol 109:350-357

7. Naeije R, Vachiery JL, Yerly P, Vanderpool R (2013) The
transpulmonary pressure gradient for the diagnosis of pulmonary
vascular disease. Eur Respir J 41:217-223

8. Gerges C, Gerges M, Lang MB, Zhang Y, Jakowitsch J, Probst P,
Maurer G, Lang IM (2013) Diastolic pulmonary vascular pressure
gradient: a predictor of prognosis in “out-of-proportion” pulmo-
nary hypertension. Chest 143:758-766

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sibbald WJ, Paterson NA, Holliday RL, Anderson RA, Lobb TR,
Duft JH (1978) Pulmonary hypertension in sepsis: measurement
by the pulmonary arterial diastolic-pulmonary wedge pressure
gradient and the influence of passive and active factors. Chest
73:583-591

Vachiery JL, Adir Y, Barbera JA, Champion H, Coghlan JG,
Cottin V, De Marco T, Galie N, Ghio S, Gibbs JS, Martinez F,
Semigran M, Simonneau G, Wells A, Seeger W (2013) Pulmo-
nary hypertension due to left heart diseases. ] Am Coll Cardiol
62:D100-108

Tampakakis E, Leary PJ, Selby VN, De Marco T, Cappola TP,
Felker GM, Russell SD, Kasper EK, Tedford RJ (2015) The dias-
tolic pulmonary gradient does not predict survival in patients with
pulmonary hypertension due to left heart disease. JACC Heart Fail
3:9-16

Tedford RJ, Beaty CA, Mathai SC, Kolb TM, Damico R, Has-
soun PM, Leary PJ, Kass DA, Shah AS (2014) Prognostic value
of the pre-transplant diastolic pulmonary artery pressure-to-pul-
monary capillary wedge pressure gradient in cardiac transplant
recipients with pulmonary hypertension. J Heart Lung Transplant
33:289-297

Tampakakis E, Tedford RJ (2017) Balancing the positives and
negatives of the diastolic pulmonary gradient. Eur J Heart Fail
19:98-100

Caravita S, Dewachter C, Soranna D, D’Araujo SC, Khaldi A,
Zambon A, Parati G, Bondue A, Vachiery JL (2018) Haemody-
namics to predict outcome in pulmonary hypertension due to left
heart disease: a meta-analysis. Eur Respir J 51:1702427. https://
doi.org/10.1183/13993003.02427-2017

Vanderpool RR, Saul M, Nouraie M, Gladwin MT, Simon MA
(2018) Association between hemodynamic markers of pulmonary
hypertension and outcomes in heart failure with preserved ejection
fraction. JAMA Cardiol 3:298-306

Nagy Al, Venkateshvaran A, Merkely B, Lund LH, Manouras A
(2017) Determinants and prognostic implications of the negative
diastolic pulmonary pressure gradient in patients with pulmonary
hypertension due to left heart disease. Eur J Heart Fail 19:88-97
Wilson RF, Beckman SB, Tyburski JG, Scholten DJ (1988) Pul-
monary artery diastolic and wedge pressure relationships in criti-
cally ill and injured patients. Arch Surg 123:933-936

Vachiery JL, Tedford RJ, Rosenkranz S, Palazzini M, Lang I,
Guazzi M, Coghlan G, Chazova I, De Marco T (2019) Pulmonary
hypertension due to left heart disease. Eur Respir J 53:1801897.
https://doi.org/10.1183/13993003.01897-2018

Braunwald E, Brockenbrough EC, Frahm CJ, Ross J Jr (1961)
Left atrial and left ventricular pressures in subjects without car-
diovascular disease: observations in eighteen patients studied by
transseptal left heart catheterization. Circulation 24:267-269
Wright SP, Moayedi Y, Foroutan F, Agarwal S, Paradero G, Alba
AC, Baumwol J, Mak S (2017) Diastolic pressure difference
to classify pulmonary hypertension in the assessment of heart
transplant candidates. Circ Heart Fail 10:e004077. https://doi.
org/10.1161/CIRCHEARTFAILURE.117.004077

Houston BA, Tedford RJ (2017) What we talk about when we talk
about the wedge pressure. Circ Heart Fail 10:450

Morgan BL (2005) Hemodynamic waveforms interpretation, criti-
cal care concepts, pp 10-11

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A,
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova
T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski
L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations for
cardiac chamber quantification by echocardiography in adults: an
update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. Eur Heart J
Cardiovasc Imaging 16:233-270

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00392-019-01591-y
https://doi.org/10.1007/s00392-019-01591-y
https://doi.org/10.1183/13993003.02427-2017
https://doi.org/10.1183/13993003.02427-2017
https://doi.org/10.1183/13993003.01897-2018
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004077
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004077

1422

Clinical Research in Cardiology (2020) 109:1411-1422

24.

25.

26.

217.

28.

29.

30.

31.

Yoshida A, Kadota K, Kambara H, Tamaki S, Suzuki Y, Kawai C,
Tamaki N, Torizuka K (1985) Left ventricular responses to supine
bicycle exercise assessed by radionuclide angiocardiography and
a Swan-Ganz catheter. Jpn Circ J] 49:661-671

Thadani U, Parker JO (1978) Hemodynamics at rest and during
supine and sitting bicycle exercise in normal subjects. Am J Car-
diol 41:52-59

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal
E, Edelmann E, Fu E, Guazzi M, Lam CSP, Lancellotti P, Mele-
novsky V, Morris DA, Nagel E, Pieske-Kraigher E, Ponikowski
P, Solomon SD, Vasan RS, Rutten FH, Voors AA, Ruschitzka F,
Paulus WJ, Seferovic P, Filippatos G (2019) How to diagnose
heart failure with preserved ejection fraction: the HFA-PEFF diag-
nostic algorithm: a consensus recommendation from the Heart
Failure Association (HFA) of the European Society of Cardiology
(ESC). Eur Heart J, Published on behalf of the European Society
of Cardiology The Author(s) 2019. For permissions, please email:
journals.permissions @oup.com, England, vol 40, pp 3297-3317
Pichard AD, Kay R, Smith H, Rentrop P, Holt J, Gorlin R (1982)
Large V waves in the pulmonary wedge pressure tracing in the
absence of mitral regurgitation. Am J Cardiol 50:1044-1050
Dickinson MG, Lam CS, Rienstra M, Vonck TE, Hummel YM,
Voors AA, Hoendermis ES (2017) Atrial fibrillation modifies the
association between pulmonary artery wedge pressure and left
ventricular end-diastolic pressure. Eur J Heart Fail 19:1483-1490
Haskell RJ, French WJ (1988) Accuracy of left atrial and pul-
monary artery wedge pressure in pure mitral regurgitation in
predicting left ventricular end-diastolic pressure. Am J Cardiol
61:136-141

Maron BA, Hess E, Maddox TM, Opotowsky AR, Tedford RJ,
Lahm T, Joynt KE, Kass DJ, Stephens T, Stanislawski MA, Swen-
son ER, Goldstein RH, Leopold JA, Zamanian RT, Elwing JM,
Plomondon ME, Grunwald GK, Baron AE, Rumsfeld JS, Choud-
hary G (2016) Association of borderline pulmonary hyperten-
sion with mortality and hospitalization in a large patient cohort:
insights From the veterans affairs clinical assessment. Rep Track
Program Circ 133:1240-1248

Assad TR, Maron BA, Robbins IM, Xu M, Huang S, Harrell FE,
Farber-Eger EH, Wells QS, Choudhary G, Hemnes AR, Brittain

@ Springer

32.

33.

34.

35.

36.

37.

EL (2017) Prognostic effect and longitudinal hemodynamic
assessment of borderline pulmonary hypertension. JAMA Cardiol
2:1361-1368

Tschope C, Birner C, Bohm M, Bruder O, Frantz S, Luchner A,
Maier L, Stork S, Kherad B, Laufs U (2018) Heart failure with
preserved ejection fraction: current management and future strate-
gies : expert opinion on the behalf of the nucleus of the “Heart
Failure Working Group” of the German Society of Cardiology
(DKG). Clin Res Cardiol 107:1-19

Lundberg A, Johnson J, Hage C, Back M, Merkely B, Venkatesh-
varan A, Lund LH, Nagy Al, Manouras A (2019) Left atrial strain
improves estimation of filling pressures in heart failure: a simulta-
neous echocardiographic and invasive haemodynamic study. Clin
Res Cardiol 108:703-715

Tossavainen E, Wikstrom G, Henein MY, Lundqvist M, Wiklund
U, Lindqvist P (2020) Passive leg-lifting in heart failure patients
predicts exercise-induced rise in left ventricular filling pressures.
Clin Res Cardiol 109:498-507

Shetty AH, Shetty HB, Frea S, Pidello S, Volpe A, Canavosio
FG, Galluzzo A, Bovolo V, Camarda A, Golzio PG, D’Ascenzo F,
Bergerone S, Rinaldi M, Gaita F (2019) A reply to “Diuretic treat-
ment in high-risk acute decompensation of advanced chronic heart
failure-bolus intermittent vs. continuous infusion of furosemide:
a randomized controlled trial”. Clin Res Cardiol 109(4):523-524
Lundberg A, Johnson J, Hage C, Back M, Merkely B, Venkatesh-
varan A, Lund LH, Nagy AI, Manouras A (2018) Left atrial strain
improves estimation of filling pressures in heart failure: a simulta-
neous echocardiographic and invasive haemodynamic study. Clin
Res Cardiol 108:703-715

Hummel YM, Liu LCY, Lam CSP, Fonseca-Munoz DF, Damman
K, Rienstra M, van der Meer P, Rosenkranz S, van Veldhuisen DJ,
Voors AA, Hoendermis ES (2017) Echocardiographic estimation
of left ventricular and pulmonary pressures in patients with heart
failure and preserved ejection fraction: a study utilizing simulta-
neous echocardiography and invasive measurements. Eur J Heart
Fail 19:1651-1660



	Optimizing diastolic pressure gradient assessment
	Abstract
	Aims 
	Methods 
	Results 
	Conclusion 
	Graphic abstract

	Introduction
	Materials and methods
	Study population
	Echocardiography
	Catheterization
	Exercise protocol
	Off-line analysis of RHC waveforms
	Statistical analysis

	Results
	Demographics
	Methodological validation
	Haemodynamic implications on DPG
	The prognostic value of DPGY in HF patients

	Discussion
	Limitations
	Conclusions
	Acknowledgements 
	References




