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Abstract

Background Sudden death (SD) and pump failure death (PFD) are leading modes of death in heart failure and preserved
ejection fraction (HFpEF). Risk stratification for mode-specific death may aid in patient enrichment for new device trials
in HFpEF.

Methods Models were derived in 4116 patients in the Irbesartan in Heart Failure with Preserved Ejection Fraction trial
(I-Preserve), using competing risks regression analysis. A series of models were built in a stepwise manner, and were vali-
dated in the Candesartan in Heart failure: Assessment of Reduction in Mortality and morbidity (CHARM)-Preserved and
Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) trials.

Results The clinical model for SD included older age, men, lower LVEF, higher heart rate, history of diabetes or myocardial
infarction, and HF hospitalization within previous 6 months, all of which were associated with a higher SD risk. The clinical
model predicting PFD included older age, men, lower LVEF or diastolic blood pressure, higher heart rate, and history of
diabetes or atrial fibrillation, all for a higher PFD risk, and dyslipidaemia for a lower risk of PFD. In each model, the observed
and predicted incidences were similar in each risk subgroup, suggesting good calibration. Model discrimination was good
for SD and excellent for PFD with Harrell’s C of 0.71 (95% CI 0.68-0.75) and 0.78 (95% CI1 0.75-0.82), respectively. Both
models were robust in external validation. Adding ECG and biochemical parameters, model performance improved little in
the derivation cohort but decreased in validation. Including NT-proBNP substantially increased discrimination of the SD
model, and simplified the PFD model with marginal increase in discrimination.
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Conclusions The clinical models can predict risks for SD and PFD separately with good discrimination and calibration in
HFpEF and are robust in external validation. Adding NT-proBNP further improved model performance. These models may
help to identify high-risk individuals for device intervention in future trials.

Clinical trial registration I-Preserve: ClinicalTrials.gov NCT00095238; TOPCAT: ClinicalTrials.gov NCT00094302;

CHARM-Preserved: ClinicalTrials.gov NCT00634712.

Graphic abstract

Model derivation (I-PRESERVE (N=4116)

2. Model performance assessment

1.Stepwise modelling process — —
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(Harrell's C) (OE plot)
SD PFD SD PFD
Step 1: Clinical predictors — Model 1 0.71 0.78 For each model, the predicted
and observed cumulative
Step 2: Model 1+ECG parameters —» Model 2 0.72 As model 1 incidences are nearly identical
Step 3: Model 2+Laboratory tests —¥» Model 3 0.71 0.80 in each tertile of the risk score
over time, indicating good
Step 4: Model 3+NT-proBNP —» Model 4 0.75 0.80 calibration.
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3. External validation

CHARM-Preserved (N=2556)

TOPCAT (N=3401)

Harrell’s C: 0.68-0.69 for SD, 0.79 for PFD

Harrell’'s C: 0.64-0.73 for SD, 0.71-0.80 for PFD

Calibration: reasonable

Calibration: reasonable
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Introduction

In heart failure, implantable cardioverter defibrillators
(ICDs) are currently indicated as a primary preventive ther-
apy only in selected patients with reduced ejection fraction
(HFrEF) [1, 2]. Yet, sudden death is also relatively common
in patients with heart failure and preserved ejection fraction
(HFpEF), and the potential value of an ICD in patients with
HFpEF has been discussed [3—5]. However, the cause of
death in individual patients with HFpEF is highly variable,
and if any future trial of ICD therapy is to be successful (and
device therapy in HFpEF to be affordable), identification
of the subgroup of patients at highest risk of sudden death
is essential. Unfortunately, there is a paucity of studies on
the prediction of mode of death in patients with HFpEF,
with only one predictive model for sudden death [6]. Despite
good discriminative ability, this existing model did not take
account of the competing risk of death from other causes,
which is considerable in patients with HFpEF, and it has
not been validated in an independent cohort [6]. Therefore,
the aim of this study was to develop models to predict sud-
den death and pump failure death, separately, using standard
demographic and clinical variables, along with ECG find-
ings and laboratory measurements including N-terminal pro-
B-type natriuretic peptide (NT-proBNP). These models were

developed in the Irbesartan in Heart Failure with Preserved
Ejection Fraction Study (I-Preserve) [7] and validated in
similar patients enrolled in the Candesartan in Heart fail-
ure: Assessment of Reduction in Mortality and morbidity
(CHARM)-Preserved study and the Treatment of Preserved
Cardiac Function Heart Failure with an Aldosterone Antago-
nist (TOPCAT) study [8, 9].

Methods
The derivation and validation cohorts

This study consisted of one derivation cohort of patients with
HFpEF (I-Preserve) and two validation cohorts (CHARM-
Preserved and TOPCAT) [7-9]. The design and primary
results of these trials have been previously reported. Briefly,
I-Preserve randomized 4128 patients aged > 60 years who
had symptomatic (New York Heart Association [NYHA]
class II-1V) HF with a left-ventricular ejection fraction
(LVEF) >45% to receive irbesartan or placebo. Patients
were required to have current symptoms and signs of HF and
corroborating evidence including pulmonary congestion on
radiography, left-ventricular hypertrophy (LVH) or left atrial
enlargement on echocardiography, or LVH or left bundle
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branch block (LBBB) on ECG. Patients in NYHA class II
were additionally required to have had an HF hospitalization
within the past 6 months [7]. CHARM-Preserved compared
candesartan with placebo in 3023 patients who had NYHA
class II-IV HF with an LVEF >40%, and patients in NYHA
class II were required to have been hospitalized for a cardiac
reason within the past 6 months [9]. TOPCAT enrolled 3445
patients aged > 50 years who had symptomatic HF with an
LVEF >45%; patients were eligible if they had been hospi-
talized for HF within the past 12 months, or had an elevated
natriuretic peptide level within 60 days before randomiza-
tion (i.e., B-type natriuretic peptide [BNP] > 100 pg/ml or
NT-proBNP >360 pg/ml) [8]. Patients having an ICD or car-
diac resynchronization therapy with defibrillator (CRT-D) at
baseline (if any) were excluded, as these devices selectively
reduce the risk of one of the two modes of death of interest.
Patients with an LVEF <45% in CHARM-Preserved were
excluded to ensure a consistent LVEF entry threshold across
the trials. Each trial was approved by the ethics commit-
tee at participating centers and all patients provided written
informed consent.

Outcomes of interest

Sudden death and pump failure death were the outcomes of
interest in the study. In each trial, all deaths were adjudi-
cated by a clinical endpoint committee in a blinded fashion
according to pre-specified criteria. Similar definitions for
mode-specific death were used across these trials: sudden
death was defined as an unexpected death in an otherwise
stable patient, and pump failure death was defined as a
death occurring within the context of clinically worsening
symptoms and/or signs of HF without evidence of another
cause of death (definitions in detail are presented in Online
Table 1).

Candidate prediction variables

A wide range of baseline variables (N=45) were assessed
to identify predictors for sudden death and pump failure
death separately in I-Preserve. These variables included
demographics, clinical variables, medical history, ECG
parameters, routine laboratory tests, and NT-proBNP. A
full set of baseline variables was collected in most patients
in I-Preserve (with missing observations <5%), except for
NT-proBNP which was measured in 84% of the cohort. The
clinical variables were available in most patients in both
validation cohorts, but the laboratory measurements were
not made in CHARM-Preserved, except for serum creati-
nine/eGFR which was available in the patients from North
America (39% of the cohort). In TOPCAT, the required
laboratory measurements were recorded in most patients
(missing observations < 5%), except for blood urea nitrogen
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(available in 77% of the cohort) and NT-proBNP (available
in 18%).

Statistical analysis

For each mode of death, the prognostic value of each can-
didate variable on the cumulative incidence was first exam-
ined with the use of a univariate Fine-Gray regression model
[10]. For each continuous variable, its linear association
with the cumulative incidence of mode-specific death was
examined graphically by means of the restricted cubic spline
method, and if the response appeared non-linear, certain cut-
off values or transformations were used based on the spline
curves and clinical relevance [11]. For each categorical vari-
able, appropriate dummy variables were applied based on
literature and data availability. The statistical power for each
candidate variable was quantified by Chi-square values with
one degree of freedom which was positively associated with
the prediction strength. For each outcome, univariate pre-
dictors significant at a p value < 0.20 were included in mul-
tivariable Fine-Gray regression analyses with a backward
stepwise selection at an exclusion p value of 0.05. A total
of four multivariable models were developed for each mode
of death: Model 1 was selected from candidate variables
including demographics, clinical features, and medical his-
tory; Model 2 was developed using the candidate variables
for Model 1 with the addition of ECG parameters; Model 3
used routine laboratory test in addition to the variables for
Model 2, and Model 4 added NT-proBNP to the variables
used in Model 3. Each model was developed using the com-
plete-case analysis method. The proportional subdistribution
hazard assumption was examined using time-varying terms
for the derived models.

For each derived model, an individual’s risk score was
calculated as the sum of each predictor value multiplied by
its corresponding coefficient from the multivariable model.
Model calibration was graphically examined by compar-
ing the predicted cumulative incidence with the observed
Aalen—Johansen estimator in each tertile of the risk score
(the closer the better) [12]. Model discrimination was
examined by visually assessing the separation of each set of
curves (the wider the better) and by computing the Harrell’s
C statistic [11].

External validation was performed in CHARM-Preserved
as well as in TOPCAT. In CHARM-Preserved, only Model 1
and Model 2 for mode-specific death were validated, given
that the laboratory variables were not available in most
patients. In TOPCAT, the four derived models for each mode
of death were validated. For each model to be validated, an
individual’s risk score was calculated as the sum of predic-
tor coefficients from each derivation model multiplied by
its corresponding predictor values in the validation cohort.
The obtained risk score for each model was then fitted into
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a univariate Fine-Gray regression analysis. Model perfor-
mance was examined using the same approach as the deriva-
tion procedure. Given the small cohort size of patients with
NT-proBNP measurements in TOPCAT, the risk score of
Model 4 for each mode of death was categorised into two
subgroups by which the observed and predicted cumulative
incidences over time were plotted and compared.

To examine the ability of our models to separate patients
with different outcomes by the end of follow-up, the risk
scores for sudden death and pump failure death at baseline
were calculated, separately, for each patient in I-Preserve,
using the respective models (in each case Model 4, including
NT-proBNP). Thereafter, the distribution of outcomes (i.e.,
sudden death, pump failure death, and other deaths or alive)
was plotted against both of the risk scores simultaneously.

We also compared mode-specific rates of death in high-
risk patients in I-Preserve with the same rates in patients in
the control groups in the Sudden Cardiac Death in Heart
Failure Trial (SCD-HeFT) [13]. The patients in I-Preserve
were those in the highest tertile of the sudden death risk
score (based on model 4), along with the addition of age
(<70 vs.>70 years) as another stratifier.

A two-tailed p <0.05 was considered statistically signifi-
cant. All analyses were performed using STATA software
(version 14.0 SE).

Results

Patient characteristics and mortality events
in the derivation cohort

The derivation cohort included 4116 patients with HFpEF
in [-Preserve, after excluding 12 patients with an ICD or
CRT-D at baseline. The average age was 72 years and 60%
were women. The mean LVEF was 59%, the vast majority
(97%) were in NYHA class II-III (predominantly in class III)
symptoms, and most had a hypertensive etiology (64%). The
baseline characteristics are shown in Table 1.

During a median 52.9 months of follow-up, 877 death
events occurred, including 230 sudden deaths and 123 pump
failure deaths. The corresponding annual rates for sudden
death and pump failure death were 1.4 (95% CI 1.2-1.6)
and 0.7 (95% CI 0.6-0.9) per 100 patient-years, respectively.

Derivation of the sudden death models

The 25 strongest prediction variables for sudden death were
listed in a descending order of prediction strength from
the univariate analysis in [-Preserve in Online Table 2; the
five most powerful prognostic variables were NT-proBNP,
LVEF, blood urea nitrogen, male sex, and serum creatinine.

The four multivariable models for sudden death derived
from four sets of candidate variables are summarized in
Table 2. Model 1 included 7 prediction variables: older age,
male sex, lower LVEF, higher heart rate, history of diabetes
or myocardial infarction, and HF hospitalization within pre-
vious 6 months, all of which were independently associated
with a higher risk of sudden death. Model 2 further included
LVH and bundle branch block on the ECG, and both were
associated with a higher risk of sudden death, in addition
to the predictive variables in Model 1. In Model 3, serum
albumin entered the model and a lower albumin was associ-
ated with a higher risk of sudden death, but heart rate and
bundle branch block on ECG dropped out of the model. In
Model 4, albumin and HF hospitalization within previous
6 months dropped from the model once NT-proBNP was
included, with higher levels of NT-proBNP associated with
a higher risk of sudden death.

For the continuous variables, there was no further trend
in the risk of sudden death with age for values < 60 years, for
LVEF with values of > 60%, for albumin with values of <35
or>45 g/L, and for NT-proBNP with values of >3000 pg/
ml (Online Fig. Al).

Derivation of the pump failure death models

The 25 most powerful prediction variables for pump failure
death are shown in Online Table 3, in a descending order of
prediction strength based on the univariate analysis, and the
five strongest prediction variables were NT-proBNP, blood
urea nitrogen, serum creatinine, age, and eGFR.

The four multivariable models for pump failure death are
presented in Table 3. Model 1 included 8 variables, in which
older age, male sex, lower LVEF or diastolic blood pres-
sure, higher heart rate, and history of diabetes or atrial fibril-
lation were associated with higher risks for pump failure
death, while a history of dyslipidaemia was associated with
a lower risk. None of the ECG-derived candidate variables
were further selected, i.e., Model 2 was identical to Model
1. Compared with Model 1, Model 3 additionally selected
serum albumin, potassium, and creatinine, and a lower level
of albumin and higher levels of potassium and creatinine
were associated with higher risks of pump failure death.
However, with the addition of these variables, sex and heart
rate fell out of the model. Model 4 included NT-proBNP, and
a higher level of NT-proBNP was associated with higher risk
for pump failure death while LVEF, potassium, albumin, and
history of atrial fibrillation fell out of the model.

For the continuous variables, there was no further trend in
the risk of pump failure death with age for values < 60 years,
for LVEF with values of > 60%, for diastolic blood pressure
with values of > 80 mmHg, for potassium with values of <4
or> 5.5 mmol/l, for albumin with values of <35 or>45 g/l,
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Table 1 Baseline characteristics

. ;i . Derivation cohort  Validation cohorts
of patients with HFpEF in

the derivation and validation I-Preserve CHARM-Preserved = TOPCAT
cohorts
(N=4116) (N=2556) (N=3401)
Age-years 71.6+6.9 66.9+11.0 68.5+£9.6
Female (%) 2485 (60.4) 1077 (42.1) 1760 (51.8)
Race (%)
White 3847 (93.5) 2337 (91.4) 3028 (89.0)
Black 82 (2.0) 107 (4.2) 294 (8.6)
Asian 35(0.9) 64 (2.5) 18 (0.5)
Other 152 (3.7) 48 (1.9) 61 (1.8)
Blood pressure—mmHg
Systolic 136.4+15.0 136.6+18.6 129.3+13.9
Diastolic 78.8+9.1 77.8+10.7 75.9+10.6
Heart rate—beats/min 71.4+10.5 71.4+124 69.0+10.6
Body mass index 29.6+5.3 293+5.8 32.1+7.1
LVEF—% 59.4+9.2 56.1+8.7 57.1+7.4
NYHA class (%)
I-11 869 (21.1) 1582 (61.9) 2282 (67.2)
m-1v 3246 (78.9) 974 (38.1) 1116 (32.8)
Etiology (%)
Ischemic 1033 (25.1) 1378 (53.9) -
Hypertensive 2616 (63.6) 631 (24.7) -
Other 467 (11.3) 547 (21.4) -
Medical history (%)
Current smoking - 328 (12.8) 357 (10.5)
HF hospitalization within last 6 months 1809 (44.0) 935 (36.6) 1787 (52.5)
Myocardial infarction 963 (23.4) 1046 (40.9) 873 (25.7)
Angina 1773 (43.1) 1509 (59.0) 1598 (47.0)
CABG or PCI 542 (13.2) 821 (32.1) 791 (23.3)
Coronary artery disease 2087 (50.7) 1790 (70.0) 1993 (58.6)
Hypertension 3645 (88.6) 1683 (65.8) 3109 (91.5)
Diabetes 1128 (27.4) 727 (28.4) 1096 (32.3)
Atrial fibrillation 1199 (29.1) 762 (29.8) 1192 (35.1)
Stroke 394 (9.6) 222 (8.7) 260 (7.7)
Pacemaker 245 (6.0) 183 (7.2) 247 (7.3)
COPD or asthma 386 (9.4) - 543 (16.0)
Dyslipidemia 1801 (43.8) - 2039 (60.0)
Treatment (%)
Digitalis 556 (13.5) 680 (26.6) 337 (9.9)
Diuretics 3407 (82.8) 1909 (74.7) 2778 (81.9)
Loop 2140 (52.0) 1576 (61.7) 1764 (52.0)
Thiazide 1552 (37.7) 355 (13.9) 1394 (41.1)
ACEI or ARB 2572 (62.5) 1499 (58.6) 2863 (84.2)
Beta-blocker 2423 (58.9) 1405 (55.0) 2637 (77.7)
MRA 631 (15.3) 302 (11.8) 1698 (49.9)
Calcium channel blocker 1634 (39.7) 833 (32.6) 1284 (37.8)
Antiarrhythmic agent 355 (8.6) 250 (9.8) 289 (8.5)
Antiplatelet 2412 (58.6) 1562 (61.1) 2292 (67.6)
Oral anticoagulant 783 (19.0) 625 (24.5) 774 (22.8)
Lipid lowering agent 1272 (30.9) 1052 (41.2) 1816 (53.5)
Anti-diabetic agent 922 (22.4) - 943 (27.8)
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Table 1 (continued)

Derivation cohort ~ Validation cohorts

I-Preserve CHARM-Preserved = TOPCAT
(N=4116) (N=2556) (N=3401)
ECG

QRS duration—milliseconds 90 (80-106) 92 (82-106)
Atrial fibrillation or flutter (%) 694 (16.9) 421 (16.5) 689 (20.4)
Bundle branch block (%) 613 (14.9) 346 (13.6) 589 (17.4)

Left bundle branch block (%) 336 (8.2) - -

Right bundle branch block (%) 283 (6.9) - -
Left ventricular hypertrophy (%) 1257 (30.5) 373 (14.7) 738 (21.8)

Laboratory tests

Albumin—g/I 43.1+3.4 - 41.1+54
Aspartate aminotransferase—U/1 23.7+10.5 - 254+12.6
Alanine aminotransferase—U/1 233+152 - 25.1+14.3
Bilirubin—mg/d1 0.65+0.29 - 0.73 +£0.66
Potassium—mmol/I 4444047 - 4.25+0.45
Sodium—mmol/l 139.5+3.0 - 141.2+4.2
Hemoglobin—g/I 140.0+15.0 - 133.0+16.8
Hematocrit—% 42.1+4.5 - 41.2+66.3
Leukocyte—10°/1 7.15+2.0 - 7.07+3.8
Neutrophil—10°/1 453+1.7 - -
Platelet—10°/1 233.8+66.8 - 231.6+66.6
Blood urea nitrogen—mg/dl 21.3+9.3 - 21.2+11.3
Creatinine—mg/dl 1.00+0.32° 1.12+041° 1.09+0.30
e¢GFR—ml/min/1.73m? 72.6+22.5% 722+27.1° 67.7+20.2
¢GFR < 60 ml/min/1.73m? 1239 (30.8)* 322 (34.9)° 1307 (38.5)

NT-proBNP—pg/ml

339 (133-960)° - 843 (463-1727)°

Plus-minus values are mean + standard deviation. QRS duration and NT-proBNP are presented as median
with interquartile range. Other values are presented in number with percentage

LVEF left-ventricular ejection fraction, NYHA New York Heart Association, CABG coronary artery bypass
grafting, PCI percutaneous coronary intervention, COPD chronic obstructive pulmonary disease, ACEI
angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, MRA mineralocorticoid recep-
tor antagonist, eGFR estimated glomerular filtration rate, NT-proBNP N-terminal pro-B-type natriuretic

peptide

The letters denote the number of patients available: *4027 (98%); 3470 (84%); ©922 (39%); 4615 (18%)

‘= denotes data not available

for creatinine with values of <0.8 or>2.5 mg/dl, and for
NT-proBNP with values of >3000 pg/ml (Online Fig. A2).

Performance of the derived models

As can be seen from Fig. 1, each sudden death model
showed excellent calibration: the predicted cumulative
incidence curve was in good agreement with the corre-
sponding observed one based on the Aalen—Johansen esti-
mator in each tertile of the risk score over time. Both sets
of three curves were well separated, suggesting good dis-
crimination; in particular, Model 4 identified the highest
tertile with seven times the risk of the lowest tertile. The
discrimination was further quantified by the Harrell’s C

statistic with values of 0.71 (95% CI 0.68-0.75) in Model
1, 0.72 (95% CI 0.69-0.75) in Model 2, 0.71 (95% CI
0.68-0.75) in Model 3, and 0.75 (95% CI 0.72-0.78) in
Model 4.

For each of the pump failure death models, the predicted
and observed cumulative incidences were almost identical
in each tertile of the risk score over time, indicating good
calibration (Fig. 2). Compared to the lowest tertile, the risk
for pump failure death was 12 times higher in the highest ter-
tile in Model 1, and this figure was 13 in Model 3 and 20 in
Model 4. The excellent discrimination was confirmed by the
Harrell’s C statistic with values of 0.78 (95% CI 0.75-0.82)
in Model 1 (or Model 2), 0.80 (95% CI 0.76-0.83) in Model
3, and 0.80 (95% C1 0.76-0.84) in Model 4.
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Table 2 Multivariable models for sudden death in I-Preserve

Number of patients (number of events)

Sudden death Model 1

Sudden death Model 2

4109 (230)

4109 (230)

C statistic 0.71 (95% C1 0.68-0.75) 0.72 (95% CT: 0.69-0.75)

Coefficient sHR (95% CI) 7 p value Coefficient sHR (95% CI) 7 p value
Age 60 years or above, per 1 year increase 0.049 1.05 (1.03-1.07) 255 <0.001 0.05 1.05 (1.03-1.07) 24.8 <0.001
Male sex 0.553 1.74 (1.33-2.27) 16.6 <0.001 0.551 1.74 (1.33-2.27) 163  <0.001
LVEF 45-60%, per 1% decrease 0.053 1.05 (1.03-1.08) 15.7 <0.001 0.051 1.05(1.02-1.08) 143  <0.001
Heart rate 50—100 beats/min, per 5 beats/min  0.070 1.07 (1.01-1.14) 52 0.022 0.067 1.07 (1.01-1.13) 4.8 0.029
History of diabetes 0.519 1.68 (1.28-2.20) 143  <0.001 0.531 1.70 (1.30-2.23) 147 <0.001
History of myocardial infarction 0.419 1.52(1.14-2.02) 83 0.004 0.435 1.54 (1.16-2.05) 9.0 0.003
HF hospitalization within previous 6 months  0.364 1.44 (1.10-1.88) 7.1 0.007 0.373 1.45(1.11-1.89) 7.5 0.006
Bundle branch block on ECG 0.327 1.39 (1.00-1.92) 3.9 0.049
Left ventricular hypertrophy on ECG 0.376 146 (1.11-1.92) 7.3 0.007

Sudden death Model 3 Sudden death Model 4
Number of patients (number of events) 4021 (228) 3467 (195)
C statistic 0.71 (95% CI: 0.68-0.75) 0.75 (95% CI: 0.72-0.78)

Coefficient sHR (95% CI) Ve p value Coefficient sHR (95% CI) Ve p value
Age 60 years or above, per 1 year increase 0.046 1.05 (1.03-1.07) 21.0 <0.001 0.034 1.03 (1.01-1.06) 9.5 0.002
Male sex 0.529 1.70 (1.30-2.22) 14.8 <0.001 0.506 1.66 (1.23-2.23) 11.3 0.001
LVEF 45-60%, per 1% decrease 0.055 1.06 (1.03-1.08) 16.7 <0.001 0.036 1.04 (1.01-1.07) 5.8 0.017
Heart rate 50-100 beats/min, per 5 beats/min
History of diabetes 0.547 1.73 (1.32-2.27) 155 <0.001 0.568 1.76 (1.31-2.37) 142 <0.001
History of myocardial infarction 0.415 1.51(1.14-2.01) 8.2 0.004 0.463 1.59 (1.17-2.15) 9.0 0.003
HF hospitalization within the last 6 months 0.336 1.40 (1.07-1.83) 6.0 0.014
Bundle branch block on ECG
Left ventricular hypertrophy on ECG 0.395 1.48 (1.13-1.95) 8.0 0.005 0.34 1.40 (1.04-1.90) 4.9 0.027
Albumin 3545 g/, per 1 g/l decrease 0.065 1.07 (1.01-1.12) 6.2 0.013
NT-proBNP up to 3000 pg/ml, per 100 pg/ml 0.048 1.05 (1.03-1.06) 42.6 <0.001

sHR subdistribution hazard ratio, CI confidence interval, LVEF left-ventricular ejection fraction, ECG electrocardiography, NT-proBNP N-termi-

nal pro-B-type natriuretic peptide

2 score: the larger 5 value, the more powerful the predictor

Some violation of proportional subdistribution hazard
assumption was observed for creatinine (p =0.043) in the
pump failure death models. When graphically displaying the
cumulative incidences of pump failure death by tertile of
creatinine, the curves generally did not cross over time, sug-
gesting that this was statistically significant but not relevant
to the performance of the model (Online Fig. A3).

External validation of the models
in CHARM-Preserved

External validation was performed in 2556 patients in
CHARM-Preserved after excluding 23 patients with an ICD
or CRT-D at baseline and 444 patients with an LVEF <45%.
There was some difference in baseline characteristics
between CHARM-Preserved and I-Preserve. Patients in

@ Springer

CHARM-Preserved tended to be younger and more often
men with a lower mean LVEF, and were more likely to have
an ischemic etiology and a history of myocardial infarction,
but had a lower prevalence of previous HF hospitalization
and ECG LVH (Table 1).

During a median 36.6 months of follow-up, 409 death
events were recorded in CHARM-Preserved, including 110
sudden deaths and 82 pump failure deaths, with the corre-
sponding annual rates of 1.5 (95% CI 1.2-1.8) and 1.1 (95%
CI 0.9-1.4) per 100 patient-years, respectively.

For the sudden death models, there was a marginal
decrease in discrimination ability when validated in
CHARM-Preserved, with a Harrell’s C statistic of 0.68 (95%
CI10.64-0.73) for Model 1 and 0.69 (95% CI 0.65-0.74) for
Model 2. For Model 1, the predicted and observed cumu-
lative incidences were broadly similar across tertiles and
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Fig. 1 Observed vs. predicted cumulative incidence curves for sudden
death by tertile of the risk scores based on the sudden death models
in I-Preserve. a Sudden death model 1, b sudden death model 2, ¢
sudden death model 3, d sudden death model 4. Red solid lines are

both sets of curves were evenly distributed. However, Model
2 was less able to discriminate the higher two tertiles and
slightly under-predicted the highest tertile but over-esti-
mated the middle tertile in the middle period of follow-up
(Online Fig. A4).

For the pump failure death Model 1 (or Model 2), history
of dyslipidemia was not recorded and treatment with lipid
lowering agents was used instead. Discrimination remained
excellent in CHARM-Preserved with a Harrell’s C of 0.79
(95% CI1 0.75-0.83), and calibration was generally reason-
able over time (Online Fig. AS).

External validation of the models in TOPCAT
Models developed in I-Preserve were also validated in 3401
patients in TOPCAT, after excluding 44 patients with an

ICD or CRT-D. Baseline characteristics were broadly similar
between I-Preserve and TOPCAT, but some differences were

@ Springer

predicted cumulative incidence curves based on the corresponding
models, and black dotted lines are the observed cumulative incidence
curves based on Aalen—Johansen estimators

noted. Compared to those in I-Preserve, patients in TOPCAT
were slightly younger and more often men, and had a lower
level of mean LVEEF, blood pressure, and serum albumin,
but had a substantially higher level of median NT-proBNP
among the 615 patients (18%) with NT-proBNP available;
patients in TOPCAT had a higher average BMI and were
more likely to have dyslipidemia, renal dysfunction, or prior
HF hospitalization, but had a lower prevalence of ECG LVH
(Table 1).

There were 520 death events in TOPCAT over a median
41.1 months of follow-up, including 110 sudden deaths and
65 pump failure deaths with the corresponding annual rates
of 1.0 (95% CI 0.8-1.2) and 0.6 (95% CI 0.4-0.7) per 100
patient-years, respectively.

For the sudden death models, a modest decrease in
discrimination was observed when validated in TOPCAT,
with a Harrell’s C of 0.66 (95% CI 0.61-0.71) for Model
1, 0.65 (95% CI 0.60-0.70) for Model 2, 0.64 (95% CI
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Fig.2 Observed vs. predicted cumulative incidence curves for pump
failure death by tertile of the risk scores based on the pump failure
death models in I-Preserve. a Pump failure death model 1 or 2; b
pump failure death model 3; ¢ pump failure death model 4. Red solid

0.59-0.69) for Model 3, and 0.73 (95% CI 0.64-0.83) for
Model 4, respectively. Despite some disagreement in the
middle period of follow-up, the observed and predicted
cumulative incidences were generally similar across sub-
groups except for Model 3 which failed to separate the
higher two tertiles, i.e., it over-estimated the highest ter-
tile and underestimated the middle one (Online Fig. A6).
For the pump failure death models, discrimination con-
siderably decreased but remained good in TOPCAT with
a Harrell’s C of 0.72 (95% CI 0.65-0.79) for Model 1,
0.71 (95% CI 0.63-0.78) for Model 3, and 0.80 (95% CI
0.68-0.92) for Model 4. In general, the calibration was
reasonable in these models, except for Model 1 which
did not separate the lower two tertiles (Online Fig. A7).

lines are predicted cumulative incidence curves based on the corre-
sponding models, and black dotted lines are the observed cumulative
incidence curves based on Aalen—Johansen estimators

Predicting an individual’s risk

The multivariable models presented in Tables 2 and 3 from
I-Preserve can be used to calculate an individual’s risk score
for sudden death and pump failure death, respectively, by
adding up the products of the value and its corresponding
coefficient of each prediction variable from each model.
Based on the obtained risk score, the corresponding cumu-
lative incidence for each mode of death within 4 years can be
estimated using the corresponding curves outlined in Online
Fig. A8 and Online Fig. A9, which showed the distribution
of the risk scores for each mode of death, based on the clini-
cal model (Model 1) and the model with NT-proBNP (Model
4), and its association with the corresponding predicted

@ Springer
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Score of sudden death
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SD

6 8

Score of pump failure death

Fig.3 Survival status at the end of follow-up in I-Preserve, according
to baseline risk score for sudden death and pump failure death. Every
patient has a score for both risk of pump failure death and risk of sud-
den death at baseline, plotted on the X and Y axis, respectively. The
shaded areas show the outcome for each patient during follow-up,
according to their scores (PFDpump failure death, OD other death,

cumulative incidence by 4 years in I-Preserve, respectively
(Examples are given in Online Supplement).

Figure 3 illustrates the outcome of patients during follow-
up in I-Preserve according to their risk scores at baseline for
sudden death and pump failure death. As can be seen, these
scores clearly identified patients at particular risk of both
sudden death and pump failure death, separately (upper left
and lower right quadrants, respectively).

Mode-specific death in the high-risk subgroup
based on the sudden death model in I-Preserve
and in the control group of SCD-HeFT

The risk highest tertile of patients in I-Preserve (identified
using sudden death risk model 4) had an annual rate of sud-
den death (3.1 per 100 patient-years) similar to that in the
control group of SCD-HeFT (3.2 per 100 patient-years),
although the former had a slightly higher rate of non-sudden
deaths (7.5 vs. 5.4 per 100 patient-years) (Fig. 4). With the
addition of age as another stratifier (<70 vs.>70 years), the

@ Springer

SD sudden death). As can be seen, patients who died suddenly (shown
in red, clustered in the upper left quadrant of the figure) had a high
score for risk of sudden death and low score for risk of pump fail-
ure death. The opposite was true for patients dying from pump failure
(clustered in the lower right quadrant of the figure)

highest risk tertile of patients aged <70 years had nearly
identical rates of sudden death and non-sudden deaths as
those in the control arm of SCD-HeFT.

Discussion

Risk stratification for mode-specific death has been studied
in patients with HFrEF [14-16], but remains largely unex-
plored in patients with HFpEF [17-20]. Identification of
prognostic factors for mode-specific death may help with the
understanding of the pathophysiological mechanisms under-
lying the cause of death. It may also permit the identification
of high-risk subgroups for inclusion in new trials of device
interventions or pharmacological therapies, especially as
sudden death is a not infrequent occurrence in HFpEF and
there is evidence that a high proportion of HFpEF patients
with sudden death have a shockable rhythm [20, 21]. This
in turn should allow affordable, adequately powered, trials
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Fig.4 Annual rates of modes of death in the highest tertile based
on the sudden death model in I-Preserve and in the control group of
SCD-HeFT. The range of the risk score in the highest tertile based

to be conducted in a realistic number of patients who are
most likely to benefit from the treatment under investigation.

We developed a series of models to predict sudden death
and pump failure death separately in the HFpEF patients
enrolled in I-Preserve and externally validated these models
in CHARM-Preserved and TOPCAT. We used a broad spec-
trum of variables which were included in a stepwise manner.
The simplest derived (Model 1 using just demographic and
clinical variables) showed good calibration and discrimina-
tion, especially for pump failure death, and remained robust,
despite a modest decrease in discrimination when validated
in TOPCAT, possibly because this trial had the lowest rate
of sudden death of all three. Interestingly, further integration
of ECG parameters alone (Model 2), even in combination
with routine laboratory measurements (Model 3), led to little
improvement in model performance in the derivation cohort,
and led to a decrease in discrimination and calibration (par-
ticularly using Model 3) in the validation cohorts. By con-
trast, the inclusion of NT-proBNP (Model 4) substantially
increased the discriminative ability for sudden death and
simplified the model for pump failure death, with a marginal
increase in discrimination. Both models remained robust

on sudden death model 4 in I-Preserve was from 3.8 to 6.1 with the
median value of 4.2

when validated in the subset of patients with NT-proBNP
measurements in TOPCAT.

There are only two other published models for predicting
sudden death in patients with HFpEF. One was also devel-
oped in I-Preserve [6]. However, that earlier model was
developed using conventional Cox regression analysis rather
than using competing risk analysis. Deaths from non-sudden
causes were counted as independent censorings, i.e., those
individuals were still considered to be at risk for dying sud-
denly, which was untrue, and over-estimated the cumulative
incidence of sudden death, especially in this elderly popula-
tion with a heavy burden of comorbidities in which death
from other causes is frequent [22]. Additionally, that model
was not externally validated. Similar considerations apply
to a model developed in a subset of patients from TOPCAT
in which there were only 23 sudden deaths [19]. We tried to
rectify these limitations in the present study, especially with
a view to considering a potential role for primary prevention
ICD therapy in this heart failure phenotype. In this context,
the competing risk of non-cardiovascular death is of particu-
lar concern in HFpEF. Without a favorable ratio of sudden
to non-sudden deaths (including non-cardiovascular deaths),

@ Springer
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ICD therapy is unlikely to reduce all-cause mortality or to
be affordable. SCD-HeFT remains the only large trial dem-
onstrating an overall survival benefit of primary prevention
ICD therapy in patients with HFrEF, but patients enrolled in
that trial were more than a decade younger than the patients
in I-Preserve (60 vs. 72 years respectively) [7, 13]. With
increasing age, and associated comorbidity, there is a shift
towards non-cardiovascular causes of death in both HFrEF
and HFpEF, and, consequently, the potential survival ben-
efit from ICD therapy is reduced [23]. This was shown in a
recent analysis of the Danish Study to Assess the Efficacy of
ICDs in Patients with Non-Ischemic Systolic Heart Failure
on Mortality (DANISH), where the survival benefit of ICDs
decreased linearly with age. The optimal age cut-off age in
DANISH was <70 years [24]. When we used age <70 years
as an additional stratifier in the present study, we were able
to identify a subgroup of patients with the rates of sudden
death and non-sudden deaths, including non-cardiovascular
deaths, similar to those in SCD-HeFT [13]. Therefore, it
is possible that ICD therapy could reduce mortality in this
substantial subgroup of patients with HFpEF, although this
hypothesis needs to be tested in a randomized clinical trial.

Although the focus has been on sudden death, we also
looked at the risk of death from pump failure. There is no
existing predictive model for this mode of death in HFpEF.
The series of models we developed to predict pump failure
death included variables known to predict death and HF
hospitalization, such as age, heart rate, LVEF, history of
diabetes or atrial fibrillation, creatinine, and NT-proBNP
[25]. Interestingly, prior HF hospitalization, which had
been reported as a strong predictor of HF hospitalization
and death [25, 26], was not selected in our models for pump
failure death (but was included in the sudden death models).
The reason for this possibly surprising finding is uncertain.
One explanation is that patients with mild symptoms could
only be included in I-Preserve if they had an HF hospitali-
zation within the previous 6 months and patients with mild
symptoms are at higher risk of sudden death than pump
failure death (at least in HFrEF) [7]. Another interesting
observation was the association between dyslipidaemia and
lower risk of pump failure death. While this might reflect the
play of chance, cholesterol levels decrease with increasing
heart failure severity, and in keeping with this, the median
level of NT-proBNP was considerably lower in patients with
dyslipidaemia compared to those without (287 vs. 386 pg/
ml, respectively) [27].

Our study has some limitations. First, validation of the
models with NT-proBNP was performed in a relatively small
subset of patients (N=615) from TOPCAT and the distribu-
tion of NT-proBNP levels differed between the two cohorts.
Second, in TOPCAT, there was a substantial variation in
the baseline characteristics and clinical outcomes between
regions of enrolment (Americas vs. Russia and Georgia).

@ Springer

However, in a sensitivity analysis, validating the models in
the Americas subgroup, the sudden death model was robust,
although the pump failure model showed a decrease in dis-
crimination, possibly due to small sample size and number
of events (data not shown) [28]. Third, patient characteristics
varied between trials, especially NYHA class, which was
more advanced in [-Preserve than the other two trials, prob-
ably because of the specific inclusion criteria in I-Preserve.
Fourth, these models were developed and tested in clinical
trial cohorts which tend to be healthier than “real-world”
patients. While it is also important to test the performance
of the models in real-world cohorts, it is in patients simi-
lar to those in trials that device therapies are most likely to
be considered. Fifth, in line with models in HFrEF, sudden
death models were less discriminative than pump failure
death models [14, 15]. This suggests that there is a room to
improve the prediction of sudden death in heart failure. Late
gadolinium enhancement (LGE) on cardiovascular mag-
netic resonance (CMR) imaging appears to be a promising
variable in this respect in HFrEF, but its value in HFpEF is
unknown [29]. Finally, the vast majority of patients in all
cohorts were Caucasian and, ideally, our models should be
re-validated in more racially diverse cohorts.

In conclusion, prognostic models developed using simple
demographic and clinical variables predicted the risks of
sudden death and pump failure death, separately, in patients
with HFpEF, with good discrimination and calibration, and
were robust in external validation. Inclusion of NT-proBNP
further improved the performance of both models. These
models may have important clinical implications for identi-
fying high-risk patients for specific interventions in future
trials among patients with HFpEF.

Funding None.

Availability of data and materials The data used in this study are not
available to others. The trial sponsors (AstraZeneca for CHARM-Pre-
served and Bristol-Myers Squibb and Sanofi-Aventis for I-preserve)
are committed to sharing with qualified external researchers, access
to patient-level data, and supporting clinical documents from eligible
studies. Access to TOPCAT is open for application from BioLINCC
(https://biolincc.nhlbi.nih.gov/home/).

Code availability STATA.

Compliance with ethical standards

Conflicts of interest No author has a disclosure relevant to the subject
of this manuscript.

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


https://biolincc.nhlbi.nih.gov/home/

Clinical Research in Cardiology (2021) 110:1234-1248

1247

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.

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats
Al, Falk V, Gonzalez-Juanatey JR, Harjola VP, Jankowska EA,
Jessup M, Linde C, Nihoyannopoulos P, Parissis JT, Pieske B,
Riley JP, Rosano GM, Ruilope LM, Ruschitzka F, Rutten FH,
van der Meer P, Authors/Task Force M (2016) 2016 ESC Guide-
lines 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 J 37(27):2129-2200.
https://doi.org/10.1093/eurheartj/ehw128

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner
MH, Fonarow GC, Geraci SA, Horwich T, Januzzi JL, Johnson
MR, Kasper EK, Levy WC, Masoudi FA, McBride PE, McMur-
ray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F, Stevenson LW,
Tang WH, Tsai EJ, Wilkoff BL, American College of Cardiology
F, American Heart Association Task Force on Practice G (2013)
2013 ACCF/AHA guideline for the management of heart fail-
ure: a report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines.
J Am Coll Cardiol 62(16):e147-239. https://doi.org/10.1016/].
jacc.2013.05.019

Butler J, Fonarow GC, Zile MR, Lam CS, Roessig L, Schelbert
EB, Shah SJ, Ahmed A, Bonow RO, Cleland JG, Cody RJ, Chion-
cel O, Collins SP, Dunnmon P, Filippatos G, Lefkowitz MP, Marti
CN, McMurray JJ, Misselwitz F, Nodari S, O’Connor C, Pfeffer
MA, Pieske B, Pitt B, Rosano G, Sabbah HN, Senni M, Solomon
SD, Stockbridge N, Teerlink JR, Georgiopoulou VV, Gheorghiade
M (2014) Developing therapies for heart failure with preserved
ejection fraction: current state and future directions. JACC Heart
Fail 2(2):97-112. https://doi.org/10.1016/j.jchf.2013.10.006
Vaduganathan M, Patel RB, Michel A, Shah SJ, Senni M, Gheo-
rghiade M, Butler J (2017) Mode of death in heart failure with
preserved ejection fraction. ] Am Coll Cardiol 69(5):556-569.
https://doi.org/10.1016/j.jacc.2016.10.078

Zile MR, Gaasch WH, Anand IS, Haass M, Little WC, Miller AB,
Lopez-Sendon J, Teerlink JR, White M, McMurray JJ, Komajda
M, McKelvie R, Ptaszynska A, Hetzel SJ, Massie BM, Carson
PE, Investigators IP (2010) Mode of death in patients with heart
failure and a preserved ejection fraction: results from the Irbe-
sartan in Heart Failure With Preserved Ejection Fraction Study
(I-Preserve) trial. Circulation 121(12):1393-1405. https://doi.
org/10.1161/CIRCULATIONAHA.109.909614

Adabag S, Rector TS, Anand IS, McMurray JJ, Zile M, Koma-
jda M, McKelvie RS, Massie B, Carson PE (2014) A prediction
model for sudden cardiac death in patients with heart failure and
preserved ejection fraction. Eur J Heart Fail 16(11):1175-1182.
https://doi.org/10.1002/ejhf.172

Massie BM, Carson PE, McMurray JJ, Komajda M, McKel-
vie R, Zile MR, Anderson S, Donovan M, Iverson E, Staiger
C, Ptaszynska A, Investigators IP (2008) Irbesartan in patients
with heart failure and preserved ejection fraction. N Engl J Med
359(23):2456-2467. https://doi.org/10.1056/NEJM0a0805450
Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett
B, Clausell N, Desai AS, Diaz R, Fleg JL, Gordeev I, Harty B,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Heitner JF, Kenwood CT, Lewis EF, O’Meara E, Probstfield
JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer NK, Yang
S, McKinlay SM, Investigators T (2014) Spironolactone for
heart failure with preserved ejection fraction. N Engl J Med
370(15):1383-1392. https://doi.org/10.1056/NEJMoal313731
Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P,
McMurray J1JV, Michelson EL, Olofsson B, Ostergren J (2003)
Effects of candesartan in patients with chronic heart failure
and preserved left-ventricular ejection fraction: the CHARM-
Preserved Trial. The Lancet 362(9386):777-781. https://doi.
org/10.1016/s0140-6736(03)14285-7

Fine JP, Gray RJ (1999) A proportional hazards model
for the subdistribution of a competing risk. J Am Stat
Assoc 94(446):496-509. https://doi.org/10.1080/01621
459.1999.10474144

Harrell FE Jr, Lee KL, Mark DB (1996) Multivariable prognos-
tic models: issues in developing models, evaluating assumptions
and adequacy, and measuring and reducing errors. Stat Med
15(4):361-387. https://doi.org/10.1002/(SICI)1097-0258(19960
229)15:4%3c361::AID-SIM168%3¢3.0.CO;2-4

Royston P, Altman DG (2013) External validation of a Cox prog-
nostic model: principles and methods. BMC Med Res Methodol
13:33. https://doi.org/10.1186/1471-2288-13-33

Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R,
Domanski M, Troutman C, Anderson J, Johnson G, McNulty SE,
Clapp-Channing N, Davidson-Ray LD, Fraulo ES, Fishbein DP,
Luceri RM, Ip JH, Sudden Cardiac Death in Heart Failure Trial
1(2005) Amiodarone or an implantable cardioverter-defibrillator
for congestive heart failure. N Engl J Med 352(3):225-237. https
://doi.org/10.1056/NEJMoa043399

Wedel H, McMurray JJV, Lindberg M, Wikstrand J, Cleland JGF,
Cornel JH, Dunselman P, Hjalmarson A, Kjekshus J, Komajda M,
Kuusi T, Vanhaecke J, Waagstein F (2009) Predictors of fatal and
non-fatal outcomes in the Controlled Rosuvastatin Multinational
Trial in Heart Failure (CORONA): Incremental value of apolipo-
protein A-1, high-sensitivity C-reactive peptide and N-terminal
pro B-type natriuretic peptide. Eur J Heart Fail 11(3):281-291.
https://doi.org/10.1093/eurjhf/hfn046

Vazquez R, Bayes-Genis A, Cygankiewicz I, Pascual-Figal D,
Grigorian-Shamagian L, Pavon R, Gonzalez-Juanatey JR, Cubero
JM, Pastor L, Ordonez-Llanos J, Cinca J, de Luna AB, Investiga-
tors M (2009) The MUSIC Risk score: a simple method for pre-
dicting mortality in ambulatory patients with chronic heart failure.
Eur Heart J 30(9):1088-1096. https://doi.org/10.1093/eurheart;j/
ehp032

Mozaffarian D, Anker SD, Anand I, Linker DT, Sullivan MD, Cle-
land JG, Carson PE, Maggioni AP, Mann DL, Pitt B, Poole-Wil-
son PA, Levy WC (2007) Prediction of mode of death in heart fail-
ure: the Seattle Heart Failure Model. Circulation 116(4):392-398
Manolis AS, Manolis AA, Manolis TA, Melita H (2019) Sud-
den death in heart failure with preserved ejection fraction and
beyond: an elusive target. Heart Fail Rev 24(6):847-866. https://
doi.org/10.1007/s10741-019-09804-2

Kalra R, Gupta K, Sheets R, Aryal S, Ebrahimi A, Rajapreyar
I, Cribbs MG, Booker OJ, Prabhu SD, Bajaj NS (2020) Cardiac
function and sudden cardiac death in heart failure with preserved
ejection fraction (from the TOPCAT Trial). Am J Cardiol. https
://doi.org/10.1016/j.amjcard.2020.04.038

Adabag S, Langsetmo L (2020) Sudden cardiac death risk
prediction in heart failure with preserved ejection fraction.
Heart Rhythm 17(3):358-364. https://doi.org/10.1016/j.hrthm
.2019.12.009

Kitai T, Miyakoshi C, Morimoto T, Yaku H, Murai R, Kaji S,
Furukawa Y, Inuzuka Y, Nagao K, Tamaki Y, Yamamoto E, Ozasa
N, Tang WHW, Kato T, Kimura T (2020) Mode of death among
Japanese adults with heart failure with preserved, midrange, and

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jchf.2013.10.006
https://doi.org/10.1016/j.jacc.2016.10.078
https://doi.org/10.1161/CIRCULATIONAHA.109.909614
https://doi.org/10.1161/CIRCULATIONAHA.109.909614
https://doi.org/10.1002/ejhf.172
https://doi.org/10.1056/NEJMoa0805450
https://doi.org/10.1056/NEJMoa1313731
https://doi.org/10.1016/s0140-6736(03)14285-7
https://doi.org/10.1016/s0140-6736(03)14285-7
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3c361::AID-SIM168%3e3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3c361::AID-SIM168%3e3.0.CO;2-4
https://doi.org/10.1186/1471-2288-13-33
https://doi.org/10.1056/NEJMoa043399
https://doi.org/10.1056/NEJMoa043399
https://doi.org/10.1093/eurjhf/hfn046
https://doi.org/10.1093/eurheartj/ehp032
https://doi.org/10.1093/eurheartj/ehp032
https://doi.org/10.1007/s10741-019-09804-2
https://doi.org/10.1007/s10741-019-09804-2
https://doi.org/10.1016/j.amjcard.2020.04.038
https://doi.org/10.1016/j.amjcard.2020.04.038
https://doi.org/10.1016/j.hrthm.2019.12.009
https://doi.org/10.1016/j.hrthm.2019.12.009

1248

Clinical Research in Cardiology (2021) 110:1234-1248

21.

22.

23.

24.

25.

reduced ejection fraction. JAMA Netw Open 3(5):e204296. https
://doi.org/10.1001/jamanetworkopen.2020.4296

Woolcott OO, Reinier K, Uy-Evanado A, Nichols GA, Stecker
EC, Jui J, Chugh SS (2020) Sudden cardiac arrest with shockable
rhythm in patients with heart failure. Heart Rhythm. https://doi.
org/10.1016/j.hrthm.2020.05.038

Wolbers M, Koller MT, Stel VS, Schaer B, Jager KJ, Leffon-
dre K, Heinze G (2014) Competing risks analyses: objectives
and approaches. Eur Heart J 35(42):2936-2941. https://doi.
org/10.1093/eurheartj/ehul31

Krahn AD, Connolly SJ, Roberts RS, Gent M, Investigators
A (2004) Diminishing proportional risk of sudden death with
advancing age: implications for prevention of sudden death. Am
Heart J 147(5):837-840. https://doi.org/10.1016/j.ahj.2003.12.017
Elming MB, Nielsen JC, Haarbo J, Videbaek L, Korup E, Sig-
norovitch J, Olesen LL, Hildebrandt P, Steffensen FH, Bruun NE,
Eiskjaer H, Brandes A, Thogersen AM, Gustafsson F, Egstrup K,
Videbaek R, Hassager C, Svendsen JH, Hofsten DE, Torp-Ped-
ersen C, Pehrson S, Kober L, Thune JJ (2017) Age and outcomes
of primary prevention implantable cardioverter-defibrillators
in patients with nonischemic systolic heart failure. Circulation
136(19):1772-1780. https://doi.org/10.1161/CIRCULATIO
NAHA.117.028829

Komajda M, Carson PE, Hetzel S, McKelvie R, McMurray J,
Ptaszynska A, Zile MR, Demets D, Massie BM (2011) Factors
associated with outcome in heart failure with preserved ejec-
tion fraction: findings from the Irbesartan in Heart Failure with
Preserved Ejection Fraction Study (I-PRESERVE). Circ Heart
Fail 4(1):27-35. https://doi.org/10.1161/CIRCHEARTFAILUR
E.109.932996

@ Springer

26.

217.

28.

29.

Carson PE, Anand IS, Win S, Rector T, Haass M, Lopez-Sendon
J, Miller A, Teerlink JR, White M, McKelvie RS, Komajda M,
Zile MR, McMurray JJ, Massie B (2015) The hospitalization
burden and post-hospitalization mortality risk in heart failure
with preserved ejection fraction: results from the I-PRESERVE
trial (Irbesartan in Heart Failure and Preserved Ejection Frac-
tion). JACC Heart Fail 3(6):429-441. https://doi.org/10.1016/j.
jchf.2014.12.017

Horwich TB, Hamilton MA, Maclellan WR, Fonarow GC (2002)
Low serum total cholesterol is associated with marked increase
in mortality in advanced heart failure. J Card Fail 8(4):216-224
Pfeffer MA, Claggett B, Assmann SF, Boineau R, Anand IS, Clau-
sell N, Desai AS, Diaz R, Fleg JL, Gordeev I, Heitner JF, Lewis
EF, O’Meara E, Rouleau JL, Probstfield JL, Shaburishvili T, Shah
SJ, Solomon SD, Sweitzer NK, McKinlay SM, Pitt B (2015)
Regional variation in patients and outcomes in the Treatment of
Preserved Cardiac Function Heart Failure With an Aldosterone
Antagonist (TOPCAT) trial. Circulation 131(1):34—42. https://doi.
org/10.1161/CIRCULATIONAHA.114.013255

Halliday BP, Gulati A, Ali A, Guha K, Newsome S, Arzanauskaite
M, Vassiliou VS, Lota A, Izgi C, Tayal U, Khalique Z, Stirrat C,
Auger D, Pareek N, Ismail TF, Rosen SD, Vazir A, Alpendurada
F, Gregson J, Frenneaux MP, Cowie MR, Cleland JGF, Cook SA,
Pennell DJ, Prasad SK (2017) Association between midwall late
gadolinium enhancement and sudden cardiac death in patients
with dilated cardiomyopathy and mild and moderate left ventricu-
lar systolic dysfunction. Circulation 135(22):2106-2115. https://
doi.org/10.1161/CIRCULATIONAHA.116.026910


https://doi.org/10.1001/jamanetworkopen.2020.4296
https://doi.org/10.1001/jamanetworkopen.2020.4296
https://doi.org/10.1016/j.hrthm.2020.05.038
https://doi.org/10.1016/j.hrthm.2020.05.038
https://doi.org/10.1093/eurheartj/ehu131
https://doi.org/10.1093/eurheartj/ehu131
https://doi.org/10.1016/j.ahj.2003.12.017
https://doi.org/10.1161/CIRCULATIONAHA.117.028829
https://doi.org/10.1161/CIRCULATIONAHA.117.028829
https://doi.org/10.1161/CIRCHEARTFAILURE.109.932996
https://doi.org/10.1161/CIRCHEARTFAILURE.109.932996
https://doi.org/10.1016/j.jchf.2014.12.017
https://doi.org/10.1016/j.jchf.2014.12.017
https://doi.org/10.1161/CIRCULATIONAHA.114.013255
https://doi.org/10.1161/CIRCULATIONAHA.114.013255
https://doi.org/10.1161/CIRCULATIONAHA.116.026910
https://doi.org/10.1161/CIRCULATIONAHA.116.026910

	Developing and validating models to predict sudden death and pump failure death in patients with heart failure and preserved ejection fraction
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 
	Clinical trial registration 
	Graphic abstract

	Introduction
	Methods
	The derivation and validation cohorts
	Outcomes of interest
	Candidate prediction variables
	Statistical analysis

	Results
	Patient characteristics and mortality events in the derivation cohort
	Derivation of the sudden death models
	Derivation of the pump failure death models
	Performance of the derived models
	External validation of the models in CHARM-Preserved
	External validation of the models in TOPCAT​
	Predicting an individual’s risk
	Mode-specific death in the high-risk subgroup based on the sudden death model in I-Preserve and in the control group of SCD-HeFT

	Discussion
	References




