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Abstract

BACKGROUND: Twin-twin transfusion syndrome presents many challenges for clinicians, 

and the optimal means of identifying pregnancies that will benefit most from intervention is 

controversial. There is currently no clinically available biomarker to detect twin-twin transfusion 

syndrome or to stratify cases based on the risk factors. microRNAs are small RNAs that regulate 

gene expression and are biomarkers for various disease processes, including adult and pediatric 

heart failure. To date, no studies have investigated amniotic fluid microRNAs as biomarkers 

for disease severity, specifically for severe recipient cardiomyopathy in twin-twin transfusion 

syndrome cases.

OBJECTIVE: This study aimed to assess whether amniotic fluid microRNAs could be useful as 

biomarkers to identify pregnancies at greatest risk for severe recipient cardiomyopathy associated 

with twin-twin transfusion syndrome.

STUDY DESIGN: Amniotic fluid was collected at the time of amnioreduction or selective 

fetoscopic laser photocoagulation from monochorionic diamniotic twin pregnancies with twin­

twin transfusion syndrome at any stage. Fetal echocardiography was performed on all twins 

before the procedure, and severe cardiomyopathy was defined as a right ventricular myocardial 
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performance index of the recipient fetus of >4 Z-scores. microRNA was extracted from the 

amniotic fluid samples and analyzed using an array panel assessing 379 microRNAs (TaqMan 

Open Array, ThermoFisher). Student t tests were performed to determine significant differences 

in microRNA expression between pregnancies with severe recipient cardiomyopathy and those 

with preserved cardiac function. A stringent q value of <.0025 was used to determine differential 

microRNA expression. Random forest plots identified the top 3 microRNAs that separated the 

2 groups, and hierarchical cluster analysis was used to determine if these microRNAs properly 

segregated the samples according to their clinical groups.

RESULTS: A total of 14 amniotic fluid samples from pregnancies with twin-twin transfusion 

syndrome with severe cardiomyopathy were compared with samples from 12 twin-twin 

transfusion syndrome control cases with preserved cardiac function. A total of 110 microRNAs 

were identified in the amniotic fluid samples. Twenty microRNAs were differentially expressed, 

and the top 3 differentiating microRNAs were hsa-miR-200c-3p, hsa-miR-17-5p, and hsa­

miR-539-5p. Hierarchical cluster analysis based on these top 3 microRNAs showed a strong 

ability to differentiate severe cardiomyopathy cases from controls. The top 3 microRNAs were 

used to investigate the sensitivity and specificity of these microRNAs to differentiate between the 

2 groups with a receiver operating characteristic curve demonstrating sensitivity and specificity of 

80.8%. All 20 differentially expressed microRNAs were down-regulated in the group with severe 

cardiomyopathy.

CONCLUSION: Amniotic fluid microRNAs demonstrated differential expression between twin­

twin transfusion syndrome recipient fetuses with severe cardiomyopathy and those without and 

have the potential to be important biomarkers of disease severity in this population.
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Introduction

Twin-twin transfusion syndrome (TTTS) affects 10% to 15% of monochorionic diamniotic 

(MCDA) twin pregnancies and is a major source of neonatal morbidity and mortality, 

accounting for 15% of all twin perinatal mortalities and up to half of MCDA perinatal 

deaths.1–3 Disease severity is initially determined by the Quintero staging system4 with 

TTTS beyond stage III being associated with a high morbidity and mortality risk for 

both twins.2 Three-quarters of Quintero stage I TTTS cases remain stable or the condition 

resolves, but a limitation in the staging of TTTS is that disease progression does not 

correlate well with the initial stage of disease.2 Thus, the current recommendations are to 

perform serial ultrasounds beginning at 16 weeks’ gestation to screen for TTTS, which most 

often presents in the second trimester.2

TTTS is caused by an imbalance in blood volume and vasoactive mediators between the 2 

fetuses owing to vascular connections to a single placenta.2,5 The resulting volume depletion 

in the donor twin and volume overload in the recipient twin leads to the disease spectrum 

called TTTS. In addition, studies suggest that the renin-angiotensin-aldosterone system 
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(RAAS) is activated in the donor twin owing to hypovolemia, and RAAS components 

are transferred to the recipient twin via the placental anastomoses, perpetuating a vicious 

cycle of imbalance that potentially contributes to the development of cardiomyopathy in the 

recipient twin.6

The development of cardiomyopathy in the recipient twin is associated with increased 

mortality than in recipients with preserved cardiac function.7,8 Cardiomyopathy may lead to 

right ventricular outflow tract obstruction over time, further increasing morbidity.9 Because 

of the prevalence and worsened outcomes of recipient cardiomyopathy in TTTS, many 

centers include fetal echocardiography in their evaluation of TTTS and in counseling 

regarding treatment options.5,10–14 The Cincinnati modification of the Quintero staging 

system12 is an alternative staging system that has been proposed and includes the severity 

of cardiomyopathy in the recipient fetus based on atrioventricular valve (AV) regurgitation, 

ventricular hypertrophy, and the myocardial performance index (MPI) as detailed by Habli 

et al.5 The MPI is a Doppler index of ventricular dysfunction first described by Tei et 

al15 as the ratio of ventricular isovolumetric contraction and relaxation time to ventricular 

ejection time, with a higher value representing more severe dysfunction.5,16 As described by 

Habli et al,5 MPI Z-scores of >+2, +3, and +4 correspond to mild, moderate, and severe 

cardiomyopathy, respectively. Ventricular hypertrophy is assessed qualitatively as mild, 

moderate, or severe, and AV regurgitation is semi-quantitatively assessed as mild, moderate, 

or severe based on the relative size of the regurgitant jet on Doppler interrogation.10 In 

recipient cardiomyopathy, MPI dysfunction typically precedes abnormalities in ventricular 

hypertrophy or AV regurgitation, and the right ventricular (RV) MPI has a high likelihood 

of correction after laser treatment to ablate the vascular anastomoses between placental 

shares.10,14 However, timing the laser therapy in TTTS cases in which disease progression 

is not predictable remains a challenge. Thus, several studies have attempted to identify 

biomarkers for TTTS using maternal serum and amniotic fluid17–19; however, no clinically 

significant biomarkers have been identified to date. Recently, microRNAs (miRNAs) have 

been reported as biomarkers for various cardiovascular conditions, but there have been 

limited investigations in pregnancy and fetal disease.20,21

miRNAs are small, noncoding RNAs involved in regulation of gene expression and stress 

signaling pathways and have demonstrated usefulness as biomarkers for various disease 

states.22–25 miRNAs are present in multiple body fluids, including amniotic fluid, with 

distinct patterns of expression under normal and pathologic conditions.26 In urine and 

serum, miRNAs have shown promise as biomarkers for cancers and cardiovascular diseases 

in children and adults.23,24,26,27 Differential expression of miRNAs has been identified in 

the failing heart, both in adult and pediatric cardiomyopathy, and miRNAs may play a direct 

role in cardiac remodeling.22 Specific miRNAs detected in serum correlate with worsened 

outcomes in children with dilated cardiomyopathy,25 and myocardial miRNA profiles in 

hypoplastic left heart syndrome have been shown to differ from those of normal hearts, 

with changes in expression after surgical intervention.28 Furthermore, miRNAs have unique 

potential as future therapeutic targets owing to their effect on messenger RNA (mRNA) 

transcription.29
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There is emerging evidence to support that amniotic fluid miRNAs play a role in normal 

fetal development and that specific miRNA profiles may have a prognostic role in fetal 

diseases.20,30–32 Amniotic fluid miRNAs have not been studied previously in TTTS as a 

biomarker for cardiomyopathy.

Study objective

The objective of this study was to profile amniotic fluid miRNA expression in pregnancies 

with TTTS with and without severe cardiomyopathy. Our hypothesis was that pregnancies 

affected by TTTS with severe cardiomyopathy would have substantially different amniotic 

fluid miRNA profiles than TTTS pregnancies with preserved cardiac function.

Materials and Methods

Patients were eligible for inclusion if they had an MCDA twin gestation with sonographic 

evidence of TTTS at any stage or gestational age and if they underwent either 

amnioreduction or selective fetoscopic laser photocoagulation (SFLP) at a single, high­

volume fetal center (Colorado Fetal Care Center, Children’s Hospital Colorado, Aurora, 

CO). Pregnancies without fetal echocardiography or clinical outcome data were excluded. 

All fetal echocardiography procedures were performed by experienced fetal cardiac 

sonographers and were interpreted by a pediatric cardiologist. Severe cardiomyopathy was 

defined as an RV MPI Z-score of >4 or ≥0.64 for the Cincinnati modification of the Quintero 

staging system.5 Maternal demographic information and clinical data were obtained by chart 

review and stored in the REDCap system.

A sample size of 12 per group was targeted based on preliminary data demonstrating 

differential miRNA expression in the amniotic fluid of singletons and MCDA twins with 

TTTS33 and estimating that a 20% greater sample size would be needed to account for the 

anticipated sample similarity when using MCDA twin controls.

Amniotic fluid was collected from the recipient sac at the time of amnioreduction or SFLP at 

the time of initial entry into the recipient sac and before laser therapy. Whole amniotic fluid 

was centrifuged at 900× g for 10 minutes before freezing at −80°C. miRNA was extracted 

from the supernatant of each sample using the Qiagen miRNeasy Mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol. The TaqMan Open Array miRNA 

panel (ThermoFisher Bedford, MA) was then used to assess the expression profile of 379 

miRNAs.

Array data were analyzed using Expression Suite Software (ThermoFisher, Waltham, MA). 

The expression levels for all miRNAs were normalized to the expression level of hsa­

miR-363, because this miRNA showed minimal variability in expression levels among 

all samples, including a preliminary cohort of singletons (not shown).33 To remove any 

potential batch effect from separately run samples, miRNA arrays were repeated for 1 

severe cardiomyopathy sample to evaluate consistency among batches. The values were 

normalized between runs and values from the repeated sample were averaged. miRNAs were 

considered expressed in amniotic fluid if they were detected in at least 80% of the samples 

and had a cycle threshold <32. Statistical analysis of the miRNA data was performed 
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using R (www.R-project.org) and a heat map was plotted using the heatmap.2 function in 

the gplots package in R. Student t tests of the log2 transformed data were performed for 

comparison among groups and a stringent q value of <.0025 (Wilcoxon) was used to define 

differentially expressed miRNAs while accounting for multiple comparisons. Random forest 

(RF) analysis using 50,000 trees in R was performed to classify the groups based on miRNA 

expression. The top 3 miRNAs that differentiated the severe cardiomyopathy group from 

the controls were used for all subsequent analyses, including hierarchical clustering and 

receiver operating characteristic (ROC) curves. RF analysis uses 2 methods for measuring 

the significance of a variable and how much it contributes to an accurate prediction, namely 

mean decrease accuracy and mean decrease Gini. The area under the ROC curve was 

calculated using the pROC package in R. ROC curves were calculated to determine the 

sensitivity and specificity for the top 3 miRNAs. Clinical variables and outcome data were 

compared using Student t tests for continuous variables and Fisher exact tests for categorical 

variables, and significance was set a priori at P<.05.

This study was a secondary analysis of amniotic fluid obtained with informed consent 

for the study of biomarkers in TTTS (COMIRB Protocol 14-1413; principal investigator, 

B.F.C.). This study was reviewed by the Colorado Multiple Institution Review Board and 

was exempt as a secondary analysis (COMIRB Protocol 19-1764; principal investigator, 

E.C.W.).

Results

Amniotic fluid samples from 14 pregnancies with TTTS with severe cardiomyopathy were 

compared against samples from 12 pregnancies with TTTS with preserved cardiac function. 

Maternal demographics and prenatal characteristics are presented in Table 1. There was 

no difference among the groups with regard to maternal age, body mass index (BMI), 

gestational age at procedure, fetal sex, presence of selective intrauterine growth restriction 

(estimated weight <10th percentile) of the donor twin, Quintero stage, or type of procedure 

performed at the time of fluid collection (all P values >.05). Recipient cardiovascular 

function differed significantly between the 2 groups with respect to RV MPI, left ventricular 

MPI, ventricular hypertrophy, and AV regurgitation (all P values <.01). The clinical outcome 

data are presented in Table 2. There was no significant difference among groups with respect 

to gestational age at delivery, latency from procedure to delivery, or neonatal survival (all P 
values >.05).

A total of 110 miRNAs were identified in the amniotic fluid samples. Heat map analysis 

based on t test analyses demonstrated 20 differentially expressed miRNAs with a significant 

q value of <.0025 (Figure 1, A). A list of these 20 miRNAs is provided in Supplemental 

Table. RF classification identified miR-200c-3p, miR-17-5p, and miR-539-5p as the top 3 

discriminators of severe cardiomyopathy cases from controls, as demonstrated by the highest 

mean decrease in accuracy and Gini coefficients (Figure 1, B). RF analysis identified the 

top 3 miRNAs that correctly classified the samples into 2 groups, as demonstrated by the 

separation of patients in the severe cardiomyopathy group (red triangles) from the control 

group patients (blue squares) (Figure 2, A). Box plots showed significantly lower expression 

of miR-200c-3p, miR-17-5p, and miR-539-5p in the severe cardiomyopathy group than 
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in the controls (0.25±0.37 vs 1.19±0.82; q<0.0025; 0.31±0.45 vs 1.17±0.84; q<0.0025; 

0.25±0.39 vs 1.18±0.94; q<0.0025, respectively) (Figure 2, B). Hierarchical clustering based 

on the top 3 miRNAs showed a strong ability to differentiate the severe cardiomyopathy 

group from the controls (Figure 2, C). Based on the ROC curves of the top 3 miRNAs, there 

is an 80.8% specificity and sensitivity to differentiate the severe cardiomyopathy group from 

the controls (Figure 2, D).

Comment

Principal findings

We identified 20 differentially expressed miRNAs in the amniotic fluid of recipient 

fetuses in cases of TTTS with severe cardiomyopathy when compared with TTTS controls 

with preserved cardiac function. All 20 miRNAs were down-regulated in the severe 

cardiomyopathy group. The top 3 differentially expressed miRNAs, namely miR-200c-3p, 

miR-17-5p, and miR-539-5p, represent potential diagnostic biomarkers for severe recipient 

cardiomyopathy in TTTS cases.

Results

Our results suggested altered fetal pathophysiology in TTTS pregnancies complicated by 

severe recipient cardiomyopathy based on the top 3 differentially expressed miRNAs, all 

having potential cardiac targets.

There is evidence that miRNA-17 is cardioprotective and that it has multiple targets involved 

in stress adaptation,34 collagen secretion, fibroblast proliferation,35,36 and resistance to 

apoptosis37,38 in addition to its potential role in cardiac progenitor cell differentiation 

to cardiomyocytes during fetal development as part of the miRNA-17-92 cluster.39,40 

miRNA-200c may also play a cardioprotective role41 and has several cardiac targets. 

Dysregulation of miRNA-200c in cardiomyocytes has been associated with hypoxia-induced 

apoptosis,42 cardiomyocyte hypertrophy,43,44 cardiomyocyte ion channel remodeling,45 and 

oxidative stress response.41 miRNA-539 has been shown to regulate mitochondrial fission 

and apoptosis46 and is dysregulated in patients with Duchenne muscular dystrophy,47 which 

affects both skeletal and cardiac muscles. At least 1 cardiac-specific target of miRNA-539 

has been identified, and dysregulation of miRNA-539 in a rat model has been associated 

with heart failure.48,49

These findings are consistent with the limited previous data regarding miRNA and mRNA 

expression in TTTS. Mackie et al50 found differential expression of several miRNAs 

in maternal serum from pregnancies with TTTS when compared with healthy MCDA 

pregnancies; however, their study was underpowered to detect a substantial difference after 

controlling for multiple comparisons. Hui et al51 identified differential mRNA expression of 

more than 800 genes related predominantly to neurologic and cardiovascular pathways in the 

amniotic fluid of TTTS recipient fetuses than in singleton controls.51

Clinical implications—Not all centers utilize fetal echocardiography in the determination 

of TTTS severity and consensus regarding the data to support inclusion of a cardiomyopathy 

assessment in determining treatment candidates is lacking.2 Our study provides insight into 
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the altered fetal pathophysiology among TTTS recipient fetuses with severe cardiomyopathy 

and novel miRNA-based amniotic fluid biomarkers for severe disease cases. Further 

investigations in larger populations are required before the value of amniotic fluid miRNA 

biomarkers can be fully elucidated.

Research implications—It is not yet known whether amniotic fluid miRNA profiles 

change throughout gestation or following fetal intervention with SFLP. The specific source 

of the miRNAs present in amniotic fluid is also not understood, and miRNAs present 

in amniotic fluid may come from fetal urine, fetal skin cells, fetal respiratory secretions, 

or from transplacental transfer from the maternal circulation. Thus, it is unclear whether 

the donor twin or maternal factors contribute in any way to the recipient amniotic fluid 

miRNA profile. Furthermore, it is not known how the amniotic fluid miRNA profiles of 

singletons with other forms of congenital heart disease or hydrops would compare to our 

TTTS population with cardiomyopathy. The immediate fetal and long-term neonatal impact 

of altered miRNA expression in the setting of recipient cardiomyopathy is also not known.

An area of active research is whether amniotic fluid miRNA profiles are reflected in 

maternal serum. miRNAs of placental origin have been found to circulate in maternal 

blood,52–54 making them potential noninvasive biomarkers of pregnancy disease states.21 In 

addition, Juracek et al55 identified variations in umbilical cord blood miRNA profiles based 

on various maternal characteristics such as age, BMI, and smoking status. These findings 

suggest that the maternal and fetal units are not completely isolated with respect to miRNA.

Strengths and limitations—Strengths of this study include a control group of 

MCDA pregnancies, which eliminates potential confounding by differences in the miRNA 

expression in singleton and dizygotic twin gestations. In addition, the control group had 

TTTS to a severe enough extent that in most cases, the patients had to undergo SFLP, 

enhancing the relevance of the miRNA differences identified in the setting of severe 

recipient cardiomyopathy.

Additional strengths include a sample size adequate to detect substantial differences in 

miRNA expression, even after controlling for multiple comparisons. This study compared 

the miRNA profiles in the amniotic fluid of twins with TTTS on the basis of recipient 

cardiomyopathy.

A limitation of our study is the requirement for an invasive procedure to obtain amniotic 

fluid. In this study, all pregnancies were already undergoing therapeutic entry of the 

amniotic sac. The usefulness of amniotic fluid miRNAs for predictive or prognostic 

purposes will depend on numerous clinical factors and further research. For example, an 

amniocentesis is much less invasive than SFLP owing to the small caliber of a needle 

used in comparison with a fetoscope, and the risks for amniocentesis may be reasonably 

balanced against the opportunity to avoid an SFLP, if future studies confirm an ability to 

stratify patients according to risk based on amniotic fluid biomarkers. Further investigations 

in which amniotic fluid miRNAs are being correlated with maternal serum miRNAs are 

ongoing to determine if a noninvasive approach can similarly yield useful information.
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In addition, because we only stratified the degree of cardiomyopathy according to RV MPI 

score as opposed to stratification according to all potential markers of cardiomyopathy, our 

study has limited generalizability to recipient twins with severe cardiomyopathy based on 

severe ventricular hypertrophy or AV regurgitation alone. However, as a Doppler index, 

the MPI is reproducible among experienced sonographers and is quantifiable and has been 

validated as a tool for assessing fetal ventricular dysfunction.16

Conclusion—Amniotic fluid miRNAs are differentially expressed in TTTS pregnancies 

with severe cardiomyopathy and TTTS control pregnancies with preserved cardiac function. 

Further investigation into the use of miRNAs as biomarkers for risk stratification of TTTS 

pregnancies is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AJOG at a Glance

Why was this study conducted?

There are currently no clinically useful biomarkers of disease severity in twin-twin 

transfusion syndrome (TTTS) cases.

Key findings

Several microRNAs demonstrate differential expression in the amniotic fluid of 

pregnancies with TTTS with severe recipient cardiomyopathy when compared with 

similar twin pregnancies with preserved cardiac function.

What does this add to what it known?

We have characterized amniotic fluid microRNA in TTTS cases and uncovered additional 

biological insight into the fetal pathophysiology of recipient cardiomyopathy associated 

with TTTS. These identified microRNAs may serve as biomarkers of disease severity.
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FIGURE 1. Heat map and random forest classification of differentially expressed microRNAs
A, Heat map based on Wilcoxon q<0.0025 can separate miRNA expression levels between 

TTTS cases with SRC (n=14) and controls (n=12). B, Random forest classification identified 

miRNA-200c-3p, miR-17-5p, and miR-539-5p as the best discriminators between cases with 

SRC and control cases, as demonstrated by the highest mean decrease in accuracy and Gini 

coefficient.

miRNA, microRNA; SRC, severe recipient cardiomyopathy; TTS, twin-to-twin transfusion 

syndrome.
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FIGURE 2. Random forest analysis of differentially expressed miRNAs
A, Random forest analysis of the top 3 miRNAs demonstrated differential expression 

between the SRC group (red triangles, n=14) and the control group (blue squares, n=12). B, 

Expression of miR-200c-3p (q=.0019), miR-17-5p (q=.0019), and miR-539-5p (q=.0023) 

were significantly lower in the SRC group than in the control group. C, Hierarchical 

clustering analysis shows a strong ability to differentiate the SRC group from the controls 

based on the expression levels of the top 3 miRNAs. D, Receiver operating characteristic 

curve of the top 3 miRNAs demonstrate an area under the curve of 0.808.
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miRNA, microRNA; SRC, severe recipient cardiomyopathy; TTS, twin-to-twin transfusion 

syndrome.
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