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Aims We aimed to examine temporal changes in left ventricular (LV) structures and their prognostic impacts in patients
with heart failure (HF) and preserved ejection fraction (HFpEF).
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Methods
and results

In the Chronic Heart Failure Analysis and Registry in the Tohoku District-2 (CHART-2) study (n = 10 219), we
divided 2698 consecutive HFpEF patients (68.9±12.2 years, 32.1% female) into three groups by LV hypertrophy
(LVH) and enlargement (LVE) at baseline: (−)LVH/(−)LVE (n = 989), (+)LVH/(−)LVE (n = 1448), and (+)LVH/(+)LVE
(n = 261). We examined temporal changes in LV structures and their prognostic impacts during a median 8.7-year
follow-up. From (−)LVH/(−)LVE, (+)LVH/(−)LVE to (+)LVH/(+)LVE at baseline, the incidence of the primary
outcome, a composite of cardiovascular death or HF admission, significantly increased. Among 1808 patients who
underwent echocardiography at both baseline and 1 year, we noted substantial group transitions from baseline
to 1 year; the transition rates from (−)LVH/(−)LVE to (+)LVH/(−)LVE, from (+)LVH/(−)LVE to (−)LVH/(−)LVE,
from (+)LVH/(−)LVE to (+)LVH/(+)LVE, and from (+)LVH/(+)LVE to (+)LVH/(−)LVE were 27% (182/671), 22%
(213/967), 6% (59/967), and 26% (44/170), respectively. In the univariable Cox proportional hazard model, patients
who transitioned from (+)LVH/(−)LVE to (+)LVH/(+)LVE or remained in (+)LVH/(+)LVE had the worst subsequent
prognosis [hazard ratio (HR) 4.65, 95% confidence interval (CI) 3.09–6.99, P< 0.001; HR 4.01, 95% CI 2.85–5.65,
P< 0.001, respectively], as compared with those who remained in (−)LVH/(−)LVE. These results were unchanged
after adjustment for the covariates including baseline LV ejection fraction (LVEF) and 1-year LVEF change.

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

Conclusion In HFpEF patients, LV structures dynamically change over time with significant prognostic impacts, where patients
who develop LVE with LVH have the worst prognosis.
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Introduction
Along with the aging of societies, the number of patients with
heart failure (HF), especially those with HF and preserved ejection
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.. fraction (HFpEF), has been rapidly increasing worldwide.1,2 How-

ever, the pathophysiology of HFpEF remains to be fully elucidated
as the disorder may be heterogeneous, and no effective therapy is
yet available.3–6
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Recently, the variability of left ventricular (LV) remodelling in
HFpEF, at least in part, reflecting the heterogeneous pathophys-
iology, has been increasingly recognized.7 Apart from LV ejec-
tion fraction (LVEF) deterioration, LV hypertrophy (LVH) and
enlargement (LVE) are the important components of LV remod-
elling, which is known to be influenced by aging, cardiovas-
cular (CV) risk factors, cardiac injury, neurohormonal activa-
tion, and sustained cardiac pressure and/or volume overload.8

Indeed, it has been shown that LVH has negative prognostic
impacts in the general population, hypertensive patients, and sev-
eral populations with CV diseases such as atrial fibrillation (AF),
prior myocardial infarction (MI), and HF including HFpEF.9–14

Moreover, Zile et al.15 recently reported that the assessment of
LVE combined with LVH would help physicians further strat-
ify the prognostic risk in older adults with predominantly pre-
served LVEF and without HF from the Cardiovascular Health
Study (CHS). In HFpEF patients, however, it remains unexamined
whether the classification of LV structures by LVH and LVE is
useful to stratify the prognostic risk, and furthermore, whether
temporal changes in LV structures influence the subsequent
prognosis.

In the present study, we thus addressed these clinically impor-
tant issues in the Chronic Heart Failure Analysis and Registry
in the Tohoku District-2 (CHART-2) study, the largest multicen-
tre, prospective observational study for chronic HF patients in
Japan.2,16,17

Methods
Study design
In the CHART-2 study, we enrolled 10 219 consecutive patients
with or at risk of HF between 2006 and 2010 according to the
American College of Cardiology Foundation/American Heart Asso-
ciation (ACCF/AHA) guidelines,3 as previously described.2,16,17 HF
was diagnosed based on the Framingham Study criteria.18 All infor-
mation, including transthoracic two-dimentional echocardiography
data, was obtained at the time of enrolment and annually thereafter.
The CHART-2 study was approved by the ethics committee of each
participating hospital and a written informed consent was obtained
from all patients. Among HF patients in stage C/D (n = 4876) in the
CHART-2 study, we selected 2714 HFpEF patients (LVEF≥50%)3,4

after excluding those with valvular heart disease (VHD) as a primary
aetiology of HF and those without echocardiography data at the time
of enrolment (Figure 1). LVEF was calculated by the Teichholz formula
or the Simpson method, as appropriate. We evaluated LVH and LVE
in each patient based on the American Society of Echocardiography
(ASE) guidelines.19 LVH was defined as LV mass (LVM) indexed to
body surface area (LVMI)>115 g/m2 in males and >95 g/m2 in females,
while LVE was defined as LV diastolic dimension (LVDd) indexed
to body surface area (LVDdI)>36 mm/m2 in males and >37 mm/m2

in women. LVM was calculated by LVDd, interventricular septal
thickness at end-diastole (IVSTD), and posterior wall thickness at
end-diastole (PWD) with the formula by Devereux et al.20 as follows:
LVM = 0.8× (1.04× [(IVSTD+ LVDd+ PWD)3 − LVDd3])+ 0.6.
Based on these definitions, we divided 2714 patients into
four LV structural groups: (−)LVH/(−)LVE (n = 989, 36.4%),
(+)LVH/(−)LVE (n = 1448, 53.4%), (+)LVH/(+)LVE (n = 261, 9.6%), ..
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CHART-2 Study

(N=10219)

Stage C/D patients

(N=4876)

Excluded
Stage A/B patients (N=5333)  
Data unavailable (N=10)

Excluded
LVEF<50% (N=1683)
VHD (N=382)

Excluded
No data of LVMI/LVDdI (N=97)

HFpEF patients

(N=2714)

(-)LVH/(+)LVE

(N=16)  
(+)LVH/(-)LVE

(N=1448)  

(+)LVH/(+)LVE

(N=261)  

(-)LVH/(-)LVE

(N=989)  

Follow-up period: 8.7 years
Follow-up rate: 98.6%

Excluded

N=2698

Figure 1 Study flowchart. HFpEF, heart failure with preserved
ejection fraction; LVDdI, left ventricular diastolic dimension index;
LVE, left ventricular enlargement; LVEF, left ventricular ejection
fraction; LVH, left ventricular hypertrophy; LVMI, left ventricular
mass index; VHD, valvular heart disease.

and (−)LVH/(+)LVE (n = 16, 0.6%). In the present study, we finally
enrolled 2698 patients (68.9±12.2 years, 32.1% female) from the
former three groups after excluding those with (−)LVH/(+)LVE due
to the small sample size (Figure 1). We followed them every year for a
median of 8.7 years, including echocardiography evaluation.2,16,17 The
follow-up rate was 98.6%. We examined the clinical characteristics
and the prognostic impacts of baseline LV structural groups, and
further explored temporal group transitions and their prognostic
impacts. The primary outcome was a composite of CV death or HF
admission. We also examined whether LV concentricity, defined as
relative wall thickness (RWT)> 0.42,19 affected long-term progno-
sis in HFpEF patients. RWT was calculated by the following formula:
RWT = 2× PWD/LVDd.19 Estimated glomerular filtration rate (eGFR)
was calculated by the formula developed for the Japanese population.21

Statistical analysis
Continuous variables were expressed as mean± standard deviation
or median with interquartile range, as appropriate. Comparisons
of these variables were performed by one-way analysis of variance
(ANOVA) or Kruskal–Wallis rank sum test. Categorical variables were
expressed as numeral with percentage and were compared by Fisher’s
exact test.

To examine the prognostic impacts of baseline LV structural groups,
Kaplan–Meier curves were utilized and compared with log-rank test
adjusted by the Holm’s method for P-values. The Cox proportional
hazard models were also applied. In the multivariable Cox propor-
tional hazard model, the following clinical covariates were adjusted:
age, sex, ischaemic heart disease (IHD), hypertension, diabetes mel-
litus, AF, baseline LVEF, and medications, including beta-blockers,
renin–angiotensin system (RAS) inhibitors, calcium channel blockers
(CCBs), diuretics, and statins. We examined the prognostic impacts of
baseline values of LVEF, LVMI, and LVDdI as continuous variables in the
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Cox proportional hazard models. In Model 1, only the echocardiogra-
phy variables were simultaneously incorporated, while in Model 2, the
following clinical covariates were included for multivariable adjustment
in addition to the echocardiography variables: age, sex, IHD, hyperten-
sion, diabetes mellitus, AF, and medications.

To examine the subsequent prognostic impacts of temporal group
transitions from baseline to 1 year, we performed the landmark analy-
ses. We compared the incidence rates per 1000 person-years for the
primary outcome with the mid-P exact test adjusted by the Holm’s
method, utilizing the ‘epitools’ package of the R software.22 We also
applied the Cox proportional hazard models. In the multivariable
Cox proportional hazard model, the following clinical covariates were
adjusted: age, sex, IHD, hypertension, diabetes mellitus, AF, baseline
LVEF, 1-year LVEF change, and medications. We examined the prog-
nostic impacts of baseline values and 1-year changes in LVEF, LVMI, and
LVDdI as continuous variables in the Cox proportional hazard models.
In Model 1, only the echocardiography variables were simultaneously
incorporated, while in Model 2, the following clinical covariates were
included for multivariable adjustment in addition to the echocardiog-
raphy variables: age, sex, IHD, hypertension, diabetes mellitus, AF, and
medications. In these landmark analyses, only the primary outcome
after 1 year was considered.

Furthermore, to examine the prognostic impacts of LVEF, LVMI,
and LVDdI as time-dependent variables, we constructed the Cox
proportional hazard models with a time-dependent approach (see
details in online supplementary material). Moreover, we fit the joint
modelling,23 which is comprised of the Cox proportional hazard
models for the primary outcome and multivariate linear mixed effects
models of longitudinal measurements of LVEF, LVMI, and LVDdI in
the overall HFpEF population, utilizing the ‘joineRML’ package of the
R software.24

For all steps, a two-sided P< 0.05 was considered to be statistically
significant. All statistical analyses were performed by the statistical
computing software R version 3.6.1.25

Results
Baseline patient characteristics
Baseline patient characteristics are summarized in Table 1.
From (−)LVH/(−)LVE, (+)LVH/(−)LVE to (+)LVH/(+)LVE, age,
the proportion of females, the prevalence of prior history of
HF admission and New York Heart Association (NYHA) func-
tional class III–IV, and B-type natriuretic peptide (BNP) levels
increased, while heart rate, haemoglobin levels, and eGFR
decreased. Body mass index (BMI), blood pressure (BP), and
the prevalence of hypertensive heart disease (HHD), hyper-
trophic cardiomyopathy (HCM), hypertension, diabetes mellitus,
and dyslipidaemia were highest in (+)LVH/(−)LVE, while the
prevalence of IHD was highest in (−)LVH/(−)LVE. LVEF pro-
gressively decreased from (−)LVH/(−)LVE, (+)LVH/(−)LVE to
(+)LVH/(+)LVE, while LVMI, LVDdI, and left atrial diameter (LAD)
progressively increased. IVSTD, PWD, and RWT were highest
in (+)LVH/(−)LVE, while RWT was lowest in (+)LVH/(+)LVE.
Both E/A ratio and deceleration time (DT) were not signifi-
cantly different among the three groups. From (−)LVH/(−)LVE,
(+)LVH/(−)LVE to (+)LVH/(+)LVE, the prescription rates of
RAS inhibitors and diuretics increased, while that of statins ..
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.. decreased. Beta-blockers were most frequently prescribed
in (+)LVH/(−)LVE.

Prognostic impacts of baseline left
ventricular structures and causes
of death
During the follow-up period, 999 patients (37.0%) died and 817
patients (30.2%) developed the primary outcome, a composite
of CV death or HF admission (CV death in 180, HF admission
in 637). From (−)LVH/(−)LVE, (+)LVH/(−)LVE to (+)LVH/(+)LVE
at baseline, the incidence of the primary outcome significantly
increased (Figure 2), which was also the case for all-cause death,
CV death, and HF admission, except non-CV death (online sup-
plementary Figure S1). In the multivariable Cox proportional haz-
ard model adjusted for the clinical covariates including baseline
LVEF, the risk for the primary outcome significantly increased from
(−)LVH/(−)LVE (reference), (+)LVH/(−)LVE to (+)LVH/(+)LVE
(Figure 2). In the Cox proportional hazard models simultaneously
incorporating baseline values of LVEF, LVMI, and LVDdI as continu-
ous variables, baseline LVMI and LVDdI were significantly associated
with poor prognosis, while baseline LVEF did not affect long-term
prognosis, regardless of multivariable adjustment for the clinical
covariates (online supplementary Table S1). The incidence of the
primary outcome did not differ by LV concentricity (RWT>0.42)
in patients with LVH regardless of the presence or absence of LVE
(online supplementary Figure S2). With regard to causes of death,
the proportion of CV death, particularly HF death, increased from
(−)LVH/(−)LVE, (+)LVH/(−)LVE to (+)LVH/(+)LVE (online supple-
mentary Figure S3).

Dynamic changes in left ventricular
structures
Among 1808 patients who underwent echocardiography at both
baseline and 1 year, substantial group transitions were noted from
baseline to 1 year; the transition rates from (−)LVH/(−)LVE to
(+)LVH/(−)LVE, from (+)LVH/(−)LVE to (−)LVH/(−)LVE, from
(+)LVH/(−)LVE to (+)LVH/(+)LVE, and from (+)LVH/(+)LVE to
(+)LVH/(−)LVE at 1 year were 27% (182/671), 22% (213/967), 6%
(59/967), and 26% (44/170), respectively (Figure 3). The means and
standard deviations of baseline values and changes from baseline
in LVEF, LVMI, and LVDdI are shown in Figure 3. Longitudinal tra-
jectories of LVEF, LVMI, and LVDdI in the overall population are
shown in online supplementary Figure S4. In the overall popula-
tion, the proportion of (−)LVH/(−)LVE gradually increased over
time (Figure 3). The similar patterns of temporal group transitions
were also noted in the analysis among 708 patients who survived
through 5 years with complete data set of annual echocardiography
follow-up (online supplementary Figure S5).

Prognostic impacts of temporal changes
in left ventricular structures
To examine the subsequent prognostic impacts of temporal group
transitions from baseline to 1 year, we performed the landmark

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 Baseline patient characteristics

(−)LVH/(−)LVE (n = 989) (+)LVH/(−)LVE (n = 1448) (+)LVH/(+)LVE (n = 261) P-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age (years) 66.8±13.2 69.4±11.4 73.7±10.8 <0.001

Female sex, n (%) 215 (21.7) 524 (36.2) 126 (48.3) <0.001

BMI (kg/m2) 23.7± 3.6 24.8± 3.9 22.5± 3.4 <0.001

HF aetiology, n (%)
IHD 573 (57.9) 763 (52.7) 130 (49.8) 0.009
HHD 216 (21.8) 419 (28.9) 70 (26.8) 0.002
DCM 80 (8.1) 119 (8.2) 31 (11.9) 0.14
HCM 13 (1.3) 91 (6.3) 6 (2.3) <0.001

Clinical history, n (%)
Hypertension 854 (86.4) 1363 (94.1) 240 (92.0) <0.001

Diabetes mellitus 395 (39.9) 611 (42.2) 92 (35.2) 0.10
Dyslipidaemia 824 (83.3) 1215 (83.9) 195 (74.7) 0.001

AF 375 (37.9) 589 (40.7) 119 (45.6) 0.07
Stroke 184 (18.6) 305 (21.1) 60 (23.0) 0.19
Prior MI 359 (36.3) 468 (32.3) 80 (30.7) 0.07
HF admission 385 (39.0) 665 (45.9) 162 (62.1) <0.001

Cancer 131 (13.2) 194 (13.4) 42 (16.1) 0.47
NYHA class III–IV, n (%) 63 (6.4) 117 (8.1) 43 (16.5) <0.001

Previous treatments, n (%)
PCI 383 (38.7) 471 (32.5) 75 (28.7) 0.001

CABG 125 (12.6) 131 (9.1) 21 (8.0) 0.01

PMI 70 (7.1) 98 (6.8) 40 (15.3) <0.001

Haemodynamics
Systolic BP (mmHg) 126.0±17.8 130.3±18.7 127.3±19.8 <0.001

Diastolic BP (mmHg) 73.0±11.9 74.0±11.7 70.2±12.0 <0.001

Heart rate (bpm) 72.6±14.1 71.1±14.5 69.9±15.4 0.006
Laboratory data

Haemoglobin (g/dL) 13.6±1.8 13.2±1.9 12.2± 2.1 <0.001

BUN (mg/dL) 18.0± 7.6 19.5± 9.5 21.9±11.9 <0.001

Creatinine (mg/dL) 0.96± 0.41 1.05± 0.86 1.08± 0.83 0.003
eGFR (mL/min/1.73 m2) 64.7± 20.1 60.7± 21.0 57.8± 23.4 <0.001

Albumin (g/dL) 4.1± 0.5 4.1± 0.5 3.9± 0.5 <0.001

LDL-C (mg/dL) 103.1± 30.4 106.4± 30.1 101.6± 29.4 0.03
BNP (pg/mL) 54.8 (19.9–133.0) 87.4 (36.7–190.0) 172.8 (72.8–318.8) <0.001

Echocardiography
LVEF (%) 66.3± 8.9 64.9± 8.8 61.2± 8.6 <0.001

LVM (g) 151.1± 33.5 239.0± 66.0 257.1± 89.5 <0.001

LVMI (g/m2) 91.3±15.6 144.8± 33.9 172.4± 51.7 <0.001

LVDd (mm) 45.7± 6.0 49.5± 6.3 58.7± 6.9 <0.001

LVDdI (mm/m2) 27.9± 3.7 30.3± 3.4 39.8± 3.2 <0.001

EDV (mL) 98.2± 29.1 118.1± 34.2 174.2± 47.2 <0.001

EDVI (mL/m2) 59.5±16.2 71.5±17.3 116.7± 23.5 <0.001

IVSTD (mm) 9.8±1.8 12.5± 2.8 10.4± 2.2 <0.001

PWD (mm) 9.6±1.7 12.0± 2.3 10.4± 2.3 <0.001

RWT 0.43± 0.13 0.50± 0.14 0.36± 0.08 <0.001

LAD (mm) 39.1± 8.0 42.9± 8.5 46.5±11.4 <0.001

E/A 0.95± 0.48 0.94± 0.62 1.05± 0.75 0.14
DT (ms) 219.3± 68.1 222.7± 72.0 213.4± 70.0 0.30

Medications, n (%)
Beta-blockers 391 (39.5) 707 (48.8) 118 (45.2) <0.001

RAS inhibitors 641 (64.8) 1063 (73.4) 210 (80.5) <0.001

CCBs 413 (41.8) 720 (49.7) 105 (40.2) <0.001

Diuretics 408 (41.3) 710 (49.0) 177 (67.8) <0.001

Statins 443 (44.8) 537 (37.1) 85 (32.6) 0.001

AF, atrial fibrillation; BMI, body mass index; BNP, B-type natriuretic peptide; BP, blood pressure; BUN, blood urea nitrogen; CABG, coronary artery bypass graft; CCB, calcium channel blocker; DCM,
dilated cardiomyopathy; DT, deceleration time; EDV, end-diastolic volume; EDVI, end-diastolic volume index; eGFR, estimated glomerular filtration rate; HCM, hypertrophic cardiomyopathy; HF, heart
failure; HHD, hypertensive heart disease; IHD, ischaemic heart disease; IVSTD, interventricular septal thickness at end-diastole; LAD, left atrial diameter; LDL-C, low-density lipoprotein cholesterol; LVDd,
left ventricular diastolic dimension; LVDdI, left ventricular diastolic dimension index; LVE, left ventricular enlargement; LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; LVM, left
ventricular mass; LVMI, left ventricular mass index; MI, myocardial infarction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; PMI, pacemaker implantation; PWD, posterior
wall thickness at end-diastole; RAS, renin–angiotensin system; RWT, relative wall thickness.

analyses. The incidence rate per 1000 person-years for the primary
outcome after 1 year was high in patients who transitioned from
(+)LVH/(−)LVE to (+)LVH/(+)LVE or remained in (+)LVH/(+)LVE
at 1 year, while it was low in those who remained in (−)LVH/(−)LVE
or transitioned from (+)LVH/(−)LVE to (−)LVH/(−)LVE (Figure 4, ..

..
..

..
..

..
.. middle panel). In the univariable Cox proportional hazard model,

as compared with patients who remained in (−)LVH/(−)LVE
(reference), those who transitioned from (−)LVH/(−)LVE to
(+)LVH/(−)LVE at 1 year had worse prognosis [hazard ratio (HR)
1.93, 95% confidence interval (CI) 1.37–2.71, P< 0.001] (Figure 4,
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(-)LVH/(-)LVE 989 871 749 639 550 339 3

(+)LVH/(-)LVE 1448 1230 1008 851 704 389 10

(+)LVH/(+)LVE 261 198 144 112 85 49 5

P<0.001 by log-rank test

(-)LVH/(-)LVE

(+)LVH/(-)LVE

(+)LVH/(+)LVE
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aHR 95% CI P-value
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Figure 2 Prognostic impacts of baseline left ventricular struc-
tures in patients with heart failure and preserved ejection fraction.
In the multivariable Cox hazard model, the following covariates
were adjusted: age, sex, ischaemic heart disease, hypertension,
diabetes mellitus, atrial fibrillation, baseline left ventricular ejec-
tion fraction, and medications. aHR, adjusted hazard ratio; CI,
confidence interval; LVE, left ventricular enlargement; LVH, left
ventricular hypertrophy.

lower panel). Furthermore, patients who transitioned from
(+)LVH/(−)LVE to (+)LVH/(+)LVE or remained in (+)LVH/(+)LVE
at 1 year had the worst prognosis (HR 4.65, 95% CI 3.09–6.99,
P< 0.001; HR 4.01, 95% CI 2.85–5.65, P< 0.001, respectively)
(Figure 4, lower panel). In contrast, patients who transitioned
from (+)LVH/(+)LVE to (+)LVH/(−)LVE at 1 year had comparable
prognosis to those who remained in (+)LVH/(−)LVE. Similarly,
patients who transitioned from (+)LVH/(−)LVE to (−)LVH/(−)LVE
at 1 year had comparable prognosis to those who remained
in (−)LVH/(−)LVE (Figure 4, lower panel). These trends were
also noted in the multivariable Cox proportional hazard model
adjusted for the clinical covariates including baseline LVEF and
1-year LVEF change (online supplementary Table S2). The Cox
proportional hazard models, which simultaneously incorporated
baseline values and 1-year changes in LVEF, LVMI, and LVDdI as
continuous variables, showed that baseline LVMI and LVDdI, and
1-year increases in LVMI and LVDdI were significantly associated
with poor prognosis in Model 1, although the impacts of 1-year
increase in LVDdI diminished in Model 2 (Table 2). These obser-
vations were evident in patients with LV concentricity but not
in those without (online supplementary Table S3). Furthermore, ..
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.. the subgroup analyses by baseline LV structural groups showed
that the negative prognostic impacts of 1-year increases in LVMI
and LVDdI were evident in patients with (+)LVH/(−)LVE (Table 3).
Unlike LVMI or LVDdI, neither baseline LVEF nor 1-year LVEF
change affected long-term prognosis in any sub-populations,
although 1-year decrease in LVEF was significantly associated with
poor prognosis only in Model 2 for the overall population (Tables 2
and 3). In the time-dependent Cox proportional hazard model
adjusted for the clinical covariates, LVEF was positively, while LVMI
and LVDdI were negatively, associated with long-term prognosis
as time-dependent variables (online supplementary Table S4). The
joint modelling also demonstrated the negative prognostic impacts
of longitudinal increases in LVMI and LVDdI (online supplementary
Table S5).

Discussion
The major findings of the present study are that LV structures,
in terms of LVH and LVE, dynamically changed over time in
HFpEF patients, and that these temporal changes, the progres-
sion/regression of LVH and LVE, had significant prognostic impacts
(Figure 4). These findings demonstrate a novel aspect of HFpEF
pathophysiology, which could be useful for better management of
the disorder.

Prognostic impacts of baseline left
ventricular hypertrophy
and enlargement in HFpEF
The present study clearly showed that LV remodelling at baseline,
in terms of LVH and LVE, was associated with poor prognosis in
HFpEF patients, particularly when LVE was complicated with LVH.
Although it has been well shown that LVE is associated with poor
prognosis in patients with reduced LVEF,26–28 it remained unclear
whether LVE has prognostic impacts in patients with preserved
LVEF, particularly in HFpEF patients. Thus, the present study has
clinical significance as this is the first study to demonstrate the
negative prognostic impacts of LVE in HFpEF patients.

As a conventional tool to define LV remodelling, LV concentric-
ity (RWT>0.42) has been applied to divide LVH into two cate-
gories, namely, concentric and eccentric LVH.19 However, despite
its usefulness, this classification has a limitation, because it does
not consider LVE, another important aspect of LV remodelling.8

Indeed, Katz et al.29 reported from the Northwestern HFpEF
Registry that the conventional LV structural classification by LV
concentricity was not necessarily useful for further risk strati-
fication of HFpEF patients, particularly for those with LVH. In
the present study, we thus examined LV structures in terms of
LVH and LVE, and classified HFpEF patients into three groups:
(−)LVH/(−)LVE, (+)LVH/(−)LVE, and (+)LVH/(+)LVE. With this
classification, we found that the risk for the primary outcome
progressively increased from (−)LVH/(−)LVE, (+)LVH(−)LVE to
(+)LVH/(+)LVE, and confirmed that both LVH and LVE were sub-
stantially associated with worse prognosis in HFpEF patients. It
was also indicated that baseline LVMI and LVDdI were prognostic

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 4 Prognostic impacts of temporal changes in left ventricular (LV) structures in patients with heart failure and preserved ejection
fraction (HFpEF). The upper panel shows dynamic LV structural changes in HFpEF patients; temporal LV structural changes occur bidirectionally
in terms of the progression/regression of LV hypertrophy (LVH) and enlargement (LVE). The middle panel shows the incidence rates per 1000
person-years for the primary outcome after 1-year changes in LV structures. The lower panel shows the subsequent risk for the primary
outcome after 1-year changes in LV structures in the univariable Cox proportional hazard model. CI, confidence interval; HR, hazard ratio.

Table 2 Prognostic impacts of baseline values and 1-year changes in left ventricular ejection fraction, left ventricular
mass index, and left ventricular diastolic dimension index in the overall population

Model 1 Model 2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

aHR 95% CI P-value aHR 95% CI P-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Baseline LVEF (per 10%) 1.09 0.98–1.21 0.12 1.04 0.92–1.17 0.54
Increase in LVEF from baseline to 1 year (per 10%) 0.93 0.84–1.03 0.14 0.88 0.79–0.97 0.01

Baseline LVMI (per 20 g/m2) 1.11 1.07–1.16 <0.001 1.10 1.04–1.15 <0.001

Increase in LVMI from baseline to 1 year (per 20 g/m2) 1.11 1.06–1.17 <0.001 1.12 1.06–1.19 <0.001

Baseline LVDdI (per 5 mm/m2) 1.46 1.32–1.62 <0.001 1.27 1.13–1.43 <0.001

Increase in LVDdI from baseline to 1 year (per 5 mm/m2) 1.28 1.11–1.48 <0.001 1.13 0.98–1.31 0.0995

In Model 1, baseline values and 1-year changes in LVEF, LVMI, and LVDdI were simultaneously incorporated.
In Model 2, the following clinical covariates were included for multivariable adjustment in addition to the echocardiography variables in Model 1: age, sex, ischaemic heart
disease, hypertension, diabetes mellitus, atrial fibrillation, and medications.
aHR, adjusted hazard ratio; CI, confidence interval; LVDdI, left ventricular diastolic dimension index; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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predictors in HFpEF patients. These results demonstrate that LV
structural classification by LVH and LVE is useful to stratify the
prognostic risk in HFpEF patients.

Prognostic impacts of temporal changes
in left ventricular hypertrophy
and enlargement in HFpEF
The present study showed that LV structures, in terms of LVH and
LVE, dynamically changed over time in HFpEF patients. Moreover,
we clearly demonstrated that the progression of LV remod-
elling, in other words, LVH progression and LVE progression, had
negative prognostic impacts; as compared with HFpEF patients
who remained in (−)LVH/(−)LVE, those who transitioned from
(−)LVH/(−)LVE to (+)LVH/(−)LVE had worse prognosis, and
furthermore, those who transitioned from (+)LVH/(−)LVE to
(+)LVH/(+)LVE or remained in (+)LVH/(+)LVE had the worst
prognosis. The negative prognostic impacts of LVH progression
and LVE progression were further confirmed by the observation
that 1-year increases in LVMI and LVDdI were associated with poor
prognosis, particularly in patients with (+)LVH/(−)LVE. The present
study also revealed that the transitions from (+)LVH/(+)LVE to
(+)LVH/(−)LVE, namely LVE regression, and from (+)LVH/(−)LVE
to (−)LVH/(−)LVE, namely LVH regression, were both associ-
ated with improved prognosis in HFpEF patients. These lines of
observations that longitudinal progression and regression of LV
remodelling in terms of LVH and LVE had negative and positive
prognostic impacts, respectively, could be clinically significant, as
no evidence-based therapy has been established for HFpEF.3,4

Prognostic impacts of temporal changes
in left ventricular ejection fraction, left
ventricular mass, and left ventricular
volume in HFpEF
We and others previously reported that longitudinal LVEF deteri-
oration is associated with poor prognosis in HFpEF patients.17,30,31

In the present study, we demonstrated the negative prognostic
impacts of 1-year decrease in LVEF and 1-year increases in LVMI
and LVDdI in the overall HFpEF population. Moreover, we showed
that the most recent echocardiography data had the most prog-
nostic information, indicating that decrease in LVEF and increases in
LVMI and LVDdI as time-dependent variables had negative prognos-
tic impacts. However, we further demonstrated that the prognostic
impacts of 1-year LVEF change were not so robust as compared
with those of 1-year change in LVMI or LVDdI. Indeed, unlike LVMI
or LVDdI, 1-year LVEF change had no prognostic impacts in any
sub-populations classified by LVH and LVE [i.e. (−)LVH/(−)LVE,
(+)LVH/(−)LVE, and (+)LVH/(+)LVE]. Particularly, the negative
prognostic impacts of 1-year increases in LVMI and LVDdI were evi-
dent in patients with (+)LVH/(−)LVE, the most frequently observed
LV structural phenotype in our HFpEF population. Thus, these
results may indicate that we should pay more attention to tempo-
ral changes in LV mass and volume as compared with LVEF change
in HFpEF patients at least for this LV structural phenotype. ..
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.. Risk stratification by left ventricular
remodelling in HFpEF
Recently, a series of studies reported that the four-tiered classifica-
tion based on LV concentricity and LVE was useful for further risk
stratification of the general population with LVH from the Dallas
Heart Study and hypertensive patients with LVH from the Losar-
tan Intervention for Endpoint Reduction (LIFE) echocardiography
sub-study.32,33 In contrast, Zile et al.15 reported that the addition of
RWT partition to the classification by LVH and LVE did not affect
CV outcomes in older adults with predominantly preserved LVEF
and without HF from the CHS. In the present study, the results
showed that long-term prognosis in patients with LVH did not dif-
fer by LV concentricity regardless of the presence or absence of
LVE, while the prognostic impacts of LVMI and LVDdI themselves
differed by LV concentricity. Thus, further studies are needed to
examine whether the addition of LV concentricity information to
the classification by LVH and LVE could improve the performance
of risk stratification in HFpEF patients.

Study limitations
Several limitations should be mentioned for the present study. First,
the CHART-2 study enrolled only Japanese patients and caution
should be taken when generalizing the present findings to other
populations. Second, in the present study, the echocardiography
data were obtained annually at each participating hospital, but not
at the core laboratory. Thus, the echocardiography data could be
subject to inter-observer variability. However, the simulation study
with random perturbation to the original echocardiography data
confirmed the robustness of the prognostic impacts of baseline
LV structural groups (online supplementary Table S6), suggesting
that the influence of inter-observer variability could be minimal.
Third, given that we selected HFpEF patients according to the
ACCF/AHA guidelines,3 our HFpEF population was an amalgam
of diseases including the predominant metabolic CV disease, car-
diomyopathies, as well as restrictive/infiltrative diseases such as
cardiac amyloidosis.34 In addition, in relation to the aetiologies of
HF, we have to mention that various risk factors, including age, obe-
sity, and diabetes mellitus, were involved in the condition of HHD,
and also that IHD coexisted with these risk factors. However, the
sensitivity analysis suggested that the prognostic impacts of base-
line LV structural groups and those of temporal group transitions
did not differ regardless of these aetiologies (online supplemen-
tary Table S7). Fourth, the proportions of temporal group transi-
tions may have been affected by the presence of missing echocar-
diography data and the survival bias. Indeed, the proportion of
missing echocardiography data was approximately 30% at 1-year
follow-up. In addition, given that patients with (−)LVH/(−)LVE had
the most favourable prognosis among the three groups, the pro-
portion of (−)LVH/(−)LVE group could have eventually increased
over time. However, the similar patterns of temporal group transi-
tions were also noted in the analysis among patients who survived
through 5 years with complete data set of annual echocardiog-
raphy follow-up (online supplementary Figure S5). Furthermore,
utilizing the ‘mice’ package of the R software,35 we confirmed the
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robustness of the landmark analyses after multiply imputing missing
echocardiography data at 1 year (online supplementary Table S8).
Finally, since the CHART-2 study is an observational study, there
might be unmeasured confounding factors that could have influ-
enced the present findings.

Conclusions
In HFpEF patients, LV structures dynamically change over time
with significant prognostic impacts, where patients who develop
LVE with LVH have the worst prognosis. Thus, for better manage-
ment of HFpEF patients, more attention should be paid to temporal
changes in LV mass and volume from the viewpoint of LV remod-
elling and reverse remodelling.

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