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Abstract

Background: Preventing the evolution of subclinical cardiac disease into overt heart failure (HF) is
of paramount importance. Imaging techniques, particularly transthoracic echocardiography (TTE),
are well suited to identify abnormalities in cardiac structure and function which precede the
development of HF.

Methods: This meta-analysis provides a comprehensive evaluation of 32 studies from 11 individual
cohorts which assessed cardiac indices from TTE (63%), cardiovascular magnetic resonance (CMR;
34%), or cardiac computed tomography (CCT; 16%). Eligible studies focused on measures of left
ventricular (LV) geometry and function and were highly heterogeneous.

Results: Among the variables that could be assessed through a meta-analytic approach, LV systolic
dysfunction, defined as LV ejection fraction (LVEF) lower than 50%, and LV dilation were
associated with a 5-fold (hazard ratio [HR] 4.76, 95% confidence interval [CI] 1.85 to 12.26) and 3-
fold (HR 3.14, 95% CI 1.37 to 7.19) increased risk of HF development, respectively. Any degree of
diastolic dysfunction conveyed an independent, albeit weaker, association with HF (HR 1.48, 95%
Cl 1.11-1.96), while there was only a trend for LV hypertrophy in predicting incident HF (HR 2.85,
95% CI 0.82-9.85).

Conclusions: LVEF <50%, LV dilation and diastolic dysfunction are independent predictors of
incident HF among asymptomatic individuals, while LV hypertrophy seems less predictive. These
findings may serve as framework for implementing imaging-based screening strategies in patients at
risk of HF and inform future studies testing preventive or therapeutic approaches aiming at thwarting

or halting the progression from asymptomatic (pre-clinical) to overt HF.
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Introduction

Despite considerable advances in treatment, heart failure (HF) is still associated with high rates of
morbidity and mortality, and its prevalence in the United States is expected to increase by up to 30%
in 2030, with a concomitant 2-fold rise in the cost of HF care (1). Prevention of symptomatic HF is
therefore one of the priorities of cardiovascular medicine.

The dynamic nature of HF urged the Cardiology community to introduce a new classification
scheme comprising asymptomatic patients with cardiovascular risk factors without (stage A) or with
LV structural and/or functional abnormalities (stage B) alongside patients with symptomatic (stage
C) or end-stage (stage D) HF (2). Compelling evidence exists that the onset of HF may be delayed or
prevented through interventions aiming to modify cardiovascular risk factors or by treating
asymptomatic patients with abnormalities in left ventricular (LV) structure and/or function, whose
prevalence in the general population is far from being negligible. For example, a study on
asymptomatic elderly subjects reported a median prevalence of systolic and diastolic LV dysfunction
of 5.5% (range 3.3-9.2%) and 36.0% (range 15.8-52.8%), respectively (2). Imaging techniques allow
early detection of these abnormalities during the diagnostic work-up of asymptomatic patients at high
risk of developing HF, such as those with hypertension or diabetes (3-5). Nevertheless, the
identification of the imaging parameters most closely associated with the future development of HF
is an essential pre-requisite for implementing preventive strategies. This knowledge is also
instrumental for planning studies testing interventions aiming at minimizing the progression from
asymptomatic (stage A and B) to overt HF (stage C and D). To date, several studies on asymptomatic
individuals have explored the predictive value of a single or few imaging parameters using a specific
imaging modality in heterogeneous populations (6-37), but a comprehensive evaluation is lacking.

We sought to review available evidence and provide quantitative estimates on the association
between imaging parameters and the occurrence of HF based on population studies including

asymptomatic subjects.



Methods

Systematic review

In February 2020, articles on imaging predictors of incident HF were searched on the PubMed and
EMBASE databases, as detailed in Supplemental Table 1. Reference lists of relevant original
research papers and review articles were also manually searched. Articles in English, original research
studies, and articles evaluating asymptomatic subjects were selected in a stepwise process. We did
not impose restrictions on imaging modality or age of study population. Studies without a prospective
arm or with inadequate data on imaging predictors or ambiguous documentation of HF as an endpoint
were excluded. Conversely, studies considering HF only as part of a composite outcome were
considered for the purposes of the systematic review. Eligible articles were selected independently
by 2 Authors (AA and PGM; Supplemental Figure 1). The main characteristics of selected studies

are reported in Table 1.

Meta-analysis

Data extraction and quality assessment

Among the imaging predictors evaluated, LV dilation (16,35), systolic dysfunction (LV ejection
fraction [LVEF] <50%) (17,18,25,31,33), LV hypertrophy (13,14,19,23), and diastolic dysfunction
(25,31) were evaluated in studies from at least 2 different cohorts, and could be further synthesized
through a meta-analytical approach. Two authors (AA and GG) independently recorded hazard ratios
(HRs) and corresponding 95% confidence intervals (CIs) for the occurrence of HF as the primary
outcome. When the same predictor was evaluated in more studies from a single cohort, the study with
the largest cohort was selected. We retained HRs from the most extensively adjusted models to
control for potential confounders. The definitions of LV dilation, hypertrophy and diastolic
dysfunction are reported in Table 2, while Supplemental Table 2 reports the adjusting variables and

Supplemental Table 3 the definitions of HF. We also assessed the quality of eligible studies by
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implementing the validated Newcastle-Ottawa Quality Assessment Scale (NOS) (38), converting
NOS results into the following categories (39): a) good quality for studies >7 stars; b) fair quality for
5-6 stars; and c) poor quality for <4 stars. The quality of all meta-analyzed studies was classified as
good (Supplemental Table 4). Our meta-analysis was performed according to the checklist of the

Meta-analysis of Observational Studies in Epidemiology (40).

Data analysis

We conducted a meta-analysis of eligible studies to derive pooled estimates separately for the
associations between LV dilation, systolic dysfunction, LV hypertrophy and diastolic dysfunction
and incident HF (as previously defined). We employed a random effects model with the inverse
variance method and used the |2 statistic to quantify heterogeneity among studies. Aiming to provide
more robust results in the context of limited available studies, we utilized the Paule and Mandel
estimator (41). The mean effect size and Cls of individual studies were illustrated with forest plots.
In the absence of an adequate number of studies, we did not apply sub-group and meta-regression
analyses; accordingly, we did not further explore the presence of potential publication bias. Statistical
analysis was performed with STATA v12.1 (StataCorp, College Station, Texas, USA). Two-tailed p

values <0.05 were deemed significant.

Results

Selected studies

The main characteristics of selected studies (n=32) are summarized in Table 1. All studies evaluated
asymptomatic individuals, and 2 studies specifically excluded patients with HF (7,27). Conversely, 2
studies included also patients with history of HF (30,31). However, these studies were considered in
the analysis because of the very small proportions of patients with HF (less than 1%). Seven studies
(23%) evaluated populations of elderly subjects. The studies evaluated 9 cohorts ranging from up to

6,781 subjects (in the Multi-Ethnic Study of Atherosclerosis [MESA]) (8) to 552 subjects (in the
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Uppsala Longitudinal Study of Adult Men) (33) (Table 1). When considering the largest population
from each cohort, the total patient number amounted to 25,693 subjects.

The majority of studies (n=20, 63%) evaluated transthoracic echocardiographic (TTE), 11 (34%),
cardiovascular magnetic resonance (CMR) parameters, and 5 (16%) cardiac computed tomography

(CCT) parameters; none of the study considered results from cardiac nuclear imaging.

Left ventricular size and shape

Two CMR studies (16,35) examined the association between LV dilation at baseline and the risk of
developing HF in independent cohorts. Collectively, LV dilation was associated with incident HF,
with pooled HR 3.14 (95% CI 1.37 to 7.19; 1°=59.9%), (Figure 1A).

The first of these 2 studies were based on the MESA cohort and reported that LV dilation (defined
as LV end-diastolic diameter >52 mm) predicted incident HF over a median of 12 years. Subjects
with LV dilation and LVEF <50% had the greatest risk of HF (HR 7.35 [2.36 to 22.85]), and those
with LV dilation but LVEF >50% had an intermediate risk (HR 2.22 [1.46 to 3.37]) as compared with
patients with a non-dilated LV and preserved LVEF (16). Interestingly, a high proportion of subjects
with LV dilation had eccentric remodelling, which is a risk factor for HF, as detailed in the following
section. In a CCT study on the same population, LV area (measured in mid-diastole and normalized
for body surface area [BSA]) displayed a significant association with incident HF (HR 1.10 per 100
mm?/m?, p<0.001) after adjustment for clinical variables and coronary artery calcium (CAC) score
(8). Conversely, LV end-diastolic diameter at baseline did not independently predict incident
including HF among elderly individuals (34).

Regarding LV shape, a high index of sphericity on CMR imaging was a strong, independent
predictor of HF in a model including clinical variables, LV end-diastolic volume index, LV mass
index, LVEF, and N-terminal fraction of pro-B-type natriuretic peptide (HR 2.13 [1.30 to 3.49]).
Even a low index of sphericity, interpreted as suggestive of a “stiffer ventricle”, predicted an

increased risk of HF (HR 1.88 [1.12 to 3.14]) (6).



Left ventricular systolic function

Asymptomatic LV systolic dysfunction (LVEF <50%) was associated with an increased risk of HF,
by pooled assessment of 3 studies (18,25,31) yielding a pooled HR 4.76 (1.85 to 12.26; 1°=78.5%)
(Figure 1B).

In the Framingham cohort, systolic dysfunction was associated with a high likelihood of incident
HF (HR 4.7 [2.7 to 8.1]) after adjustment for cardiovascular risk factors in the whole population as
well as in individuals without prior MI or valvular disease. The risk also increased consistently from
mild dysfunction (LVEF 40-50%: HR 3.3 [1.7 to 6.6]) to moderate-to-severe dysfunction (LVEF
<40%; HR 7.8 [3.9 to 15.6]) (27). Systolic dysfunction seemed also a stronger predictor of HF than
diastolic dysfunction (HR 2.33 [1.43 to 3.78] vs. 1.32 [1.01 to 1.71]). Interestingly, LV systolic
dysfunction was associated with incident HF with reduced EF (HFrEF), whereas antecedent diastolic
dysfunction predicted incident HF with preserved EF (HFpEF) (25).

In elderly individuals from the Olmsted County population, systolic dysfunction was a stronger
predictor of HF than diastolic dysfunction (32). In the MESA cohort, subjects with CMR-derived
LVEF <50% or 50-55% had a higher risk of HF than those with LVEF >55% in a multivariable model
including also LV mass (17). A nonlinear relationship between increasing LVEF and HF risk was
observed, and individuals with LVEF <55% and those with LVEF >70% had an increased risk for
HF compared with those with LVEF 55% (17). The likelihood of HF was particularly high in patients
with LVEF <50% and LV dilation, in keeping with other studies (16).

Several indexes of systolic function other than LVEF have been evaluated. Tissue Doppler-derived
peak systolic myocardial velocity by TTE was a strong predictor of HF, and retained independent
prognostic significance even when adjusting for LVEF (HR 1.26 [1.03 to 1.54] per 1 cm/s decrease)
(30). Circumferential strain from speckle tracking TTE predicted incident HF in a model including
also LV fractional shortening, a metric of systolic function, and LV mass index (HR 1.79 [1.35 to
2.37] per standard deviation increment), while the other measures from speckle tracking analysis were

not independently associated with HF onset (24). In a tagged CMR study, both the average
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circumferential strain from 12 segments (anterior, lateral, posterior and septal, at the basal, mid-cavity
and apical levels), and the average circumferential strain from mid-cavity segments displayed an
independent prognostic value for incident HF, regardless of clinical variables, LV mass index and
LVEF, and even in subjects with LVEF >50% (11). Finally, LV ejection time (i.e., the duration of
the systolic flow through the LV outflow tract by pulsed-wave Doppler) (29) and myocardial
performance index (a measure providing a comprehensive assessment of systolic and diastolic

function) (28,33) were reported to predict incident HF.

Left ventricular hypertrophy and mass

We performed a meta-analytic assessment of 2 studies considering LV hypertrophy as predictor of
HF (13,19). While both studies showed an independent prognostic value of LV hypertrophy for HF
onset, the pooled estimate failed to confirm the results of the original studies (pooled HR 2.85 as
compared to subjects without LV hypertrophy [0.82 to 9.85], p=0.125) (Figure 2A). Significant
heterogeneity was observed in the pooled analysis (1°=97.4%).

In the MESA cohort, LV hypertrophy at CMR (defined as LV mass percentage of predicted greater
than the 95" percentile) was associated with incident HF after adjustment for clinical variables and
the CAC score (HR 5.4 [3.8 to 7.5]) (13), and the risk of HF increased in parallel with LV mass (9).
Additionally, LV mass index refined HF prediction over LVEF alone, and seemed particularly
informative in patients with LVEF <50% (18). In another cohort, LV hypertrophy (defined on TTE
using different cut-offs) emerged as an independent predictor of HF (19,23), with a likelihood of
incident HF increasing by 1% per each 1% increase in excess of LV mass (21). LV mass (22), LV
mass/height (32) and LV mass/BSA (34) were reported to predict first cardiovascular events,
including HF.

Among patients with LV hypertrophy (defined as increased LV mass/height), different patterns of
remodelling predicted HF development after adjustment for clinical variables: a “dilated” pattern

(increased LVEDV/BSA without increased concentricity: HR 5.5 [2.0 to 14.9]), a “thick” pattern
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(increased concentricity without increased LVEDV/BSA: HR 2.2 [1.3 to 3.7], and a “both thick and
dilated” pattern (increased concentricity and LVEDV/BSA: HR 4.6 [1.4 to 15.7]) (35). Very limited
information is available on the changes in LV geometry and function over time. Most notably, the
development of an abnormal LV geometric pattern (relative wall thickness ratio >80™ percentile) over
4 years was associated with an increased risk of cardiovascular events (HF, myocardial infarction,
and death) during a 12-year follow-up), and subjects with persistent concentric or eccentric

hypertrophy had the highest risk (26).

Diastolic dysfunction

Two studies evaluating the presence of diastolic dysfunction could be meta-analysed (25,31); their
definition of diastolic dysfunction is reported in Supplemental Table 2. Diastolic dysfunction
emerged as an independent predictor of incident HF: pooled HR 1.48 (1.11 to 1.96; 1>=0.0%) (Figure
2B).

In the Framingham cohort, diastolic dysfunction was associated with an increased risk of incident
HF regardless of cardiovascular risk factors and systolic dysfunction (HR 1.32 [1.01 to 1.71]) (25).
Altered diastolic filling by TTE (defined as higher peak E and higher or lower E/A ratios at mitral
valve pulse-wave Doppler sampling) displayed an independent prognostic value for HF onset (20).
Furthermore, the E/e’ ratio predicted HF independent of gender and age, as well as of further variables
including prior admission for HF and plasma N-terminal fraction of pro-B-type natriuretic peptide
(HR 1.66 [1.16 to 2.36]), while the independent prognostic value was lost including LVEF (30).
Importantly, the changes in diastolic function over time have been reported to hold prognostic
significance. Among 1402 subjects undergoing two TTE examinations with a mean interval of 4
years, and then followed-up for 6 years, HF occurred in 2.6%, 7.8%, and 12.2% of participants in
whom diastolic function normalized or remained normal, remained or progressed to mild dysfunction,

or remained or progressed to moderate or severe dysfunction, respectively (p<0.001) (31).



Findings from cardiac computed tomography

Non-contrast enhanced CCT was evaluated only in the MESA cohort. Baseline CAC score predicted
incident HF after adjustment for cardiovascular risk factors or imaging-derived measures, although
appeared a much weaker predictor of incident HF than LV mass (12). An increase in CAC by 10
Agatston units per year was associated with a 2% higher risk of HF over 10 years independent of
clinical variables and baseline CAC, even when patients with coronary artery disease were excluded
(7). Pericardial fat volume predicted incident HF regardless of cardiovascular risk factors (HR 127
[1.12 to 1.45]), while hepatic fat volume did not have independent prognostic significance for this

endpoint (15).

Discussion

To our knowledge, this is the first systematic review and meta-analysis to search for imaging
predictors of incident HF in subjects from the general population, i.e. beyond specific disease settings
such as systemic hypertension, primary mitral regurgitation, aortic stenosis, or hypertrophic
cardiomyopathy. Among the variables that could be assessed through a meta-analytic approach, LV
systolic dysfunction (LVEF <50%) and dilatation (increased LV diastolic dimension, defined through
different criteria) displayed a strong independent prognostic value resulting in about 5- and 3-fold
increased likelihood of incident HF, respectively. Diastolic dysfunction by TTE had an independent,
although less strong, association with HF development, and LV hypertrophy seemed to be another
weak predictor, not achieving statistical significance in the pooled analysis (Central Illustration).
A systematic search of studies assessing imaging predictors of incident HF allowed to identify 30
studies, 7 of them considering only elderly subjects (Table 1). The majority of retrieved studies (60%)
analysed TTE parameters, in keeping with the role of TTE as the first-line examination in patients
with suspected cardiac disease. A substantially lower number of studies considered findings from

CMR or CCT, reflecting the still limited availability and relatively high costs of these techniques with
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respect to TTE. Several imaging modalities were investigated in the MESA cohort (6-18), although
no head-to-head comparison between the different techniques has been carried out so far.

Overall, our meta-analysis confirmed the findings of individual studies. First, systolic function,
evaluated through absolute LVEF or cut-off values (most commonly 50%), is related with incidental
HF independently from LV dimension and mass. Notably, LVEF <50% seems to be a particularly
strong predictor of HF, exceeding the predictive significance of LV dilatation or hypertrophy.
Furthermore, based on an individual study, systolic dysfunction independently predicted the
evolution towards HFrEF, while diastolic dysfunction was more predictive of incident HFpEF (25).

LV dilation is a compensatory mechanism for increased diastolic wall stress, and leads to
exhaustion of the Frank-Starling mechanism for acute compensation of flow. LV hypertrophy
develops as a response to increased systolic wall stress and usually culminate in impaired output.
Systolic dysfunction then testifies an exhaustion of compensatory mechanisms, which may explain
why an impaired LVEF is a stronger predictor of HF as compared to an increased LV end-diastolic
volume or mass. Stand-alone diastolic dysfunction is rarely present on the long term, and it is usually
accompanied by pump dysfunction. Diastolic dysfunction is a weaker predictor of HF as compared
to depressed LVEF. This may be ascribed to two main factors: 1) the difficulty to obtain accurate and
precise estimate of the diastolic function by current imaging techniques (42), 2) the heterogeneous
diagnostic criteria across the studies (Supplemental Table 2) (43). Similar considerations may
explain the lower prognostic value of LV hypertrophy in pooled analysis, which was measured at
CMR in one study (15) and calculated using Devereux formula using TTE in second one (17)

Only a few studies have evaluated the prognostic value of abnormal LV kinesis at speckle-tracking
TTE or CMR strain analysis in asymptomatic subjects (11,24). Similarly, limited information is
available for CAC score, its progression and incident HF. Either CAC score or its evolution are weak
predictors of HF despite a good performance for the prediction of coronary artery disease (7,12).
These findings may be explained by the absence of a direct pathophysiological link between the

burden of coronary artery calcium and HF development. Additionally, the prognostic value of CAC
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score may be diluted by the adjustment for cardiovascular risk factors such as diabetes (12), which
are strongly associated with higher CAC score values (42), and are important risk factors of HF
development (5).

Our findings provide a conceptual framework for an imaging-based approach for prevention or
treatment of patients at the early pre-symptomatic stages of HF (stage A and B of HF). Given its high
availability and limited cost, point-of-care TTE may be potentially used as screening tool. A simple
assessment of LVEF and of LV end-diastolic diameter or volume would identify patients with
structural heart disease (stage B of HF) at risk of incident HF. A more intensive intervention on
modifiable cardiovascular risk factors, and the commencement or up-titration of anti-remodelling
therapy could substantially reduce the risk of HF, potentially leading to recovery or normalization of
cardiac geometry and function (43). Dedicated studies are warranted to explore the feasibility and
cost-effectiveness of this strategy. Despite being less available and more expensive, CMR may
potentially implement the identification and stratification of subjects in stage A and B of HF given
the higher accuracy and reproducibility of this modality for LV structural and functional parameters
as compared to 2-dimensional TTE (46). Our meta-analysis could also provide the basis for the
creation of a risk score to predict the future development of HF. Notably, changes in score values
from baseline could also be regarded as a surrogate endpoint for intervention acting on risk factors
for HF, such as hypertension or diabetes. Finally, it has to be acknowledged that further research is
needed to investigate the predictive value of more advanced techniques, such as tissue
characterization by CMR using quantitative parametric imaging and late gadolinium enhancement,
which enable a thorough characterization of myocardial tissue composition (47).

Some limitations should be acknowledged in our study. First, a high degree of heterogeneity was
observed among studies with respect to parameters evaluated, multivariate models, and outcomes
(often not including incident HF alone); this greatly reduced the feasibility of a meta-analytic
assessment. Even the most commonly explored parameters were not evaluated in a consistent way

across studies; for example, the increase in LV mass was variably considered as absolute or indexed
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values (21,22,32), and arbitrary cut-offs for LV hypertrophy (19,23), or specific patterns of
hypertrophy have been considered (35). Most notably, the fact that 2 positive studies regarding LV
hypertrophy did not pool to a global positive result, in an analysis with a high degree of heterogeneity,
should not directly be interpreted as failure to predict incident HF. However, it should be noted that
a small number of studies may result in underestimation of between-study variance and falsely narrow
Cls might be derived (48) if a robust estimator of heterogeneity is not implemented. In view of its
superiority for dichotomous outcomes, we employed the Paule and Mandel estimator instead of the
popular DerSimonian and Laird (48) and calculated wider Cls for the main predictors of the meta-
analysis. Second, parameters such as left atrial (LA) volume index or variables from tissue Doppler
imaging might hold prognostic significance, and novel measures of cardiac function such as LV
global longitudinal strain and LA strain are promising predictors of incident cardiovascular disease
(44,45). Adding this information might allow to refine the prediction of new-onset HF based on
measures of cardiac structure and function. Unfortunately, data currently available in the general
population do not allow to perform a meta-analytic assessment of their predictive performance. Third,
residual confounding from uncontrolled parameters in the multivariable models cannot be excluded.
Finally, the occurrence of “incident HF”” was either adjudicated by study investigators or established
based on administrative data (Supplemental Table 4), and the studies did not distinguish between
HF with reduced or mid-range/preserved EF, although imaging predictors of these 2 conditions might
differ.

In conclusion, contemporary studies on predictors of HF have focused mostly on measures of LV
geometry and function. Their cumulative assessment reveals that asymptomatic abnormalities,
particularly depressed LVEF (<50%), LV dilation and diastolic dysfunction, and to a lesser extent
LV hypertrophy, predict HF development. These findings could inform future studies on imaging-
based markers aiming at implementing preventive or treatment strategies in patients at early pre-

symptomatic stages of HF.
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Figure legend

Figure 1. Left ventricular (LV) dilation (A) and systolic dysfunction (B) as predictors of heart
failure in asymptomatic individuals.

Hazard ratio (HR) and 95% confidence intervals (Cls) for LV dilation and LV ejection fraction
(LVEF) <50% are reported. Studies are listed by date of publication. Boxes represent the HR and
lines represent the 95% Cls for individual studies. The diamonds and their width represent the pooled
HRs and the 95% Cls, respectively. Pooled estimates are derived from a random-effects model with
the Hartung-Knapp correction to account for the small number of studies. The definitions of LV

dilation and the variables considered for adjustment are reported in Supplemental Table 2.

Figure 2. Left ventricular (LV) hypertrophy (A) and diastolic dysfunction (B) as predictors of
heart failure in asymptomatic individuals.

Hazard ratio (HR) and 95% confidence intervals (Cls) for LV hypertrophy and diastolic dysfunction
(any degree) are reported. Studies are listed by date of publication. Boxes represent the HR and lines
represent the 95% Cls for individual studies. The diamonds and their width represent the pooled HRs
and the 95% Cls, respectively. Pooled estimates are derived from a random-effects model with the
Hartung-Knapp correction to account for the small number of studies. The definitions of LV

hypertrophy and the variables considered for adjustment are reported in Supplemental Table 2.

Central Illustration. Imaging predictors of incident heart failure (HF).

Left ventricular (LV) hypertrophy is reported in Italic since it did not emerge as an independent
predictor of incident HF in the dedicated meta-analysis. Hazard ratio (HR) values and the
corresponding 95% confidence intervals are derived from the meta-analytical assessment (Figures 2

and 3).
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