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Abstract

Objectives The aim of this study was to investigate the prevalence and prognostic value of late gadolinium enhancement (LGE),
as assessed by cardiovascular magnetic resonance (CMR) imaging, in patients with aortic stenosis.

Methods and results A systematic search of PubMed and EMBASE was performed, and observational cohort studies that
analysed the prevalence of LGE and its relation to clinical outcomes in patients with aortic stenosis were included. Odds ratios
were used to measure an effect of the presence of LGE on both all-cause and cardiovascular mortality. Nineteen studies were
retrieved, accounting for 2032 patients (mean age 69.8 years, mean follow-up 2.8 years). We found that LGE is highly prevalent
in aortic stenosis, affecting half of all patients (49.6%), with a non-infarct pattern being the most frequent type (63.6%). The
estimated extent of focal fibrosis, expressed in % of LV mass, was equal to 3.83 (95% CI [2.14, 5.52], p <0.0001). The meta-
analysis showed that the presence of LGE was associated with increased all-cause (pooled OR [95% CI]=3.26[1.72,6.18],p=
0.0003) and cardiovascular mortality (pooled OR [95% CI]=2.89 [1.90, 4.38], p <0.0001).

Conclusions LGE by CMR is highly prevalent in aortic stenosis patients and exhibits a substantial value in all-cause and
cardiovascular mortality prediction. These results suggest a potential role of LGE in aortic stenosis patient risk stratification.
Key Points

* Up to the half of aortic stenosis patients are affected by myocardial focal fibrosis.

* Sixty-four percent of focal fibrosis detected by LGE-CMR is non-infarct type.

o The presence of focal fibrosis triples all-cause and cardiovascular mortality.
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Abbreviations FWHM  Full width half maximum

AS Aortic stenosis LGE Late gadolinium enhancement
CAD Coronary artery disease LV Left ventricular

CMR Cardiovascular magnetic resonance LVEF Left ventricular ejection fraction
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NYHA  New York Heart Association

SAVR  Surgical aortic valve replacement
TAVI Transcatheter aortic valve implantation
Introduction

Degenerative aortic stenosis (AS) is one of the most common
valvular heart diseases, characterised by progressive
narrowing of the aortic valve and by compensatory hypertro-
phic remodelling of the left ventricular (LV) myocardium [1].
Whilst LV hypertrophy maintains wall stress and cardiac out-
put, it eventually decompensates, with cell death and myocar-
dial fibrosis identified as key processes [2, 3]. LV ejection
fraction (LVEF) remains one of the markers of cardiac decom-
pensation by the current guidelines [4]. However, reduction in
LVEF is a late and non-specific feature in AS, leading to
interest in alternative methods for detecting LV decompensa-
tion [5]. Cardiovascular magnetic resonance (CMR) imaging
allows non-invasive visualisation and quantification of scar-
ring using late gadolinium enhancement (LGE) and can offer
new insights into the pathophysiological processes within the
myocardium [6]. Replacement fibrosis by LGE has been
found to represent a marker of adverse prognosis in a variety
of cardiomyopathies [7-9]. Risk stratification among patients
with AS remains inadequate, causing an ongoing discussion
and clinical challenges in the appropriate identification of
high-risk patients who would benefit from aortic valve inter-
vention before LV decompensation develops. With the most
recent data from a large longitudinal multicentre study, we
aimed to summarise the available evidence and evaluate the
prevalence and prognostic significance of LGE, as assessed by
CMR, in AS patients.

Methods

The meta-analysis was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [10].

A systematic search of PubMed and EMBASE was per-
formed by 2 investigators (G.B. and A.R.) from inception to
October 2018. Indexing terms ‘aortic stenosis’ and ‘late gad-
olinium enhancement’, or ‘delayed gadolinium enhance-
ment’, or ‘LGE’, or ‘cardiovascular magnetic resonance’ were
used to design the search strategy. Prospective observational
studies describing myocardial fibrosis detected by LGE-CMR
in adult patients with AS were included in the meta-analysis.
All-cause mortality and cardiovascular mortality represent the
main outcomes of this meta-analysis. Any pattern of LGE was
accounted for to define the presence or absence of LGE. If
several studies were performed in the same population, the
studies with the largest number of patients were included.

Data on presence, pattern and extent of LGE were obtained.
Data concerning the numbers of patients with and without
adverse events, stratified by the presence or absence of LGE,
were extracted from the original reports or estimated from the
total number of patients and number of deaths in different
groups.

Quality assessment The risk for bias within individual studies
investigating adverse clinical events was evaluated according
to the established methods of the Cochrane collaboration [11]
and the Newcastle-Ottawa Quality Assessment Scale for
Cohort Studies [12]. Quality assessment was performed only
in studies included in the quantitative mortality meta-analysis
(Table 1). Five of 6 studies were rated as high quality with a
median of 8 points (range 6-9) by the Newcastle Ottawa
Quality Assessment Scale (Supplementary Files Table S1).

Statistical analysis

Statistical analysis was performed by making use of R lan-
guage and environment for statistical computing (version
3.5.1) [19], in particular, metafor package (version 2.1-0)
[20]. To compute pooled estimators, random effects model
with restricted-likelihood estimator was applied [21]. In order
to present results of the pooled analysis, forest plots were
used. Effects” heterogeneity was assessed by * value, corre-
sponding test and funnel plots. Publication bias was assessed
by linear Egger’s test and was treated as significant at p < 0.10.
[22]. Additionally, we have performed a 1-study removal anal-
ysis to look for potentially influential studies and a cumulative
meta-analysis to gain insight into the research dynamics in
time. Differences were considered statistically significant at
a 2-sided p value < 0.05.

Results

Search results and eligible studies Nineteen studies, account-
ing for 2032 patients, were finally included in the meta-
analysis [13—18, 23-35]. The review process is depicted in
Fig. 1. Six studies [13—18], combining 1300 patients, were
included for the calculations of the pooled ORs of all-cause
mortality. The data for cardiovascular mortality were not
available in one study [13]. Therefore, it was based on five
studies comprising 1246 patients [13—16, 24]. The character-
istics of these studies and number of events stratified by the
presence or absence of LGE are listed in Table 2. Finally, 6
studies (1044 patients) were included for the calculations of
the pooled ORs of quantitative LGE by % of LV mass [13, 15,
18,29, 30, 32]. All 19 studies were analysed for prevalence of
LGE.
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Table 1 Quality assessment

using Cochrane method First author, study year ~ Selection bias ~ Performancebias  Attrition bias ~ Detection bias  Reporting
(ref. no.) bias
Azevedo etal 2009 [13]  Yes No Yes No No
Dweck et al 2010 [14] Yes No No No No
Barone-Rochette et al Yes No No No No
2014 [15]
Chin et al 2016 [16] Yes No Unclear No No
Rajesh et al 2017 [17] Yes Yes Unclear No No
Musa et al 2018 [18] Yes No Unclear No No

No—Iow risk of bias, yes—high risk of bias

Study characteristics All studies were prospective cohort stud-
ies, and the majority was single centre, except for 2 studies,
which were multicentre [18, 34]. Mean follow-up duration
was 2.8 years. In the majority of studies, patients with severe
AS underwent surgical aortic valve replacement (SAVR), and
6 studies also investigated patients undergoing transcatheter
aortic valve implantation (TAVI) [15, 18, 27, 31, 32, 35].

Patient characteristics The age of patients ranged from 47 to
83 years (mean 69.8) and male patients dominated in all of the
studies. Hypertension was the most common co-morbidity

(61.4%). Also, 39.8% of all patients had coronary artery dis-
ease (CAD), and 7 studies excluded patients with CAD [13,
23-26, 28, 30]. The majority of patients had preserved LVEF
(mean 57%), and high-gradient aortic stenosis (mean gradient
46 mmHg). Patients’ clinical characteristics are listed in
Table 3.

Prevalence and extent of LGE The majority of investigators
evaluated focal fibrosis by different signal intensity thresholds
above remote myocardium [13, 14, 23, 24, 26-30], 3 studies
used full width half maximum (FWHM) technique [13, 16,

Fig. 1 PRISMA flow chart of
study selection. CMR,
cardiovascular magnetic
resonance; HD, heart disease;
LGE, late gadolinium
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Table 5 LGE prevalence by the

presence of coronary artery Patients by CAD status

No. of patients

LGE (+), n (%) LGE non-infarct pattern, %

disease

CAD () 976
CAD (+)% 400

430 (44.0) 93.6°
251 (62.8) 454

Values are n (%). Abbreviations as in Tables 2 and 3
% Data from 4 studies reporting LGE pattern in CAD-free patients
& Data from 5 studies reporting presence of LGE by CAD status

24] and the minority used visual assessment. The prevalence
and extent of LGE are depicted in Table 4. LGE was present in
a variable proportion of patients with AS (27% to 90%), and
overall, 944 patients (49.6%) had LGE. Nine studies have
reported the type of LGE [14-18, 26, 28, 30, 33], and two
thirds of AS patients (63.6%) exhibited a non-infarct LGE
pattern. An additional analysis of the type and prevalence of
LGE depending on the CAD status was performed. Patients
with concomitant coronary artery disease, compared to those
with unobstructed coronary arteries, had higher prevalence of
LGE (62.8% vs. 44%, respectively). The vast majority of
CAD-free patients exhibited non-infarct LGE pattern
(93.6%), whilst infarct pattern LGE dominated in patients
with coexistent CAD (54.6%) (Table 5). LGE was reported
to be more prevalent in males and in those with LV systolic
dysfunction and worse functional status. LGE was more fre-
quently found in patients with higher indexed LV mass and
higher indexed LV end-systolic and LV end-diastolic volumes.
The clinical characteristics of patients with and without LGE,
when available, are presented in Supplementary Files
Table S2.

In addition, 12 studies reported the extent of LGE by % of
LV mass, which ranged from 1.4 to 18.3% [13-15, 18, 23, 24,
27, 29-32, 34]. The pooled extent of focal fibrosis as mea-
sured in % of LV mass was around 4% with precise point
estimate and (95% CI) being equal to 3.83 and (2.14, 5.52),
respectively (Fig. 2).

Fig. 2 Forest plot for quantitative Author(s), Year ()

LGE, expressed in % of LV mass

LGE and prognosis The all-cause mortality occurred in 247
patients (19%), 169 of them with LGE (28% of LGE-
positive patients) and 78 without LGE (11.2% of LGE-
negative patients). The presence of LGE was associated with
significantly higher all-cause mortality (pooled OR [95% CI]
=3.26 [1.72, 6.18], p=0.0003) (Fig. 3). The cardiovascular
mortality occurred in 136 patients (10.9%), 99 of them with
LGE (7.9% of LGE-positive patients) and 37 without LGE
(3% of LGE-negative patients). The presence of LGE was
associated with significantly higher cardiovascular mortality
(pooled OR [95% CI]=2.89 [1.90, 4.38], p < 0.0001) (Fig. 4).

Sensitivity analysis and cumulative meta-analysis We have
performed 1-study removal analysis to see whether removal
of any of the studies changes the meta-analysis results
substantially.

Sensitivity analysis for all-cause mortality Heterogeneity was
absent after removal of studies by Azevedo et al [13] or
Dweck et al [14] (p values for heterogeneity were 0.480
and 0.056, respectively). No change was detected after
removing of any of the remaining four studies: hetero-
geneity was present, pooled OR was substantially higher
and it did not fall below 3.52 (Supplementary Files
Table S3). These findings fully agree with simple and
cumulative all-cause mortality forest plots given in Fig.
3 and Fig. 5, respectively.

Study weight, Mean LGE % [95% CI]

Azevedo, 2010 (54)
Barone-Rochette, 2014 (154) :

- 16.93% 3.15[2.26, 4.04]
HilH 17.27% 3.50[2.82,4.18]

Hoffmann, 2014 (30) — 14.96% 7.70 [5.96, 9.44]
Ravenstein, 2015 (31) ® 17.61% 1.40[1.02,1.78]
Lee H., 2017 (127) ' —a— 15.66% 5.20 [3.73, 6.67]
Musa, 2018 (674) - 17.57% 2.72[2.30,3.14]
l-sq. = 97.4 %, p <0.0001 —~ 100.00% 3.83 [2.14,5.52]

@ Springer

N I B
0 2 4 6 8 10

Observed outcome



Eur Radiol (2020) 30:640-651 647
Fig. 3 Forest plot and pooled Author(s) and Year Study weight, OR [95% CI]
odds ratio for all-cause mortality
Azevedo, 2010 - 10.05% 27.08 [5.25, 139.64]
Dweck, 2011 — 11.38% 8.51[1.92, 37.67]
Barone-Rochette, 2014 —- 18.01% 265[1.03, 6.78]
Chin, 2016 —— 15.66% 2.16[0.71, 6.54]
Rajesh, 2017 —— 18.42% 1.86[0.75, 4.64]
Musa, 2018 —— 26.48% 2.09[1.41, 3.11]
l-sq. = 62.77 %, p = 0.035 —=m=—  100.00% 3.26[1.72, 6.18]
T T 1
0.05 0.25 1 4
OR (log scale)

Sensitivity analysis for CV mortality The results did not change
substantially after removal any of the studies (Supplementary
Files Table S4) (Fig.6).

Compared to the other studies, 2 studies [13, 14] reported
very high odds ratios for adverse events. Dweck et al [14]
studied 143 patients with moderate and severe AS and report-
ed 8- and 6-fold higher rates of all-cause mortality in patients
with non-ischemic and ischemic LGE, respectively, compared
with those without LGE. However, in that study, patients with
LGE were significantly older (70 vs. 64 years, respectively,
p=0.031) and had a higher burden of CAD (98% vs. 42% vs.
37%, respectively, p <0,001). Azevedo et al [13], in a mixed
cohort of patients (28 with AS and 24 with aortic regurgita-
tion), demonstrated that LGE was associated with higher all-
cause mortality late after surgical AVR. In that study, more
than half of all patients were in poor functional status (53%
NYHA functional class III). The mortality rate (6.8%/year)
was high, which may reflect the more heterogeneous patient
population with higher baseline risk in the earlier study.

Publication bias

We have performed two types of tests for publication bias
measured by asymmetry of funnel plot: the tests having stan-
dard error as independent variable and the tests having sample

Author(s) and Year

Fig. 4 Forest plot and pooled

size as an independent variable. Egger’s test suggested the
absence of publication bias (Supplementary Files Table S5).
Visual inspection of Begg’s funnel plot for cardiovascular
mortality revealed that the studies were equally distributed
around the overall estimate (Supplementary Files Fig. 1). In
the plot of all-cause mortality, several points did not fall within
the confidence region (Supplementary Files Fig. 2). This re-
sulted in the presence of heterogeneity (I =62.77%, p =
0.0035; see forest plot for all-cause mortality given in Fig. 3).

Discussion

This meta-analysis is the first large-scale analysis consolidat-
ing the data from single-centre and multicentre studies on the
prevalence and prognostic value of LGE in aortic stenosis.
From the data of 19 studies with 2032 patients, we have dem-
onstrated that LGE was present in a considerable proportion of
patients with AS (49.6%) and had a strong and significant
association with the clinical outcomes. This association was
consistently observed across all studies and was independent
of potential confounders on multivariable analysis. LGE
remained an independent risk factor after adjusting for age,
NYHA functional class, LV ejection fraction and other
variables.

Study weight, OR [95% CI]

odds ratio for cardiovascular

mortality Dweck, 2011 — 7.77% 6.76[1.51,30.18]
Barone-Rochette, 2014 — 11.25% 3.32[0.96, 11.50]
Chin, 2016 ——— 10.20% 2.40[0.65, 8.86]
Rajesh, 2017 S S 19.55% 1.87[0.73, 4.80]
Musa, 2018 — 51.22% 3.01[1.68, 5.39]
I-sq. = 0.00 %, p = 0.699 —— 100.00% 2.89 [1.90, 4.38]
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005 025 1 4

OR (log scale)
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Fig. 5 Cumulative analysis for Author(s) and Year

all-cause mortality

OR [95% CI]

Azevedo, 2010

+ Dweck, 2011

+ Barone-Rochette, 2014

+Chin, 2016

+ Rajesh, 2017

+ Musa, 2018

In the present meta-analysis, including 6 studies with 1300
patients over a mean follow-up of 2.8 years, we have demon-
strated that LGE tripled all-cause and cardiovascular mortality
(pooled ORs, 3.26 and 2.89, respectively). Focal fibrosis was
associated with increased mortality irrespective of scar
actiology [14, 18]. Two studies [15, 18], incorporating 315
patients with severe AS patients undergoing TAVI, have dem-
onstrated that the prognostic value of LGE also applies to this
population. This is of great importance, because TAVI candi-
dates represent a much higher risk population in whom the
indications and the timing of intervention are still being defined.

Our study is consistent and extends the results of previous
reports. Chen et al [36] performed a meta-analysis evaluating
626 patients over a mean follow-up of 2.5 years, and signifi-
cant associations between LGE and mortality were found.
Since that meta-analysis, a large multicentre study was

Fig. 6 Cumulative analysis for
cardiovascular mortality

—— 27.08 [5.25, 139.64]
—— 14.39 [4.65, 44.51)
— . 7.42[1.93, 28.57]
——— 5.22[1.78, 15.31]
—— 4.02[1.68, 9.66]
—a— 3.26[1.72, 6.18]
l T T T T |
1 272 20.09 148.41
Odds Ratio (log scale)

published [18], allowing to increase the number of studied
patients and to improve the validity and precision of the final
result. Additionally, the present meta-analysis also includes an
analysis of the prevalence and type of LGE, as well as a
pooled meta-analysis of the burden of LGE in the AS popu-
lation. For that reason, we considered that the present work
was appropriate and necessary.

The most frequent type of LGE described was non-infarct,
found in 63.6% of all LGE-positive patients. The large variability
in the prevalence of LGE between the studies can be explained
by inconsistent characteristics of study populations—patients
differing by the aortic stenosis severity, symptom status and other
variables. The role of CAD in the development of LGE deserves
further consideration, as it was present in about 40% of patients.
As anticipated, patients with concomitant CAD had higher prev-
alence of LGE, which was predominantly infarct type. On the

Author(s) and Year OR [95% CI]
Dweck, 2011 ] 6.76 [1.51,30.18]
+ Barone-Rochette, 2014 —_— 4.44[1.70, 11.54]
+ Chin, 2016 . I 3.58[1.66, 7.74]
+ Rajesh, 2017 —— 2.76 [1.52, 5.01]
+Musa, 2018 —— 2.89[1.90, 4.38]
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contrary, CAD-free patients mostly exhibited non-infarct or AS-
related focal fibrosis. A dual LGE pattern of both myocardial
infarction and mid-wall fibrosis was observed in some patients.
Although it is important to make a distinction between the dif-
ferent LGE patterns, it appears that all myocardial scars, regard-
less of their actiology, are predictive of adverse outcomes. In a
study by Musa et al [18], outcomes of severe AS patients with
different types of LGE were compared. Investigators showed
that either type of focal fibrosis (infarct and non-infarct) signifi-
cantly reduced long-term survival, when compared to patients
with no LGE. Moreover, in a study by Dweck et al [14], non-
infarct LGE pattern was associated with the worst prognosis.
Authors showed that patients with mid-wall or infarct pattern
of enhancement, compared to patients with no LGE, experienced
an 8- and 6-fold increase in mortality, respectively.

The LV sites of myocardial involvement were highly var-
iable, with a predominant location of myocardial fibrosis in
the basal part of the LV [17, 25, 26, 37]. One possible expla-
nation for that is the magnitude of hypertrophy at the base of
the LV, with the highest involvement of the basal septum [38].
Treibel et al [39], investigating 133 patients with severe AS
undergoing SAVR, found that up to 60% of the LGE was
located at the right ventricular insertion point. Although it is
generally presumed that LGE equates myocardial fibrosis, this
may not always be the case. LGE, when isolated to the right
ventricular insertion point, frequently observed in AS patients,
may represent expanded extracellular volume, rather than re-
placement fibrosis [40]. It has been shown that in patients with
hypertrophic cardiomyopathy, LGE that is isolated to right
ventricular insertion points was not associated with increased
risk [41]. However, none of the studies included in the present
meta-analysis investigated the association between location of
the LGE and the risk for adverse events.

Although the presence of LGE clearly portends a higher risk
for adverse events, it should not be used as a binary tool, as half
of all patients with AS have some degree of LGE on CMR.
Across the included studies, reported extent of LGE was vari-
able, and the pooled extent of focal fibrosis as measured by % of
LV mass was around 4%. These differences probably are due not
only to the heterogeneity of included populations but also to the
different methods used for myocardial fibrosis quantification. As
there is no consensus for how to quantify LGE, different
methods have been used. The majority of investigators used
different signal intensity thresholds above remote myocardium,
and the FWHM method was used by a few. In AS, LGE is
frequently less well defined than in infarction, and delineation
of myocardium with normal signal might be challenging.
Previous reports have shown that the FWHM technique was
the most reproducible for LGE quantification across the spec-
trum of cardiac diseases [42]. Two studies have analysed the risk
ratios expressed by quantitative LGE by % of LV mass [14, 18].
Dweck et al [14] reported that with every 1% increase in the
LGE mass, the risk of mortality increased by 5% (HR, 1.05; 95%

CIL, 1.01 to 1.09; p=0.005). Similarly, in a study by Musa et al
[18], a 1% increase in LV myocardial scar burden was associated
with an 11% higher all-cause mortality hazard (HR 1.11; 95%
CI, 1.05-1.17; p < 0.001) and an 8% higher cardiovascular mor-
tality hazard (HR 1.08; 95% CI, 1.01-1.17; p <0.001). In addi-
tion to the traditional LGE-CMR image analysis, novel markers
of myocardial texture analysis have been investigated in patients
with cardiomyopathies, providing further insights into the myo-
cardial structural arrangement. By using a range of quantitative
parameters, including energy, skewness, uniformity and cluster
tendency, it characterises the heterogeneity of fibrotic lesions.
Preliminary data show that texture features linked to LGE het-
erogeneity were strongly associated with adverse events in hy-
pertrophic cardiomyopathy patients [43] and with malignant ar-
thythmias in patients with previous myocardial infarction [44].
Therefore, LGE texture analysis could be further tested in aortic
stenosis patients, possibly providing new information and aiding
in patient risk stratification.

Everett et al [45], in a cohort of 61 asymptomatic moderate
and severe AS patients over a median follow-up of 2.1 years,
demonstrated the rapid progression of mid-wall fibrosis (78%
increase in LGE mass per year). None of the patients with
LGE showed resolution of established fibrosis post-AVR. In
agreement, no change in LGE following aortic valve replace-
ment was reported in 5 other studies [13, 14, 25, 31, 39]. It
appears that once established, focal fibrosis is not reversible
after the valve intervention, leaving these patients with resid-
ual risk for adverse events. These findings suggest that current
management strategies do not completely identify high-risk
patients with severe AS and that the scar that patients develop
whilst waiting for intervention contributes to their poorer
long-term prognosis. A key goal of decision-making is to
reliably identify those who are ‘pre-symptomatic’, so that in-
tervention can be offered before the LV dysfunctions develops
and operative morbidity increases. Therefore, randomised
clinical trials investigating structural LV remodelling and op-
timal timing for aortic valve intervention in asymptomatic
severe AS patients are needed. Currently, this hypothesis is
being tested in EVOLVED (Early Valve Replacement guided
by Biomarkers of Left Ventricular Decompensation in
Asymptomatic Patients with Severe Aortic Stenosis)
randomised controlled trial (NCT03094143), which hopefully
will give as answers whether patients with signs of LV decom-
pensation will benefit from early AVR.

Study limitations

As in many cardiac centres CMR is not a routine workup test
before aortic valve intervention, some patients may have been
referred for investigation on clinical grounds, which may have
introduced a referral bias. This could have led to overestimation
of the LGE prevalence and limit the applicability of the results
to the broad population of patients with aortic stenosis. The
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meta-analysis was also limited to inconsistent characteristics of
the study populations and variability in the degree of aortic
valve disease severity included. A significant number of
single-centre studies (20) was excluded from the analysis due
to the risk of data overlap. Without access to individual patient
data, we had to use estimated event rates in several studies that
could have had an impact on the final result of the pooled
analysis. Limited data and inability to use raw datasets preclud-
ed subgroup analysis.

Conclusion

The present report significantly strengthens and clarifies the
evidence available to date about the association between LGE
detected by CMR and mortality in patients with AS. Our re-
sults suggest that LGE is highly prevalent in aortic stenosis
patients, likely representing irreversible LV damage and
predicting poor outcomes. Further refinement of risk stratifi-
cation is required in asymptomatic AS patients.
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