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The United States Food and Drug Administration restricts the use of implantable cardiac
pressure monitors to patients with New York Heart Association (NYHA) class Ill heart fail-
ure (HF). We investigated whether single-pressure monitoring could predict survival in HF
patients as part of a model constructed using data from the ESCAPE (Evaluation Study of
Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness) trial.

We validated survival models in 204 patients, using all-cause 180-day mortality. Two lev-
els of model complexity were tested: 1) a simplified 1-pressure model based on pulmonary
artery mean pressure ([PAM]1P) (information obtainable from an implanted intracardiac
monitor alone), and 2) a pair of 5-variable risk score models based on right atrial pressure
(RAP) + pulmonary capillary wedge pressure (PCWP) ([RAP+PCWPJ5V) and on RAP +
PAM ([RAP+PAM]5V). The more complex models used 5 dichotomous variables: a conges-
tion index above a certain threshold value, baseline systolic blood pressure of <100 mmHg,
baseline blood urea nitrogen level of >34 mg/dL, need for cardiopulmonary resuscitation or
mechanical ventilation, and posttreatment NYHA class IV status. The congestion index was
defined as posttreatment RAP+PCWP or posttreatment RAP+PAM, with congestion thresh-
olds of 34 and 42 mmHg, respectively (median pulmonary catheter indwelling time, 1.9 d).

The b-variable models predicted survival with areas under the curve of 0.868 for the
(RAP+PCWP)5V model and 0.827 for the (RAP+PAM)5V model, whereas the 1-pressure
model predicted survival with an area under the curve of 0.718. We conclude that decon-
gestion as determined by hemodynamic assessment predicts survival in HF patients and
that it may be the final pathway for treatment benefit despite improvements in pharmaco-
logic intervention since the ESCAPE trial. (Tex Heart Inst J 2022;49(4):e217587)

econgestion is the mainstay of acute heart failure (HF) treatment, yet the
2022 American College of Cardiology Foundation/American Heart Associa-
tion guidelines suggest no specific decongestion metric.! The use of an intra-
cardiac pressure monitor in patients with New York Heart Association (NYHA) class
III HF is discussed in the 2016 European Society of Cardiology Heart Failure Man-
agement Guidelines? and in the 2022 ACCF/AHA Guidelines.! However, neither the
guidelines nor the studies cited therein®* specify any validated decongestion metrics.
In the ESCAPE (Evaluation Study of Congestive Heart Failure and Pulmonary
Artery Catheterization Effectiveness) trial,” investigators recorded complete sets of
hemodynamic measurements before and after patient treatment. The trial had 2 stated
goals: 1) to improve symptoms of congestion, either by clinical management or tar-
geted treatment, to a pulmonary capillary wedge pressure (PCWP) of 15 mmHg and
a right atrial pressure (RAP) of 8 mmHg; and 2) to evaluate the benefit of using a
pulmonary artery catheter (PAC). The main conclusion drawn from the ESCAPE
trial was that PAC use did not confer a benefit in terms of composite survival or re-
hospitalization during the first 6 months after enrollment; however, the clinical and
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prognostic value of decongestion was not specifically
tested as a primary or secondary target.

We previously developed a congestion index—the
sum of PCWP and RAP—and showed its usefulness
in risk-stratifying patients according to the endpoints
of death, death or heart transplant, and death or re-
hospitalization.® Recognizing that decongestion might
not only relieve symptoms but also promote survival,
and finding no randomized controlled trial that tested
decongestion metrics as prognosticators of survival, we
set out to develop a survival model related to decon-
gestion. Given the broad-based trends of decreasing
use of Swan-Ganz catheter-based management in the
treatment of acute HF and increasing use of implanted
cardiac pressure sensors in the long-term management
of HF, our specific aim was to use the established and
detailed pre- and postdecongestion data obtained in the
ESCARPE trial to construct multivariable risk models
that could be of value in evaluating the usefulness of
decongestion for improving survival in HF patients.

Patients and Methods

The ESCAPE trial data were obtained from the Na-
tional Heart, Lung, and Blood Institute (NHLBI)
under the auspices of Baylor College of Medicine. The
study cohort comprised 433 patients, including 204
who had hemodynamic data collected with use of a
PAC. (Of note, 3 of the 433 patients had no available
data for NYHA class I'V status at admission.) The de-
pendent variable in all analyses was all-cause 180-day
mortality. Any missing data were replaced according
to the methods detailed in Supplemental Table I. The
Cox proportional hazard method, the receiver operat-
ing characteristic (ROC) plot,” and the area under the
curve (AUC) were used to analyze the data. StatView
version 5.01 (SAS Institute, Inc.) on a Windows 7 plat-
form was used to perform statistical tests, including
Cox univariable, Cox multivariable proportional haz-
ards, and Kaplan-Meier survival analyses. The R pro-
gram version 3.2.3 (https://cran.r-project.org) with the
EpiR, DescTools, and Manipulate packages was used to
calculate odds ratios (ORs) and their 95% Cls. The R
program version 4.0.2 with the Survival, pROC,* and
dynpred packages was used to calculate the CI of the
ROC through bootstrapping (2,000 iterations) and to
perform 2-ROC tests. The R program version 4.1.2
with the Survival and Survminer packages was used
to perform the log-minus-log test to confirm the con-
stancy of the hazard ratio (HR) across the study period.

Univariable Cox regression analysis was used to iden-
tify significant risk factors for death (P <0.05) (Supple-
mental Table IT). Multivariable Cox regression analysis
was then used to restrict (to a minimum) the number of
independent predictors of death, starting with the uni-
variable variable with the highest % value (namely, the
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posttreatment congestion index represented by the sum
of RAP and PCWP [RAP+PCWP]). Using ESCAPE
trial design and terminology, we defined posttreat-
ment data as data collected after approximately 3
days of active treatment (the PAC was in place for a
median of 1.9 d). Ultimately, 5 independent variables
were found to be sufficient and highly predictive of
180-day mortality, as signified by a 5-variable model,
called (RAP+PCWP)5V, that used the congestion
index of RAP+PCWP. An equivalent congestion index
(RAP+PAM) was also tested and used to construct a
second 5-variable model, called (RAP+PAM)5V. (The
rationale for the second model was that the intracardiac
pressure monitor measures PAM but not PCWP). All
pressure data used to construct the models were from
the ESCAPE trial. A risk score was calculated for each
patient with use of the weighted regression coefficient
(Coef), which is arguably more mathematically ap-
propriate than the weighted OR for use in assigning
risk score’ in the multivariable Cox regression analy-
sis. Here, the Exp(Coef) = HR in the Cox regression
model. We weighted the Coef by using the multivari-
able Cox regression analysis described above, but nor-
malizing the model to have a maximum possible sum
of 100 for the 5 variables (Table I). Each patient’s risk
score was calculated by multiplying the patient’s score
for each dichotomous variable (0 or 1) by the assigned
variable-specific normalized risk score and then sum-
ming the 5 resulting numbers. Kaplan-Meier analysis
with the patients partitioned into tertiles produced
survival plots of high risk (score, 67-100), medium
risk (score, 33—66), and low risk (score, 0-32) for the
(RAP+PCWP)5V (Fig. 1A) and (RAP+PAM)5V (Fig.
1B) models. For the 1-pressure model, the risk pressure
(PAM) was adjusted, with the maximum cohort pres-
sure normalized to a score of 100 and other cohort pres-
sures proportionally multiplied, so that the same tertile
partitions could be used and the results (Fig. 1C) could
be compared among models.

We compared the different models (Table II) accord-
ing to 3 criteria: the relative ORs of high-risk mortality
to low-risk mortality, the associated 95% Cls, and the
difference of 2 AUCs by the 2-ROC test of each model
as compared with the (RAP+PCWP)5V model. The
OR comparisons were made with the patients separated
into 3 risk groups by each model; the ROC and AUC
were characteristics of the model before the patients
were separated into 2 groups by a threshold risk score
(the score identified as providing the best balance of
sensitivity and specificity). We introduced a new inclu-
siveness index (I-index) for the comparison of different
HE risk-prediction models. This I-index was defined as
the sum percentage of patients in the total cohort who
were categorized as either high or low risk (a high I-in-
dex indicating a model more useful for clinical decision-

making).
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TABLE I. Five-Variable Congestion Risk Models

Model Cox Regression Coefficient (Risk Score)?

Variable (RAP+PCWP)5V (RAP+PAM)5V
Baseline SBP <100 mmHg 0.702 (11) 0.951 (16)
Baseline BUN =34 mg/dL 0.811 (13) 0.751 (12)
CPR or mechanical ventilation 1.663 (26) 1.952 (32)
NYHA class IV at hospital discharge 1.358 (21) 1.247 (20)
Congestion index thresholdP 1.803 (29) 1.216 (20)

BUN = blood urea nitrogen; CPR = cardiopulmonary resuscitation; NYHA = New York Heart Association; PAM = pulmonary artery
mean pressure; PCWP = pulmonary capillary wedge pressure; RAP = right atrial pressure; SBP = systolic blood pressure

The (RAP+PCWP)5V model included the congestion index variable RAP+PCWP. All variables were dichotomous, with values of
either 0 or 1. All intracardiac pressures were posttreatment pressures.

@ A Cox regression coefficient (Coef) was used for risk score calculation, where Exp(Coef) = hazard ratio (HR) in the Cox regression
model. Total risk scores were normalized to 100 for the sum of all Coefs in the model. Risk scores for the (RAP+PCWP)5V model
were calculated for each patient as follows: 1) sum all Coefs: 0.702 + 0.811 + 1.663 + 1.358 + 1.803 = 6.337; 2) normalize the sum
to 100: 100/6.337 = 15.78; and 3) calculate risk score for each variable: 0.702 x 15.78 = 11.

P The (RAP+PCWP) congestion threshold was 34 mmHg; the (RAP+PAM) threshold was 42 mmHg.
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TABLE Il. Comparison of 5-Variable and 1-Pressure Heart Failure Models in the ESCAPE Cohort

5-Variable Models

1-Pressure Model?

(RAP+PCWP)5V (RAP+PAM)5V (PAM)1P
AUC 0.868 0.827 0.718
(95% Cl) (0.786-0.913) (0.750-0.889) (0.627-0.780)
Risk stratification
High-risk
Mortality 100% 92.3% 50.0%
(% cohort) (5.9) (6.4) (3.9)
Medium-risk
Mortality 48.9% 39.2% 28.5%
(% cohort) (22.0) (25.0) (63.7)
Low-risk

Mortality 7.5% 9.3% 6.1%

(% cohort) (72.1) (68.6) (32.4)
|-index 78.0% 75.0% 36.3%
OR(HtolL) 296.7 (approx.)b 117.2 15.5
(95% Cl) (0.1-5,340) (14.1-975.0) (2.8-86.2)
P of 2-ROC® — 0.40 0.004134

AUC = area under the curve; H = high-risk; I-index = sum percentage of patients in total cohort categorized as either high or low
risk; L = low-risk; OR = odds ratio; PAM = pulmonary artery mean pressure; PCWP = pulmonary capillary wedge pressure; RAP =

right atrial pressure; ROC = receiver operating characteristic

The 5-variable models (RAP+PCWP)5V and (RAP+PAM)5V are described in Table I. The 1-pressure model (PAM)1P used

posttreatment pressure (in mmHg) as defined.

@ Patients in the b-variable models were stratified by risk score into tertiles of 67-100 (high), 33—-66 (medium), and 0-32 (low), as
described in Patients and Methods. The 1-pressure model was scaled to 100 on the basis of the highest reading in the cohort, and
the patients were stratified on the basis of PAM (mmHg) into tertiles of 50-74 (high), 25-49 (medium), and 0-24 (low).

b OR (H to L) for (RAP+PCWP)5V was approximated by adding 0.5 to each cell because of a zero value in 1 cell (100% mortality in
High-risk; therefore, zero value for the “Alive” cell in the 2 x 2 table). The lower and upper 95% Cls were less meaningful but can

be calculated as 0.1 and 5,340.

€ P of 2-ROC = paired receiver operating characteristic test in the R program version 4.0.2. For comparisons, models were paired

with (RAP+PCWP)bV.

The (RAP+PCWP)5V risk score model was validated
by using the Breslow-Day homogeneity test (Supple-
mental Table III) after first performing both random
and sequential partitioning of the total cohort to pro-
duce a model generation cohort and a validation cohort
(each comprising half of the total cohort). This was done
as follows: First, patients from the ESCAPE trial who
had PAC data were randomly separated into 2 groups
of approximately equal size. The first of these 2 groups
was used as the derivation cohort to generate an ROC
curve and its threshold value for separating patients into
high- and low-risk groups. Kaplan-Meier analysis was
used to produce a 2 x 2 table of “High- and Low-Risk”
versus “Dead and Alive.” The threshold value for the
2-group partition derived from the first group’s data
was then used with data from the second group in an-
other Kaplan-Meier survival analysis to produce a sec-
ond 2 x 2 table. A Breslow-Day homogeneity test was
then performed on the 2 x 2 x 2 distribution. The same
process was repeated with sequential patient partition
of the same cohort, in which the first 102 patients en-
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rolled in the ESCAPE trial who had PAC data served as
the derivation group and the second 102 served as the
validation group. We considered the model validated
only when the random and sequential partitionings
both resulted in homogeneity between the derivation
and validation cohorts, as verified by the Breslow-Day
comparison.

To validate the hypothesis that the HR remained
constant throughout the study and observational pe-
riod, we analyzed a data file containing the deidenti-
fied ESCAPE risk scores (provided in a Supplemental
Data File). Each patient was assigned an identification
number (ID) by the following algorithm: ESCAPE
ID + Rand()*1000. The data were entered into the
R program by the statement X5V.raw <-read.csv(file.
choose(),header=T), which was executed thereafter for
the Kaplan-Meier (km), Cox proportion hazard model
(cph), and log-minus-log (cloglog) functions, according
to scripts provided by In and colleagues,” using the Sur-
vival and Survminer packages.
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Results

At admission, 86.3% (371/430) of patients in the
ESCAPE cohort (Supplemental Table IT) had NYHA
class IV HF; at discharge, 19.4% (84/433) remained in
NYHA class IV. Univariable Cox regression analysis
showed that NYHA class IV status at admission was not
a predictor of mortality ()? score, 0.19; P=0.67), whereas
posttreatment NYHA class IV status was a strong pre-
dictor of mortality (y* score, 26.54; P <0.0001). Heart
failure treatment resulted in an average decrease of one
NYHA functional class (paired difference, 1.03; n=394;
P <0.0001).

We did not perform a complete-case analysis (includ-
ing only patients with complete data) because a substan-
tial number of patients had missing data (for example,
there were 204 patients in the PAC group, but posttreat
ment PCWP and PCWP+RAP data were available for
only 159 and 145 of them, respectively). Our approach
to addressing missing data and our justification for it
are detailed in a footnote to Supplemental Table II. The
PAC group (n=204) had 45 deaths (22%). In the univari-
able Cox regression analysis, the posttreatment conges-
tion index (RAP+PCWP) had a high * score of 55.68
and an HR of 1.09. In comparison, the baseline (ad-
mission) congestion index (RAP+PCWP) had a lower
%’ score of 10.21 and HR of 1.03. The change in the
congestion index in response to treatment was not a sig-
nificant indicator of death (n=142; P=0.10), and neither
was the change in patient body weight after treatment
(n=433; P=0.89). When the posttreatment congestion
index (RAP+PCWP) was treated as a dichotomous vari-
able, it had more predictive power when the threshold
value was 34 mmHg (y? score, 50.12) than when that
value was 30 mmHg () score, 31.32). A posttreatment
or discharge brain natriuretic peptide level (BNP_DL)
of >500 pg/mL was a significant but less strong predic-
tor of death (2 score, 14.50; HR=2.895; n=283) than
was a baseline blood urea nitrogen level (BUN_B) of
>34 mg/dL (y* score, 23.85; HR=3.011; n=433). Given
the argument that BNP might be a surrogate marker of
congestion, we used regression analysis to examine the
relationship between BNP and our congestion index.
We found that neither BNP_DL (R?=0.017; n=146; P
>0.05) nor log(BNP_DL) (R?=0.022; n=142; P >0.05)
was significantly correlated with the posttreatment con-
gestion index (RAP+PCWP)_L.

The validated ESCAPE 5-variable congestion risk
model (RAP+PCWP)5V (see Supplemental Table
I1T) had a survival curve with an AUC of 0.868 (95%
CI, 0.789-0.911) (Table II). The equivalent 5-variable
model (RAP+PAM)5V had a survival curve with an
AUC of 0.827 (Table II). The 5-variable models were
not significantly different from each other with respect
to AUC according to the 2-ROC test; however, the
1-pressure model, (PAM)1P, was statistically inferior to
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the (RAP+PCWP)5V model (Table II). The I-indices
of the 5-variable models—78.0% for (RAP+PCWP)5V
and 75.0% for (RAP+PAM)5V—were higher than the
I-index of the 1-pressure model (36.3%).

An ROC analysis indicated that the optimal separa-
tion of the 5-variable models occurred at a risk score of
40. Therefore, patients were separated into 2 groups:
those with a risk score of <40, and those with a score
of 240. A Kaplan-Meier plot (Supplemental Fig. 1) and
a log-minus-log plot of the Kaplan-Meier estimates
(Supplemental Fig. 2) were then made for the 2 risk
groups, and a log-rank test was performed to compare
them. The 2 curves did not meet during the observation
period (Supplemental Fig. 2), indicating satisfaction of
the proportional hazard assumption. This Cox propor-
tional hazard analysis used a single covariate (risk score)
and showed that the incidence of death was 14.74-fold
higher (95% CI, 7.427-29.27; P <0.0001) in the high-
risk group than in the low-risk group.

Discussion

Current guidelines for acute HF management do not
favor routine invasive hemodynamic monitoring with
a PAC, instead relegating its use to guiding therapy in
selected patients whose hemodynamic stability is in
question.' Physical diagnosis has been proposed as an
adequate surrogate," but no randomized controlled trial
has yet been performed to validate this. Limited obser-
vational studies'" and a post hoc analysis of the pla-
cebo group of a vasopressin-2 receptor antagonist trial'®
have supported the clinical value of decongestion. More
recently, the DOSE (Diuretic Optimization Strategies
Evaluation),” ROSE (Renal Optimization Strategies
Evaluation),”® and CARRESS-HF (Cardiorenal Rescue
Study in Acute Decompensated Heart Failure)” trials
tested the usefulness of specific diuresis or deconges-
tion treatment modalities; however, none of these trials
included direct volume (hemodynamic) assessment or
examined the effects of associated target-related diuresis
on survival.

Congestion surrogates including BNP (AUC=0.665)
and N-terminal pro-B-type (NT-proBNP) (AUC=0.679)
predicted all-cause mortality in a population of 3,916
patients enrolled in the Val-HeFT (Valsartan Heart
Failure Trial) study.”” However, multiple and extensive
trials have not shown that biomarker-guided treatment
improves survival.?? In a recent report of a study in
patients with acute HE,** sacubitril-valsartan (at a com-
bined targeted dose of 97 mg sacubitril and 103 mg
valsartan twice daily) reduced follow-up NT-proBNP
levels more effectively than did enalapril (at a targeted
dose of 10 mg twice daily) after an 8-week targeted dose-
titration treatment regimen. Of the patients in the study,
8.9% in the sacubitril-valsartan group and 8.2% in the
enalapril group were in NYHA class IV at baseline. It
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is important to note, however, that mortality was not
included as an endpoint in the study.

Previously, using mathematical modeling of the cir-
culation, we found that the systemic volume can be
represented by RAP and that pulmonary volume can
be represented by left atrial pressure.”” Expanding on
this conceptual foundation, we developed a congestion
index (RAP+PCWP) and showed its clinical usefulness
by applying it to the ESCAPE data.®

During the time frame of the ESCAPE study, im-
plantable pressure and impedance monitors were intro-
duced into clinical practice. This in turn enabled the
replacement of static invasive monitoring of pulmonary
arterial pressure with continuous monitoring of the in-
trathoracic blood volume (impedance) or intracardiac
pressure. Initial studies involved use of the Medtronic
Chronicle hemodynamic monitor. The COMPASS-HF
(Chronicle Offers Management to Patients with Ad-
vanced Signs and Symptoms of Heart Failure) study,”
reported in 2008, was a single-blind, parallel-controlled
trial in 274 patients with NYHA class IIT (85%) or IV
(15%) function at baseline. The study revealed that
acute decompensated HF developed together with a
rise in the lowest nighttime pulmonary artery diastolic
pressure (PAD) measurement from 17 to 22 mmHg in
patients with diastolic HF and from 21 t0 24 mmHg in
patients with systolic HE.* No changes in average body
weight were noted; however, paired comparison in in-
dividual patients was not performed. Furthermore, at 6
months, the total number of HF-related events did not
differ significantly between the treatment group and
the group that received optimal medical management.”!
Mortality alone, although not an endpoint in the study,
was 9.7% (13 of 134 patients) in the implant-monitored
group and 7.9% (11 of 140 patients) in the implanted
but nonmonitored group.

The REDUCEf (Reducing Decompensation
Events Utilizing Intracardiac Pressures in Patients With
Chronic Heart Failure) trial,” reported in 2010, also
used the Medtronic Chronicle monitor. Four hundred
patients with NYHA class II or III HF were randomly
assigned to receive or not receive monitoring for HF
management. Although the trial was prematurely ter-
minated because of device defects and limited device
availability, the available data showed no difference in
HF outcome (a combined endpoint of HF hospitaliza-
tions, emergency department visits, and urgent clinic
visits) between the 2 groups at 12 months.*

Zile and colleagues,” in a combined retrospective
analysis of 3 cohorts comprising 790 patients—from the
Chronicle phase IT (n=116), COMPASS-HF (n=274), and
REDUCEAh(f (n=400) trials—with a median follow-up of
2.9 years, showed that when baseline PAD exceeded the
median value of 23 mmHg, mortality was significantly
greater throughout the observation period. The Medtron-
ic Chronicle implanted monitor was not approved by the
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United States Food and Drug Administration (FDA),
and the phase I1 trial data were not in the public domain
at the time of the writing of this report (https://ichgcp.
net/clinical-trials-registry/NCT00991120).

Because including patients with NYHA class IV HF
may have led to negative outcomes in previous studies,
the single-blind CHAMPION trial** enrolled 550 pa-
tients who had NYHA class III HF and either reduced
or preserved left ventricular ejection fraction. Half of
the patients had their data masked (unavailable to phy-
sicians), and half were being monitored with use of the
CardioMEMS system (Abbott). The optimized hemo-
dynamic target values were a PAD of 8 to 20 mmHg
and a PAM of 10 to 25 mmHg.* For the treatment
arm, the baseline PAD and PAM were 18.6 mmHg
and 28.9 mmHg, respectively; for the control arm,
they were 19.3 mmHg and 29.9 mmHg, respectively.?
At 6 months, HF-related hospitalization was less fre-
quent in the treatment arm (reported HR, 0.72; 95%
CI, 0.60-0.85; P=0.0002). The 6-month mortality
rates in the CHAMPION study were 5.6% (15/270)
in the treatment arm and 7.1% (20/280) in the control
arm, a difference that was not reported as significant.
The investigators chose the pulmonary artery pressure
AUC (mmHg x days) for analysis. Use of an implanted
cardiac monitor for HF management is mentioned in
the 2016 European Society of Cardiology Heart Fail-
ure Management Guidelines.” The FDA approved the
CardioMEMS system in 2014 for use in patients with
class Il HF and a hospitalization for chronic HF in the
year before device implantation.

A follow-up study of the patients in the CHAMPION
trial after 6 months of masking, when all patients and
physicians were given access to the PA data, showed
sustained reduction of hospitalizations among patients
in the original treatment arm (monitoring data avail-
able throughout) and new reductions in hospitalizations
among patients in the original control arm (monitoring
data absent for the first 6 months).’ Again, because of
the study design, mortality itself was not an endpoint.
Over a 19-month follow-up period, the mortality rates
were 30.0% (81/270) in the original treatment group
and 30.4% (85/280) in the original control group,
thus showing no difference in either 6-month or 19-
month mortality. A post hoc subgroup analysis of the
CHAMPION trial data in patients receiving either
angiotensin-converting enzyme inhibitor/angiotensin-
receptor blockers (ACE-I/ARBs) or B-blockers (n=445)
or both types of drugs (n=337) showed lower mortal-
ity (OR) in the 6-month monitored group than in the
control group.*® This comparison was not prespecified
in the original trial’s protocol.

In the MEMS-HF (CardioMEMS European Moni-
toring Study for Heart Failure) trial, 234 patients with
NYHA class IIT HF were followed up for 1 year, with
the cohort patients’ preimplantation data serving as their
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own control. Between the pre- and postimplantation
periods, HF hospitalizations were reduced by 62%.7 A
similar conclusion was reached in another nonrandom-
ized, single-arm observational trial of 1,200 patients
with NYHA class III HF (CardioMEMS Post-Approv-
al Study)® and a baseline mean PAD of 20 mmHg;
these patients had a rehospitalization risk reduction of
57% between the pre- and postimplantation periods.

In contrast, the intrathoracic impedance monitoring
associated with an implantable cardioverter-defibrillator
in 335 patients with NYHA class II or III HF did not
reduce the composite rate of all-cause mortality and HF
hospitalization, but actually increased it. This counter-
intuitive finding was attributed to increased alarms
for hospitalization (namely, more frequent impedance
alarms may have increased patients’ likelihood of being
hospitalized).”

Our models are the first risk-score models to show
that hemodynamic data can be significantly prognostic
in HF, extending our previous work and showing that
decongestion (reducing hemodynamic load) could be
beneficial, just as decongestion was the stated goal in
the ESCAPE trial. The threshold value of 34 mmHg
(RAP+PCWDP) was determined by Cox regression anal-
ysis (Supplemental Table II), whereas the 30-mmHg
threshold that we published previously® was equivalent
to the ESCAPE trial’s stated clinical targets. A notable
finding in this study was that PAM, not normally con-
sidered an index of pulmonary blood volume (in con-
trast with PCWP and PAD?), was found to be just
such an index, possibly due in part to an absence of
patients with significant intrinsic pulmonary vascular
disease in the ESCAPE cohort. Finally, although the
CHAMPION trial consisted of patients with NYHA
class III HF, the observed reduction in rehospitaliza-
tion rates and empirically stated treatment goals (the
optimized hemodynamic targets were a PAD of 8 to 20
mmHg and a PAM of 10 to 25 mmHg)* are similar to
the outcomes of our model’s low-risk group pertaining
to (RAP+PAM)5V and (PAM)1P (Fig. 1 and Table II),
and they were the same for a model with congestion
index using posttreatment RAP+PAD (at 40 mmHg)
(not included in this writing for reasons of clarity; see
Supplemental Table II). This supports the validity of
our models of decongestion in general. However, be-
cause of their nonrandomized designs, none of the cur-
rent intracardiac pressure monitor trials can address the
question of whether monitoring reduces mortality,**¥*
or the usefulness of applying such monitoring to pa-
tients with NYHA class IV HE.

One of the ESCAPE trial’s inclusion criteria was a
depressed left ventricular ejection fraction of 30% or less
at baseline,” which could be perceived as a limitation of
our study. However, the CHAMPION trial** included
patients with either depressed or preserved ejection frac-
tion, which suggests that HF patients presented with
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similarly elevated intracardiac pressure and volume con-
gestion. The ESCAPE trial's hemodynamic cohort of
204 patients is small, but 2 measures strengthened our
models: First, there were 45 deaths in the cohort, and
our models each had 5 variables, so that there were 9
outcome events per variable (EPV), with EPV=10 being
the number appropriate for a risk model.* Second, we
internally validated our model (Supplemental Table III).

Some may contend that our models identified only
the patients at risk. Of the 5 variables for each model,
2 of them are immutable patient characteristics (blood
pressure and BUN level at admission), and one (car-
diopulmonary resuscitation or mechanical ventilation)
reflects the severity of current decompensation. How-
ever, the other 2 variables—the posttreatment conges-
tion variable and posttreatment NYHA functional
status—are clinically actionable targets changeable by
intervention (decongestion), thereby potentially improv-
ing survival. We compared our models by using tertile
stratification, with the intention of removing bias re-
lated to arbitrary partition to fit selected cohort data,
which can exaggerate prognostic efficacy (for example,
by overestimating the OR and the I-index because of
the arbitrary boundaries of each risk group).

Since publication of the ESCAPE results, additional
advances in HF pharmacological management have
been made, not least the use of sacubitril-valsartan® and
empagliflozin.®

Our 5-variable models do not include treatment
variables such as the use of ACE-I/ARBs or B-blockers,
because these variables, despite being associated with
a statistically significant HR of <1.0 in univariable
analysis (Supplemental Table II), were not found to be
independent predictors of death in the multivariable
analysis of the ESCAPE cohort. Similarly, the furose-
mide dose—a positive predictor of death in univari-
able analysis—was also found not to be an independent
predictor in our study beyond the 5 variables already
chosen. The BNP data were not found to be as strong a
predictor of death in ESCAPE as our congestion index
(* score, 14.50 vs 55.68) (Supplemental Table II). Fur-
thermore, BNP was not an independent predictor of
death in the multivariable analysis after the abovemen-
tioned 5 variables were in place, nor could BNP replace
the congestion index as a surrogate congestion marker
in a variant 5-variable model (data not shown).

Cox regression survival analysis assumes a constant
HR throughout the study period. We validated this as-
sumption by using the log-minus-log test (Supplemental
Figs. 1 and 2).°%

We chose and limited our model to 5 variables and
maintained a rigid inclusion criterion (P <0.050) in the
multivariable model, with the following 3 objectives:
First and foremost, the model had to achieve a high
ROC value: our (RAP+PCWP)5V model’s ROC was
0.868. Second, we aimed to include as few variables as
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possible in the model to make it simple and generally ap-
plicable in other clinical settings (for example, we chose
not to include 6-min walk time, which is included in
the ESCAPE data but is not available in many settingg).
We also tried to keep the EPV as close to 10 as possible
(our EPV was 9) to make the model generally appli-
cable to other populations. Third, the inclusion of ad-
ditional variables was intended to substantially improve
the ROC’s clinical impact.* To this end, we added 2
separate high-impact univariable variables (Supple-
mental Table II)—any ACE-I or ARB use at discharge
(ACE-I/ARB_D), and any B-blocker use at discharge
(B-blocker_D)—to produce a 7-variable model (data
not shown), and we used 2-ROC in the R program to
evaluate any statistical improvement in ROC fitting,
The new 7-variable model caused 3 variables to have a
Pvalue >0.05 (but still <0.10); nevertheless, it improved
the ROC to 0.8692 from the 0.8682 obtained with the
5-variable model. The 2-ROC test showed that this
difference was not significant (P=0.9831). The 7-vari-
able model risk scores for the 7 variables were as fol-
lows: 17, 14, 36, 24, 38, -14, and -15; the 2 negative
scores represented the salutary value of ACE-I/ARB_D
and B-blocker_D, respectively, whereas the order of the
first 5 risk scores corresponds to the order of variables
listed in Table I for the 5-variable model. To avoid the
computational problems associated with using negative
risk scores, we added 30 points to the final (sum) score
for each patient before data analysis. We concluded that
our 5-variable model is adequate and useful.

Although our 5-variable congestion models are not
meant to compete with any other model that includes
other selected variables, our results clearly indicate their
feasibility, simplicity, and high predictive value. These
models may be particularly useful in the current era of
implantable cardiac pressure sensors, whose implanta-
tion also generally involves a baseline Swan-Ganz cath-
eter examination.

Conclusions

Evidence suggests that the current strategy of using
implantable cardiac pressure monitors and associated
decongestion interventions reduces the risk of rehospi-
talization. Yet, the FDA has restricted the use of these
monitoring devices in patients with NYHA class I1I
HE* and patients with NYHA class IV HF have gener-
ally been excluded because of the hesitancy of investiga-
tors to address presumably “advanced” HE.®

By reanalyzing data from the ESCAPE study, we
draw 2 important conclusions: First, patients with
NYHA class IV HF who are optimally treated can
recover to a better functional class and have better
survival. Second, a simple multivariable model can ac-
curately categorize patients (ie, high AUC) as being at
high, medium, and low risk of death when the model
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comprises 3 static, dichotomous clinical variables (worse
prognosis if the patient has one or more of the following;
baseline systolic blood pressure <100 mmHg, baseline
BUN of >34 mg/dL, or need for cardiac resuscitation
or mechanical ventilation during decompensation) and
2 actionable variables (improved prognosis if the patient
is in a posttreatment NYHA class <IV, has a posttreat-
ment congestion index of <34 mmHg, or both).

Our models suggest the advantage of including RAP
as part of the congestion index and therefore require
an accurate RAP measurement; this could be achieved
by in-office ultrasonographic estimation of jugular ve-
nous pressure rather than bedside physical diagnosis.
Our analysis leads to the hypothesis, supported by the
ESCAPE data but contrary to the current HF guide-
lines,' that posttreatment PAC has clinical predictive
value for most, if not all, patients admitted with acute
HE. A single static posttreatment measurement obtained
early in the index hospitalization (in the ESCAPE trial,
the median PAC indwelling time after randomization
was 1.9 d)° provides prognostic information regard-
ing 6-month survival and identifies high-risk patients
(those with a 6-month mortality risk of >90%) who
may need more aggressive strategies then those com-
monly adopted.

Finally, the practice of using the AUC of pressure
over time (mmHg x days) in the pressure monitor
may not be necessary or more informative than using
the static or mean value. The decongestion metric we
propose showed that a better prognosis does not neces-
sarily require reaching normal physiologic values: the
sum of 2 posttreatment intracardiac pressures of the left
(PCWP) and right (RAP) circulation below a threshold
(34 mmHg) is sufficient (the normal sum range being
6-20 mmHg).

It would be valuable if the ESCAPE investigators
were to test these proposed models in predicting 1-year
survival (the ESCAPE trial examined 6-month out-
comes only, so 1-year outcomes data are not currently
available in the public domain). Nevertheless, the value
of the current models and analysis rests on the means of
identifying the population at risk for 6-month mortality
early in the index admission, whereas maintenance of
decongestion status might still be needed to achieve a
longer-term survival benefit.

A major limitation of our models is that pharmaco-
logic therapies for HF have advanced since the ESCAPE
trial was completed; therefore, our models might be out-
dated. Nonetheless, our results suggest that deconges-
tion as evaluated hemodynamically predicts survival in
HF patients and may be the final pathway to a treat
ment benefit despite improvements in pharmacologic
intervention. This supposition is made more compel-
ling by our finding that, despite the known benefits of
ACE-I (HR=0.337; n=432), ACE-I/ARB (HR=0.208;
n=433), and B-blocker use (HR=0.457; n=433) in the
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ESCARPE trial patients (where HR <1.0 indicates a sa-
lutatory effect on risk of death) (Supplemental Table
I1), these medications were not identified as indepen-
dent predictors of survival in our multivariable model
when our rigid inclusion criteria (P <0.05) were used
and tested for any statistically significant improvement

of ROC with the 2-ROC test. This suggests that the

manuscript. Drs. Levine and Kar critically reviewed the manu-
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study design, statistical analysis, drafting, and revision of the

survival benefit of treatment depended on deconges-
tion alone, and not on the specific treatment modalities
that produced it. This finding further emphasizes that
the ability to evaluate otherwise unrecognized residual
congestion at the time of discharge will continue to be
of paramount importance for survival. Still, external
validation of our models with more exact risk-score
boundaries would be necessary. Finally, our models can
provide metrics for decongestion in the current era of
implantable intracardiac pressure sensors (RAP+PCWP,
34 mmHg; RAP+PAM, 42 mmHg), even though the
use of inpatient hemodynamic monitoring to evaluate
decongestion has been decreasing since the publication
of the ESCAPE trial data.

As a final note added here is the recognition of the
recent randomized controlled Hemodynamic-guided
management of heart failure (Guide-HF) trial, using
the CardioMEMS implanted pressure sensor.**” In this
trial, 1,000 patients with NYHA class II (29%-30%),
III (65%), and IV (5%—6%) HF, with a target PAM
of 10 to 25 mmHg in the hemodynamic monitoring
arm, were followed for 1 year (395 d). No difference
was found in the primary endpoint (death or HF ex-
acerbation) or in mortality. This trial result does not
contradict our thesis in that the study population had
a low percentage of NYHA class IV patients, the pa-
tients did not have acute HF, posttreatment congestion
parameters were not assessed as part of the metrics for
outcomes, and a single pressure parameter (PAM) was
used.

Acknowledgments

We acknowledge the NHLBI of the National Institutes
of Health for providing access to the ESCAPE database
through an institutional review board—approved pro-
tocol (Baylor College of Medicine). We thank Stephen
N. Palmer, PhD, ELS, of the Texas Heart Institute’s
Department of Scientific Publications, for improving
the clarity of the manuscript.

manuscript and is a guarantor of the paper.

References

Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ,
Colvin MM, et al. 2022 AHA/ACC/HFSA Guideline for
the Management of Heart Failure: A Report of the American
College of Cardiology/American Heart Association Joint
Committee on Clinical Practice Guidelines. ] Am Coll
Cardiol 2022;79(17):e263-e421.

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland
JGF, Coats AJS, et al. 2016 ESC Guidelines for the diagnosis
and treatment of acute and chronic heart failure: the Task
Force for the diagnosis and treatment of acute and chronic
heart failure of the European Society of Cardiology (ESC).
Developed with the special contribution of the Heart

Failure Association (HFA) of the ESC. Eur ] Heart Fail
2016;18(8):891-975.

Abraham WT, Stevenson LW, Bourge RC, Lindenfeld

JA, Bauman JG, Adamson PB, CHAMPION Trial Study
Group. Sustained efficacy of pulmonary artery pressure to
guide adjustment of chronic heart failure therapy: complete
follow-up results from the CHAMPION randomised trial.
Lancet 2016;387(10017):453-61.

Hindricks G, Taborsky M, Glikson M, Heinrich U,
Schumacher B, Katz A, et al. Implantbased multiparameter
telemonitoring of patients with heart failure IN-TIME): a
randomised controlled trial. Lancet 2014;384(9943):583-90.
Binanay C, Califf RM, Hasselblad V, O’Connor CM, Shah
MR, Sopko G, et al. Evaluation study of congestive heart
failure and pulmonary artery catheterization effectiveness:
the ESCAPE trial. JAMA 2005;294(13):1625-33.

Ma TS, Paniagua D, Denktas AE, Jneid H, Kar B, Chan W,
Bozkurt B. Usefulness of the sum of pulmonary capillary
wedge pressure and right atrial pressure as a congestion index
that prognosticates heart failure survival (from the Evaluation
Study of Congestive Heart Failure and Pulmonary

Artery Catheterization Effectiveness Trial). Am J Cardiol
2016;118(6):854-9.

Cardillo G. ROC curve. MathWorks [Internet]. Available
from: https://www.mathworks.com/matlabcentral/
fileexchange/19950-roc-curve [2008; cited 2022 Jan 20].
Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez
JC, Miiller M. pROC: an open-source package for R and S+
to analyze and compare ROC curves. BMC Bioinformatics
2011;12:77.

Moons KGM, Harrell FE, Steyerberg EW. Should scoring
rules be based on odds ratios or regression coefficients? ] Clin

Epidemiol 2002;55(10):1054-5.

Supplemental Material 10. In]J, Lee DK. Survival analysis: part II - applied clinical data
analysis. Korean J Anesthesiol 2019;72(5):441-57.
Supplemental data for this article are available at 11, Nohria A, Tsang SW, Fang JC, Lewis EF, Jarcho JA,
10.14503/ THH-2 1-7587.sl. pdf Mudge GH, Stevenson LW. Clinical assessment
identifies hemodynamic profiles that predict outcomes in
Published: 24 August 2022 patients admitted with heart failure. ] Am Coll Cardiol
. . 2003;41(10):1797-804.
Conflict of Interest Disclosures: None 12. Lucas C, Johnson W, Hamilton MA, Fonarow GC, Woo

Funding/Support: None

Texas Heart Institute Journal » 2022, Vol. 49, No. 4

MA, Flavell CM, et al. Freedom from congestion predicts

9/11
http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10

Survival Prediction Models in Acute Heart Failure


https://doi.org/10.14503/THIJ-21-7587.s1.pdf

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

good survival despite previous class IV symptoms of heart
failure. Am Heart ] 2000;140(6):840-7.

Metra M, Davison B, Bettari L, Sun H, Edwards C,
Lazzarini V, et al. Is worsening renal function an ominous
prognostic sign in patients with acute heart failure? The role
of congestion and its interaction with renal function. Circ
Heart Fail 2012;5(1):54-62.

Shah MR, Stinnett SS, McNulty SE, Gheorghiade M,
Zannad F, Uretsky B, et al. Hemodynamics as surrogate end
points for survival in advanced heart failure: an analysis from
FIRST. Am Heart ] 2001;141(6):908-14.

Stevenson LW, Tillisch JH, Hamilton M, Luu M,
Chelimsky-Fallick C, Moriguchi J, et al. Importance of
hemodynamic response to therapy in predicting survival
with ejection fraction less than or equal to 20% secondary

to ischemic or nonischemic dilated cardiomyopathy. Am ]
Cardiol 1990;66(19):1348-54.

Ambrosy AP, Pang PS, Khan S, Konstam MA, Fonarow GC,
Traver B, et al. Clinical course and predictive value of
congestion during hospitalization in patients admitted for
worsening signs and symptoms of heart failure with reduced
ejection fraction: findings from the EVEREST trial. Eur
Heart J 2013;34(11):835-43.

Felker GM, Lee KL, Bull DA, Redfield MM, Stevenson LW,
Goldsmith SR, et al. Diuretic strategies in patients with acute
decompensated heart failure. N Engl ] Med 2011;364(9):
797-805.

Chen HH, Anstrom KJ, Givertz MM, Stevenson LW,
Semigran MJ, Goldsmith SR, et al. Low-dose dopamine

or low-dose nesiritide in acute heart failure with renal
dysfunction: the ROSE acute heart failure randomized trial.
JAMA 2013;310(23):2533-43.

Bart BA, Goldsmith SR, Lee KL, Givertz MM, O’Connor
CM, Bull DA, et al. Ultrafiltration in decompensated

heart failure with cardiorenal syndrome. N Engl ] Med
2012;367(24):2296-304.

Masson S, Latini R, Anand IS, Vago T, Angelici L, Barlera S,
etal. Direct comparison of B-type natriuretic peptide

(BNP) and amino-terminal proBNP in a large population
of patients with chronic and symptomatic heart failure:

the Valsartan Heart Failure (Val-HeFT) data. Clin Chem
2006;52(8):1528-38.

Eurlings IWM, van Pol PEJ, Kok WE, van Wijk S,
Lodewijks-van der Bolt C, Balk AHMM, et al. Management
of chronic heart failure guided by individual N-terminal
pro-B-type natriuretic peptide targets: results of the PRIMA
(Can PRo-brain-natriuretic peptide guided therapy of
chronic heart failure IMprove heart fAilure morbidity and
mortality?) study. ] Am Coll Cardiol 2010;56(25):2090-100.
Jourdain P, Jondeau G, Funck F, Gueffet P, Le Helloco A,
Donal E, et al. Plasma brain natriuretic peptide-guided
therapy to improve outcome in heart failure: the
STARS-BNP Multicenter Study. ] Am Coll Cardiol
2007:49(16):1733-9.

Lainchbury JG, Troughton RW, Strangman KM, Frampton
CM, Pilbrow A, Yandle TG, et al. N-terminal pro-B-type
natriuretic peptide-guided treatment for chronic heart failure:
results from the BATTLESCARRED (NT-proBNP-Assisted
Treatment To Lessen Serial Cardiac Readmissions and
Death) trial. ] Am Coll Cardiol 2009;55(1):53-60.
O’Connor C, Fiuzat M, Mulder H, Coles A, Ahmad T,
Ezekowitz JA, et al. Clinical factors related to morbidity

and mortality in high-risk heart failure patients: the
GUIDE-IT predictive model and risk score. Eur ] Heart Fail
2019;21(6):770-8.

Persson H, Erntell H, Eriksson B, Johansson G, Swedberg K,
Dahlstrém U. Improved pharmacological therapy of

Texas Heart Institute Journal » 2022, Vol. 49, No. 4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Survival Prediction Models in Acute Heart Failure

chronic heart failure in primary care: a randomized Study
of NT-proBNP Guided Management of Heart Failure--
SIGNAL-HF (Swedish Intervention study--Guidelines and
NT-proBNP AnaLysis in Heart Failure). Eur ] Heart Fail
2010;12(12):1300-8.

Pfisterer M, Buser P, Rickli H, Gutmann M, Erne P,
Rickenbacher P, et al. BNP-guided vs symptom-guided heart
failure therapy: the Trial of Intensified vs Standard Medical
Therapy in Elderly Patients With Congestive Heart Failure
(TIME-CHF) randomized trial. JAMA 2009;301(4):383-92.
Stienen S, Salah K, Moons AH, Bakx AL, van Pol P, Kortz
RAM, et al. NT-proBNP (N-terminal pro-B-type natriuretic
peptide)-guided therapy in acute decompensated heart
failure: PRIMA II randomized controlled trial (Can N'T-
ProBNP-Guided Therapy During Hospital Admission for
Acute Decompensated Heart Failure Reduce Mortality and
Readmissions?). Circulation 2018;137(16):1671-83.
Velazquez EJ, Morrow DA, DeVore AD, Duffy CI, Ambrosy
AP, McCague K, et al. Angiotensin-neprilysin inhibition

in acute decompensated heart failure [published erracum
appears in N Engl ] Med 2019;380(11):1090]. N Engl ] Med
2019;380(6):539-48.

Ma TS, Bozkurt B, Paniagua D, Kar B, Ramasubbu K,
Rothe CF. Central venous pressure and pulmonary capillary
wedge pressure: fresh clinical perspectives from a new model
of discordant and concordant heart failure. Tex Heart Inst J
2011;38(6):627-38.

Zile MR, Bennett TD, St John Sutton M, Cho YK,
Adamson PB, Aaron MF, et al. Transition from chronic
compensated to acute decompensated heart failure:
pathophysiological insights obtained from continuous
monitoring of intracardiac pressures. Circulation
2008;118(14):1433-41.

Bourge RC, Abraham WT, Adamson PB, Aaron MF,
Aranda JM Jr, Magalski A, et al. Randomized controlled
trial of an implantable continuous hemodynamic monitor
in patients with advanced heart failure: the COMPASS-HF
study. ] Am Coll Cardiol 2008;51(11):1073-9.

Adamson PB, Gold MR, Bennett T, Bourge RC, Stevenson
LW, Trupp R, et al. Continuous hemodynamic monitoring
in patients with mild to moderate heart failure: results of The
Reducing Decompensation Events Utilizing Intracardiac
Pressures in Patients With Chronic Heart Failure
(REDUCEh() trial. Congest Heart Fail 2011;17(5):248-54.
Zile MR, Bennett TD, El Hajj S, Kueffer FJ, Baicu CF,
Abraham WT, et al. Intracardiac pressures measured using
an implantable hemodynamic monitor: relationship to
mortality in patients with chronic heart failure. Circ Heart
Fail 2017;10(1):e003594.

Abraham WT, Adamson PB, Bourge RC, Aaron MF,
Costanzo MR, Stevenson LW, et al. Wireless pulmonary
artery haemodynamic monitoring in chronic heart failure:

a randomised controlled trial [published erracum appears in
Lancet 2012;379(9814):412]. Lancet 2011;377(9766):
658-66.

Adamson PB, Abraham WT, Aaron M, Aranda JM Jr,
Bourge RC, Smith A, et al. CHAMPION trial rationale and
design: the long-term safety and clinical efficacy of a wireless
pulmonary artery pressure monitoring system. J Card Fail
2011;17(1):3-10.

Givertz MM, Stevenson LW, Costanzo MR, Bourge

RC, Bauman JG, Ginn G, et al. Pulmonary artery
pressure-guided management of patients with heart

failure and reduced ejection fraction. ] Am Coll Cardiol
2017:70(15):1875-86.

Angermann CE, Assmus B, Anker SD, Asselbergs FW/,
Brachmann J, Brett ME, et al. Pulmonary artery pressure-

10/11

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

guided therapy in ambulatory patients with symptomatic
heart failure: the CardioMEMS European Monitoring
Study for Heart Failure (MEMS-HF). Eur ] Heart Fail
2020522(10):1891-901.

Shavelle DM, Desai AS, Abraham WT, Bourge RC, Raval
N, Rathman LD, et al. Lower rates of heart failure and
all-cause hospitalizations during pulmonary artery pressure-
guided therapy for ambulatory heart failure: one-year
outcomes from the CardioMEMS post-approval study. Circ
Heart Fail 2020;13(8):e006863.

van Veldhuisen DJ, Braunschweig F, Conraads V, Ford I,
Cowie MR, Jondeau G, et al. Intrathoracic impedance
monitoring, audible patient alerts, and outcome in patients
with heart failure. Circulation 2011;124(16):1719-26.
Peduzzi P, Concato J, Feinstein AR, Holford TR. Importance
of events per independent variable in proportional hazards
regression analysis. II. Accuracy and precision of regression
estimates. ] Clin Epidemiol 1995;48(12):1503-10.
McMurray JJ, Packer M, Desai AS, Gong ], Lefkowitz MP,
Rizkala AR, et al. Angiotensin-neprilysin inhibition versus
enalapril in heart failure. N Engl ] Med 2014;371(11):
993-1004.

McMurray JJV, Solomon SD, Inzucchi SE, Kober L,
Kosiborod MN, Martinez FA, et al. Dapagliflozin in patients
with heart failure and reduced ejection fraction. N Engl J
Med 2019;381(21):1995-2008.

InJ, Lee DK. Survival analysis: part I - analysis of time-to-
event. Korean J Anesthesiol 2018;71(3):182-91.

Levy WC, Anand IS. Heart failure risk prediction models:
what have we learned? JACC Heart Fail 2014;2(5):437-9.
Stevenson LW, Zile M, Bennett TD, Kueffer FJ, Jessup

ML, Adamson P, et al. Chronic ambulatory intracardiac
pressures and future heart failure events. Circ Heart Fail
2010;3(5):580-7.

Lindenfeld J, Abraham WT, Maisel A, Zile M, Smart F,
Costanzo MR, et al. Hemodynamic-GUIDEd management
of Heart Failure (GUIDE-HF). Am Heart ] 2019;214:18-27.
Lindenfeld J, Zile MR, Desai AS, Bhatt K, Ducharme A,
Horstmanshof D, et al. Haemodynamic-guided management
of heart failure (GUIDE-HF): a randomised controlled trial.
Lancet 2021;398(10304):991-1001.

Texas Heart Institute Journal » 2022, Vol. 49, No. 4

Survival Prediction Models in Acute Heart Failure  11/11
http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



