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Although several tissue-Doppler imaging (TDI) models for pulmonary capillary wedge
pressure (PCWP) estimation have been reported, their reliability remains uncertain. Our
previous theoretical and experimental analyses suggest that right atrial pressure (RAP)
corrected by tissue-Doppler imaging tricuspid/mitral annular peak systolic velocities
(S1/Sm) (RAP x S1/Syy) reliably predicts elevated PCWP. We sought to investigate its clin-
ical usefulness for predicting elevated PCWP in heart failure (HF) patients. Ninety-eight
patients admitted with HF who underwent right heart catheterization were prospectively
studied. RAP and PCWP were measured by right heart catheterization. Simultaneously,
St/Sm, early diastolic transmitral flow velocity to mitral annular velocity ratio (E/Ea), and
diameter of inferior vena cava at inspiration (IVCDi), a noninvasive surrogate for RAP,
were measured by echocardiography. RAP correlated with IVCDi (R*=0.57). A signifi-
cantly stronger correlation was observed between IVCDi corrected by Sy/Syy
(IVCDi x S1/Sy) and PCWP than between E/Ea and PCWP (R2 =0.47 vs 0.18). Receiver-
operating characteristic analyses indicated that IVCDi x S¢/Sy; >16 mm predicted
PCWP >18 mm Hg with 90% sensitivity and 77% specificity, and the area under the
curve was 0.86, which was significantly larger than that of E/Ea (area under the
curve=0.72). In conclusions, IVCDi x S1/Sy, is a new useful noninvasive model to predict

elevated PCWP in HF patients. © 2019 Elsevier Inc. All rights reserved. (Am J Cardiol

2019;123:1464—1469)

Several echocardiographic methods have been devel-
oped for noninvasive estimation of pulmonary capillary
wedge pressure (PCWP).'~” Among them, the ratio of early
transmitral velocity to tissue Doppler mitral annular early
diastolic velocity (E/Ea) is a potentially useful tool.””’
Nevertheless, the reliability of these echocardiographic
methods remains a major issue,g_”’ and there is a need to
develop a novel noninvasive and reliable method. We
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recently proposed a model to predict PCWP from right
atrial pressure (RAP) corrected by the ratio of peak systolic
velocity of tricuspid annulus (St) to that of mitral annulus
(Sy) measured by tissue-Doppler imaging (TDI) echocardi-
ography.'' The aim of this study was to investigate the clin-
ical usefulness of our model to predict PCWP in patients
with heart failure (HF).

Methods

We prospectively enrolled 174 consecutive patients aged
20 years or older admitted to our institution with a diagno-
sis of acute or chronic HF, who underwent right heart cathe-
terization (RHC) for hemodynamic assessment between
August 2013 and March 2014 (Supplementary Figure S1).
HF was diagnosed by at least 2 experienced cardiologists
according to the Framingham HF criteria.'” Patients with
severe valvular diseases, prosthetic valves, acute coronary
syndrome, atrial septal defect, coronary to pulmonary artery
fistula, use of intravenous nitroglycerin between RHC and
echocardiography, inadequate PCWP waveform, insuffi-
cient IVCD data, and change of rhythm from atrial tachy-
cardia to sinus rhythm during RHC were excluded. Finally,
98 patients (acute HF [n=17], chronic HF [n=81]) were
included in this study. We further examined the reliability
of our model in patients with severe LV (left ventricular)
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Table 1
Clinical characteristics

Left Ventricular Ejection Left Ventricular Ejection

Variable All patients (n =98) Fraction <35 % (n=51) Fraction >35 % (n=47)
Age, years 62.4 +14.7 61.4+13.6 63.5+ 159
Male 62 (63.3%) 37 (72.6%) 25 (53.2%)t
Body mass index (kg/m?) 22.6+3.4 222+3.6 229432
New York Heart Association class III or IV 27 (27.6%) 21 (41.2%) 12.8%*
Atrial fibrillation 23 (23.5%) 11 (21.6%) 25.5%
Hypertension 40 (40.8%) 24 (47.1%) 34.0%
Dyslipidemia 34 (34.7%) 19 (37.3%) 31.9%
Diabetes mellitus 17 (17.4%) 12 (23.5%) 10.6%
Left ventricular ejection fraction (%) 38.6 £ 16.8 250+ 6.5 534+11.2
Hemoglobin (g/dL) 133+£19 134+1.8 13.1 £2.0
Creatinine (mg/dL) 1.3£1.8 1.6+24 1.0£0.7
Brain natriuretic peptide (pg/mL) 4432 £552.4 597.7 + 660.4 275.5 £ 338.1*
Etiology of heart failure
Ischemic cardiomyopathy 14 (14.3%) 7 (13.7%) 7 (14.9%)
Non-ischemic cardiomyopathy 67 (68.4%) 40 (78.4%) 27 (57.5%)t
Valvular heart 2 (2.0%) 1 (2.0%) 1(2.1%)
diseases
Pulmonary 8(8.2%) 1 (2.0%) 7 (14.9%)7t
hypertension
Others 7 (7.1%) 2 (3.9%) 5 (10.6%)
Medical treatments during hospitalization
Angiotensin-converting enzyme inhibitors/ 65 (66.3%) 37 (72.6%) 28 (59.6%)
angiotensin receptor blockers
B-blockers 52 (53.1%) 27 (52.9%) 25 (53.2%)
Digitalis 15 (15.3%) 12 (23.5%) 3(6.4%)7t
Loop diuretics 49 (50.0%) 31 (60.8%) 17 (36.2%)t
Mineralocorticoid receptor antagonists 31 (31.6%) 20 (39.2%) 11 (23.4%)

Data are expressed as mean = SD where appropriate.
*p <0.01, Tp <0.05 against left ventricular ejection fraction <35%.

Hypertension is defined according to the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: blood

pressure >140/90 mm Hg.

Dyslipidemia is defined according to the criteria of the National Cholesterol Education Program Adult Treatment Panel III: total cholesterol levels
>240 mg/dl or the use of lipid-lowering drugs; triglyceride levels >200 mg/dl; high-density lipoprotein cholesterol levels <40 mg/dl; and low-density lipopro-

tein cholesterol levels >160 mg/dl.

dysfunction defined as LV ejection fraction (LVEF) <35%
and >35%. This study was approved by the institutional
review board, with a waiver of individual consent (M25-
018), and registered under the Japanese UMIN Clinical
Trials Registration (UMIN000017025).

With the patient at a steady state, RAP, pulmonary artery
pressure and PCWP were measured using a balloon-tipped
catheter (Thermodilution Catheter 3000, Biosensors Interna-
tional Pte. Ltd., Singapore) at the end of expiration in a
supine position. The wedge position was verified by fluoros-
copy and phasic changes in pressure waveforms. The inves-
tigator performing pressure measurements was blinded to
the echocardiographic data. Data of RAP, pulmonary artery
pressure, and PCWP represent the average of 5 cardiac
cycles. Fluid-filled transducers were balanced before mea-
surement with O level set at the mid-axillary line. Cardiac
index was determined using the estimated Fick principle.

Echocardiography was performed using the Vivid q car-
diovascular ultrasound system (General Electric, Piscat-
away, New Jersey) within 30 minutes after hemodynamic
measurements. Two-dimensional images were acquired in
supine position using a phased array transducer in the
standard parasternal, apical, and subcostal views. From the

subcostal view, longitudinal image of the inferior vena
cava was recorded throughout the respiratory cycle (Sup-
plementary Figure S2A). From the apical 4-chamber view,
the pulsed Doppler sample volume was placed at the mitral
valve tip and mitral inflow was recorded. From the apical
4-chamber view, the tricuspid and mitral annular velocities
were obtained with pulsed tissue Doppler by placing 5-mm
wide sample volumes at the free wall side of the tricuspid
annulus (Supplementary Figure S2B) and at the medial and
lateral sides of the mitral annulus, respectively (Supple-
mentary Figure S2C). Gains were adjusted to eliminate
background noise and obtain clear tissue signals. Five to 10
cardiac cycles were recorded. The sonographer measuring
the parameters was blinded to the hemodynamic data.
Analysis was performed using an offline station by 2
independent observers who were blinded to all hemody-
namic data. All reported echocardiographic data were aver-
aged from 3 consecutive cycles in sinus rhythm and 7
consecutive cycles in atrial fibrillation. The L'V dimension,
volume, ejection fraction, and severity of valvular disease
were assessed in accordance with the American Society
Echocardiography Guidelines.'*'* The IVCD at inspiration
(IVCDi) and at expiration (IVCDe) were measured within
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Figure 1. Correlation between pulmonary capillary wedge pressure and
invasive parameters. (A) Relation between right atrial pressure (RAP) and
pulmonary capillary wedge pressure (PCWP), and (B) between RAP x St/
Sm and PCWP. St/Sy, ratio of tricuspid to mitral annular peak systolic
velocity.

2 cm from the IVC-right atrial junction. IVC collapsibility
index (IVCCI) was calculated using the formula: ([IVCDe-
—IVCDi]/IVCDe) x 100. The mitral inflow velocity was
traced and the following variables were derived: peak
velocity of early (E) and late (A) filling, and decelera-
tion time (DT) of the E wave velocity. The following
measurements were obtained from the TDI: peak sys-
tolic velocities at free wall side of the tricuspid annulus
(St) (Supplementary Figure S2B) and at lateral side of
the mitral annulus (Sy) (Supplementary Figure S2C),
and early (Ea) diastolic velocities at medial and lateral
sides of the mitral annulus. Data of Ea represent the
average of Ea measured at the medial and lateral mitral
annulus.

Intraobserver and interobserver variabilities were assessed
in 12 randomly selected patients. Intraobserver variability
was assessed by repeating the measurements offline from
video recordings on 2 occasions 2 weeks apart. To test the
interobserver variability, the measurements were performed
offline from video recordings by a second observer who was
unaware of the results of the first examination. Variability

was expressed as the mean percent error, derived as the abso-
lute difference between the 2 sets of observations, divided by
the mean of observations.”

All data are presented as mean & SD. Between-group
comparison was performed by unpaired 2-sided 7 test for
continuous variables, or by chi-square test for categorical
variables. Linear regression analysis and the coefficient of
determination (R*) were used to determine the strength of
association among the variables. Receiver-operating char-
acteristic (ROC) curve analysis was used to determine opti-
mal cut-off values for selected variables to detect PCWP
>18 mm Hg."” Sensitivity, specificity, and positive and
negative predictive values were calculated for each cut-off
value, using standard techniques. The area under the ROC
curve (AUC) was determined as a summary measure for
diagnostic accuracy of the variables. To compare R? value
of each correlation and AUC value of each ROC curve, we
used a bootstrap technique (1000 replicates).'®'” p value
less than 0.05 was considered statistically significant. Sta-
tistical analyses were performed by custom-made programs
developed using Microsoft Excel and SPSS for Windows
version 21.0 (IBM, Corp., Armonk, New York).

Results

Clinical characteristics of the 98 patients are shown in
Table 1. Patients with LVEF <35% had higher prevalence
of NYHA III or IV and nonischemic etiology, and higher
BNP level compared to those with LVEF >35%. The hemo-
dynamic and echocardiographic measurements are summa-
rized in Supplementary Table S1. Prevalence of PCWP
>18 mm Hg and E/Ea were higher, and Ea and Sy, levels
were lower in LVEF <35% group compared to LVEF
>35% group.

A significant correlation was observed between RAP and
PCWP, and also between RAP x S1/Sy; and PCWP (Sup-
plementary Table S2). In all 98 patients, coefficient of
determination observed between RAP x S1/Sy; and PCWP
(Figure 1) was significantly larger than that between RAP
and PCWP (Figure 1; p <0.05). Among IVCDe, IVCDi,
and IVCCI, IVCDi correlated most strongly with RAP irre-
spective of LVEF (Supplementary Table S2). Therefore,
we chose IVCDi as the noninvasive surrogate for RAP in
subsequent analyses.

A significant but weak correlation was observed between
E/Ea and PCWP, and between DT and PCWP, while a sig-
nificant and strong correlation was observed between
IVCDi x S1/Sy and PCWP, especially in patients with
LVEF <35% (Supplementary Table S2). In all 98 patients,
the coefficient of determination observed between
IVCDi x S1/Sy and PCWP  (Figure 2) was significantly
larger than that between E/Ea and PCWP (Figure 2; p
<0.05). This difference was larger (Figure 2 vs Figure 2) in
patients with LVEF < 35%, whereas smaller (Figure 2 vs.
Figure 2) in patients with LVEF >35% than that observed in
all 98 patients. Moreover, correlation between IVCDi x St/
Sym and PCWP observed in patients with acute HF was simi-
lar to that observed in patients with chronic HF (Supplemen-
tary Figure S3).

The ROC curves for IVCDi x S1/Sy; and E/Ea in pre-
dicting PCWP >18 mm Hg in all 98 patients are shown in
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Figure 2. Correlation between pulmonary capillary wedge pressure and noninvasive parameters. (A) Relation between IVCDi x St/Sy; and pulmonary capil-
lary wedge pressure (PCWP) and (B) between E/Ea and PCWP in all 98 patients. (C) Relation between IVCDi x S1/Sy; and PCWP and (D) between E/Ea
and PCWP in patients with LVEF <35%. (E) Relation between IVCDi x S1/Sy; and PCWP and (F) between E/Ea and PCWP in patients with LVEF >35%.
IVCDi x St/Sy;, diameter of inferior vena cava at inspiration corrected by ratio of tricuspid to mitral annular peak systolic velocity; E/Ea, ratio of early dia-

stolic transmitral flow velocity to mitral annular velocity.

Figure 3. The AUC of ROC curve for IVCDi x St/Sy; was
significantly larger than that for E/Ea (p <0.05). At the cut-
off value, IVCDi x S1/Sy; >16 mm had 90% sensitivity,
77% specificity, 50% positive predictive value, and 97%
negative predictive value; whereas E/Ea >11 had 75% sen-
sitivity, 58% specificity, 31% positive predictive value, and
90% negative predictive value. When analysis was con-
ducted in patients with LVEF <35%, the AUC of ROC
curve for IVCDi x S1/Sy; in predicting PCWP >18 mm Hg
was also significantly larger than that for E/Ea (p <0.05;
Figure 3). At the cut-off value, IVCDi x St/Sy; > 17 mm
had 93% sensitivity, 83% specificity, 70% positive predic-
tive value, and 97% negative predictive value; whereas
E/Ea > 13 had 67% sensitivity, 72% specificity, 50% posi-
tive predictive value, and 84% negative predictive value. In

contrast, in patients with LVEF >35%, the AUC of ROC
curve for IVCDi x S1/Sy in predicting PCWP >18 mm Hg
was larger than that for E/Ea, but not with statistical signifi-
cance (Figure 3). At the cut-off value, IVCDi x St/Sy
>16 mm had 80% sensitivity, 74% specificity, 27% positive
predictive value, and 97% negative predictive value;
whereas E/Ea >17 had 40% sensitivity, 88% specificity,
29% positive predictive value, and 93% negative predictive
value.

The interobserver and intraobserver reproducibilities
are shown in Supplementary Table S3. Less than 10%
differences were noted in each of St, Sy, and IVCDi.
When combined as IVCDi x St/Sy;, the difference
increased but remained acceptable, that is,. less than 10%
on average.
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Figure 3. ROC curves analysis for the prediction of elevated pulmonary
capillary wedge pressure (>18 mm Hg) using IVCDi x St1/Sy and E/Ea in
all 98 patients (A), in 51 patients with LVEF <35% (B) and in 47 patients
with LVEF>35% (C). IVCDi x St/Sy;, diameter of inferior vena cava at
inspiration corrected by ratio of tricuspid to mitral annular peak systolic
velocity; E/Ea, ratio of early diastolic transmitral flow velocity to mitral
annular velocity; AUC, area under the curve. Red curve indicates ROC for
IVCDi x St1/Sy, and blue curve, ROC for E/Ea. (Color version of figure is
available online.)

Discussion

The present findings indicate that the new echocardio-
graphic TDI model using IVCDi x S1/Sy is a noninvasive,
reliable, and reproducible diagnostic method to predict ele-
vated PCWP in clinical cases. Importantly, the predictive
performance of IVCDi x S1/Sy; is significantly superior to
that of E/Ea, which is currently the most widely used nonin-
vasive indicator for elevated PCWP. We further highlight
that the new model is useful especially in severely impaired
LV systolic function with LVEF <35%.

Among the noninvasive Doppler-based estimation mod-
els including tricuspid and pulmonary regurgitation pres-
sure gradient, and mitral inflow velocity indexes such as E
wave velocity, E/A ratio, and DT, =% E/Ea has been shown
to correlate relatively strongly with PCWP.”">'* It was orig-
inally hypothesized that since E wave velocity is directly
influenced by LV preload and relaxation while Ea reflects

LV relaxation, correcting E wave velocity for the influence
of LV relaxation (the E/Ea ratio) improves its relation with
LV preload, that is, PCWP.” However, rigidly controlled
experiments disclosed that Ea is influenced also by LV pre-
load.'®*° Furthermore, both E and Ea are indexes obtained
in early diastole and may reflect many factors involving LV
recoil, suction and previous systolic function, whereas
PCWP is the mean value of diastolic pressure.21 In fact,
several clinical studies found that E/Ea failed to accurately
estimate PCWP, especially in advanced HF patients with
severely impaired LV systolic function.*”** These previ-
ous findings may limit the general use of E/Ea as a surro-
gate for PCWP.

In the present study conducted in clinical cases, we eval-
uated our previously reported echo-Doppler model that is
able to predict PCWP from RAP corrected by St/Sy
obtained from TDI echocardiography in canine RV or LV
failure models.'" The theoretical background and rationale
of the model is summarized in Supplementary Appendix. In
this study, we used IVCD as a noninvasive surrogate for
RAP, because IVCD has been reported to correlate with
RAP (0.36 < R? < 0.74) and is widely used to estimate
RAP in patients with HF.”’~*’ Indeed, in the present popu-
lation, IVCD and RAP correlated reasonably well (0.38 <
R? < 0.57, Supplementary Table S2). Furthermore, results
of the present study confirmed previous reports that IVCDi
correlated better with RAP than with IVCDe or IVCCIL.**°
We thus chose IVCDi as an alternative to RAP to assess
PCWP. With further improvement of the correlation by St/
Sm correction, IVCDi x St/Sy; permitted prediction of
PCWP with reasonable accuracy, and was significantly
superior to that of E/Ea. This was especially the case in
patients with severe LV dysfunction (LVEF <35%)
(Figure 3), a patient population with strong requirement for
hemodynamic assessment. Given the high sensitivity of
IVCDi x S1/Sy; in predicting PCWP >18 mm Hg, clini-
cians may be able to use this model easily and safely to rule
out severe pulmonary congestion, consequently minimizing
pulmonary artery catheterization in HF patients.

There are several potential limitations of the present study
which should be acknowledged. First, the sample size was
small, and a significant number of patients were excluded
from this study, thereby limiting the ability to generalize the
findings. Second, we enrolled a diverse spectrum of acute or
chronic HF patients reflecting the real clinical situation.
However, the etiological differences that may affect the
diagnostic performance of our new TDI model remain to be
verified. Third, we excluded patients with severe valvular
disease, prosthetic valves, and acute coronary syndrome
from our study population. In these patients, the relation
between TDI parameters and LV filling can be confounded,
or the unstable hemodynamics may change even during the
interval between RHC and echocardiography. Forth, we did
not perform expanded validation. Large-scale validation
studies in multicenter settings are warranted. Finally, there
was poor correlation between E/Ea and PCWP in our popula-
tion, especially in those with advanced systolic HF. Never-
theless, this _poor correlation was compatible with previous
reports,x‘”)’2 and we believe our new model overcomes the
disadvantage of E/Ea even in advanced systolic HF.


www.ajconline.org

Heart Failure/New Noninvasive Estimation of PCWP

Disclosures

The authors have no conflicts of interest to disclose.

Supplementary materials

Supplementary material associated with this article can

be found in the online version at https://doi.org/10.1016/].
amjcard.2019.01.053.

Appendix

For the physiological principle of our model obtained

from previous studies, and supplementary tables and fig-
ures, please see the online version of this report.

10.

11.

. Yock PG, Popp RL. Noninvasive estimation of right ventricular sys-

tolic pressure by Doppler ultrasound in patients with tricuspid regurgi-
tation. Circulation 1984;70:657-662.

. Masuyama T, Kodama K, Kitabatake A, Sato H, Nanto S, Inoue M.

Continuous-wave Doppler echocardiographic detection of pulmonary
regurgitation and its application to noninvasive estimation of pulmo-
nary artery pressure. Circulation 1986;74:484-492.

. Temporelli PL, Giannuzzi P, Nicolosi GL, Latini R, Franzosi MG,

Gentile F, Tavazzi L, Maggioni AP. Doppler-derived mitral decelera-
tion time as a strong prognostic marker of left ventricular remodeling
and survival after acute myocardial infarction: results of the GISSI-3
echo substudy. J Am Coll Cardiol 2004;43:1646-1653.

. Nishimura RA, Tajik AJ. Evaluation of diastolic filling of left ventricle

in health and disease: Doppler echocardiography is the clinician’s
Rosetta Stone. J Am Coll Cardiol 1997;30:8-18.

. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA.

Doppler tissue imaging: a noninvasive technique for evaluation of left
ventricular relaxation and estimation of filling pressures. J Am Coll
Cardiol 1997;30:1527-1533.

. Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield

MM, Tajik AJ. Clinical utility of Doppler echocardiography and tissue
Doppler imaging in the estimation of left ventricular filling pressures:
a comparative simultaneous Doppler-catheterization study. Circula-
tion 2000;102:1788-1794.

. Nagueh SF, Mikati I, Kopelen HA, Middleton KJ, Quinones MA,

Zoghbi WA. Doppler estimation of left ventricular filling pressure in
sinus tachycardia. a new application of tissue doppler imaging. Circu-
lation 1998;98:1644—1650.

. Mullens W, Borowski AG, Curtin RJ, Thomas JD, Tang WH. Tissue

Doppler imaging in the estimation of intracardiac filling pressure in
decompensated patients with advanced systolic heart failure. Circula-
tion 2009;119:62-70.

. Geske JB, Sorajja P, Nishimura RA, Ommen SR. Evaluation of left ventric-

ular filling pressures by Doppler echocardiography in patients with hyper-
trophic cardiomyopathy: correlation with direct left atrial pressure
measurement at cardiac catheterization. Circulation 2007;116:2702-2708.
Santos M, Rivero J, McCullough SD, West E, Opotowsky AR, Wax-
man AB, Systrom DM, Shah AM. E/e’ ratio in patients with unex-
plained Dyspnea: lack of accuracy in estimating left ventricular filling
pressure. Circ Heart Fail 2015;8:749-756.

Uemura K, Inagaki M, Zheng C, Li M, Kawada T, Sugimachi M. A
novel technique to predict pulmonary capillary wedge pressure utiliz-
ing central venous pressure and tissue Doppler tricuspid/mitral annular
velocities. Heart Vessels 2015;30:516-526.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

1469

McKee PA, Castelli WP, McNamara PM, Kannel WB. The natural his-
tory of congestive heart failure: the Framingham study. N Engl J Med
1971;285:1441-1446.

Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pel-
likka PA, Picard MH, Roman MJ, Seward J, Shanewise JS, Solomon
SD, Spencer KT, Sutton MS, Stewart WJ. Recommendations for
chamber quantification: a report from the American Society of Echo-
cardiography’s Guidelines and Standards Committee and the Chamber
Quantification Writing Group, developed in conjunction with the
European Association of Echocardiography, a branch of the European
Society of Cardiology. J Am Soc Echocardiogr 2005;18:1440—1463.
Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD,
Levine RA, Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski
H, Stewart WJ, Waggoner A, Weissman NJ. Recommendations for
evaluation of the severity of native valvular regurgitation with two-
dimensional and Doppler echocardiography. J Am Soc Echocardiogr
2003;16:777-802.

Zou KH, O’Malley AJ, Mauri L. Receiver-operating characteristic
analysis for evaluating diagnostic tests and predictive models. Circula-
tion 2007;115:654-657.

. Seo JS, Kim DH, Kim WJ, Song JM, Kang DH, Song JK. Peak systolic

velocity of mitral annular longitudinal movement measured by pulsed
tissue Doppler imaging as an index of global left ventricular contractil-
ity. Am J Physiol Heart Circ Physiol 2010;298:H1608-H1615.
Mossman D. Resampling techniques in the analysis of non-binormal
ROC data. Med Decis Making 1995;15:358-366.

Diwan A, McCulloch M, Lawrie GM, Reardon MJ, Nagueh SF. Dopp-
ler estimation of left ventricular filling pressures in patients with mitral
valve disease. Circulation 2005;111:3281-3289.

Firstenberg MS, Greenberg NL, Main ML, Drinko JK, Odabashian JA,
Thomas JD, Garcia MJ. Determinants of diastolic myocardial tissue
Doppler velocities: influences of relaxation and preload. J Appl Phys-
iol (1985) 2001;90:299-307.

Jacques DC, Pinsky MR, Severyn D, Gorcsan J. Influence of altera-
tions in loading on mitral annular velocity by tissue Doppler echocar-
diography and its associated ability to predict filling pressures. Chest
2004;126:1910-1918.

Opdahl A, Remme EW, Helle-Valle T, Lyseggen E, Vartdal T, Pet-
tersen E, Edvardsen T, Smiseth OA. Determinants of left ventricular
early-diastolic lengthening velocity: independent contributions from
left ventricular relaxation, restoring forces, and lengthening load. Cir-
culation 2009;119:2578-2586.

Bruch C, Stypmann J, Gradaus R, Breithardt G, Wichter T. Usefulness
of tissue Doppler imaging for estimation of filling pressures in patients
with primary or secondary pure mitral regurgitation. Am J Cardiol
2004;93:324-328.

Beigel R, Cercek B, Luo H, Siegel RJ. Noninvasive evaluation of right
atrial pressure. J Am Soc Echocardiogr 2013;26:1033-1042.

Brennan JM, Blair JE, Goonewardena S, Ronan A, Shah D, Vasaiwala
S, Kirkpatrick JN, Spencer KT. Reappraisal of the use of inferior vena
cava for estimating right atrial pressure. J Am Soc Echocardiogr
2007;20:857-861.

Ommen SR, Nishimura RA, Hurrell DG, Klarich KW. Assessment of
right atrial pressure with 2-dimensional and Doppler echocardiogra-
phy: a simultaneous catheterization and echocardiographic study.
Mayo Clin Proc 2000;75:24-29.

Kircher BJ, Himelman RB, Schiller NB. Noninvasive estimation of
right atrial pressure from the inspiratory collapse of the inferior vena
cava. Am J Cardiol 1990;66:493-496.

Bhella PS, Pacini EL, Prasad A, Hastings JL, Adams-Huet B, Thomas
ID, Grayburn PA, Levine BD. Echocardiographic indices do not reli-
ably track changes in left-sided filling pressure in healthy subjects or
patients with heart failure with preserved ejection fraction. Circ Cardi-
ovasc Imaging 2011;4:482-489.


https://doi.org/10.1016/j.amjcard.2019.01.053
https://doi.org/10.1016/j.amjcard.2019.01.053
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0001
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0001
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0001
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0002
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0002
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0002
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0002
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0003
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0003
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0003
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0003
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0003
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0004
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0004
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0004
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0005
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0005
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0005
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0005
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0006
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0006
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0006
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0006
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0006
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0007
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0007
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0007
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0007
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0008
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0008
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0008
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0008
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0009
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0009
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0009
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0009
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0010
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0010
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0010
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0010
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0011
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0011
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0011
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0011
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0012
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0012
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0012
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0013
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0014
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0015
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0015
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0015
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0016
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0016
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0016
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0016
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0017
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0017
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0018
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0018
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0018
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0019
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0019
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0019
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0019
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0020
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0020
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0020
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0020
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0021
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0021
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0021
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0021
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0021
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0022
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0022
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0022
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0022
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0023
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0023
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0024
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0024
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0024
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0024
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0025
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0025
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0025
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0025
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0026
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0026
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0026
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0027
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0027
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0027
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0027
http://refhub.elsevier.com/S0002-9149(19)30185-7/sbref0027

	L_cross_mark_logo_link㔧
	Clinical Usefulness of an Echo-Doppler Model in Predicting Elevated Pulmonary Capillary Wedge Pressure in Patients With Heart Failure
	Methods
	Results
	Discussion
	Disclosures
	Supplementary materials
	Appendix



