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Background and aim: Dilated cardiomyopathy (DCM) is the most common heart muscle disease presenting in childhood and is associated with an increased risk of heart failure related death. In adult cohorts, imaging characteristics such as increased left ventricular dimensions or the presence of fibrosis on cardiac magnetic resonance imaging (MRI) have been shown to be associated with adverse outcomes. In contrast, the prognostic relevance of imaging characteristics in childhood cohorts remains unclear and predicting disease progression is challenging. The aim of this study was to perform a systematic literature review and meta-analysis of imaging characteristics associated with adverse outcomes in childhood DCM.



Methods: PubMed, Embase, and Scopus databases were searched for original articles published in English from 1946 to July 2024 that included patients under 21 years with a confirmed diagnosis of DCM and primary or secondary end-points of heart failure death or equivalent event (heart transplantation or ventricular assist device implantation). Studies were excluded if imaging characteristics were not described.



Results: Thirteen studies (1,348 patients) met the inclusion criteria. All but one study was retrospective and only one had a patient cohort of more than 100 patients. We identified four imaging risk factors that were evaluated in at least four studies and significantly associated with a heart failure end point in at least two; left ventricular end-diastolic diameter Z score (LVEDD) [pooled hazard ratio [HR] 1.43, 95% confidence interval [CI] 1.13–1.81, p = 0.003], left ventricular ejection fraction (LVEF) (pooled HR 0.8, 95% CI: 0.65–0.99, p = 0.04), LV fractional shortening (LVFS) and severe mitral regurgitation (MR) [pooled odds ratio (OR) 5.12, 95% CI: 1.18–22.19, p = 0.004]. Two small studies investigated the role of fibrosis on CMRI and did not report an association with adverse outcomes.



Conclusions: A systematic review and meta-analysis of imaging risk factors predicting heart failure adverse events in childhood DCM was performed identifying three “major” risk factors; higher LVEDD, lower LVEF or LVFS and severe MR. The findings highlight a significant need for well-designed multicentre studies to investigate the role of imaging characteristics in predicting outcome in the paediatric population.
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Background

Dilated cardiomyopathy (DCM) is characterised by left ventricular dilation and systolic dysfunction and is the most common heart muscle disease presenting in childhood with an estimated incidence of 0.58–0.76 per 100,000 (1, 2). Population studies describing highly heterogeneous childhood populations have reported that early outcomes are poor with up to one third of patients dying or undergoing cardiac transplantation within 1 year of diagnosis (3, 4). Sudden death occurs less frequently than in adults but still with an estimated incidence of 1%–2% per year (5, 6). In adult cohorts, imaging characteristics such as left ventricular dimensions or the presence of fibrosis on cardiac magnetic resonance imaging (MRI) have been shown to be associated with an increased risk of heart failure or arrhythmic events (7, 8). However, it is currently unclear if similar or alternative imaging characteristics can predict outcomes in childhood disease. An ability to identify those individuals at high risk of poor outcomes, could lead to improved monitoring strategies and personalised treatment strategies.

The aim of this study was to perform a systematic literature review and meta-analysis of imaging characteristics associated with heart failure-related adverse outcomes in childhood DCM.



Methods


Study selection

The online databases Embase/Medline, PubMed/Medline were searched using the Medical Subject Headings (MeSH) terms “[(dilated cardiomyopathy OR DCM) AND (death OR cardiac transplant OR heart transplant OR outcomes OR heart failure OR predict) AND (paediatric OR pediatric OR child OR adolescent)]”. All searches were limited to original articles written in English and patients aged <21 years. This initial search strategy was supplemented by a manual search of the reference lists for included papers.



Inclusion criteria

Studies reporting on a cohort of paediatric DCM patients with a primary or secondary end-point of heart failure death or equivalent event (heart transplantation or ventricular assist device implantation) were included. Studies with an end-point of arrhythmic events alone were excluded. Studies with no estimates of association between imaging risk factors and survival were excluded including case reports and letters. We excluded studies with a mixed cohort of adults and children with <50% of the population under 21 years of age without separate analysis of paediatric data. We also excluded studies reporting mixed cardiomyopathy phenotypes, that did not report outcomes specifically for patients with a DCM phenotype. As the study focused on imaging risk factors, studies exploring non-imaging risk factors, such as age at diagnosis or genetic influence, were excluded.



Data collection

The title and abstract of all studies identified by the search strategy were reviewed by two independent researchers (CS and GN) to determine eligibility. All eligible studies were read in full by the same researchers. The following data were extracted from included studies: study design, country of study origin, study population size, patient demographics (age and sex), imaging risk factor, length of follow-up, univariate and/or multivariate Cox regression analysis, and event count data. A quality assessment for each included study was performed in line with the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Cohort Studies.



Statistics

A random-effects meta-analysis was performed to combine the data from included studies reporting Cox regression analysis. The results from each Cox proportional hazards regression analysis were combined using the generic inverse-variance (IV) method. Survival analyses were not reported in all studies, and for these, count data were extracted to compute odds ratios considering the outcome as a dichotomous variable. Pooled ORs were calculated using the Mantel-Haenszel method. We report the pooled HRs or ORs for each risk factor available with a 95% CI for each summary estimate. The percentage of variability in estimates due to heterogeneity between the studies was reported as the I² score. A significance level of 5% (p = <0.05) was used for analysis. The analysis was performed on Review Manager (version 5.3).




Results


Study selection

Figure 1 summarises the search result. Briefly, the preliminary search identified 4,745 unique studies. 4,681 of these studies were excluded after reading the titles and abstracts. The full text was read for the remaining 64 articles to assess for eligibility. This excluded a further 51 articles. The reasons for exclusion are described in Figure 1. Data was extracted from the 13 studies that met inclusion criteria (Table 1).


[image: Figure 1]
FIGURE 1
Identification of the studies included for data synthesis.



TABLE 1 All included articles (n = 13).
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Study characteristics

The 13 included studies are described in Table 1. All but one study was conducted in Western Europe or North America. The majority (n = 12) were retrospective studies with small patient cohorts of less than 75 patients. One study reported data from a large prospective registry (n = 794 patients) (14). The diagnostic criteria for DCM varied across studies (Supplementary Table S1). Of the included studies, 11 (85%) reported echocardiography-based risk factors and 2 (15%) cardiac MRI risk factors for heart failure adverse events. All included studies investigated an association between baseline imaging characteristics and outcomes whilst two studies investigated an association between serial imaging risk factors and adverse events (13, 14). In total, 82 individual imaging risk factors were described, but only 23 were investigated in more than one study (Supplementary Table S2).



Imaging based risk factors

Due to the large numbers of risk factors only looked at in single studies we divided the reported risk factors into two main groups for the purpose of analysis: probable risk factors (defined as being investigated as a potential risk factor in at least four studies and significantly associated with the primary outcomes in at least two univariate or multivariate analyses); and possible risk factors (defined as being significantly associated with the primary outcomes in at least one univariate or multivariate analysis study).


Probable echocardiographic risk factors


Left ventricular end-diastolic diameter (LVEDD) z-score

Eight studies investigated LVEDD z-score on echocardiography at baseline as a potential risk factor for heart failure event in children with DCM (11, 13–15, 17–19, 21). A significant association with the primary outcome was shown in 4 studies, 3 of which reported survival analyses (13, 14, 18). The pooled HR was 1.43 (95% CI: 1.13–1.81, p = 0.003, I2 = 90%) (Figure 2). Two studies investigated the predictive value of serial LVEDD Z score measurements and reported an association between progressive increase in LVEDD Z score and heart failure adverse outcomes (13, 21).
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FIGURE 2
Hazard ratios for increasing LVEDD-z score as a predictor of death or cardiac transplantation. The squares represent effect estimates from each study while the diamond shows the pooled result. The bars represent the upper and lower 95% CIs. Hazard ratios with CIs > 1 indicate a significant association with death or cardiac transplantation. IV, inverse-variance method; CI, confidence interval.




Left ventricular systolic function

Six studies assessed the prognostic value of reduced LV ejection fraction (EF) on echocardiography at baseline for heart failure events all of which reported a significant association (11, 13, 16–18, 20). Three studies (13, 17, 18) performed survival analysis with a pooled HR of 0.8 (95% CI: 0.65–0.99, p = 0.04, I2 = 91%) (Figure 3). Five studies investigated LV fractional shortening (FS) as assessed using echocardiography M mode as a risk factor for heart failure event (11, 13, 15, 16, 19). Two of these studies reported a significant relationship between lower LV FS and risk of a heart failure event (11, 16) neither of which reported survival analysis data. One study investigated the predictive role of changes in LVFS over time and reported an increase in LVFS to be inversely associated with the risk of heart failure event (14).
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FIGURE 3
Hazard ratios for higher LVEF as predictor of death or cardiac transplantation. The squares represent effect estimates from each study while the diamond shows the pooled result. The bars represent the upper and lower 95% CIs. Hazard ratios with CIs > 1 indicate a significant association with death or cardiac transplantation. IV, inverse-variance method; CI, confidence interval.




Mitral regurgitation

The degree of mitral regurgitation on echocardiography was considered as a risk factor in 5 studies of which 3 found a significant relationship between moderate/severe mitral regurgitationand the outcome (11–13, 18, 19). The pooled OR estimate for moderate/severe mitral regurgitation was 5.12 (95% CI: 1.18–22.19, p = 0.004, I2 = 74%) (Figure 4).
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FIGURE 4
Odds ratios for mitral regurgitation as a predictor of death or cardiac transplantation. The squares represent effect estimates from each study while the diamond shows the pooled result. The bars represent the upper and lower 95% CIs. Odds ratios with CIs > 1 indicate a significant association with death or cardiac transplantation. M–H: Mentel-Haenzsel method; CI: confidence interval.





Possible echocardiographic risk factors

A further 17 echocardiographic imaging risk factors were described, of these 8 were investigated in a single study (Table 2).


TABLE 2 A summary of possible echocardiographic risk factors for adverse outcomes in paediatric DCM.
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Cardiac magnetic resonance imaging

Only two studies explored the role of cardiac MRI based imaging risk factors for heart failure events (9, 10). Al-Wakeel-Marquard et al. found no association between midwall fibrosis and the outcome (p = 0.637) (9). Muscogiuri et al. reported that the frequency of major adverse cardiac events was higher in patients with diffuse subendocardial LGE (38% vs. 14%), but this was not statistically significant (10).






Discussion

This study is, to our knowledge, the first systematic review of potential imaging risk factors for heart failure adverse events for childhood onset DCM. We have identified 4 probable risk factors at baseline associated with an increased risk of heart failure related adverse outcome: LVEDD Z score, LVEF, LVFS and the presence of moderate/severe mitral regurgitation. Although a large number of potential imaging-based risk factors were identified, the lack of consistent definitions and well-designed, large- population studies means that the evidence base for individual risk factors is limited. This highlights a significant unmet need for standardised imaging criteria and larger, well-structured studies to establish robust risk stratification models. Addressing these gaps is crucial for improving early risk prediction and guiding clinical management strategies for children with DCM.


Predicting outcomes in childhood DCM

Systematic description of the imaging phenotype is essential for both the diagnosis and management of childhood onset DCM (22). However, it remains unclear if imaging characteristics can be used to identify groups of patients at the highest risk of adverse events (23). This systematic review has identified 4 echocardiography-based imaging parameters that are likely to be associated with heart failure events including higher left ventricular diastolic dimensions (LVEDD), measures of poorer LV systolic function (LVFS and LVEF) and moderate or severe mitral regurgitation. These imaging characteristics typically co-exist in individual patients, but it is beyond the scope of this study to determine the interaction and additive effect of different imaging risk factors on patient outcomes. A large number of other echocardiography-based risk factors were assessed in a single or small number of studies. It is likely that a number of these imaging parameters are important for outcome prediction in childhood DCM but there is insufficient evidence to support their use at this time. Large, well designed, multi-centre studies are needed to systematically evaluate the role of individual imaging parameters in childhood DCM.

The natural history of children presenting with DCM is recognised to be highly variable with up to a third experiencing “remodelling” and normalisation of LV dimensions and systolic function over follow up (24). Only two of the identified studies investigated the role of serial imaging in outcome prediction, both of which found that changes in LV dimensions or function over time may be more powerful predictors of long-term outcomes compared to baseline measurements (13, 14). One study also suggested that not only the degree of recovery but also the speed by which remodelling occurs may be important for predicting the natural history of disease (13). This is perhaps not surprising given that childhood is a time of significant somatic growth and remodelling; this is not accounted for when the phenotype is assessed at a single time point (24). This study focused on imaging-based risk factors for DCM but it is well-recognised that additional non-imaging-based characteristics are likely to be important including underlying aetiology, family history, symptoms, presence of malignant ventricular arrhythmias and blood biomarkers (e.g., NT-proBNP) (5, 6, 25). Future, larger cohort studies are needed to describe the changing phenotype over time in childhood onset DCM and explore the interaction between individual imaging and non-imaging-based risk factors.



Role of cardiac MRI in childhood DCM

In adult DCM cohorts, cardiac MRI is widely used for diagnostic and prognostic purposes. Patterns of late gadolinium enhancement (LGE) have been shown to be associated with specific aetiologies such as sub-epicardial distribution in post-myocarditis, septal mid-wall in LMNA and ring-like in DSP and FLNC carriers (26). The extent and distribution of LGE have also been shown to be a risk factor for both heart failure and arrhythmic events (7, 8). Only two studies were identified that explored the role between LGE and outcomes in childhood onset disease both of which had small patient cohorts (less than 20 patients) (9, 10). Although the frequency of events was higher in those with LGE in one of the studies, a significant association was not seen. The current scarcity of evidence prevents robust conclusions about the role of LGE in childhood DCM being made. The lack of studies may in some part be explained by challenges in scanning younger patients, including difficulties in obtaining high-quality images due to a higher heart rate or need for sedation meaning cardiac MRI may be used less routinely than in adult practice. Such difficulties could be overcome by large multi-centre studies, which are urgently required to systematically determine the role of cardiac MRI in for outcome prediction in childhood DCM.



Limitations

The number of studies included in this systematic review and meta-analysis is small, and all but one was a retrospective cohort study. It is therefore limited by inherent problems of retrospective studies including missing and incomplete information. Although the most common cardiomyopathy presenting in childhood, DCM is a rare disease, and all but one of the included studies were small with less than 75 participants. Small studies are more prone to variability, which can lead to overestimation of effect sizes and reduce the precision of pooled estimates. This limitation may contribute to the observed high heterogeneity in some analyses, indicating that differences in sample size and study design may account for some of the variability in results. Pooled estimates for average HR's and OR's are reported; however the low number of events and small number of studies means the precision of estimates is low as reflected by the width of CI for pooled ratios. The reliability of the meta-analysis is therefore affected and these estimates should be interpreted with caution. We did not exclude studies based on sample size and, as most cohorts were small, we were not able to perform sensitivity analyses to investigate the effect of sample size on analysis findings. Multicentre collaborations and large patient cohorts should be prioritised to enhance the generalizability and reliability of findings.

A key limitation of this meta-analysis is the substantial heterogeneity observed across studies, with I² values reaching 90% in some meta-analyses. This high heterogeneity likely arises from multiple factors, including differences in study populations (e.g., age at diagnosis, aetiology, severity of disease),variable definitions of imaging parameters and operator dependent differences in image acquisition and interpretation Random-effects modelling was used to account for this variability but the wide confidence intervals in estimates suggest caution should be used in interpreting pooled effect sizes. Future research should focus on standardising definitions and methodologies to improve comparability across studies.




Conclusion

A systematic review and meta-analysis of imaging risk factors to predict heart failure adverse events in childhood DCM has identified four “major” risk factors; higher LVEDD, lower LVEF or LVFS, and severe MR. A large number of other potential or “minor” risk factors have been described in single studies. The evidence base supporting the role of individual imaging characteristics is limited by the low number of studies describing small and heterogenous patient populations. Well-designed multicentre studies are required to investigate the role of imaging characteristics in predicting outcome for childhood DCM.
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poor outcomes.
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associated with outcomes.
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doppler imaging; LV ¢': left ventricular early diastolic velocity; Ea, early diastolic mitral annular vVelocity; RVEAC, right ventricular fractional area change; VA Coupling, ventricular-

arterial coupling,
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