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Background: Patients with congenital heart disease (CHD) who are operated on

after birth are at risk for neurodevelopmental (ND) impairment. Before birth,

altered fetal hemodynamics due to the CHD may lead to reduced cerebral

perfusion and oxygen supply. The placenta as a critical organ may enhance

this pathology.

Methods: Neonates with operated complex CHD were included. We scored the

placental pathology and analyzed structural and volumetric brain changes of

perioperative brain MRI and ND outcome data using the Bayley III at 1 year

of age.

Results: A total of 45 (13 female) patients with D-transposition of the great

arteries (n= 19, 42.2%), single ventricle CHD (n= 14, 31.1%), left ventricular

outflow tract CHD (n= 7, 15.6%), and other (n= 5, 11.1%) were analyzed.

Placental findings were abnormal in 21 of 45 patients (46.7%). Pre- and

postoperative cMRI were analyzed in 26 (57.8%) and 36 (80%) patients,

respectively, while 18 (40%) patients had both (pre-/postoperative) cMRI. Half

of our patients had structural brain lesions before (50%) and after (52.8%)

surgery, mild intracerebral hemorrhages (pre, 11.1%; post, 22.2%), small

cerebral strokes (pre/post, 8.9%), white matter injury (pre/post, 0%/4.5%), and

mild hypoxia (pre/post, 4.5%). Abnormal placental findings were not associated

with more structural brain lesions but were associated with smaller total brain

volumes, cortical gray matter, and cerebellar structures (all p < 0.05), but not

with ND outcome at 1 year of age.
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Conclusions: Abnormal placental findings in patients with complex CHD are

associated with smaller brain volumes, underlining the impact of placental

function on brain development as a cofactor in patients with CHD.

KEYWORDS

congenital heart disease, placenta, brain development, cardiac surgery,

neurodevelopmental outcome

1 Introduction

Neonates undergoing cardiopulmonary bypass surgery for

congenital heart disease (CHD) early after birth are known to be

at risk for long-term neurodevelopmental (ND) impairments

(1, 2). The etiology of the impaired ND outcome is based on

multiple pre- and postnatal factors. Before birth, the brain is one

of the most rapidly developing organs with a high demand for

energy and oxygen and therefore susceptible to impaired

development (3). Further prenatal determinants include

hemodynamic factors associated with an altered fetal circulation

dependent on the type of CHD. For example, in patients with

hypoplastic left heart syndrome (HLHS), retrograde aortic flow

may lead to reduced cerebral oxygen and nutritional supply (4).

These hemodynamic circulatory changes have been described as

risk factors for altered fetal brain development due to impaired

cerebral perfusion and reduced oxygen and nutritive supply,

which might further be enhanced by an associated placental

insufficiency (4, 5).

As the placenta is the most critical organ to provide the optimal

environment for the development of the fetus, its complex

relationship between maternal and fetal factors has recently been

defined as the maternal–fetal–placental triad (6, 7). Placental and

cardiac development run in parallel, meaning that early placental

dysfunction may interfere with cardiac development and vice

versa (7). The effect of altered placental development has been

shown in transgenic mouse models with trophoblast-specific

knockouts leading to lethal types of CHD (8). The proposed

specific mechanism for such inference is placental inflammation,

which induces a loss of the placental barrier, triggering migration

of maternal monocytes capable of altering fetal cardiac structures

with the development of CHD (9). On the other hand, the

placenta potentially controls, modulates, and compensates for

altered heart physiology (10). Therefore, a therapeutic

modulation of the placental function within the maternal–fetal

environment may become a future treatment option. For that, a

better understanding of the relationship between placental

pathology and the fetal cardiovascular system is needed (10).

Similar findings of the interdependency of placental function

and fetal development, both also determining brain development,

have been reported for patients operated for complex CHD

during the neonatal period (7), as well as for premature and low

birth weight patients with an impaired brain and somatic

development and impact on ND outcome (11). Furthermore, it

has been found that the combination of premature or low birth

weight patients and CHD may both enhance the risk of impaired

ND outcome (12).

Based on these findings, we hypothesize that a negative impact of

CHD resulting in abnormal placenta findings may be associated with

a higher number of structural cerebral lesions, such as cerebral strokes

or white matter injuries, reduced brain volumes measured after birth,

and an impaired neurodevelopmental outcome at 1 year of age.

Therefore, the primary objective of this study was to compare

abnormal placental findings and postnatal brain volumes in patients

with complex CHD undergoing neonatal cardiopulmonary bypass

surgery, and the secondary objective was to evaluate the ND

outcome at 1 year of age in relation to placental pathologies.

2 Material and methods

2.1 Study setting

This study uses data from patients recruited prospectively for

two studies, a monocentric (“Heart and Brain,” 2010–2019) and

a multicentric study (“BrainCHD,” 2020–2023). Both studies

enrolled clinical and neuroimaging data of neonates who were

operated on for complex CHD, as detailed in the sections below.

2.2 Patients and cardiac diagnosis

We consecutively included full-term neonates undergoing early

cardiopulmonary bypass surgery with a complex type of CHD

within the first 6 weeks of life. The cardiac diagnosis was

grouped according to d-transposition of the great arteries

(d-TGA), single ventricle type of CHD, CHD with severe left

ventricular outflow tract obstruction (LVOTO), or others. We

defined four groups of complexity including biventricular or

single ventricle CHD with or without coarctation of the aortic

arch, according to the Clancy classification (13). We excluded

patients with known genetic comorbidity for this analysis.

2.3 Clinical parameters

As perioperative clinical variables, we included gestational age

at birth; sex; birth weight (z-score); head circumference (z-score);

Apgar score at 1, 5, and 10 min; and maternal risk factors during

pregnancy such as drug abuse (alcohol, nicotine, and others),

gestational diabetes, arterial hypertension, and preeclampsia. We

defined small or large for gestational age with a birth weight

below the 10th or greater than the 90th percentile for

gestational age.
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2.4 Placental findings

Standardized gross examination included the trimmed

placental weight (after removal of extraplacental membranes and

the umbilical cord), placental size and thickness, macroscopic

alterations, features of umbilical cord insertion such as abnormal

insertion of umbilical cord at the margin of the placenta or

within extraplacental membranes (velamentous insertion),

hypercoiling of the cord (>3 coils per 10 cm), or two-vessel cords

(only one instead of normally two umbilical arteries).

Macroscopic and microscopic placental findings were categorized

according to Turowski et al. (6, 14).

2.5 Brain MRI

Brain MRI was performed in natural sleep before and after

neonatal cardiac surgery before discharge (15). We used a 3.0

T scanner with an eight-channel head coil (Signa HDxt, GE

HealthCare, Milwaukee, WI, USA). Structural cerebral MRI

findings were systematically assessed by an experienced pediatric

neuroradiologist, and diagnoses were categorized into

hemorrhage, white matter injury, stroke, signs of hypoxic–

ischemic injuries, cerebellar lesions, sinus venous thrombosis, and

other lesions (16). To calculate the total brain volume (TBV) and

tissue volumes for each patient, T2-weighted images were used.

The MR protocol and parameters were published previously (15).

T2-weighted images were acquired in three planes: axial, coronal,

and sagittal. Images were denoised and bias corrected before

super-resolution images were reconstructed using the SVRTK

algorithm (17). Next, images were realigned to a reference, and

image segmentation was performed using an in-house trained

nn-UNet (18). The segmentation followed the annotation

protocol of the dHCP pipeline. Automatic segmentation results

were visually inspected for quality and corrected manually, if

necessary. Volumes were extracted from the segmentation labels

as milliliters (ml) using the relevant image statistical modules in

the software FSL.

2.6 Neurodevelopmental outcome

ND outcome at 1 year of age was determined by examining

children with the Bayley Scales of Infant and Toddler

Development Third Edition (Bayley III), which was administered

by experienced developmental pediatricians blinded to the

placental findings. The Bayley III consists of three composite

scores, i.e., the cognitive, language, and motor composite scores

(mean, 100; SD, 15).

2.7 Ethics

Informed consent was obtained from each caregiver, and (2)

the study protocol conforms to the ethical guidelines of the 1975

Declaration of Helsinki as reflected in a priori approval by the

institution’s human research committee. For that, both studies

have been approved by the responsible cantonal ethical

committee in Zürich (Decision numbers: BASEC 2019-01993,

KEK StV-23/619/04).

2.8 Statistical analysis

Statistical analysis was performed in RStudio (R version 4.3.2).

Patient characteristics were described using percentages for

categorical variables and mean (standard deviation) or median

(interquartile range) as appropriate for continuous variables. To

compare patient characteristics and clinical parameters between

the two groups, Fisher’s exact test for nominal variables and the

Mann–Whitney U test were used for continuous variables.

Placental pathology and brain volume correlation analysis were

performed. Brain volume linearly correlates with the neonatal

age; therefore, linear models were used to test, whether

additional variables such as the placental pathology

contribute significantly.

3 Results

Placental pathology from 45 patients (13 female) with a

complex type of CHD was analyzed. Pre- and postoperative

cMRI were analyzed in 26 (57.8%) and 36 (80%) patients,

respectively, before and after surgery, and 18 (40%) patients had

both pre- and postoperative cMRI. One-year ND outcome was

available for 41 of 45 (91.1%) patients, not available due to

postoperative death (n = 2) or lost to follow-up (n = 2).

3.1 Patients

The median (IQR) birth weight was 3.300 g (IQR: 3.020–3.680)

with a birth weight z-score of—0.25 (−1.03 to 0.61). The median

gestational age at birth was 39 0/7 weeks (38 3/7–39 6/7). All

analyzed patients were born at term, but five term-born infants

were small for gestational age. The median head circumference

was 34.5 cm (33.8–35.5) with a z-score of −0.46 (−1.16 to 0.35).

Two patients were microcephalic (z-score <1.882), and one was

macrocephalic (z-score >1.882). The median 1, 5, and 10 min

Apgar scores were 8, 8, and 9, respectively. Regarding the

maternal comorbidity risk factors during pregnancy, six mothers

developed gestational diabetes. No other maternal risk factors

were reported (toxins, maternal insulin-dependent diabetes

mellitus, arterial hypertension, or preeclampsia).

3.2 Cardiac diagnosis

Complex type of CHD included patients with d-TGA (n = 19,

42.2%), single ventricle CHD (n = 14, 31.1%), severe left

ventricular obstruction (n = 7, 15.6%), and other CHD (n = 5,

11.1%), i.e., pulmonary atresia with ventricular septal defect
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(n = 4, 8.9%) and truncus arteriosus (n = 1, 2.2%). According to the

Clancy classification, we analyzed 32 (71.1%) patients who

underwent biventricular repair of CHD without (n = 21, 46.7%)

and with aortic arch hypoplasia/coarctation (n = 10, 22.2%) and

14 (31.1%) patients who underwent staged single ventricle

palliation due to CHD without (n = 6, 13.3%) or with aortic arch

hypoplasia/coarctation (n = 8, 17.8%).

3.3 Placental findings

Figure 1 shows the placental findings according to the

Turowski classification system (14) with more detailed

characteristics listed in Table 1. Abnormal placental findings

were found in 21 (46.7%) patients. Within this heterogenous

pattern of abnormal placental findings, maternal and fetal

circulatory disorders (Turowski categories 4 and 5) were more

frequently found (15.6%, n = 7), compared with infectious

changes (Turowski categories 2 and 3) (6.7%, n = 3).

Overall, the median (IQR) placental weight was 444 g

(385–536) with a placenta-to-birth weight ratio of 0.136

(0.117–0.150). The placental thickness was measured at 2.5 cm

(2.0–3.0). Reduced placental weight below the 3rd percentile was

found in three patients and between the 3rd and 5th percentile

in three patients, and increased placental weight beyond the 95th

percentile was found in one patient.

Overall, umbilical cord insertion was abnormal (defined as

marginal, marginal/velamentous, or peripheral) in nine patients

(20%), while umbilical cord coiling was abnormal (defined as

four coils or more over 10 cm cord distance) in three patients

(6.7%). There was no difference in umbilical cord insertion

(p = 0.399) or umbilical cord coiling (p = 0.405) between patients

with normal and abnormal placenta according to (14). Placental

findings were abnormal in 21 patients (46.7%), showing a

heterogenous pattern of maternal and fetal circulatory (15.6%)

and infectious findings (6.7%). Pathologic focal findings were

found in 15 patients (35.6%).

Furthermore, the number of patients with an increased severity

of CHD according to the Clancy classification was not associated

with more frequent abnormal placental findings (p = 0.253),

head circumference (p = 0.192), and body weight at birth

(p = 0.205) (Table 2).

3.4 Brain MRI findings

The pre- and postoperative structural cMRI findings were

detected before in 50% and after surgery (52.8%). The most

frequently detected abnormality was intracerebral hemorrhages,

found in five patients before (11.1%) and in ten patients after

(22.2%) surgery, followed by (small) cerebral strokes (before

8.9%, after 8.9%), while white matter injury was only found in

one patient after surgery (4.5%), as well as signs of mild hypoxia

in one patient before and after surgery (each 4.5%) and other

(6.7% vs. 4.5%). As a new postoperative finding, we detected

intracerebral bleeding in one patient (4.5%).

FIGURE 1

Placental findings in patients with a complex type of CHD.
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Table 3 summarizes the brain volume measurements. We

found an association between abnormal placental findings and

decreased global and regional brain volumes, including age at

scan as a covariate in the model. Nevertheless, the model used

has limitations regarding the R2 values, which were acceptable

for TBV, cortical gray matter, and cerebellar structures.

3.5 ND outcome at 1 year of age

The median Bayley III composite scores for abnormal or

normal placental findings were not statistically different. The

median cognitive composite score was 100 (IQR: 95–110) for

patients with normal placental findings and 110 (92.5–112.5) for

patients with abnormal placental findings. The median language

composite score was 91.00 (83.50–99.25) and 97.00 (84.5–104.5),

respectively, and the median motor composite score was 88

(82.25–102.25) and 82 (80–91), respectively.

4 Discussion

We analyzed the placental findings of neonates with complex

CHD undergoing early neonatal cardiopulmonary bypass surgery

with a focus on perioperative brain MR findings and ND

outcome at 1 year of age. We showed that smaller perioperative

total brain volumes, reduced cortical gray matter, and cerebellum

were associated with placental pathology.

4.1 Placenta findings

Abnormal placental findings were found in nearly half of our

patients (46.7%), comparable with the frequency of CHD-

associated placental pathology described (19). These frequent

histological findings were heterogeneously distributed within the

eight groups of the Turowski classification (Figure 1). As

expected, we frequently determined abnormal placental findings

of maternal (Turowski category 4) and fetal (Turowski

category 5) circulatory disorders and inflammatory disease

(Turowski categories 2 and 3) (Figure 1). In a recent meta-

analysis including a large number of cohort and case–control

studies, Spinillo et al. found an association between fetal vascular

malperfusion, placental lesions, and brain injury in preterms and

term neonates (independent of CHD patients) and impaired ND

outcome (20). This was confirmed for neonates with CHD for

placental vascular malperfusion within a large case–control study,

TABLE 1 Placental findings in patients with a complex type of CHD.

Placental findings Normal
placenta

Abnormal
placenta

p-value

N 24 21

Placenta weight in g

[median (IQR)]

436 (380, 516) 460 (385, 540) 0.657

Placenta birth weight

ratio [mean (SD)]

0.13 (0.02) 0.14 (0.02) 0.277

Thickness in cm [median

(IQR)]

2.4 (2.0, 3.0) 2.5 (2.0, 2.5) 0.464

Pathologic focal

lesion (%)

0.580

No 4 (16.7) 4 (19.0)

Yes 15 (62.5) 15 (71.4)

NA 5 (20.8) 2 (9.5)

Umbilical cord

insertion (%)

0.399

Marginal 4 (16.7) 1 (4.8)

Marginal/velamentous 0 (0.0) 0 (0.0)

Peripheral 2 (8.3) 2 (9.5)

Paracentral 14 (58.3) 12 (57.1)

Central 4 (16.7) 5 (23.8)

NA 0 (0.0) 1 (4.8)

Coiling (windings) per

10 cm (%)

0.405

0/10 cm (= UCI <0.1) 2 (8.3) 1 (4.8)

1/10 cm (= UCI 0.1) 10 (41.7) 4 (19.0)

2/10 cm (= UCI 0.2) 1 (4.2) 7 (33.4)

3/10 cm (= UCI 0.3) 8 (33.3) 3 (14.3)

4/10 cm (= UCI 0.4) 1 (4.2) 2 (9.5)

NA 2 (8.3) 4 (19.0)

NA, not available; UCI, umbilical coiling index.

TABLE 2 Comparison of patients with normal and abnormal placental findings at birth including type of CHD.

Patients Normal placenta Abnormal placenta p-value

N 24 21

Sex (female) 4 (16.7) 9 (42.9) 0.109

Type of CHD (Clancy classification) 0.253

I (biventricular CHD) 13 (54.2) 8 (38.1)

II (biventricular CHD + arch obstruction) 6 (25.0) 4 (19.0)

III (single ventricle CHD) 1 (4.2) 5 (23.8)

IV (single ventricle CHD + arch obstruction) 4 (16.7) 4 (19.0)

Gestational age at birth (weeks) 38.99 (0.90) 39.28 (1.33) 0.400

Head circumference at birth (cm) 34.91 (1.41) 34.31 (1.62) 0.192

Head circumference (z-score) −0.19 (1.00) −0.55 (1.06) 0.252

Body weight at birth (kg) 3.48 (0.64) 3.25 (0.55) 0.205

Body weight at birth (z-score) 0.08 (1.34) −0.43 (1.05) 0.171

Small for gestational age 2 (8.3) 3 (14.3) 0.874

Data are given as n (%) or mean (SD).
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revealing more patients with chronic maternal and fetal vascular

malperfusion lesions than chronic inflammatory lesions. They

also reported smaller head circumference at birth in the patients

with placental vascular malperfusion (19).

4.2 Brain MR structural and volumetric
findings

The frequency of perioperative structural cerebral lesions was

found to be high in half of the analyzed patients before and after

surgery before discharge, but they were not more frequent in

patients with abnormal placental findings (21, 22). This might be

explained by the circumstance that structural cerebral lesions

may rather develop (1) during or immediately after the perinatal

transitional period and (2) perioperatively as a consequence of

the burden of cardiopulmonary bypass surgery and postoperative

intensive care management (23). The time point of the

postoperative brain MR before discharge also encounters the

effects of postoperative intensive care management.

Nevertheless, we determined smaller total and regional brain

volumes after birth in patients with abnormal placental findings

(Table 3). Nevertheless, smaller total and regional brain volumes

have been described for patients with CHD, even before (24)

birth as well as after birth (15). Our study showed smaller

regional brain volumes, most pronounced for the cortical gray

matter and the cerebellum, both cerebral regions with a higher

metabolic energy demand due to the brain volume growth

during the third trimester (Table 3), while the higher

vulnerability of the white matter might be more associated with

apparent structural lesions after birth (25).

In conclusion, placental dysfunction may aggravate the

sensitive pre- and perinatal brain development as an additional

cumulative factor.

4.3 Type of CHD

The distribution of placental abnormalities varied unevenly

among the patient groups categorized by the specific type of

underlying CHD. We found many single ventricle CHD cases

with or without aortic obstruction in the group of abnormal

placental findings (21).

While fetal CHD has been described as associated with

preeclampsia (26), and low placental weight (27), preeclampsia

was not part of our analysis. In contrast, we focused on the

potential impact of placental pathology on brain growth until

birth and the ND outcome at 1 year of age. While brain growth

is impaired in patients with placental pathology, the later clinical

impact on ND outcome at 1 year of age was not found. We

could not even confirm impaired ND outcome at 1 year of age

for other more robust variables such as the type of CHD or the

SES, which may be attributed to the multifactorial etiology of

impaired ND outcome at 1 year of age.

To our knowledge, this is the first study analyzing the

association between placental pathology and 1-year ND outcomeT
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in patients with a complex type of CHD. For a comparable risk

group of children with hypoxic ischemic encephalopathy, the

link between placental pathology and ND outcome could not be

determined for acute or chronic placental lesions (28). They

only found a correlation between inflammatory placental lesions

with higher rate of postnatal epilepsy, which is in contrast to

the predominant vascular placental lesion in the CHD

population (28).

We also found a high number of low placenta-to-weight ratios

below the third percentile, as defined by Almog et al. (29), which

was comparable with the findings of Rychik et al. (30). Rychik

et al. determined that neonates with TGA as the most prominent

CHD diagnosis were associated with placental abnormalities, i.e.,

placenta-to-weight ratio (30). While lower placenta-to-weight

ratio was also described for patients representing a moderate type

of CHD, i.e., tetralogy of Fallot, double outlet right ventricle, and

large ventricular septal defect, which were not part of our cohort,

because have been operated later during infancy, the severity of

CHD may not be clearly linked to placental pathology in

population-based nationwide study (27). In contrast, in severe

types of CHD such as HLHS, unbalanced pro- and anti-

angiogenic factors in maternal and fetal cord blood samples have

been reported, demonstrating the complexity of vascular

placental development and the potential link to the fetal

cardiovascular development (31).

Multiple altered vasculogenic pathways may interfere with both

the development of CHD and the risk of preeclempsia as a common

pathway besides other mechanisms of endothelial dysfunction,

impaired implantation, and placental insufficiency (32). Abnormal

placental cord insertion and hypercoiling have been shown to be

associated with CHD (22, 33, 34); a comparable frequency was

found in our cohort (20%). Besides these factors, other factors

such as fetal cerebral blood flow pattern and cerebral perfusion as

well as other genetic factors may interfere with the fetal brain

growth and brain development (4).

A detailed analysis of the impact of maternal gestational risk

factor for patients with HLHS undergoing Norwood stage

I procedure showed a higher risk of death after stage I due to an

impaired maternal–placental–fetal environment (defined as

maternal risk factors such as maternal gestation hypertension,

preeclampsia, gestational diabetes, and maternal smoking during

pregnancy) (35). Therefore, maternal lifestyle, maternal

gestational illness, and abnormal placental function may

contribute to increased postoperative stage I mortality.

Furthermore, maternal mental health has been shown to

influence the maternal–placental–fetal environment resulting in

altered prenatal and postnatal risk of maternal psychological

distress, anxiety, depression, prematurity, fetal growth restriction,

preeclampsia, placental abruption, and neonatal mortality, as well

as impaired brain development and long-term impaired ND

outcome (36). These studies demonstrate complex pathogenetic

pathways including endocrine (i.e., cortisol-mediated and

norepinephrine-mediated) including the hypothalamic–pituitary–

adrenal axis and inflammatory (cytokine-mediated) mechanisms,

which might be modifiable by optimizing fetal and maternal

environments in the future.

4.4 Brain MR findings and ND outcome

Cerebral white matter lesions have been determined as one of the

most predictive MRI markers for impaired adverse developmental

outcome in a large European cohort (37). Nevertheless, the presence

and type of cerebral lesions in perioperative CHD were not linked

with abnormal placental findings, recently shown by Nijman et al.

(22). Of note, the abnormal placental findings rather seem to

correlate with smaller total and regional brain volume (Table 3) (22).

We found the largest impact on smaller total brain volume, smaller

cortical gray matter, and the cerebellum, which is in close line with

the findings of Nijman et al. (22). Nevertheless, an association

between smaller perioperative early postnatal brain volumes and the

ND outcome at 1 year of age was not confirmed. This is surprising,

because a number of studies showed smaller postoperative brain

volumes after neonatal cardiac surgery to be associated with 1-year

ND outcome (38), as well as with impaired motoric ND outcome in

critical CHD (39), or altered cognitive outcome (40) without

including the impact of abnormal placental findings.

Besides placental findings as one potential cofactor for brain

growth, a recent review on MRI studies of brain size and growth

demonstrated that smaller brain volumes in patients with CHD

have been found starting from the fetal period until young

adulthood (24, 38, 41–43). This results in an overall growth

restriction of all brain regions and is followed by an increase in

cerebrospinal fluid volume (41, 44). Furthermore, the association

of neuroimaging results beyond reduced brain volumes such as

structural MR findings and functional brain changes may

generally be linked with poorer neurodevelopmental outcome (45).

4.5 Study limitations

The study design was primarily conducted as a clinical

descriptive cohort study of patients undergoing early neonatal

cardiac surgery with perioperative cerebral MRI and a 1-year ND

follow-up study, which was secondarily extended by including all

patients with available placental findings. This concept ruled out

a case–control study and limited the number of complete patient

data sets. The 1-year ND follow-up may be too early to

determine significant changes related to the placental pathology

and therefore long-term ND assessment may be necessary.

Nevertheless, the Bayley III by itself has limitations for ND

outcome measurements at 1 year of age (46, 47). Therefore,

school-age longitudinal studies on more long-term ND outcomes

are needed to determine the clinical impact of placental

insufficiency in children and young adolescents at older age. The

etiology of placental insufficiency is also multifactorial. Due to

the secondary extension of this analysis, we could not describe

other factors influencing placental function such as fetal Doppler

flow data measurements. Furthermore, we did not perform a

detailed analysis of the different abnormal placental findings

including immune-histological evaluation. The model used has

limitations regarding the R2 values, which were acceptable for

TBV, cortical gray matter, and cerebellar structures. Overall, our
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patient groups might have been limited and underpowered to reach

statistical significance.

4.6 Conclusions

Our analysis determined an association between abnormal

placental histology and smaller postnatal total and regional brain

volumes determined by brain MRI before and after neonatal

cardiac surgery, but not with a higher rate of structural brain

abnormalities or with an impaired ND outcome at 1 year of age.

The maternal–fetal environment is controlled and modulated

by the placenta. The development of the placenta and the

embryonic cardiovascular system runs in parallel. Therefore,

abnormal fetal cardiovascular development leading to CHD may

be accompanied by placental pathology. This relationship may

have the potential to provide therapeutic modulations to

optimize brain development and ND outcome in this high-risk

group of patients with CHD.

Larger clinical case–control studies are needed to confirm the

impact of this single factor of the placental pathology besides

other modifiable or non-modifiable factors.

In the future, advanced diagnostic imaging tools such as

ultrasonography and magnetic resonance imaging of the placenta

have to be developed. The therapeutic modulation of the

placental function may include its support or replacement, which

is needed for optimizing oxygen and nutritional support in

children at risk such as CHD fetuses and preterm or low birth

weight infants in the future. This may include an appropriate

animal model to explore the options of treating placental

inflammation and therefore restoring placental barrier function

and preventing the development of CHD (9).

Data availability statement

The datasets presented in this article are not readily available

due to ethical restrictions. Requests to access the datasets should

be directed to walter.knirsch@kispi.uzh.ch.

Ethics statement

The studies involving humans were approved by the Cantonal

Ethics Committee of Zurich, Switzerland. The studies were

conducted in accordance with the local legislation and institutional

requirements. Written informed consent for participation in this

study was provided by the participants’ legal guardians/next of kin.

Author contributions

CS: Data curation, Formal analysis, Investigation,

Methodology, Software, Visualization, Writing – original draft,

Writing – review & editing. AB: Data curation, Formal analysis,

Investigation, Visualization, Writing – original draft, Writing –

review & editing. BL: Formal analysis, Writing – original draft,

Writing – review & editing, Conceptualization, Funding

acquisition, Methodology, Project administration, Resources,

Supervision, Validation. MF: Formal analysis, Methodology,

Supervision, Writing – original draft, Writing – review & editing,

Data curation, Investigation. RK: Investigation, Methodology,

Supervision, Writing – original draft, Writing – review & editing,

Visualization. CH: Methodology, Supervision, Visualization,

Writing – original draft, Writing – review & editing,

Conceptualization. TR: Conceptualization, Methodology,

Supervision, Writing – original draft, Writing – review & editing,

Funding acquisition, Investigation. RT: Conceptualization,

Investigation, Methodology, Supervision, Writing – original draft,

Writing – review & editing, Validation, Visualization. AJ:

Conceptualization, Investigation, Methodology, Supervision,

Writing – original draft, Writing – review & editing, Data

curation, Formal analysis, Project administration, Resources,

Software. MR: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Project administration, Supervision,

Validation, Visualization, Writing – original draft, Writing –

review & editing. WK: Conceptualization, Data curation, Formal

analysis, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Writing – original

draft, Writing – review & editing, Funding acquisition,

Validation, Visualization.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. This work was

supported by the Swiss National Foundation (SNFS

320030_184932). AJ was supported by the University Research

Priority Program (URPP) “Adaptive Brain Circuits in

Development and Learning (AdaBD)” of the University of

Zurich, the EMDO Stiftung and the Prof. Max Cloetta Foundation.

Acknowledgments

We gratefully thank Ianina Scheer for the analysis of the

brain MR (MR Center, University Children’s Hospital

Zurich, Switzerland).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Steger et al. 10.3389/fcvm.2025.1556289

Frontiers in Cardiovascular Medicine 08 frontiersin.org

mailto:walter.knirsch@kispi.uzh.ch
https://doi.org/10.3389/fcvm.2025.1556289
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor JW, et al.
Neurodevelopmental outcomes in children with congenital heart disease: evaluation
and management: a scientific statement from the American Heart Association.
Circulation. (2012) 126(9):1143–72. doi: 10.1161/CIR.0b013e318265ee8a

2. Feldmann M, Bataillard C, Ehrler M, Ullrich C, Knirsch W, Gosteli-Peter MA,
et al. Cognitive and executive function in congenital heart disease: a meta-analysis.
Pediatrics. (2021) 148(4):e2021050875. doi: 10.1542/peds.2021-050875

3. Sun L, Marini D, Saini B, Schrauben E, Macgowan CK, Seed M. Understanding
fetal hemodynamics using cardiovascular magnetic resonance imaging. Fetal Diagn
Ther. (2020) 47(5):354–62. doi: 10.1159/000505091

4. Sun L, Macgowan CK, Sled JG, Yoo SJ, Manlhiot C, Porayette P, et al. Reduced
fetal cerebral oxygen consumption is associated with smaller brain size in fetuses
with congenital heart disease. Circulation. (2015) 131(15):1313–23. doi: 10.1161/
CIRCULATIONAHA.114.013051

5. Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW, Brown DW,
Robertson RL Jr, et al. Brain volume and metabolism in fetuses with congenital
heart disease: evaluation with quantitative magnetic resonance imaging and
spectroscopy. Circulation. (2010) 121(1):26–33. doi: 10.1161/CIRCULATIONAHA.
109.865568

6. Khong TY, Mooney EE, Ariel I, Balmus NC, Boyd TK, Brundler MA, et al.
Sampling and definitions of placental lesions: Amsterdam Placental Workshop
Group consensus statement. Arch Pathol Lab Med. (2016) 140(7):698–713. doi: 10.
5858/arpa.2015-0225-CC

7. Leon RL, Bitar L, Rajagopalan V, Spong CY. Interdependence of placenta and
fetal cardiac development. Prenat Diagn. (2024) 44(6–7):846–55. doi: 10.1002/pd.6572

8. Radford BN, Zhao X, Glazer T, Eaton M, Blackwell D, Mohammad S, et al.
Defects in placental syncytiotrophoblast cells are a common cause of developmental
heart disease. Nat Commun. (2023) 14(1):1174. doi: 10.1038/s41467-023-36740-5

9. Ward EJ, Bert S, Fanti S, Malone KM, Maughan RT, Gkantsinikoudi C, et al.
Placental inflammation leads to abnormal embryonic heart development.
Circulation. (2023) 147(12):956–72. doi: 10.1161/CIRCULATIONAHA.122.061934

10. Josowitz R, Linn R, Rychik J. The placenta in congenital heart disease: form,
function and outcomes. Neoreviews. (2023) 24(9):e569–82. doi: 10.1542/neo.24-9-e569

11. Mestan KK, Leibel SL, Sajti E, Pham B, Hietalati S, Laurent L, et al. Leveraging
the placenta to advance neonatal care. Front Pediatr. (2023) 11:1174174. doi: 10.3389/
fped.2023.1174174

12. De Silvestro A, Reich B, Bless S, Sieker J, Hollander W, de Bijl-Marcus K, et al.
Morbidity and mortality in premature or low birth weight patients with congenital
heart disease in three European pediatric heart centers between 2016 and 2020.
Front Pediatr. (2024) 12:1323430. doi: 10.3389/fped.2024.1323430

13. Clancy RR, McGaurn SA, Wernovsky G, Spray TL, Norwood WI, Jacobs ML,
et al. Preoperative risk-of-death prediction model in heart surgery with deep
hypothermic circulatory arrest in the neonate. J Thorac Cardiovasc Surg. (2000)
119(2):347–57. doi: 10.1016/S0022-5223(00)70191-7

14. Turowski G, Berge LN, Helgadottir LB, Jacobsen EM, Roald B. A new, clinically
oriented, unifying and simple placental classification system. Placenta. (2012)
33(12):1026–35. doi: 10.1016/j.placenta.2012.10.002

15. von Rhein M, Buchmann A, Hagmann C, Dave H, Bernet V, Scheer I, et al.
Severe congenital heart defects are associated with global reduction of neonatal
brain volumes. J Pediatr. (2015) 167(6):1259–63.e1. doi: 10.1016/j.jpeds.2015.07.006

16. Stegeman R, Feldmann M, Claessens NHP, Jansen NJG, Breur JMPJ, de Vries
LS, et al. A uniform description of perioperative brain MRI findings in infants with
severe congenital heart disease: results of a European collaboration. AJNR Am
J Neuroradiol. (2021) 42(11):2034–9. doi: 10.3174/ajnr.A7328

17. Kuklisova-Murgasova M, Quaghebeur G, Rutherford MA, Hajnal JV, Schnabel
JA. Reconstruction of fetal brain MRI with intensity matching and complete
outlier removal. Med Image Anal. (2012) 16(8):1550–64. doi: 10.1016/j.media.2012.
07.004

18. Isensee F, Jaeger PF, Kohl SAA, Petersen J, Maier-Hein KH. nnU-Net: a self-
configuring method for deep learning-based biomedical image segmentation. Nat
Methods. (2021) 18(2):203–11. doi: 10.1038/s41592-020-01008-z

19. Leon RL, Sharma K, Mir IN, Herrera CL, Brown SL, Spong CY, et al. Placental
vascular malperfusion lesions in fetal congenital heart disease. Am J Obstet Gynecol.
(2022) 227(4):620.e1–e8. doi: 10.1016/j.ajog.2022.05.038

20. Spinillo A, Dominoni M, Mas FD, Cesari S, Fiandrino G, Gardella B. Placental
fetal vascular malperfusion, neonatal neurologic morbidity, and infant
neurodevelopmental outcomes: a systematic review and meta-analysis. Am J Obstet
Gynecol. (2023) 229(6):632–40.e2. doi: 10.1016/j.ajog.2023.06.014

21. Schlatterer SD, Murnick J, Jacobs M, White L, Donofrio MT, Limperopoulos C.
Placental pathology and neuroimaging correlates in neonates with congenital heart
disease. Sci Rep. (2019) 9(1):4137. doi: 10.1038/s41598-019-40894-y

22. Nijman M, van der Meeren LE, Nikkels PGJ, Stegeman R, Breur J, Jansen NJG,
et al. Placental pathology contributes to impaired volumetric brain development in
neonates with congenital heart disease. J Am Heart Assoc. (2024) 13(5):e033189.
doi: 10.1161/JAHA.123.033189

23. Dimitropoulos A, McQuillen PS, Sethi V, Moosa A, Chau V, Xu D, et al. Brain
injury and development in newborns with critical congenital heart disease. Neurology.
(2013) 81(3):241–8. doi: 10.1212/WNL.0b013e31829bfdcf

24. Ortinau CM, Mangin-Heimos K, Moen J, Alexopoulos D, Inder TE, Gholipour
A, et al. Prenatal to postnatal trajectory of brain growth in complex congenital heart
disease. Neuroimage Clin. (2018) 20:913–22. doi: 10.1016/j.nicl.2018.09.029

25. Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N, et al.
Abnormal brain development in newborns with congenital heart disease. N Engl J
Med. (2007) 357(19):1928–38. doi: 10.1056/NEJMoa067393

26. Auger N, Fraser WD, Healy-Profitos J, Arbour L. Association between
preeclampsia and congenital heart defects. JAMA. (2015) 314(15):1588–98. doi: 10.
1001/jama.2015.12505

27. Matthiesen NB, Henriksen TB, Agergaard P, Gaynor JW, Bach CC, Hjortdal VE,
et al. Congenital heart defects and indices of placental and fetal growth in a nationwide
study of 924 422 liveborn infants. Circulation. (2016) 134(20):1546–56. doi: 10.1161/
CIRCULATIONAHA.116.021793

28. StoneAC,StricklandKC,TanakaDT,Gilner JB,LemmonME,Russ JB.The association
of placental pathology and neurodevelopmental outcomes in patients with neonatal
encephalopathy. Pediatr Res. (2023) 94(5):1696–706. doi: 10.1038/s41390-023-02737-5

29. Almog B, Shehata F, Aljabri S, Levin I, Shalom-Paz E, Shrim A. Placenta weight
percentile curves for singleton and twins deliveries. Placenta. (2011) 32(1):58–62.
doi: 10.1016/j.placenta.2010.10.008

30. Rychik J, Goff D, McKay E, Mott A, Tian Z, Licht DJ, et al. Characterization of
the placenta in the newborn with congenital heart disease: distinctions based on type
of cardiac malformation. Pediatr Cardiol. (2018) 39(6):1165–71. doi: 10.1007/s00246-
018-1876-x

31. Llurba E, Sanchez O, Ferrer Q, Nicolaides KH, Ruiz A, Dominguez C, et al.
Maternal and foetal angiogenic imbalance in congenital heart defects. Eur Heart J.
(2014) 35(11):701–7. doi: 10.1093/eurheartj/eht389

32. Ferreira BD, Barros T, Moleiro ML, Guedes-Martins L. Preeclampsia and fetal
congenital heart defects. Curr Cardiol Rev. (2022) 18(5):80–91. doi: 10.2174/
1573403X18666220415150943

33. Albalawi A, Brancusi F, Askin F, Ehsanipoor R, Wang J, Burd I, et al. Placental
characteristics of fetuses with congenital heart disease. J Ultrasound Med. (2017)
36(5):965–72. doi: 10.7863/ultra.16.04023

34. Montana-Jimenez LP, Lasalvia P, Diaz Puentes M, Olaya CM. Congenital heart
defects and umbilical cord abnormalities, an unknown association? J Neonatal
Perinatal Med. (2022) 15(1):81–8. doi: 10.3233/NPM-210799

35. Savla JJ, Putt ME, Huang J, Parry S, Moldenhauer JS, Reilly S, et al. Impact of
maternal-fetal environment on mortality in children with single ventricle heart
disease. J Am Heart Assoc. (2022) 11(2):e020299. doi: 10.1161/JAHA.120.020299

36. Wu Y, Lu YC, Jacobs M, Pradhan S, Kapse K, Zhao L, et al. Association of
prenatal maternal psychological distress with fetal brain growth, metabolism, and
cortical maturation. JAMA Netw Open. (2020) 3(1):e1919940. doi: 10.1001/
jamanetworkopen.2019.19940

37. Neukomm A, Claessens NHP, Bonthrone AF, Stegeman R, Feldmann M,
Nijman M, et al. Perioperative brain injury in relation to early neurodevelopment
among children with severe congenital heart disease: results from a European
collaboration. J Pediatr. (2024) 266:113838. doi: 10.1016/j.jpeds.2023.113838

38. Meuwly E, Feldmann M, Knirsch W, von Rhein M, Payette K, Dave H, et al.
Postoperative brain volumes are associated with one-year neurodevelopmental
outcome in children with severe congenital heart disease. Sci Rep. (2019)
9(1):10885. doi: 10.1038/s41598-019-47328-9

Steger et al. 10.3389/fcvm.2025.1556289

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1542/peds.2021-050875
https://doi.org/10.1159/000505091
https://doi.org/10.1161/CIRCULATIONAHA.114.013051
https://doi.org/10.1161/CIRCULATIONAHA.114.013051
https://doi.org/10.1161/CIRCULATIONAHA.109.865568
https://doi.org/10.1161/CIRCULATIONAHA.109.865568
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.1002/pd.6572
https://doi.org/10.1038/s41467-023-36740-5
https://doi.org/10.1161/CIRCULATIONAHA.122.061934
https://doi.org/10.1542/neo.24-9-e569
https://doi.org/10.3389/fped.2023.1174174
https://doi.org/10.3389/fped.2023.1174174
https://doi.org/10.3389/fped.2024.1323430
https://doi.org/10.1016/S0022-5223(00)70191-7
https://doi.org/10.1016/j.placenta.2012.10.002
https://doi.org/10.1016/j.jpeds.2015.07.006
https://doi.org/10.3174/ajnr.A7328
https://doi.org/10.1016/j.media.2012.07.004
https://doi.org/10.1016/j.media.2012.07.004
https://doi.org/10.1038/s41592-020-01008-z
https://doi.org/10.1016/j.ajog.2022.05.038
https://doi.org/10.1016/j.ajog.2023.06.014
https://doi.org/10.1038/s41598-019-40894-y
https://doi.org/10.1161/JAHA.123.033189
https://doi.org/10.1212/WNL.0b013e31829bfdcf
https://doi.org/10.1016/j.nicl.2018.09.029
https://doi.org/10.1056/NEJMoa067393
https://doi.org/10.1001/jama.2015.12505
https://doi.org/10.1001/jama.2015.12505
https://doi.org/10.1161/CIRCULATIONAHA.116.021793
https://doi.org/10.1161/CIRCULATIONAHA.116.021793
https://doi.org/10.1038/s41390-023-02737-5
https://doi.org/10.1016/j.placenta.2010.10.008
https://doi.org/10.1007/s00246-018-1876-x
https://doi.org/10.1007/s00246-018-1876-x
https://doi.org/10.1093/eurheartj/eht389
https://doi.org/10.2174/1573403X18666220415150943
https://doi.org/10.2174/1573403X18666220415150943
https://doi.org/10.7863/ultra.16.04023
https://doi.org/10.3233/NPM-210799
https://doi.org/10.1161/JAHA.120.020299
https://doi.org/10.1001/jamanetworkopen.2019.19940
https://doi.org/10.1001/jamanetworkopen.2019.19940
https://doi.org/10.1016/j.jpeds.2023.113838
https://doi.org/10.1038/s41598-019-47328-9
https://doi.org/10.3389/fcvm.2025.1556289
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


39. Stegeman R, Sprong MCA, Breur J, Groenendaal F, de Vries LS, Haas F, et al.
Early motor outcomes in infants with critical congenital heart disease are related to
neonatal brain development and brain injury. Dev Med Child Neurol. (2022)
64(2):192–9. doi: 10.1111/dmcn.15024

40. Bonthrone AF, Dimitrova R, Chew A, Kelly CJ, Cordero-Grande L, Carney O,
et al. Individualized brain development and cognitive outcome in infants with
congenital heart disease. Brain Commun. (2021) 3(2):fcab046-fcab. doi: 10.1093/
braincomms/fcab046

41. Bonthrone AF, Kelly CJ, Ng IHX, Counsell SJ. MRI studies of brain size and
growth in individuals with congenital heart disease. Transl Pediatr. (2021)
10(8):2171–81. doi: 10.21037/tp-20-282

42. Peyvandi S, Kim H, Lau J, Barkovich AJ, Campbell A, Miller S, et al. The
association between cardiac physiology, acquired brain injury, and postnatal brain
growth in critical congenital heart disease. J Thorac Cardiovasc Surg. (2018)
155(1):291–300.e3. doi: 10.1016/j.jtcvs.2017.08.019

43. Kelly CJ, Makropoulos A, Cordero-Grande L, Hutter J, Price A, Hughes E, et al.
Impaired development of the cerebral cortex in infants with congenital heart disease is

correlated to reduced cerebral oxygen delivery. Sci Rep-Uk. (2017) 7:15088. doi: 10.
1038/s41598-017-14939-z

44. Heye KN, Knirsch W, Latal B, Scheer I, Wetterling K, Hahn A, et al. Reduction
of brain volumes after neonatal cardiopulmonary bypass surgery in single-ventricle
congenital heart disease before Fontan completion. Pediatr Res. (2018)
83(1-1):63–70. doi: 10.1038/pr.2017.203

45. Phillips K, Callaghan B, Rajagopalan V, Akram F, Newburger JW, Kasparian
NA. Neuroimaging and neurodevelopmental outcomes among individuals with
complex congenital heart disease state-of-the-art review. J Am Coll Cardiol. (2023)
82(23):2225–45. doi: 10.1016/j.jacc.2023.09.824

46. Goldstone AB, Baiocchi M, Wypij D, Stopp C, Andropoulos DB, Atallah J, et al.
The Bayley-III scale may underestimate neurodevelopmental disability after cardiac
surgery in infants. Eur J Cardiothorac Surg. (2020) 57(1):63–71. doi: 10.1093/ejcts/
ezz123

47. Acton BV, Biggs WS, Creighton DE, Penner KA, Switzer HN, Thomas JH, et al.
Overestimating neurodevelopment using the Bayley-III after early complex cardiac
surgery. Pediatrics. (2011) 128(4):e794–800. doi: 10.1542/peds.2011-0331

Steger et al. 10.3389/fcvm.2025.1556289

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.1111/dmcn.15024
https://doi.org/10.1093/braincomms/fcab046
https://doi.org/10.1093/braincomms/fcab046
https://doi.org/10.21037/tp-20-282
https://doi.org/10.1016/j.jtcvs.2017.08.019
https://doi.org/10.1038/s41598-017-14939-z
https://doi.org/10.1038/s41598-017-14939-z
https://doi.org/10.1038/pr.2017.203
https://doi.org/10.1016/j.jacc.2023.09.824
https://doi.org/10.1093/ejcts/ezz123
https://doi.org/10.1093/ejcts/ezz123
https://doi.org/10.1542/peds.2011-0331
https://doi.org/10.3389/fcvm.2025.1556289
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Placental histology, perioperative brain development, and neurodevelopmental outcome at 1 year of age in patients undergoing neonatal cardiac surgery—is there an association?
	Introduction
	Material and methods
	Study setting
	Patients and cardiac diagnosis
	Clinical parameters
	Placental findings
	Brain MRI
	Neurodevelopmental outcome
	Ethics
	Statistical analysis

	Results
	Patients
	Cardiac diagnosis
	Placental findings
	Brain MRI findings
	ND outcome at 1 year of age

	Discussion
	Placenta findings
	Brain MR structural and volumetric findings
	Type of CHD
	Brain MR findings and ND outcome
	Study limitations
	Conclusions

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


