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Abstract

Aims Surveillance imaging is often used to detect remodelling, a change in cardiac geometry, and/or function; however,
there are limited data in patients with chronic heart failure (HF). We sought to characterize cardiac remodelling in patients
with chronic HF and evaluate its association with outcome.
Methods and results A prospective cohort of patients at risk for HF or with chronic HF underwent cardiac magnetic
resonance (CMR) at baseline and 1 year. Ventricular function, volumes, mass, left atrial volume, global longitudinal strain,
and myocardial scar were measured. The primary outcome was a composite of death or cardiovascular hospitalization up
to 5 years from the 1 year scan. Cox regression was used to identify 1 year CMR predictors of outcome after adjusting for
baseline risk. A total of 262 patients (median age 68 years, 57% males) including 96 at risk for HF, 97 with HF and preserved
ejection fraction, and 69 with HF and reduced ejection fraction were included. In the patients with HF, 55 events were
identified during follow-up. After adjustment for baseline clinical risk, Cox proportion hazard regressions only identified 1 year
change in left ventricular (LV) mass index as a CMR predictor of outcome, adjusted hazard ratio 1.21 (1.02, 1.44) per 10%
increase, P = 0.031. Cardiac remodelling defined as a 1 year change in LV mass index ≥15% was observed in 35% of patients
with HF. Patients with adverse remodelling of LV mass index had more events on Kaplan–Meier analyses compared to those
with no remodelling, log-rank P = 0.004 for overall cohort, P = 0.035 for heart failure with preserved ejection fraction and
P = 0.035 for heart failure and reduced ejection fraction.
Conclusions Cardiac remodelling is common during serial CMR assessment of patients with chronic HF. Change in LV mass
predicted long-term outcomes whereas change in left ventricular ejection fraction did not.
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Introduction

Heart failure (HF) is a progressive and complex syndrome
with poor prognosis.1 Cardiac remodelling clinically manifests
as a change in size, shape, and function of the heart and plays
a crucial role in the development2 and progression of HF.3

Changes in cardiac geometry have been shown to predict
outcome in pre-clinical4 and clinical HF5 and can be used to

assess response to therapy.6–11 Routine cardiac imaging is a
common surveillance strategy for patients with HF12;
however, this approach is not supported by expert opinion,
principally due to concerns of cost, access, and measurable
impact on patient care.13 Also, there are limited data
characterizing temporal changes in cardiac structure and
function and their clinical relevance in patients with chronic
HF. To date, imaging studies of cardiac remodelling have

OR IG INAL ART ICLE

© 2021 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

ESC HEART FAILURE
ESC Heart Failure 2021; 8: 5352–5362
Published online 26 September 2021 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.13626

https://orcid.org/0000-0001-6145-8371
https://orcid.org/0000-0002-6484-5905
https://orcid.org/0000-0003-0698-1746
https://orcid.org/0000-0002-9154-9028
https://orcid.org/0000-0002-5297-4507
https://orcid.org/0000-0002-0535-9771
https://orcid.org/0000-0002-7045-2884
https://orcid.org/0000-0003-3751-6468
https://orcid.org/0000-0002-2724-4086
https://orcid.org/0000-0003-3319-4377
https://orcid.org/0000-0003-4529-3102
mailto:ip3@ualberta.ca
http://creativecommons.org/licenses/by-nc/4.0/


largely been limited to patients with heart failure and
reduced ejection fraction and are complicated by variable
definitions of remodelling.14

Cardiac magnetic resonance (CMR) is well suited for
longitudinal study of remodelling due to high reproducibility
of cardiac volumes and function. To date, no observational
CMR studies have evaluated serial changes in cardiac
geometry and function in patients with chronic HF. We
hypothesized that cardiac remodelling assessed longitudinally
by serial CMR is common among patients with chronic HF and
is predictive of clinical outcomes.

Methods

Study population

This study was conducted with institutional approval from the
Health Research Ethics Boards at the University of Alberta and
University of Calgary and was registered on clinicaltrials.gov
(NCT02052804). Written informed consent was obtained from
all study participants. Recruitment and examination
procedures have been previously described.15 In brief,
patients with HF and those at-risk for HF were prospectively
and consecutively recruited from adult ambulatory clinics
from 2010 to 2014 and underwent comprehensive phenotyp-
ing that included a detailed medical history and physical
examination, serum biomarkers, and a multi-parametric
CMR exam. Individuals at-risk for HF had a history of coronary
artery disease, diabetes mellitus, hypertension, atrial fibrilla-
tion, and/or obesity without a diagnosis of HF (AHA/ACC
Classes A and B). Patients with HF (AHA/ACC Class C), were
sub-grouped into those with preserved [heart failure and
preserved ejection fraction (HFpEF), left ventricular ejection
fraction (LVEF) ≥50%] or reduced ejection fraction (HFrEF,
LVEF<50%).1 Baseline clinical parameters were used to calcu-
late the MAGGIC risk score16 as a measure of HF burden. This
risk score is derived from 13 clinical elements that include age,
gender, diabetes mellitus, current smoker, chronic obstructive
pulmonary disease, time since heart failure diagnosis, New
York Heart Association class, beta-blocker use, angiotensin-
converting enzyme inhibitor or angiotensin receptor blocker
use, body mass index, systolic blood pressure, LVEF, and
serum creatinine. Patients with HF < 6 months duration or
with a contraindication to magnetic resonance imaging were
excluded.

Cardiac magnetic resonance protocol

All subjects underwent a baseline and 1 year CMR scan on
Siemens Sonata or Avanto 1.5 T system (Siemens
Healthcare, Erlangen, Germany). Imaging sequences included
steady-state free precession cine imaging in long-axis and

short-axis projections to determine ventricular volumes and
function as well as late gadolinium enhancement (cardiac
magnetic resonance) imaging with 0.15 mmol/kg of gadolin-
ium contrast to assess for the presence of myocardial scar.
Typical imaging parameters for cines: repetition time/echo
time 2.8 ms/1.4 ms, 50°–70° flip angle, 8 mm slice thickness
with a 2 mm gap for short axis slices, 256 × 192 matrix,
380 × 285 mm field of view, 10 views per segment with 25
or 30 reconstructed cardiac phases per cardiac cycle and for
LGE imaging: 380 × 285 mm field of view, 256 × 173 matrix,
repetition time/echo time 14.7 ms/4.2 ms, flip angle 25°
and inversion time of 300 ms. All cardiac images were ac-
quired with electrocardiographic gating, using 8 mm slice
thickness and 2 mm gap within 8–12 s breath-holds.

Image analysis

Ventricular volumes and mass were quantified by a single
interpreter (DIP) from short-axis cines using commercially
available image analysis software: Syngo Argus, (Siemens
Healthcare, Erlangen, Germany) or CVI42 (Circle, Calgary,
Canada). Volumes and mass were normalized to body surface
area. Myocardial trabeculations were included in RV and LV
end-diastolic volumes and were excluded from LV mass. Left
atrial volume was calculated by the area-length biplane
method. Strain was measured at a mid-wall contour gener-
ated as the mid-point of endocardial and epicardial borders,
both of which were traced at end-diastole and propagated
to all image frames over the full cardiac cycle using the calcu-
lated feature tracking displacement fields, similar to previous
reports.17 Strain in each slice was calculated as the fractional
change of the mid-wall contour in length relative to the
end-diastolic cardiac phase using customized analysis soft-
ware (MATLAB 2017.a). Global circumferential systolic strain
(GCS) was calculated as the average of the peak strains from
two-mid-ventricular short-axis slices. Similarly, global longitu-
dinal systolic strain (GLS) was calculated as the average of the
peak strains from the three long-axis slices. LV volumes and
mass were remeasured in 20 patients from the overall cohort
selected at random to determine intra-observer variability
and coefficient of variation.

Myocardial scar quantification was measured from LGE
magnitude images using commercially available software
(CVI42, Circle Cardiovascular Inc., Calgary, Canada). A
threshold of 5 standard deviations from the mean signal of a
reference normal region of interest was used to define the scar
signal.18,19 Total scar mass was expressed as the absolute
value in grams and the relative value as a percentage of the
LV mass. Furthermore, baseline myocardial scar was classified
into five categories: no scar, ischaemic scar, minor non-
ischaemic scar, major non-ischaemic scar or no contrast
given.20
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Clinical outcomes

Clinical events were identified in the subgroup of patients
with HF from electronic health records (International
Classification of Diseases codes version 10) and direct patient
contact during 5 year follow-up from 1 year scan. The primary
outcome was time to first composite of all-cause mortality or
cardiovascular disease related hospitalization. Time to first
composite of all-cause mortality or HF-related hospitalization
was evaluated as a secondary outcome.

Statistical approach

Continuous variables were expressed as mean ± standard
deviation or median (25th, 75th percentile), as appropriate.
Categorical variables were expressed as frequency and
percentage. Missing data were assumed to occur at random.
Multiple imputation with chained equation was used to gen-
erate missing data by taking the average of 50 imputations.21

χ2 testing was used to compare categorical variables at
baseline and McNemar’s test was used to compare medica-
tion use at baseline and 1 year. The normal distribution of
continuous variables was tested by Shapiro–Wilk normality
test. A logarithmic transformation was applied to

N-terminal prohormone of b-type brain natriuretic peptide
(NT-proBNP) and creatinine. Two sample t test (or Mann–
Whitney U test) or one-way analysis of variances with post-
hoc correction (or Dunn’s test) was used to compare contin-
uous variables among groups of patients, as appropriate.
Paired t test (or Wilcoxon signed-rank test) was used to com-
pare continuous CMR measures at baseline and 1 year.

Univariable Cox proportional regression of outcome was
performed in all clinical and CMR-derived imaging metrics
at baseline and stepwise forward selection of parameters
with P value <0.2 was used to identify the best predictors
of outcome. In the multivariable Cox proportional hazard
analysis, all non-collinear CMR parameters of remodelling
with univariable P value <0.2 were independently tested
for their association with outcome after adjustment for base-
line risk. The Kaplan–Meier method was used to plot time to
clinical events for significant CMR parameters from multivar-
iable analysis. Cardiac remodelling was defined as the optimal
cut-off of CMR metric(s) on receiver operating characteristic
analyses identifying the greatest number of events.

Restricted cubic spline based on the Cox regression was
computed to illustrate the relationship between continuous
CMR parameters of interest and composite clinical outcome.
To further assess the association of CMR metrics with clinical
outcomes, we applied likelihood ratio testing.

Figure 1 CONSORT flow diagram of patient disposition. Abbreviations: HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF,
heart failure with reduced ejection fraction; CMR, cardiac magnetic resonance.
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A P value less than 0.05 was considered significant for all
tests. Statistical analyses were performed using STATA
version 16.0 software (StataCorp LP, College Station,
Texas, USA).

Results

Clinical findings

The study cohort comprised 262 patients (median age:
68 years, 57% male) and included 96 at-risk for HF, 97 with
HFpEF, and 69 with HFrEF (see CONSORT flow diagram,
Figure 1). Patients with HFpEF were older and had higher
serum creatinine compared with those with HFrEF but
otherwise had similar disease burden, mean MAGGIC
score 19 vs. 17 respectively, P = 0.08. In terms of aetiology,
the HFrEF group included 28 with ischaemic cardiomyopa-
thy, 22 with dilated cardiomyopathy, 7 with myocarditis, 2
with valvular disease and 10 with other causes. Only 5/262
patients had been hospitalized or visited the emergency
department within 30 days of the baseline scan (Table 1).
Between the baseline and 1 year scan, seven patients

with HFpEF and three with HFrEF had an HF-related
hospitalization. Medication use at 1 year for the overall co-
hort was similar to baseline with 80% on an angiotensin
converting enzyme inhibitor or angiotensin receptor
blocker, 62% on a beta blocker and 17% on a mineralo-
corticoid antagonist, P > 0.05 for paired comparison in
each case.

Cardiac magnetic resonance parameters at
baseline and 1 year

Baseline CMR findings are reported in Table 2. LGE imaging
was acquired at baseline in 205/262 patients. Major non-isch-
aemic scar was found in 14 patients, minor non-ischaemic
scar in 33, ischaemic scar in 30 and no scar in 128.

Median time to the 1-year scan was 372 days. At 1 year,
right ventricular volumes decreased in all 3 patient groups
(Table 2). Otherwise, cardiac volumes and function
remained stable at 1 year in patients at risk for HF. Compar-
atively at 1 year, patients with HFpEF had more impaired
global longitudinal strain, mean �17.2% vs.-18.0% at base-
line, P = 0.03, and a borderline increase in LV mass index,

Table 1 Baseline clinical characteristics of heart failure cohort

Overall cohort (n = 262) At risk (n = 96) HFpEF (n = 97) HFrEF (n = 69) P value

Vital statistics
Age, years 68 (61, 76) 64 (59, 72)* 72 (64, 80)** 66 (59, 76) <0.001
Male 150 (57%) 50 (52%) 52 (54%) 48 (70%) 0.05
BMI, kg/m2 29.9 ± 5.3 29.9 ± 5.3 30.5 ± 5.5 29.0 ± 4.9 0.19
Systolic BP, mmHg 130 (118, 142) 136 (120, 151)* ** 128 (118, 142) 128 (116, 134) 0.002
Heart rate, /min 65 (60, 76) 68 (60, 76) 64 (60, 72) 65 (60, 73) 0.58

Medical history
HF duration, years 3 (1.5, 5) NA 2.8 (1.5, 5) 4 (2, 8) 0.14
New York Heart Association class 1.9 ± 0.7 NA 1.8 ± 0.7 2.0 ± 0.7 0.23
Hypertension 194 (74%) 77 (80%)** 75 (77%) 42 (61%) 0.01
Diabetes mellitus 88 (33%) 28 (29%) 35 (36%) 25 (36%) 0.52
Coronary artery disease 88 (34%) 20 (21%)* ** 42 (43%) 26 (38%) 0.009
Atrial fibrillation 83 (32%) 18 (19%)* ** 38 (39%) 27 (39%) 0.003
Current smoker 25 (10%) 10 (10%) 10 (10%) 5 (7%) 0.75
COPD 34 (13%) 5 (5%)* 18 (19%) 11 (16%) 0.02
Renal insufficiency 31 (12%) 1 (1%)* ** 17 (18%) 13 (19%) <0.001
ACEI or ARB use 209 (80%) 71 (74%) 82 (85%) 56 (81%) 0.18
Beta blocker use 165 (63%) 31 (32%)* ** 75 (77%) 59 (86%) <0.001
MRA use 45 (17%) 3 (3%)* ** 14 (14%) 28 (41%) <0.001
CV hospitalization/ED visit in last 30 days 5 (2%) 1 (1%) 2 (2%) 2 (3%) 0.85

Laboratory test
Creatinine, umol/L 89 (76, 108) 81 (72, 92)* ** 101 (80, 125)** 90.0 (78, 109) <0.001
NT-proBNP, pg/mL 203 (59, 746) 59 (25, 152)* ** 559 (186, 1263) 364 (169, 1034) <0.001
MAGGIC score 16 ± 7 13 ± 5* ** 19 ± 7 17 ± 8 <0.001

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; BP, blood pres-
sure; COPD, chronic obstructive pulmonary disease; CV, cardiovascular; ED, emergency department; HF, heart failure; HFpEF, heart failure
with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; MAGGIC, Meta-Analysis Global Group in Chronic
Heart Failure; MRA, mineralocorticoid antagonist; NA, not applicable; NT-proBNP, N-terminal pro b-type natriuretic peptide.
Continuous variables expressed as mean ± standard deviation or median (25–75th percentile) as appropriate. P value for comparison of
three groups.
*P < 0.05 compared with HFpEF.
**P < 0.05 compared with HFrEF.
Note: NT-proBNP and creatinine was missing for 31 (12%) and 26 (10%) participants respectively.
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median 58 g/m2 vs. 56 g/m2 at baseline, P = 0.05. Con-
versely, at 1 year, patients with HFrEF showed improved
cardiac function with a median LVEF 46% vs. 42% at base-
line, P < 0.001, mean GLS �12.8% vs. �11.9% at baseline,
P = 0.01, and median LV end-systolic volume index 45 mL/
m2 vs. 55 mL/m2 at baseline, P < 0.001. Refer to supporting
information Figure S1 for examples of cardiac remodelling at
1 year.

Coefficient of variation was excellent for all CMR mea-
sures including 7% for LVEF, 6% for LV mass, 5% for LV
end-diastolic volume, 5% for LV end-systolic volume, 9%
for RVEF, 7% for RV end-diastolic volume, 21% for RV
end-systolic volume, 11% for left atrial volume, 4% for GLS,
and 4% for GCS.

Cardiac magnetic resonance predictors of
outcome

In the patients with HF (N = 166), after 5 years of follow-up
from the 1 year scan there were 55 primary outcome events,
including 19 deaths (9 for HFpEF and 10 for HFrEF) and 44
cardiovascular disease related hospitalizations (25 for HFpEF
and 19 for HFrEF). There were also 31 secondary outcome
events at 5 years including 18 HF related hospitalizations
(13 for HFpEF and 5 for HFrEF).

Age, heart rate, New York Heart Association classification,
coronary artery disease, diabetes mellitus, renal insuffi-
ciency, MAGGIC score, log (NT-proBNP), log (creatinine),
LVEF, LV mass/LVEDV, left atrial volume index, and scar pat-
tern were identified as clinical and imaging parameters at
baseline predicting the primary outcome (death or cardio-
vascular related hospitalization at 5 years) (Table S1). How-
ever, subsequent stepwise forward selection identified only
MAGGIC score, log (NT-proBNP), LV mass/LVEDV, and scar
pattern as the best predictors. Similarly, only MAGGIC score
and log (NT-proBNP) at baseline were identified as signifi-
cant predictors of secondary outcome (death or HF-related
hospitalization at 5 years). After adjusting for these baseline
predictors, the only cardiac remodelling parameter on CMR
that independently predicted both the primary and second-
ary outcome was % Δ LV mass index, HR 1.21, 95% confi-
dence interval (1.02, 1.44) per 10% increase, P = 0.031,
and HR 1.37, 95% CI (1.11, 1.69) per 10% increase,
P = 0.003, respectively (Table 3). On univariate analysis,
change in LV mass index was also associated with the pri-
mary outcome for patients with HFpEF, HR 1.27, 95% CI
(1.03, 1.56) per 10% increase, P = 0.026, (Table 4) and
HFrEF, HR 1.27, 95% CI (1.01, 1.59) per 10% increase,
P = 0.037 (Table 5).

From receiver operating characteristic analyses, the opti-
mal cut-off for change in LV mass index for predicting the
primary outcome was calculated as 15%. In the overall
262 patient cohort, reverse remodelling, defined as aTa
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Table 3 Regression analysis of remodelling for predicting outcomes during 5-year follow-up from 1-year CMR scan in 166 patients with
heart failure

Primary outcome: death or cardiovascular hospitalization, N = 55

Univariable Cox analysis Multivariable Cox analysis

Hazard ratio P value Hazard ratio P value

% Δ LVEF, per 10% increase 1.00 (0.87, 1.14) 0.96
% Δ LVEDVi, per 10% increase 1.02 (0.87, 1.20) 0.83
% Δ LVESVi, per 10% increase 1.05 (0.95, 1.15) 0.37
% Δ LV massi, per 10% increase 1.26 (1.08, 1.46) 0.003 1.21 (1.02, 1.44) 0.031
% Δ LV mass/LVEDV, per 0.1 increase 1.15 (1.03, 1.27) 0.009 1.01 (1.00, 1.02) 0.17
% Δ RVEF, per 10% increase 0.97 (0.88, 1.06) 0.47
% Δ RVEDVi, per 10% increase 1.05 (0.93, 1.19) 0.42
% Δ RVESVi, per 10% increase 1.05 (0.98, 1.14) 0.18 1.02 (0.95, 1.10) 0.54
% Δ LAVi, per 10% increase 1.04 (0.98, 1.10) 0.23
% Δ GLS, per 1% increase 1.00 (0.99, 1.01) 0.66
% Δ GCS, per 1% increase 1.00 (0.99, 1.01) 0.75
Δ Scar mass, per 10 g increasea 1.16 (0.55, 2.45) 0.70
Δ Scar % LV, per 10% increasea 1.11 (0.41, 3.01) 0.84

Secondary outcome: death or heart failure hospitalization, N = 31

% Δ LVEF, per 10% increase 0.93 (0.76, 1.13) 0.45
% Δ LVEDV, per 10% increase 0.97 (0.79, 1.18) 0.73
% Δ LVESV, per 10% increase 1.02 (0.90, 1.15) 0.81
% Δ LV mass, per 10% increase 1.31 (1.07, 1.60) 0.008 1.37 (1.11, 1.69) 0.003
% Δ LV mass/LVEDV, per 0.1 increase 1.16 (1.02, 1.33) 0.022 1.23 (1.06, 1.44) 0.008
% Δ RVEF, per 10% increase 1.00 (0.90, 1.11) 0.94
% Δ RVEDV, per 10% increase 1.14 (0.98, 1.33) 0.10 1.09 (0.94, 1.26) 0.28
% Δ RVESV, per 10% increase 1.06 (0.96, 1.17) 0.28
% Δ LAV, per 10% increase 0.98 (0.90, 1.08) 0.73
% Δ GLS, per 1% increase 1.00 (0.98, 1.01) 0.58
% Δ GCS, per 1% increase 0.99 (0.97, 1.00) 0.16 0.99 (0.98, 1.01) 0.28
Δ Scar mass, per 10 g increaseb 0.99 (0.37, 2.64) 0.99
Δ Scar % LV, per 10% increaseb 0.72 (0.18, 2.67) 0.62

Definitions: Multivariable analyses were performed in variables with univariable P value <0.2 and were adjusted for MAGGIC score + log
(NT-proBNP) + baseline LV mass/LVEDV + baseline scar pattern in upper table and adjusted for MAGGIC score + log (NT-proBNP) in lower
table.
a100/166 patients had late gadolinium enhancement imaging at both baseline and 1 year (26 events).
b100/166 patients had late gadolinium enhancement imaging at both baseline and 1 year (17 events).
Abbreviations: see Table 2.

Table 4 Regression analysis of remodelling for predicting
outcomes during 5 year follow-up from 1 year CMR scan in 97
patients with heart failure and preserved ejection fraction

Univariable Cox analysis

Hazard ratio P value

% Δ LVEF, per 10% increase 0.85 (0.64, 1.13) 0.26
% Δ LVEDVi, per 10% increase 1.07 (0.85, 1.34) 0.58
% Δ LVESVi, per 10% increase 1.09 (0.96, 1.22) 0.20
% Δ LV massi, per 10% increase 1.27 (1.03, 1.56) 0.026
% Δ LV mass/LVEDV, per 0.1 increase 1.17 (0.99, 1.39) 0.062
% Δ RVEF, per 10% increase 0.99 (0.89, 1.10) 0.86
% Δ RVEDVi, per 10% increase 1.01 (0.86, 1.19) 0.87
% Δ RVESVi, per 10% increase 1.07 (0.96, 1.20) 0.22
% Δ LAVi, per 10% increase 1.05 (0.95, 1.15) 0.34
% Δ GLS, per 1% increase 1.00 (0.98, 1.02) 0.93
% Δ GCS, per 1% increase 0.99 (0.97, 1.01) 0.34
Δ Scar mass, per 10 g increasea 2.34 (0.55, 10.4) 0.24
Δ Scar % LV, per 10% increasea 2.24 (0.34, 14.7) 0.40
a51/97 patients had late gadolinium enhancement imaging at both
baseline and 1 year (9 events).

Table 5 Regression analysis of remodelling for predicting
outcomes during 5 year follow-up from 1 year CMR scan in 69
patients with heart failure and reduced ejection fraction

Univariable Cox analysis

Hazard ratio P value

% Δ LVEF, per 10% increase 1.10 (0.93, 1.30) 0.25
% Δ LVEDVi, per 10% increase 0.99 (0.78, 1.24) 0.92
% Δ LVESVi, per 10% increase 0.97 (0.79, 1.19) 0.77
% Δ LV massi, per 10% increase 1.27 (1.01, 1.59) 0.037
% Δ LV mass/LVEDV, per 0.1 increase 1.14 (0.99, 1.32) 0.071
% Δ RVEF, per 10% increase 0.93 (0.82, 1.07) 0.33
% Δ RVEDVi, per 10% increase 1.14 (0.95, 1.37) 0.20
% Δ RVESVi, per 10% increase 1.05 (0.94, 1.17) 0.42
% Δ LAVi, per 10% increase 1.03 (0.96, 1.12) 0.39
% Δ GLS, per 1% increase 1.00 (0.99, 1.02) 0.62
% Δ GCS, per 1% increase 1.00 (0.98, 1.01) 0.87
Δ Scar mass, per 10 g increasea 0.94 (0.41, 2.16) 0.88
Δ Scar % LV, per 10% increasea 0.81 (0.25, 2.62) 0.72
a49/69 patients had late gadolinium enhancement imaging at both
baseline and 1 year (17 events).
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≥15% 1 year decrease in LV mass index, was seen in 35 pa-
tients (13%), including 11 with HFpEF and 10 with HFrEF.
Adverse remodelling, defined as a ≥15% 1 year increase
in LV mass index, was seen in 57 patients (22%), including
25 with HFpEF and 11 with HFrEF. On Kaplan–Meier
analysis, HF patients with adverse remodelling of LV mass
index had more events compared with those without ad-
verse remodelling, log-rank P = 0.004 for overall cohort,
P = 0.035 for HFpEF and P = 0.035 for HFrEF (Figure 2). Re-
verse remodelling was also associated with fewer events in
the overall cohort, log-rank P = 0.04, but not in the
HFpEF or HFrEF subgroups. Restricted cubic spline demon-
strated an increased risk for the primary outcome (death
or cardiovascular hospitalization) and secondary outcome
(death or HF hospitalization) in the overall cohort with in-
creasing % Δ LV mass, even after adjusting for baseline risk
(Figure 3).

Discrimination performance of dynamic
remodelling

To identify the incremental prognostic performance of CMR
measures of remodelling, significant predictors of primary
outcome from Table 3 were each modelled with baseline
predictors. % Δ LV mass index demonstrated added
value over baseline predictors on likelihood ratio testing
(Figure S2).

Discussion

In this prospective cohort study of patients with stable,
chronic HF, and those at risk, we found a high proportion
with cardiac remodelling, expressed as a 15% change in LV
mass index during 1 year follow-up. Reverse or adverse re-
modelling was observed in 30% of patients with HFrEF and
37% of patients with HFpEF. More importantly, a change in
LV mass index predicted long-term outcomes for these pa-
tients, even after adjustment for baseline clinical risk.

Limitations of prior imaging studies

To our knowledge, this is the first study to comprehensively
investigate longitudinal changes in cardiac structure and
function in individuals across the HF spectrum. In a 5 year
study of patients with incident HF, Dunlay et al. found that
those with HFpEF had a decrease in LVEF and those with
HFrEF had increased LVEF.22 However, other echocardio-
graphic measures of cardiac structure and function were
not reported.

Prior imaging studies of patients with HF have primarily
evaluated the prognostic potential of cardiac measures at a
single time-point and have identified cardiac function and/
or geometry as the best predictors of outcome. In
cross-sectional imaging studies, LV mass predicts outcome
for patients with HFpEF23–25; however, its prognostic utility
in HFrEF is less well established. In our cohort after correcting

Figure 2 (A–C) Kaplan–Meier analyses of cardiac remodelling for predicting outcome in patients with heart failure. Definitions: Outcome = death, or
cardiovascular hospitalization at 5 years from 1 year scan; adverse remodelling = 1 year increase in left ventricular mass index ≥15%.
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for baseline clinical risk using the MAGGIC risk score and
NT-proBNP, the only CMR measures at baseline predictive
of outcome were LV mass/LVEDV and the presence of major
non-ischaemic scar. Similarly, Shanbhag et al. found that
major non-ischaemic scar was the best CMR predictor of
adverse outcome in a well-characterized cross-sectional study
of patients without HF.20

Optimally defining cardiac remodelling

Longitudinal imaging studies of HF have typically evaluated
changes in LV volume and/or ejection fraction and have
defined LV remodelling arbitrarily using a threshold of
10–15%.7,9,14,26 In our study, LV remodelling was defined
through statistical analyses. We did not find a change in LV

Figure 3 (A–C) Central figure. Cubic spline modelling of the relationship between outcome and change in left ventricular mass index in patients with
heart failure.
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volume or ejection fraction to be associated with outcome in
our well-characterized cohort. However, a 1 year change in LV
mass index of ≥15% strongly predicted event free survival.
Compared with other cardiac structural and functional pa-
rameters, LV mass is less susceptible to transient changes in
loading conditions and is therefore a potentially more reliable
interstudy measure of remodelling. LV mass can also be ob-
tained from echocardiography although the threshold for sig-
nificant remodelling will likely be greater than CMR due to a
lower reproducibility of measures.

Our study results confirm that HF is a dynamic process,
even in patients with chronic disease on stable medical ther-
apy. In our overall cohort, reverse remodelling occurred in
13%, and adverse remodelling was present in 22% at 1 year
follow-up. Adverse remodelling of LV mass index was also
strongly predictive of outcome. The utility of imaging guided
care has not been evaluated in ambulatory HF. The GUIDE-IT
HF trial did not find a survival advantage for patients with
chronic HFrEF undergoing serial measures of NT-proBNP dur-
ing a mean of 15 months follow-up.27 However, our results
suggest that serial imaging measures provide long-term
(>1 year) prognostic information even after adjustment for
baseline clinical risk and NT-proBNP.

Study limitations

This study’s sample size may limit our subgroup analyses of
survival. Nevertheless, we did find that change in LV mass
predicted clinical outcomes in the HFpEF and HFrEF sub-
groups as well as the overall cohort. Another important limi-
tation was our definition of HFrEF which allowed for patients
with LVEF <50% given existing heart failure knowledge at
that time. Furthermore, cardiac electronic implantable de-
vices are common in patients with HF and was an exclusion
criterion for CMR in our study. Consequently, in our HFrEF
group, 28 patients (41%) had an LVEF <40% and 41 (59%)
had an LVEF of 40–49%. Future studies should therefore con-
firm these results in patients with HFrEF and in HF mid-range
EF using current definitions. In our study, LGE was not avail-
able in 30% of patients at both time points, thus limiting
the evaluation of scar remodelling in HF. Our finding of car-
diac remodelling in 37% of patients at risk for HF is an intrigu-
ing result; however, its relationship to downstream incident
heart failure is beyond the scope of our study. Ultimately,
the utility of routine surveillance imaging for ambulatory pa-
tients with HF (and those at risk) should be evaluated in a
randomized controlled trial.

Conclusions

Our study confirms that cardiac remodelling is common
in patients with chronic HF, even those with clinically

stable disease. One-year change in LV mass strongly
predicts outcome, even after adjustment for baseline
clinical risk, whereas change in LVEF was not predictive.
Future studies should evaluate mechanisms of adverse
and reverse remodelling and if surveillance cardiac imaging
can guide care and improve outcomes for patients with
chronic HF.
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Table S1. Univariate analysis of the baseline clinical and imag-
ing parameters for the prediction of the primary outcome.
Figure S1. Examples of reverse remodelling and adverse re-
modelling for patients at risk (panel A), with HFpEF (panel
B) and with HFrEF (panel C).
Abbreviations: HF = heart failure; HFpEF = heart failure with
preserved ejection fraction; HFrEF = heart failure with re-
duced ejection fraction; LVEF = left ventricular ejection frac-
tion; LVEDVi = left ventricular end-diastolic volume index;
LV massi = left ventricular mass index; GLS = global longitudi-
nal strain.
Figure S2. Incremental value of the change in left ventricular
mass index for predicting outcome by global model χ2 test.
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Abbreviations: BM = Base Model; LV massi = left ventricular
mass index.
Definitions:
Outcome = death or cardiovascular hospitalization at 5 years
from 1-year scan.

Base Model = MAGGIC score + log (NT-proBNP) + baseline left
ventricular mass/left ventricular end-diastolic volume + base-
line scar pattern.
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