Child's Nervous System (2018) 34:1563-1571
https://doi.org/10.1007/500381-018-3740-y

ORIGINAL PAPER

@ CrossMark

Prenatal diagnosis of Apert syndrome using ultrasound, magnetic
resonance imaging, and three-dimensional virtual/physical models:
three case series and literature review

Heron Werner' - Pedro Castro’ - Pedro Daltro’ - Jorge Lopes? - Gerson Ribeiro? - Edward Araujo Junior>

Received: 6 September 2017 / Accepted: 29 January 2018 /Published online: 13 February 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Objective This aimed to describe the prenatal diagnosis of three cases of Apert syndrome using two-dimensional (2D) and three-
dimensional (3D) ultrasound, magnetic resonance imaging (MRI), and 3D virtual/physical models.

Methods We retrospectively analyzed three cases of Apert syndrome at our service. The prenatal diagnostic methods used were
2D ultrasound, 3D ultrasound in conventional and HDlive rendering modes, T2-weighted MRI sequences, and 3D virtual/
physical models from MRI or 3D ultrasound scan data. All imaging methods were performed by one observer. All prenatal
diagnoses were confirmed by autopsy in cases of termination of pregnancy or genetic assessment during the postnatal period.
Results Mean + standard deviation of maternal and gestational age at the time of diagnosis was 36.5+3.5 years and 32+
4.2 weeks, respectively. Main 2D/3D ultrasound and MRI findings were craniosynostosis, hypertelorism, low ear implantation,
increased kidneys dimensions, and syndactyly of hands and feet. 3D virtual/physical models allowed 3D view of fetal head and
extremity abnormalities. Termination of pregnancy occurred in two cases.

Conclusion Prenatal 3D ultrasound and MRI enabled the identification of all Apert syndrome phenotypes. 3D virtual/physical
models provided both the parents and the medical team a better understanding of fetal abnormalities.
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Introduction

Apert syndrome is a rare cause of craniosynostosis and is char-
acterized by acrocephalosyndactyly related to phenotypical and
developmental manifestations. It has a prevalence of 12.4—15.5
in 1,000,000 births [1, 2]. Because of the variety and
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complexity of craniosynostosis and the associated
malformations, a multidisciplinary team is required. Genetic
mutations transmitted through the paternal chromosome were
found to be associated with Apert syndrome; advanced paternal
age is a risk factor for the development of the mutations [3].
Prenatal diagnosis of Apert syndrome using two-
dimensional (2D) ultrasound is based on skull shape abnor-
malities (turribrachycephaly), facial abnormalities, and the ab-
sence of distinct and separate movements of the fingers and
toes [4]. Magnetic resonance imaging (MRI) may be useful in
the evaluation of associated intracranial conditions, such as
ventriculomegaly, agenesis of corpus callosum, and septum
pellucidum abnormalities [5]. Three-dimensional (3D) ultra-
sound enables a better assessment of surface abnormalities of
the face and extremities and can be a useful adjunct to 2D
ultrasound for parental counseling in Apert syndrome cases
[6]. 3D virtual/physical models from ultrasound and MRI scan
data provide a better understanding of fetal malformations [7],
increase maternal—fetal attachment in blind pregnant women
[8], and allow for virtual navigation of fetal structures [9].
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Fig. 1 3D ultrasound in the conventional rendering mode (32 weeks)
demonstrating the face and fetal profile. Note the asymmetrical profile,
flat face, and ocular proptosis

In this study, we report the prenatal diagnosis of three cases
of Apert syndrome using 2D/3D ultrasound, MRI, and 3D
virtual/physical models with emphasis on phenotypic
manifestations.

Materials and methods

We retrospectively studied three case series of Apert
syndrome between January 2012 and May 2017, who
were followed up at the Department of Radiology,

Fig. 2 Sagittal T2-weighted
magnetic resonance imaging

(32 weeks) and 3D reconstruc-
tion. Note the frontal prominence
(craniosynostosis)

@ Springer

Clinica de Diagnoéstico por Imagem, Rio de Janeiro-RJ,
Brazil. All pregnant women gave consent to publish the
fetal images.

All 2D/3D ultrasounds were performed using a
Voluson E8 (General Electric Healthcare, Milwaukee,
WI, USA) apparatus equipped with a volumetric convex
probe (RAB 4-8L) by the same examiner (HW). 3D ultra-
sound images were obtained in conventional and HDlive
rendering modes. Offline analysis of 3D volume datasets
were performed using 4DViews 13.0 software (General
Electric Healthcare, Zipft, Austria).

MRI was also performed by the same examiner (HW)
within 7 days of ultrasound using a 1.5-Tesla magnet
(Magnetom Aera; Siemens Healthcare, Erlangen,
Germany). The patients were in the supine or left lateral
decubitus position, and half-Fourier acquisition single-
shot turbo spin-echo sequence T2-weighted MRI was per-
formed in the axial, coronal, and sagittal planes of the
fetus. Each MRI session was performed in less than
40 min. No intravenous contrast medium was used for
these examinations.

The construction process of the 3D accurate virtual/
physical models was started with 3D modeling volume built
by sequentially mounting the ultrasound and/or MRI slices
followed by the segmentation process, wherein the physician
selected the important body parts to be reconstructed in 3D for
analysis. The final stage was 3D printing of the accurate 3D
model for virtual navigation.

All prenatal diagnosis was confirmed by autopsy in cases
of termination of pregnancy or genetic assessment during the
postnatal period.
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Fig. 3 3D virtual and physical
models (32 weeks) from the
magnetic resonance imaging scan
data

Results
Case no. 1

A 34-year-old primigravid woman with a gestational age
of 32 weeks at the time of the diagnostic ultrasound pre-
sented with the following findings: craniosynostosis,
hypertelorism, low ear implantation, increased kidney di-
mensions, syndactyly of hands and feet, and
polyhydramnios. 2D/3D ultrasound showed asymmetrical
fetal face, syndactyly of hands and feet, and low ear

Fig. 4 The pathological and —
anatomical study demonstrating L .
the face and fetal profile. Note the
hypertelorism and frontal
prominence

implantation (Figs. 1, S1, S2, and S3). T2-weighted
MRI showed craniosynostosis, hypertelorism, low ear im-
plantation, increased kidney dimensions, syndactyly of
hands and feet, and polyhydramnios. Figures 2 and S4
show T2-weighted scans of frontal prominence and syn-
dactyly of hands, respectively. Figure 3 shows the 3D
virtual/physical model of the fetus from MRI scan data.
The couple opted to terminate the pregnancy at 33 weeks
of gestation by intracardiac potassium chloride followed
by cesarean section. The stillborn weighed 2145 g and
had a normal karyotype (46, XY; Fig. 4).
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Fig. 5 3D ultrasound in the
HDlive rendering mode

(26 weeks) demonstrating the
face and fetal profile. Note the
frontal prominence and low ear
implantation

Case no. 2

A 39-year-old primigravid woman with a gestational age of
26 weeks at diagnostic ultrasound presented with the follow-
ing findings: craniosynostosis, hypertelorism, low ear implan-
tation, and syndactyly of hands and feet. 3D ultrasound in the
HDlive rendering mode showed frontal prominence, low ear
implantation, and syndactyly of hands and feet (Figs. 5 and
S5). T2-weighted MRI showed frontal prominence and syn-
dactyly of hands (Fig. S6). Figure 6 shows the 3D physical

Fig. 6 3D physical model of the case obtained from magnetic resonance
imaging data (26 weeks). Note the frontal prominence and syndactyly of
hands and feet

@ Springer

model. Video S1 shows a 3D virtual navigation in the fetal
face and extremities. The couple opted to terminate the preg-
nancy at 27 weeks of gestation by intracardiac potassium chlo-
ride followed by cesarean section. The stillborn weighed
1050 g and had a normal karyotype (46, XY; Figs. S7 and S8).

Case no. 3

A 34-year-old woman (gravid 2, para 1) with a gestational age
of 32 weeks at diagnostic ultrasound presented with the fol-
lowing findings: craniosynostosis, hypertelorism, low ear im-
plantation, syndactyly of hands and feet, and polyhydramnios.
2D/3D ultrasound showed frontal prominence, ocular propto-
sis, hypertelorism, broad and low nasal root, and syndactyly of
hands and feet (Figs. 7, S9, and S10). T2-weighted MRI
showed frontal prominence, ocular proptosis, hypertelorism,
and syndactyly of hands and feet (Figs. S11). 3D virtual model
from MRI scan data also showed ocular proptosis and syndac-
tyly of hands and feet (Fig. 8), and the 3D physical model
from 3D ultrasound scan data showed the fetal face (Fig.
S12, Video S1). The couple opted to continue the pregnancy,
and an elective cesarean section was performed at 35 weeks of
gestation. The newborn weighed 2620 g and Apgar scores at
first and fifth minute were 5 and 8, respectively.

Discussion

Abnormal cranial shapes have been known since antiquity and
were described by Hippocrates and Galen. In 1851, Virchow
was the first to associate abnormal skull shapes with the pre-
mature fusion of cranial sutures [10].

Apert syndrome is a severe autosomal dominant disorder. It
is characterized by craniosynostosis and syndactyly of hands
and feet. The presence of associated malformations occurs at a
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Fig. 7 3D ultrasound in the
HDlive rendering mode

(32 weeks) demonstrating the
face and fetal profile. Note the
frontal prominence, ocular
proptosis, and hypertelorism

lower frequency, including malformations of the skin, brain,
skeleton, and internal organs [11, 12]. Prenatal diagnosis of
Apert syndrome is of great value for the planning of labor,
delivery, and neonatal assistance. Craniosynostosis syn-
dromes have a high risk of perinatal distress in a newborn,
including airway compromise, feeding intolerance, elevated
intracranial pressure, and lack of eye protection in cases of
exorbitism [13]. Apert syndrome is also associated with men-
tal deficiency; 48% of affected patients have an intelligence
quotient of > 70 and 21% have < 50 [14]. In children affected
by the syndrome, gross anomalies are found in the olfactory
system with the absence of olfactory bulbs and tracts and

fusion or incomplete development of olfactory tubercles
[15]. Ventriculomegaly is present in some children and affects
the frontal horns, mostly as a consequence of cranial deformi-
ty, because of Chiari II malformation, which is a rare associ-
ation of Apert syndrome [16].

Apert syndrome affects fetal and neonatal skull asymmetry
as a consequence of the premature fusion of the coronal suture
and a widened metopic suture, with a sagittal suture extending
from the glabella to the posterior fontanelle [4]. The expansion
of the underlying brain occurs in a constrained and deformed
skull shape during fetal life. The forehead is prominent; wid-
ening around the temporal region results in the classic

Fig. 8 3D virtual model (32 weeks) from 3D ultrasound and magnetic resonance imaging scan data of feet, face, and fetal body. Note the syndactyly and

ocular proptosis

@ Springer
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appearance of the skull in the syndrome, known as
turribrachycephaly, due to compensatory vertical growth.
The presence of midline anomalies of the corpus callosum
and septal leaflets, temporal lobe clefting, over convolution,
and over expansion may precede the diagnosis of craniosyn-
ostosis [17].

In this case series, 3D ultrasound clearly showed facial and
extremity abnormalities present in Apert syndrome. David
et al. [6] assessed five cases of Apert syndrome and reported
that 3D ultrasound in the conventional rendering mode
allowed adequate assessment of fetal skull, face, and extrem-
ity abnormalities and supported parental counseling by plastic
surgeons and geneticists. 3D ultrasound in the HDlive render-
ing mode produces realistic anatomical images of fetal
malformations [18]. In our case series, HDlive rendering
mode provided realistic views of the fetal face and enabled
the parents to better understand the fetal abnormalities.

The evaluation of extremity anomalies is mandatory in
distinguishing among craniosynostosis syndromes. In Apert
syndrome, the presence of syndactyly of hands and feet is
fundamental for the diagnosis. In our series, MRI images were
able to correctly evaluate and reconstruct the limbs, delivering
correct morphological diagnosis. In a series of six cases of
craniosynostosis, MRI and ultrasound had the same ability
to demonstrate digit abnormalities. In Apert syndrome,
midface hypoplasia is frequent, with a reduction in the oro-
pharynx and nasopharynx and the presence of a tracheal car-
tilaginous sleeve. These alterations are important causes of
premature death of these patients [19].

Abnormalities of orbits are a postnatal concern and the
presence of hypertelorism and exorbitism are common fea-
tures in Apert syndrome. In our series, all the fetuses presented
exorbitism, exophthalmos, and hypertelorism, which are relat-
ed with the osseous distortion of the orbit [20].

Prenatal diagnosis of Apert syndrome is easily confirmed
by 2D ultrasound by means abnormal skull shape, facial ab-
normalities, and syndactyly. In few cases, the characteristic
fetal anomalies of this syndrome are not present and the ge-
netic diagnosis by amniocenteses is necessary. MRI is indicat-
ed in cases with suspicious associated central nervous system
abnormalities. 3D ultrasound is an adjuvant method to 2D
ultrasound which allows better visualization of facial and ex-
tremity anomalies to medical education and parental counsel-
ing purposes.

Advances in image-scanning technology have led to vast
improvements in fetal examination. 2D ultrasound is currently
the primary method for fetal evaluation; however, MRI can be
used as a diagnosis adjunct when ultrasound yields equivocal
results. 3D virtual/physical models offer a new method to
visualize the fetus and can improve the understanding and
knowledge of fetal congenital anomalies, as well as fetal pa-
thology. Furthermore, the models can enhance the parental
bonding process [21]. Table 1 shows the main 2D ultrasound,

Perinatal outcome
Live birth

MRI findings

3D ultrasound findings

Abnormally shaped skull and fused
fingers on both hands

2D ultrasound findings

Gestational age at
diagnosis (weeks)

23

Maternal age

number (years)
23

Case
1

2D two-dimensional, 3D three-dimensional, MR/ magnetic resonance imaging, NR not reported

Table 1 (continued)
Hansen et al. [28]

Author

@ Springer
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3D ultrasound, and MRI findings of some prenatal diagnosis
of Apert syndrome published on the literature.

In summary, 2D ultrasound and MRI are useful tools in
studying the main malformations of Apert syndrome. 3D ul-
trasound may improve the understanding of fetal anatomical
characteristics by the parents and medical team, as the
resulting image is remarkably similar to postnatal appearance.
The large field of view from MRI enables 3D reconstruction
of the whole fetal body, which in turn enables the evaluation
of the central nervous system-associated malformations and
the reconstruction of syndactyly in hands and feet, a funda-
mental feature for the diagnosis of Apert syndrome.
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