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Abstract

Aims Despite well-established benefits of sacubitril/valsartan for cardiac reverse remodelling and the prognosis of patients
with heart failure with reduced ejection fraction (HFrEF), there are some patients with limited therapeutic response, even with
optimal therapy. We assessed the treatment response to sacubitril/valsartan in patients with HFrEF, focusing on the associa-
tion between reverse remodelling and the prognosis.
Methods and results Using a retrospective cohort of consecutive patients with HFrEF treated with sacubitril/valsartan, we
compared the time trajectory of cardiac function in 415 patients (1258 echocardiograms), according to the occurrence of
cardiovascular death and hospitalization for HF during a median follow-up of 19.1 (interquartile range, 10.9–27.6) months.
A higher sacubitril/valsartan dose was associated with a better prognosis, whereas advanced age, diabetes, left ventricular
(LV) hypertrophy, left atrial enlargement, and pulmonary hypertension were associated with a worse prognosis. Patients with-
out an event (n = 337; 81.2%) showed LV reverse remodelling (LV ejection fraction ≥45% or LV end-systolic volume reduction
by 15% from baseline), which was typically observed within 6 months of sacubitril/valsartan treatment. Reverse remodelling
achievement was significantly associated with a better prognosis. However, patients without reverse remodelling had a worse
prognosis, as poor as that in patients with HFrEF not treated with sacubitril/valsartan.
Conclusions In patients with HFrEF treated with sacubitril/valsartan, LV reverse remodelling reflects the treatment response
and predicts the prognosis, whereas a lack of reverse remodelling indicates the lack of treatment benefits. Prediction and as-
sessment of reverse remodelling may facilitate the selection of patients with greater benefits by sacubitril/valsartan.
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Introduction

One of the most important advances in the management of
heart failure (HF) in the last decade was the development
of angiotensin receptor-neprilysin inhibitor (ARNI). The use
of LCZ696 (sacubitril/valsartan) significantly improves the
prognosis of patients with HF with reduced ejection fraction
(HFrEF).1,2 The prognostic benefits of ARNI treatment are as-
sociated with a reduction in N-terminal pro B-type natriuretic

peptide (NT-proBNP) level and cardiac reverse remodelling,
which includes an improvement in the left ventricular ejec-
tion fraction (LV-EF) and a reduction in LV volume.3

Although the overall prognosis of patients with HFrEF has
been further improved with the introduction of ARNI, we still
encounter patients with HFrEF who have a poor prognosis,
even with optimal therapy including beta blockers (BB),
mineralocorticoid antagonists (MRA), and ARNI.1 This finding
indicates that there are still patients with a limited response
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to ARNI. However, most previous studies have focused on the
beneficial effects of ARNI on cardiac reverse remodelling,
neglecting the clinical course of such ‘non-responders’.1–4

Furthermore, the association between reverse remodelling
and the prognosis has not been fully investigated, especially
in non-responders.

We hypothesized that the prognosis in patients with HFrEF
treated with ARNI would be different according to the time
trajectory of cardiac function, and that the achievement of
cardiac reverse remodelling by ARNI treatment may predict
the overall prognosis in these patients.

Methods

Patients

From March 2017 to May 2020, we retrospectively identified
700 patients with HFrEF who were prescribed ARNI at Seoul
National University Bundang Hospital (Figure 1). In Korea,
the prescription of ARNI is indicated, and can be reimbursed
by the National Insurance, in patients with HFrEF who meet
the following two criteria: (1) LV-EF ≤ 40% with New York
Heart Association functional class II to IV, and (2) under opti-
mal HF therapy using angiotensin-converting enzyme inhibi-
tors or angiotensin II receptor blockers, with BB and MRA
at stable doses for at least 4 weeks. All patients identified
from electronic medical records met these criteria. Patients
without echocardiograms, with only 1 echocardiogram, or
with all echocardiograms performed exclusively before or ex-
clusively after the initial ARNI prescription were excluded.

Finally, 415 patients were identified. Comorbidities of pa-
tients were determined from electronic medical records.

This study conformed with the principles outlined in the
Declaration of Helsinki and was approved by the ethics com-
mittee of the Clinical Research Institute of Seoul National
University Bundang Hospital. The requirement for informed
consent was waived because of the retrospective nature of
the study and minimal expected risk to the subjects.

Echocardiography

All images were obtained using a standard ultrasound device
with a 2.5-MHz probe. Standard techniques were used to ob-
tain M-mode, 2-dimensional, and Doppler measurements in
accordance with the guidelines of the American Society of
Echocardiography (ASE).7,8 LV diameter was measured using
M-mode imaging. LV end-systolic and end-diastolic volumes
and LV-EF were calculated using the biplane Simpson method
from apical four- and two-chamber views. LV volumes were
indexed to body-surface area (LV end-diastolic volume index
[LV-EDVi] and LV end-systolic volume index [LV-ESVi]. The mi-
tral E and A velocities, E/A ratio, deceleration time, and tissue
Doppler analysis of septal mitral annular E′ velocity, and mi-
tral E/e′ ratio were measured, and the continuous-wave
Doppler–derived pulmonary artery systolic pressure (PASP)
was calculated from the peak tricuspid regurgitation (TR)
velocity jet. Left atrial (LA) diameter was measured from
the parasternal long-axis view, and the LA maximal volume
was measured at end systole using the area-length method
from apical 4- and 2-chamber views, presented as the LA

Figure 1 Study population flow chart. The study population, comprised 415 patients with HFrEF treated with ARNI (sacubitril/valsartan cohort), were
matched to patients in a separate HF registry (STRATS-AHF registry).5,6 Patients with follow-up echocardiography within 6 months (n = 289) and
12 months (n = 371) of ARNI treatment initiation were also matched. In the STRATS-AHF registry, 1178 patients with HFrEF without sacubitril/valsartan
treatment were identified for 1:1 propensity score matching. EF, ejection fraction; HF, heart failure; HFrEF, heart failure with reduced ejection fraction;
LV, left ventricular.
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volume index (LAVI) after adjusting the body surface area.
The severity of mitral regurgitation (MR) was evaluated in
multiple aspects such as colour flow jet area, mitral E velocity,
effective regurgitant orifice area, and regurgitant volume ac-
cording to the guidelines of ASE,9 and converted into scores
(none or trivial, 0; mild, 1; moderate, 2; severe, 3).

Study outcomes

The primary outcome was the composite of cardiovascular
death and hospitalization for HF (HHF). Patients who received
cardiac resynchronization therapy were censored at the time
of device implantation. Vital status data with cause of death
were collected from Statistics Korea which is a government
organization responsible for the mortality census and causes
of death of entire Korean population, and HHF data were
identified from electronic medical records of the institution.

According to the occurrence of the study outcome, we
analysed the serial echocardiographic measurements of each
patient starting from the time of ARNI treatment initiation to
the time of the last clinical follow-up. The changes in the se-
verity of MR from baseline (before ARNI treatment) to most
recent echocardiography (after ARNI treatment) were
analysed according to the occurrence of study outcomes.
The achievement of LV reverse remodelling within 6 or
12 months of ARNI treatment initiation was defined using
the following criteria, based on the results of our analyses
and previous relevant studies10–12: an improvement in the
LV-EF to ≥45% or a reduction in LV end-systolic volume
(LV-ESV) by 15% from baseline. Serial measurements of the
NT-proBNP level were also assessed.

Statistical analysis

Continuous variables are presented as medians with inter-
quartile range (IQR) and categorical variables are presented
as frequencies. Differences between groups were evaluated
using the Student’s t-test for continuous variables and the
χ2 test for categorical variables. The changes in the severity
of MR before and after ARNI treatment were analysed using
paired t-test. The time trajectories of echocardiographic
parameters were assessed using penalized smoothing spline
methods to show the overall trend over time, until the
occurrence of the study outcome or the end of follow-up.
Survival was analysed using the Kaplan–Meier method and
Cox-proportional hazard analysis was used to determine
the independent predictors of the study outcome in terms
of the time to first adverse clinical event. Multivariable Cox
proportional hazard model analysis was used to evaluate
the significance of markers with a P-value of <0.2 on
univariable analysis, using the stepwise backward elimination
method. We also used multivariable Cox proportional hazard

model analysis to determine the independent predictors of
LV reverse remodelling after ARNI treatment (within 6 or
12 months), using markers with a P-value of <0.2 on
univariable analysis.

In order to assess the temporal changes in cardiac func-
tion and the prognostic impact of LV reverse remodelling,
the total study population (n = 415) and those for whom
the achievement of LV reverse remodelling could be deter-
mined (within 6 months: n = 289; within 12 months:
n = 371) were matched with patients with HFrEF included
in the STrain for Risk Assessment and Therapeutic Strategies
in patients with Acute Heart Failure (STRATS-AHF) registry
(NCT03513653) (Figure 1).5,6 In the STRATS-AHF registry,
we identified 1178 patients with HFrEF (LV-EF < 40%) who
were not treated with ARNI because the drug had not been
covered by the National Insurance during the follow-up
period. Patients were matched using propensity score
matching, with a 1:1 ratio, for age, sex, body mass index,
systolic blood pressure (SBP), heart rate, hypertension,
diabetes, atrial fibrillation (AF), ischaemic HFrEF aetiology,
glomerular filtration rate (GFR), BB use, MRA use,
LV-EF, and LV end-diastolic volume (LV-EDV) (Supporting
Information, Tables S1, S2, and S3).

Data were analysed using SPSS version 22 (IBM, Chicago,
IL, USA), and R version 4.0.2 (The R Foundation for Statistical
Computing, Vienna, Austria). A two-sided P-value of <0.05
was considered statistically significant.

Results

Baseline characteristics

Among the 415 patients with HFrEF who were prescribed
ARNI, the median age was 66.3 years (IQR, 56.6–75.7) and
73.3% were male (Table 1). The prevalence of hypertension,
diabetes, dyslipidaemia, chronic kidney disease (CKD), AF,
and stroke was 31.8%, 33.7%, 20.2%, 31.3%, 29.4%, and
14.0%, respectively. The aetiology of HFrEF was ischaemic
in 135 patients (32.5%), and the proportion of HFrEF by
ischaemic aetiology was higher in patients with an outcome
event than in those without an outcome event. During a
median 19.1 (IQR, 10.9–27.6) months of follow-up, the com-
posite event occurred in 78 patients (18.8%, cardiovascular
death in 15 patients and HHF in 71 patients). Compared
with those without an outcome event, patients with an out-
come event had a higher prevalence of hypertension, diabe-
tes, CKD, AF, stroke and prior cardiac resynchronization
therapy (CRT) implantation. Also, patients with an outcome
event had larger LV size and impaired diastolic function pa-
rameters, but similar LV-EF, compared with those without an
event.
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Cardiac function trajectory according to the
occurrence of event

In the total study population, 1258 echocardiographic exam-
inations (median, 3; IQR, 2–4) and 975 NT-proBNP

measurements (median, 2; IQR, 0–4) were performed during
the follow-up period. The echocardiographic examinations
and NT-proBNP measurements were also obtained from the
415 patients with HFrEF not treated with ARNI, matched
from the STRATS-AHF registry: 1829 echocardiographic

Table 1 Baseline characteristics

Total (n = 415) Without event (n = 337) With event (n = 78) P-value

Age (years) 66 (57–76) 65 (55–74) 72 (63–79) 0.005
Male sex 304 (73.3%) 247 (73.3%) 57 (73.1%) 0.969
BMI (kg/m2) 24.1 (22.1–26.0) 24.0 (22.0–26.2) 24.2 (22.2–25.8) 0.589
Systolic blood pressure (mmHg) 118 (106–131) 119 (107–131) 113 (102–126) 0.162
Diastolic blood pressure (mmHg) 70 (63–79) 70 (63–79) 68 (60–76) 0.384
Heart rate (beat/min) 84 (70–102) 85 (71–101) 79 (63–102) 0.114
Co-morbidities

Hypertension 132 (31.8%) 99 (29.4%) 33 (42.3%) 0.021
Diabetes 140 (33.7%) 103 (30.6%) 37 (47.4%) 0.007
Dyslipidaemia 84 (20.2%) 64 (19.0%) 20 (25.6%) 0.165
Chronic kidney disease 130 (31.3%) 92 (27.3%) 38 (48.7%) <0.001
Stroke 58 (14.0%) 41 (12.2%) 17 (21.8%) 0.023
Chronic obstructive pulmonary disease 38 (9.2%) 30 (8.9%) 8 (10.3%) 0.678
AF 122 (29.4%) 92 (27.3%) 30 (38.5%) 0.041
Prior ICD 36 (8.7%) 28 (8.3%) 8 (10.3%) 0.582
Prior CRT 24 (5.8%) 15 (4.5%) 9 (11.5%) 0.027
Ischaemic aetiology 135 (32.5%) 101 (30.0%) 34 (43.6%) 0.016

Laboratory tests
Total cholesterol (mg/dL) 153.0 (125.0–179.0) 157.0 (129.0–181.8) 131.5 (107.0–167.0) <0.001
Haemoglobin (g/dL) 13.4 (12.0–14.9) 13.6 (12.1–15.0) 12.8 (11.6–14.0) 0.028
Blood urea nitrogen (mg/dL) 19.0 (15.0–25.0) 18.0 (14.0–23.0) 22.0 (16.3–30.8) <0.001
Creatinine (mg/dL) 1.0 (0.8–1.3) 1.0 (0.8–1.2) 1.2 (0.9–1.6) 0.059
GFR (mL/min/1.73 m2) 74.4 (54.0–91.1) 78.5 (56.9–93.9) 60.4 (40.9–78.9) <0.001
NT-proBNP (pg/mL) 1384.0 (449.7–4524.7) 1472.2 (439.7–4597.5) 1316.2 (535.6–3868.3) 0.561

Echocardiographic parameters
LV-EDD (mm) 60.0 (55.0–65.0) 60.0 (55.0–65.0) 62.0 (56.0–67.0) 0.083
LV-ESD (mm) 50.0 (45.0–56.7) 50.0 (44.6–56.0) 51.5 (46.0–59.0) 0.041
LV-EDV (mL) 156.0 (123.0–196.0) 154.0 (120.0–196.0) 170.5 (130.0–200.8) 0.136
LV-EDV index (mL/m2) 90.9 (72.0–112.3) 89.8 (70.4–110.5) 100.6 (76.4–121.4) 0.016
LV-ESV (ml) 113.0 (85.0–146.0) 110.0 (84.0–145.2) 122.5 (93.5–154.5) 0.125
LV-ESV index (mL/m2) 65.2 (50.5–83.9) 63.2 (48.6–81.6) 74.5 (54.0–89.4) 0.019
LV-EF (%) 27.8 (22.9–33.1) 28.1 (23.1–33.3) 26.2 (21.7–32.6) 0.156
LV-MI (g/m2) 136.6 (113.6–163.7) 134.3 (111.9–160.3) 141.6 (123.3–176.4) 0.026
Mitral inflow E velocity (m/s) 0.78 (0.56–1.02) 0.74 (0.53–1.00) 0.91 (0.70–1.06) 0.002
Septal mitral annulus s′ velocity (cm/s) 4.4 (3.6–5.3) 4.6 (3.6–5.4) 4.1 (3.5–5.0) 0.029
Septal mitral annulus e′ velocity (cm/s) 4.5 (3.5–5.7) 4.6 (3.6–5.8) 4.1 (3.2–5.4) 0.002
E/e′ ratio 15.9 (11.3–24.1) 15.2 (11.0–22.7) 19.8 (13.4–29.3) <0.001
LA dimension (mm) 44.0 (38.0–49.0) 43.0 (38.0–48.0) 46.0 (41.0–51.8) 0.014
LAVI (mL/m2) 54.4 (43.0–71.6) 52.7 (41.5–69.3) 64.7 (51.4–82.2) 0.002
TR Vmax (m/s) 2.6 (2.3–3.1) 2.5 (2.2–3.0) 3.0 (2.7–3.6) <0.001
PASP (mmHg) 32.0 (26.2–43.7) 30.0 (24.4–41.1) 44.8 (34.2–60.3) <0.001

Medication
Use of BB 401 (96.6%) 331 (97.9%) 70 (90.9%) 0.213
Use of MRA 247 (59.5%) 196 (58.0%) 51 (66.2%) 0.183
Use of ivabradine 160 (38.6%) 131 (38.8%) 29 (37.7%) 0.859
Use of diuretics 330 (79.5%) 266 (78.9%) 64 (82.1%) 0.538

Events
Cardiovascular death 15 (3.6%) 0 (0.0%) 15 (19.2%) N/A
HHF 71 (17.1%) 0 (0.0%) 71 (91.0%) N/A
Follow-up duration (months) 19.1 (10.9–27.6) 21.6 (14.8–29.2) 5.1 (1.5–12.1) <0.001

Values are given as the median with interquartile range or as a number (percentage).
AF, atrial fibrillation; BB, beta-blockers; BMI, body-mass index; CRT, cardiac resynchronization therapy; EDD, end-diastolic dimension; EDV,
end-diastolic volume; EF, ejection fraction; ESD, end-systolic dimension; ESV, end-systolic volume; GFR, glomerular filtration rate; HHF,
hospitalization for heart failure; ICD, implantable cardioverter defibrillator; LA, left atrium; LAVI, left atrial volume index; LV, left ventric-
ular; MI, mass index; MRA, mineralocorticoid antagonists; N/A, not applicable; NT-proBNP, N-terminal pro B-type natriuretic peptide;
PASP, pulmonary artery systolic pressure; TR, tricuspid regurgitation.
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examinations (median 4; IQR, 2–6) and 340 NT-proBNP mea-
surements (median 1; IQR, 0–2). The serial echocardiographic
measurements are plotted according to the use of ARNI and
the occurrence of the composite outcome in Figure 2. In
patients without an outcome event, the echocardiographic
parameters of cardiac function, including LV-EF, LV-EDVi,
LV-ESVi, LAVI, mitral E/e′ ratio, and PASP, showed prominent
improvements in the early period of ARNI treatment, mostly
within 6 months of the initial prescription for ARNI. In con-
trast, these parameters were not improved in the early pe-
riod of ARNI treatment among those with an outcome
event. The matched control group showed modest improve-
ment in cardiac function, which was greater than the patients
treated with ARNI and had an outcome event, but lesser than
those treated with ARNI without an outcome event.

At baseline, the severity of MR was greater in patients with
an outcome event, compared with those without (P < 0.001)
(Figure 3). Of note, the severity of MR was significantly de-
creased in patients without an event (P < 0.001), and the
prevalence of moderate and severe MR were decreased by
10.4% and 2.1%, respectively. However, in patients with an
outcome event, the overall severity of MR did not change
(P = 0.744), while the prevalence of severe MR was increased
from 12.8% to 20.5%.

Changes in N-terminal pro B-type natriuretic
peptide levels in response to sacubitril/valsartan
treatment

At baseline, NT-proBNP levels did not differ between patients
without an outcome event (median, 1472.2 pg/mL; IQR,
439.7–4597.5) and those with an outcome event (median,
1316.2; IQR, 535.6–3868.3) (Table 1). As shown in
Figure 2F, the NT-proBNP levels were significantly decreased
after ARNI treatment initiation in patients without an out-
come event, but remained elevated throughout the
follow-up period in patients who had an outcome event.

Left ventricular reverse remodelling and its
predictors

Among the 289 patients with available follow-up echocardio-
graphic measurements within 6 months of ARNI treatment
initiation, 157 (54.3%) patients achieved LV reverse remodel-
ling (Supporting Information, Table S4). Within 12 months of
ARNI treatment initiation, 371 patients had follow-up echo-
cardiography; among these, 226 (60.9%) achieved LV reverse
remodelling. The proportion of patients with LV reverse

Figure 2 Trajectories of cardiac function and NT-proBNP level in patients with HFrEF treated with sacubitril/valsartan. Serial measurements of
(A) LV-EDVi, (B) LV-ESVi, (C) LV-EF, (D) mitral E/e′ ratio, (E) LAVI, and (F) NT-proBNP level are shown according to the occurrence of the study outcome
(cardiovascular death or HHF). Measurements in patients without an outcome event are shown in blue dots with spline curves; those in patients with
an outcome event are shown in red dots with spline curves; and those in the matched control group are shown in green dots with spline curves. EDVi,
end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; HFrEF, heart failure with reduced ejection fraction; LAVI, left atrial
volume index; LV, left ventricular; NT-proBNP, N-terminal pro B-type natriuretic peptide.
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remodelling was significantly lower in those who experienced
an outcome event than in patients without an outcome event.

The event-free survival curves are plotted according to the
achievement of LV reverse remodelling at 6 and 12 months of
ARNI treatment in Figure 4. The survival probability according
to the achievement of LV reverse remodelling among patients
treated with ARNI was further compared with that in patients
with HFrEF without ARNI treatment, matched from a separate
registry database (STRATS-AHF registry). A lower risk of the
composite event was prominent in those who achieved LV re-
verse remodelling (adjusted hazard ratio (HR), 0.409; 95%
confidence interval (CI), 0.217–0.769; P = 0.006 for LV reverse
remodelling within 6 months; adjusted HR, 0.313; 95% CI,
0.181–0.542; P < 0.001 for LV reverse remodelling within
12 months), compared with that in patients who did not
achieve LV reverse remodelling. The survival probability of pa-
tients with HFrEF who did not achieve LV reverse remodelling
after ARNI treatment was as poor as that in the matched
HFrEF patients without ARNI treatment. A lower risk of the
composite event in patients with LV reverse remodelling than
in patients without LV reverse remodelling and matched pa-
tients with HFrEF who were not treated with ARNI was consis-
tent across various subgroups based on clinical variables and
LV-EF (Figure 5 and Supporting Information, Figure S1).

We evaluated the associations between baseline clinical
variables and echocardiographic parameters with LV reverse
remodelling (Table 2 and Supporting Information, Table S5).
SBP > 110 mmHg (adjusted HR, 1.821; 95% CI, 1.228–2.700;
P = 0.003), LV-EF < 25% (adjusted HR, 1.872; 95% CI 1.313–
2.669; P = 0.001), and PASP <40 mmHg (adjusted HR,

1.536; 95% CI, 1.048–2.253; P = 0.028) were significantly as-
sociated with LV reverse remodelling within 6 months of
ARNI treatment (Table 2). Similarly, SBP > 120 mmHg
(adjusted HR, 1.355; 95% CI 1.010–1.818; P = 0.043) and
LV-EF < 30% (adjusted HR, 1.536; 95% CI 1.135–2.080;
P = 0.005) showed significant associations with LV reverse re-
modelling within 12 months of ARNI treatment, and of note,
non-ischaemic aetiology of HFrEF showed a significant associ-
ation with LV reverse remodelling (adjusted HR, 1.661; 95% CI
1.172–2.353; P = 0.004).

Predictors of cardiovascular death and
hospitalization for heart failure

On univariable analysis, advanced age, hypertension, diabetes,
CKD, stroke, ischaemic aetiology, prior CRT implantation,
lower GFR, larger LV size, larger LV mass index, larger LAVI,
higher mitral E/e′ ratio, and higher PASP were significantly as-
sociated with the occurrence of the composite outcome. In
contrast, more BB prescriptions and a higher daily dose of
ARNI were associated with a lower risk of cardiovascular death
or HHF (Supporting Information, Table S6). On multivariable
analysis using the backward selection method, advanced age
(age >70 years; adjusted HR, 1.810; 95% CI, 1.080–3.031;
P = 0.024), presence of diabetes (adjusted HR, 1.725; 95% CI,
1.058–2.813; P = 0.029), larger LV-EDVi (LV-EDVi ≥91 mL/m2;
adjusted HR, 1.754; 95% CI, 1.031–2.983; P = 0.038), and PASP
>50 mmHg (adjusted HR, 2.657; 95% CI, 1.603–4.405;
P< 0.001) were associated with a higher risk of the composite

Figure 3 Changes in the severity of MR. The severity of MR was assessed at baseline (before ARNI treatment) and at last echocardiography (after ARNI
treatment), according to the occurrence of outcome events. In patients without an outcome event, the severity of MR was decreased after ARNI treat-
ment, whereas the patients with an outcome event did not show reduction in MR amount. Notably, the prevalence of severe MR was further increased
in patients who experienced an outcome event. MR, mitral regurgitation.
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outcome (Table 3). In contrast, more BB prescriptions
(adjusted HR, 0.426; 95% CI, 0.190–0.958; P = 0.039) and a
higher daily dose of ARNI (≥200 mg/day; adjusted HR, 0.399;
95% CI, 0.239–0.665; P = 0.001) was associated with a lower
risk of the composite outcome. Similar results were observed
in the analyses among the patients for whom the achievement
of LV reverse remodelling could be determined (within
6 months: n = 289; within 12 months: n = 371), while the
achievement of LV reverse remodelling was significantly
associated with a lower risk of study outcome.

Discussion

In the present study, we investigated the occurrence of
cardiovascular death and HHF according to the trajectory of
cardiac function in patients with HFrEF treated with ARNI.
LV reverse remodelling was observed in patients without
these events, typically in the early period of ARNI treatment.
The occurrence of LV reverse remodelling was significantly
associated with a lower risk of cardiovascular mortality and
HHF. However, in patients with HFrEF treated with ARNI

who did not show LV reverse remodelling, the overall survival
was similar to that in patients with HFrEF not treated with
ARNI. These findings suggest that1 improvement in cardiac
function assessed by echocardiography could be used as an
indicator of treatment response and a predictor of a better
prognosis, and2 the prediction and assessment of LV reverse
remodelling may facilitate the selection of patients with
HFrEF who will have greater clinical benefits with ARNI
treatment.

Benefits of angiotensin receptor-neprilysin
inhibitor treatment in patients with heart failure
with reduced ejection fraction

The development of sacubitril/valsartan is considered as one
of the most important advances in the management of HFrEF,
and its role is rapidly expanding to first-line treatment in
symptomatic patients with HFrEF.13,14 According to the
Prospective Comparison of ARNI with ACEI [Angiotensin-
Converting–Enzyme Inhibitor] to Determine Impact on Global
Mortality and Morbidity in Heart Failure (PARADIGM-HF)
trial, the use of ARNI reduced cardiovascular death by 20%

Figure 4 Survival curves according to the achievement of LV reverse remodelling. Event-free survival curves according to the occurrence of LV reverse
remodelling (A) within 6 months and (B) 12 months of sacubitril/valsartan treatment initiation are shown. Landmark analyses counting the outcome
events after the determination of LV reverse remodelling (C) within 6 months and (D) within 12 months of treatment initiation are also shown. Survival
curves of patients who achieved LV reverse remodelling are shown in blue, and those without LV reverse remodelling are shown in red. The overall
survival in the study population was compared to that for propensity-score matched patients with HFrEF who were not treated with sacubitril/
valsartan (green colour), identified from a separate registry (STRATS-AHF registry).

5,6
CI, confidence interval; HR, hazard ratio; LV, left ventricular.
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and the risk of HHF by 21% compared with that with the use
of enalapril.1

The prognostic benefits of ARNI were further elaborated in
a series of studies that reported changes in echocardio-
graphic parameters; the Prospective Study of Biomarkers,
Symptom Improvement, and Ventricular Remodelling During
Sacubitril/Valsartan Therapy for Heart Failure (PROVE-HF)
showed that the reduction in NT-proBNP level is correlated

with improvement in LV function parameters in patients with
HFrEF treated with ARNI.3 In the Effect of Sacubitril-Valsartan
versus Enalapril on Aortic Stiffness in Patients with Heart Fail-
ure and Reduced Ejection Fraction (EVALUATE-HF) trial, the
patients treated with ARNI showed a significant reduction in
LV size, LAVI, and mitral E/e′ ratio, compared with those
treated with enalapril.15 LV reverse remodelling by ARNI
treatment was also demonstrated in patients with functional

Figure 5 Subgroup analyses for LV reverse remodelling within 12 months of treatment initiation. The adjusted HRs are shown for the composite of CV
death or HHF in subgroups based on clinical features and LV-EF. Using propensity-score matched patients with HFrEF without ARNI treatment as a
reference (green), the HRs of patients treated with ARNI who did (blue) and did not (red) achieve reverse remodelling within 12 months are summa-
rized. Comparisons between patients with and without reverse remodelling, and P-values for the interaction, are also shown in the rightmost column
of the table. BP, blood pressure; CI, confidence interval; CV, cardiovascular; GFR, glomerular filtration rate; HHF, hospitalization for heart failure; HR,
hazard ratio; LV-EF, left ventricular ejection fraction.
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MR secondary to LV dysfunction.16 According to the Pharma-
cological Reduction of Functional, Ischemic Mitral Regurgita-
tion (PRIME) trial, the 12-month treatment with ARNI
significantly reduced the severity of MR and LV-EDVi, com-
pared with those treated with valsartan. Several retrospec-
tive studies reported similar results for LV reverse
remodelling, which was observed in the early phase after
ARNI treatment initiation.17–19

In the present study, we observed significant improve-
ments in LV function parameters in patients with HFrEF
treated with ARNI, which is consistent with previous reports.
Relevant echocardiographic parameters, including LV-EF,
indexed LV volume, LAVI, mitral E/e′ ratio, PASP, and the se-
verity of MR demonstrated concordant trends towards im-
provement. These findings suggest that the use of ARNI can
provide comprehensive benefits for cardiac geometry and

Table 2 Predictors of the achievement of LV reverse remodelling

Reverse remodelling within 6 monthsa Reverse remodelling within 12 monthsb

Adjusted HR 95% CI P-value Adjusted HR 95% CI P-value

SBP >110 mmHg 1.821 1.228–2.700 0.003 - - -
SBP >120 mmHg - - - 1.355 1.010–1.818 0.043
Non-ischaemic aetiology - - - 1.661 1.172–2.353 0.004
LV-EF <25% 1.872 1.313–2.669 0.001 - - -
LV-EF <30% - - - 1.536 1.135–2.080 0.005
PASP <40 mmHg 1.536 1.048–2.253 0.028 - - -

Univariable factors with P-values <0.200 were entered into the multivariable Cox proportional hazard regression analysis, using the step-
wise backward elimination method.
aLV reverse remodelling within 6 months of sacubitril/valsartan treatment initiation was determined in 289 patients for whom follow-up
echocardiograms within 6 months were available. Multivariable Cox regression analysis was performed with these 289 patients.

bLV reverse remodelling within 12 months of sacubitril/valsartan treatment initiation was determined in 371 patients for whom follow-up
echocardiograms within 6 months were available. Multivariable Cox regression analysis was performed with these 371 patients.
CI, confidence interval; LV-EF, left ventricular ejection fraction; HR, hazard ratio; PASP, pulmonary artery systolic pressure; SBP, systolic
blood pressure.

Table 3 Multivariable predictors of cardiovascular mortality and HHF

Variables

Total study
population (n = 415)

Patients with follow-up
echocardiography
within 6 months

(n = 289)b

Patients with follow-up
echocardiography
within 12 months

(n = 371)c

Adjusted
HR 95% CI P-value

Adjusted
HR 95% CI P-value

Adjusted
HR 95% CI P-value

Age >70 years 1.810 1.080–3.031 0.024 2.460 1.363–4.440 0.003 - - -
Diabetes mellitus 1.725 1.058–2.813 0.029 2.460 1.363–4.440 0.003 2.234 1.295–3.854 0.004
LV hypertrophya 2.093 0.928–4.721 0.075 6.065 1.845–19.938 0.003 2.815 1.251–6.335 0.012
LV-EDV index ≥91 mL/m2

(median)
1.754 1.031–2.983 0.038

PASP >50 mmHg 2.657 1.603–4.405 <0.001 2.115 1.120–3.992 0.021 1.815 1.009–3.267 0.047
Use of BB 0.370 0.165–0.833 0.016 - - - - - -
Dosage of sacubitril/valsartan at
last follow-up ≥200 mg/day

0.407 0.243–0.680 0.001 0.494 0.260–0.938 0.031 0.362 0.207–0.633 <0.001

Reverse remodelling within
6 monthsb

- - - 0.409 0.217–0.769 0.006 - - -

Reverse remodelling
within 12 monthsc

- - - - - - 0.313 0.181–0.542 <0.001

Univariable factors with P values <0.200 were entered into the multivariable Cox proportional hazard regression analysis, using the step-
wise backward elimination method. Variables with a significant association with the composite endpoint of cardiovascular death and HHF
are shown.
aLV hypertrophy was defined according to the American Society of Echocardiography’s guidelines7: LV-MI > 95 g/m2 in women and
>115 g/m2 in men.

bLV reverse remodelling within 6 months of sacubitril/valsartan treatment initiation was determined in 289 patients for whom follow-up
echocardiograms within 6 months were available. Multivariable Cox proportional hazard regression analysis was performed with these
289 patients.

cLV reverse remodelling within 12 months of sacubitril/valsartan treatment initiation was determined in 371 patients for whom follow-up
echocardiograms within 6 months were available. Multivariable Cox proportional hazard regression analysis was performed with these
371 patients.
BB, beta-blockers; CI, confidence interval; HHF, hospitalization for heart failure; HR, hazards ratio; LV, left ventricular; MI, mass index;
PASP, pulmonary artery systolic pressure.

2066 M.-G. Moon et al.

ESC Heart Failure 2021; 8: 2058–2069
DOI: 10.1002/ehf2.13285



both systolic and diastolic function, and that. LV reverse re-
modelling provides a mechanistic explanation for the prog-
nostic benefits of ARNI in patients with HFrEF.

Existence of patients with a poor prognosis
despite optimal treatment

Although the benefits of ARNI are robust, there are still some
patients who experience cardiovascular death or HHF that
cannot be prevented with the current optimal treatment pro-
tocol. According to the PARADIGM-HF trial, the overall event
rate (cardiovascular death or HHF) in patients with HFrEF
treated with optimal medical therapy, including ARNI, was
21.8% during a median of 27 months (annual event rate,
9.7%). While most of the published studies have focused on
the positive results of ARNI, including its prognostic benefits
and associated LV reverse remodelling, little attention has
been paid to this small, but still significant, proportion of poor
responders. In this regards, in addition to the robust findings
on the benefits of ARNI for LV reverse remodelling in patients
with HFrEF, we further demonstrated that there are certain
patients who do not show LV reverse remodelling despite
ARNI treatment (i.e. non-responders), and that these patients
have a worse prognosis compared with that in ARNI-
responders.

Clinical implications of early reverse remodelling

In the present study, the difference in the time trajectory of LV
function between ARNI-responders and non-responders be-
came obvious in the early phase of ARNI treatment, within
6months after treatment initiation. Furthermore, it was noted
that the worse prognosis in non-responders was similar to that
in propensity-score matched patients with HFrEF who were
not treated with ARNI. The non-responders, as well as the
matched patients from the STRATS-AHF registry, were on opti-
mal medical therapy, including renin-angiotensin system
blockers (100%), BB (97%), and MRA (~60%), with the excep-
tion of ARNI.

Our findings provide several implications regarding the
use of ARNI in patients with HFrEF. First, serial echocardio-
graphic assessments can be used as indicators of treatment
response. The achievement of early LV reverse remodelling
indicates an appropriate response to ARNI, leading to
greater hemodynamic improvements and a reduced risk of
cardiovascular mortality and morbidity. Second, the failure
to achieve LV reverse remodelling by ARNI may indicate a
lack of treatment benefits, not only in terms of echocardio-
graphic recovery, but also in terms of additive survival gain.
Therefore, it can be postulated that serial echocardio-
graphic assessments can differentiate patients who will
benefit from the current treatment with ARNI and those

who will have a limited response. Patients with limited re-
sponse to ARNI treatment may require additional treatment
options, such as a cardiac implantable electronic device,
ventricular assist device, or cardiac transplantation. Third,
there might be predictors of early reverse remodelling after
ARNI treatment initiation.. In the present study, patients
with higher SBP, at baseline can be considered as having
a better response to ARNI treatment. Patients with higher
SBP are more likely to be prescribed with a higher dose
of ARNI, as reported in a substudy of the TITRATION
trial.20,21 The higher SBP at baseline, as well as the mainte-
nance of target dose of ARNI, are good prognostic factors,
according to the sub-analyses of PARADIGM-HF trial.22,23

In line with these findings, we observed that the higher
SBP at baseline is associated with the early LV reverse re-
modelling, and that the higher dose of ARNI at last
follow-up is associated with better outcome.

Regarding the LV reverse remodelling, the duration of
HFrEF is considered as an important predictor. In a prospec-
tive study of 1160 patients, the long-term trajectories of
LV-EF showed a more prominent improvement in patients
with new-onset HF compared with those with longer HF
duration.24 This tendency was also reported in a small retro-
spective study of patients with HFrEF treated with ARNI: the
patients with LV reverse remodelling tended to have a shorter
duration of HFrEF.25 In the present study, we could not deter-
mine the duration of HFrEF due to the retrospective study de-
sign, but we observed that non-ischaemic HFrEF aetiology was
associated with early reverse remodelling. Considering the
potential association between the duration of HFrEF and LV
reverse remodelling, it could be assumed that the patients
with ischaemic aetiology of HFrEF in our study might have a
longer duration of HFrEF. Meanwhile, the aetiology of HFrEF
was not associated with prognosis, which is concordant with
a substudy of PARADIM-HF trial by Balmforth et al.; the ben-
efits of ARNI were similar between patients with ischaemic
aetiology and those with non-ischaemic aetiology.26 Further-
more, as shown in the Figure 5, the prognostic benefits of
ARNI were concordant across various subgroups, which are
in line with previous landmark trials.1,27 Thus, although we
could not confirm the cause-effect relationship, our findings
suggest that the identification of potential predictors for early
reverse remodelling after ARNI treatment can facilitate the se-
lection of candidates who may have greater prognostic bene-
fits with ARNI treatment among patients with HFrEF. These
findings need to be further investigated in large real-world
studies or prospective trials.

Limitations

The present study has several limitations. First, study popula-
tion was identified from a retrospective database. However,
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the entire study population was prescribed ARNI under the
same indication criteria, defined by the National Insurance.
Therefore, the study utilized a homogenous study population
while reflecting real-world practice. Second, echocardiogra-
phy was performed according to the attending physician’s dis-
cretion, rather than by a pre-specified schedule. However, the
distinct difference in the trajectory of cardiac function be-
tween patients with and without an outcome event suggests
that the findings of our study are relevant. Still, a prospective
study with a pre-defined echocardiographic follow-up sched-
ule could further clarify the temporal changes in cardiac func-
tion. Third, data regarding changes in symptomatic status and
quality of life were not available due to the retrospective de-
sign of the study. Given the significant correlation between
changes in symptoms and Kansas City Cardiomyopathy
Questionnaire-23 scores with changes in NT-proBNP
levels and echocardiographic parameters observed in the
PROVE-HF study,3,28 the lack of this information does not af-
fect the interpretation of the present results. Fourth, we fo-
cused on the changes in echocardiographic parameters and
NT-proBNP, but could not investigated the strain measure-
ments (i.e. LV global longitudinal strain or LA reservoir strain),
or cardiacmagnetic resonance parameters (i.e. native T1 or ex-
tracellular volume). Future studies are warranted to investi-
gate the comprehensive changes in cardiac function and
structures by ARNI treatment.

Conclusions

In patients with HFrEF treated with ARNI, LV reverse
remodelling occurs in the early period of ARNI treatment
and is associated with a lower risk of cardiovascular
mortality and HHF. However, a lack of LV reverse remodelling
by ARNI treatment sometimes occurs and may indicate a
lack of additive benefit by ARNI treatment. Thus, LV reverse

remodelling by ARNI can be an indicator of the treatment
response and a predictor of the prognosis in patients
with HFrEF.
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