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Abstract: Our primary objective was to assess the effectiveness of detailed cardiovascular ultrasound
screening during the first trimester, which was performed by obstetricians with intermediate experi-
ence. We collected first-trimester fetal cardiac screening data from an unselected pregnant population
at RMC-Fetal Medicine Center during a study period spanning from 1 January 2010, to 31 January
2015, in order to analyze our learning curve. A pediatric cardiologist performed a follow-up assess-
ment in cases where the examining obstetrician determined that the fetal cardiac screening results
were abnormal or high-risk. Overall, 42 (0.88%) congenital heart abnormalities were discovered
prenatally out of 4769 fetuses from 4602 pregnant women who had at least one first-trimester cardiac
ultrasonography screening. In total, 89.2% of the major congenital heart abnormalities (27 of 28) in
the following fetuses were discovered (or at least highly suspected) at the first-trimester screening
and subsequent fetal echocardiography by the pediatric cardiology specialist. Of these, 96.4% were
diagnosed prenatally. According to our results, the effectiveness of first-trimester fetal cardiovascular
ultrasound screening conducted by moderately experienced obstetricians in an unselected (‘routine”)
pregnant population may reach as high as 90% in terms of major congenital heart defects, provided
that equipment, quality assurance, and motivation are appropriate.

Keywords: cardiovascular ultrasound screening; learning curve; moderately experienced obstetricians;
fetal follow up

1. Introduction

Moderate and severe congenital heart defects (CHD) requiring intensive postnatal
cardiac care are the most frequent fetal malformations with an incidence of 6-8 per 1000 live
births. If we consider all small-sized ventricular septal defects (VSD), bicuspid aortic valves,
and other minor cardiac malformations, which potentially increase cardiac morbidity at
later ages, this incidence may be as high as 7.5 per cent [1]. Fetal cardiac anomalies
are responsible for 20% of intrauterine fetal demise and 20 to 30% of neonatal mortality.
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Prenatal diagnosis of CHD may help the work of genetic counselors, contribute to a better
understanding of the prognosis of affected fetuses, and reduce the psychological and
physical risk of affected pregnant women [2—4]. In utero detection of CHD may improve
neonatal morbidity and mortality as a result of prior organization of intensive postnatal
cardiac care [5-9]. Fetal echocardiography in high-risk patients is usually performed by
pediatric cardiologists. The high-risk pregnant population includes pregnant women
with a positive family history of CHD, in vitro fertilization, maternal metabolic disorder,
mainly diabetes and obesity, higher maternal age, autoimmune diseases (SLE, Sjogren), fetal
teratogen exposure, and abnormal NT, TR, and DV on the first-trimester genetic ultrasound
examination [10-15]. In this group of high-risk pregnant patients, the vast majority of
severe CHD cases are diagnosed prenatally [16,17]. On the other hand, according to the
literature, 90% of CHD is not present in the high-risk group and routine obstetric ultrasound
screening of the low-risk pregnant population is generally ineffective in finding the majority
of major fetal cardiac anomalies due to the time-consuming nature of the examination and
the lack of the acquired expertise, which would be greatly improved after a proper learning
process [18-23]. Aneuploidy screening in the 11 to 13 + 6-week window by Fetal Medicine
Foundation (FMF)-certified obstetric sonographers resulted in improved detection rates of
CHD in the first trimester [24].

Given the fact that it is the obstetric sonographer who initially evaluates the 11-13-week
fetus, there is great demand for obstetricians to conduct early and comprehensive fetal
heart scans [25-27].

Thanks to the widespread use of high-frequency ultrasound scanners and the intro-
duction of novel Doppler techniques, obstetricians skilled in fetal cardiac scanning are
able to visualize four-chamber views and ventricular outflow tracts of first-trimester fe-
tuses in approximately 95 to 97% of cases [28-31]. A significant number of international
investigational research groups have proved high effectiveness (>90% detection rate, DR)
of prospective first-trimester extended fetal cardiac screening conducted by highly quali-
fied obstetric sonographers in high-risk pregnant patients [28,32]. However, the current
literature lacks sufficient information regarding the effectiveness of early fetal cardiac exam-
inations performed by obstetricians with basic and intermediate experience in unselected
(low- and high-risk), also referred to as 'routine’ pregnant populations, and of the learning
curve [31,33,34].

Our study’s primary goal was to assess the efficacy of first-trimester prolonged cardio-
vascular ultrasonography screening carried out by obstetricians with a moderate level of
experience (an examiner experienced in the differential diagnosis of regular first-trimester
heart planes but less experienced in the differential diagnosis of irregular first-trimester
heart planes (i.e., has seen few abnormal cases)) in consecutive cases of an unselected preg-
nant population. Our investigation’s second goal was to examine and better understand the
learning curve we saw throughout the course of the five-year study period with reference
to the sonographic assessment of the fetal heart between weeks 11 and 13.

2. Materials and Methods

Our retrospective study was approved by the Scientific and Investigational-Ethical
Committee of the Hungarian Medical Scientific Council (2013/EKU (588/2013)). Data from
the first-trimester fetal cardiovascular screening of consecutive patients from an unselected
(or “routine”) pregnant population at the RMC-Fetal Medicine Center throughout a study
period from 1 January 2010 to 31 January 2015, were used to analyze the learning curve.
Fetuses of pregnant women who received screening between 1 January 2011 and 30 June
2014, were monitored throughout pregnancy in order to assess the effectiveness of first-
trimester cardiac screening.

Fetal cardiac scans were performed during routine first-trimester extended ultrasound
screening, which included a comprehensive study of fetal sono-anatomy and aneuploidy,
as well as preeclampsia screening in accordance with the protocol of the FMF (maternal
age, body weight and height, maternal serum beta-hCG and PAPP-A assay combined with
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fetal sonographic measurement of nuchal translucency (NT), nasal bone (NB) visualization,
fetal heart rate (FHR) measurement, tricuspid regurgitation (TR), ductus venosus (DV)
blood flow examination for aneuploidy, and maternal blood pressure, medical history,
serum PAPP-A, and, as of 1 January 2014, serum PIGF assay combined with sonographic
assessment of maternal left and right uterine artery Doppler-flow PI-value for preeclampsia
screening, respectively) [33,35].

Transabdominal ultrasound examinations were conducted by using Accuvix V20
(Samsung-Medison, Seoul, Republic of Korea) and Voluson S8 (GE Medical Systems, Flo-
recne, SC, USA) ultrasound scanners both equipped with 4 to 8 MHz convex abdominal
transducers. At the beginning of the study period, ultrasound examinations were per-
formed by three obstetricians (all of them were FMF-audited sonographers for NT, NB, DV,
and TR), who were experienced in the assessment of normal fetal first- and second-trimester
cardiac anatomy but only moderately experienced in the final evaluation of abnormal fetal
cardiac anatomy. During the last year of the study period, an FMF-audited sonographer
joined the obstetric team, who pre-screened pregnant patients.

Intrauterine cardiac screening was introduced in the 1980s, which at that time only
consisted of the examination of 4 cavity planes, ideally at 18-22 weeks. Subsequently, it was
recognized that in many cases, CHD exists despite the normal four-cavity view; therefore,
by further increasing the detection rate, in 2001, Yagel et al., added the determination of the
abdominal situs, aortic arch, ventricular outflow tract, and mediastinal vessel examination
as part of the screening procedure. In 2015, the three-vessel tracheal view was incorporated
into the UK screening protocol. During our screenings, we used all of the aforementioned
techniques in the first-trimester heart examination [36-39].

In all cases, a comprehensive medical history was taken from the patients, including
maternal body weight and height, temperature, and blood pressure. As of 1 January 2011,
an institutional standardized protocol was introduced for sonographic examination of the
first-trimester fetal heart, according to which the following planes, structures, and functions
are to be examined and archived digitally:

1. Determination of abdominal situs;

2. Cardiac size and axis;

3. Four-chamber view: crux cordis, ventricular septum in the four-chamber-plane, ven-
tricular color inflow, tricuspid pulsed-wave Doppler, and FHR;

4.  Three-vessel view, V-confluence of color flow;

5. Longitudinal view: aortic arch with color flow, ductal arch, right ventricular outflow
tract, imaging of the crossing of great vessels (during first-trimester cardiac screening
it is more reliable to visualize a cross-section of the aorta next to the longitudinal
section of the pulmonary trunk from a median-sagittal plane rather than using an
axial cardiac grand-sweep);

6.  Optional examinations of the left atrial pulmonary vein (at least two) and right atrial
caval vein connections (veno-atrial concordancy).

Cardiac screening according to this protocol was considered comprehensive if all of the
previously mentioned structures were stored digitally. No time limitations were applied
during the examinations. The examination was only interrupted when a visualization
obstacle other than fetal position occurred, such as a significant distance between fetus and
transducer (retroflected uterus, thick maternal abdominal wall, previous abdominal scars,
anterior placenta), and where vaginal ultrasound was also found to be inadequate [40,41].
In cases deemed to be within the normal range at first-trimester cardiac screening, if the
patient returned to us later, the cardiac scan was repeated at 18 to 20 weeks and at 28 to
30 weeks. A pediatric cardiologist reevaluated all routinely screened cases that were found
to be “abnormal”, as well as high-risk instances. The parents received thorough genetic
counseling in the case that the prenatal cardiac screening revealed abnormalities.

Fetal karyotyping by chorionic villous sampling or amniocentesis was offered to all
pregnant women who had positive first-trimester aneuploidy screening test results or if the
type of CHD indicated it.
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Pregnant women who underwent screening at our center received routine prenatal,
genetic, and general obstetric care at various institutes of the country (221 attending
physicians); therefore, data concerning the outcomes of pregnancies were collected from
patients in three different methods:

1.  Patients responded to our queries via email (our address appeared on the first-
trimester obstetric ultrasound report);

2. Data were retrieved from the digital records of the obstetric division of our center
where patients received prenatal care;
3. Verbal interviews with mothers by phone were performed by trained health personnel

of our center. In the event of inconclusive outcome data, a follow-up interview via
phone was repeated by the obstetrician to ascertain clear outcome results.

For statistical analysis, the Chi-Square Test was used and p < 0.05 was evaluated as a
significant difference. The data were evaluated using GraphPad Prism 6.0. software.

3. Results

Overall, 42 (0.88%) cases of congenital heart disease were identified during the
4769 fetuses (155 twins, 6 triplets, and 4441 singletons) of 4602 pregnant mothers who
underwent at least one first-trimester cardiac ultrasound screening between 1 January 2010,
and 31 January 2015 (the majority also underwent second and third-trimester screening).

Table 1 presents the summary of the distribution of different types of CHD according
to the timing of detection and gestational age.

Table 1. Prenatally observed abnormal hearts during the learning curve.

2010 2011 2012 2012 2014 Total
# of 1st-trim. examinations 228 586 872 1228 1855 4769
# of abnormal hearts (1st-trim. Dx) 2(1) 8(7) 6 (5) 15 (14) 11 (9) 42 (36)

HLHS 2 1 1 4
AVSD 1 1 1 1 3 7
AVSD + HRH 1 1
AVSD + HLH 1 1 2
AVSD + Heterotaxia 1 1
VSD 2 3 1 7
VSD + LV <RV 1 1
ASD + LV <RV 1 1
LV >RV 1 1
LV <RV 1 1
HLH + VSD 1 1
HRH + VSD 1 1
Aortic stenosis + HLH + AVSD 1 1
Aortic atresia 1 1 2
Pulmonary valve regurgitation 1 1
Pulmonary atresia + HRH 1 1
Septal fibrosis + VSD 1 1
Ventricular fibro-elastosis 1 1
Rhabdomyoma 1 1
TGA 1 1
Tetralogy of Fallot 1 1
Isolated pericardial fluid 1 1 2
CHD—non evaluated 2 2

Abbreviations: #, number; Dx, diagnosis; HLHS, hypoplastic left heart syndrome; AVSD, atrio-ventricular septal
defect; HRH, hypoplastic right heart; HLH, hypoplastic left heart (LV << RH); VSD, ventricular septal defect; LV,
left ventricle; RV, right ventricle; ASD, atrial septal defect; TGA, transposition of great arteries; CHD, congenital
heart defect.

Considering the low case number (n = 228) observed in the first study year (2010) and
the absence of a uniformly applied examination protocol for the assessment of the fetal
heart, fetuses screened during this particular time interval were not followed. In the group
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of patients who underwent screening in the second half of 2014 (n = 1032 fetuses), the vast
majority of pregnancies were still ongoing at the time of the outcome data analysis (from
the 1 February 2015 to 31 March 2015). Consequently, only fetuses screened between the 1
January 2011 and the 30 June 2014 were followed and data retrieved from the outcome of
the aforementioned fetuses were used to assess the effectiveness of screening.

During this three-and-a-half-year period, 3509 fetuses (125 twins, 6 triplets, and
3241 singletons) of 3372 pregnant women underwent a comprehensive fetal cardiovascular
ultrasound screening at 11-13 + 6-weeks of gestation. The ratio of followed pregnancies
was 93% (3142/3372). Of the 239 fetuses from 230 pregnancies who were lost at follow-up,
no abnormalities were identified by a first-trimester fetal cardiac ultrasound scan. Of the
3270 followed fetuses, 3020 were singletons, 116 were twins, and 6 were triplets. The mean
maternal age at the time of first-trimester screening was 33.9 years (range: 17-45). The ratio
of pregnant women aged > 35 years was 46.9%. The mean fetal crown-rump length (CRL)
was 64.0 mm (range: 45.0-84.0).

The mean maternal ages at the time of first-trimester screening in the entire study
population and in the group of pregnancies affected with major fetal CHD were 33.9 and
35.8 years, respectively (nonsignificant, x*> = 3.601, df = 1, p = 0.058). The proportions
of women above 35 years of age in the overall study population and in the group of
pregnancies affected by major fetal CHD were 46.9% and 71.0%, respectively (significant,
X% = 6.642,df = 1, p = 0.0099).

The results of our NT, DV, and TR measurements (FMF software version 2.3) performed
in conjunction with fetal cardiac screening revealed that 56.1% of NT values were above
the median and 4.9% of them were above the 95th percentile, respectively. Simultaneously,
in 54% of prenatally detected cardiac defects (20/37), NT-values were below the 99th
percentile (<3.5 mm), and in 46% of them (17/37), the NT-value was less than 2.5 mm. With
respect to other cardiac markers, TR was found in 0.6% of non-CHD cases and in 29% of
fetuses with CHD (10/35) (significant, x> = 308.486, df = 1, p < 0.05. Similarly, an abnormal
DV blood flow pattern was identified in 4.3% of all examined fetuses and in 51% of fetuses
affected with cardiac anomalies (18/35) (significant, x> =168.282,df = 1, p < 0.05).

3.1. Prenatal Diagnosis

During the first-trimester cardiac ultrasound screening of 3270 followed fetuses,
34 hearts were identified by the examining moderately experienced obstetricians as ‘ab-
normal’. Of the cases, two were deemed to be within the normal range (#33 and 34), the
initial diagnosis was either refined or supplemented in five(#4, 14, 21, 24, and 32), and
three cases were not examined (#6, 15, and 18) by the pediatric cardiology specialist. In
24 cases, the cardiologist agreed with the initial diagnosis. In the three non-examined cases
by pediatric cardiology specialists, pregnant women did not comply with repeated fetal
cardiac ultrasound scans because, due to the presence of other associated fetal congenital
malformations, they opted for pregnancy termination. Of the 32 prenatally verified abnor-
mal fetal hearts (examined by both moderately experienced obstetricians and a pediatric
cardiology specialist), 6 cases were interpreted as ‘minor anomaly’ (#3, 10, 28, 30, 31, and
32), while the remaining cases (n = 26) were evaluated as ‘major cardiac vitium’. CHD were
considered to be ‘major anomalies’ if they required cardiac surgery during the first year
of life.

Two minor anomalies that were also confirmed by the cardiologist at the first-trimester
scan (#31: isolated pericardial fluid; and #32: minor inlet ventricular septal defect, VSD),
which were considered as a ‘normal heart” at the second-trimester ultrasound screening.
One case of fetal septal fibrotic area detected by both the obstetrician and the cardiologist at
the time of first-trimester cardiac screening was supplemented with the diagnosis of VSD
during second-trimester ultrasound screening (#28). Case #30 (isolated pericardial fluid
at first-trimester screening), interpreted as a ‘minor anomaly’, proved postnatally to be a
major cardiac defect (complex pulmonary atresia, Table 2).
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Table 2. Abnormal cardiac findings during the following period.
. 1st-Trim. Abn. 20-Week OB Assoc. Pregnancy
Ist-Trim. OB. Dx Card. Dx NT TR DV + Card. Malformations Karyotype Outcome
1 AVSD idem 2.3 + + - 47XX, +21 Termination
2 A.VSD’ Heterot.ax— idem 1.7 not done + - - - Termination
iaDextrocardia
3 VSD idem 7.9 + + - - - Termination
id. +
4 AVSD + HRH fibro- 2.5 - + - SUA 46XY Termination
elast
5 AVSD + HLHS idem 1.9 - - - - 46XX, 16 Termination
polymorph.
6 LV<RV,ASD  Notex 5 - - - Omphalocele 47XX, +13 Termination
amined paklatoschisis
Tricu. atr, HRH, . . } ) ) 46XX L.
7 VSD idem 1.6 Flow: (abortum) Termination
8 AVSD idem 5 + _ - Oligohydramnios - Termination
9 HLHS idem 6 + - - Holoprosencephalia 47y 15 Termination
Polydactylia
Hydronephrosis
. . not Camptodactylia -
10  VSD (subaortic) idem N/A not done - 69XXX Termination
done SUA
oligohydramnion
11 . VSD, . idem 2.1 - - - - - Termination
fibro-leastosis
12 PA atr.,, HRH idem 3.9 - - - - - Termination
13 RV fibro-elastosis idem 5.5 not done dno(:e - - - Termination
HLHS,
14 HLHS,VSD AVSD 15 + not - - - Termination
Aorta done
stenosis
PCR negative
15 Left rot., Abn. No.t ex- 6 not done + ) cervical cyst, short Cytogenetics Termination
GA amined bones cannot be
performed:
Alob.
16 HLHS idem 24 - + - holoprosencephaly - Termination
Palatoschisis
SUA
not Holoprosencephaly
17 HLHS, VSD, idem 7 - - Encephalocele - Termination
done
Omphalocele
18 Abn. 4-CV + No.t ex 8 not done + - - - Termination
outfl. tr. amined
19 LV <RV, VSD idem 7.3 - - - Cleft lip and palate 47XX, +13 Termination
20 Tetralogy of idem 45 + - - - Termination
Fallot
only N
21 LV <RV, AVSD AVSD 3.6 - + - - 47XX, +21 Termination
2 AVSD idem 47 + + - Clubfoot, short - Termination
bones
23 LV <RV, idem 9 not done + - Strawt;elz(r;ﬁ shape - Termination
47XX, +17
24 RV>LV Pvalve  Pvalve 18 + + - - Chr 16 Termination
reg. reg.
polymorph.
25 AVSD idem 5.1 + + - Short bones - Termination
26 AVSD idem 6.5 + + - - - Termination
Omphalocele
27 HLHS idem 1.2 not done + - Cheilo- - Termination
palatoschisis
Born, idem,
closed VSD
Septal fibrotic idem + VSD; Vel\rI:’Er}/cS]iar
28 area, idem 1.6 - - Swiss cheese - 46XX se turr?in
Rhabdomyoma VSD p .
upper third

of echo-dense
terime
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Table 2. Cont.
. 1st-Trim. Abn. 20-Week OB Assoc. Pregnancy
Ist-Trim. OB. Dx Card. Dx NT TR DV + Card. Malformations Karyotype Outcome
29 HLHS idem 3.1 + + - - 47XX, +21 Termination
Born,
complex P.
atresia
Isol. pericard. . hasn’t come 1 year old
30 fluid idem 21 - - back - - with
com-plex
pulmonary
atresia
31 Isol. f]lali:ircllcard. idem 1.8 - - normal heart - - Born, healthy
Min.
32 Large VSD inlet VSD 2.8 - - normal heart - 46XX Born, healthy
33 RV <LV n}c:rmal 4.8 + - normal heart 46XX, NT. panel Born, healthy
eart negative
34 PA < Ao normal 2.1 - - normal heart - Born, healthy
heart
35 normal heart - 2.4 - - vSD . Cleft lip 46XY Born, VSD
(subaortic) closed
Ao. atr, LV >
36 normal heart - 24 - + RV, ﬁb.r . 46XY Termination
endocardialis
fibrosis
3-trim. Rhab-
domyoma;
37 normal heart - 2 - - Multiplex - - Borlz:;;x
rhabdomy- P
oma
. Born, Dx
38 normal heart - 1.9 - + VSD (inlet) 46XY
proved
. . Born, cl. lip,
39 normal heart - 3.3 - - small VSD - NIPT: negative VSD closed

Abbreviations: HLHS, hypoplastic left heart syndrome; AVSD, atrio-ventricular septal defect; HRH, hypoplastic
right heart; HLH, hypoplastic left heart (LV << RH); VSD, ventricular septal defect; LV, left ventricle; RV, right
ventricle; ASD, atrial septal defect; TGA, transposition of great arteries; CHD, congenital heart defect; Dx,
diagnosis; OB, medium-experienced obstetrician; Card, pediatric cardiologist specialist; NT, nuchal translucency;
TR, tricuspidal regurgitation, DV, ductus venosus; Abn, abnormal; Assoc, associated; Tricu atr, tricuspidal atresia;
PA, pulmonary artery; Rot, rotation; GA, great arteries; 4-CV, four-chamber view; Outfl. tr., Outflow tracts; P. valve
reg., Pulmonary valve regurgitation; Pericardial, pericardial; Ao, Aorta; idem (id), identical; N/A, non-available;
SUA, single umbilical artery; Alob, alobar; cl. lip, cleft lip.

Of the 3238 first-trimester fetal hearts that were interpreted as ‘normal’ by moderately
experienced obstetricians, second-trimester fetal echocardiography was indicated due to
the presence of abnormal NT, DV, or TR, that verified three further minor anomalies (VSD;
case #35, 38, and 39) and one major vitium (case #36: aortic stenosis + diffuse endocardial
fibroelastosis). In one case, intensive fetal cardiologic observation and follow-up were
indicated due to a positive family history; however, neither first- nor second-trimester
screening found any abnormality. In the third trimester, however, multiple rhabdomyomas
were detected (case #37).

3.2. Outcomes of Pregnancies

Of the 3270 followed fetuses, 3191 (97.6%) were born, while 79 fetuses (2.4%) were
either not born or died early. Perinatal mortality was observed in 8 cases as a result of
infection or for reasons that remain unclear. Major CHD was not detected in this cohort of
patients. Spontaneous abortion occurred in 18 cases (0.5%) during the mid-trimester; there
were no cases of major CHD in this group of patients, and first-trimester cardiac screening
was negative for all of these cases. A total of 53 pregnancies (1.6%) were terminated for a
genetic indication, of which 29 were found to have CHD (Table 3).
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Table 3. Outcome of pregnancy in the follow-up period.

Number of Pregnancies Followed n = 3270
Live births 3191 (97.6%)
Pregnancy losses 79 (2.4%)

Perinatal deaths (intrauterine demise + neonatal death) 8 (0.2%)

3.3. Postnatal Diagnoses

A total of 13 newly diagnosed minor cardiac anomalies were identified in the
3191 newborn infants (of which 10 cases of innocent cardiac murmurs and 2 cases of
patent foramen ovale were excluded from the analysis as these are not considered cardiac
anomalies, Table 4). In case #30, at one year of age, a pediatric cardiologic examination
diagnosed a major cardiac malformation (complex pulmonary atresia, Table 3). In this
particular case, the initial first-trimester cardiac scan showed a normal appearance of
the four-chamber view and that of ventricular outflow tracts; however, the presence of
isolated pericardial fluid was detected. Unfortunately, the pregnant patient did not attend
the scheduled fetal echocardiography or the routine second and third-trimester obstetric
ultrasound screenings.

Table 4. Postnatally recognized cardiac findings.

Type of Cardiac Anomaly Number of Fetuses
Ventricular septal defect (2-5 mm) 8

Atrial septal defect II 3

Aortic valve stenosis min. grade 1

Bicuspidal aortic valve + PFO 1

Complex pulmonary atresia 1

TOTAL 14

(PFO + innocent cardiac murmurs) (2+10)

Abbreviation: PFO: patent foramen ovale.

In case #32 (minor inlet VSD), second-trimester fetal echocardiography revealed that
minor cardiac anomalies suspected prenatally at first-trimester screening were found
to be negative, confirming a normal neonatal heart. In case #28, second-trimester fetal
echocardiography augmented the diagnosis of first-trimester septal fibrotic area with VSD,
and that finding was only supported partially after birth (the VSD was subsequently proved
to be closed). In case #39, the initial first-trimester cardiac scan displayed a normal fetal
heart, while abnormal NT was 3.3 mm, and non-invasive prenatal testing (NIPT) was
negative. However, second-trimester fetal echocardiography detected a small VSD that was
confirmed to be closed after birth. In the other two minor fetal cardiac anomalies diagnosed
at the second-trimester fetal echocardiography, postnatal cardiac evaluation confirmed the
prenatal diagnoses.

In summary, 49 (1.49%) cardiac abnormalities were observed in the 3270 fetuses
followed. Thirteen new cardiac abnormalities (28.6%) were first discovered postnatally
(1 major and 13 minor defects), while 35 (71.4%) of the 49 cardiac anomalies were diagnosed
prenatally (27 major and 8 minor defects).

Of the four small VSDs diagnosed prenatally, only two cases were confirmed postna-
tally, supporting the possibility of spontaneous intrauterine closure (healing) of minor fetal
cardiac septal defects.

Of the fetuses followed, 96.4% of major CHD (27 of 28) were diagnosed prenatally by
moderately experienced obstetricians in collaboration with a pediatric cardiology specialist,
and 89.2% of them (25 of 28) were already diagnosed (or at least highly suspected) at
first-trimester screening and subsequent fetal echocardiography.

In the first year of the five-year study period (2010), our objective was to visualize and
store as many clear planes of the first-trimester fetal heart as possible; therefore, our reports
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were limited to fragments of a complete cardiac examination panel, including only a true
four-chamber view plane. Of the 282 first-trimester cardiac scans conducted, only one
abnormal fetal heart with an atrio-ventricular septal defect (AVSD) and one case of aortic
stenosis were diagnosed in the second trimester (Table 1). During the 2011-2012 (already
followed) study period, 11 major cardiac defects were identified from a significantly larger
group of examinations (n = 1458), and 9 of them were picked up at the first-trimester
scan. In one of the two cases where CHD was not identified (case #36, aortic atresia, left
ventricle >> right ventricle, fibrosis, see Table 2), the four-chamber view (at later offline
analysis the aorta appeared slightly narrower) at first-trimester scan appeared to be normal
and the patient had a high risk for trisomy 21 (1:4); both were both ruled out at subsequent
chorionic villous sampling (CVS). At the 18-week scan, a definitive diagnosis of fetal aortic
atresia was established. The second undiagnosed cardiac vitium (detailed in the ‘results’
section) was only detected after birth (complex pulmonary atresia, case #36, see Table 2).

Of the 9 diagnosed first-trimester major cardiac defects, detailed fetal echocardiogra-
phy led to the diagnosis of Down’s syndrome in two cases (case #1: AVSD and case #29:
hypoplastic left heart syndrome, HLHS). In cases #2, 4, 5, and 7, fetal cardiac anomalies
were identified with an NT value within the normal range and the karyotype was also
normal. In one case (case #2), assessment of the situs and the four-chamber view led us to
the final diagnosis of AVSD combined with heterotaxy (see Table 2). During the second
half of the study (2013-2014), all major cardiac defects were identified at first-trimester
screening, with the exception of one case of fetal rhabdomyoma (Table 1).

4. Discussion

The clinical data of unselected consecutive pregnant women screened at our center
indicate that the examined population should be considered to have an intermediate-risk
profile with respect to maternal age. No statistically significant difference was observed in
terms of maternal age between the entire study population and the group of pregnancies
affected by major fetal CHD. In contrast, the incidence of major fetal CHD was significantly
higher for the subset of women aged > 35 years.

This phenomenon highlights the increased incidence of congenital malformations, in-
cluding CHD associated with advanced maternal age and chromosomal abnormalities [42,43].
The present study demonstrated that an abnormal fetal karyotype was present in 24% of
cases (9/37). It is important to note that older maternal age is a significant contributing
factor to fetal heart development defects. Both fetal and maternal complications increase
significantly with a maternal age of 35 years during pregnancy. A maternal age of greater
than 35 years has recently been associated with subclinical myocardial dysfunction [44]
and several obstetrical complications (gestational diabetes, gestational hypertension, pre-
eclampsia) [45-47].

On the other hand, a typical tendency in Hungary over the last decade is that older
pregnant women with better socio-economic status prefer to undergo high-standard screen-
ing and diagnostic obstetric examinations in well-equipped specialized private obstetric
clinics (with well-trained specialists) leading to a very high detection rate of various fetal
pathologies. Last but not least, primary care obstetricians tend to refer their high-risk
patients immediately and directly to these perinatal centers.

According to the meta-analysis, the detection rate of congenital cardiac defects in-
creases by up to 23% [28,48]. The newly formed high-risk group of routinely screened
fetuses with NT-values above the 99th percentile (cut-off > 3.5 mm) was detected. Many
studies have proved that other markers for first-trimester screening for aneuploidies, such
as TR and DV, are useful for screening for congenital cardiac defects. The combination of
NT measurement with TR and DV blood flow assessment reaches a detection rate of 48%
for major congenital cardiac defects in the first trimester [49,50].

The NT, DV, and TR measurements of our study support the data that these novel
cardiac markers (NT, TR, and DV), introduced in extended first-trimester screening, can
significantly narrow and refine the cohort of pregnant patients at risk for CHD beyond
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those at high baseline risk with classic indications. Nevertheless, the routine clinical use
of NT, DV, and TR alone will not result in the detection of the vast majority of congenital
cardiac defects [28,48,50,51]. To achieve this, it is essential that a structural evaluation of
the fetal heart be performed in both maternal age-related and abnormal NT-, TR-, and
DV-related risk pregnancy groups, as well as in the group of pregnant women at high
baseline risk for CHD with classic indications.

The examinations were conducted using state-of-the-art ultrasound equipment; how-
ever, instead of high-frequency linear probes designed specifically for cardiac scanning, we
used medium-frequency and resolution convex abdominal transducers with wide view-
angle and greater tissue depth penetration, suitable for complete first-trimester ultrasound
screening. Due to the limited maneuverability of transvaginal ultrasound probes, this
approach was rarely used, mostly in cases with a retroflected uterus. Our experience
supports the observation that optimal visualization is not dependent solely on body mass
index (BMI) but rather on transducer-fetal heart distance, which is influenced by BMI,
uterine, placental, and fetal position [28,31,32,34,52]. The extended first-trimester screening
examinations were performed by three obstetricians, who had 4 to 8 years of mid-level sono-
graphic experience in fetal diagnostics (mainly second-trimester), one-year FMF-TR/DV
audit at the beginning of the study (2010), and little experience in assessing healthy and
abnormal fetal heart. At the beginning of the study period, inexperience was offset by the
time dedicated to the examination; some cases were analyzed offline for 3 to 4 h. Later on, a
highly-qualified sonographer joined our team and her excellent overall performance in the
pre-screening allowed the obstetricians to focus on the evaluation of pathologic findings
and, subsequently, the total examination time was reduced to 20-30 min. A pre-screening
ultrasound by a sonographer should always be followed by post-screening performed by
an obstetrician preferably using check-lists to ensure continuous quality control.

Previously, our pediatric cardiologist was used to performing echos on fetuses over
16 weeks, but thanks to her openness, she became more and more comfortable with first-
trimester ultrasounds. By the end of the study period, fetal hearts interpreted as ‘abnormal’
by moderately experienced obstetricians were rescanned by the pediatric cardiologist
and pregnant mothers received a detailed fetal cardiologic second opinion within 24 h,
significantly reducing their psychological distress.

Case #36 supports the novel findings that the progression of CHD may be intense,
especially up to the 20th week of pregnancy.

In the initial period of the learning curve (2010-2012), the typical and common features
of the nine cases of CHD detected in the first trimester were an abnormal four-chamber
view and failure to demonstrate the involvement of the great vessels in the cardiac defect.
(A limitation of each study, including ours, which addresses the prenatal sonographic
assessment of abnormal hearts, is that subsequent histopathological evaluation of the
first-trimester fetal heart is not feasible in the majority of cases). Although the assessment
of outflow tracts did not contribute to the diagnosis of CHD, we believe that it was never-
theless an invaluable experience. The long timeframe available for extended first-trimester
screening resulted in significantly enhanced proficiency in delicate transducer movements
and empirical learning.

Table 1 shows that during the second half (2013-2014) of our study, first-trimester
abnormal great-vessel diagnoses were also observed (Tetralogy of Fallot, Transposition of
the Great Arteries).

5. Conclusions

According to our research, if appropriate equipment, quality control, and motivation
are in place, the effectiveness of first-trimester fetal cardiovascular ultrasound screening
by moderately experienced obstetricians in an unselected (so-called “routine”) pregnant
population may reach 90% in terms of major congenital heart defects.

Our data demonstrate that early fetal echocardiography not only provides reassurance
to the majority of pregnant women with regard to the absence of cardiac anomalies, as
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the most common congenital birth defect, but also significantly contributes to the early
diagnosis of chromosomal abnormalities. The majority of cases in which fetal cardiac
anomalies were detected are usually so complex and severe that they allow couples to opt
for an early termination of their pregnancies and thus decrease maternal general medical
risks and the psychological burden of second-trimester elective termination.

The use of first-trimester cardiac markers (NT, TR, and DV) may draw our attention
to serious complex structural heart defects and may also help in the detection of minor
and major fetal cardiac anomalies that are only visualized at second-trimester screening.
Subsequently, it may provide an opportunity to improve neonatal morbidity and mortality
as a result of prior organization of intensive perinatal cardiac care.

Second-opinion fetal echocardiography, performed by pediatric cardiology specialists
to re-assess suspected cardiac anomalies by moderately experienced obstetricians, is crucial
as correction and/or augmentation of established diagnoses will help genetic counselors
and couples to better understand the severity, complexity, and prognosis of the condition.

The immediate availability of a pediatric cardiologist can significantly reduce the
psychological stress that parents experience as a result of the diagnostic uncertainty of
the obstetricians.

In our study, we presented a 5-year learning curve, at the conclusion of which we had
performed a high case number of nearly 4800 first-trimester fetal cardiac scans, identified
over 40 fetal cardiac anomalies, and significantly enhanced proficiency among physicians
in visualizing and assessing both four-chamber view- and outflow tract-planes, as well as
large vessel relations of the 11 to 13-week fetal heart.

It may be reasonably assumed that an experienced obstetrician-sonographer performs
at least 1300 first-trimester aneuploidy and cardiovascular screens annually. Consequently,
in a country like Hungary, only 10-15% of moderately and highly experienced obstetrician-
sonographers would require specialized training to enable them to perform detailed early
fetal echocardiography, thereby ensuring that every pregnant Hungarian woman has access
to this service. Provided that a structured high-quality training program is made available,
this could be achieved in a shorter time span than our learning curve, and thus first-
trimester fetal echocardiography might become part of routine first-trimester screening.

Author Contributions: Conceptualization, T.E. and S.V.; methodology, T.E.; validation, T.E., S.V.,, PM.
and M.T,; formal analysis, T.E., S.V,, PM. and M.T,; investigation, TE., G.C.,, KK.,LM., GK., A H,,
M.V., M.T., PM. and S.V,; resources, S.V.; data curation, TE., G.C., KK, LM., GK., A H, M.V, M.T,,
PM. and S.V,; writing—original draft preparation, TE., G.C.,, KK, LM., GK, AH, M.V, M.T, PM.
and S.V.; writing—review and editing, T.E., G.C.,, KK, LM., GK.,, A H, M.V, M.T, PM. and S.V,;
visualization, T.E. and P.M.; supervision, S.V., M.T. and PM.; project administration, T.E., PM. and
M.T,; funding acquisition, M.T. and S.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Semmelweis Science and Innovation Found (STIA-OTKA-
2021 for S.V.) and the Hungarian Hypertension Society (for S.V., M.T.).

Institutional Review Board Statement: Our study was approved by the Scientific and Investigational-
Ethical Committee of the Hungarian Medical Scientific Council (2013/EKU (588 /2013)).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The published article contains all generated and analyzed data from
this series.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Hoffman, ].IL; Kaplan, S. The incidence of congenital heart disease. ]. Am. Coll. Cardiol. 2002, 39, 1890-1900. [CrossRef] [PubMed]
2. Yates, R.S. The influence of prenatal diagnosis on postnatal outcome in patients with structural congenital heart disease. Prenat.
Diagn. 2004, 24, 1143-1149. [CrossRef] [PubMed]


https://doi.org/10.1016/S0735-1097(02)01886-7
https://www.ncbi.nlm.nih.gov/pubmed/12084585
https://doi.org/10.1002/pd.1072
https://www.ncbi.nlm.nih.gov/pubmed/15614843

Life 2024, 14, 1632 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Volpe, P; Paladini, D.; Marasini, M.; Buonadonna, A.L.; Russo, M.G.; Caruso, G.; Marzullo, A.; Vassallo, M.; Martinelli, P.; Gentile,
M. Common arterial trunk in the fetus: Characteristics, associations, and outcome in a multicentre series of 23 cases. Heart 2003,
89, 1437-1441. [CrossRef] [PubMed]

Corno, A.F. Introduction to the series: Pre-natal diagnosis in congenital heart defects. Transl. Pediatr. 2021, 10, 2144-2147.
[CrossRef] [PubMed]

Bonnet, D.; Coltri, A.; Butera, G.; Fermont, L.; Le Bidois, ].; Kachaner, ].; Sidi, D. Detection of transposition of the great arteries in
fetuses reduces neonatal morbidity and mortality. Circulation 1999, 99, 916-918. [CrossRef]

Morris, S.A.; Ethen, M.K,; Penny, D.J.; Canfield, M.A.; Minard, C.G.; Fixler, D.E.; Nembhard, W.N. Prenatal diagnosis, birth
location, surgical center, and neonatal mortality in infants with hypoplastic left heart syndrome. Circulation 2014, 129, 285-292.
[CrossRef]

Donofrio, M.T.; Levy, R].; Schuette, ].].; Skurow-Todd, K.; Sten, M.B.; Stallings, C.; Pike, ].I.; Krishnan, A.; Ratnayaka, K.; Sinha, P;
et al. Specialized delivery room planning for fetuses with critical congenital heart disease. Am. . Cardiol. 2013, 111, 737-747.
[CrossRef]

Donofrio, M.T. Predicting the Future: Delivery Room Planning of Congenital Heart Disease Diagnosed by Fetal Echocardiography.
Am. |. Perinatol. 2018, 35, 549-552. [CrossRef]

Toma, D.; Moldovan, E.; Gozar, L. The Impact of Prenatal Diagnosis in the Evolution of Newborns with Congenital Heart Disease.
J. Crit. Care Med. (Tarqu Mures) 2023, 9, 6-11. [CrossRef]

Ye, B.; Wu, Y,; Chen, J.; Yang, Y.; Niu, ].; Wang, H.; Wang, Y.; Cheng, W. The diagnostic value of the early extended fetal heart
examination at 13 to 14 weeks gestational age in a high-risk population. Transl. Pediatr. 2021, 10, 2907-2920. [CrossRef]
Ozyuncu, O.; Tanacan, A.; Fadiloglu, E.; Unal, C.; Ziyadova, G.; Deren, O. Impact of Increased Nuchal Translucency Values on
Pregnancy Outcomes: A Tertiary Center Experience. Fetal Pediatr. Pathol. 2021, 40, 189-197. [CrossRef] [PubMed]

Minnella, G.P,; Crupano, EM.; Syngelaki, A.; Zidere, V.; Akolekar, R.; Nicolaides, K.H. Diagnosis of major heart defects by routine
first-trimester ultrasound examination: Association with increased nuchal translucency, tricuspid regurgitation and abnormal
flow in ductus venosus. Ultrasound Obstet. Gynecol. 2020, 55, 637—-644. [CrossRef] [PubMed]

Mokbel, A.; Attia, D.H.; Zayed, H.S.; Eesa Naeem, N.; Mahmoud, G.; Riad, R.; Abou Elewa, S.; Youssef, M.; Haggag, H.; Mohamed,
S.S. Pregnancy outcomes among Egyptian women with systemic lupus erythematosus: A prospective cohort study. Lupus 2023,
32, 521-530. [CrossRef] [PubMed]

Ingul, C.B,; Loras, L.; Tegnander, E.; Eik-Nes, S.H.; Brantberg, A. Maternal obesity affects fetal myocardial function as early as in
the first trimester. Ultrasound Obstet. Gynecol. 2016, 47, 433—442. [CrossRef]

Pavlicek, J.; Klaskova, E.; Prochazka, M.; Dolezalkova, E.; Matura, D.; Spacek, R.; Simetka, O.; Gruszka, T.; Polanska, S.;
Kacerovsky, M. Congenital heart defects according to the types of the risk factors—A single center experience. J. Matern. Fetal
Neonatal Med. 2019, 32, 3606-3611. [CrossRef]

Allan, L.D.; Sharland, G.K.; Milburn, A.; Lockhart, S.M.; Groves, A.M.; Anderson, R.H.; Cook, A.C.; Fagg, N.L. Prospective
diagnosis of 1,006 consecutive cases of congenital heart disease in the fetus. J. Am. Coll. Cardiol. 1994, 23, 1452-1458. [CrossRef]
Pascal, C.J.; Huggon, L; Sharland, G.K.; Simpson, ].M. An echocardiographic study of diagnostic accuracy, prediction of surgical
approach, and outcome for fetuses diagnosed with discordant ventriculo-arterial connections. Cardiol. Young 2007, 17, 528-534.
[CrossRef]

Allan, L.D. Echocardiographic detection of congenital heart disease in the fetus: Present and future. Br. Heart |. 1995, 74, 103-106.
[CrossRef]

LeFevre, M.L.; Bain, R.P,; Ewigman, B.G.; Frigoletto, F.D.; Crane, J.P.; McNellis, D. A randomized trial of prenatal ultrasonographic
screening: Impact on maternal management and outcome. RADIUS (Routine Antenatal Diagnostic Imaging with Ultrasound)
Study Group. Am. . Obstet. Gynecol. 1993, 169, 483-489. [CrossRef]

McBrien, A.; Sands, A.; Craig, B.; Dornan, ].; Casey, F. Impact of a regional training program in fetal echocardiography for
sonographers on the antenatal detection of major congenital heart disease. Ultrasound Obstet. Gynecol. 2010, 36, 279-284.
[CrossRef]

Cawyer, C.R.; Kuper, S.G.; Ausbeck, E.; Sinkey, R.G.; Owen, J. The added value of screening fetal echocardiography after normal
cardiac views on a detailed ultrasound. Prenat. Diagn. 2019, 39, 1148-1154. [CrossRef] [PubMed]

Bhambhani, A.; Mathew, A.; Varunya, M.; Uligada, S.; Kala, P. Role of routine fetal echocardiography in an unselected group of
pregnant women for prenatal detection of cardiac malformations. Indian Heart J. 2020, 72, 427-430. [CrossRef] [PubMed]
Tegnander, E.; Williams, W.; Johansen, O.].; Blaas, H.G.; Eik-Nes, S.H. Prenatal detection of heart defects in a non-selected
population of 30,149 fetuses--detection rates and outcome. Ultrasound Obstet. Gynecol. 2006, 27, 252-265. [CrossRef] [PubMed]
Herghelegiu, C.G.; Duta, S.F; Neacsu, A.; Suciu, N.; Veduta, A. Operator experience impact on the evaluation of still images of a
first trimester cardiac assessment protocol. J. Matern. Fetal Neonatal Med. 2022, 35, 1957-1961. [CrossRef] [PubMed]

Sun, H.Y. Prenatal diagnosis of congenital heart defects: Echocardiography. Transl. Pediatr. 2021, 10, 2210-2224. [CrossRef]
Perez, M.T.; Bucholz, E.; Asimacopoulos, E.; Ferraro, A.M.; Salem, S.M.; Schauer, J.; Holleman, C.; Sekhavat, S.; Tworetzky,
W.; Powell, AJ.; et al. Impact of maternal social vulnerability and timing of prenatal care on outcome of prenatally detected
congenital heart disease. Ultrasound Obstet. Gynecol. 2022, 60, 346-358. [CrossRef]

McBrien, A.; Hornberger, L.K. Early fetal echocardiography. Birth Defects Res. 2019, 111, 370-379. [CrossRef]


https://doi.org/10.1136/heart.89.12.1437
https://www.ncbi.nlm.nih.gov/pubmed/14617557
https://doi.org/10.21037/tp-20-140
https://www.ncbi.nlm.nih.gov/pubmed/34584886
https://doi.org/10.1161/01.CIR.99.7.916
https://doi.org/10.1161/CIRCULATIONAHA.113.003711
https://doi.org/10.1016/j.amjcard.2012.11.029
https://doi.org/10.1055/s-0038-1637764
https://doi.org/10.2478/jccm-2023-0007
https://doi.org/10.21037/tp-21-255
https://doi.org/10.1080/15513815.2019.1686787
https://www.ncbi.nlm.nih.gov/pubmed/31696754
https://doi.org/10.1002/uog.21956
https://www.ncbi.nlm.nih.gov/pubmed/31875326
https://doi.org/10.1177/09612033231159468
https://www.ncbi.nlm.nih.gov/pubmed/36889920
https://doi.org/10.1002/uog.14841
https://doi.org/10.1080/14767058.2018.1468883
https://doi.org/10.1016/0735-1097(94)90391-3
https://doi.org/10.1017/S1047951107000728
https://doi.org/10.1136/hrt.74.2.103
https://doi.org/10.1016/0002-9378(93)90605-I
https://doi.org/10.1002/uog.7616
https://doi.org/10.1002/pd.5557
https://www.ncbi.nlm.nih.gov/pubmed/31499581
https://doi.org/10.1016/j.ihj.2020.08.010
https://www.ncbi.nlm.nih.gov/pubmed/33189206
https://doi.org/10.1002/uog.2710
https://www.ncbi.nlm.nih.gov/pubmed/16456842
https://doi.org/10.1080/14767058.2020.1774873
https://www.ncbi.nlm.nih.gov/pubmed/32498650
https://doi.org/10.21037/tp-20-164
https://doi.org/10.1002/uog.24863
https://doi.org/10.1002/bdr2.1414

Life 2024, 14, 1632 13 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Makrydimas, G.; Sotiriadis, A.; Ioannidis, J.P. Screening performance of first-trimester nuchal translucency for major cardiac
defects: A meta-analysis. Am. J. Obstet. Gynecol. 2003, 189, 1330-1335. [CrossRef]

Karim, ].N.; Bradburn, E.; Roberts, N.; Papageorghiou, A.T.; ACCEPTS Study. First-trimester ultrasound detection of fetal heart
anomalies: Systematic review and meta-analysis. Ultrasound Obstet. Gynecol. 2022, 59, 11-25. [CrossRef]

Rustico, M. A.; Benettoni, A.; D’Ottavio, G.; Fischer-Tamaro, L.; Conoscenti, G.C.; Meir, Y.; Natale, R.; Bussani, R.; Mandruzzato,
G.P. Early screening for fetal cardiac anomalies by transvaginal echocardiography in an unselected population: The role of
operator experience. Ultrasound Obstet. Gynecol. 2000, 16, 614—619. [CrossRef]

Votino, C.; Kacem, Y.; Dobrescu, O.; Dessy, H.; Cos, T.; Foulon, W.; Jani, ]. Use of a high-frequency linear transducer and MTI
filtered color flow mapping in the assessment of fetal heart anatomy at the routine 11 to 13 + 6-week scan: A randomized trial.
Ultrasound Obstet. Gynecol. 2012, 39, 145-151. [CrossRef] [PubMed]

Volpe, P.; De Robertis, V.; Campobasso, G.; Tempesta, A.; Volpe, G.; Rembouskos, G. Diagnosis of congenital heart disease by
early and second-trimester fetal echocardiography. J. Ultrasound Med. 2012, 31, 563-568. [CrossRef] [PubMed]

Siljee, J.E.; Knegt, A.C.; Knapen, M.F,; Bekker, M.N.; Visser, G.H.; Schielen, P.C. Positive predictive values for detection of
trisomies 21, 18 and 13 and termination of pregnancy rates after referral for advanced maternal age, first trimester combined
test or ultrasound abnormalities in a national screening programme (2007-2009). Prenat. Diagn. 2014, 34, 259-264. [CrossRef]
[PubMed]

Volpe, P.; Ubaldo, P,; Volpe, N.; Campobasso, G.; De Robertis, V.; Tempesta, A.; Volpe, G.; Rembouskos, G. Fetal cardiac evaluation
at 11-14 weeks by experienced obstetricians in a low-risk population. Prenat. Diagn. 2011, 31, 1054-1061. [CrossRef]
Chaemsaithong, P; Sahota, D.S.; Poon, L.C. First trimester preeclampsia screening and prediction. Am. J. Obstet. Gynecol. 2022,
226,51071-51097 €1072. [CrossRef]

Yagel, S.; Cohen, S.M.; Achiron, R. Examination of the fetal heart by five short-axis views: A proposed screening method for
comprehensive cardiac evaluation. Ultrasound Obstet. Gynecol. 2001, 17, 367-369. [CrossRef]

Allan, L. Antenatal diagnosis of heart disease. Heart 2000, 83, 367. [CrossRef]

Bull, C. Current and potential impact of fetal diagnosis on prevalence and spectrum of serious congenital heart disease at term in
the UK. British Paediatric Cardiac Association. Lancet 1999, 354, 1242-1247 ik. [CrossRef]

The International Society of Ultrasound in Obstetrics & Gynecology; Carvalho, ].S.; Allan, L.D.; Chaoui, R.; Copel, ].A.; DeVore,
G.R; Hecher, K.; Lee, W.; Munoz, H.; Paladini, D.; et al. ISUOG Practice Guidelines (updated): Sonographic screening examination
of the fetal heart. Ultrasound Obstet. Gynecol. 2013, 41, 348-359. [CrossRef]

Garcia Delgado, R.; Garcia Rodriguez, R.; Ortega Cardenes, I.; Gonzalez Martin, ].M.; De Luis Alvarado, M.; Segura Gonzalez,
J.; Medina Castellano, M.; Garcia Hernandez, J.A. Feasibility and Accuracy of Early Fetal Echocardiography Performed at
13(+0)-13(+6) Weeks in a Population with Low and High Body Mass Index: A Prospective Study. Reprod. Sci. 2021, 28, 2270-2277.
[CrossRef]

van Nisselrooij, A.E.L.; Teunissen, A.K.K.; Clur, S.A.; Rozendaal, L.; Pajkrt, E.; Linskens, .H.; Rammeloo, L.; van Lith, JM.M,;
Blom, N.A.; Haak, M.C. Why are congenital heart defects being missed? Ultrasound Obstet. Gynecol. 2020, 55, 747-757. [CrossRef]
[PubMed]

Best, K.E.; Rankin, J. Is advanced maternal age a risk factor for congenital heart disease? Birth Defects Res. A Clin. Mol. Teratol.
2016, 106, 461-467. [CrossRef] [PubMed]

Miller, A ; Riehle-Colarusso, T.; Siffel, C.; Frias, J.L.; Correa, A. Maternal age and prevalence of isolated congenital heart defects in
an urban area of the United States. Am. |. Med. Genet. A 2011, 155A, 2137-2145. [CrossRef] [PubMed]

Sonaglioni, A.; Nicolosi, G.L.; Migliori, C.; Bianchi, S.; Lombardo, M. Usefulness of second trimester left ventricular global
longitudinal strain for predicting adverse maternal outcome in pregnant women aged 35 years or older. Int. J. Cardiovasc. Imaging
2022, 38, 1061-1075. [CrossRef] [PubMed]

Lean, S.C.; Derricott, H.; Jones, R.L.; Heazell, A.E.P. Advanced maternal age and adverse pregnancy outcomes: A systematic
review and meta-analysis. PLoS ONE 2017, 12, e0186287. [CrossRef]

Sheen, J.J.; Wright, ].D.; Goffman, D.; Kern-Goldberger, A.R.; Booker, W.; Siddiq, Z.; D’Alton, M.E.; Friedman, A.M. Maternal age
and risk for adverse outcomes. Am. J. Obstet. Gynecol. 2018, 219, e391. [CrossRef]

Pinheiro, R.L.; Areia, A.L.; Mota Pinto, A.; Donato, H. Advanced Maternal Age: Adverse Outcomes of Pregnancy, A Meta-Analysis.
Acta Med. Port. 2019, 32, 219-226. [CrossRef]

Hyett, J.; Perdu, M.; Sharland, G.; Snijders, R.; Nicolaides, K.H. Using fetal nuchal translucency to screen for major congenital
cardiac defects at 10-14 weeks of gestation: Population based cohort study. Bmj 1999, 318, 81-85. [CrossRef]

Chelemen, T.; Syngelaki, A.; Maiz, N.; Allan, L.; Nicolaides, K.H. Contribution of ductus venosus Doppler in first-trimester
screening for major cardiac defects. Fetal Diagn. Ther. 2011, 29, 127-134. [CrossRef]

Pereira, S.; Ganapathy, R.; Syngelaki, A.; Maiz, N.; Nicolaides, K.H. Contribution of fetal tricuspid regurgitation in first-trimester
screening for major cardiac defects. Obstet. Gynecol. 2011, 117, 1384-1391. [CrossRef]


https://doi.org/10.1067/S0002-9378(03)00645-8
https://doi.org/10.1002/uog.23740
https://doi.org/10.1046/j.1469-0705.2000.00291.x
https://doi.org/10.1002/uog.9015
https://www.ncbi.nlm.nih.gov/pubmed/21465608
https://doi.org/10.7863/jum.2012.31.4.563
https://www.ncbi.nlm.nih.gov/pubmed/22441912
https://doi.org/10.1002/pd.4302
https://www.ncbi.nlm.nih.gov/pubmed/24375422
https://doi.org/10.1002/pd.2831
https://doi.org/10.1016/j.ajog.2020.07.020
https://doi.org/10.1046/j.1469-0705.2001.00414.x
https://doi.org/10.1136/heart.83.3.367
https://doi.org/10.1016/S0140-6736(99)01167-8
https://doi.org/10.1002/uog.12403
https://doi.org/10.1007/s43032-021-00477-7
https://doi.org/10.1002/uog.20358
https://www.ncbi.nlm.nih.gov/pubmed/31131945
https://doi.org/10.1002/bdra.23507
https://www.ncbi.nlm.nih.gov/pubmed/27301558
https://doi.org/10.1002/ajmg.a.34130
https://www.ncbi.nlm.nih.gov/pubmed/21815253
https://doi.org/10.1007/s10554-021-02485-9
https://www.ncbi.nlm.nih.gov/pubmed/34865191
https://doi.org/10.1371/journal.pone.0186287
https://doi.org/10.1016/j.ajog.2018.08.034
https://doi.org/10.20344/amp.11057
https://doi.org/10.1136/bmj.318.7176.81
https://doi.org/10.1159/000322138
https://doi.org/10.1097/AOG.0b013e31821aa720

Life 2024, 14, 1632 14 of 14

51. Becker, R.; Wegner, R.D. Detailed screening for fetal anomalies and cardiac defects at the 11-13-week scan. Ultrasound Obstet.
Guynecol. 2006, 27, 613—-618. [CrossRef] [PubMed]

52. Persico, N.; Moratalla, J.; Lombardi, C.M.; Zidere, V.; Allan, L.; Nicolaides, K.H. Fetal echocardiography at 11-13 weeks by
transabdominal high-frequency ultrasound. Ultrasound Obstet. Gynecol. 2011, 37, 296-301. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/uog.2709
https://www.ncbi.nlm.nih.gov/pubmed/16570262
https://doi.org/10.1002/uog.8934
https://www.ncbi.nlm.nih.gov/pubmed/21229572

Journal of K\
Clinical Medicine MD\Py
Case Report

Second Trimester Ultrasound Diagnosis of External
Hydrocephalus in Two Fetuses with Noonan Syndrome—Case

Report Series

Tibor Elekes 1'*, Aniko Ladanyi !, Eva Pap !, Janos Szabo !, Anett Illes >(7, Nora Gullai "

and Szabolcs Varbiro '*1

check for
updates

Academic Editor: Everett F. Magann

Received: 23 April 2025
Revised: 23 May 2025
Accepted: 25 May 2025
Published: 4 June 2025

Citation: Elekes, T.; Ladanyi, A.; Pap,
E.; Szabo, J.; Illes, A.; Gullai, N.;
Varbiro, S. Second Trimester
Ultrasound Diagnosis of External
Hydrocephalus in Two Fetuses with
Noonan Syndrome—Case Report
Series. J. Clin. Med. 2025, 14, 3973.
https:/ /doi.org/10.3390/jcm14113973

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Obstetrics and Gynecology, University of Szeged, H-6725 Szeged, Hungary;
ladanyia@medical.hu (A.L.); pap.eva.melinda@med.u-szeged.hu (E.P.); szajna777@gmail.com (J.S.);
gullai.nora@gmail.com (N.G.)

Department of Internal Medicine and Oncology, Semmelweis University, H-1082 Budapest, Hungary;
barkaszine.dr.illes.anett@semmelweis.hu

*  Correspondence: elekes.tibor@med.u-szeged-hu (T.E.); varbiro.szabolcs@med.u-szeged.hu (S.V.)
These authors contributed equally to this work.

Abstract: Background: Noonan syndrome (NS) is a relatively common RASopathy that can
be associated with a variety of phenotypic and genotypic variations and potential long-term
health consequences. Its most described prenatal ultrasound features in the first trimester
are thickened nuchal translucency (NT) and dilated jugular sacs; while heart defects,
polyhydramnios and facial dysmorphisms are its known manifestations in the second
and third trimesters. Methods: We present two cases of NS with the prenatal ultrasound
diagnosis of external hydrocephalus (EH) in the second trimester. Results: Case 1 had a
normal first trimester scan and showed mild polyhydramnios, an echogenic intracardiac
focus (EIF) in the left ventricle and pyelectasis in the second trimester in association with
the EH. The whole exome sequencing (WES) confirmed a pathogenic variant in the SOS1
gene. Case 2 showed increased NT, agenesis of the ductus venosus (DV), single umbilical
artery (SUA), an EIF in the right ventricle and an abnormal prefrontal space ratio (PSFR).
By the 19th gestational week, EH appeared. The ambient and quadrigeminal cisterns were
also slightly widened. The WES revealed a PTPN11 gene variant. Conclusions: The most
reported sonographic features of NS are either non-specific or difficult to integrate into
routine screening, requiring substantial experience. In our two cases, we detected EH in
the second trimester, which is rarely described as a prenatal ultrasound diagnosis. To our
current knowledge, this is the first case reported of EH in NS caused by an SOS1 gene
variant and these are the first cases reported with the prenatal sonographic diagnosis of EH
in NS.

Keywords: Noonan syndrome; external hydrocephalus; subarachnoid space

1. Introduction

Noonan syndrome is a relatively common RASopathy associated with a variety of
phenotypic and genotypic features. Its prevalence is estimated to be 1:1000-2500, but in
mild cases might be higher [1,2] and, therefore, more common than Edwards or Patau
syndrome [3]. It is named after Jacqueline Noonan, an American pediatric cardiologist
who published a paper in 1963 describing nine patients with pulmonary valve stenosis and
various other coexisting conditions [4].
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NS is mainly inherited in an autosomal dominant manner and in about 50% of the
cases due to a variant in the PTPN11 gene (176876). Other known gene variations that
lead to NS are NS3 (609942), KRAS (190070); NS4 (610733), SOS1 (182530); NS5 (611553),
RAF1 (164760); NS6 (613224), NRAS (164790); NS7 (613706), BRAF (164757); NS8 (615355),
RIT1 (609591); NS9 (616559), SOS2 (601247); NS10 (616564), LZTR1 (600574); NS11 (618499),
MRAS (608435), NS12 (618624), RRAS2 (600098), NS13 (619087) and MAPKI (176948), while
the autosomal recessive form of Noonan syndrome is caused by NS2 (605275), LZTR1
(600574), NS§14 (619745) and SPRED?2 (609292) [5-7].

Noonan syndrome is characterized by typical facial dysmorphism, skeletal anomalies,
webbed neck and congenital heart defects [1].

Following Down syndrome, Noonan syndrome is the second most common genetic
disorder associated with heart defects, typically with pulmonary stenosis and hypertrophic
cardiomyopathy [8].

The prenatal diagnosis of Noonan syndrome is often challenging due to variability
in the phenotypic presentation and occasionally mild and non-specific signs [9,10]. In
NS, the most frequently reported prenatal ultrasound findings are increased NT, cystic
hygroma, dilated jugular lymphatic sacs, thickened nuchal fold, cardiac defects, kidney
malformations and polyhydramnios [9,11-13].

In those cases in which the fetus does not show the typical signs associated with
Noonan syndrome, the detection rate remains low and, due to the often non-specific
findings, the diagnosis might be delayed or missed even in postnatal life [9,14].

External hydrocephalus is defined as enlarged subarachnoid spaces detected on imag-
ing modalities with normal or mildly dilated ventricles [15]. In the presented cases, the
authors used the depth of the Sylvian fissure to determine the width of the subarachnoid
spaces, based on the normal value database published by Alonso et al. [16].

In this paper, we report two cases of prenatally confirmed Noonan syndrome showing
the rare sonographic finding of external hydrocephalus in the second trimester.

2. Case Report Series

We present two cases of Noonan syndrome with external hydrocephalus in the second
trimester in the presence of the variations of the SOS1 and PTPN11 genes. To our current
knowledge, this is the first paper describing the association of prenatal external hydro-
cephalus in Noonan syndrome caused by a variation of the SOS1 gene, and these are the
first cases reported with a second trimester sonographic diagnosis of EH in NS. This case
report is structured according to the CARE guidelines. We defined external hydrocephalus
on the level of Sylvian fissure: measure over 95 percentile was defined as EH.

2.1. Case 1
2.1.1. Patient Information and Obstetric History

The 46-year-old pregnant woman first presented for the first trimester screening at
the gestational age of 12 weeks and 5 days. The mode of conception was IVF from oocyte
donation (donor is under 25 years of age). She previously had a missed abortion at the 7th
gestational week.

She had a medical history of antiphospholipid syndrome, hypothyroidism and insulin
resistance, her regular medications were metformin, levothyroxine, liothyronine, proges-
terone, escitalopram in combination with clonazepam, and enoxaparin. No family history
of genetic disease was known. Body mass index (BMI) was in the normal range.
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2.1.2. Ultrasound Findings

The first trimester extended ultrasound scan (NT, nasal bone, DV, tricuspid valve
regurgitation, early cardiac and intracranial scan) revealed no anomalies. The thickness
of the nuchal translucency was 2.4 mm, representing 85 percentile based on the measured
CRL of 69.9 mm, which was 3 days greater than the calculated gestational age according to
the IVE.

In the second trimester, a mild polyhydramnios was found (deepest vertical pocket:
9.3 cm, amniotic fluid index: 21 cm). BPD (52.2 mm) and HC (191.1 mm) were above the
90th percentile, all other biometric data were in the normal range. The diameter of the pos-
terior horn at the atrium of the lateral ventricle was 9 mm. The ambient and quadrigeminal
cisterns appeared slightly dilated (Figure 1), and the Sylvian fissure measured 10.5 mm,
which was above the 95th percentile (Figure 2a). In addition, a mild hypertelorism (outer-
to-outer distance: 35 mm, inner-to-inner distance: 16 mm), an echogenic intracardiac focus
(EIF) in the left ventricle and mild bilateral pyelectasis were detected. An echocardiogram
was performed by a pediatric cardiologist, which revealed no cardiac anomalies.

Figure 1. The enlarged ambient cisterns (*) and quadrigeminal cistern (+) at the 20th gestational
week.

Fetal ultrasound follow-ups were performed at the 27th, 31st and 34th gestational
week. Mild-to-moderate polyhydramnios was confirmed throughout the pregnancy. BPD
and HC increased steadily, with both above the 99th percentile by the 27th gestational week.
The ambient and quadrigeminal cisterns remained enlarged and the subarachnoid spaces
widened. At the 27th gestational week, the depth of the Sylvian fissure measured 17.4 mm,
which is high above the 95th percentile (Figure 2b) and the external hydrocephalus became
evident also in the cranial views (Figure 3).
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Figure 2. Measurements of the Sylvian fissure. Measurements marked with 1 indicate the insular
depth, measurements marked with 2 indicate the Sylvian fissure depth. (a) The depth of the Sylvian
fissure was measured 10.0 mm at the 20th week; (b) and 17.4 mm at the 27th week. Both measurements
exceeded the 95th percentile according to the database published by Alonso et al. in 2010 [16].

Figure 3. Coronal transcaudate plane in the 27th gestational week. The dilation of the subarachnoid
spaces became obvious.

AC was measured at the 98th percentile at the 27th week, with an estimated fetal
weight at the 97.9th percentile. These biometric data were maintained throughout the
pregnancy. A mild dilatation of the right kidney remained with a diameter of 8 mm
measured at the 34th week of pregnancy, while the width of the right kidney pelvis was
normalized.
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2.1.3. Genetic Studies

A cf-DNA test was performed in the first trimester with normal results. An amnio-
centesis was performed following the second trimester scan. No chromosomal anomalies
were confirmed by G-band analysis of the amniotic cell culture (46XY). The array CGH
confirmed a 2 Kb heterozygous microdeletion affecting the RAB6C (OMIM: 612909) and
SMPD4 (OMIM: 610457) genes. The following whole exome sequencing ruled out any com-
pound heterozygosity and revealed a heterozygous pathogenic variation in the SOS1 gene
(NM_005633.4:c.1644T>A, p.Ser548Arg) that confirmed Noonan syndrome 4 (Phenotype
MIM number: 610733, location: 2p22.1, Gene/Locus MIM number: 182530).

2.1.4. Perinatal and Postnatal Outcome

After detailed genetic counselling, the pregnant woman decided to proceed with the
pregnancy. The baby was born by caesarean section in the 38th gestational week, with a
birth weight of 3530 g, Apgar 9/10. The routine neonatal screening tests for vision and
hearing were normal.

The newborn underwent regular cardiological follow-up, which revealed mild
supravalvular pulmonary stenosis with no progression during the follow-up period to date.
The last check-up was at age 2, requiring no intervention and annual follow-ups.

A cranial ultrasound at 7 weeks of age did not report any anomalies. The neurodevel-
opmental examination revealed minimal whole-body hypotonia and moderately delayed
psychomotor development. Complex (motor, mental, speech) rehabilitation was recom-
mended with a follow-up examination in 1 year.

2.2. Case 2
2.2.1. Patient Information and Obstetric History

The 32-year-old pregnant woman was referred to our clinic with her spontaneously
conceived second pregnancy. She had a previous normal vaginal delivery at the 39th
gestational week following an uneventful pregnancy. Her only chronic medical condition
was hypothyroidism that required no treatment. No family history of hereditary disease
was known and BMI was in the normal range.

2.2.2. Ultrasound Findings

The first trimester screening was performed in another clinic, NT was measured
3.2 mm and an agenesis of the DV was suspected; therefore, she was referred to our center.

We confirmed an NT of 3.4 mm, representing 99 percentile according to the CRL of
70.6 mm, a DV agenesis, an SUA, an EIF in the right ventricle and frontally depressed
cranial bones. A follow-up ultrasound scan at the 16th gestational week confirmed these
anomalies and the DV agenesis (intrahepatic portosystemic shunt). A fetal echocardiogram
performed by a pediatric cardiologist showed no evidence of major cardiac malformation;
however, a small subaortic ventricular septal defect (VSD) with a suspected septal mem-
brane aneurysm was reported. At the 21st week, in addition to the previously described
anomalies, an abnormal PFSR and heart ventricular hypertrophy were confirmed.

At the 19th week, a dilated Sylvian fissure of 8.0 mm was found along with an
otherwise normal neurosonography. At the 22nd gestational week, the depth of the Sylvian
fissure was measured 10.8 mm (Figure 4). Both of these measurements represent values
above the 95th percentile. The expansion of the subarachnoid spaces and Sylvian fissures
was also remarkable in the coronal plane (Figure 5).
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Figure 4. Measurements of the Sylvian fissure. Measurements marked with 1 indicate the insular
depth, measurements marked with 2 indicate the Sylvian fissure depth. (a) The depth of the Sylvian
fissure was measured 8.0 mm at the 19th week; (b) and 10.9 mm at the 22nd week. Both above the
95th percentile according to the database published by Alonso et al. in 2010 [16].

Figure 5. Coronal transcaudate plane in the 22nd gestational week. The dilation of the subarachnoid
spaces and Sylvian fissures is notable (arrows).

2.2.3. Genetic Studies

No cf-DNA test was performed.

An amniocentesis was performed, and the results of the karyotyping and the SNP
microarray revealed no pathologic findings. The whole exome sequencing found a het-
erozygous variation in the PTPN11 gene (c.124A>G, p.Thr42Ala; chr12-112884189 A>G,
NM_002834.5, rs397507501), confirming Noonan syndrome 1 (Phenotype MIM number:
163950, Location 12q24.13, Gene/Locus MIM number 1768762.2.4).

2.2.4. Perinatal and Postnatal Outcome

Following detailed genetic counseling and receiving comprehensive information, the
pregnant woman decided to terminate her pregnancy.
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3. Discussion

NS is a common genetic disorder, with a high variability in both genotype and pheno-
type. Due to the diversity of the syndrome, prenatal and even postnatal detection is often
challenging [17].

Although NS can be detected by various genetic testing modalities such as targeted
Noonan panels, WES and even cf-DNA tests, screening tests are not available routinely in
all countries and might be a significant financial burden for patients, while diagnostic tests
are carried out only based on a proper indication. Therefore, sonographic markers that
could raise suspicion of this condition are playing an important role in providing effective
prenatal screening and improving the detection rate [17].

Noonan syndrome is suspected mainly due to increased NT in the first trimester [9,11].
However, access to first trimester screenings might be influenced by the patient’s socioeco-
nomic status and personal preferences [18-20]. In a review published in 2024, Tangshewin-
sirikul et al. found increased NT to be the most frequently detected prenatal ultrasound
anomaly in 105 cases of Noonan syndrome, occurring in 71% of the cases, followed by
various body fluid collections (59%) and polyhydramnios (50%) [21]. Although in a study
of 151 children with NS, only 12.5% of the echocardiograms were normal and 62% of the
abnormalities were pulmonary stenosis. In the 105 fetuses with NS, the most commonly
reported ventricular hypertrophy was found in 33% of the fetuses and pulmonary stenosis
in only 13% [21,22].

The intracranial manifestations of NS have been described mainly in children or young
adults and include hydrocephalus, Chiari I malformation, diverticular enlargement of the
foramen of Luschka and cerebrovascular aneurysm [23-25]. Helenius et al. reported a
22-week-old fetus with enlarged extracerebral CSF and delayed operculisation in addition
to a hypoplastic vermis on prenatal MRI in a case of NS with RAF1 variation [26]. A
widening of the subarachnoid spaces was described by Gripp in children with SHOC2
and Zarate in a case with the RAF1 variants, along with other extra- and intracranial
abnormalities in individuals affected by NS. Mastromoro et al. described an MRI diagnosis
of EH in the 27th gestational week following the genetic diagnosis of NS caused by a
variation in the PTPN11 gene. In their case, the corpus callosum and the cerebellar vermis
were measured under the 10th percentile [27].

The prenatal MRI diagnosis of EH has previously been described in some disorders
such as Snijders Blok—-Campeau Syndrome and benign external hydrocephalus [28,29].
Baron et al. reported 21 cases of macrocephaly diagnosed by ultrasound, all of which had
a fetal MRI, which confirmed the presence of EH in 77% of the cases [30]. In postnatal
life, the enlargement of the subarachnoid fluid spaces was reported in connection with
RASopathies [31].

A postnatally described central nervous system anomaly in the presence of the SOS1
gene variation was a corpus callosum agenesis with severe developmental delay [32].
Another case report described spinal lesions resembling plexiform neurofibromas in NS
caused by a variation in the SOS1 gene [33].

The involvement of the two gene variants we identified, SOS1 and PTPN11, in the
development of the central nervous system has been previously reported. The PTPN11
gene encodes the Shp2 protein and in NS it has a gain-of-function variation. In mice,
Shp2 reduces the axon myelination and increases the density of the neurons but decreases
the astrocyte density within the forebrain and the hippocampus. SOSI stimulates the
nerve growth factor, which is expressed in the cortex of the newborns, and activates the
Ras-MAPK pathway NMDA receptors in the neonatal cortex [34,35]. Whether these genes
play a role in the development of EH in NS, and if so, via what exact pathway, requires
further research.



J. Clin. Med. 2025, 14, 3973

8 of 10

In our two cases, EH occurred in the second trimester without any other significant
central nervous system (CNS) anomaly and was confirmed ultrasonographically by mea-
suring the depth of the Sylvian fissure in the axial plane. To our present knowledge, Case 1
is the first case of external hydrocephalus with an otherwise normal CNS in the presence
of the SOS1 gene variation. Furthermore, these are the first cases of NS with a second
trimester ultrasound diagnosis of EH.

Neurosonography and MRI are complementary modalities in fetal diagnostics. Ac-
cording to the ISUOG guidelines, a fetal MRI is indicated in 7-15% of cases following a
well-performed neurosonography [36]. In our experience, ultrasound examination alone
was adequate for evaluating the subarachnoid spaces, offering better cost-effectiveness,
faster diagnosis and lower human resource requirements compared to MRI. Despite the
two cases presented, it must also be taken into account that EH may have developed
independently of NS in both cases. However, since external hydrocephalus is a known
phenomenon in children suffering from NS, it is reasonable to assume that the prenatal
finding is related to the syndrome [26,37,38].

Examination of the subarachnoid spaces is currently not part of routine screening,
and this may presumably contribute to undetected cases of external hydrocephalus. In the
authors’ opinion, the measurement of the depth of the Sylvian fissure may be a suitable tool
for a second trimester prenatal diagnosis of external hydrocephalus, and as an additional
marker, could contribute to the timely implementation of genetic testing, which can be
beneficial in some regions due to the legal regulation of termination. The application
of Sylvian fissure depth measurement in this context requires further studies, but as its
technical performance does not require the acquisition of new skills, it could be easily
integrated into routine screening.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Abdominal circumference

BMI Body mass index

BPD Biparietal diameter

cf-DNA  Cell-free DNA

CNS Central nervous system

CRL Crown-rump length

DV Ductus venosus

DVP Deepest (maximal) vertical pocket

EH External hydrocephalus
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EIF Echogenic intracardiac focus
HC Head circumference

IVF In vitro fertilization

NS Noonan syndrome

NT Nuchal translucency

PFSR Prefrontal space ratio
SUA Single umbilical artery

VSD Ventricular septal defect
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Az Orvosi Hetilnp Szerkeszt8sége felkérésére készitett tanulmanyukat a Szerz8k
Kordanyi Sandor (1866-1944) belgyégyaszprofesszor,

a 20. szazad els6 felének kiemelkedd orvosegyénisége emlékének

ajanljak halalanak 80. évforduléjan.

Bevezetés: Az elmilt évtized egyik jelentSs technolégiai tjdonsiga az tn. ’high-throughput’ molekuldris genetikai
vizsgilati mddszerek — mint a kromoszomadlis microarray-analizis (chromosomal microarray analysis, CMA) és a tel-
jesexom-szekvenalds (whole-exome sequencing, WES) — elterjedése a praenatalis diagnosztikiban.

Célkitiizés: Az elmalt 5 évben munkacsoportunk tobb mint 252 praenatalis vizsgalatot végzett hazai laboratériumi
héattérrel, amelyek indikdcidjat kiillonboz§ stlyossaga strukturalis magzati ultrahangeltérések képezték. A klasszikus
citogenetikai vizsgalatok eredményétdl figgben végeztiik el a nagy felbontist CMA- és WES-analiziseket a praena-
talis diagnosztika érdekében.

Modszer: A CMA-vizsgélatokat a ,,GeneChip System 3000 Instrument” platformmal végeztiik az SNP-alapth kompa-
rativ hibridizalds médszerével. Az dltalunk elvégzett Gjgeneracids szekvenalds sordn a teljes humdn exom szekvencid-
janak meghatdrozasa IonTorrent és Illumina platformokkal tortént.

Eredmények: Osszesen 252 magzati CMA-vizsgilatot végeztiink, és 42%-ban mutattunk ki valamilyen hidnyt vagy
tobbletet, ebbdl 22%-ban igazoltunk koros eltérést. 42 esetben végeztiink WES-t, amelybdl 9 esetben (21,4%) azo-
nositottunk koéros eltérést az 6roklésmenetet timogatd, a magzati fenotipussal feltételezhetSen dsszetiiggésben 16v4,
a ClinVar adatbdzis vagy az ACMG-klasszifikacié alapjan.

“A szerz6k egyenlé mértékben jarultak hozza a kézirat elkészitéséhez.
A szerz8k utolsé szerz8ként egyenlé mértékben jarultak hozza a kézirat elkészitéséhez.
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Megbeszélés: Tekintettel arra, hogy a magzati fenotipus értékelése kozvetett, a pracnatalis CMA- és WES-elemzésnek
els@sorban a magzati ultrahangvizsgélat sorin azonosithato strukturilis anomaliakkal 6sszefiiggs génekre, kromoszo-
milis régiokra kell korlaitozodnia. A szil6k vizsgilata mind a CMA-, mind a WES-analizisek soran kiemelt jelent&ség-
gel bir, f6leg azokban az esetekben, amelyeknél a kapott eltérés nem hozhaté egyértelm osszefliggésbe az ultrahang-
eltérésekkel.

Kovetkeztetés: Fontos meghatirozni azokat a paramétereket, amelyek alapjan a magzati mintiban taldlt kdpiaszam-
eltéréseket és WES-vizsgilattal igazolt varidnsokat a leletben kozoljiik (figyelembe véve a nemzetkozi ajanlisokat).
Ezek alapjan a praenatalis klinikai genetikai tandcsaddskor sokkal haszndlhatébb informaciok adhatok.

Orv Hetil. 2024; 165(14): 523-530.

Kulcsszavak: CMA (chromosomal microarray analysis), kromoszomdlis microarray-analizis, WES (whole-exome
sequencing), teljesexom-szekvendlds, praenatalis diagnosztika

Summary of the first Hungarian experiences with prenatal chromosomal
microarray analysis and whole-exome sequencing

Introduction: One of the major technological innovations of the last decade has been the proliferation of high-
throughput molecular genetic testing methods, such as chromosomal microarray analysis (CMA) and whole-exome
sequencing (WES) in prenatal diagnostics.

Objective: Over the past 5 years, our working group has performed more than 252 prenatal examinations, indicated
by ultrasound abnormalities of varying severity. Depending on the results of classical cytogenetic studies, we per-
formed high-resolution CMA and WES analyses, with the aim to map the proportion of excess genetic information
in the Hungarian population, as described in the literature.

Method: CMA studies were performed using the “GeneChip System 3000 Instrument” platform with SNP-based
comparative hybridization. We also performed next-generation sequencing of the whole human exome using Ion-
Torrent and Illumina platforms.

Results: A total of 252 fetal CMA examinations were performed and 42% showed some loss or gain, of which 22%
showed pathogenic abnormalities. We performed WES in 42 CMA-negative cases, of which 9 (21.4%) were identified
as pathogenic abnormalities supporting the inheritance process, with presumed association with fetal phenotype,
based on the ClinVar database or ACMG classification.

Discussion: Given the indirect nature of fetal phenotype assessment, prenatal CMA and WES analysis should be lim-
ited primarily to genes and chromosomal regions associated with ultrasound-identifiable symptoms. Parental exami-
nation is of paramount importance in both CMA and WES analyses, especially in cases where the resulting disorder
cannot be clearly associated with ultrasound abnormalities.

Conclusion: It is important to define the parameters by which copy number variations are detected in fetal samples.
Recommendations for reporting variants confirmed by WES testing should also be given (taking international recom-
mendations into account). These will provide more useful information for prenatal clinical genetic counselling.

Keywords: CMA (chromosomal microarray analysis), WES (whole-exome sequencing), prenatal diagnostics

Piko H, Illés A, Nagy S, Beke A, Arvai K, Elekes T, Horvith E, Ferenczy M, Mosonyi P, Lukdcs V, Klujber V,
Torok O, Kiss Zs, Tardy E, Tidrenczel Zs, Tobids B, Balla B, Lakatos P, Késa J, Takics I. [Summary of the first
Hungarian experiences with prenatal chromosomal microarray analysis and whole-exome sequencing]. Orv Hetil.
2024; 165(14): 523-530.

(Beérkezett: 2024. februar 6.; elfogadva: 2024. februar 8.)

Roviditések

ACMG = (American College of Medical Genetics and Geno-
mics) Amerikai Orvosi Genetikai és Genomikai Kollégium;
ADGRV1 = (adhesion G protein-coupled receptor V1);
ANOS5 = (anoctamin 5); ATAD3A = (ATPase family AAA do-
main containing 3A); BP = (breakpoint) téréspont; BSCL2 =
(BSCL2 lipid droplet biogenesis associated, seipin); CAPN3 =

zoxiribonukleinsav; EBP = (EBP cholestenol delta-isomerase)
EBP kolesztenol delta-izomerdz; GJB2 = (gap junction protein
beta 2); Kb = kilobazispar; KIF21A = (kinesin family member
21A); LCR = (low copy repeat) kis kopiaszamu ismétlédés;
Mb = megabézispir; NAHR = (non-allelic homologous re-
combination) nem allélikus homolég rekombindcié; NGS =

(new-generation  sequencing) Gjgenerdcidés  szekvendlds;

(calpain 3); CBL = Cbl protoonkogén; CC2D2A = (coiled-
coil and C2 domain containing 2A); CMA = (chromosomal
microarray  analysis) kromoszomadlis —microarray-analizis;
CNV = (copy number variation) kopiaszam-eltérés; DNS = de-

NHE] = (non-homologous end joining) nem homolog végek
Osszekapesoldsa; NIPT = (non-invasive prenatal test) nem inva-
ziv praenatalis teszt; PTPNI11 = (protein tyrosine phosphatase
non-receptor type 11); PUS3 = (pseudouridine synthase 3);
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SNP = (single-nucleotid polymorphism) egy nukleotidot érin-
t§ polimorfizmus; SOS1 = (SOS ras/rac guanine nucleotide
exchange factor 1); TEK = (TEK receptor tyrosine kinase);
TNNT3 = (troponin T3, fast skeletal type); TPM3 = (tro-
pomyosin 3); VCF = velocardiofacialis; VMCM = mucocutan
vénds malformdciok; VUS = (variant of uncertain significance)
ismeretlen jelentGség eltérés; WES = (whole-exome sequenc-
ing) teljesexom-szekvenalas

A praenatalis diagnosztika célja a méhen belil fejl6dé
magzat rendellenességeinek feltérképezése, idGben tor-
téné diagnosztizdldsa, a hazasparok szamdra azon lehe-
t6ség biztositasa, hogy a torvényi kereteken beliil dont-
hessenck magzatuk betegsége esetén annak sorsirol.
A praenatalis szirés és diagnosztika jelenlegi két alap-
pillére a nagy felbontast ultrahangtechnika és a célzott
biopszia (lepényszovet, magzatviz, esetleg magzati szo-
vetek) sordn nyert minta hagyomdnyos citogenetikai
vagy molekularis biologiai elemzése. A terhesség 10-14.
hete kozott elvégezheté a chorionboholy-mintavétel,
a 15-20. hete kozott pedig az amniocentesis. Evtizedek
ota a lepényi, illetve a magzatvizmintdbdl elvégzett
hagyomanyos citogenetikai vizsgilat (kariotipizalas) a
praenatalis genetikai diagnosztika ,arany standard”
modszere, amely a magzati kromoszémdk szambeli és
durva szerkezeti rendellenességeinek kimutatdsara alkal-
mas. A médszer altal a magzati testi és nemi kromoszé-
mak szdmbeli (példaul triszomidk és monoszémidk) és
bizonyos szerkezeti rendellenességeik (példdul torések,
transzlokaciok, tobbletek, hidnyok) kimutatdsa lehetsé-
ges. A jelenleg alkalmazott, in. hagyomdnyos kromo-
szomavizsgilat felbontasi hatara kb. 10-12 Mb nagy-
sagt. Az ennél kisebb méretd eltérések nem mutathatok
ki fénymikroszkop-alapt klasszikus citogenetikai mod-
szerekkel [1].

A hagyomanyos citogenetikai vizsgalattal nem felis-
merhet$, 1-5 Mb tartomdny, tobb gént is érintd elté-
rések kovetkezményeképpen gyakran sokrétd, stlyos tii-
netegyitittesek alakulhatnak ki, melyeket microdeletiés/
mikroduplikiciés kérképeknek neveziink. Ezek a szind-
romik altalaban salyos kérillapotok, amelyek értelmi fo-
gyatékossiggal, idegrendszeri tiinetekkel, komplex szer-
vi rendellenességekkel jarhatnak. A kromoszomilis
microarray-analizis (CMA) médot biztosit a kis méretii
hidnyok /tobbletek (microdeletiok és mikroduplikaciok,
illetve  kopiaszam-eltérések [CNV-k]) azonositasara
[2, 3].

Az Gjgeneracids szekvenalas (NGS) a 2010-es évektdl
oOriasi el6relépést biztositott a néhany nukleotidot érinté
eltérések azonositasira és azok megismerésére a kiillon-
b6z8 betegségekkel Osszefiiggésben a teljesexom-szek-
venalas (WES) segitségével. Ez a nagy atereszt6képessé-
gli Gjgeneraciés modszer a koltségek csokkenésével és a
bioinformatikai algoritmusok fejlédésével méra a praena-
talis diagnosztika megkeriilhetetlen részévé valt [4].
A WES-vizsgilat pozitiv hozzaadott értéke a CMA ¢és a
kariotipizalas negativ eredménye utin 8-10% koriili
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[5, 6], de egyes kozlemények szerint akir a 80%-ot is
elérheti, és erdsen korreldl a magzati rendellenességek
szamaval [7, 8].

Célkittizés

Munkacsoportunk a sajat tapasztalatai alapjan a nemzet-
kozi elbirasoknak megfelelGen kialakitott egy diagnosz-
tikai algoritmust, amely szerint praenatalis genetikai
vizsgalatok indikacidjakor i) els6ként hagyomanyos ka-
riotipizalast inditunk, ennek negativ eredménye esetén,
i) nagyobb felbontoképességli CMA kovetkezik, amely-
nek negativitasa esetén iii) WES-vizsgalattal folytatva a
diagnosztikai sort, az egypontos nukleotideltérések azo-
nosithatok. Célunk a fentiek szerint végzett eddigi vizs-
gilatainkbdl lesztirhetS kovetkeztetések elemzése.

Mobdszer

A CMA-vizsgalatokat GeneChip System 3000 Instru-
ment (Affymetrix, Santa Clara, CA, USA) platformmal
végeztiik: a hibridizacibhoz a GeneChip Hybridization
Oven 645 (Thermo Fisher Scientific, Waltham, MA,
USA) hibridizaciés kamrat, a mosasi [épéshez a Gene-
Chip Fluidics Station 450 (Thermo Fisher Scientific) ké-
sziiléket, a jelintenzitds mérésére a GeneChip Scanner
3000 7G (Thermo Fisher Scientific) késziiléket hasz-
néltuk.

A vizsgilat egy SNP-alapt komparativ genomiilis hib-
ridizaciés moédszeren alapul. A DNS-mintat Nspl en-
zimmel kilénb6z6 méreti darabokra emésztjiik, majd
czekhez egy adapter molekuldt kotiink, amellyel teljesge-
nom-amplifikilast végziink. Az amplifikilt mintat jelol-
jiik (biotinnal), majd hibridizdljuk az array szilard fizisin
1évé 25 nukleotidbdl allé oligonukleotid-probakhoz,
amelyekkel a teljes human genomot lefedjiik. Ezutan a
mosasi 1épésnél a be nem kot6d6 DNS-darabokat és
egyéb szennyezGdéseket eltavolitjuk a szilard fazisrdl, és
a biotinnal jelolt és a probiakhoz bekotédott DNS-dara-
bokat sztreptavidin-fikoeritrin komplexszel festjiik. Igy
létrejon egy biotin-sztreptavidin-fikoeritrin  komplex,
amely gerjeszthetd, és az 572 nm-es tartomanyban emit-
tal. A jelintenzitis mérésekor az emittaléjelet a kopia-
szam aranydnak megfelelen detektilja a késziilék, és a
végss analizissel vizualizdlhatjuk az egyes kromoszéma-
kat, amelyekben az esetleges hidnyt vagy tobbletet is
megjeloli a rendszer.

Az dltalunk elvégzett NGS sordn a teljes human exom
szekvencidjat meghataroztuk 42 praenatalis minta eseté-
ben. A szekvenalds IonTorrent (Thermo Fisher Scienti-
fic) és lllumina (Illumina, San Diego, MA, USA) platfor-
mokon tortént. A megfelel§ minSségli és mennyiségi
genomidlis DNS kivondsat kovetSen, a konyvtarkészités
els@ 1épéseként felsokszoroztuk a teljes human exomot,
majd tobb tisztitasi és jelolési 1épés utian, amelyek lehe-
tové tették a multiplex parhuzamos szekvenalast, a kész
konyvtarak koncentracidjat ellendriztiik. Ezutan a konyv-
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tirakat ekvimoldris mennyiségben felvittiik a szekve-
nélofeliiletre (IonChip vagy FlowCell). A szekvenalast
kovetSen a keletkezett szekvencidk illesztését a referencia-
genomhoz (hg37) és azt kovetSen a varidnshivast GATK
v4.1.4.1 szoftverrel végeztiik, a talalt varidnsok annota-
ldsa és interpretaldsa sordan a ’Franklin by Genoox’-ot
hasznaltuk.

A genetikai vizsgalat elvégzéséhez a paciensek minden
esetben beleegyez§ nyilatkozatot irtak ald, és az adatok
retrospektiv feldolgozasa anonimizilt médon tortént.

Eredmények

Osszesen 252 praenatalis citogenetikai vizsgalatot végez-
tiink. A CMA-vizsgilat indikaci6ja az esetek 92,8%-dban
valamilyen strukturdlis magzati ultrahangeltérés volt
(1. tablazat). A WES-vizsgilat javallata altalaban a nega-
tiv karyotypus és CMA, illetve a genetikai okot valdszi-
nsitd ultrahangeltérés volt. Az ultrahangeltérések koziil
a leggyakoribbak a magzati hydrops, a cysticus hygroma,
valamint a vastag nyaki redS (40,60%), a craniospinalis és
craniofacialis rendellenességek (20,51%), valamint a car-
diovascularis rendellenességek (17,95%) voltak (2. tabli-
zat) [9-11].

A vizsgalt magzati mintdk kozil 147 (58%) esetben
nem mutattunk ki semmilyen eltérést a CMA-modszer-
rel, az Affymetrics Optima kozepes felbontoképességi
array alkalmazdsaval. A tobbi esetben 105-nél (42%) mu-
tattunk ki eltérést (hidnyt vagy tobbletet) a CMA-vizsgai-
lattal, amelyek kozil 22%-ban igazoltunk kéros eltérést,
6 esetben (2%) pedig teljes kromoszémat érint6 triszé-
miat a 21. kromoszéman (5 magzatnal), illetve a 18.
kromoszéman (1 magzatnal). A leggyakoribb eltéréseket
és azok elhelyezkedését a 3. tablizat tartalmazza.

Harom esetben a sztil6k kiegyensalyozott transzloka-
ciét hordoztak, amely a magzatndl kiegyensulyozatlan
allapotot idézett el8: i) az apinal a £(9;20)(p24;pl2) ésa

1. tiblazat | CMA- és WES-vizsgilataink indikdciéi (252 eset)

Eset (n) %

Magzati strukturdlis ultrahangeltérés 234 92,8%
(1asd 2. tdblazar)

Pozitiv NIPT-lelet 0,8%
Terhel$ anamnézis 4 1,6%
Kariotipizilassal igazolt CNV esetén (toréspon- 2 0,8%
tok meghatdrozasa)

Kariotipizdldssal igazolt marker kromoszéma 2 0,8%
Sziil6knél kiegyensulyozott transzlokicid 3 1,2%
Spontin vetélés (abortumvizsgalata) 3 1,2%
Halvasziilés (24. hét utani elhalas) 2 0,8%
Osszesen 252 100%

CMA = kromoszomadlis microarray-analizis; CNV = képiaszam-eltérés;
NIPT = nem invaziv pracnatalis tesztelés; WES = teljesexom-szekve-
ndlds
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2. tablazat CMA- és WES-vizsgilatok strukturalis magzati ultrahangeltérés
miatt

Szervrendszer Eset (n) %
Magzati hydrops, cysticus hygroma, vastag 95 40,60%
tarkoredd

Craniospinalis és craniofacialis rendellenességek 48 20,51%
Cardiovascularis rendellenességek 42 17,95%
Egyéb thoracalis rendellenességek 6 2,56%
Hasfali és hasi rendellenességek 7 2,99%
Urogenitalis rendellenességek 8 3,42%
Végtag-anomiliak és csontosoddsi zavarok 14 5,98%
Egyéb strukturilis ultrahangeltérések 14 5,98%
Osszesen 234 100%

CMA = kromoszomalis microarray-analizis; WES = teljesexom-szek-
vendlds

magzatnal a 9p24.3p24.1 régiéban microdeletio, a
20p13pl12.1 régidban 14,755 Mb méretd mikroduplika-
cid; ii) az anydnal a t(4;5)(pl6;pl5) és a magzatndl a
4pl16.3pl16.2 régidban 4,984 Mb méretl microdeletio
ésaz 5p15.33p14.3 régidban 19,389 Mb méretii mikro-
duplikacio; iii) az anyanal a t(4;8)(pl6;p23) és a magzat-
ndl a 4p16.3p15.2 régidban 23,697 Mb méretld mikro-
duplikacio és a 8p23-3p23.1 régidban 6,474 Mb méretd
microdeletio.

Egy esetben igazoltunk ,,0sszetett heterozigdtasigot”,
amelyet a CMA-val az anyai allélon 4,138 Mb méretd
(arrf GRCh38]12q12(38620776_42758565)x1) hete-
rozigéta deletioként azonositottunk, és az apai allélon
WES-analizissel az ebben a régioban elhelyezkedd
KIF21A génben 1 bazist érint6 deletio heterozigdta-
hordozésagat mutattuk ki [12]. A két koros eltérés
egytittes hatdsaként a csalidban két érintett magzatnal
salyos, mar magzati korban kimutathat6 kéros tiineteket

3. tablazat | A leggyakoribb képiaszdm-eltérések

Koépiaszam -eltérés  Jellemzés Eset (n) %

16pll.2 Ismert LCR/SD régi6o/VUS 23 30,26%
3q24q29: Ismert LCR/SD régi6* 8 10,52%
8p22p24.3: LOH polimorf régio** 8 10,52%
16p13.11pl12.3:  Ismert LCR/SD régié 7 9,21%
Xq21.31q21: Vus 7 9,21%
15q11.2q13.3: Ismert BP- (1-3) régio* 6 7,89%
4p16.3pl6.2: Telomer régiod 5 6,58%
9p24.3p24.3: Telomer régié 4 5,27%
22ql1.21: DiGeorge-régio 4 5,27%
20q13.33q14.33  Telomer régié 4 5,27%
Osszesen 76 100%

*LCR = alacsony kopiaszamu ismétlédés
**LOH = heterozigdtasig elvesztése

BP = toréspont; LCR = alacsony kopiaszamu ismétlédés; SD = szeg-
mentdlis duplikidcio; VUS = ismeretlen jelentSségii eltérés
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irtak le (asphyxids thorax szindréma, orrgyoki oedema, a
magzat torzsén is megfigyelheté oedema, borderline
cerebralis ventriculomegalia). 3 esetben elhalt magzati
szovetbdl izolalt DNS-mintabdl végeztiik a CMA-t, és
1 esetben triszémidt igazoltunk a 18. kromoszémain,
1 esetben pedig részleges triszomidt a 9. kromoszéméan
(1. tablazat).

A munkacsoportunk dltal alkalmazott vizsgalati sor-
rendben, azokban az esetekben, amelyeknél a klasszikus
citogenetika és a CMA-k sem mutattak ki eltérést, tovab-
bi vizsgilatként a WES-analizissel igyekeztiink feltérké-
pezni az ismert kéroki pontmutaciét. Az dltalunk elvég-
zett NGS sordn a teljes human exom szekvenciajat
meghataroztuk 42 praenatalis minta esetében. A WES-
vizsgalattal 9 esetben (21,4%) azonositottunk az 6rok-
lésmenetet timogatd, a magzati fenotipussal feltételez-
het6 0Osszefiiggésben 1évé kéros eltérést a ClinVar
adatbdzis vagy az ACMG-Kklasszifikacié alapjan.

A pozitiv eredmények koziil 2 esetben a PTPN11 gén-
ben (c.922A>G p.Asn308Asp és c.923A>C p.Asn-
308Thr), 1 esetben az SOSI génben (c.1644T>A
p.Ser548Arg) és 1 esetben az EBP génben
(c.338+1_338+2del) azonositottunk kéros de novo vari-
anst. Tovabbi 1 esetben az érintett édesanya ugyanazt az
arthrogryposissal tarsult eltérést hordozta, mint a tiine-
tes magzat (TNNT3:c.188G>A p.Arg63His). 2 esetben
az autoszomdlis recessziv 6roklésmenetet timogato Osz-
szetett heterozigota statust lattunk stlyos ciliopathiaval
(CC2D2A:c.4552C>T p.Argl518Trp és ¢.4675-1G>C)
és multiplex arthrogryposissal tarsul6 salyos fetalis aki-
nesiat. Mindkét esetben a csalddi szegregacios vizsgalat
megerdsitette az oroklésmenetet. 2 tovabbi esetben az
azonositott variansokat (CBL ¢.1754G>T p.Arg585Lecu
és TEK ¢.2744G>A p.Arg915His) olyan génekben irtak
le, amelyeknél a génekkel Osszefiiggésbe hozott fenoti-
pus megfeleltethet ugyan az ultrahangképnek, de a va-
ridns koroki szerepét a rendelkezésre all6 adatok nem
tamasztjak ala egyértelmten.

A WES-vizsgalatok soran 18 esetben azonositottunk
olyan véletlen/masodlagos taldlatot, amely a ClinVar
adatbazis vagy az ACMG-klasszifikicié szerint koéros
vagy valoszintleg koéros besorolasa (4. tablizat). Ezek-
ben az esetekben a génekkel osszefiiggésbe hozott feno-
tipusos jegyek nem feleltek meg egyértelmtien az ultra-
hangképnek, de mindegyik stlyos korképpel tarsult.

Megbeszélés

A CMA-vizsgilatok sordn 99 esetben igazoltunk micro-
deletiét vagy mikroduplikaciét a magzati mintaban. Az
esetek nagy szama azt is igazolta, hogy a szakirodalom-
ban leirt genomidlis szerkezeti formak befolydsolhatjik a
microdeletiok és mikroduplikaciok eléfordulasi gyakori-
sagat. Ilyen szerkezeti elemek példaul az an. ,,low copy
repeat” (LCR)/szegmentalt duplikiciés régiok: ezek
olyan, 10-300 Kb méretdi ismétl6dd szekvenciak, ame-
lyek meioticus osztéodaskor az in. nem allélikus homo-
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4. tablazat Feltételezett incidentilis taldlatok a praenatalis WES-vizsgilati
csoportban
Gén Varians ClinVar ACMG-
szerinti Kklasszifi-
besorolas kicié

ATAD3A  ¢.229C>G p.Leu77Val P/VUS LP
ANO5 ¢.2272C>T p.Arg758Cys P/LP LP
CFI c.772G>A p.Ala258Thr P/LP LpP
ROBO4 c.190C>T p.Arg64Cys P P
PROS1 c.701A>G p.Tyr234Cys P/LP LP
ANOS5 c.692G>T p.Gly231Val P/LP Lp
GATA4 c.487C>T p.Prol63Ser P/VUS LP
GATA4 ¢.34G>C p.Glyl2Arg VUS LP
RPS7 ¢.298A>T p.Ile100Phe - LP
PAH ¢.506G>A p.Argl 69His LP P

F2 c.*97G>A P/VUS LpP
ADGRVI  ¢.9623+1G>A LpP P

F11 ¢.1693G>A p.Glu565Lys Le/vus LP
BSCL2 ¢.974dupG p.Ile326fs P/LP P
PUS3 c.212A>G p.Tyr71Cys P/VUS LP
GJB2 c.35del p.Glyl2ValfsTer2 Iy Iy
CAPN3 c.550del p. Thr184ArgfsTer36 P P
TPM3 ¢.253G>T p.Glu85Ter - LP

ACMG = az Amerikai Orvosi Genetikai és Genomikai Kollégium dltal
megalkotott varidnsosztilyozasi rendszer alapjan a Franklin-platform
altal szamitott variansklasszifikicié; ClinVar = a ClinVar adatbazis alap-
jan a jelenlegi tudasunk szerinti legvaldszintibb besorolds; LP = valoszi-
ntleg koros (patogén); P = kéros (patogén); VUS = ismeretlen jelen-
t6ségl eltérés; WES = teljesexom-szekvenalds

l6g rekombinacié (NAHR) soran az utédsejtben micro-
deletidkat vagy mikroduplikiciokat alakithatnak ki [13].
Igy példaul a szakirodalomban leirtak alapjin a 16. kro-
moszéma pl3.1,pl2.3,pl2.2,pll, q22.2 és q23 régiod-
iban olyan LCR-ek talalhaték, amelyek valtozatos mére-
td és kiilonbozé toréspontt dtrendezéseket idézhetnek
el6 a meioticus osztédaskor. Bar ezek az LCR-ek a 16.
kromoszéma pericentromer régioéjanak tn. génszegény
kornyezetében helyezkednek el az érintett génektdl fiig-
gben bizonyos esetekben mégis kéros fenotipushoz ve-
zethetnek. Az dltalunk vizsgalt magzati mintakban a leg-
nagyobb gyakorisiggal mutattuk ki az ebben a régidoban
talilhaté 16pl1.2 microdeletiét vagy mikroduplikiciot
(23%). A szakirodalom alapjin ez az eltérés nagy valdszi-
ntiséggel nem jar tiinetekkel (VUS-kategoria) [14].

A szegmentdlis duplikiciok (legismertebb formajuk az
an. tandem duplikicid) a genom tobb mint 6%-dt teszik
ki. Ezek az ismétl6dések szintén okozhatnak a genom-
ban strukturilis valtozisokat, mind a NAHR, mind a
nem homolédg végek dsszekapcsolasa (NHE]) révén. Ez
utébbi kovetkezményeként, a kettézott DNS-darabka
— extrakromoszomalis helyzetbe keriilve, majd visszail-
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leszkedve a genomba - kialakithat DNS-tobbletet
vagy -hidnyt, illetve az inszertal6das soran, ha az 1 gént
érint, monogénes koéroki fenotipust is [15].

Vizsgalt magzati mintdinkban a negyedik leggyako-
ribb (4%-os) el6fordulassal talaltunk tobbletet vagy hi-
anyt a jol ismert, kéros fenotipussal jir6 22q11.21 régié-
ban, amelynél szintén a fent emlitett LCR szegmentalt
duplikaciés régiok jelenléte all a microdeletiok vagy mik-
roduplikdciok kialakuldsinak hatterében. A vizsgilt min-
tak koziil mind deletiét, mind duplikaciot igazoltunk: az
igazolt mikroduplikicié az LCR22-2 (A) és az LCR22-
3b (C) régiokat érintette. A postnatalis esetekben a ko-
ros fenotipust fejlédési és intellektudlis elmaradas, fizi-
kalis eltérések, mint példaul hypotonia, kozepesen
dysmorphids arc, valamint microcephalia jellemezte.

Az igazolt deleti6s magzati esetek a 22q11.21 deletids
szindromanak (DiGeorge /VCEF) feleltek meg. Ezekben
a proximalis és centralis régiok érintettsége volt kimutat-
hat6 (LCR22-2 [A] - LCR22-5 [E]) [16, 17]. A 15.
kromoszéma 15q11.2-q13.1, an. kritikus régidja, a
BP1-BP3 és a BP2-BP3 barmilyen CNV-je (microdele-
tio és mikroduplikicid) kockazatot jelenthet a fejlédésel-
maradassal jir6 kérképekre, illetve az autizmusspekt-
rum-betegségre [18, 19]. A vizsgilt magzati mintak
6%-aban igazoltunk valamilyen eltérést ebben a régio-
ban, amelyek esetleges neuropszichidtriai korképekkel
tarsulhatnak.

A sziil6knél klasszikus citogenetikai médszerrel (G-sa-
vozas) kimutatott kiegyenstlyozott transzlokicié esetén,
a magzati ultrahangeltérés mellett, minden esetben inva-
ziv mintavétel sziikséges, mivel a sziil6i kiegyensulyozott
transzlokacié konnyen kiegyenstlyozatlanna valhat a
magzatban. A vizsgilt populiciéban 3 esetben a sztl6k
kiegyenstlyozott transzlokdciét hordoztak, és a magzati
mintikban ez mindhirom esetben kiegyenstlyozatlan
llapotot idézett el6, amely koros fenotipussal tarsult.

Kiemelend6k azok az esetek, amelyeknél az un. ,,6sz-
szetett heterozigdtasig” az ok a koroki fenotipus kialaki-
tasdért. 1 esetben igazoltunk dsszetett heterozigotasigot
CMA- és WES-vizsgilatokkal, amely stlyos kéros mag-
zati ultrahangképpel is jirt: az érintett magzati mintaban
az édesanyatdl orokolt heterozigota 4,138 Mb méreti
deletiot és az édesapatdl ebben a régidban taldlhato, egy
bézist érint§ deletiét taldltunk, amely mint Osszetett he-
terozigoéta allapot salyos fenotipussal tarsult mar magza-
ti korban. Az Osszetett heterozigdtasig hatterében vélet-
len események allhatnak, ezért is fontos a pontmutaciok
esetleges meglétének kizarasa szekvenalassal azokban az
esetekben, amelyekben a CMA-vizsgilat heterozigbta-
hidnyt vagy -tobbletet igazolt, és autoszomalis recesszi-
ven 0rokl6dé gén is érintett.

Azokban az esetekben, amelyeknél sem a klasszikus
citogenetika, sem a CMA-vizsgilat nem igazolt kéroki
eltérést, a kovetkez§ 1épésként WES-vizsgalatot végez-
tink [20, 21]. Vizsgalataink soran 9 esetben azonositot-
tunk a magzati fenotipusnak megfeleltethet§ génben
feltételezhetGen koéroki eltérést, 3 esetben Noonan-
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szindrémadval és 1 esetben Noonan-szerii szindrémaval
osszefliggésbe hozhaté génben (PTPNI11, SOS1, CBL)
aminosavcserével jar6 varidnst. Az elvégzett csaladi szeg-
regicios vizsgilatok soran az ut6bbi varidnst a szildk is
hordoztak, igy ennek besorolasit modositottuk.

Viazrendszeri rendellenességekkel Osszefiiggésben 3
génben (TNNT3, KIF21A, ABP) talaltunk feltételezhe-
téen koroki varidnst. Az egyik esetben az autoszomadlis
domindnsan 6rokl6dé fenotipust megerdsitette, hogy a
tiinetes édesanya is hordozta az eltérést, mig a masik, do-
minansan 6rokl6ds fenotipus esetében a varidns de novo
eredete volt valoszintisithetS. A harmadik esetben a gyer-
mek a hordozé szil6ktdl orokolte dsszetett heterozigdta
formdban az azonositott varidnsokat. A kardiologiai tii-
netekkel jellemzett magzat esetében az azonositott vari-
ans koroki szerepe nem nyert megerdsitést. Az irodalmi
adatok alapjan feltételezheté az ok-okozati viszony, a
TEK génben altalunk kimutatott varianst koribban egy
VMCM-vel (vénids malformiciok, tobbszoros bor- és
nyalkahartya-rendellenességgel) érintett csaladban azo-
nositottdk, ahol az édesanya is érintett volt. Esetiinkben
a csalad visszautasitotta a tovabbi vizsgalatot.

1 esetben a magzati ultrahangvizsgilat alapjan cilio-
pathia gyanajaval dsszetett heterozigdta formaban azo-
nositottunk két, feltételezhetGen koroki eltérést a
CC2D2A génben, ahol a varidnsok transz-helyzetét a
csaladi szegregacids vizsgalat megerGsitette. Az ered-
mény kozlésekor magzati vizsgilat esetében is elsGsor-
ban a meglévd fenotipusos jegyek mentén zajlik a kiérté-
kelés. Mivel ezek az informacidk praenatalisan csak
kozvetve vagy korldtozottan allnak rendelkezésiinkre, és
a terhesség soran valtozhatnak, a varianslista tovabbi sz(-
kitése célszert. Erre alkalmas lehet az érintett génekhez
tarsult betegségek oroklésmenete, illetve a betegségek
megnyilvanulasanak jellemz6 id6pontja vagy a megjele-
nd fenotipus stlyossaga [22, 23].

A bizonytalan jelentGségti variansok (VUS), a véletlen
¢és masodlagos taldlatok szintén komoly kihivist jelente-
nek a laboratériumok és a klinikusok szdméra. A véletlen
(incidentalis) talalatok a klinikai indikdciotol figgetleniil
azonositott variansok. A misodlagos taldlatok az ACMG
szakértdi altal osszeallitott és validalt génlistan szerepld
eltérések, amelyek nem kapcsolédnak az elsédleges feno-
tipusos megjelenéshez, de az orvosi dontéshozatal folya-
matiban felhasznilhaté informdciét hordozhatnak.
Az dltalunk vizsgaltak kozott 18 esetben azonositottunk
autoszomalis domindns korképpel Osszefliggésben a
ClinVar adatbazis vagy az ACMG-Kklasszifikicié szerinti
kéros vagy valészintleg koros eltérést [24, 25]. Az azo-
nositott variansokndl megvizsgaltuk a fenotipusos jegye-
ket, az irodalmi adatokat és — ahol volt lehet&ségilink — a
sziil6i mintakat is [26]. Az attekintés sorin az azonosi-
tott varidnsokat nagyobb csoportokba tudtuk sorolni.
A legtobb, dltalunk azonositott varidns patogenitisira
vonatkozé adat autoszomalis recessziv korkép hatte-
rében keriilt kozlésre, illetve néhdny esetben az autoszo-
milis domindns szerep még nem kell6képpen volt alati-
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masztva (példaul BSCL2, PUS3, GJB2, CAPN3, TPM3,
ADGRVI1, ANO5, ATAD3A gének). Ezeknél a géneknél
a klinikai Gjraértékelés, a magzati fenotipus ismételt
elemzése, a kiilonb6z6 molekularis technikik Gsszeha-
sonlitdsa, a csalddi szegregacids vizsgalat és az irodalmi
adatok Gjboli attekintése segitheti a dontést az eredmény
kozlésére vonatkozdan [27-29].

Kovetkeztetés

A praenatalis vizsgalatokban a klasszikus citogenetikai
vizsgilatok mellett egyre inkabb teret hoditanak a nagy
felbontoképességi eljardsok, mint a CMA- és WES-vizs-
galati modszerek. A nemzetkozi protokollokat alapul
véve, sajat tapasztalataink alapjan, terhel§ anamnézis ese-
tén a CMA-vizsgalat hasznosnak és gyorsan kivitelezhe-
tének bizonyult a porzitiv ultrahangvizsgalat és/vagy
NIPT-eredmény megerdsitésére. A CMA-modszer alkal-
mas tovabba klasszikus citogenetikai vizsgalattal igazolt,
de savozasi technikaval nem vagy nehezen meghatiroz-
hat6 eredetl tobblet eredetének pontos meghatirozasa-
ra is, és megbizhat6an alkalmazhat6 szdm feletti marker
kromoszémak eredetének meghatirozasara és sziilGknél
kimutatott kiegyensulyozott transzlokicié esetén a mag-
zatban esetleg kialakulé kiegyensulyozatlan eltérések fel-
ismerésére is.

Vetélések esetén azokban az esetekben alkalmazhatjuk
a CMA-moddszert, amelyeknél a klasszikus citogenetikai
modszerekkel nem lehet vizsgdlni a sejteket, mivel esetleg
a sejtek mar nekrotizalt dllapotba kertiltek, és nem képe-
sek osztodni. Tapasztalataink alapjan az ultrahangvizsga-
lattal megéllapitott magzati elhaldst kovetSen rovid idén
beliil kell az abortumbél a DNS-izoldlast elvégezni, mert
az esetleges nekrotikus folyamatok beinduldsa befolydsol-
hatja a CMA-vizsgalat eredményességét.

Sok esetben mutattunk ki microdeletiét vagy mikro-
duplikaciét. A nemzetkozi ajinldsokat figyelembe véve
kozoltiik ezeket a leletekben: 1) a koros és nagy valdszi-
nlséggel koros eltéréseket minden esetben kozoltiik,
i) méret alapjan mikroduplikacié esetén az 1 Mb méret-
nél nagyobb eltérést, illetve microdeletio esetén a 0,5
Mb méretnél nagyobb eltérést ismertettiik, iii) az
ACMG-standard szerint a CNV-re szdmolt pontérték
alapjan is meghatirozhat6 az adott eltérés patogenitasa,
iv) adatbazisokat is felhaszndltunk (Decipher, ClinVar,
ClinGen), hogy az érintett régidban leirt postnatalis ese-
tek, valamint az érintett génekre jellemz6 tulajdonsigok
alapjan (példdul dozisszenzitiv az érintett gén, vagy nem)
tenotipus-elérejelzést adhassunk.

A WES-vizsgilatok indikdciéja jelenleg még nem
olyan széles korti, mint a CMA-vizsgilatoké, de minden
olyan esetben, amelynél a genetikai eredet valészindsit-
hetd, és az el6zetes hagyomanyos kariotipizalas, valamint
CMA-vizsgalat negativ eredménnyel zarult, javasolt a
WES elvégzése. Ahol a terhesség el6rehaladott kora
sziikségessé teszi, javasolhaté a CMA- és a WES-vizsgi-
latok egyidejd inditasa. Abban az esetben, ha a csaladi
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kértorténet vagy a magzati fenotipus nukleotidszintd
genetikai hatteret feltételez, a WES megel6zheti a
CMA-t [0, 30].

Osszességében, a CMA 22%-ban (252 esetbdl), a
WES pedig 21,9%-ban (42 esetbdl) adott tobbletinfor-
miciot a klasszikus citogenetikiahoz képest. A nemzetko-
zi szakirodalomban megjelent publikdciékban erre eltéré
szdzalékokat adnak meg: CMA-ra 6-10%-o0s és 20%-os
értéket [31, 32], mig WES-re a legalacsonyabb 6,2% és a
legmagasabb 57,1% [33]. A kiilonbségek a kiilonboz6
platformok alkalmazasiabél adédhatnak: CMA esetén a
nagyobb felbontoképességii array tobb eltérést képes ki-
mutatni, valamint a leletben kozolt eltérések méretének
megvalasztasaval is eltéré szdzalékos adatok kaphatok.
A G-savozis, a CMA és a WES 6sszességében kb. 35%-
ban tud genetikai érintettséget azonositani, mig a fenn-
marad6 65%-ban teratogén hatasok dllhattak a kéros ult-
rahangeltérés és a magzati fejl6dési rendellenesség
hatterében. Ezek alapjan munkacsoportunk fontosnak
tartotta, hogy — a nemzetkozi ajanlisokat figyelembe
véve és a nemzeti sajitsigokat hozzitéve — egységes
praenatalis diagnosztikai protokollt alakitson ki a CMA-
és WES-vizsgalatokra vonatkozoélag.

Fontos megemliteni, hogy sem a CMA, sem az egész
genomra kiterjed§ szekvenaldsi médszerek nem képesek
minden genetikai rendellenességet kimutatni vagy telje-
sen kizdrni. A ritka rendellenesség fennmaradé kockdza-
ta, kiilondsen a tobbszoros velesziiletett rendellenessé-
gek esetén, fontos szempont a tanacsadds soran.

Megjegyzés: A vizsgalatok a napi rutin részét képezik,
amelyhez nem sziikséges kutatdsi engedély. A genetikai
vizsgalatokhoz minden esetben beleegyez$ nyilatkoza-
tot toltottek ki a betegek, és ezt az adott intézeti egység
a torvényben meghatirozott id6tartamig tarolja.

Anyagi tamogatds: A kozlemény megirasihoz a szerz6k
anyagi timogatdsban nem részesiiltek.

Szerzdi munkamegosztis: P. H.: CMA-vizsgilatok kivite-
lezése és kiértékelése, az eredmények Osszegzése. 1. A.:
WES-vizsgalatok kiértékelése és dsszegzése. K. J., T. B.,
B. B.: A tudomanyos eredmények Osszegzése és értéke-
lése. N. S., B. A, H. E., T. O., T. Zs.: Mintavétel, gene-
tikai tandcsadds, az eredmények 6sszegzése. A. K.: WES-
vizsgilatok kivitelezése, kiértékelése és az eredmények
osszegzése. E. T., L. V., K. V., K. Zs., T. E.: Genetikai
tandcsadds, az eredmények Osszegzése. F. M., M. D.:
Mintavétel, genetikai tanacsadds. L. P.: A tudomanyos
eredmények kiértékelése és Osszegzése, valamint a nem-
zeti stratégiak meghatarozasa. T. I.: A tudomanyos ered-
mények kiértékelése és 0Osszegzése, valamint a nemzeti
stratégiak meghatarozasa. A cikk végleges valtozatat va-
lamennyi szerz§ elolvasta és jovahagyta.

Erdekeltségek: A szerz6knek a cikkel kapcsolatosan nin-
csenek érdekeltségeik.
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