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ABSTRACT 

Objective: To identify the presence of different cardiac phenotypes among FGR. 

Study Design: Fetal echocardiography was performed in 126 FGR (defined as birth 

weight <10th centile) and 64 adequate for gestational age (AGA). Principal component 

and cluster analyses were performed to identify different cardiac phenotypes among 

FGR cases.  

Results:  Three different cardiac phenotypes were identified within FGR: globular, 

elongated and hypertrophic. Most FGR cases (54%) were characterized by a ‘globular’ 

heart with the lowest left ventricular sphericity index (controls: median 1.78 

(interquartile range 1.62-1.97), FGR-elongated: 1.92 (1.78-2.09), FGR-globular 1.44 

(1.36-1.52) and FGR-hypertrophic 1.65 (1.42-1.77), P=0.001), while 29% of the cases 

showed an ‘elongated’ left ventricle with nearly normal cardiac dimensions. Finally, 

17% of the FGR showed a ‘hypertrophic’ phenotype with the highest values in left 

ventricular wall thickness (controls: 1.22 mm/kg (1.1-1.67), FGR-elongated: 1.52 (1.28-

1.86), FGR-globular 1.65 (1.39-1.99) and FGR-hypertrophic 3.68 (3.45-4.71), P=0.001) 

and cardiac dimensions. The globular and elongated phenotype showed  fetoplacental 

profile of late-onset FGR while the hypertrophic phenotype showed signs of early-onset 

FGR The hypertrophic cluster also showed the worst perinatal results presenting the 

lowest birthweight centile, gestational age at birth, Apgar score, and the highest 

postnatal blood pressure and carotid intima media thickness.  

Conclusions: FGR induces at least 3 different cardiac phenotypes, with early-onset 

FGR cases associated with a hypertrophic response and worse perinatal outcomes. This 

cardiac phenotypic classification may improve identification of those FGR cases with 

the highest perinatal and long-term cardiovascular risk. 
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INTRODUCTION  

Fetal growth restriction (FGR), defined as a failure to achieve its growth 

potential, affects 7-10% of pregnancies1. It represents a leading cause of perinatal 

morbidity and mortality1 and also a risk factor for long-term disabilities such as 

cognitive impairment2 and cardiovascular diseases in adulthood3. FGR may arise at any 

gestational age, either as the early forms, typically related to preeclampsia and severe 

placental insufficiency, or as late-onset cases mostly associated with mild or subtle 

forms of placental insufficiency.  Both early and late-onset cases present cardiovascular 

remodeling pre4, 5 and postnatally6, 7. 

Echocardiographic signs of fetal systolic and diastolic dysfunction5, 8, 9 have been 

demonstrated both in early and late FGR. Cardiac dysfunction usually reflects a cardiac 

remodeling process, defined as a primary structural/shape change of the heart in order to 

adapt to an insult. However, while there is consistency in reporting cardiovascular 

remodeling, the specific structural changes of the fetal heart in FGR are still poorly 

defined. Studies from the 90s suggested cardiomegaly as a typical sign of severe FGR10, 

but increased4, 11, preserved12, 13 or decreased cardiac dimensions14 have been also 

reported. The presence of myocardial hypertrophy is also controversial with results 

suggesting increased4, 11, 15, lower14 or even normal16 wall thickness. Recently, a more 

spherical cardiac shape has been reported as a typical feature in FGR5, 6, 8. We 

hypothesized that FGR could present as different cardiac phenotypes, that might explain 

this variability  

The main objective of this study was to explore the existence of heterogeneity 

expressed by different cardiac remodeling phenotypes within FGR, and to evaluate 
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whether these phenotypes have different perinatal and postnatal characteristics. To this 

aim, fetal echocardiography was conducted in a large cohort of FGR cases and cluster 

analysis was performed to identify cardiac morphometric phenotypes among FGR. 

Then, perinatal and postnatal characteristics among the different cardiac clusters were 

compared to normally grown fetuses. Finally, the discriminatory accuracy of 

conventional feto-placental ultrasound was tested for the prediction of the cardiac 

phenotypes.  
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MATERIALS AND METHODS 
Study design and participants 

A prospective cohort study was conducted in FGR and adequate growth for 

gestational age (AGA) fetuses, recruited in a tertiary university hospital from February 

2010 to May 2012. FGR was defined by estimated fetal weight and confirmed birth 

weight <10th centile, and AGA by birth weight between 10th-90th centile using local 

growth curves17. Gestational age was calculated according to crown-rump length at first 

trimester scan. Fetuses with structural or chromosomal abnormalities, multiple 

pregnancies, pregestational diabetes, evidence of fetal infection, conceived by assisted 

reproductive technologies or macrosomia (birth weight >95th centile) were excluded. 

FGR cases who died in the perinatal period were excluded from the cluster analysis and 

their results shown separately in the Supplementary material. Eighty percent of the 

fetuses included in the present study were previously included in another publication 

from our group4. The study protocol was approved by the local ethical committee and a 

written consent form was obtained from parents.  

 

Fetal ultrasound 

Fetal ultrasound was performed using curved-array 2-6 MHz and phased-array 

2-10 MHz transducers with a Siemens Sonoline Antares machine (Siemens Medical 

Systems, Malvern, PA) using a standardized protocol4 as described below. It included 

the assessment of estimated fetal weight, conventional feto-placental Doppler 

parameters (Supplementary material), and fetal cardiac morphometry and function. All 

measurements were performed simultaneously.   

Fetal cardiac morphometry included the measurement of cardiac area, atrial 
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dimensions and ventricular cavity dimensions, sphericity indices and wall thickness. 

Cardiac area was delineated in end-diastole from a 4-chamber view on 2D using the 

area method4. Left and right atrial areas were delineated on 2D images from an apical or 

basal 4-chamber view at ventricular end-systole18. Left and right ventricular sphericity 

indices (LVSI and RVSI) were calculated by dividing the end-diastolic base-to-apex 

ventricular length by the transverse ventricular diameters measured in 2D from an apical 

or basal 4-chamber view. Left and right transverse ventricular diameters and wall 

thickness were measured in M-mode from a transverse 4-chamber view at end-

diastole19. Relative wall thickness was calculated as (2*left ventricular free wall 

thickness)/left ventricular transverse diameter. Right/ Left ventricular ratio was 

calculated by dividing both transverse diameters. All cardiac morphometric 

measurements (with the exception of sphericity indexes and relative wall thickness) 

were normalized by dividing for estimated fetal weight.  

Assessment of fetal cardiac function included the measurement of shortening 

fractions, mitral and tricuspid annular plane systolic excursions (MAPSE and TAPSE) 

and peak velocities, and left isovolumic relaxation time (IRT). Left and right shortening 

fractions were obtained by M-mode from a transverse 4-chamber view and calculated 

as: (ventricular diastolic diameter - ventricular systolic diameter)/ventricular diastolic 

diameter20. MAPSE and TAPSE were calculated using real time M-mode from an apical 

or basal 4-chamber view, measuring the maximum displacement of the valvular rings 

between end-systole and end-diastole. Spectral tissue Doppler was applied in mitral and 

tricuspid annulus to measure systolic (S’) and early diastolic (E’) peak velocities. Left 

IRT was evaluated using conventional Doppler in a 4-chamber view measuring the time 

interval from the closure of the aortic valve to the opening of the mitral valve using the 
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valve clicks as previously described21. All functional parameters (with the exception of 

shortening fractions) were normalized into z-scores for gestational age22-24.  

 

Perinatal and postnatal outcome 

Perinatal characteristics including the presence of pregnancy complications, 

delivery and neonatal data were collected from clinical records. Postnatal assessment 

was planned around 6 months of corrected age. Infant’s anthropometric data was 

collected by a trained nurse. Weight gain was calculated by subtracting birth weight 

from infant weight. Infant’s systolic and diastolic blood pressures from the brachial 

artery were measured by a trained physician using a validated ambulatory automated 

device (Omron 5 Series; Omron Corporation, Kyoto, Japan). Finally, infant’s aortic 

intima-media thickness (aIMT) was measured by ultrasound using a 12L-RS linear-

array 6.0-13.0 MHz transducer with a Vivid Q (General Electric Healthcare, Horten, 

Norway) ultrasound equipment. Longitudinal clips of the far wall of the proximal 

abdominal aorta in the upper abdomen were obtained, and aIMT measurements were 

performed offline based on the trace method using commercially available software (GE 

EchoPAC PC 108.1.x; General Electric Healthcare). 

 

Statistical analysis 

All feto-placental and echocardiographic parameters were normalized into z-

scores (when normality ranges were available) or by estimated fetal weight. Statistical 

analysis was done using Stata IC version 14 (StataCorp. LP, College Station,TX). First, 

principal component analysis was performed to select the most important fetal cardiac 

morphometric parameters.  One variable from each component was selected to create 
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the clusters based on the factor loading and its potential clinical relevance. Then, an 

exploratory cluster analysis among FGR cases was performed. Cluster analysis is an 

exploratory and data mining technique for identifying heterogeneity by grouping 

patients25 in such a way that the individuals in the same group are very similar but 

different from those in other groups. Hierarchical cluster analysis was performed to 

visualize possible subgroups in a dendrogram graph. Then, non-hierarchical K-means 

method was applied to confirm the number of clusters and to create subgroups. Finally, 

bootstrapping resampling method was applied to validate the clusters results. 

Once the clusters were determined, a descriptive analysis including the fetal 

ultrasonographic, perinatal and postnatal characteristics was performed to assess the 

differences between FGR clusters and AGA. In order to overcome the different 

gestational age between groups, all cardiac parameters were normalized into Z-scores or 

by estimated fetal weight. Data was expressed as mean ± standard deviation (SD), 

median (interquartile range) or relative frequencies and compared to controls using 

Student’s t-test, Wilcoxon-Mann-Whitney or χ2 test as appropriated. Differences among 

FGR clusters were assessed by Kruskal-Wallis test, F-anova or χ2 test. To consider 

multiple comparisons in all cardiac morphometric variables among FGR clusters, 

multiple analysis of variance (MANOVA) was also performed. Baseline, 

ultrasonographic and perinatal characteristics of the FGR group as a whole and AGA 

are shown in the Supplementary Material, Table 1S, 2S. 

Finally, logistic regression was used to estimate the discriminatory accuracy of 

prenatal ultrasonographic data to identify the cluster with highest perinatal risk. Areas 

under the receiver operating characteristic curves (AUC) were compared using DeLong 

method.  
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RESULTS  

Cardiac phenotypes within FGR 

Left ventricular sphericity index and left ventricular free wall thickness were 

selected by principal component analysis as the most representative echocardiographic 

parameters in FGR (Supplementary Material, Table 3S). Cluster analysis using 

hierarchical approach and Wards linkage identified 3 different subgroups among FGR 

cases (Figure 1). K-means also suggested that 3 clusters could better represent the 

differences among subgroups. Validation of the cluster by bootstrapping showed similar 

results with 95.23% of agreement. Wilks' lambda test after MANOVA showed that 

altogether morphometry parameters differed among clusters (p-value<0.001) 

Figure 2 and Table 1 display the echocardiographic characteristics of the 3 

phenotypes identified within FGR. Most FGR cases (54%) were characterized by a 

‘globular’ heart with the lowest ventricular sphericity index, but also increased cardiac 

dimensions and wall thicknesses. Secondly, 29% of the FGR cases showed an 

‘elongated’ left ventricle (highest sphericity index) with nearly normal right ventricular 

morphometry, decreased right/left ventricular ratio, and increased cardiac area and left 

wall thicknesses. Finally, 17% of the FGR presented a ‘hypertrophic’ phenotype with 

the highest wall thickness and cardiac dimensions values together with reduced 

sphericity indices. All cardiac phenotypes presented reduced longitudinal motion 

(measured by M-mode and tissue Doppler) and prolonged IRT as compared to AGA. 

Comparison between AGA and each different cardiac phenotype group at a similar 

gestational age showed similar results (Supplementary material). 

 

Perinatal and postnatal characteristics of the different FGR cardiac phenotypes 
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Characteristics of the FGR subgroups as compared to AGA are shown in Table 

2. Similar results were observed when each cluster was compared with those AGA with 

comparable gestational age (Supplementary material, Tables 4S 5S). All FGR groups 

showed significant changes in gestational age, fetal biometry, feto-placental Doppler, 

prevalence of preeclampsia and infants’ height, weight, blood pressure and aIMT. 

Comparison among FGR subgroups revealed that the hypertrophic phenotype presented 

the worst feto-placental Doppler, the lowest gestational age at birth(95% of fetuses with 

this phenotype were born preterm), birth weight(all cases<2200g), birthweight centile 

(all cases <1st), 1 minute Apgar score, and highest prevalence of corticoid exposure, 

preeclampsia and fetal distress during labor. The hypertrophic group also showed the 

most significant postnatal changes with the lowest infants’ height, weight and body 

mass index, and the highest weight gain, blood pressure and aIMT values.  

 

Prediction of the hypertrophic phenotype 

As the hypertrophic cluster showed the worst perinatal and postnatal outcomes, 

we explored the potential predictive value of standard fetal ultrasonographic 

characteristics for identifying this phenotype. Whereas all fetal ultrasonographic 

parameters were significantly altered in the hypertrophic cluster, the highest 

discriminatory accuracy was achieved by estimated fetal weight (AUC 0.98 (95% 

confidence interval 0.95-0.99)), gestational age at scan (AUC 0.96 (0.93-0.99)) and 

cerebroplacental ratio (CPR) (AUC 0.80 (0.67-0.93)). Figure 3 shows the distribution of 

estimated fetal weight, gestational age at scan and CPR among the hypertrophic cluster 

as compared to the other FGR subgroups. A cutoff value of 1500g in estimated fetal 

weight showed 100% sensitivity and 87.62% specificity for predicting the hypertrophic 
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phenotype. A cutoff of 34 weeks at scan showed 100% sensitivity and 84.7% of 

specificity. A CPR value below the 5th centile showed a sensitivity 80.9% and 

specificity 73.3% for identifying the hypertrophic group. A composite score combining 

estimated fetal weight (g) + gestational age (weeks) + 1.06 CPR (z-scores) + 2.70 

ductus venosus PI (z-scores) + 1.08 aortic isthmus flow index (z-scores) could achieve 

an AUC of 0.99 (95% confidence interval 0.97-1.00) (Supplementary material, Table 

6S, Figure 1S). 
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DISCUSSION 

In this study, we describe for the first time the presence of three different fetal 

cardiac remodeling phenotypes within FGR. In particular, early-onset FGR was 

associated to a ‘hypertrophic’ response and worse perinatal and postnatal outcomes, 

while late-onset FGR displayed ‘globular’ or ‘elongated’ phenotypes with better 

outcomes. 

The most frequent cardiac adaptations observed amongst FGR were the ‘globular’ 

(56%) and ‘elongated’ (29%) phenotypes characterized by the most spherical geometry 

affecting both ventricles and by a non-spherical left ventricle, respectively. These 

phenotypes were associated with a mild but significant increase in fetal cardiac 

dimensions and thickness together with subtle cardiac dysfunction and preserved ductus 

venosus flow. Both phenotypes presented similar clinical and perinatal characteristics. 

They were related to late-onset forms of FGR with mild signs of placental insufficiency 

and slightly worse perinatal outcome as compared to controls. They also showed a small 

increase in blood pressure and aIMT at 6 months after birth. These changes can be most 

probably explained by mild placental insufficiency leading to subtle fetal hypoxia, 

undernutrition and pressure overload during the last weeks of pregnancy in late FGR. A 

normal ventricle is largely ellipsoid, with larger radius of curvature in the longitudinal 

versus the circumferential direction. This implies that the wall stresses in the 

longitudinal direction are much larger than the circumferential ones. If the shape 

changes from  ellipsoid to  sphere, the radius of curvature (and thus the wall stress) in 

the circumferential direction increases, but the radius of curvature in the longitudinal 

direction  decreases, thus decreasing the longitudinal (=maximal) wall stress. Therefore, 

when a ventricle becomes more spherical, the wall stresses become more similar in all 
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directions and while the minimal wall stresses might increase, the maximal 

(longitudinal) ones will decrease, thus keeping them within a range where the myocytes 

can still appropriately function without a need for increased force development 

(=hypertrophy)26. The fetal heart, given its flexibility may adapt by permanently 

changing to a more spherical shape of one (the ‘elongated’ phenotype with the right 

ventricle being more globular and thus pushing the septum towards the left ventricle and 

therefore making it more elongated) or both ventricles (‘globular’ phenotype) thus 

reducing wall stress to better tolerate pressure overload. These findings are consistent 

with previous studies suggesting more globular hearts with subtle reduction of 

longitudinal motion and impaired relaxation in FGR fetuses and children born near 

term4, 5,. Future studies are warranted to better understand the differential cardiac 

response (‘globular’ vs. ‘elongated’) among late-onset forms of FGR. 

 

This  study also described a less prevalent (17%) but more prominent cardiac adaptation 

amongst FGR. The ‘hypertrophic’ cluster presented extensive myocardial hypertrophy, 

cardiomegaly, an spherical shape and systolic and diastolic dysfunction. This cluster 

was the most dissimilar to AGA and the most similar to those FGR who died in the 

perinatal period (Supplementary Material). This cardiac adaptation was related to early-

onset FGR, abnormal feto-placental Doppler, the worst perinatal outcomes and the 

highest values of postnatal blood pressure and aIMT, suggesting a higher long-term 

cardiovascular risk for this subgroup. Most probably this cardiac adaptation reflects a 

more severe and/or prolonged exposure to placental insufficiency requiring several 

mechanisms for compensating. The initial reduction in sphericity index might not be 

enough to compensate hypoxia and increased placental resistance. Then, hypertrophy 
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will be induced to increase contractility as well as decrease local wall stress; and 

cardiomegaly might appear to cope with persistent volume overload26. This response of 

early FGR is consistent with reports of the 90s (mainly focused on early-onset FGR) 

suggesting cardiomegaly and ‘heart-sparing effect’ as a typical sign of FGR10, 11, and 

also with more recent studies demonstrating increased myocardial wall thickness and 

more spherical ventricles in FGR cases4, 11,15,and with data from experimental models 

(usually mimicking severe forms)27, 28. Theoretical inconsistencies with previous studies 

suggesting smaller and non-hypertrophic hearts could be explained by the lack of 

normalization for body size, by the definition of FGR (mixing truly restricted and 

constitutionally small fetuses) and by reporting means/medians between groups which 

are more influenced by the values of the extreme and more prevalent cases. Our result 

posits heterogeneity of cardiac remodeling as a plausible explanation for such 

inconsistencies. 

In the present study, a composite score including estimated fetal weight, 

gestational age at scan and CPR permitted a high accuracy for identifying the cases with 

a ‘hypertrophic’ response. This opens the opportunity for the detection of those FGR 

cases with the worst fetal deterioration, cardiovascular adaptation, perinatal and 

postnatal outcome.  

This study has some strengths and limitations. The comprehensive fetal 

echocardiographic assessment and the large sample size of cases enabled to identify 

three different cardiac phenotypes within FGR.  To our knowledge, this is the first 

attempt to explore different cardiac phenotypes in fetuses by using cluster analysis. It 

has advantages over the pure description of means/medians by allowing to identify 

clinical heterogeneity and understand why some patients might be triggered to disease 
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while others (with a similar risk factor) did not. However, this is a non-inferential 

technique that needs to be validated in other populations.  Despite adjustment for 

gestational age and fetal size, a residual confounding effect of gestational age might not 

be completely rule out. Future studies are warranted to evaluate the postnatal 

persistence of these cardiac phenotypes.  

In conclusion, this study highlights the variability among the FGR population. 

We demonstrated the presence of at least three phenotypically distinct subgroups of 

cardiovascular remodeling in fetuses.  While the ‘globular’ and ‘elongated’ phenotypes 

correspond to late-onset FGR, the hypertrophic cluster corresponds to early and severe 

FGR associated with the worst perinatal and postnatal outcomes. We additionally 

showed that standard ultrasonography permit the detection of FGR cases with cardiac 

hypertrophy and worse outcomes. An early identification of these high-risk subgroup 

might be open opportunity for a more suitable follow-up and timely postnatal lifestyle 

strategies29,30, that could improve the short-and-long-term outcomes of these fetuses.  
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