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The mystery of nuchal translucency
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HE FINDING OF A MEASURABLE FLUID-FILLED

space at the back of the fetal neck between 11

and 14 weeks gestation, and the association
between an abnormal measurement and fetal malfor-
mation, is, to my mind, one of the currently most
intriguing mysteries in medicine. The story began
with the publication from Benacerraf et al.! in 1988
of the association between the measurement of the
nuchal fold and Down'’s syndrome. Benacerraf et al.,
in a series of 5500 fetuses examined after 16 weeks of
gestation, found that combining the measurement of
the nuchal fold with the femoral length identified
three-quarters of cases of Down’s syndrome. About
this time, particularly in the United Kingdom, there
was an increasing demand from women over 35 years
of age for sampling of the chorion villus in the first
trimester, in order to obtain an earlier diagnosis of
Down’s syndrome, instead of waiting until 16 weeks
for amniocentesis. When sampling the placenta in
this group of patients, Nicolaides et al.? noticed that
some fetuses were hydropic, and showed increased
nuchal fluid or nuchal oedema. Subsequently, the
relationship of this finding to an eventual diagnosis
of trisomy 21 was recognised. Nicolaides et al.” had
observed that, of 827 fetuses examined between 10 and
14 weeks, the incidence of chromosomal abnormalities
overall was 3%, whereas, if the nuchal measurement
was greater than or equal to 3 millimetres, the inci-
dence was 35%. Subsequently, nuchal translucency
became the preferred term used to describe this
measurement. Although there is a slight variation
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Figure 1.

(a) A fetal specimen is seen after interruption of pregnancy with the
membranes intact. The translucent fluid-filled area at the back of
the fetal neck can be clearly seen. (b) A 12 weck fetus is seen on
ultrasound. The measurement of the nuchal translucency is markedly
increased.

with the length from crown to rump, in the fetus
between 11 and 14 weeks of gestation, the 95th cen-
tile of the normal measurement is around 2.5 mil-
limetres, with the 99th centile at 3.5 millimetres
(Fig. 1).° Intrigued by this finding, subsequent
review of the early literature on trisomy 21 revealed
the observation by Langdon Down, when describing
this particular group of patients in 1866, who said
that “The skin is deficient in elasticity giving the
appearance of being too large for the body. The face
is flat and the nose is small.” Now, 140 years later,
all these features can be used in the ultrasonic detec-
tion of the syndrome in early fetal life. A point of
additional interest is that hydrops, at a comparable
gestational age, is a feature of the mouse with tri-
somy 16. This animal, although not an ideal model
for humans with trisomy 21, shares many similar
characteristics, and has been used extensively in
embryological research into trisomy 21.

Further experience with the phenomenon of
increased nuchal translucency, demonstrated that
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when the chromosomes were normal, there was an
increased incidence of other fetal malformations, in
particular congenital cardiac disease, but also appar-
ently unrelated defects, such as skeletal anomalies,
diaphragmatic hernia, and an ever-increasing list of
genetic syndromes.® At first sight, it appears diffi-
cult to understand any possible association between
such unrelated defects as cardiac and skeletal malfor-
mations. A study of research in the animal model,
however, suggests that this may be explicable. Over
60 years ago, diaphragmatic hernia was found in the
offspring of rats who were fed a diet deficient in vita-
min A during pregnancy.’ Subsequently, congenital
cardiac malformations were detected by Wilson and
Warkany® in a similarly deprived group of rats. Later
experimentation on pregnant rats using the poison
nitrofen, at a critical period of embryological devel-
opment, led to the induction of diaphragmatic hernia
or congenital cardiac disease’ in one study, and skele-
tal anomalies in another.® Bisdiamine, another poison
extensively investigated in particular by Japanese
workers, is known to induce anomalies of the ven-
tricular outflow tracts in rats.” The mode of action of
both these poisons is through the inhibition of reti-
nal dehydrogenase-2, the enzyme which forms retinoic
acid from retinaldehyde, or vitamin A.'® A recent
paper demonstrated a low level of retinol at birth in
neonates with diaphragmatic hernia.!! It might be of
interest to test levels of retinol in neonates with con-
genital cardiac malformations. In the rat model at
least, nonetheless, the same insult can induce dis-
parate malformations in different systems, with the
type of malformation depending on the timing and
intensity of the insult, or dose of the poison, and the
genetic background. It also appears to be true that,
in the animal model at least, different insults can
produce the same anomaly.

Nuchal translucency and congenital cardiac
malformations

The strength of the association of congenital car-
diac disease with increased nuchal translucency was
reported by Hyett et al. in 1999,'? when these work-
ers found that over half of the mothers producing
offspring with major congenital cardiac malforma-
tions in a cohort of over 29,000 pregnancies was
associated with an increased nuchal translucency.
The ascertainment of the congenital cardiac malfor-
mations in the population studied was only 1.7 per
1000 livebirths, suggesting that many cases of con-
genital heart disease were not detected in the group
studied. Similar later studies, which were based on
the local population of a single hospital, found rates
of 17'% and 36%," respectively. The ascertainment of
congenital heart disease in the first of these studies'’
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was about expected, at 3.5 per 1000, whereas it was
only 1.7 in the latter study. Although these two stud-
ies appear to be adequate in terms of numbers, with
over 7000 and 6000 patients respectively, the number
of cases of congenital cardiac disease is insufficient to
be reliable. The correct figure for the proportion of
major congenital cardiac anomalies associated with
increased nuchal translucency may lie somewhere in
between, at about 25%."

The rate of congenital cardiac disease increases
concomitant with the increase in nuchal translu-
cency. When the nuchal translucency is between
2.5millimetres and 3.5 millimetres, the rate is 2%,
over twice the normal rate. Between 3.5 millimetres
and 4.5 millimetres, it is 4%, between 4.5 millime-
tres and 5.5 millimetres, 6.5%, between 5.5 mil-
limetres and 6.5 millimetres, 14%, and over 6.5
millimetres, it rises to 26%.'° Those patients with
an increased nuchal translucency now constitute the
most important group of our current referrals for
fetal echocardiography deemed to be at high risk,
yielding one-third of our fetal cardiac anomalies.
Our policy is to scan the fetus at the time of detection
of a nuchal translucency above 3.5 millimetres, there-
fore between 11 and 14 weeks of gestation. For those
patients with a nuchal translucency between 2.5
millimetres and 3.5 millimetres, detailed fetal
echocardiography is scheduled instead for 20 weeks.
In a series of 1210 fetuses seen between 11 and 14
weeks since 2000, 980 had a nuchal translucency
over 3.5 millimetres, the rest forming a normal
control group. Diagnostic images were obtained
abdominally in nine-tenths of cases. Of the 980, one-
quarter (252) had abnormal cardiac findings, of whom
85% had karyotypic abnormalities. It is important
to realise that detailed fetal cardiac evaluation is dif-
ficult at 12 weeks, and becomes progressively easier
with every day between 12 and 14 weeks. The mean
size of the aorta and pulmonary arteries at this gesta-
tion is about 1 millimetre, whereas by 14 weeks they
are about 1.7 millimetres, and 3.5 millimetres by 20
weeks, so the heart more than triples in size between
12 and 20 weeks. Despite this, with experience and
practice, it is usually possible to display clearly two
atriums and two ventricles of equal size, two great
arteries in spiralling relationship, the arch, and the
arterial duct (Fig. 2). Use of colour flow mapping in
these tiny chambers and vessels allows confirmation
of flow throughout the heart in the expected ante-
grade fashion. Doppler sampling of the atrioventric-
ular and arterial valves is usually possible. This being
true, the failure to demonstrate normal findings is sus-
picious, and the subsequent recognition of anomalies
such as the hypoplastic left heart syndrome, atrioven-
tricular septal defect, pulmonary atresia with intact
septum, and discordant ventriculo-arterial connections
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Figure 2.

A normal heart (a) is seen at 12 weeks in the four-chamber view. Two
equal atriums and ventricles can be seen, which fill on colonr flow
mapping (b) across patent atrioventricular valves. The origin of the
aorta from the left ventricle can be seen (c), and is confirmed on colour
flow mapping (d). In the plane immediately cranial to that shown in
(d), the pulmonary trunk can be seen crossing over the aortic origin (e),
confirming the normal spiral arvangement of the great arteries and
that the vessels are of approximately equal size.

Figure 3.

This fetus has an atrioventricular septal defect. The four-chamber
view is seen in systole (a), when the defect ar the lower end of the
atrial septum is seen. In the diastolic frame (b), the common valve is
seen to open across the crest of the ventricular septum.
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Figure 4.

In the four-chamber view (a), the smallness of the left side of the
heart can be appreciated. Aortic atresia is confirmed by the demon-
stration of reverse flow in the aortic arch (b). The arterial duct lies
below the arch, is much larger and shows forward flow.

Figure 5.

In a long-axis view of the left ventricle (a), the aorta is seen to arise
astride the crest of the ventricular septum. The pulmonary trunk
crosses the aortic origin in the normal way, but is appreciably smaller
than the aorta (b). This is tetralogy of Fallor.

Figure 6.

The cavity of the left ventricle is readily seen (a), whereas the cavity
of the right is small and the right ventricular walls appear thick.
On colour flow mapping (b), the left ventricle fills whereas the right
does not. This is a typical appearance of pulmonary atresia with intact
ventricular septum.

have all reliably been made in this setting (Figs 3—7).
Sometimes during the nuchal scan, the sonographer
recognises a cardiac malformation even when the
nuchal translucency is normal (Fig. 8), so this screen-
ing programme in itself often leads to early referrals.
Many fetuses with a diagnosis of congenital cardiac
disease, which is associated with a chromosomal
defect, proceed to termination of pregnancy. There is
often no confirmation of the diagnosis by autopsy. In
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Figure 7.
The great arteries arise in parallel orientation, and do not show their
normal spival arrangement. This is discordant ventriculo-arterial
connections.

Figure 8.

Although the nuchal translucency measurement was normal in this
[Jetus, the sonographer noticed the cardiac enlargement during the scan.
This was an early example of Ebstein’s malformation of the tricuspid
valve.

a fairly large series of patients, however, we have
been able to obtain follow-up either by autopsy, in
32 cases, or by later fetal scan, in 218 cases. Of these
250, confirmation of the findings was complete in
243, with only minor revisions or additions to diag-
nosis made in the remainder.

An unexpected finding that has proved interest-
ing has been the detection of functional cardiac abnor-
malities in the early scan, detected on pulsed Doppler.
Tricuspid regurgitation has been found in over half
of the fetuses with congenital cardiac disease. Isolated
tricuspid regurgitation, on the other hand, is found
in almost half of those fetuses who later prove to have
a karyotypic anomaly, particularly trisomy 21, in con-
trast to only one-tenth of those with an increased
nuchal translucency and a normal karyotype.!” Of this
tithe, half proved to have other genetic syndromes
on later follow-up. Unusual patterns of flow, such as
bi-directional flow in the aorta, pulmonary trunk or
duct, or reversed E/A ratio across the atrioventricular
valves, tend to be strongly associated with trisomy 18.

Although increased nuchal translucency can persist
in some cases, usually in genetic syndromes, such as
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Noonan’s syndrome, it is more frequently transient,
even in the chromosomally abnormal fetus. It usually
has resolved, or is resolving, by 14 weeks. This is also
true of isolated tricuspid regurgitation, even in tri-
somy 21. Makikaillo et al.'® found atrioventricular
valvar regurgitation in up to half of normal fetuses at
10 weeks gestation, in contrast to our finding of
2-4% of normals with normal nuchal translucency at
12 weeks. A possible explanation of this is that the
tricuspid valve is still in the process of delamination at
10 weeks, a process which is completed between 9 and
11 weeks.! It may be that fetuses with trisomies 21
and 18 have delay in this normal maturation process,
resulting in tricuspid regurgitation being still present
at 12 weeks, or it may be that the crux of the heart is
simply different from normal at this stage in the chro-
mosomally abnormal fetus.

The mechanisms producing nuchal
translucency

There have been several theories put forward as to the
underlying mechanism to increased nuchal translu-
cency, most commonly, especially in the obstetric
literature, that of “cardiac failure” or “cardiac dys-
function”. This is based on the idea that oedema in the
fetus must, of necessity, be caused by cardiac failure,
despite the fact that there are many other established
causes of hydrops in the later fetus. Alternatively, the
idea that a structural cardiac malformation, such as a
ventricular septal defect, could account for oedema is
proposed. Clearly, it is untenable for a ventricular
septal defect to cause cardiac failure in fetal life.
Support for the cardiac failure theory came from a
paper by Hyett et al.,?* where they found increased
levels of atrial and brain naturietic peptides in 15
fetuses with increased nuchal translucency compared
to 30 controls. It is known that the secretion of these
enzymes is developmentally regulated, yet nothing
is known of the pattern of secretion in fetuses with
trisomies, which all 15 had. Additionally, it is not
unlikely that retention of fluid in itself is a stimulus
that could increase levels of the peptides, when the
myocardium was responding in an appropriate fash-
ion to this stimulus. Nothing is known of the mech-
anism, or degree of stability, of regulation of fluid
balance prior to about 11 weeks gestation, when renal
function starts to come into play, this process taking
over regulation completely by about 14 weeks. This
coincides with the usual timing of resolution of nuchal
translucency, even in the abnormal fetus. Against the
idea of cardiac failure is the fact that the heart is not
enlarged, and has normal systolic function. Further
evidence of normal cardiac function was found in a
series of 638 fetuses, where the Tei index, and the
E/A ratio of the atrioventricular valves, was mea-
sured between 11 and 14 weeks.?! Of these, 159 were
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normal controls, 199 proved to be normal on follow-up
but had a nuchal translucency over 4 millimetres,
24 had isolated congenital cardiac disease, and the
remaining 256 had chromosomal anomalies. Of these
256, there were 142 cases of trisomy 21, 58 of trisomy
18, 19 of trisomy 13, and 37 of Turner’s syndrome.
In this study, no important differences in the indexes
of cardiac function were found between any of the
study groups and the controls.

A further mechanistic theory was put forward by
Bekker et al.,?? who found abnormal lymphatic vessels
in the neck region in fetuses with increased nuchal
translucency. They suggested that there was a primary
disorder of lymphangiogenesis, or endothelial func-
tion, which could cause both collections of nuchal
fluid and also cardiac malformations. Abnormalities
in the lymphatic vessels, however, may be induced by
the excess nuchal fluid itself.

It appears more likely that some form of disturbance
of haemodynamics or flow may be responsible for
inducing the cardiac malformation and causing disten-
sion of the tissues. Experiments in the chick embryo
show that alterations in cardiac inflow, either by cen-
tral or peripheral manipulation of streams of flow,
induce structural malformations.?*** Normal patterns
of flow affect expression of the normal sequence of
growth factors, without which the chambers do not
develop in the usual way.? It is well known that abla-
tion of the neural crest is associated with the devel-
opment of cardiac abnormalities, especially of the
ventricular outflow tracts. This was attributed to the
failure of neural crest cells to migrate to the outlet
component of the heart in the normal fashion during
development. More recent work suggests that distur-
bance of flow after ablation of the neural crest occurs
prior to the development of cardiac malformations,
and this may be the mechanism, rather than lack of
migration of cells.

Flow across the venous duct

The Doppler flow profile in the venous duct has
received much attention in recent years as an indica-
tor of cardiac function. The venous duct connects the
umbilical vein to the inferior caval vein, and acts as a
point of acceleration of flow (Fig. 9). An abnormal
flow profile can be associated with increased nuchal
translucency, cardiac malformations, and chromosomal
anomalies.”®?” In the normal fetus, there is a charac-
teristic pattern of forward flow throughout systole
and diastole in this vessel (Fig. 10a). The jet from
the duct travels via the inferior caval vein as a col-
umn of blood directly into the left atrium through
the oval foramen. Absent or reversed flow in diastole
has been suggested as reflecting the central venous
pressure later in pregnancy (Figs 10b,c). The Doppler
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Figure 9.
The venous duct (arrowhead) is seen in a long-axis view of the fetal
abdomen. 1t connects the umbilical vein to the inferior caval vein.

Figure 10.

The Doppler sample volume is corvectly positioned in the venous duct
(@), and shows a normal flow profile, with forward flow throughont
the cardiac cycle. In panel (b), there is absence of forward flow in dias-
tole in the profile, while panel (c) shows reversal of flow in diastole.

signal in the venous duct, however, can be unobtain-
able in some early fetuses, and overlap from adjacent
vessels can cause difficulty in interpretation of the
flow profile. Martinez et al.”® examined the pulsatil-
ity index in the jugular vein in 179 first trimester
fetuses, 22 of whom had increased nuchal translu-
cency, and found that there was no correlation
between the index in the jugular vein and the venous
duct. This suggests that there must be other expla-
nations than an increase in central venous pressure
for an abnormal flow profile across the venous duct
in this setting. Other causes of an abnormal flow
profile which have been described include dilation of
the venous duct in hypoxia, increased adrenergic
drive, a relative restriction of the oval foramen,
which is known to occur in fetal right heart disease,
and an increase in the end-diastolic pressure in the
left ventricle.
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Figure 11.
The scatter of diagnostic categories in 123 cases of fetal congenital
heart disease. All had increased nuchal translucency and normal
chromosomes.

Association with certain cardiac
malformations

Does the type of congenital heart disease seen in
association with increased nuchal translucency provide
any clues to the mechanism? In our centre, of 207
fetuses with abnormal chromosomes, there was a
scatter of diagnoses typical of chromosomal defects,
with atrioventricular septal defect and left heart dis-
ease comprising the majority, with ventricular septal
defect, tetralogy and double outlet right ventricle
making up the rest. The relative under-representation
of ventricular septal defect in the fetal series in com-
parison with postnatal series can be accounted for by
the difficulty in detection of even moderate ventric-
ular septal defects in fetal life. The diagnostic cate-
gories in 123 fetuses with normal chromosomes and an
increased nuchal measurement are seen in Figure 11.
There is a similar scatter of disease to that expected
in neonates, with the possible exception of the rate of
coarctation of the aorta and atrioventricular septal
defect. Coarctation was more frequent than might be
expected, but this can be explained by the fact that
some of them may have become examples of the
hypoplastic left heart by the end of pregnancy, and a
further group of anticipated cases of coarctation may
have proved normal after birth. Coarctation is one of
the few diagnoses where a false positive diagnosis can
occur in the fetus.?” The rate of atrioventricular sep-
tal defect, at about 12%, is close to the overall rate in
infant series, but in our series the chromosomal
defects have been taken out of this group. So this rate
does appear to be higher, perhaps more than twice,
the expected rate in infants. Whether this is of any
significance needs further investigation.

Conclusions

An exciting prospect to all this is that it seems likely
that the ability to make the diagnosis of congenital
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Figure 12.
The cartoon shows the sequence of events which might produce increased
nuchal translucency and cardiac malformations.

cardiac disease so much closer to the timing of the
insult which produces the cardiac malformation,
might lead to the identification of the insult itself. My
current understanding of the mechanism and chronol-
ogy of increased nuchal translucency and congenital
heart disease is seen in Figure 12. To summarise the
current situation:

® Fetuses with an increased nuchal translucency are
an important group at high-risk to be referred for
detailed fetal echocardiography, with a greater
risk of congenital cardiac disease than the tradi-
tional groups considered at increased risk.

® With practice and experience, major forms of con-
genital cardiac disease can reliably be diagnosed
at 12 weeks gestation in the majority of fetuses
examined at this time.

® Those fetuses with a nuchal translucency mea-
surement over 3.5 millimetres should have a car-
diac scan at least by 14 weeks, as they represent a
group at particularly high risk who should not be
made to wait until 20 weeks for reassurance.

® Any form of congenital cardiac disease may be
associated with increased nuchal translucency.

® The underlying mechanism that produces increased
nuchal translucency remains elusive.

References

1. Benacerraf B, Gelman R, Frigoletto FD. Sonographic identifica-
tion of second-trimester fetuses with Down’s syndrome. N Engl J
Med 1987; 317: 1371-1374.

2. Nicolaides KH, Azar G, Byrne D, Mansur C, Marks K. Fetal nuchal
translucency: ultrasound screening for chromosomal defects in
first trimester of pregnancy. B Med J 1992; 304: 867-869.

3. Pandya PP, Snijders RJ, Johnson SP, De Lourdes Brizot M,
Nicolaides KH. Screening for fetal trisomies by maternal age and
fetal nuchal translucency thickness at 10 to 14 weeks of gestation
Br J Obstet Gynaecol 1995; 102: 957-962.


https://doi.org/10.1017/S1047951105002039

Vol. 16, No. 1

4.

10.

11.

12.

13.
14.
15.

16.

17.

Souka AP, Von Kaisenberg CS, Hyett JA, Sonek JD, Nicolaides
KH. Increased nuchal translucency with normal karyotype. Am J
Obstet Gynecol 2005; 192: 1005-1021.

Anderson DH. Incidence of congenital diaphragmatic hernia in
the young of rats bred on a diet deficient in vitamin. Am J Dis
Child 1941; 2: 888-889.

Wilson JG, Warkany J. Congenital anomalies of heart and great
vessels in offspring of vitamin A-deficient rats. Am J Dis Child
1950; 79: 963-966.

Costlow RD, Manson JM. The heart and diaphragm: target organs
in the neonatal death induced by nitrofen (2,4-dichlorophenyl-
p-nitrophenyl ether). Toxicology 1981; 20: 209-227.

Migliazza L, Otten C, Xia H, Rodriguez JI, Diez-Pardo JA,
Tovar JA. Cardiovascular malformations in congenital diaphrag-
matic hernia: human and experimental studies. J Pediatr Surg
1999; 34: 1624-1628.

Tasaka H, Takenaka H, Okamoto N, Onisuka T, Koga Y,
Hamada M. Abnormal development of cardiovascular systems in rat
embryos treated with bisdiamine. Teratology 1991; 43: 191-200.
Mey J, Babiuk RP, Clugston R, Zhang W, Greer JJ. Retinal
Dehydrogenase-2 is inhibited by compounds that induce congenital
diaphragmatic hernia in rodents. Am J Pathol 2003; 162:
673-679.

Major D, Cadenas M, Fournier L, Leclerc S, Lefebvre M, Cloutier R.
Retinol status of newborn infants with congenital diaphragmatic
hernia. Pediatr Surg Int 1998; 13: 547-549.

Hyett J, Perdu M, Sharland G, Snijders R, Nicolaides KH. Using
fetal nuchal translucency to screen for major congenital cardiac
defects at 1014 weeks of gestation: population based cohort
study. BMJ 1999; 318: 81-85.

Mavrides E, Cobian-Sanchez F, Tekay A, et al. Limitations of using
first-trimester nuchal translucency measurement. Ultrasound
Obstet Gynecol 2001; 17: 106-110.

Michailidis GD, Economides DL. Nuchal translucency measure-
ment and pregnancy outcome in karyotypically normal fetuses.
Ultrasound Obstet Gynecol 2001; 17: 102—105.

Makrydimas G, Sotiriadis A, Huggon IC, et al. Nuchal translucency
and fetal cardiac defects: a pooled analysis of major fetal echocar-
diography centres. Am J Obstet Gynecol 2005; 192: 89-95.

Atzei A, Gajewska K, Huggon IC, Allan L, Nicolaides KH. Rela-
tionship between nuchal translucency thickness and prevalence of
major cardiac defects in fetuses with normal karyotype. Ultrasound
Obstet Gynecol 2005; 26: 154-157.

Fiaola S, Tsoi E, Huggon IC, Allan LD, Nicolaides KH. Likelihood
ratio for trisomy 21 in fetuses with tricuspid regurgitation at the

https://doi.org/10.1017/51047951105002039 Published online by Cambridge University Press

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Allan: Nuchal translucency 17

11 to 13 + 6-week scan. Ultrasound Obstet Gynecol 2005; 26:
22-27.

Makikallio K, Jouppila P, Rasanen J. Human fetal cardiac function
during the first trimester of pregnancy. Heart 2005; 91: 334-338.
Lamers WH, Viragh S, Wessels A, Moorman AFM, Anderson RH.
Formation of the tricuspid valve in the human heart. Circulation
1995;91: 111-121.

Hyett JA, Brizot ML, Von Kaisenberg CS, McKie AT, Farzaneh F,
Nicolaides KH. Cardiac gene expression of atrial natriuretic pep-
tide and brain natriuretic peptide in trisomic fetuses. Obstet
Gynecol 1996; 87: 506-510.

Huggon IC, Turan O, Allan LD. Doppler assessment of cardiac
function at 11-14 weeks’ gestation in fetuses with normal and
increased nuchal translucency. Ultrasound Obstet Gynecol 2004;
24: 390-398.

Bekker MN, Haak MC, Rekoert-Hollander M, Twisk J,
Van Vugt JM. Increased nuchal translucency and distended jugu-
lar lymphatic sacs in first-trimester ultrasound. Ultrasound
Obstet Gynecol 2005; 25: 239-245.

Stekelenburg-de Vos S, Ursem NT, Hop WC, Wladimiroff JW,
Gittenberger-de Groot AC, Poelmann RE. Acutely altered hemo-
dynamics following venous obstruction in the early chick
embryo. J Experimental Biol 2003; 206: 1051-1057.

Harh JY, Paul MH, Gallen W], Friedberg DZ, Kaplan S.
Experimental production of hypoplastic left heart syndrome in
the chick embryo. Am J Cardiol 1973; 31: 51-56.

Sedmera D, Cook AC, Shirali G, McQuinn TC. Current issues
and perspectives in hypoplasia of the left heart. Cardiol Young
2005; 15: 56-72.

Matias A, Gomes C, Flack N, Montenegro N, Nicolaides KH.
Screening for chromosomal abnormalities at 10-14 weeks: the
role of ductus venosus blood flow. Ultrasound Obstet Gynecol
1998; 12: 380-384.

Matias A, Huggon I, Areias JC, Montenegro N, Nicolaides KH.
Cardiac defects in chromosomally normal fetuses with abnormal
ductus venosus blood flow at 10-14 weeks. Ultrasound Obstet
Gynecol 1999; 14: 307-310.

Martinez JM, Echevarria M, Gomez O, et al. Jugular vein and
carotid artery blood flow in fetuses with increased nuchal translu-
cency at 10-14 weeks gestation. Ultrasound Obstet Gynecol
2003; 22: 464-469.

Sharland GK, Chan KY, Allan LD. Coarctation of the aorta: diffi-
culties in prenatal diagnosis. Br Heart J 1994; 71: 70-75.


https://doi.org/10.1017/S1047951105002039

