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Abstract

Objectives Parametric mapping constitutes a novel cardiac magnetic resonance (CMR) technique enabling quantitative

assessment of pathologic alterations of left ventricular (LV) myocardium. This study aimed to investigate the clinical utility

of mapping techniques with and without contrast agent compared to standard CMR to predict adverse LV remodeling fol-

lowing acute myocardial infarction (AMI).

Materials and methods A post hoc analysis was performed on sixty-four consecutively enrolled patients (57 + 12 years, 54

men) with first-time reperfused AMI. Baseline CMR was obtained at 8 + 5 days post-AMI, and follow-up CMR at 6 + 1.4

months. T1/T2 mapping, T2-weighted, and late gadolinium enhancement (LGE) acquisitions were performed at baseline and

cine imaging was used to determine adverse LV remodeling, defined as end-diastolic volume increase by 20% at 6 months.

Results A total of 11 (17%) patients developed adverse LV remodeling. At baseline, patients with LV remodeling showed

larger edema (30 + 11 vs. 22 + 10%LV; p < 0.05), infarct size (24 + 11 vs. 14 + 8%LV; p < 0.001), extracellular volume

(ECVipfarets 63 £ 12 vs. 47 + 11%; p < 0.001), and native T2; 5, ., (95 + 16 vs. 78 + 17 ms; p < 0.01). ECV, ¢, and infarct

size by LGE were the best predictors of LV remodeling with areas under the curve (AUCs) of 0.843 and 0.789, respectively

(all p < 0.01). Native T1,;, . had the lowest AUC of 0.549 (p = 0.668) and was inferior to edema size by T2-weighted imag-

ing (AUC = 0.720; p < 0.05) and native T2, .. (AUC = 0.766; p < 0.01).

Conclusion In this study, ECVj,.. and infarct size by LGE were the best predictors for the development of LV remodeling

within 6 months after AMI, with a better discriminative performance than non-contrast mapping CMR.

Clinical relevance statement This study demonstrates the predictive value of contrast-enhanced and non-contrast as well as

conventional and novel CMR techniques for the development of LV remodeling following AMI, which might help define

precise CMR endpoints in experimental and clinical myocardial infarction trials.

Key Points

e Multiparametric CMR provides insights into left ventricular remodeling at 6 months following an acute myocardial
infarction.

e Extracellular volume fraction and infarct size are the best predictors for adverse left ventricular remodeling.

e Contrast-enhanced T1 mapping has a better predictive performance than non-contrast standard CMR and T1/T2 mapping.

Keywords Multiparametric magnetic resonance imaging - Myocardial infarction - Extracellular matrix - Ventricular
remodeling
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Abbreviations

AHA American Heart Association

AMI Acute myocardial infarct

AUC Area under the curve

BMI Body mass index

BSA Body surface area

CK-MB  Creatine kinase myocardial band

CMR Cardiac magnetic resonance

ECV Extracellular volume

EDVi End-diastolic volume index

EF Ejection fraction

ESVi End-systolic volume index

LA Left atrial

LGE Late gadolinium enhancement

LV Left ventricular

MOLLI  Modified look-locker inversion recovery
NSTEMI Non-ST-segment elevation myocardial infarct
PPCI Primary percutaneous coronary intervention
PSIR Phase-sensitive inversion recovery

ROC Receiver-operating characteristic

SSFP Steady-state free-precession

STEMI ST-segment elevation myocardial infarct
STIR Suppressed triple inversion-recovery
Introduction

Left ventricular (LV) remodeling is a possible complica-
tion after an acute myocardial infarction (AMI). Adverse LV
remodeling after AMI is defined as a progressive increase
of LV end-diastolic volume > 20% at 6 months follow-
ing AMI [1]. LV enlargement and architectural alterations
develop in response to a loss of contractile myocardium and
increased wall stress [2, 3]. However, the pathophysiology
of LV remodeling following AMI is not entirely understood.
LV remodeling is a known and significant risk factor for
adverse prognosis [4, 5].

Cardiac magnetic resonance (CMR) imaging has greatly
improved the understanding of the cardiac function and tis-
sue characteristics after AMI, providing incremental infor-
mation for predicting LV remodeling and adverse cardio-
vascular events [6]. Late gadolinium enhancement (LGE)
imaging by CMR is a well-validated approach for quanti-
fying myocardial infarction [7], yet possibly overestimates
myocardial infarct size in the acute phase compared with
histopathology due to severe edema as validated in animal
models [8, 9]. Recently, novel parametric CMR mapping
techniques have evolved and enable quantitative tissue char-
acterization in the infarcted and remote myocardium [10].
T2 relaxation time allows a reliable estimation of myo-
cardial edema and is a robust alternative to conventional
T2-weighted (T2w) edema imaging [11]. This technique has
already been used to determine the area of myocardial injury
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[12] and to assess infarction chronicity [13]. Furthermore,
T1 mapping facilitates the estimation of extracellular volume
(ECV) thus allowing the differentiation of reversible from
irreversible myocardial injury after reperfusion [14].

Although multiparametric CMR characterization of dam-
aged myocardium following AMI has been done, there are
limited data on the utility of CMR parameters for predict-
ing adverse LV remodeling in the chronic phase of myocar-
dial infarction. Therefore, this single-center study aimed to
investigate the clinical utility of mapping techniques with or
without contrast agent compared to standard CMR to predict
adverse LV remodeling following AMI.

Materials and methods
Study population

This ambispective single-center study was approved by
the local ethics committee and complied with the Declara-
tion of Helsinki; all subjects gave their written informed
consent. Consecutive patients with a first reperfused AMI
through primary percutaneous coronary intervention
were enrolled from April 2011 to August 2016. Patients
underwent baseline (8 + 5 days) and follow-up (6 + 1.4
months) CMR after AMI, including both ST-segment ele-
vation myocardial infarct (STEMI) and non-ST-segment
elevation myocardial infarct (NSTEMI). AMI was defined
according to established criteria [15]. Exclusion criteria
were previous AMI or coronary artery bypass grafting,
severe renal failure (estimated glomerular filtration rate
[eGFR] < 30 mL/min/1.73 m?), persisting atrial fibrilla-
tion or CMR contraindications. This post hoc analysis was
conducted in 64 consecutively recruited patients. Further-
more, the study population partly consisted of individuals,
who had been evaluated in two previously published stud-
ies, one focused on the diagnostic accuracy of quantitative
native T1 and T2 mapping compared to the assessment
of edema on standard T2w imaging to differentiate acute
from chronic MI [13], the other demonstrated the develop-
ment of global and segmental myocardial strain in acute
and chronic STEMI [16].

Image acquisition

CMR acquisitions were performed on a 1.5-Tesla MR
scanner (Achieva, Philips Medical Systems), equipped
with a 5-channel cardiac coil, and all sequences were
electrocardiographically triggered. The imaging protocol
included standard balanced steady-state free-precession
(SSFP) cine imaging in short-axis, 2-, 3-, and 4-chamber
views and edema-sensitive black T2w imaging by a fat-
suppressed triple inversion-recovery sequence with the
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following parameters: voxel size 1.36 x 1.36 X 6 mm°,
echo time (TE) = 1.67 ms, time to repetition (TR) = 3.34
ms, flip angle (FA) = 60°. T1 mapping was performed
using a modified look-locker inversion recovery (MOLLI)
sequence with the following parameters: voxel size 1.72
X 1.72 x 10 mm®, TE = 1.05 ms, TR = 2.58 ms, FA =
35°, linear phase encoding, 8 single-shot balanced SSFP
readouts, typical effective inversion times between 150
and 3871 ms [17]. T2 mapping was performed with a free-
breathing navigator-gated black-blood prepared gradient
and spin-echo hybrid sequence in three LV end-diastolic
short-axis (basal, mid, and apical) slices, corresponding
to the MOLLI sequence, with the following parameters:
voxel size 1.05 x 1.05 x 10 mm?>, TE = 12.5-62.4 ms, TR
= 1600 ms, FA = 90°, 9 readouts [18]. After administra-
tion of 0.075 mmol/kg gadobenate dimeglumine (Multi-
Hance, Bracco), end-diastolic LGE imaging was acquired
using an end-diastolic phase-sensitive inversion recovery
sequence [13].

CMR data analysis

Two experienced radiologists (E.T. and M.S. with 9 and 6
years of CMR experience) independently and blindly ana-
lyzed each CMR in random order using a commercially
available software (CVi42, Circle Cardiovascular Imaging
Inc.) and an in-house developed dedicated software [19].
Parameters were indexed to the body surface area. Evalua-
tion of LV indexed end-diastolic volume (EDVi), end-sys-
tolic volume (ESVi), and myocardial mass was performed
in standard fashion on short-axis cine images [20]. ECV
and native T2 and T1 maps were generated using a plug-in
for OsiriX software (Pixmeo). ECV was calculated using
native and post-contrast T1 maps [21]. Meticulous care
was taken to delineate endo- and epicardial contours with
10% endo- and epicardial offsets to avoid contamination
[13]. LGE areas were visually identified and the signal
intensity of edematous or infarcted myocardium was set
as >2 standard deviations (SDs) of remote myocardium
[13, 22]. Regions of interest (ROIs) were placed in the
infarcted area using LGE as a reference. Infarcted and
edematous area refers to the percentage of the enhanced
myocardium above the threshold against the total area
(%LV), which was calculated by dividing this area by the
total amount of the LV area on the three short-axis sec-
tions [13, 23]. ECV and native T1 and T2 were measured
in the infarcted and remote areas respectively. Figure 1
displays an example of ROI delineation. In addition, the
infarcted and edematous area, native T2 and T1 relaxation
times, and ECV of the involved segments were analyzed
according to the American Heart Association (AHA)
16-segment model.

Definition of adverse LV remodeling after AMI

The presence of adverse LV remodeling was defined as a
progressive increase of indexed LVEDV > 20% at 6 months
following AMI compared to baseline according to previous
literature [1].

Statistical analysis

Calculations and graphics were performed with SPSS (ver-
sion 28.0, IBM SPSS Statistics) and GraphPad Prism (ver-
sion 9.2.0, GraphPad Software, LLC.). Continuous variables
are expressed as mean =+ SD or median (interquartile range).
Comparisons for continuous data used the independent
samples 7-test or Mann-Whitney U test as appropriate. Cat-
egorical data are presented as absolute numbers (percentage)
and were compared using y” test or Fischer’s exact test as
appropriate. A receiver-operating characteristic (ROC) curve
analysis was performed to assess the predictive performance
by calculating the area under the curve (AUC) and opti-
mal cutoff values from the ROC curves using the Youden’s
index. Quantitative measurements were correlated with the
Pearson coefficient. Statistical significance was defined as
two-tailed p < 0.05.

Results
Patient characteristics

A total of 64 patients (57 + 12 years, range 32-79 years,
84% men), who suffered AMI (STEMI: n = 34; NSTEMI:
n = 30), were included in the final study cohort and under-
went both baseline and 6-month follow-up CMR, of whom
11 (17%) developed adverse LV remodeling. Table 1 gives
anthropometrics and clinical characteristics of AMI patients.
There were no significant differences in anthropometrics,
cardiovascular risk factors, and cardiac medications (p >
0.05 for all comparisons) between patients with and without
adverse LV remodeling. Patients with subsequent adverse
LV remodeling had higher peak creatine kinase (CK) with
2613 U/L (Q1-Q3: 1247-4711 U/L) than patients with-
out remodeling with 788 U/L (Q1-Q3: 229-1742 U/L; p
< 0.01). Right coronary artery—related infarct was more
frequent in patients without remodeling (87% vs. 36%; p
< 0.01), whereas the incidence of infarct in left anterior
descending artery (p = 0.331) and circumflex artery (p =
0.445) was similar (Table 1).

CMR findings in patients with and without LV
remodeling at baseline

At baseline, edema size (30 = 1%LV vs. 22 + 10%LV; p <
0.05) and infarct size (24 + 11%LV vs. 14 + 8 %LV, p <
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Fig. 1 Cardiac T2-weighted a
CMR image (a), LGE image

T2-weighted

(b), ECV, native T2 and T1
maps (c¢). For quantitative analy-
sis of lesion size, a large region
of interest (ROI) was placed in
remote myocardium to quantify
mean signal intensity or mean
relaxation times, including
standard deviations as shown

in a and b. The threshold was
set at >2 SDs to define lesion
size in the infarct area. Care was
taken not to include the blood
volume or the epicardial fat in
the measurements by precise b

LGE

placement of the endo- and
epicardial myocardial bor-
ders, as shown in the colored
T2-weighted and LGE images.
ECV, extracellular volume;
LGE, late gadolinium enhance-
ment; SD, standard deviation

0.001) were larger in AMI patients, who developed adverse LV
remodeling (Table 2; Fig. 2). LV functional and morphological
parameters were similar in the two groups. At the acute stage,
patients with adverse LV remodeling showed higher ECV, ¢, ..
(63 + 12% vs. 47 + 11%; p < 0.001) and native T2; g, ., (95
+ 16 ms vs. 78 + 17 ms; p < 0.01), but there was no differ-
ence in native T1, ., . (p = 0.302) (Fig. 2). ECV ., native
T1,emoe> and native T2, .. did not differ between patients
with and without LV remodeling (p > 0.05 for all comparisons;
Table 2). Figures S1-5 represent the involved segments with
the respective infarcted and edematous area, native T2 and T1
relaxation times, and ECV in patients with and without adverse
LV remodeling according to the AHA 16-segment model.

CMR findings in patients with and without LV
remodeling at 6-month follow-up

AMI patients with subsequent adverse LV remodeling
had a larger infarct size (16 + 10%LV vs. 10 £ 7%LV, p <
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0.05) and reduced LVEF (50 + 12% vs. 59 + 8%; p < 0.01;
Table 2). However, edema size was similar in both groups
at 6-month follow-up. LVEDVi (95 + 19 mL/m? vs. 77 + 11
mL/m% p < 0.001) and LVESVi (49 + 20 mL/m? vs. 31 +
9 mL/m?; p < 0.05) were higher in patients with LV remod-
eling, but LV mass index was similar (Table 2).

A longitudinal comparison of AMI patients showed that
indexed LV mass decreased from 70 + 15 g/m? at baseline to
63 + 13 g/m? at 6-month follow-up (p < 0.05). Edema size
(23 £ 11%LV vs. 3 + 2%LV; p < 0.001) and infarct size (16
+ 9%LV vs. 11 £ 8%LV; p < 0.01) had markedly declined
at 6 months (Fig. 3). AMI patients without LV remodeling
showed that edema size (p < 0.001), infarct size (p < 0.01),
and LV mass index (p < 0.01) significantly decreased at 6
months following AMI. No statistical differences were found
in LVEF (p =0.177), LVEDVi (p = 0.858), and LVESVi (p
= (0.305). AMI patients with adverse remodeling showed
decreased edema size (p < 0.001) and increased LVEDVi (p
< 0.05) at follow-up compared to baseline, but infarct size
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Table 1 .Anthrop omeFri?s . All patients No LV remodeling LV remodeling p-value
anq clinical che?racterlstlcs in (n = 64) (n=53) (=11
patients following an acute
myocardial infarction with and Anthropometrics
ggﬁzﬁod;;fing‘;‘_‘:n‘;fn?ﬁV"“e Age, years 57 +12 57 +12 57 + 10 0.963
follow-up Male sex, n (%) 54 (84) 44 (83) 10 91) 0.512
BSA, m? 2.04 +0.20 2.05 +£0.21 1.97 +0.15 0.199
Risk factors
Smoking, n (%) 41(64) 33 (62) 8 (73) 0.732
Diabetes, n (%) 8 (12.5) 6(11) 2(18) 0.617
Hypertension, n (%) 38 (59) 29 (55) 9(82) 0.178
Hyperlipidemia, n (%) 22 (34) 19 (36) 327 0.735
Family history, n (%) 21(33) 17 (32) 4 (36) 0.999
AMI type
STEMI, n (%) 34 (53) 26 (49) 8 (73) 0.152
NSTEMI, n (%) 30 (47) 27 (51) 327
Cardiac enzymes
Troponin T, pg/mL 1643 (517-4285) 1450 (442-3619) 3179 (1395-6210) 0.121
Peak CK, U/L 881 (257-2319) 788 (229-1742) 2613 (1247-4711) < 0.01
Peak CK-MB, U/L 102 (39-274) 93 (38-268) 209 (79-413) 0.225
Infarct-related artery
LAD, n (%) 27 (42) 24 (45) 327 0.331
CFEX, n (%) 16 (25) 12 (23) 4(36) 0.445
RCA, n (%) 50 (78) 46 (87) 4 (36) < 0.01
Cardiac medications
ACEI or ARB, n (%) 16 (25) 12 (23) 4(36) 0.445
Beta-blocker, n (%) 17 (27) 13 (25) 4(36) 0.463
Diuretics, n (%) 9(14) 8 (15) 19 0.999
Statins, n (%) 10 (16) 8 (15) 2(18) 0.999
Aspirin/Clopidogrel, n (%) 15 (23) 12 (23) 327 0.710
Calcium antagonists, n (%) 6 (9) 4 (8) 2 (18) 0.271

Variables are presented as mean =+ SD or median (interquartile range) for continuous data and n (%) for

categorical data

Values in bold denote significant differences between groups

Abbreviations: ACEI angiotensin-converting enzyme inhibitor, AMI acute myocardial infarct, ARB angio-
tensin receptor blocker, BSA body surface area, CFX circumflex artery, CK creatine kinase, CK-MB cre-
atine kinase myocardial band, LAD left anterior descending artery, NSTEMI non-ST-segment elevation
myocardial infarct, RCA right coronary artery, STEMI ST-segment elevation myocardial infarct

(p =0.124), LVEF (p = 0.511), LV mass index (p = 0.551),
and LVESVi (p = 0.108) did not change.

Predictive performance of multiparametric CMR
and cardiac biomarkers

ROC curve analysis for the prediction of adverse LV
remodeling after AMI at 6-month follow-up revealed that
ECV,,rarer and infarct size by LGE were the best predic-
tors with AUCs of 0.843 and 0.789 (p < 0.01 for both),
respectively (Table 3 and Fig. 4). ECV,. resulted in
good sensitivity (0.86; 95% CI: 0.47-0.99) and specific-
ity (0.85; 95% CI: 0.72-0.92). Infarct size by LGE also

had a good sensitivity of 0.82 (95% CI: 0.51-0.96) and

specificity of 0.74 (95% CI: 0.60-0.84). Native T1;,¢,.
had the lowest AUC of 0.549 (p = 0.668) and was inferior
to edema size by T2w (AUC = 0.720; p < 0.05) and native
T2 puret (AUC = 0.766; p < 0.01) in predicting adverse LV
remodeling. Additionally, the predictive performance of
CMR parameters in the involved segments based on the
AHA bull’s eye model was also assessed by ROC curve
analysis. The findings resulted in a cutoff value of 34% for
ECV (AUC = 0.653; p < 0.01) and 66 ms for native T2
relaxation times (AUC = 0.686; p < 0.01) in the involved
segments for predicting adverse LV remodeling at 6-month
follow-up (Table S1). The AUCs of cardiac biomarkers
were 0.762 (p < 0.01) for peak CK, and 0.624 (p = 0.269)
for peak CK-MB (Table 3).
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Table 2 Baseline and follow-up

: . CMR parameters All patients No LV remodeling LV remodeling p-value

CMR Parameters in patlents. (n = 64) (n=53) (=11

following an acute myocardial

infarction with and without Baseline

foslometsiudone S

follow-up - Edema size, %LV 23 +11 22 +10 30 +11 < 0.05
- Infarct size, %LV 16 +9 14 +8 24 +11 < 0.001
- LVEF, % 56 +10 57 £9 53 £13 0.310
- LV mass index, g/m? 70 + 15 69 + 14 73 +19 0.525
- LVEDV, mL/m? 77 £12 77 £11 75 + 14 0.608
- LVESV, mL/m? 34 +10 33 £8 36 +£14 0.336
Mapping CMR
- ECV,prer % 49 +12 47 + 11 63 +12 < 0.001
- ECV, o % 27 +4 26 +4 28 £2 0.212
- Native T2, mS 82 +15 80 +13 95 +16 < 0.01
- Native T2, ;0> MS 54 +4 53 +4 56 +3 0.170
- Native T1;,p,.» mS 1279 +92 1274 + 88 1310 + 114 0.302
- Native T1, > MS 1040 +50 1039 +53 1050 + 27 0.542

6-month follow-up

Edema size, %LV 3 +2 3 +3 3 +2 0.961
Infarct size, %LV 11 +8 10 +7 16 +10 < 0.05
LVEF, % 57 £9 59 £8 50 £12 < 0.01
LV mass index, g/m* 63 +13 62 +12 68 +17 0.199
LVEDVi, mL/m’ 80 + 14 77 £ 11 95 +19 < 0.001
LVESVi, mL/m? 35 +13 31 +9 49 +20 < 0.05

Variables are presented as mean =+ SD or median (interquartile range) for continuous data and n (%) for

categorical data

Values in bold denote significant differences between groups

Abbreviations: CMR cardiovascular magnetic resonance, ECV extracellular volume, LV left ventricle,
LVEF left ventricular ejection fraction, LVEDVi left ventricular end-diastolic volume index, LVESVi left
ventricular end-systolic volume index

Correlations of mapping and standard CMR
with the change in LVEDVi

ECVipturet (r = 0.291; p < 0.05) and infarct size assessed by
LGE at baseline (r = 0.328; p < 0.05) had a positive asso-
ciation with the change in LVEDVi at 6 months after AMI.
As shown in Fig. 5, patients with development of adverse
LV remodeling had an obvious tendency to higher ECV, ¢, .,
and larger infarct size, and a significant increase in LVEDVi.
The change in LVEDVi also correlated with native T2, ¢, .,
(r=0.333; p < 0.05) and edema size (r = 0.283; p < 0.05)
at baseline, but not with native T1,., .. (p = 0.103).

infarci

Discussion

In this study, we analyzed the predictive performance of
multiparametric mapping techniques compared to standard
CMR for the development of adverse LV remodeling at 6
months following AMI. The main findings are as follows:
(1) Adverse LV remodeling occurred in 11 of 64 (17%)

@ Springer

AMI patients after a follow-up of 6 months. (2) At base-
line, edema and infarct size were larger in AMI patients,
who developed adverse LV remodeling, and ECV,, . and
native T2, .. were markedly increased in this patient group.
(3) AMI patients with adverse LV remodeling had a larger
infarct size and reduced LVEF at 6-month follow-up com-
pared patients without remodeling. (4) ECV,,.. and infarct
size by LGE were the best predictors for adverse LV remod-
eling, and native T1;,,., was inferior to native T2, ., and
edema size by T2w to predict remodeling.

Adverse LV remodeling

In our cohort, we adopted a definition of adverse LV remod-
eling as a progressive increase of indexed LVEDV of at least
20% at 6 months after AMI, and adverse LV remodeling
occurred in 17% of patients. Wu et al defined adverse LV
remodeling as an increase in indexed LVEDV of > 20%
at least 4 months from baseline, and a similar incidence of
adverse LV remodeling (16%) was reported [24]. However,
Carrick et al adopted the same definition for adverse LV
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Fig.2 Comparisons of mapping
and standard CMR parameters
at baseline between patients
with and without adverse LV

Mapping CMR

Standard CMR

remodeling. Mapping CMR at 120 80
baseline (left column) shows P<0.001 = P<0.001
patients who developed adverse < 904 ; 60
LV remodeling at 6 months had t =
significantly higher ECV, ¢ . ] o
anq native T2, ., .. but similar £ 60 N 404
native T1 s, ... Standard CMR = ‘2
at baseline (right column) shows %) o
patients who developed adverse W 30+ & 20
LV remodeling had larger =
edema size and infarct size than
those without remodeling. ECV, 0 0
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LV remodeling

remodeling as in the current study demonstrating that only
12% of AMI patients developed subsequent remodeling [25].
Adverse LV remodeling is multifactorial and involves mul-
tiple mechanisms. Some pathophysiologic conditions like
hypertension [26], diabetes [27], valvular disease [28], and
coronary microvascular dysfunction [29] also contribute to
adverse LV remodeling. In our study, there was no difference
between remodeling and non-remodeling patients in terms
of hypertension and diabetes. In addition to infarct size, the
excessive inflammatory response may be a major contributor
to the development of adverse remodeling [30].

In the current study, AMI patients who developed
adverse LV remodeling had larger edema size, infarct
size, and higher ECV, . at baseline than subjects
without LV remodeling, which was likely attributable

No LV remodeling

to a more significant expansion of extracellular vol-
ume because of more severe edema and infiltration of
inflammatory cells during the acute post-infarct period
[8]. Namely, adverse LV remodeling may correspond
to the excessive inflammatory response manifested by
increased ECV. At follow-up, the cohort with adverse
LV remodeling still had a larger infarct size and reduced
LVEF, indicating a greater area of irreversibly injured
myocardium. Further, in this study, peak CK exerted an
acceptable predictive performance and patients, who
developed LV remodeling, and had higher peak CK lev-
els, which ordinarily reflect the spread and extent of
damaged myocardium [31]. Hence, the severity of myo-
cardial damage is likely associated with the development
of an adverse LV dilatation.
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Fig.4 Receiver-operating characteristic curve analysis for the predic-
tion of adverse LV remodeling at 6 months following AMI with map-
ping (a) and standard CMR (b). ECV, .. and infarct size by LGE
were the best predictors of adverse LV remodeling with AUCs of
0.843 (p < 0.01) and 0.789 (p < 0.01), respectively. Native T1;,¢,.(
had the lowest AUC of 0.549 (p = 0.668) and was inferior to edema
size by T2-weighted (AUC = 0.720; p < 0.05) and native T2,
(AUC = 0.766; p < 0.01) in predicting adverse LV remodeling. AMI,
acute myocardial infarct; AUC, area under the curve; ECV, extracel-
lular volume; LV, left ventricular

with the change in LVEDVi. This finding suggests that
patients with larger infarct sizes had an obvious tendency
to develop adverse LV remodeling. Previous studies were
consistent with our finding that LV enlargement associated
with adverse LV remodeling occurred in a strong linear rela-
tion with the initial infarct size [24, 33]. However, LGE at
the early stage after infarction might overestimate infarct
size due to severe edema [8].

ECV,, et 1N this study showed the best capability of
prospectively identifying patients at elevated risk of sub-
sequent adverse LV remodeling. ECV,;, .. potentially adds
quantitative information about “infarct severity” for tissue
disruption and loss of myocytes in the infarct area and
complements LGE assessment as an additional predictor
of LV functional recovery [34]. A prior study from Chen
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Fig.5 Correlation of ECVy, . and infarct size at baseline with
change in LVEDVi at 6 months following AMI. ALVEDVi is cal-
culated by dividing the change in LVEDVi by initial LVEDVi. A
positive correlation was found between ECV, . (a) and infarct
size (b) at baseline and ALVEDVi. Variables above the horizontal
dashed line indicate the increase in LVEDVi; conversely, below the
horizontal dashed line indicates the decrease in LVEDVi at 6 months
after AMI. Triangles represent these patients developed adverse LV
remodeling, who had an obvious tendency in higher ECV,, . and
larger infarct size as well as significant increase in LVEDVi. AMI,
acute myocardial infarct; ECV, extracellular volume; LVEDVi, left
ventricular end-diastolic volume index

et al suggested that the severity of the myocardial injury
can be mirrored by the increased extent of ECV, and more
severe myocardial injury may promote adverse LV remod-
eling [14]. An experimental study based on a rat model
supported the notion that the infarct area involves meta-
bolic activities regulated by a complex array of cytokines,
including the expression of multiple collagens and pro-
teins in the extracellular matrix [35]. The CMR-derived
ECYV is a surrogate for all components of the myocardial
interstitium, which includes not only collagen, but also
non-collagenous extracellular matrix proteins, fibroblasts,
vessels, and incompressible fluid [36]. Thus, one could
speculate that patients with higher ECV,,.., might have
particularly vulnerable components in the infarct tissue
that predisposes to dilatation. However, further in vivo
imaging combined with pathological validation is war-
ranted to elucidate this hypothesis.
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Previous studies demonstrated that ECV in the remote
myocardium indicates the links between systemic inflam-
mation and adverse LV remodeling after myocardial infarct
[37, 38]. Our observation contradicts previous studies
showing no significant differences regarding ECV . ..
between patients with and without remodeling. The discrep-
ancy among studies might relate to varying inflammation
responses in the remote myocardium. Acutely interstitial
alterations in the remote myocardium would be a dynamic
reversible process [39]; CMR acquisition window may to
some extent introduce heterogeneity.

Prediction of adverse LV remodeling
by non-contrast CMR

Myocardial T2 value remains one predominant index to
assess myocardial edema, which may be elevated by altera-
tions in myocardial water state (free water and bound water),
even in the absence of an increase in net water content [40].
Some conditions are accompanied by elevated myocardial
T2 even though the net water content is not altered. This
might be the case when fluid shifts between cardiomyo-
cytes and the interstitial compartment, when there is micro-
structural disruption, and in association with altered fluid
composition during the different phases of edema evolution
[41]. Importantly, quantitative T2 mapping overcomes sev-
eral limitations of conventional T2w imaging and results
in more accurate assessment of myocardial edema [41],
thereof native T2 relaxation times may be more sensitive
to reflect the changes in the molecular environment for the
development of LV remodeling. As such, this study showed
that native T2, had a better predictive value than edema
size by T2w imaging for the development of an adverse LV
remodeling following AMI.

Carrick et al found that native T1 in the infarcted area was
not associated with LV volumes at follow-up and there was
no evidence of non-linearity between native T1 and LV out-
comes [42]; our study confirmed an analogous finding that
native T1,,;,.. had no significant correlation with the change
in LVEDVi and had the lowest predictive value.

Study limitations

The investigated cohort in this single-center study was rela-
tively small, and may not represent the general AMI popu-
lation. However, all patients were recruited consecutively
according to the stringent selection criteria and were treated
in accordance with the contemporary guidelines. Given the
lack of CMR-derived data at different time points early after
infarction, no further comparisons between previous work
and the current data regarding the predictive performance for
LV remodeling can be made. The CMR acquisition window
might have had a potential influence on the results due to the

@ Springer

dynamic changes. More future studies with a larger popula-
tion and further subgroup analyses based on time window
are needed to validate the association between ECV .
and LV remodeling. In addition, the applications of artifi-
cial intelligence (AI) might result in faster image acquisition
and improve the accuracy of myocardial quantification as
already demonstrated by multiple studies [43]. The subse-
quent research in combination with an Al algorithm would
potentially achieve higher accuracy rate in risk prediction
for ventricular remodeling.

Conclusions

This single-center study showed the development of adverse
LV remodeling in 17% of AMI patients at 6-month follow-
up. Patients with LV remodeling had larger edema and
infarct sizes at baseline compared to patients without sub-
sequent LV remodeling. Further, ECV and myocardial native
T2 of infarcted myocardium were higher in the remodeling
group at baseline. Also, AMI patients with adverse LV
remodeling had a larger infarct size and reduced LVEF at
6-month follow-up. Importantly, it was shown that the devel-
opment of adverse LV remodeling can be reliably predicted
by ECV in the infarcted area at baseline and initial infarct
size by LGE. Edema size by conventional T2w imaging and
native T2 in the infarcted area also have a good predictive
value, whereas native T1 constitutes a poor parameter to
predict adverse LV remodeling.
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standard T2w imaging to differentiate acute from chronic MI [1], the
other demonstrated the development of global and segmental myocar-
dial strain in acute and chronic STEMI [2].
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