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Aims Although trials have proven the group-level effectiveness of various therapies for heart failure with reduced ejection
fraction (HFrEF), important differences in absolute effectiveness exist between individuals. We developed and
validated the LIFEtime-perspective for Heart Failure (LIFE-HF) model for the prediction of individual (lifetime) risk
and treatment benefit in patients with HFrEF.
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Methods
and results

Cox proportional hazards functions with age as the time scale were developed in the PARADIGM-HF and
ATMOSPHERE trials (n= 15 415). Outcomes were cardiovascular death, heart failure (HF) hospitalization or
cardiovascular death, and non-cardiovascular mortality. Predictors were age, sex, New York Heart Association class,
prior HF hospitalization, diabetes mellitus, extracardiac vascular disease, systolic blood pressure, left ventricular
ejection fraction, N-terminal pro-B-type natriuretic peptide, and glomerular filtration rate. The functions were
combined in life-tables to predict individual overall and HF hospitalization-free survival. External validation was
performed in the SwedeHF registry, ASIAN-HF registry, and DAPA-HF trial (n= 51 286). Calibration of 2- to 10-year
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risk was adequate, and c-statistics were 0.65–0.74. An interactive tool was developed combining the model with
hazard ratios from trials to allow estimation of an individual’s (lifetime) risk and treatment benefit in clinical practice.
Applying the tool to the development cohort, combined treatment with a mineralocorticoid receptor antagonist,
sodium–glucose cotransporter 2 inhibitor, and angiotensin receptor–neprilysin inhibitor was estimated to afford
a median of 2.5 (interquartile range [IQR] 1.7–3.7) and 3.7 (IQR 2.4–5.5) additional years of overall and HF
hospitalization-free survival, respectively.
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Conclusion The LIFE-HF model enables estimation of lifelong overall and HF hospitalization-free survival, and (lifetime) treatment
benefit for individual patients with HFrEF. It could serve as a tool to improve the management of HFrEF by facilitating
personalized medicine and shared decision-making.
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Graphical Abstract

Summary of the development, validation, and clinical application of the LIFEtime-perspective for Heart Failure (LIFE-HF) model. ACEi,
angiotensin-converting enzyme inhibitor; ARNI, angiotensin receptor–neprilysin inhibitor; BB, beta-blocker; HF, heart failure; HFH, heart failure hos-
pitalization; HFrEF, heart failure with reduced ejection fraction; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; SBP, systolic blood pressure; SGLT2i, sodium–glucose
cotransporter 2 inhibitor.
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Keywords Heart failure with reduced ejection fraction • Risk prediction • Lifetime risk • Individual
treatment benefit • Personalized medicine • Shared decision-making

Introduction
Patients with heart failure with reduced ejection fraction (HFrEF)
are at high risk of morbidity and mortality, with 5-year mortality
rates as high as 43–75%.1 This is despite considerable progress in ..

..
..

..
..

..
.. the development of new treatments. Besides conventional therapy

consisting of an angiotensin-converting enzyme (ACE) inhibitor
or an angiotensin receptor blocker (ARB), and a beta-blocker,
international guidelines identify three drug classes with a class
I recommendation: mineralocorticoid receptor antagonists

© 2023 European Society of Cardiology.
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(MRAs), angiotensin receptor–neprilysin inhibitors (ARNI), and
sodium–glucose cotransporter 2 (SGLT2) inhibitors.2,3 However,
the use of these therapies in clinical practice remains suboptimal.4–7

A recent analysis suggested that optimal guideline-recommended
pharmacological therapy could afford, on average, considerable
gains in lifetime survival for patients with HFrEF.8 However, the
absolute effectiveness of therapy varies greatly between individ-
uals, depending on a patient’s baseline risk and remaining life
expectancy.9,10 Although many prediction models exist for patients
with HFrEF, estimating the 1- to 5-year risk of hospitalization and
mortality, no models are available to predict individual lifetime risk
and treatment benefit.11–15 As HFrEF is a chronic disease and ther-
apies are usually continued lifelong, lifetime estimates of an indi-
vidual’s risk and anticipated benefit from treatment are important.
In other populations, that is primary and secondary prevention of
atherosclerotic cardiovascular disease (CVD), models combining
lifetime risk predictions with hazard ratios from trials to estimate
an individual’s risk, life expectancy, and absolute treatment benefit,
are one of the foundations of the 2021 European Society of Car-
diology (ESC) CVD prevention guidelines.16–19 A similar tool for
patients with HFrEF could improve their management by facilitating
personalized medicine and shared decision-making.

The primary objective of this study was to develop and exter-
nally validate the LIFEtime-perspective for Heart Failure (LIFE-HF)
model for personalized lifetime prediction of overall and heart fail-
ure (HF) hospitalization-free survival in patients with HFrEF. The
secondary objective was to illustrate how the LIFE-HF model can
be combined with hazard ratios from trials to predict benefit from
guideline-recommended therapies for individual patients.

Methods
Study populations
The derivation cohort included all patients from the PARADIGM-HF
(n= 8399) and ATMOSPHERE (n= 7016) trials (combined n=15 415).
External validation was performed in the SwedeHF registry
(n= 42 063), ASIAN-HF registry (n= 4479), and DAPA-HF trial
(n= 4744). The choice of the derivation cohort was based on the
proportions of missing data in the studies (very low in PARADIGM-HF
and ATMOSPHERE but higher in the registries; online supplementary
Table S1). Study details have been described elsewhere and the eligibil-
ity criteria are summarized in online supplementary Table S2.20–24 All
patients had a left ventricular ejection fraction (LVEF) ≤40% at study
entry, following the definition of HFrEF in international guidelines.2,3

Patients remained in the study population regardless of subsequent
changes in LVEF. All participants provided informed consent and the
studies were approved by local institutional review boards. Missing
data were handled by single imputation in the trials and multiple
imputation in the registries. If variables were missing for all patients in
a validation cohort, population medians (from the derivation cohort)
were used (online supplementary Methods S1).25

Outcomes
Outcomes of interest were: (i) overall survival, and (ii) HF
hospitalization-free survival. These outcomes were predicted
by respectively combining functions for CV death, and first ..
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.. hospitalization for HF or CV death, with a function for non-CV
mortality. Outcome definitions are described in online supplementary
Table S3.

Predictors
Based on existing risk scores and availability in the derivation
cohort, 24 candidate predictors were selected (online supplementary
Table S4).11–15 All candidate predictors were entered in a Cox propor-
tional hazards function for first hospitalization for HF or CV death (as
this endpoint represents both hospitalization and mortality), derived
in the derivation cohort (online supplementary Methods S2). Backward
selection was performed based on the Akaike information criterion
(AIC). All independent predictors were selected for the development
of an extended model. To facilitate uptake in clinical practice, the
core model was reduced to the 10 strongest predictors (with the
highest 𝜒2 statistics). This selection of predictors was presented to
a panel of HF experts. The final selection of predictors for the core
model was based on their feedback. The same predictors were used
for all outcomes. Randomized treatments (i.e. sacubitril/valsartan,
aliskiren, and aliskiren/enalapril combination therapy) were forced into
the model using offset terms and the hazard ratios from the original
trial reports.20,21 Non-randomized treatments were not considered
as candidate predictors, as their prognostic effect largely depends on
their indication, which may vary over time and across regions.

Model development
Using data from the 15 415 patients in PARADIGM-HF and
ATMOSPHERE, cause-specific Cox proportional hazards functions
including the previously selected predictors were derived for: (i) CV
death, (ii) first hospitalization for HF or CV death, and (iii) non-CV
mortality. These functions allow the use of age as time scale (i.e. left
truncation), meaning that participants contribute from their age at
study entry to their age at end of follow-up.10 This enables estimation
of age-specific baseline survivals used to make predictions beyond
the follow-up duration of the original cohorts (online supplementary
Methods S3). Continuous predictors were winsorized at the 1st
and 99th percentile, and quadratic or logarithmic transformations
were included if they substantially improved model fit. There was no
evidence for interaction of predictors with age based on visual inspec-
tion of plotted Schoenfeld residuals. To reduce optimism, shrinkage
was applied to model coefficients using ridge regression (online
supplementary Methods S4). The model was adjusted for geographical
differences in baseline risk (online supplementary Methods S5). Model
assumptions are described in online supplementary Table S5.

Prediction of individual risk and life
expectancy
Individual predictions were based on life-tables.10,17–19 Overall survival
was predicted by combining the function for CV death with the function
for non-CV death. For each patient, the risk of CV death (at) and
the risk of non-CV death (bt) were estimated for each 3-month age
interval from the patient’s age at baseline up to the maximum age
of 95 years. A survival probability (pt) was obtained for each interval
(pt = 1− at − bt). Cumulative survival probabilities (et) were calculated
by multiplying the survival probabilities of consecutive intervals (e.g.
for a 60 years old: eṫ=95 = pt=60 * pt=60.25 * … * pt=94.5 * pt=94.75).
Likewise, HF hospitalization-free survival was predicted by combining

© 2023 European Society of Cardiology.
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the function for first hospitalization for HF or CV death with the
function for non-CV death. These predictions form an individual
life-table for each patient, from which estimates can be derived for the
any-year risk of CV death, first hospitalization for HF or CV death,
non-CV mortality, all-cause mortality (i.e. 1 minus overall survival),
and first hospitalization for HF or all-cause mortality (i.e. 1 minus HF
hospitalization-free survival). Overall and HF hospitalization-free life
expectancy were defined as the age where the cumulative overall/HF
hospitalization-free survival probability in the life-table equaled 0.50
(i.e. the median life expectancy for a group of patients with identical
characteristics). A detailed description of the methodology is provided
in online supplementary Methods S6, with an example of a life-table
presented in online supplementary Table S6.

Model validation
Internal validity was assessed using Harrell’s c-statistic for discrimina-
tion, and calibration plots of the predicted versus observed 2-year risk
for all outcomes. Additionally, validation was performed in subgroups
of MRA and digoxin users and non-users (i.e. therapies of interest
already prescribed in a considerable proportion of the derivation
cohort at baseline), patients with and without device therapies,
patients with an LVEF of 36–40% (as eligibility criteria largely pre-
cluded their inclusion in the derivation cohort), and stratified by sex
and race. External validation was performed in SwedeHF (5-year risks),
ASIAN-HF (3-year risks), and DAPA-HF (2-year risks). In SwedeHF, the
model was additionally validated over a 10-year period for all-cause
mortality. In DAPA-HF, the model was also validated separately in the
intervention and control arm. Discrimination and goodness of fit were
assessed using c-statistics and calibration plots for all outcomes. If
necessary, the model was recalibrated for differences in baseline risk.
C-statistics were compared to those of existing models in SwedeHF.

Sensitivity analysis
Models were derived stratified by sex, and MRA use at baseline (as
an MRA was one of the main therapies of interest but was already
prescribed in 47% of patients from the derivation cohort at baseline).
Stratified models were compared to the core model in the derivation
cohort.

Prediction of individual treatment
benefit
First, the prognostic model is used to estimate a patient’s (lifetime)
risk on current treatment. Then, the model is combined with causal
hazard ratios from trials (online supplementary Table S7) for the
treatment(s) of interest, to estimate a patient’s (lifetime) risk on a
new treatment regimen (online supplementary Methods S7).10,17–19

Individual absolute risk reduction (ARR) with a new treatment is
calculated as the difference between the predicted risk on the current
and new treatment regimen. Similarly, individual lifetime benefit is
calculated as the difference between the predicted life expectancy on
current and new treatment. Use of an ACE inhibitor (or equivalent,
i.e. ARB), and a beta-blocker is already assumed by the model due to
the background and comparator treatment in the derivation cohort.
In line with guideline recommendations, treatment benefits can be
estimated for MRAs, ARNI, and SGLT2 inhibitors in all patients, and
ivabradine, vericiguat, and digoxin in selected patients.2,3 Therapies ..
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.. were assumed to have no effect on non-CV mortality, among other
assumptions (online supplementary Table S5).

All statistical analyses were performed using R Statistics, version
4.0.3 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Study populations
Baseline characteristics are presented in Table 1 and online
supplementary Table S8 (PARADIGM-HF and ATMOSPHERE
separately). In total, 30 594 composite outcomes (of which 22 141

hospitalizations for HF, and 8453 CV deaths), 18 283 CV deaths,
and 8746 non-CV deaths were recorded during a median follow-up
of 3.1 (interquartile range [IQR] 1.6–5.4) years. Composite out-
come rates were higher in SwedeHF and ASIAN-HF compared to
the trial cohorts (online supplementary Table S9 and Figure S1).
Non-CV mortality rates were highest in SwedeHF. In SwedeHF
(only cohort with follow-up beyond 5 years), median overall and
HF hospitalization-free survival were 6.1 and 2.9 years, respec-
tively, and 10-year survival rates were 33% (ranging from 73% in
women <60 years to 5% in men ≥80 years) and 21% (ranging from
47% in women <60 years to 3% in men ≥80 years), respectively
(online supplementary Figure S1).

Predictor selection
Ordered from highest to lowest predictive value, the 10 strongest
predictors initially selected in the core model were: N-terminal
pro-B-type natriuretic peptide (NT-proBNP), diabetes mellitus,
New York Heart Association (NYHA) class III/IV, prior hospital-
ization for HF, extracardiac vascular disease (i.e. prior stroke or
peripheral artery disease), systolic blood pressure (SBP), uric acid,
total bilirubin, LVEF, and sex (online supplementary Table S10).
Additionally, the following seven predictors were selected in the
extended model: body mass index (BMI), estimated glomerular fil-
tration rate (eGFR), sodium, potassium, left bundle branch block
(LBBB), heart rate, and haemoglobin. Based on the expert panel’s
feedback, uric acid and total bilirubin were removed from the final
core model, and eGFR was added.

Model development
Hazard ratios in the functions for CV death, first hospitalization
for HF or CV death, and non-CV mortality are shown in Table 2
(core model) and online supplementary Table S11 (model with 10
strongest predictors and extended model). Age-specific baseline
survivals are presented in online supplementary Table S12, and
online supplementary Figure S2 shows how these were derived.
Geographical differences in baseline risk were small for hospitaliza-
tion for HF or CV death (ratios for expected divided by observed
risk [E/O ratios] 0.93–1.12), but more substantial for CV death
alone (E/O ratios ranging from 0.80 in Latin America to 1.42 in
Western Europe; online supplementary Table S13). The complete
risk algorithms are provided in online supplementary Table S14.
The core model was developed into an interactive calculator to

© 2023 European Society of Cardiology.
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Table 1 Baseline characteristics

Derivation cohort
(n= 15 415)

SwedeHF
(n= 42 063)

ASIAN-HF
(n= 4479)

DAPA-HF
(n= 4744)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Demographics
Age 64 (56–72) 73 (64–81) 61 (52–69) 67 (60–74)
Male sex 12 058 (78%) 29 875 (71%) 3508 (78%) 3635 (77%)
Race

White 10 136 (66%) NA – 3333 (70%)
Black 537 (4%) NA – 226 (5%)
Asian 3273 (21%) NA 4479 (100%) 1116 (24%)
Other 1415 (9%) NA – 69 (1%)

Region
North America 779 (5%) – – 677 (14%)
Latin America 2552 (17%) – – 817 (17%)
Western Europe 3902 (25%) 42 063 (100%) – 2154 (45%)a

Central/Eastern Europe 4770 (31%) – – –
Asia-Pacific 3412 (22%) – 4479 (100%) 1096 (23%)

Clinical features of heart failure
Ischaemic aetiology 8122 (53%) 9298 (45%) 2627 (59%) 2674 (56%)
Duration of heart failure
<1 year 4884 (32%) 27 308 (65%) 2060 (46%) 1098 (23%)
1–5 years 5825 (38%) 6268 (15%) 1433 (32%) 1791 (38%)
>5 years 4702 (30%) 8487 (20%) 986 (22%) 1855 (39%)

NYHA class
I 389 (3%) 2875 (9%) 594 (15%) –
II 10 355 (67%) 14 668 (47%) 2263 (56%) 3203 (68%)
III 4459 (29%) 12 428 (40%) 1037 (26%) 1498 (32%)
IV 197 (1%) 1137 (4%) 161 (4%) 43 (1%)

Left ventricular ejection fraction (%) 30 (25–34) NA 27 (22–33) 32 (26–37)
30–39 – 21 201 (50%) – –
<30 – 20 862 (50%) – –

Medical history
Prior hospitalization for heart failure 9462 (61%) 24 535 (58%) 3434 (78%) 2251 (47%)
Diabetes mellitus 4832 (31%) 11 019 (26%) 1909 (43%) 2139 (45%)
Atrial fibrillation 5481 (36%) 21 350 (51%) 804 (18%) 1818 (38%)
Extracardiac vascular disease 2411 (16%) 8352 (20%) 445 (10%) 739 (16%)

Prior stroke 1217 (8%) 5601 (13%) 321 (7%) 466 (10%)
Peripheral artery disease 1418 (9%) 3477 (8%) 147 (3%) 324 (7%)

Left bundle branch block 3970 (26%) 8544 (24%) 575 (13%) NA
Physical signs

Systolic blood pressure (mmHg) 127 (115–140) 120 (110–140) 116 (104–130) 121 (110–132)
Heart rate (bpm) 72 (64–80) 72 (64–84) 78 (69–88) 70 (63–78)
Body mass index (kg/m2) 27.1 (24.0–30.8) 26.0 (23.0–29.6) 24.3 (21.7–27.5) 27.0 (24.0–31.0)

Laboratory tests
NT-proBNP (pg/ml) 1418 (770–2774) 2885 (1268–6396) 3015 (1425-6908)b 1437 (857–2649)

Sinus rhythm 1244 (694–2521) 2556 (1114–5781) 2831 (1333-6698)b 1242 (742–2325)
Atrial fibrillation 1702 (998–3102) 3116 (1370–6603) 3542 (1712-7527)b 1795 (1106–3041)

Estimated GFR (ml/min/1.73 m2) 70 (57–83) 64 (47–82) 63 (44–82) 64 (51–80)
Potassium (mmol/L) 4.5 (4.2–4.7) 4.2 (3.9–4.5) 4.2 (3.9–4.6) 4.5 (4.2–4.8)
Sodium (mmol/L) 141 (139–143) 140 (138–142) 138 (136–141) 140 (138–142)
Haemoglobin (g/dL) 14.0 (12.9–15.0) 13.5 (12.3–14.7) 13.0 (11.6–14.5) 13.6 (12.5–14.6)
Total bilirubin (μmol/L) 11 (9–16) NA 14 (10–21) 10 (7–14)
Uric acid (μmol/L) 419 (345–506) NA 412 (327–506) NA

Treatments
Diuretic 12 336 (80%) 32 046 (77%) 3727 (84%) 4433 (93%)
ACE inhibitor 8888 (58%)c 27 878 (67%) 2261 (51%) 2661 (56%)

© 2023 European Society of Cardiology.
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Table 1 (Continued)

Derivation cohort
(n= 15 415)

SwedeHF
(n= 42 063)

ASIAN-HF
(n= 4479)

DAPA-HF
(n= 4744)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ARB – 10 173 (25%) 1402 (32%) 1307 (28%)
ARNI 4187 (27%)c 732 (2%) – 508 (11%)
Aliskiren 4680 (30%)c – – –
Beta-blocker 14 243 (92%) 38 357 (92%) 3551 (80%) 4558 (96%)
Digoxin 4781 (31%) 6105 (15%) 1190 (27%) 887 (19%)
MRA 7273 (47%) 15 432 (37%) 2619 (59%) 3370 (71%)
SGLT2 inhibitor – 184 (0.4%) – 2373 (50%)c

Implantable cardioverter-defibrillator 1819 (12%) 2614 (6%) 526 (12%) 1242 (26%)
Cardiac resynchronization therapy 967 (6%) 1906 (5%) 351 (8%) 354 (8%)

Baseline characteristics are based on non-imputed data.
Continuous variables are presented as median (interquartile range). Categorical variables are presented as n (%), with percentages referring to complete cases.
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; GFR, glomerular filtration rate; MRA, mineralo-
corticoid receptor antagonist; NA, not available; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; SGLT2, sodium–glucose
cotransporter 2.
aIn DAPA-HF a distinction between Western and Central/Eastern Europe was not made. The number of patients in the region ‘Europe’ is presented.
bIn ASIAN-HF, NT-proBNP was available for only 23.2% of patients and was likely selectively measured in decompensated individuals. Actual values might be considerably
lower.
cTherapies used as part of a trial intervention, or active control.

allow calculation of a patient’s risk in clinical practice (online sup-
plementary material; calculator).

Internal validation in PARADIGM-HF
and ATMOSPHERE
For the core model, c-statistics were 0.68 (95% confidence
interval [CI] 0.67–0.69) for overall survival, and 0.67 (95% CI
0.66–0.68) for HF hospitalization-free survival (Table 3). Cali-
bration plots of predicted versus observed 2-year risk of CV
death, first hospitalization for HF or CV death, non-CV mortality,
and the combined outcomes (i.e. all-cause mortality, and first
hospitalization for HF or all-cause mortality) are provided in online
supplementary Figure S3. For the combined outcomes, calibra-
tion plots are also shown per geographic region in Figure S4. Val-
idation in subgroups showed that calibration was adequate for
both men and women (E/O ratios 0.99–1.03), MRA users and
non-users (E/O ratios 0.99–1.02), digoxin users and non-users
(E/O ratios 0.90–1.07), patients with and without device therapies
(E/O ratios 0.95–1.12), patients with an LVEF of 36–40% (E/O
ratios 1.07–1.08), and white and Asian participants (E/O ratios
0.99–1.02; online supplementary Table S13 and Figure S5). Risks
were underestimated in the small group (n= 537) of black partici-
pants (E/O ratios 0.70–0.75). Performance of the core model was
similar to the model with uric acid and bilirubin, and the extended
model (online supplementary Table S15 and Figure S3).

Sensitivity analysis
Hazard ratios in the core model all fell within the 95% CI of
the hazard ratios derived in strata of sex and MRA use (online
supplementary Table S16). Performance of the stratified models
was similar to the core model in all strata (online supplementary ..
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.. Figure S6). Changes in individual predicted risks were small (online
supplementary Table S17).

External validation in SwedeHF,
ASIAN-HF and DAPA-HF
For the core model, c-statistics for overall and HF
hospitalization-free survival were 0.73 (95% CI 0.72–0.73) and
0.66 (95% CI 0.66–0.67) in SwedeHF, 0.65 (95% CI 0.63–0.66)
and 0.67 (95% CI 0.65–0.68) in ASIAN-HF, and 0.70 (95% CI
0.68–0.72) and 0.70 (95% CI 0.68–0.71) in DAPA-HF (Table 3).
Calibration plots are shown for the combined outcomes in Figure 1,
and for the individual outcomes in online supplementary Figure S7.
In ASIAN-HF and DAPA-HF, recalibration of baseline risks was not
needed (E/O ratios 0.83–1.17; online supplementary Table S18).
The model calibrated reasonably well in the intervention arm of
DAPA-HF (online supplementary Figure S8), although there was a
slight overestimation of risk in this group (E/O ratios 1.11–1.19).
In SwedeHF, the model was recalibrated for differences in baseline
risk of CV death (E/O ratio 1.28), and non-CV mortality (E/O
ratios 0.56–0.71). After recalibration, calibration was adequate
for patients included at the outpatient clinic (i.e. outpatients)
and at the end of a hospitalization (i.e. inpatients), MRA users
and non-users, patients with and without device therapies, and
patients included after January 2010 (E/O ratios 0.90–1.12; online
supplementary Figure S9). For all-cause mortality, the model also
showed adequate calibration over a 10-year period, in the total
SwedeHF population (E/O ratios 0.97–1.01; Figure 2), and in
out-/inpatients and individuals with a life expectancy >5 years (E/O
ratios 0.95–1.05; online supplementary Figure S10). Performance
of the core model was similar to the model with uric acid and
bilirubin, and the extended model in all validation cohorts (online
supplementary Table S15 and Figure S11). C-statistics were similar

© 2023 European Society of Cardiology.
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1968 P.M. Burger et al.

Table 2 Hazard ratios in the core LIFE-HF model

Hazard ratio (95% CI)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CV death First hospitalization
for HF or CV death

Non-CV mortality

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Male sex 1.37 (1.24–1.51) 1.31 (1.21–1.41) 1.55 (1.23–1.94)
NYHA class III/IV 1.41 (1.31–1.52) 1.35 (1.27–1.44) 1.02 (0.85–1.21)
Prior hospitalization for HF 1.13 (1.05–1.22) 1.33 (1.24–1.41) 1.15 (0.96–1.36)
Diabetes mellitus 1.26 (1.16–1.37) 1.46 (1.37–1.56) 1.29 (1.08–1.55)
Extracardiac vascular diseasea 1.29 (1.17–1.41) 1.30 (1.21–1.41) 1.30 (1.06–1.59)
Systolic blood pressureb 0.81 (0.76–0.86) 0.84 (0.80–0.88) 1.00 (0.88–1.14)
Left ventricular ejection fractionb 0.89 (0.84–0.94) 0.86 (0.81–0.91)c 0.97 (0.85–1.10)
NT-proBNPb 1.87 (1.78–1.98)d 1.79 (1.71–1.87)d 1.42 (1.26–1.60)c

Estimated GFRb 0.94 (0.89–1.00)c 0.91 (0.87–0.96)c 1.11 (0.98–1.26)

Hazard ratios in the Cox proportional hazards functions constituting the core LIFE-HF model. As all outcomes in this study could be predicted by combining these three
functions in life-tables, separate functions for first hospitalization for HF, and all-cause mortality were not derived, and hazard ratios are not shown for these outcomes.
CI, confidence interval; CV, cardiovascular; HF, heart failure; GFR, glomerular filtration rate; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart
Association.
aPrior stroke or history of peripheral artery disease.
bFor all continuous variables, hazard ratios are shown for the 75th versus 25th percentile (systolic blood pressure 140 vs. 115 mmHg; left ventricular ejection fraction 34%
vs. 25%; NT-proBNP 2774 vs. 770 pg/ml; estimated GFR 83 vs. 57 ml/min/1.73 m2).
cQuadratically transformed variable.
dLogarithmically transformed variable.

Table 3 Discrimination of the core LIFE-HF model

C-statistic (95% CI)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Individual outcomes Combined outcomes
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CV death First hospitalization
for HF or CV death

Non-CV mortalitya Overall survival HF hospitalization-
free survival

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Internal validation 0.69 (0.68–0.70) 0.68 (0.67–0.68) 0.67 (0.65–0.70) 0.68 (0.67–0.69) 0.67 (0.66–0.68)
SwedeHF 0.74 (0.73–0.74) 0.66 (0.66–0.67) 0.65 (0.64–0.65) 0.73 (0.72–0.73) 0.66 (0.66–0.67)
ASIAN-HF 0.65 (0.63–0.67) 0.67 (0.65–0.68) 0.66 (0.62–0.70) 0.65 (0.63–0.66) 0.67 (0.65–0.68)
DAPA-HF 0.71 (0.69–0.74) 0.71 (0.69–0.72) 0.66 (0.60–0.71) 0.70 (0.68–0.72) 0.70 (0.68–0.71)

Harrell’s c-statistics for discrimination of the core LIFE-HF model in the derivation and validation cohorts.
CI, confidence interval; CV, cardiovascular; HF, heart failure.
aDiscrimination of risk of non-CV mortality can slightly differ depending on which function the function for non-CV mortality is combined with in the life-tables. The results
shown in the table are based on analyses in which the function for non-CV mortality was combined with the function for CV death.

to or higher than those of existing models (online supplementary
Figure S12).

Estimation of individual treatment
benefit
The LIFE-HF calculator (online supplementary supplementary
material; calculator) also allows for the estimation of individual
treatment benefit. Figure 3 (overall survival) and online supplemen-
tary Figure S13 (HF hospitalization-free survival) illustrate how the
model is used to estimate treatment benefit for individual patients.

Applying the model to all individuals from the combined
PARADIGM-HF and ATMOSPHERE population, the median indi-
vidual 5-year ARR achieved through treatment optimization (i.e.
adding an MRA if not already used, switching from ACE inhibitor to ..
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..
.. ARNI, and adding an SGLT2 inhibitor) was 7.6% (IQR 5.3–10.8%)

for all-cause mortality, and 17.1% (IQR 13.5–22.3%) for hospital-
ization for HF or all-cause mortality. The same therapy was esti-
mated to afford a median of 2.5 (IQR 1.7–3.7) additional overall,
and 3.7 (IQR 2.4–5.5) additional HF hospitalization-free life-years.
Five-year ARRs increased with increasing baseline risk (Figure 4).
Gains in overall survival decreased with increasing age, and were
largest for patients with a moderate 5-year risk of all-cause mortal-
ity. Gains in HF hospitalization-free survival decreased with increas-
ing age and baseline risk (online supplementary Figure S14).

Discussion
Using data of 66 701 individuals, we developed and validated the
LIFE-HF model for personalized lifetime prediction of survival

© 2023 European Society of Cardiology.
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Lifetime prediction in HFrEF: the LIFE-HF model 1969

SwedeHF (n = 42,063)
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C−statistic: 0.73 (95% CI 0.72 − 0.73)

Predicted 5−year risk of HF hospitalization or all−cause mortality
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C−statistic: 0.66 (95% CI 0.66 − 0.67)

SwedeHF (n = 42,063)

Predicted 3−year risk of all−cause mortality
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C−statistic: 0.65 (95% CI 0.63 − 0.66)

ASIAN-HF (n = 4,479)

Predicted 3−year risk of HF hospitalization or all−cause mortality
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C−statistic: 0.67 (95% CI 0.65 − 0.68)

ASIAN-HF (n = 4,479)

Predicted 2−year risk of all−cause mortality
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C−statistic: 0.70 (95% CI 0.68 − 0.72)

DAPA-HF (n = 4,744)

Predicted 2−year risk of HF hospitalization or all−cause mortality
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C−statistic: 0.70 (95% CI 0.68 − 0.71)

DAPA-HF (n = 4,744)

A B

C D

E F

All-cause mortality HF hospitalization or all-cause mortality

Figure 1 External validation of the core LIFE-HF model. Calibration plots for the predicted risk (as calculated by the core LIFE-HF model)
versus observed risk of all-cause mortality (i.e. 1 minus overall survival) and first hospitalization for heart failure (HF) or all-cause mortality
(i.e. 1 minus HF hospitalization-free survival) in SwedeHF (A, B), ASIAN-HF (C, D), and DAPA-HF (E, F). Error bars represent 95% confidence
intervals (CI).

© 2023 European Society of Cardiology.
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1970 P.M. Burger et al.

Predicted 10−year risk of all−cause mortality
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C−statistic: 0.73 (95% CI 0.73 − 0.73)

 (n = )

Figure 2 Ten-year external validation in SwedeHF. Calibration
plot for the predicted 10-year risk (as calculated by the core
LIFE-HF model) versus observed 10-year risk of all-cause mor-
tality in SwedeHF. Error bars represent 95% confidence inter-
vals (CI).

and treatment benefit in patients with HFrEF (Graphical Abstract).
Unlike previous models, the LIFE-HF model allows estimation of
both short-/mid-term risk of HF hospitalization and mortality, and
overall and HF hospitalization-free life expectancies for individual
patients. Extensive validation demonstrated the predictive relia-
bility of the model in both trial and real-world populations. The
model can be combined with the best available evidence from clini-
cal trials to predict individual benefit from guideline-recommended
therapies expressed as overall and HF hospitalization-free life-years
gained. An interactive calculator has been developed for use in daily
clinical practice.

With the LIFE-HF model we expand on previous risk models
and a landmark study estimating the lifetime benefits of optimal
guideline-recommended therapy for HFrEF on a group level.8,11–15

The LIFE-HF model can still be used to predict short-/mid-term
risk, but in addition enables the prediction of lifetime risk, and
allows for the estimation of treatment benefits on an individual
level. Lifetime estimates are informative as HFrEF is a chronic dis-
ease, and therapies are usually continued lifelong. Some patients
may already use one or more of the treatments included in the
regimen evaluated by the aforementioned study, or they might have
contraindications for or might not tolerate one of these therapies.
The LIFE-HF model predicts individual treatment benefits from
switching from any current treatment regimen to any future regi-
men of guideline-recommended therapies. Individualized treatment
benefits are relevant as the absolute effectiveness of therapy varies
greatly between individuals, based on baseline risk and remain-
ing life expectancy.9,10 For younger patients with mild symptoms,
short-term risk is generally low, and as a result short-term ARRs
achieved with treatment will be small. However, as they will age and ..
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.. their disease may progress, they may have a substantial lifetime risk.
As they have a high remaining life expectancy and can therefore be
treated over a long period of time, their lifetime treatment benefits
may be considerable (at the expense of longer treatment duration
and higher costs). On the other hand, older patients with more
advanced disease will generally have a high short-term risk and
large short-term ARRs, but this does not always translate to con-
siderable lifetime benefit due to their limited life expectancy. This
is illustrated by the estimates of the LIFE-HF model for the 15 415
individuals in the derivation cohort, showing that short-term treat-
ment effects in terms of ARRs are indeed larger in patients with a
higher 5-year risk, but lifetime treatment effects are generally larger
in younger patients with a moderate or low short-term risk.

The LIFE-HF model may help to improve the management
of HFrEF patients in multiple ways. First, by calling attention
to the consistently high risk of hospitalization and mortality in
this population. Second, by emphasizing the absolute benefits of
guideline-recommended therapies for patients with HFrEF, includ-
ing younger patients and patients with mild symptoms. Third, in
situations where limited resources affect treatment use, it could
help identify patients with both the greatest need for treatment
(greatest modifiable risk), and the greatest benefit from treat-
ment (greatest ARR or lifetime gain). Fourth, it could help physi-
cians to communicate risks and treatment benefits to patients.
Patients may be reluctant to add another drug to several they
might already be taking. Showing them personalized estimates of
risk and treatment benefits may increase their willingness to take
on and adhere to new treatments. Fifth, it could facilitate shared
decision-making by allowing patients to weigh their anticipated ben-
efits against the burden of taking another pill, potential side effects,
and costs.

Some methodological aspects should be discussed. The discrim-
inative ability of the LIFE-HF model is moderate, as is the case
with other risk scores in HF.11–15 The maximum c-statistic that
can be reached with a prognostic model depends on the distri-
bution of risk in the population.26 Given the selective nature of
the HFrEF population with high risks of hospitalization and mor-
tality in all patients, reaching c-statistics >0.70/>0.75 might not be
possible in most cohorts. A head-to-head comparison in SwedeHF
showed that the c-statistics of the LIFE-HF model are similar to or
higher than those of well-known other models (online supplemen-
tary Figure S12). As discussions on a patient’s prognosis, as well
as treatment decisions, are usually based on predicted risk, the
goodness of fit of these risk estimates (i.e. calibration) is especially
important in this setting, and moderate c-statistics are generally
accepted.26–28 Calibration of the LIFE-HF model was adequate in
trial and real-world populations, and various subgroups.

Because of the great variety in predictors included in existing
models and contrasting results regarding their prognostic value,
we avoided an arbitrary selection of predictors by using statistical
methods instead.11,12 To ensure the model would be feasible for
use in everyday clinical practice, the selection of predictors was
presented to an expert panel. This panel unanimously decided that
uric acid and bilirubin should be removed from the model, as these
are not routinely measured in clinical practice. They also strongly
supported the addition of eGFR to the model. Replacing uric acid

© 2023 European Society of Cardiology.
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Lifetime prediction in HFrEF: the LIFE-HF model 1971
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Figure 3 Estimation of individual risk and treatment benefit. Benefit from switching from angiotensin-converting enzyme inhibitors (ACEi)
to angiotensin receptor–neprilysin inhibitors (ARNI), and adding a mineralocorticoid receptor antagonist (MRA) and a sodium–glucose
cotransporter 2 inhibitor (SGLT2i) for three exemplar patients currently treated with an ACEi and a beta-blocker (BB). The benefit was
estimated using the core LIFE-HF model combined with hazard ratios from the PARADIGM-HF trial, a pooled estimate of the RALES and
EMPHASIS-HF trials, and a meta-analysis of the DAPA-HF and EMPEROR-Reduced trials (online supplementary Table S7), and is presented
as absolute reductions in the risk of all-cause mortality, and gain in overall survival. All exemplar patients were from Western Europe. ARR,
absolute risk reduction; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; SBP, systolic blood pressure.

© 2023 European Society of Cardiology.
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Figure 4 Treatment benefit in strata of baseline risk and age. Mean 5-year absolute risk reduction (ARR) for all-cause mortality (A),
and additional years gained in overall survival (B) from switching from angiotensin-converting enzyme inhibitors (ACEi) to angiotensin
receptor–neprilysin inhibitors (ARNI) and adding a sodium–glucose cotransporter 2 inhibitor (SGLT2i) for the 15 415 individuals in
PARADIGM-HF and ATMOSPHERE, stratified by baseline 5-year risk and age. Benefit from adding a mineralocorticoid receptor antagonist
(MRA), switching to ARNI, and adding an SGLT2i is displayed for the 8142 individuals without an MRA at baseline in PARADIGM-HF and
ATMOSPHERE (C, D).

and bilirubin by eGFR did not affect model performance, as the final
core model was shown to perform similarly to the initial model
with uric acid and bilirubin, and the extended model including all
17 independent predictors.

The model was developed in two clinical trials. Trial participants
may not always be fully representative of patients in real-world
clinical practice. Especially, they may have a lower absolute
risk of events, as they are often younger, healthier, and more
closely monitored than real-world patients. Therefore, it was
vital the model was also validated in two registries. Prediction
models can be updated to tailor predictions to new populations
through a recalibration of baseline risks.29 In PARADIGM-HF
and ATMOSPHERE, the true incidence of non-CV mortality in ..
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.. HFrEF patients was likely underestimated due to the exclusion of
patients with non-CV life-limiting diseases. As SwedeHF does not
have such exclusion criteria (online supplementary Table S2), we
argued that SwedeHF provided more representative estimates of
the real-world incidence of CV and non-CV mortality. Therefore,
baseline risks for these outcomes were recalibrated in SwedeHF.
The recalibrated model was used for the development of the
LIFE-HF calculator, made available for use in clinical practice.
This means the estimates provided by the LIFE-HF calculator are
applicable to real-world patients, i.e. are no longer affected by
healthy participant bias in the trials. Geographical differences in
baseline risk were accounted for in the model based on data of
regional subgroups in the derivation cohort, but these might not

© 2023 European Society of Cardiology.
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be representative of an entire region. If country-specific event
rates and mean predictor levels become available in the future,
the model should ideally be recalibrated to individual countries
(online supplementary Methods S8).30 Even though the model was
derived in patients with chronic HFrEF, the validation in 19 332
inpatients from SwedeHF showed that the model (without addi-
tional recalibration) also accurately predicted 5-year and 10-year
risk at discharge after an HF hospitalization. This suggests that, in
addition to the outpatient setting, the model may also be reliably
used at the end or shortly after an HF hospitalization. Risks were
underestimated in the small group of black patients available for
analysis. If more data of black HF patients become available in the
future, the model should be recalibrated to this population.

The model was developed and validated in study populations
with moderate uptake of contemporary guideline-recommended
therapies, and most data were from before the introduction of
SGLT2 inhibitors. Nevertheless, for the following reasons the
model is still applicable to current clinical practice. First, the use
of guideline-recommended therapies in the studies was compa-
rable to the uptake of these medications in clinical practice.4–7

Second, the model, without any adjustment or recalibration,
performed equally well in patients with and without an MRA at
baseline. Third, the model performed adequately in (the inter-
vention arm) of DAPA-HF, a population with very high uptake of
guideline-recommended therapies including an SGLT2 inhibitor.
If in the future the uptake of guideline-recommended thera-
pies significantly improves, recalibration of the model may be
required, and should be considered as soon as data with long-term
follow-up of patients on contemporary treatment including an
SGLT2 inhibitor become available.

Study limitations need to be considered. Registries such as
SwedeHF can be selective as well, and have imperfect cover-
age. In 2019, ∼30% of the prevalent HF population in Sweden
was registered in SwedeHF.31 The model predicts lifetime risk
but the validation periods were limited by the follow-up dura-
tion in the study populations. However, as the median HF
hospitalization-free and overall survival in patients with HFrEF is
limited, for example 2.9 and 6.1 years respectively in SwedeHF,
the 5- and 10-year validations performed for these outcomes
are already equivalent to a lifetime validation for the majority of
patients. Although for some younger lower-risk patients survival
may exceed 5 or 10 years, we did not observe any substantial dis-
agreements between predicted and observed risk in these patients
at 2, 3, 5, and 10 years of follow-up. The fact that the model accu-
rately predicted both the 5- and 10-year risk of all-cause mortality
(without additional recalibration) suggests that short-/mid-term
estimates can be reliably extrapolated into the future. Additional
long-term validations in other populations would still be desirable
when appropriate data become available. Extending finite follow-up
data to lifetime predictions of risk and treatment benefit is an
established methodology that has been applied in many different
settings.8,10,17–19,32 Lifetime estimates have previously been vali-
dated for up to 17 years in apparently healthy people, and 12 years
in patients with HFrEF.10,32 Nevertheless, we acknowledge that
lifetime estimates remain a projection of the actual lifetime risk and
treatment benefit, and are based on several assumptions (online ..
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.. supplementary Table S5). First, the model assumes that predictors
follow a natural course over time. If an unexpected permanent
change occurs in one or more predictors, predictions should be
repeated. Second, baseline risks are assumed to be stationary. If
advances in health care lead to a reduced baseline risk in the future,
the model should be recalibrated. When estimating treatment
benefits, it is assumed that hazard ratios are equal for all patients,
and benefits of multiple therapies are additive. This is supported
by subgroup analyses from trials, showing that relative treatment
effects are consistent across subgroups, including subgroups of
background medication.20,24 Also, treatment effects are assumed
to be constant, and patients are assumed to remain adherent over
lifetime treatment. In practice, greater non-adherence might be
expected. The estimates of a prediction model are never com-
pletely individualized, as not all of a patient’s characteristics can be
taken into account. Instead, the estimates reflect the average risk
and average treatment benefit for a group of patients with identical
characteristics with respect to the predictors in the model. In
addition to pharmacological therapy, devices have an important
role in the management of patients with HFrEF. The effects of
devices were not included in the model, but could be added in the
future.

In conclusion, the LIFE-HF model predicts both short-/mid-term
and lifetime risk of HF hospitalization and mortality, as well
as absolute treatment benefits expressed as overall and HF
hospitalization-free life-years gained, for individual patients with
HFrEF. The model could serve as a tool to improve the manage-
ment of patients with HFrEF by facilitating personalized medicine
and shared decision-making.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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