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significantly increased risk of talipes equinovarus compared
with CVS and a possible increase in early, unintended preg-
nancy loss.

POSTPROCEDURE ANMNIOTIC
FLUID LEAKAGE

Besides fetal loss, additional complications have been reported
as being directly related to an invasive prenatal diagnosis pro-
cedure. Leakage of amniotic fluid after the amniocentesis pro-
cedure is concerning because of the risk for infection, miscar-
riage, preterm labor/delivery, and fetal neonatal complications.
The reported incidence varies from 0—4.6% (Table 35-1). Penso
et al.® reported 40% fetal loss after leakage of amniotic fluid
in 407 EA procedures. A similar rate of fetal loss after 936
EA procedures at less than 12.8 weeks was also reported by
Hansen et al.*? Brumfield et al.> reported a 2.9% incidence of
leakage and this was found to be significantly higher compared
with 0.2% in the cohort control group of mid-trimester amnio-
centesis. This post procedural complication contributed to a
22% fetal loss rate. Cederholm et al.!” described the highest
rate of postprocedure leakage (7.5%) in a partially randomized
series of 147 EA procedures compared with 174 transabdom-
inal CVS (7.5% vs. 1.1%). The CEMAT study reported ag

before 22 weeks of gestation when EA were compared
standard amniocentesis (3.5% vs. 1.7%).1°
A review paper evaluated thirteen re
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amniocentesis and 280 cases of amniotic fluid leakage for an
incidence of 1.6%. Factors such as gestational age of less than
15 weeks and avoiding the placenta were found to increase
the risk. Conservative management with bed rest was found
to be useful in allowing the leakage site to seal. Amnio patch
technique was also considered.”

MUSCULOSKELETAL

The smaller amounts of amniotic fl
dependant extraembryonic coelome se
the chorion membranes are a major conce
sis is required in f; aihan 15 gestatidnal weeks.>? The
total volume of & Anite@Pr30-50 mL at around
12 gestation’wee prability of the fetal lungs
and extrgiti er jp to 50% of the amniotic
s if the amniotic membrane
anyveports have suggested an associ-
genital abnormalities (Table 35-3).

ity appears to have increased suscepti-
wig@¥mporary disturbances from a diminution in intra-
jotic volume.?? A randomized study of second trimester
entesis has shown that the incidence of talipes (0.8%)

ation between
Theglower

ive testing.®® Penso et al.® 2.2% of orthopedic postural
mity including 4 club feet, 1 hyperextended knee, 1 sco-

TABLE EARLY ANMINIOCENTES TED MIUSCULOSKELETAL AND

35-3 RESPIRATORY COMP
Complications

Randomized Studies Volume AF(mL)  Leakage AF %  Musculoskeletal %  Respiratory %
EATA!! (2004) 12-14 9.7 1.5 0.4
CEMAT' (1 11 4.6 1.3 —
Sunberg’ (1 25 filtered 24 24 0.9
Johnson'> (199 11 2.1 1.2 2
Partially 14
Nagel'§ 130 22 11 — 3.1 —
Ceder 147 20 10 7.5 0 —
Nicolaides 840 20 11 — 1.6 —
Observatio
Yoon”® (2001) 980 22 11-12 — 1.1 —
Tharmaratnam®’ (1998) 412 22 7 1.6 2.7
Eiben?? (1997) 3,277 22 3-6 1.1 0.4 —
Henry*° (1992) 1,805 22 11-17 1.7 0.5 —
Hanson®? (1992) 879 22 12-15 1.1 <04 —
Hackett>® (1991) 106 20 10-18 1 2.0 —
Nevin*? (1990) 222 20 2-17 — 0.5 —
Penson® (1990) 407 22 12-15 2.6 2.2 6.1

AF—amniotic fluid.
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et al.*? described a single case of bilateral talipes equinovarus
(0.5%) in their 222 EA procedures. Hackett et al.3¢ identified 4
congenital anomalies from their series of 62 EA procedures; 2
were positional talipes. Eiben et al.?? reported an incidence of
0.4% of hip dislocation and talipes. Sundberg et al.” reported
a higher rate of talipes equinovarus after filtered EA compared
with CVS in a randomized trial but the number of EA pro-
cedures were not sufficient to allow definitive conclusion.??
The 2 congenital anomalies mentioned in the Cederholm and
Axelsson!” study did not involve the musculoskeletal system
(large hemangioma on the trunk, cleft palate). Nicolaides’ par-
tially randomized trial showed a higher incidence of talipes
equinovarus in the EA group (1.66%) than in the CVS group
(0.48%), but this difference was not statistically significant.'
The partially randomized trial of Nagel et al.'® comparing EA
and transabdominal CVS had to be terminated early because
of an unintended increased fetal loss rate and substantially
more frequent incidence of talipes [3.1% (0.8-7.7%)]. The
CEMAT'? trial showed a significant increased rate of a foot
anomaly (1.3% vs. 0.1%; p = 001) for EA from 11 + 0 week
to 12 + 0.

EATA!! study found a 4.65 fold increase in talips with
amniocentesis during week 13 of pregnancy. Yoon et al.”® re-
viewed a non randomized cohort following EA and found a
1.1% incidence of talips. Tharmaratnam et al.”’” reported a rate
of fixed flexion deformities of 1.6%. Their conclusion was that
there is a positive association with the amount of amniotic fluid
removed and the rate of musculoskeletal deformities.”’

An orthopedic review group hypothesized that the foot de-
formities are secondary to decreased fetal movement during a
key phase in foot and ankle development.”®

Even before the evaluation of EA, there have been con-
cerns of possible lung complications related to traditional
amniocentesis.%” Some suboptimal lung growth and develop-
ment have been demonstrated in a monkey model.”® Milner
et al.”” compared immediate neonatal lung function tests in 39
full-term babies that had had an amniocentesis in the second
trimester with 43 unexposed babies. Their results showed a
significantly lower dynamic compliance of the lungs and an
increased resistance in the group exposed to amniocentesis.”
The incidence of respiratory difficulties in newborns after EA
varies from 1% to 6.1%.5 Calhoun et al.!°! reported on a
prospective controlled pilot study evaluating short-term com-
plications of EA versus mid-trimester amniocentesis. They
identified a clinically but not significant difference in pul-
monary complications between the EA group and the stan-
dard group.'®! Tharmaratnam et al.”” reported a series of 404
EA procedures; the incidence of respiratory problems at birth
was 2.7% after removing only 7 mL of amniotic fluid. These
results for lung complications were comparable with other
studies.’” Recently, Greenough et al.'%? evaluated the impact
of EA and CVS on respiratory morbidity in very young chil-
dren. The functional residual capacity was higher as well as
the number of chest-related hospital admissions for the EA
group compared with the control group.'”> They concluded
that first trimester procedures are associated with increased
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respiratory morbidity in children within their first year of
life.'0

OTHER POSSIBLE FINDINGS
FOLLOWING ANMINIOCENTESIS

Evidence of bacterial and viral organisms present in the am-
niotic fluid at the time of second trimester amniocentesis has
been reported.'%>1% In 22 consecutive asymptomatic women
with intact membranes at mid gestation, 3 (13.6%) specimens
found chlamydia trachomatsis (2) and corynebacterium group
(1).'9 Preexisting intrauterine viral infections were identified
in 8% of post amniocentesis losses within 30 days of proce-
dure and 15% of matched controls without pregnancy loss.
Adenovirus was present in both groups while cytomegalovirus
was found in only the control group. The conclusion was that
the presence of virus in second trimester amniotic fluid is not
significantly associated with elevated IL-6 levels or with early
post amniocentesis pregnancy loss.!*® These infection studies
have not been evaluated in the first trimester.

Reports of amniocentesis fetal needle trauma at second
trimester are rare with the use of continuous ultrasound
guidance.'%1% These risks may be present in first trimester as
well.

A secondary analysis'”’ of the EATA Trial'! identified
an observation that focal disruption of the placenta at 13—14
weeks may increase the risk of hypertension/preeclampsia.
These findings provide support for the theory that distur-
bances in early placentation lead subsequently to maternal
hypertension.'?’

CONCLUSION

Over the years, many observational studies and partially ran-
domized and randomized trials had shown that early amnio-
centesis can be performed effectively. The results are generally
compared with a mid-trimester amniocentesis at a comparable
time. This technique, attractive because of a shorter learning
curve, the availability, the low rate of maternal-cell contami-
nation, and the early gestational timing, has been performed
widely in many centers. During this last decade, more and more
articles have started to raise questions about the safety of the
EA procedure. The increased rate of post procedure fetal loss
was often explained by many authors to be due to the early
timing of the procedure compared with the standard amnio-
centesis. Recently, multicenter randomized trials (CEMAT!;
EATA'") comparing EA and mid-trimester amniocentesis and
late chorionic villus sampling reported statistically and clini-
cally significant results. The CEMAT!? study showed the EA
group to have a total pregnancy loss to be significantly higher,
a significant increased incidence of musculoskeletal foot
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deformities, an increased culture failure rate, and an increased
post-amniocentesis rate of leakage when compared with stan-
dard mid-trimester amniocentesis. The EATA!! study showed
an increased risk of talips with amniocentesis at 13 weeks
gestation and possible increased pregnancy loss. These results
should certainly be part of any pre-procedure counseling when
EA procedure is considered. There is still the need to evaluate
early amniocentesis between 14 + 0 to 14 + 6 weeks.
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Since the development of amniocentesis more than 30 years
ago, there has been a constant desire to move prenatal diagno-
sis to as early in gestation as possible.! In the mid-1980s, the
combination of increasingly sophisticated ultrasound and lab-
oratory cytogenetic advances made first trimester sampling of
chorionic villi possible. Two decades of experience have now
shown that chorionic villus sampling (CVS), in experienced
hands, is both safe and effective (Fig. 36-1). Despite allega-
tions in the early 1990s of increased risk of birth defects?3
now clearly disproved at the usual gestational ages by objec-
tive data (although still disputed by some), CVS gained rapid
acceptance, then decline, and now re-acceptance in prenatal
diagnosis in the hands of experienced operators.

In the 1980s, several US and European centers began per-
forming CVS for the purpose of prenatal diagnosis in the clin-
ical setting. Multiple single institutions and collaborative pa-
pers documented its accuracy and safety. Following the 1990
FDA approval of the Trophocan™ catheter (Concord/Portex;
Keene, New Hampshire) for use in transcervical CVS, an in-
creasing number of US physicians began offering the proce-
dure. To obtain privileges to perform CVS, some states enacted
legislation requiring the performance of 50 CVS procedures
in pregnancies in which the patient has already chosen first
trimester abortion.! This practice has not always been feasi-
ble because of the controversies already surrounding elective
abortion, or because of the increased medical costs if this ex-
perience were acquired in a hospital setting. Other states and
hospitals had no guidelines at all, which resulted in physicians
performing the procedure without guidance and experience of
trained operators.

INDICATIONS

The most common indications for CVS are advanced maternal
age, and a biochemical or molecularly diagnosable genetic dis-
order abnormalities. Over the last decade, nuchal translucency
(NT) measurement in the first trimester has become a routine in
many centers worldwide (see Chapter 23). Increased NT in the
first trimester has been shown to be a prognostic marker of fetal
aneuploidy as well as structural anomalies.* The risk for fetal
trisomy increases with NT, and that NT of 3, 4, 5, and >6 mm
are associated with a 4-fold, 21-fold, 26-fold, and 41-fold in-
crease, respectively, in the maternal age-related risks for tri-
somies 21, 18, and 13.5 Over the last few years, combined first
trimester screening has been employed, using first trimester
NT and maternal serum pregnancy associated plasma protein
A (PAPP-A) and free B-hCG.°~® This combined screening
strategy is estimated to achieve a DS detection rate of 80-85%
for a 5% false positive rate.” The test may be performed at
11-13 weeks of gestation, and screen positive patients may be
offered CVS. Other general indications have been reviewed
elsewhere and will not be repeated here.
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With the exception of those patients whose primary risk is
for a neural tube defect, any patient considered a candidate for
amniocentesis could be offered CVS if they are seen in the first
trimester. CVS has the advantage of earlier diagnosis, allow-
ing earlier intervention when mandated guaranteeing privacy
in reproductive choices. While we used to check routinely at
9-10 weeks, we generally attempt to schedule patients inter-
ested in CVS to be seen at 11-12 weeks gestational age in
order to obtain translucency measurements at the same time. If
an abnormality is found, they may choose to terminate by the
safer, easier, quicker, and cheaper suction method rather than
techniques used in the second trimester, which are more expen-
sive, have higher complication rates, and are without privacy
as often many of the pregnant status of the patient becomes
obvious.

MULTIPLE GESTATIONS

CVS can be performed in the setting of multiple gestations
if separate, discrete placentas are clearly identified. Twins are
the most common multiple gestation even in the era of as-
sisted reproductive technologies (ARTs). We commonly per-
form CVS in higher order multiples prior to fetal reduc-
tion, but usually sample only the 2 or 3 fetuses likely to
be kept. Placental and fetal locations must be meticulously
noted in order to avoid the issues of mis-identification and of
sampling 1 twin twice, and the other not at all (Fig. 36-2).
Operators performing transcervical/transcervical CVS may
run the risk of cross-contamination of samples. With twins,
a transabdominal/transcervical CVS or transabdominal/
transabdominal dual CVS procedure can commonly be per-
formed to minimize cytogenetic contamination.

In the setting of a “vanishing twin,” which may occur in
up to 3% of pregnancies,'? studies suggest an increased risk of
aneuploidy in the remaining placental tissue of the “vanished
twin”.!! Therefore, care must be taken during sampling if only
the remaining twin is being evaluated.

PROCEDURE

After counseling, the next step is the ultrasound evaluation.
First, fetal viability is confirmed. About 7% of patients are
discovered to have a blighted ovum or an embryonic/fetal
demise.'? Fetal size discrepancies should also be noted. Of
significant concern is the smaller-than-expected fetus, even in
the first trimester. We have found that such fetuses are at in-
creased risk for aneuploidy,'>'# and that such cases merit CVS
to shorten the time to diagnosis.

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.



434

FIGURE 36-1 CVS ultrasound—transcervical.

Appropriate dating of the pregnancy is of particular im-
portance in some cases of prenatal diagnosis by DNA stud-
ies. Some disorders such as fragile X syndrome or other dis-
eases diagnosed by Southern blot may require larger amounts
of tissue (2040 mg), compared to PCR-based diagnosis
(Fig. 36-3). If the indication for CVS is such that requires
large amounts of tissue, we prefer to schedule the patient at
11-12 weeks gestation because the placental mass is gener-
ally larger, and multiple passes may be necessary to obtain
sufficient material for DNA extraction and analysis.

Placental evaluation is of utmost importance in properly
assessing patients for transcervical CVS. In general, placental
location determines whether the approach will be transcervi-
cal or transabdominal. For most cases, this decision will be
straightforward. If the placenta is low-lying and posterior, a
transcervical approach is appropriate. Such cases are easier
to perform and may be attempted by novices under guidance.
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FIGURE 36-2 Twin CVS ultrasound.
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FIGURE 36-3 Villi in dish.

If the placenta is anterior and fundal, an abdominal approach
is usually indicated. The placenta can sometimes be maneu-
vered into a vertical configuration by judicious manipulation
of bladder volume. There is wide variation among operators
in the percentage of cases done cervically versus abdominally.
In general, it is easier for less experienced physicians to do
transabdominally because of their prior amniocentesis expe-
rience. However, most patients prefer an experience akin to a
pap smear rather than a needle. It is critical that operators be
able to perform both methods.

Other factors must be considered before attempting CVS.
At times the patient gives a history of genital herpes simplex
or a recent group B streptococcus (GBS) infection. Such cases
should be individualized, and the small or theoretical risk of
introducing an infection into the fetal-placental tissues should
be discussed with the patient. Transabdominal CVS (TA-CVS)
or amniocentesis are usually offered when a significant risk of
active GBS is present as data are in favor that uterine infec-
tion in such cases might occur almost entirely after transcervi-
cal aspiration.!>!6 Additionally, because of the possibility of
GBS septic abortion after transcervical CVS procedure (TC-
CVY) in known GBS carriers, prophylactic antibiotic therapy
may be advocated prior to TC-CVS in such selected cases.
Silverman et al.'® have showed, however, that CVS was asso-
ciated with a low rate of post CVS bacteremia (4.1% after TC-
CVS compared to none after TA-CVS). Additionally, although
catheter tips used for TC-CVS yielded positive cultures in as
much as 16.3% of procedures, the actual rate of bacteremia
was much lower. Baumann et al. compared cervical bacterial
carrier status in women performing TC-CVS and TA-CVS and
its implications on pregnancy outcome.'” They reported an in-
creased incidence of miscarriages in the TC-CVS group where
bacteria/yeast or mycoplasma were found in cervical cultures.
In comparison, none of the miscarriages after TA-CVS was
associated with bacterial- or fungal-positive cervical cultures
other than mycoplasma. The authors concluded that regard-
ing TA-CVS positive cervical mycoplasma culture might be
associated with late miscarriage (greater than 2 weeks post
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procedure). The choice of whether to perform TA-CVS or TC-
CVS should be made according to the experienced operator’s
judgment, based on the previously described conditions and in
accordance with the patient’s bacterial/fungal cervical carrier
status.

SAFETY

Over the past 2 decades, multiple reports from individual cen-
ters have demonstrated the safety and low rates of pregnancy
loss following CVS.!3723 In experienced centers, the total rate
of miscarriage from the time of CVS until 28 weeks’ gesta-
tion is approximately 2—-3%.2>?*25 However, adjustments for
the relatively high background loss at this gestational age are
necessary to determine procedure-related pregnancy loss.

In the late 1980s and early 1990s most data regarding the
safety of either transabdominal or transcervical CVS proce-
dures was reported by 3 collaborative groups. The Canadian
Collaborative CVS-Amniocentesis Clinical Trial Group re-
ported a prospective, randomized trial comparing CVS to sec-
ond trimester amniocentesis.”’® There were 7.6% fetal losses
(defined as spontaneous abortions, induced abortions, and late
losses) in the CVS group, and 7.0% in the amniocentesis group.
The difference of 0.6% for CVS over amniocentesis was not
statistically significant, however, the overall loss was relatively
high.

The first American Collaborative Report was a prospective,
nonrandomized trial of over 2,200 women who chose either
TC-CVS or second trimester amniocentesis.>’ Patients in both
groups were recruited in the first trimester of pregnancy. As in
the Canadian study, advanced maternal age was the primary
indication for prenatal diagnosis. When the loss rates were ad-
justed for slight group differences in maternal and gestational
ages, an excess pregnancy loss rate of 0.8% referable to CVS
over amniocentesis was calculated, which again was neither
clinically nor statistically significant.

A prospective, randomized collaborative comparison of
over 3,200 pregnancies sponsored by the European MRC
Working Party on the Evaluation of CVS demonstrated a 4.6%
greater pregnancy loss rate following CVS when compared
with amniocentesis (95%; CI 1.6-7.5%).® However, there
were major flaws with this study. Operator experience, or lack
therefore would likely explain this difference. The US trial in-
cluded 7 centers and the Canadian trial included 11 centers,
whereas the European trial included 31. There were, on aver-
age, 325 cases per center in the United States study, 106 in
the Canadian study, but only 52 in the European trial. While
no significant change in pregnancy loss rate was demonstrated
during the course of the European trial, the learning curve for
both transcervical and transabdominal CVS probably exceeds
400 or more cases.??** Operators having performed fewer than
100 cases may have 2-3 times the postprocedure loss rate of
operators who have performed more than 1,000 procedures.’!
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Nicolaides et al., compared the pregnancy outcome fol-
lowing prenatal diagnosis procedure between CVS and early
amniocentesis, done at 10 and 13 weeks’ gestation, and found
that the spontaneous loss rate was significantly higher after
early amniocentesis (5.3%) than after CVS (2.3%).3

In a more recent work on the safety of TA-CVS, Brun
et al. reported of their experience in 10,741 CVSs during
1990-1999.2% The rate of fetal loss at <28 weeks was 1.64%
in all pregnancies and 1.92% when CVS was performed before
13 weeks. The authors explain their low fetal loss rate by the
fact that CVS was done at a higher median gestational age
(15 weeks) and in contrast to other studies, not done exclu-
sively during the first trimester. In concordance with other
studies, advanced maternal age appeared to be the single factor
significantly associated with fetal loss.

Several randomized trials have compared the transcervical
and transabdominal approaches.?*30:33:34 In the United States
collaborative CVS Project, no difference was found in the post-
procedure pregnancy loss rates between the 2 approaches (TC-
CVS 2.5%, TA-CVS 2.3%).2* Equally important was that the
overall post-CVS loss rate in the study (2.5%) was 0.8% lower
than that in the initial US study, which compared CVS to sec-
ond trimester amniocentesis. Because 0.8% was the quantita-
tive difference in loss rates between amniocentesis and CVS
in the original study, this finding suggests that when cen-
ters become equivalently experienced, amniocentesis and CVS
may have the same risk of pregnancy loss. Smidt-Jensen also
found no difference in pregnancy loss between TA-CVS and
second trimester amniocentesis, but he showed an increased
risk for TC-CVS, the procedure for which their center was
least experienced. In a retrospective review of their experience
with over 9,000 CVS procedures, Church has shown that in
their center, transcervical CVS has a slightly greater risk of
pregnancy loss than transabdominal sampling.>® Recently, an
international randomized trial of late first trimester invasive
prenatal diagnosis to assess the safety and accuracy of am-
niocentesis and TA-CVS performed at 11-14 weeks was
reported.*® No difference in fetal loss or preterm delivery was
observed for both procedures (2.3% and 2.1%, respectively).
However, a 4-fold increase in the rate of talipes equinovarus
was observed in cases where early amniocentesis was the tech-
nique used. The authors concluded that amniocentesis at, or be-
fore, 13 weeks carries an increase risk for this specific limb de-
fect and an additional increase in early, unintended pregnancy
loss. In another study, Alfirevic et al.” have analyzed 14 ran-
domized studies from the Cochrane Pregnancy and Childbirth
Group Trials Registry and from the Cochrane Central Registry
and Control Trials, in order to assess the safety and accuracy
of the various invasive procedures employed for early prena-
tal diagnosis. Based on their results they concluded that early
amniocentesis is not a safe alternative to second trimester am-
niocentesis because of increased pregnancy loss (relative risk
1.29), and higher rates of talipes equinovarus (relative risk
6.43). According to their results, TC-CVS appeared to carry a
significant higher rate of pregnancy loss and spontaneous mis-
carriage (relative risk 1.4 and 1.5, respectively) in comparison
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to second trimester amniocentesis. Notably, the absolute per-
centages reported in that study were higher than those reported
by others (ie, fetal loss after transcervical CVS 14.5%).

In conclusion, for first trimester diagnosis, either TA-CVS
or TC-CVS are the preferred method of choice, while early
amniocentesis carries a significant risk for fetal loss and fetal
malformations. It appears safe to speculate that fetal loss rates
between transcervical and transabdominal sampling will be
similar in most centers once equivalent expertise is gained with
either approach. We believe utilization of both methods is nec-
essary to have the most complete, practical, and safe approach
to first trimester diagnosis.

RISK OF FETAL ABNORMALITIES
FOLLOWING CVS

In the first half of the 1990s it was suggested that CVS may be
associated with specific fetal malformations, particularly limb
reduction defects (LRDs). Today, based on the published data,
it appears safe to state that there is no increased risk for LRDs
or any other birth defect when CVS is performed at >70 days
of gestation from LMP.3¥~*! Nonetheless, the subject will be
reviewed in greater detail.

The first suggestion of an increased risk for fetal abnor-
malities following CVS was reported by Firth et al.? In a series
of 539 CVS-exposed pregnancies, there were 5 infants with
severe limb abnormalities in a cohort of 289 pregnancies sam-
pled by TA-CVS at 55—66 days gestation. Four of these infants
had the unusual and very rare oromandibular-limb hypogenesis
syndrome, and the fifth had a terminal transverse LRD. Based
on the estimation that oromandibular-limb hypogenesis syn-
drome occurs in 1 per 175,000 live births,*? and LRDs occurs
in 1 per 1690 births,* the occurrence of these abnormalities in
more than 1% of CVS-sampled cases raised a high level of sus-
picion of a causative association. Subsequently, other groups
have reported the occurrence of LRDs and oromandibular hy-
pogenesis in following CVS.*~* Currently, an abundant data
has accumulated concerning with the possibility and statis-
tics of fetal abnormalities following a CVS procedure.?*~*#! In
1992, a case-control study using the Italian Multi-Center Birth
Defects Registry, reported an odds ratio of 11.3 (95%; CI 5.6—
21.3) for transverse limb abnormalities following first trimester
CVS.*). When stratified by gestational age at sampling, preg-
nancies sampled prior to 70 days had a 19.7% increased risk
of transverse limb reduction defects, while patients sampled
later did not demonstrate a significantly increased risk. Other
case-control studies, however, have not seen any association
of CVS with LRDs. 40

Currently, there are ample data suggesting an increased
risk for fetal malformations when CVS is done at an ear-
lier gestation age (i.e., prior to 70 days of gestation).>340
Brambati et al. reported a of 1.6% incidence of severe LRDs in
a group of patients sampled at 6 and 7 weeks gestation.*® This
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rate decreased to 0.1% at 8—9 weeks. In a report of the Taiwan
CVS experience, Hsieh reported 29 cases of limb reduction
defects following CVS from September 1990 until June 1992;
4 cases had oromandibular limb hypogenesis syndrome.*’
However, there were 2 remarkable aspects of this report. First,
although the gestational age at sampling was not known with
certainty in all cases, most were performed at <63 days. Sec-
ondly, the cases with LRDs were performed by inexperienced
community-based operators, whereas no defects were seen in
cases performed at major medical centers. These data support
the assumption that early gestational sampling and excessive
placental trauma may be etiologic in the reported clusters of
post-CVS LRDs. In contrast, Wapner and Evans have shown
that in very experienced centers, CVS can be safely and reli-
ably performed even in very early gestation.? In a study they
conducted CVS was performed at less than 8 weeks’ gestation
in a population of Orthodox Jews who by their religion are per-
mitted abortion only before 40 days post conception. Of the
82 cases of early CVS, there was only a single case of severe
LRDs, a rate of 1.6% (Fig. 36-4).

The question whether CVS sampling after 10 weeks has
the potential of causing more subtle defects, such as short-
ening of the distal phalanx or nail hypoplasia was a major
concern debated thoroughly in the literature.*>° Presently, as
the overall incidence of limb reduction defects after CVS is
estimated to be 1 in 1881 (ranging from 5.2-5.7 per 10,000),
compared with 1 in 1642 (ranging from 4.8-5.97 per 10,000)
in the general population*!>° there are no data to substantiate
this concern. As noted, in most experienced centers perform-
ing CVS after 10 weeks, no increase in limb defects of any
type was observed.*-*14%-39 Based on the WHO CVS Registry
Data (216,381 cases) published in 1999,° it was concluded
that CVS does not carry an increased risk for fetal loss or birth
defects. Furthermore, no difference in the incidence of LRDs
was found in the WHO report even when data regarding LRDs
and other birth defects in nonviable fetuses and terminated
pregnancies was also included. Therefore, as the possibility
of fetal malformations occurring after CVS seems negligible
after 70 days of gestation, it is speculated that the few reported

FIGURE 36-4 Posterior early CVS.
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clusters are either statistical flukes or related to center-specific
practices.

Mechanisms by which CVS could potentially lead to fetal
malformations continue to be disputed. Placental thrombosis
with subsequent fetal embolization has been raised as a poten-
tial etiology, but is unlikely because fetal clotting factors appear
to be insufficient at this early gestational age. Inadvertent entry
into the extra embryonic coelom with resulting amniotic bands
has also been raised as a potential mechanism. This appears
unlikely as well, because actual bands have not been observed.
Additionally, many of these cases of oromandibular-limb hy-
pogenesis syndrome had internal CNS anomalies that cannot
be accounted for by fetal entanglement or compression.

Uterine or placental vascular disruption appears to be the
most plausible mechanism at present.*>3! According to this hy-
pothesis, CVS causes injury, vasospasm, or compression of the
uterine vessels, which subsequently results in under-perfusion
of the fetal peripheral circulation. Following the initial insult,
there may be subsequent rupture of the thin-walled vessels of
the damaged distal embryonic circulation, leading to further
hypoxia, necrosis, and eventually re-absorption of preexisting
structures. Theoretically, an overly traumatic CVS technique
could lead to significant uterine or placental disruption with
secondary fetal hypovolemia, vasospasm, and peripheral shut
down, especially in very early gestation. A similar mechanism
leading to limb defects has been demonstrated in animal mod-
els following uterine vascular clamping, maternal exposure to
cocaine and to the prostanglandin E1 analogue misoprostol,
or even simple uterine palpation.*>3>33 A variation of this hy-
pothesis implicates fetal hemorrhage rather than vasospasm
as the etiology of fetal hypo-perfusion. Because the fetal and
maternal circulations are contiguous, a significant fetal bleed
will result in a fetal-to-maternal hemorrhage detectable as an
increase in the maternal serum alpha fetoprotein (AFP) level.
Smidt-Jensen et al. found that spontaneous fetal loss occurs
more frequently among women whose serum AFP increased
substantially after TA-CVS,>* suggesting that severe fetal hem-
orrhage may result in fetal death, whereas lesser degrees of
hemorrhage may allow the pregnancy to continue, but result in
a transient episode of fetal hypo-perfusion. Brent> suggested
that as a consequence of CVS, bleeding from the chorion might
deprive the embryo a portion of its blood supply during a crit-
ical period (50-70 days post conception) and therefore could
lead to birth defects.

As an increased incidence of fetal hemangiomas in con-
junction with fetal oromandibular and limb disruption has been
reported to occur when CVS was performed prior to 9 weeks
of gestation,?>*% plausible mechanisms of fetal hypo-perfusion
secondary to placental bleeding has been suggested. Quintero
et al.”” added additional information by using transabdominal
embryoscopic visualization of the first-trimester embryo. In
their study, Quintero et al. demonstrated the occurrence of fetal
facial, head, and thoracic echymotic lesions following traumat-
ically induced detachment of the placenta with sub-chorionic
hematoma formation, while no changes in fetal heart rate were
seen. Although these lesions consistently appeared following
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significant physical trauma to the placental site, it was specu-
lated that these findings were unlikely to be produced by the
passage of a standard CVS catheter.

A different hypothesis concerning mechanisms of fetal
malformations following CVS was postulated by Van der Zee
et al.’>® who studied the possibility of maternal-embryonic
transfusion following CVS as a cause of immunogenic stim-
ulation and a local antibody-mediated reaction. The authors
have demonstrated that in experimental animals, maternal-
embryonic transfusion after CVS can lead to an antibody-
mediated reaction with vascular disruption at the level of the
“end arteries,” causing increased apoptotic cell death. When an
increased apoptotic cell death occurs early in pregnancy, birth
defects in general, and limb defects in particular is predicted
to be more extensive than later in pregnancy.

Any theory of CVS-induced limb defects must consider
the varying stages of fetal sensitivity and should demonstrate
a correlation between the severity of the defects and the ges-
tational age at sampling. As was shown by Firth et al.® and
by others?3:46:47:33:36 jt appears that sampling prior to 9 weeks’
gestation may induce LRDs, but rates are not increased follow-
ing CVS performed after 70 days of gestation, compared to the
baseline risk and provided that the procedure is performed in
an experienced center by a trained operator. Patients should be
informed, however, of the theoretical risk to the fetus, and in
particular LRDs and feta anomalies documented when CVS is
performed prior to 10 weeks of gestation.

CONMPLICATIONS OF CHORIONIC
VILLUS SAMPLING

BLEEDING

Vaginal bleeding is less common after TA-CVS, but is seen in
as many as 7-10% of patients sampled transcervically. Min-
imal spotting is more common and may occur in almost one
third of women sampled by the transcervical route.?”-?® In most
cases, the bleeding is self-limited and the pregnancy outcome
is excellent.

INFECTION

Since the initial development of TC-CVS, there has been con-
cern that TC-CVS would introduce vaginal flora into the uterus.
This possibility was confirmed by cultures that isolated bacte-
ria from up to 30% of catheters used for CVS.%*~% In clinical
practice, however, the incidence of post-CVS chorioamnioni-
tis is low.26-27:60:63 In a recently published United States study
of over 2,000 cases of TC-CVS, infection was suspected as a
possible etiology of pregnancy loss in only 0.3% of cases.”’
Infection following TA-CVS also occurs and has been demon-
strated, at least in some cases, to be secondary to bowel flora
introduced by inadvertent puncture by the sampling needle.
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RUPTURE OF MEMBRANES

Gross rupture of the membranes days to weeks after the pro-
cedure is acknowledged as a possible post-CVS complication.
Rupture can result from either mechanical or chemical injury
to the chorion, allowing exposure of the amnion to subse-
quent damage or infection. One group reported a 0.3% inci-
dence of delayed rupture of the membranes following CVS,%
a rate confirmed by Brambati et al.®®®” Unexplained mid-
trimester oligohydramnios has also been suggested as being
a rare complication of TC-CVS which occurs from delayed
chorio-amnion rupture and slow leakage of amniotic fluid.®

ELEVATED M SAFP AND Rh SENSITIZATION

An acute rise in MSAFP after CVS has been consistently
reported, implying a detectable degree of fetal-maternal
bleeding.®*~7> The elevation is transient, occurs more fre-
quently after TA-CVS, and appears to depend on the quantity
of tissue aspirated.”” In Rh negative women, this otherwise
negligible bleeding accrues special importance because Rh-
positive cells in volumes as low as 0.1 mL have been shown to
cause Rh sensitization.” Because all women with even a single
pass of a catheter or needle show detectable rises in MSAFP,
it seems prudent that all Rh-negative, nonsensitized women
undergoing CVS receive Rho (D) immunoglobulin following
the procedure. Further support to the feto-maternal cell traf-
ficking comes from another study showing fetal erythroblasts
to be proportionally elevated in the maternal blood, correlated
directly to the period post CVS so that the closer the time to
the procedure the higher the percentage of fetal erythroblasts
detected.’”

Implications of trends in MSAFP and beta hCG levels fol-
lowing CVS were demonstrated to be predictive of adverse
pregnancy outcome.”” In this study, patients who miscarry had
a greater rise in MSAFP and a greater decrease in maternal
serum beta hCG levels following CVS (compared to control
subjects with normal pregnancy outcome) implying that pre-
and post-CVS MSAFP and beta hCG levels might assist in
prediction of an increased risk for subsequent miscarriage.

PERINATAL COMIPLICATIONS

No increases in preterm labor, premature rupture of the mem-
branes, small-for-gestational age infants, maternal morbidity,
or other obstetric complications have occurred in sampled
patients.’® Although the Canadian Collaborative Study showed
an increased prenatal mortality in CVS sampled patients, with
the greatest imbalance being beyond 28 weeks, no obvious
recurrent event was identified.2® To date, CVS is not consid-
ered to harbor additional prenatal complication as long as the
procedure is performed by an experienced operator and after
10 weeks’ gestation.

LONG-TERM INFANT DEVELOPMENT

Long-term infant follow up has been performed by Chinese in-
vestigators who evaluated 53 children from their initial placen-
tal biopsy experience of the 1970s. All were reported in good
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health, with normal development and school performance.”’

Schaap et al.”® obtained long-term follow-up data after CVS
and amniocentesis and found no significant differences for
neonatal and pediatric morbidity. Based on their data the au-
thors concluded that TC-CVS performed around 10 weeks’
gestation is not associated with an increased frequency of con-
genital malformations compared with second trimester amnio-
centesis.

ACCURACY OF CVS CYTOGENETIC
RESULTS

A major concern with all prenatal diagnostic procedures is
the possibility of discordance between the prenatal cytoge-
netic diagnosis and the actual fetal karyotype. With CVS, these
discrepancies can occur from either maternal tissue contam-
ination or from true biologic differences between the extra
embryonic tissue (ie, placenta) and the fetus. Fortunately, ge-
netic evaluation of chorionic villi provides a high degree of
success and accuracy, particularly in regard to the diagnosis of
common trisomies.”®*3” The United States Collaborative Study
revealed a 99.7% rate of successful cytogenetic diagnosis, with
1.1% of the patients requiring a second diagnostic test, such as
amniocentesis or fetal blood analysis, to further interpret the
results.”® In most cases, the additional testing was required to
delineate the clinical significance of mosaicism or other am-
biguous results (76%), although laboratory failure (21%) and
maternal cell contamination (3%) may also require repeated
testing. Clinical errors or misinterpretation are rare, however,
and the need for repeat testing continues to decrease, as more
knowledge about the characteristics of chorionic villi is ob-
tained. Indeed, recent studies??3® have demonstrated that CVS
is associated with a low rate of maternal cell contamination or
chromosomal abnormalities confined to the placenta, as will
be described in the following section.

MATERNAL CELL CONTAMINATION (MCC)

Contamination of samples with a significant amount of mater-
nal decidual tissue may lead to diagnostic errors, underlining
the importance of preventing this occurrence. Generally, de-
cidual contamination in CVS is almost always due to a small
sample size, making appropriate tissue selection difficult. In
experienced centers, in which adequate quantities of tissue
are available, this problem has become increasingly rare, with
MCC occurring in less than 1% of CVS procedures. In recent
years there has been much progress in the molecular techniques
suitable for detection of MCC, allowing more accurate results
in cases of molecular diagnoses, where MCC may jeopardize
the validity of the test.

In order to separate maternal tissue from the sample, the
chorionic “fronds” are distinguished from the maternal decidua
under the microscope, making decidual removal by careful
dissection possible. Various molecular techniques have been
applied to detect MCC when it occurs. Most are based on the
assessment of specific polymorphic loci in the human genome.
Batanian et al.®! reported a simple, rapid, and sensitive method
for detection of MCC in prenatal tissue, using the highly
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polymorphic markers such as variable number of tandem re-
peats (VNTRs) or microsatellites (stretches of DNA consist-
ing of repeating units of 2—4 nucleotides) that are fluores-
cently or radioactively labeled. The appropriate genetic lo-
cus must be determined by simultaneous screening of the par-
ents in order to distinguish informative from noninformative
markers.

CONFINED PLACENTAL MOSAICISM

True discrepancies between the karyotype of the villus and the
actual fetal karyotype can occur, leading to either false-positive
or false-negative clinical results. Although initially there was
concern that this might invalidate CVS as a prenatal diagnostic
tool, subsequent investigations have led not only to a clearer
understanding of the clinical interpretation of villus tissue re-
sults, but also revealed new information about the etiology of
pregnancy loss, possible causes of intrauterine growth retar-
dation (IUGR), and the biologic mechanisms for uniparental
disomy and associated clinical syndromes.

Mosaicism occurs in about 1-2% of all CVSs
is confirmed in the fetus in only 10% to 40% of these cases.
In contrast, amniocentesis mosaicism is observed in only
0.1-0.3% of cultures but when found, it is confirmed in the
fetus in ~70% of cases.®>~37 These feto-placental discrepan-
cies are known to occur because the chorionic villi consist of
a combination of extra embryonic tissue of different sources
that become separated and distinct from those of the embryo
in early developmental stages. Specifically, at the 32- to 64-
celled blastocyst, only 3—4 blastomeres differentiate into the
inner cell mass (ICM), which forms the embryo, mesenchymal
core of the chorionic villi, the amnion, yolk sac, and chorion,
whereas the rest of the cells become the precursors of the extra
embryonic tissues.®

A chromosomal aberration that does not involve the fe-
tal cell lineage will produce a confined placental mosaicism
(CPM), in which the trophoblast and perhaps the extra em-
bryonic mesoderm may demonstrate aneuploid cells, but the
fetus is euploid. Several mechanisms may apply in pregnancies
where CVS mosaicism or nonmosaic feto-placental discrepan-
cies are detected: One possible explanation may be a lineage-
specific, nondisjunction. Another is selection for or against a
particular aneuploidy in certain cell lineages.?* This may be
the result of postzygotic, mitotic nondisjunction or anaphase
lag in conceptuses originally diploid or through mitotic loss
of a supernumerary chromosome in subsequent divisions in
initially trisomic conceptions. The probability of mosaic or
non-mosaic trisomy in the fetus itself depends on the placen-
tal lineages in which the trisomic cell line was found. CVS
culture represents the villus mesenchymal core and therefore
reflects the chromosomal constitution of the fetus proper to
a greater extent than the direct preparation, which represent
the chorionic ectoderm, farther removed from the fetus. Thus,
if a mosaic chromosomal aberration is detected on both direct
preparation and long-term culture, it is more likely to represent
a true mosaicism of the fetus.3* Nevertheless, it is advised that
in all gestations involving mosaic trisomic villus mesenchyme
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(with or without evidence of trisomy in direct cytotrophoblast
examination) to further examine the fetal karyotype by amnio-
centesis and perform a thorough fetal ultrasound scan to rule
out fetal malformations.

Another adverse outcome that may be associated with CPM
is that of uniparental disomy (UPD). In UPD, both chromo-
some of a given pair are inherited from a single parent, rather
than 1 from each. UPD results when the original trisomic em-
bryo is “rescued” by the loss of the 1 extra chromosome.
Because in the trisomic embryos 2 of chromosomes come
from 1 parent and 1 from the other, there is a theoretical 1 in
3 chance that the 2 remaining chromosomes originate from the
same parent, leading to UPD. This may have clinical conse-
quences if the chromosome involved harbors imprinted genes
whose expression vary according to the parent-of-origin or if
the 2 remaining chromosomes carry a mutant recessive gene,
creating a homozygous state. In general, UPD has been re-
ported for almost every chromosomal pair, although clinical
consequences have been observed mainly in cases involving
specific chromosomes (ie chromosomes 2, 6, 7, 10, 11, 14, 15,
16, 20) and depending on the parent of origin.”® For instance,
despite a relative high frequency of CPM for Trisomy 2 and
Trisomy 7, maternal UPD(2) and maternal UPD(7) have only
been reported rarely.”! =3

The most common CPM involving chromosome 15 is en-
countered in 27/100,000 samples.’* This is associated with risk
for UPD(15) which may lead to well-recognized clinical syn-
dromes. This is due to the fact that chromosome 15 is known to
carry genes that are subject to both paternal and maternal im-
printing. Maternal UPD(15), resulting from the relatively more
common maternally derived Trisomy 15, causes the Prader-
Willi syndrome. In contrast, paternal UPD(15) caused by res-
cue of the less common paternal Trisomy 15, results in the less
frequent Angelman syndrome.

In rare cases, CPM for Trisomy 15 offers the important
clue that UPD may be present in the “‘chromosomally normal”
fetus, which may be at risk of having Prader Willi/Angelman
syndrome.®>% For this reason, cases in which CVS reveals
Trisomy 15 (either complete or mosaic) should be evaluated for

UPD if the amniotic fluid demonstrates an apparently euploid
fetus 249798

SUMMARY

As a result of the Human Genome Project, we have witnessed
constant progress in prenatal diagnosis of genetic disorders in
families at risk. In addition, over the last decade first trimester
aneuploidy screening using nuchal translucency, PAPP-A and
free beta hCG has become routine in many centers worldwide.
These have significantly increased the need for early prenatal
diagnosis. Due to the association between early amniocentesis
and increased fetal malformations and fetal loss, this procedure
is no longer recommended for first trimester diagnosis. At the
time of writing, the use of fetal cells from maternal blood for
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genetic diagnosis remains largely experimental, making CVS
the earliest technique for prenatal diagnosis in the clinical set-
ting. CVS has proved to be a relatively safe procedure with
approximately 2—3% fetal loss in experienced centers. Based
on published data regarding the possibility of fetal anomalies
post CVS, it seems that there is no increased risk for limb re-
duction defects (LRDs) or any other birth defect when CVS is
done at >70 days of gestation. Evidence from multiple stud-
ies demonstrates the high accuracy of this technique, with a
low rate of both maternal cell contamination or chromosomal
abnormalities confined to the placenta. Technically, CVS can
be performed transabdominally or transcervically. The choice
between TA-CVS or TC-CVS should be made according to
the experienced operator’s judgment, based on the experience
gained in the particular route. A very recent review by us shows
that there is no significant difference in risk between CVS and
midtrimester amniocentesis.”” In experienced hands, CVS can
be offerred to virtually any patient who would be offerred a
genetic amniocentesis.
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CORDOCENTESIS

Fetal blood sampling was first performed in the 1960s using a
fetoscope to identify the targeted vessel. Fetoscopy was cum-
bersome and risky—the procedure-related loss rate exceeded
5%. Fortunately, the development of high-resolution ultra-
sound made it possible to clearly image the umbilical cord.
Spurred by the need for an accurate method to diagnose fe-
tal toxoplasmosis, the first intentional percutaneous umbilical
blood sampling under ultrasound guidance (cordocentesis) was
performed by Fernand Daffos in 1980s.! The procedure rapidly
gained favor with demonstration of its safety?~* directly lead-
ing to the development of fetal medicine. A wide range of
gestationally appropriate norms>~!3 permit new insight into
fetal pathophysiology. And while some early indications for
cordocentesis have been replaced by less invasive techniques,
the information gained allows the practice of fetal medicine
based on direct knowledge of the pathophysiology rather than
“educated” guesses.

METHODS

Cordocentesis can be performed as early as 12 weeks gestation,
though it is technically more difficult prior to 20 weeks and the
loss rate much higher prior to 16 weeks gestation.

There are 2 methods for cordocentesis: freehand and using
a fixed needle guide. Regardless of technique, the preferred
location for cord puncture is the placental origin where it is
relatively fixed. The first few centimeters of the fetal origin of
the umbilical cord is innervated. Its puncture causes pain and
should be avoided. The umbilical vein rather than the artery
is the preferred target because of its lower association with
complications discussed subsequently. Like all percutaneous
procedures, a “no touch” philosophy is essential. If you do not
touch the shaft of the needle that enters the patient, you cannot
contaminate it.

The technique described by Daffos uses a 20-gauge spinal
needle 8—12 centimeters long.! The needle course is tracked
by imaging the tip and shaft with a high-resolution ultrasound
transducer held either in the opposite hand of the operator or
by their assistant. This is a matter of operator preference. Since
the needle is not fixed, the tip can move several centimeters in
all axes should either the site of insertion be suboptimal or the
fetus move during the procedure. Once punctured, the opera-
tor secures the needle while the assistant aspirates a series of
1 ml syringes. It is a fairly common mistake to use a single,
large syringe to eliminate the need to change syringes. Aspi-
ration with a syringe much larger than a milliliter can generate
enough negative pressure to collapse the umbilical vein lead-
ing to the erroneous conclusion that the position has been lost.
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Pre-heparinization of the syringe is unnecessary unless a fetal
blood gas is needed. The sample is immediately placed into
a specimen container prepared with the required preservative.
The freehand technique remains the most popular method for
cordocentesis no doubt because of the flexibility it allows the
operator.

Cordocentesis may also be performed using a fixed needle
guide which is attached to the base of the ultrasound trans-
ducer. Typically, the transducer is held by the operator’s as-
sistant. The predicted course of the needle, which can travel
only in the vertical plane is displayed on the ultrasound screen.
This allows the operator to select in advance a precise target
for puncture. Deviation from the predicted path occurs only
when there is an abrupt change in the relationship between the
puncture site in the maternal abdominal wall and the uterus as
the needle traverses between the 2. The most common causes
are abrupt patient movement and failure of the assistant to hold
the transducer head flat against the maternal abdomen. Because
lateral movement of the needle is neither desired nor possible,
a smaller gauge needle such as a 22 or 25 is typically used. It
is important to line up the cord longitudinally rather than in
cross section. I prefer to target the “easiest” location for a di-
rect approach rather than confine myself to the placental cord
origin. In fact, a free loop is my target more than 50% of the
time. The preferred puncture is on the near side of the bend
in the loop. Placental puncture should be avoided if possible
when the indication for the blood sample is alloimmunization
(RBC or platelet) just as the informed practitioner would do
with amniocentesis.

Many practitioners use local anesthesia and prophylactic
antibiotics. The former is unnecessary for diagnostic proce-
dures if a 22-gauge needle is used, but may be beneficial with
the freehand technique because of the larger needle caliper and
movement outside the vertical axis. A local anesthetic placed
subcutaneously is useful independent of technique when the
procedure is lengthy (e.g., intravascular transfusion). Pro-
phylactic antibiotics are not indicated for either cordocentesis
or intravascular transfusion. There is no evidence they reduce
the already low risk of amnionitis. In my experience, amnioni-
tis complicates less than 1 in 800 diagnostic procedures when
the “no touch” philosophy is rigorously adhered to and a needle
guide is used.

Fetal movement can either prevent a successful puncture
or shorten the available access time regardless of the tech-
nique used. Fetal movement while the needle is intraluminal
is likely to increase the risk of trauma to the cord. Many oper-
ators administer a neuromuscular antagonist to eliminate fetal
movement. I routinely use pancuronium: 0.3 mg/kg when per-
forming a mid loop puncture. The pancuronium may be given
either intramuscular into the fetal buttock, or preferably, intra-
venously as soon as the vein is punctured. The effect is evi-
dent within seconds when given intravascularly. Recent study
suggests vercurnium may provide some advantage over pan-
curonium. Its shorter duration of action is an advantage for

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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diagnostic procedures since it is associated with a more rapid
return of fetal movement and heart rate variability.'*

INDICATIONS AND APPLICATIONS
FOR CORDOCENTESIS

The indications for cordocentesis are dictated by the risk of a
significant complication. Risk does vary by indication (see the
following section). Typical indications for cordocentesis are
listed in Table 37-1.

The Doppler resistance index of several fetal vessels cor-
relates with the fetal acid base status.!>1® As such, its use has
been advocated when the fetus is presumed small. However,
cordocentesis is not indicated to determine the acid base status
of a fetus whose umbilical artery Doppler resistance index is
normal in the absence of labor. Assuming the mother is well
ventilated and the vessel punctured is correctly identified, the
blood gases are less likely to be abnormal than the chance of
a fetal loss. In over 1,200 procedures, we have yet to identify
a fetus with abnormal blood gases and a normal Doppler re-
sistance index in the absence of either hydrops or fetal sepsis
(unpublished).

More provocative and potentially clinically relevant is the
application for cordocentesis in the preterm growth restricted
fetus who has an elevated Doppler resistance index but still
has diastolic flow present if in the umbilical artery solely to
measure the acid base status. With these Doppler measure-
ments, the range of fetal blood gases is wide encompassing
normal to acidemia. Recent study of children who as growth
restricted fetuses had undergone cordocentesis suggests that it
is the acidemia not the hypoxemia alone which is associated
with compromised neurodevelopment.!” Should these exciting
findings be confirmed, proof that a preterm fetus was hypoxic
but not acidemic would allow the delay of delivery at least until
there is time to complete a course of maternal corticosteroids
to enhance postnatal lung function.

TABLE INDICATIONS FOR CORDOCENTESIS

37-1

Indication %
Rapid karyotype 50.7
Hemolytic disease 33.7
Severe, early onset growth restriction 21.7
Congenital infection 16.9
Miscellaneous 4.2

Nonimmune hydrops fetalis
Stuck twin syndrome

Fetal drug therapy

Maternal TSiG

Alloimmune thrombocytopenia

“Percentages taken from reference 16. Some patients had more than I
indication.

SECTION Il Procedures

Cordocentesis is not indicated solely for fetal blood typ-
ing in most instances of maternal RBC alloimmunization.
This can now be accomplished by the application of PCR to
either trophoblast or amniocytes obtained early second
trimester when the risk of exacerbating sensitization is lower.

Immune thrombocytopenia (ITP) is not an indication for
cordocentesis (it is indicated for alloimmune thrombocytope-
nia (ATP)).? The pro-cordocentesis argument is based on the
assumed risk to the fetus of intracranial hemorrhage during
labor. While the argument is logical, it is not supported by the
aggregate experience of the last 2 decades. There is no more
than 1 fetal loss documented in the literature secondary to an
intrapartum fetal hemorrhage.'® Most losses attributed to ITP
have either been associated with a maternal connective tissue
disorder or where associated with a neonatal bleed. In almost
all other instances of a reported loss, either the cause of death
or the timing of death is either not stated or not known. ITP
is the most common autoimmune disorder of reproductive age
women; if true, there should be no controversy that thrombo-
cytopenia secondary to ITP posed a significant fetal risk during
labor. Yet, the loss rate from cordocentesis in the best hands
for a “low risk” fetus is 0.2%.'° In addition, there is no direct
or indirect evidence that cesarean section for the indication of
autoimmune thrombocytopenia improves neonatal outcome. In
short, the use of cordocentesis to obtain a fetal platelet count
in a woman with ITP adds more risk than benefit.

Preliminary reports suggest that cordocentesis for the diag-
nosis of fetal toxoplasmosis has been supplanted the applica-
tion of PCR to samples of amniotic fluid, though this remains
controversial. Though a fetal blood sample had been thought
central to the diagnosis of fetal infection for all viruses other
than CMYV, this indication too will likely be supplanted by the
application of PCR to amniotic fluid samples.

Not yet widely accepted but a likely valid indication for
cordocentesis is presence of maternal thyroid stimulating anti-
body (TSiG) or active maternal Graves disease.?*>! Emerging
evidence suggests that even mild degrees of thyroid dysfunc-
tion impairs long-term neurodevelopment.??~2* While there is
a relationship between the degree of maternal and fetal thy-
roid suppression with such agents as propylthiouracil, it is not
uncommon to find the fetus is significantly over- or under-
treated despite the mother being euthyroid. In the instance of
fetal hyperthyroidism, the maternal PTU dose is increased and
the woman given thyroxine replacement.? In the instance of
fetal hypothyroidism, the fetus can be given thyroxine intra-
amniotically on a weekly basis.>> Women with a history of
Graves disease who have undergone thyroid ablation should
be screened for the presence of TSiG. The fetus is at minimal
risk if the TSiG study is negative.

The performance of cordocentesis is essential for a com-
plete evaluation of nonimmune hydrops since it allows the sep-
aration of cardiac from noncardiac etiologies.!®?® The UVP is
a surrogate for the central venous pressure. Recent studies of
human fetuses?’ indicate that is very similar to the right-sided
heart pressure. An elevated umbilical venous pressure (UVP)
is consistent with myocardial dysfunction whether caused by
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anemia (eg, parvovirus infection, hemolytic disease), or my-
ocarditis, or obstructed cardiac return (thoracic mass effect). I
am unaware of any medical or surgical treatment for noncar-
diac hydrops. Successful treatment of cardiogenic hydrops is
associated with normalization of the UVP before the hydrops
resolves.?® The UVP also predicts which fetus with a hydro-
thorax and hydrops whose hydrops will be cured by place-
ment of a thoraco-amniotic shunt. Hydrops that is responsive
to shunting is caused by a shift of the mediastinum which then
obstructs cardiac return. If the UVP is neither elevated nor
normalizes after draining the chest, a shunt will not help. The
underlying problem lies elsewhere.

MAJOR CONMIPLICATIONS AND RISK
FACTORS FOR CORDOCENTESIS

The principle major complications of cordocentesis are listed
in Table 37-2. They include all those complications associ-
ated with amniocentesis plus fetal bradycardia, umbilical cord
laceration, and thrombosis. Risk factors for cordocentesis are
noted in Table 37-3.

Umbilical cord laceration and thrombosis are seen prin-
cipally with freehand procedures and have not been reported
when a needle guide was used.'” Though bleeding from the
umbilical puncture site is common, prolonged bleeding with
sequelae is uncommon. Application of a “no touch” technique
and the use of disposable needles for a single puncture will
minimize the risk of amnionitis. Bradycardia is the major com-
plication of cordocentesis. Virtually all emergency cesarean
deliveries and most perinatal losses are associated with a fetal
bradycardia (Table 37-4). A method to block its development
is greatly needed. Umbilical artery puncture and hypoxia are
the major risk factors for bradycardia. In the absence of pro-
found anemia or myocardial failure, fetal hypoxia is associ-
ated with an elevated umbilical artery resistance index and it
can be used as a risk marker. The incidence of bradycardia
with absent and/or reversed diastolic flow approaches 25%.
Umbilical artery puncture increases the risk of fetal bradycar-
dia 5-10 fold.>'%?® The presence of either oligohydramnios
or a 2-vessel cord increases the risk of arterial puncture in
my experience. I have seen during bradycardic episodes that

TABLE CONIPLICATIONS OF CORDOCENTESIS

37-2

1. Bradycardia or asystole
Premature rupture of membranes
Premature labor

Umbilical hemorrhage

Placental hemorrhage
Chorioamnionitis

Umbilical thrombosis

Fetal to maternal hemorrhage

o= N W ogs w9
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TABLE RISK FACTORS FOR CORDOCENTESIS

37-3

Umbilical artery puncture (associated with bradycardia)
Fetal hypoxemia (associated with bradycardia)
Technique—freehand versus needle guide

Gestational age—prior to 20 weeks, both techniques
Number of punctures (freehand technique only)
Duration of procedure (freehand technique only)

SNCE S R

Experience (freehand technique only, presumably be-
cause of #4, 5)

the Doppler resistance index is elevated in only 1 of the um-
bilical arteries suggesting the vasospasm is localized. I have
also demonstrated that pancuronium reduces the incidence of
bradycardia in appropriately grown but not growth restricted
fetuses.”® It is likely that some episodes of bradycardia result
when the fetus tugs on its cord causing needle trauma and
irritation of the underlying vascular smooth muscle. The asso-
ciation of bradycardia with umbilical vein puncture may reflect
disruption of the adjacent umbilical artery smooth muscle as
the tip traverses the cord. There is no known treatment for fe-
tal bradycardia in response to a cordocentesis. Based on direct
observation, I believe that vigorous fetal stimulation is bene-
ficial since the heart will slow again if the manual stimulation
is stopped too early. I have, on occasion administered a vari-
ety of chronotropes (e.g., atropine) and bicarbonate as part of
a fetal resuscitation. I am unconvinced they have predictable
value.

Even when performed at a mid loop, the fetus does “re-
act” to the cordocentesis. Umbilical artery resistance typically
declines after either a diagnostic procedure or a fetal intravas-
cular transfusion.”” As a rule, the higher the “normal” base-
line resistance index, the greater the decline. The decrease
is the result of prostacyclin release from the vascular endo-
thelium.3%-3!

Endothelial adaptation to hypoxia also explains why hy-
poxemia is a risk factor for bradycardia.?® Rizzo demonstrated
that umbilical vein puncture released a potent vasoconstrictor,
endothelin, in growth restricted but not appropriately grown
fetuses.>? Bradycardic fetuses released more endothelin. It is
reasonable to speculate that the release of a large amount of
endothelin causes focal vasocontriction at or near the puncture
site. Future studies of growth restricted fetuses might test an
ET antagonist as prophylaxis against bradycardia.

Both techniques for cordocentesis have a learning curve.
Based on considerable experience with both, I believe the
learning curve is shorter when a needle guide is used. However,
use of a needle guide requires a trained assistant with steady
hands. Until recently, it was generally accepted that the tech-
nique selected was a matter of operator preference and had no
impact on outcome.

I have long believed that the “advantage” of the freehand
technique, flexibility, also poses a risk to the fetus based on
indirect evidence. Analogous to a lever, a small movement
at the hub of the needle amplifies the distance the tip moves.
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TABLE

SECTION Il Procedures

FREQUENCY OF VIAJOR COMPLICATIONS OF CORDOCENTESIS

37-4 WHEN A NEEDLE GUIDE IS USED

Final Diagnosis GA (Weeks) at Cordocentesis Percent Emergency Delivery® Percent Death Within 2 Weeks®
RBC alloimmunization 28 +4 0.2 0.2
Uteroplacental dysfunction 32+4 5.0 0.9

Chromosome abnormality 29+ 6 7.7 9.9

All others 28+ 6 0.3 0.2

“Weiner, unpublished.

bFrom Weiner and Okamura.'® Fetuses with a chromosome abnormality delivered by cesarean section were delivered before the karyotype was completed.

For example, a freehand cordocentesis produces a significantly
greater incremental increase in the MSAFP than does amnio-
centesis after controlling for placental puncture.®® In contrast,
the change in MSAFP when a needle guide is used is similar to
amniocentesis.>* Further, the association between fetal throm-
bocytopenia and bleeding from the umbilical puncture site after
a freehand cordocentesis is high enough to have prompted 1
investigator to suggest prophylactic platelet transfusion of all
fetuses at risk.3® In contrast, there is no relationship between the
fetal platelet count and bleeding from the puncture site when
a needle guide is used.’® The latter may also be explained by
the use of the thinner gauge needle which is another potential
advantage of the needle guide. Second trimester amniocente-
sis studies report lower loss rates when thinner needles are
used.’” Not surprising, there are also reports which suggest
that an amniocentesis performed with a needle guide is safer
than 1 performed freehand.

Comparisons of loss rates sustained by groups using the
freehand and needle guide techniques are difficult since it is
hard to separate procedure related losses from those secondary
to the natural progression of disease. No single center has ad-
equate volume for a randomized trial and up to now there is
no interest in a multicenter trial. Recently, I combined my ex-
perience with diagnostic cordocentesis with that of Professor
Okamura from Tokohu University in Sendai Japan.!” Our 2
sites shared only the use of a fixed needle guide and a long
experience involving many operators (n = 25) with varying
levels of experience.

In this study, 1,260 diagnostic cordocenteses were per-
formed at a mean gestational age of 29 weeks. The umbilical
vein (confirmed by the blood pressure reading) was punctured
in 90% demonstrating the desired vessel can be targeted. We
defined a procedure-related loss as any loss within 2 weeks of
the procedure except that resulting from elective pregnancy ter-
mination. Overall, there were 12 losses (0.9%) (Table 37-4).
Ghidini et al. reviewed the experience of the world’s largest
centers.?® All cordocenteses were performed freehand except
those from the University of Iowa where a needle guide was
used. Therefore, the Iowa contribution was deleted from the
following analyses.

The overall loss rate with the freehand method was 7.2%
(96/1,328).% This rate was significantly higher than the over-
all loss rate when a needle guide was used (0.9%, 12/1,260;
p < 0.00001). To exclude the contribution of the underlying

pathology to the loss rate, Ghidini subdivided the procedures
into high and low risk with the latter excluding chromoso-
mal abnormalities, nonimmune hydrops, intrauterine growth
restriction, and fetal infection. Such exclusions virtually elim-
inate all abnormal fetuses who might be at risk for a loss un-
related to the procedure. The perinatal loss rate for these low
risk procedures using the freehand technique was 3% (20/660).
This rate is 15 times the needle guide rate (0.2%, 2/1021; p <
000001) which includes fetuses with either infection, hydrops,
or structural malformations.

It might be argued that the Ghidini review included many
centers early in their learning curve and that a single center
would provide a more suitable comparison. That opportunity
came when Donner et al. reported 759 diagnostic cordocen-
teses with a known outcome using the freehand technique.*’
Acknowledging several limitations (final diagnoses were not
necessarily reported and 87% (34/39) of their perinatal losses
were excluded as being unrelated to the procedure), their stated
loss rate was 0.8% including 94 therapeutic terminations in
the denominator. Subtracting the terminations from their total
yields a loss of 1.1% (7/665). Of these pregnancies, 160 were
sampled because of severe early onset growth restriction. We
can estimate their low-risk group if we exclude the growth re-
stricted fetuses and assume that all fetuses with chromosomal
abnormalities were either in the growth restriction group, ther-
apeutic termination group, or the 1 fetus with trisomy 18 noted
in the paper. This leaves a low-risk group of 504 in which there
were 6 fetal/neonatal losses (1.2%). This rate is significantly
higher than that achieved with a needle guide (p = 0.03).

I do not believe the needle guide is a panacea. But while a
few skilled operators might duplicate the results obtained with
a needle guide, the majority of practitioners perform only a
few cordocenteses per year and would benefit from use of the
guide.
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Over 2 decades, there has been a dramatic shift away from the
need for tissue-specific diagnoses to those that can be accom-
plished by DNA methodologies. However, there are many dis-
orders for which only a tissue-specific histological or immuno-
histochemical examination of the tissue will provide accurate
prenatal diagnosis.! A classic example is ornithine trans-
cabamylase deficiency which previously required a fetal liver
biopsy, but now can be done at DNA level from amniotic fluid,
chorionic villi, or fetal blood.2 There are still numerous inborn
errors of metabolism and other genetic disorders in which a
tissue-specific sample is necessary. For example, several liver
specific enzymes such as glycogen storage diseases require
tissue biopsy. In other disorders such as Duchenne Muscu-
lar Dystrophy (DMD)), the isolation of the dystrophin gene in
the late 1980s allowed for the vast majority of patients at risk
for DMD to have the diagnosis in the first trimester through
CVS and subsequent DNA analysis.3 However, not all cases
of DMD are informative. When there is only 1 affected fam-
ily member, and there are no other data to definitively discern
whether a pregnant woman is a carrier, molecular diagnosis
can be particularly problematic.

Prenatal diagnostic techniques have centered on 2 major
areas, the first of which has been visualization of fetal struc-
ture and function. Over the decades, these techniques have in-
cluded X-ray, amniography, direct visualization by fetoscopy,
and ultrasound.* The second major approach to prenatal diag-
nosis has been through the laboratory study of fetal tissue. After
3 decades of use, the most utilized clinical technique remains
amniocentesis. Chorionic villus sampling (CVS) and cordo-
centesis have emerged as additional techniques for obtaining
fetal material. The combination of cytogenetic, biochemical,
and molecular analyses in conjunction with highly detailed
ultrasound examination has enabled the prenatal diagnosis of
multiple fetal diseases and anatomic defects.

There has been a movement over the past decade away
from needing specific tissue material for diagnosis. The major
advantage of molecular diagnosis is that it allows, in general,
for the use of any fetal tissue to look at DNA structure and
expected function rather than at enzymatic reactions which are
tissue-limited to their actual site of action.> However, in some
cases, the availability of DNA diagnoses has increased both the
possibilities for diagnosis, but also developed the need for fetal
tissue-specific biopsies for previously undiagnosable cases for
which molecular approaches do not work.

FETAL SKIN BIOPSY

Only a few of the serious dermatologic disorders are associated
with chromosomal abnormalities or enzyme defects that can
be detected in amniotic fluid or chorionic villi.® Furthermore,
in the majority of serious cutaneous abnormalities, ultrasonic
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visualization is useless. Actual visualization of the skin and
histology are the only ways to make such diagnoses. Examples
of conditions for which prenatal diagnosis requires study of the
fetal skin include:

¢ harlequin ichthyosis

e Sjogren-Larsson syndrome

¢ epidermolytic hyperkeratosis

e epidermolysis bullosa dystrophica

e epidermolysis bullosa lethalis

¢ oculocutaneous albinism

e congenital ichthyosiform ertheraderma

* congenital bullous epidermolysis®~!! (Fig. 38-1)

Fetal skin biopsies have been obtained in 1 of 2 ways: Either
under direct visualization via fetoscopy or under ultrasound
guidance.'?

FETOSCOPY

For fetoscopy, the site of entry of the fetoscope is chosen to
allow easy access to biopsy sites such as the back, thighs, or
scalp.’3~1> From 1970-1990, fetal skin biopsies have been
obtained by fetoscopic methods which carried a 2—-5% risk of
miscarriage. The newer fiberoptic scopes simplify the proce-
dure and have lowered the risks. The skin is prepared as for
any invasive fetal procedure. Lidocaine 1% is injected subcuta-
neously into the maternal skin for anesthesia. A no. 15 scalpel
blade is used to nick the skin and, if the patient is thin, down
to the fascia. Then, under ultrasound guidance, the trocar of
the fetoscope—which can be as simple as a 16- or 18-gauge
needle—is inserted into the amniotic sac. If the procedure is
being performed under direct visualization, the fetoscope is
directed to the biopsy site. A significant advantage of direct
visualization is that the specimen can be obtained at the site of
obvious pathology. Though ultrasound-guided “blind” biopsy
has gained popularity because the quality of fiber optics had
previously been so poor, recent advances of fiber optic scopes
have changed the equation back in favor of direct visualization.
Fetoscopic techniques are described more fully in Chapter 41.

ULTRASOUND-GUIDED BIOPSIES

Recently, a modified approach to obtaining percutaneous
ultrasound-guided fetal skin biopsies has been developed us-
ing a fine needle system.'® The maternal skin is anesthetized
with 1% Xylocaine. A good site is fetal buttock and outer thigh.
Traditionally, an 18-gauge, 16-cm-long needle with trocar is in-
serted into the abdominal wall through the uterine cavity. Then,
the sharp point of the trocar is withdrawn to avoid trauma. The
tip of the needle is guided until it is about 1 cm away from
the biopsy site. A 20-cm-long, 20-gauge biopsy forceps is in-
serted until it touches the fetal scalp, and a biopsy is obtained.
The biopsy may be repeated to ensure that adequate material
is obtained.

Alternatively, we have recently begun using the core biopsy
needle/gun as for muscle biopsies. Here, the major issue is

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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FIGURE 38-1 Harlequin ichthyosis baby shortly before death.

making sure that the core starts external to the skin so that as
the core is excised it includes the entire skin thickness (Figs.
38-2, 38-3, and 38-4).

One potential concern applicable to all skin biopsies is scar-
ring from the procedure. However, recent evidence, predom-
inantly secondary to fetal surgical experience, suggests that
fetal skin heals by a different mechanism than it does postna-
tally. The process of regeneration is to reorganize properly, and
fetal incisions therefore tend to heal without scar.!”

Methods of diagnosis include histology and biochemical
studies. For example, in harlequin ichthyosis, there is prema-
ture hyperkeratosis, most marked around the hair follicles and
sweat ducts.'? Sjogren-Larsson syndrome is diagnosed by find-
ing of hyperkeratosis with increased keratohyaline.'® In epider-
molysis bullosa dystrophica, a cleavage plane below the basal
lamina, and focal collagenolysis of the upper dermis, appears
below the dermal/epidermal junction in unseparated regions.”

Significant advances in the biochemical examination of
pathological fetal skin have been made over the past 5 years
concurrent with our understanding of the ontogeny of struc-
tural proteins of normal fetal skin.'’"?° Biochemical studies
have the advantages of allowing diagnoses earlier in gestation
before direct visualization would be possible. The biochemical
analyses of skin may also be applicable for genetic diagnosis
using amniocytes and amniotic fluid. For example, prenatal
diagnosis of several ichthyoses and other genetic disorders of
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FIGURE 38-2 Skin biopsy: biopsy needle hovering over buttock.

i

FIGURE 38-3 Skin biopsy: coring element extended through skin
thickness.




CHAPTER 38

Tissue Biopsies

FIGURE 38-4 Skin biopsy: coring gun barrel shot forward obtaining
specimen.

which ichthyosis is a component, has been performed using
amniotic fluid obtained between 14 and 16 weeks gestation.

Such studies have concluded, for example, that harlequin
ichthyosis is not 1 disorder, but a genetically heteroge-
neous group of disorders with altered glomerular granules,
intercellular lipids, and variation in expression and/or pro-
cessing of structural protein markers of normal epidermal
keratinization.

As with all invasive procedures, risks include rupture of
membranes, bleeding, infection, and miscarriage. Improve-
ment in the fiber optic technologies have allowed decreasing
size and time to complete procedures, and therefore increasing
safety.

FETAL LIVER BIOPSY

The liver has hundreds of metabolic functions. For a large
number of these enzymatic reactions, enzyme activity can be
documented in many different tissues including amniotic fluid
and chorionic villi.”! Though it was necessary to learn that there
were different normal activity values in different tissues, 2223
the diagnoses of conditions such as the mucopolysaccharidoses
and Tay Sachs disease (among countless others) have been
routine for a number of years. Unfortunately, enzyme activity
is strictly limited to the liver for certain disorders.
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Fetal liver biopsies have been used successfully for the
prenatal diagnosis of:

* ornithine transcarbamylase deficiency 24~28

¢ Von Gierke’s disease
e carbamyl phosphate synthetase deficiency
e primary hyperoxaluria type 1

The technique for fetal liver biopsy is similar to that for
skin except that a needle or coring biopsy instrument is in-
serted into the upper right quadrant of the fetal abdomen. If a
needle is used, a syringe is attached to create suction, and the
needle is then removed, taking a careful specimen with it.14 1t
is important for all of these biopsy techniques to have a dis-
secting microscopy readily available to ensure that an adequate
specimen has been obtained. Likewise, the coring biopsy gun
can be used.

Multiple enzymes, in addition to the 1 of interest, must be
tested to eliminate the possibility that a low level of activity is
a function of a poor specimen rather than disease. Otherwise,
the enzymatic procedures are similar to those well known for
pediatric specimens.

FETAL MIUSCLE BIOPSY

After nearly 3 decades of research in the United States and
millions of dollars in funding from highly publicized charitable
campaigns, the gene for the muscle protein dystrophin, whose
absence causes Duchenne muscular dystrophy (DMD), was
finally isolated in 1987.% This gene encompasses more than
2 1/2 million base pairs of the X chromosome and is by far the
largest gene ever described.?” Analyses of children with DMD
have revealed that multiple molecular defects can produce the
clinical picture of DMD.*°

Many of the children with DMD have sizable deletions
of the gene. In about 45% of patients, however, no deletion is
detectable. Attempts to diagnose DMD prenatally had been fu-
tile for nearly 20 years. It was hoped, for example, that muscle
proteins could be demonstrable in fetal blood, as it is known
that elevated levels of creatine phosphokinase (CPK) are often
elevated in carriers of DMD as well as significantly elevated
in patients with DMD. Unfortunately, these levels do not be-
gin to rise until at least the very end of pregnancy, making it
impractical for prenatal diagnosis.

With the isolation of the DMD gene, the majority of fetal
cases could be diagnosed by the molecular analysis of the gene,
either through detection of deletion mutations or by linkage
analysis. Thus, the majority of cases of DMD are currently
diagnosed from tissue specimens obtained via chorionic villus
sampling. However, there are a number of situations in which
a deletion mutation is not found and DNA molecular diagnosis
will not work. These can be divided into 4 different categories:

¢ Those with only prior family member affected, and it cannot
be determined whether the single affected family member
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Since the development of amniocentesis in the late 1960s, test-
ing for aneuploidy has become a routine component of obstet-
ric care. New prenatal diagnosis techniques have been devel-
oped that permit the analysis of numerous embryonic tissues.
These include traditional amniocentesis, early amniocentesis
(<14 weeks), transabdominal and transcervical chorionic vil-
lus sampling (CVS), fetal blood sampling, fetal skin biopsy,
analysis of fetal urine, and testing of fetal cystic hygroma fluid.
These clinical procedures are described in other chapters. Over
the past decade, the laboratory evaluation of samples derived
from these tissues has expanded dramatically. For decades,
traditional cytogenetic analysis had been the exclusive test for
chromosome abnormalities. Current methodologies include in-
terphase fluorescence in situ hybridization (FISH) for common
aneuploidies involving chromosomes 13, 18, 21, X, and Y, as
well as other molecular cytogenetic tests. These molecular cy-
togenetic tests permit evaluation and further characterization of
more subtle abnormalities, including microdeletions, marker
chromosomes, translocations, deletions, inversions, and sub-
telomeric deletions. DNA-based tests can be used to search for
uniparental disomy (UPD).

ANMNIOTIC FLUID

Amniocentesis is the most common procedure performed for
prenatal diagnosis. Most laboratories performing cytogenetic
studies handle large numbers of samples so that appropriate
specimen handling and labeling is critical. The sample volume
and gross appearance (clear, bloody, brown, etc.) are recorded.
The sample, often in 2 tubes, is centrifuged and most of the
amniotic fluid is removed and saved. A small volume of tissue
culture medium is added (usually .5 mL), and the cell pellet
is resuspended. Highly supplemented tissue culture medium
optimized for the growth of amniocytes is commonly utilized.
Two of the most commonly used medias in the United States
are Amniomax (GIBCO, Carlsbad, CA) and Chang (Irvine
Scientific, Santa Ana, CA).

There are 2 culture methods for amniocytes: in situ and
flask. Most laboratories now use the in situ method. The re-
suspended cells are placed on the surface of a coverslip in a
small culture dish, cells are allowed to attach overnight, and
then the coverslip is flooded with more medium on the sec-
ond day. The cells attach and grow on coverslips as individual
colonies and the sample can be harvested without subcultur-
ing. Four cultures are generally established for amniocytes,
2 from each original sample tube. Both A-side cultures and
both B-side cultures (representing the 2 original sample tubes)
are split between 2 incubators.

Cytogenetic analysis is performed on metaphase spreads
found in the in situ colonies, which usually results in a faster
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turnaround time (TAT) than the flask method. The specific
advantage is that subculturing, with subsequent slide making, is
avoided. TAT with the in situ method is in the 6- to 10-day range
for most patient cultures. Small-volume and bloody samples
are often at the upper end of the TAT range or longer. Early
amniocentesis may take up to 11/ days longer than the average
16-week amniocentesis sample because there are fewer cells. !
The culture medium is removed from cultures selected
for harvest. The cells are then exposed to a hypotonic solu-
tion to help separate the chromosomes. The hypotonic treat-
ment is followed by fixation steps with Carnoy’s fixative
(3:1, methanol:acetic acid). The chromosomes are spread in
a temperature- and humidity-controlled environment, and the
coverslips are allowed to dry. The coverslips are then placed
in a dilute trypsin solution to induce banding, stained, and
mounted on a slide. Most laboratories use a trypsin G-band
technique to analyze chromosomes, with an average banding
resolution of between 400-500 bands per haploid genome.

CHROMOSONME ANALYSIS

Requirements and guidelines for chromosome analysis for
all sample types are available from the College of American
Pathologists (CAP) at www.cap.org/toolbox/index.htm
(Checklists, Cytogenetics) and the American College of
Medical Genetics (ACMG) at www.acmg.net (educational
materials, Standards and Guidelines for Clinical Genetics
Laboratories, 2002 edition).

For amniotic fluid cell culture, the recommended CAP stan-
dard is 15 cells from 15 colonies from 2 independent cultures.
The ACMG Guidelines state that if 15 colonies are not avail-
able, 10—15 cells from at least 10 colonies are acceptable. Nei-
ther CAP nor ACMG provide recommendations on what to do
or report if fewer than 10 cells are available.

The number of cells studied affects the ability to detect
mosaicism, which is the presence of 2 or more cell lines with
different karyotypes in at least 2 independent cultures. To be
considered a cell line, there must be at least 2 cells with the
same karyotype for trisomies or structural rearrangements, or
3 cells monosomic for the same chromosome. The routine anal-
ysis of 15 cells from 15 colonies excludes 19% mosaicism
at the 95% confidence level, and 9—-6 cells excludes from
29-41% mosaicism.> As the ability to detect mosaicism de-
creases with 6-9 cells, and is not possible to exclude with
5 cells or less, some laboratories include a statement about this
reduced ability on the final report.

Cytogenetic laboratories commonly have several layers
of review of the karyotypes, which may include (1) 2 tech-
nologists reading the case at the scope and each doing a
band-by-band analysis of all chromosomes in at least 2 cells,
(2) another person cutting out chromosomes and karyotyp-
ing 2-3 cells, either from electronic computer images or from
photographic paper, (3) a supervisor or senior technologist
review, and (4) a director review. Following a band-by-band
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then the coverslip is flooded with more medium on the second
day. Banding and staining is as described for amniocytes. The
TAT averages 5—7 days, but may take longer if a small volume
or poor quality of villi is received.

Five cells are usually examined from the direct preparation
and 20 cells from the culture. As cells are disassociated and in
large numbers, growth is not in obvious colonies as it is with
amniocytes.

PRENATAL DIAGNOSIS FROM CYSTIC
HYGRONMA FLUID AND FETAL URINE

CYSTIC HYGRONMA FLUID

Cystic hygromas are congenital malformations of the lym-
phatic system appearing as septated or nonseptated fluid-filled
cavities, usually involving the neck. They are often associ-
ated with a chromosome abnormality, most commonly 45,X,
trisomy 21, or trisomy 18, in descending order of frequency.
They may also be associated with several different Mendelian
syndromes.’

Obtaining fluid from a cystic hygroma for prenatal di-
agnostic studies has been suggested as an easier procedure
than obtaining amniotic fluid in cases involving large poste-
rior nuchal cystic hygromas associated with oligohydramnios.
The largest series of cytogenetic and FISH analysis from cys-
tic hygroma fluid involved 83 cystic hygroma specimens; all
83 samples were evaluated by traditional cytogenetics and 23
also evaluated by FISH for chromosomes 13, 18,21, X, and Y
When >5 mL of fluid was submitted to the laboratory, the suc-
cess rate for cytogenetic analysis was 76%. If the sample was
<5 mL, cytogenetic analysis was successful in only 9%.
FISH on cystic hygroma specimens was successful for 78%
of the samples submitted, including several where cell cul-
ture failed. The optimal approach was to perform both tradi-
tional cytogenetic analysis and FISH. Using this combined ap-
proach, a successful result was obtained in 90% of cases when
>5 mL of fluid was submitted for analysis. The mean TAT was
8.2 days (range, 4-17 days). Results were available in
<12 days in 91% of cases. There was a 91% aneuploidy rate
identified, with 45,X occurring in 86% of the samples.

FETAL URINE

The sonographic appearance of a fetus with bladder outlet ob-
struction is characterized by a large, distended bladder, oligo-
hydramnios, and hydronephrosis. An investigation involving
the chromosome analysis of 75 fetal urine specimens from fe-
tuses with bladder outlet obstruction, including 31 evaluated
by interphase FISH, was recently reported.® Traditional cyto-
genetic analysis was successful on 95% of samples and FISH
was informative on 65% of specimens. The combination of
traditional cytogenetic analysis and FISH yielded a 96% chro-
mosome analysis diagnostic success rate. The mean TAT was
8 days (range, 5-14) for traditional cytogenetic analysis and
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1.6 days (range, 1.0-4.0) for FISH. Chromosome abnor-
malities were detected in 8%. The authors concluded that
traditional cytogenetic analysis achieved a high success rate
(95%) and was superior to FISH for chromosome evaluation
of fetal urine. However, the rapid TAT achieved with FISH al-
lowed for expeditious clinical management of bladder outlet
obstruction and placement of a vesicoamniotic shunt, when ap-
plicable, approximately 6 days sooner than would be possible
if waiting for traditional cytogenetic results to become avail-
able. For this reason, FISH is warranted in the management
of fetal bladder outlet obstruction. It is apparent that the opti-
mal approach for health care providers submitting fetal urine
for prenatal diagnosis of chromosome abnormalities should
be to request both traditional cytogenetic studies and a FISH
evaluation for the most common aneuploidies involving chro-
mosomes 13, 18,21, X, and Y.

LABORATORY METHODOLOGY

The culturing of cystic hygroma fluid and fetal urine is the
same as for amniotic fluid cells. For cystic hygroma fluid, some
labs may also set up a phytohemagluttanin (PHA)-stimulated
culture in an attempt to stimulate any fetal white cells that
may be in the fluid. Chromosome analysis is the same as for
amniocytes.

FETAL BLOOD SAMPLING

Gaining direct access to the fetal circulation was considered an
impossibility (and far too risky to attempt) until Daffos et al.’
published their series of 606 fetal blood sampling procedures
in 1985.

LABORATORY M ETHODOLOGY

Standard PHA-stimulated blood culture techniques are used for
fetal blood samples (AGT Manual). To ensure that fetal and not
maternal blood has been cultured and analyzed, a distinguish-
ing test should be performed (CAP requirement), preferably at
the time of sampling. Twenty metaphase cells are examined.

FETAL SKIN BIOPSY

A fetal skin biopsy for chromosome analysis is rarely per-
formed. More commonly, a skin biopsy may be considered for
the prenatal diagnosis of a heritable, severe congenital skin
disorder such as epidermolysis bullosa. However, some in-
vestigators have encouraged the use of a fetal skin biopsy to
evaluate mosaicism identified either on amniocentesis or fe-
tal blood sampling. Once obtained, the cells can be separated
by collagenase and placed on coverslips, in flasks, or both.
At least 21 instances in which an abnormal cell line was ob-
served on a fetal skin biopsy, but not in fetal blood periph-
eral lymphocytes, have been reported.'” Thus, to clarify the



478

prenatal cytogenetic status of a fetus following the diagno-
sis of mosaicism on amniocentesis, fetal skin biopsy should be
considered. The ectodermally derived cells from fetal skin may
be more reflective of the true fetal chromosome status than
mesodermally derived tissue such as blood lymphocytes. Fetal
skin biopsy appears to be a relatively safe procedure. In the
largest series reported of 54 such procedures, no fetal compli-
cations were encountered and no pregnancy losses occurred.!!

CYTOGENETIC RESULTS AND
ISSUES COMINON TO ALL PRENATAL
SAMPLE TYPES

The majority (80%) of clinically significant chromosome ab-
normalities are trisomies involving chromosomes 21, 18, and
13, aneuploidies involving the sex chromosomes, or mosaicism
involving these chromosomes. Most of the remaining 20% of

SECTION IV Laboratory Diagnostics

the chromosome abnormalities involve unbalanced transloca-
tions or deletions (Figs. 41-1,41-2), either de novo or inherited,
other rare mosaic trisomies, and marker chromosomes. If the
chromosome abnormality can be defined based on G-bands or
with the use of FISH, prognostic information may be provided
to the parents after a search of the literature for similar cases.

A number of prenatal cytogenetic findings require the study
of parental blood chromosomes to help define the significance
of a finding in the fetal karyotype. These include balanced
translocations, unbalanced translocations (Fig. 41-3), inver-
sions, marker chromosomes, and potential variant chromo-
somes.

If a rearrangement appears to be a balanced translocation
or inversion, studying the parents to see if this rearrangement
has been “tested” in a phenotypically normal person often pro-
vides useful prognostic information. If the rearrangement is
de novo, more general risks may be provided based on the
literature.'?
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FIGURE 41-2 G-banded karyotype revealing an interstitial deletion on chromosome 2 between bands 2q23 and 2q24.2 in a patient with mental

retardation.

Because parental blood chromosomes are often of a better
quality and higher banding resolution, it is possible that what
was thought to be an unbalanced rearrangement in the fetus
turns out to be balanced. This may occur as parental stud-
ies are usually performed at a higher banding resolution. This
may lead to discovery of both derivative chromosomes from a
parental balanced translocation. A reexamination of the fetal
karyotype may show that what was originally thought to be
an apparently unbalanced translocation is actually an inher-
ited balanced translocation. Therefore, caution should always
be used until parental studies are completed before making
pregnancy management decisions. Routine FISH on obvious
abnormalities may also uncover balanced rearrangements (see
below).

Marker chromosomes provide a challenge if inherited or
de novo, requiring both FISH and C-bands, and are discussed
further under Molecular Techniques.

Parental studies are also useful for determining if the pres-
ence of additional material around the centromeres of any of
the chromosomes, or in the short arm regions of acrocen-
tric chromosomes (chromosomes 13, 14, 15, 21, and 22), is
clinically significant or represents a normal variant chromo-
some. C-banding and/or FISH can also be useful in resolv-
ing the clinical significance of this category of chromosome
variations.

The finding of a 45,X karyotype without abnormal ultra-
sound findings requires a cautious approach to rule out mo-
saicism with a normal cell line with 2 sex chromosomes (X or
Y), or mosaicism with a cell line that contains an abnormal
X or Y chromosome. A discussion with the clinician of the
ultrasound findings can be helpful, especially if male geni-
talia are observed. This cautious approach has uncovered ad-
ditional cell lines when more cells are examined (with the
second sex chromosome X or Y derived) and/or when FISH
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FIGURE 41-3 G-banded karyotype revealing an unbalanced Robertsonian translocation involving chromosomes 14 and 21 in a child with

Down syndrome.

is included. Depending on the ultrasound results, FISH using
SRY and/or the Y centromere and Ygh probes, and the X cen-
tromeric probe may be necessary. Some rare 45,X cases may
have the testis determining-gene, SRY, translocated to the short
arm of an acrocentric chromosome where it may not be dis-
tinguishable from a normal acrocentric short arm variant. In
cases of a 46, XX karyotype and male genitalia, SRY is fre-
quently translocated to the tip of the X chromosome short arm
(see the section on Prenatal Diagnosis From Cystic Hygroma
Fluid).

Carriers of Robertsonian translocations that involve chro-
mosomes 14 and/or 15 are at risk of having offspring with
UPD. UPD is the inheritance of a chromosome pair from
only 1 parent, with no contribution from the other. This is
a concern if genes are imprinted, which refers to the ex-
pression of certain genes only on the paternal homolog and
others only on the maternal homolog. The best known exam-
ples of imprinted diseases in humans are Prader-Willi syn-
drome (PWS) and Angelman syndrome (AS). Paternal and

maternal UPD for chromosome 14 has been reported to be
associated with an abnormal phenotype (reviewed in Shaffer
et al.'® and Drugan et al.3). Therefore, in both inherited and
de novo cases involving Robertsonian translocations with
chromosomes 14 and/or 15, UPD needs to be ruled out.
The risk of UPD is approximately 0.5% for Robertsonian
translocations involving nonhomologous chromosomes, and
as high as 66% if isochromosomes of 14 or 15 are seen in a
fetus.'

MOLECULAR CYTOGENETICS

Molecular techniques have complemented and improved the
diagnostic capabilities of prenatal and postnatal chromosome
analysis over the past 12 years. The major molecular cyto-
genetic technique is FISH, where fluorescently tagged DNA
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probes are hybridized to metaphase spreads or interphase cells
from all tissue types.

GUIDELINES FOR FISH STUDIES

Requirements and guidelines for FISH analysis for all sam-
ple types are available from the CAP at www.cap.org/toolbox/
index.htm (Checklists, Cytogenetics) and in more detail from
the ACMG at www.acmg.net (educational materials, Stan-
dards and Guidelines for Clinical Genetics Laboratories, 2002
edition). The guidelines ensure rigorous quality control and
validation of probes, both commercially prepared and “home-
brew.” Probes not cleared or approved by the Food and Drug
Administration (FDA) are considered to be analyte-specific
reagents (ASRs). The following disclaimer must be included
on any test report using ASRs: “This test was developed and its
performance characteristics determined by [laboratory name]
as required by the CLIA *88 regulations. It has not been cleared
or approved for specific uses by the U.S. Food and Drug Ad-
ministration.” ACMG suggests that the following clarifying
language may follow the above disclaimer: “The FDA has de-
termined that such clearance or approval is not necessary. This
test is used for clinical purposes. It should not be regarded as
investigational or for research.” A laboratory must test and val-
idate all of its probes on a lot-by-lot basis. For interphase use,
databases should be made to establish confidence intervals for
interpreting results.

TABLE
41-1 CYTOGENETIC TECHNOLOGY
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TYPES OF FISH PROBES AND

CLINICAL STUDIES

The main categories of FISH probes include locus-specific
probes, painting probes, and repetitive sequence probes.
Locus-specific probes can be from any unique locus on a chro-
mosome, such as those used to detect microdeletions (Table
41-1), specific subtelomeric regions, and other unique re-
gions of various chromosomes. A FISH laboratory likes to have
probes covering as many different regions of all the chromo-
somes as possible. This allows many structural rearrangements
to be further investigated, although it is often fortuitous if a
probe happens to be located in aregion so that it provides useful
information. This used to also be true of the regions at the ends
of the chromosomes until the development of chromosome-
specific subtelomeric probes. Now suspected or unexpected
rearrangements at the chromosome ends can be verified or
discovered.

Subtelomeric Probes

A subtelomeric check of all the chromosome ends is indicated
in postnatal cases with indications of mental retardation or de-
velopmental delay and dysmorphic features (mild or severe).
This has uncovered many cryptic or subtle rearrangements, ap-
proximately half of which may be present in a balanced form
in 1 of the parents (reviewed in Berend et al.'* and de Vries
et al.’¥). Although many parents wish to pursue the perfect
child and want to eliminate as many uncertainties for their fetus

DISORDERS ASSOCIATED WITH MICRODELETIONS DIAGNOSABLE BY MIOLECULAR

Syndrome Microdeletion Features

DiGeorge/VCFS 22q11.2 Thymus hypoplasia, abnormal facies, moderate mental
retardation, hypoplastic parathyroid glands, cardiac
malformations

Angelman 15q11.2(mat) Severe mental retardation, seizures, ataxia, hyperactivity,
absence of speech, inappropriate laughter

Prader-Willi 15q11.2(pat) Hypotonia in infancy, hyperphagia, obesity,
developmental delay, hypogonadism

Cri-du-Chat S5pl5.2 Cat cry in infancy, mental retardation, microcephaly,
round face, hypotonia, hypertelorism

Kallman Xp22.3 Anosmia and hypogonadism

Miller-Dieker 17p13.3 Type I lissencephaly; agyria; high, narrow, wrinkled
forehead; wide, flat lip; micrognathia

Smith-Magenis 17p11.2 Mental retardation, brachycephaly, brachydactyly, sleep
disorders, failure to thrive, hypotonia, self-destructive
behavior as an adult

Steroid sulfatase deficiency Xp22.3 X-linked ichthyosis

Williams 7ql11.23 Mental retardation, elfin facies, supravalvular aortic
stenosis and/or other cardiac defects, gregarious
personality, infantile hypercalcemia, stellate iris

Wolf-Hirschhorn 4pl16.3 Severe growth and mental retardation, cleft lip and

palate, microcephaly, hypertelorism, hypospadias,
cryptorchidism

VCFS—velocardiofacial syndrome.


www.cap.org/toolbox/index.htm
www.cap.org/toolbox/index.htm
www.acmg.net
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as possible, a subtelomeric check of all the chromosome ends
in a prenatal study is not a practical or feasible approach with
current labor-intensive FISH methodologies. If family history
leads to a suspicion of a subtle rearrangement, it is more appro-
priate to study the affected child, if possible. If this is not pos-
sible, a study of the parental chromosomes is the next choice.
If a rearrangement is found, then FISH studies on fetal chro-
mosomes can be performed with the specific probes involved.

Microdeletion Syndromes

For the microdeletion syndromes listed in Table 41-1, most are
based on a previous child with, or a family history of, a specific
syndrome. The 1 major exception is the 22q11.2 deletion seen
in DiGeorge/velocardiofacial syndrome (DGS/VCES). The ul-
trasound finding of a congenital heart defect increases the risk
that the fetus has DGS/VCEFS. Certain cardiac defects, most
specifically tetralogy of Fallot and conotruncal anomalies, may
be signs of DGS/VCFS syndrome.!” The risk of DiGeorge
syndrome in the presence of a prenatally diagnosed congenital
heart defect is approximately 5%. The risk is higher when the
specific defectis identified as tetralogy of Fallot or truncus arte-
riosus. In addition, the presence of excess nuchal translucency,
an ultrasound finding identifiable in the late first trimester, has
been identified as a risk factor for DiGeorge syndrome.'® The
prevalence of DGS/VCEFS has been estimated to be 1 in 3000.
This is a higher frequency than many conditions that are stud-
ied prenatally.

Painting Probes

Whole chromosome painting probes, which hybridize to the
entire length of a specific chromosome, are most often used
for broader questions, such as “Is the extra material on a chro-
mosome from another chromosome or a duplication of material
from the same chromosome?” Almost every lab has been sur-
prised investigating what was thought to be a simple deletion
or unbalanced rearrangement, only to use a painting probe and
see a small amount of the painting probe on another chromo-
some. A focused reexamination of the G-banded chromosomes
usually reveals the balanced rearrangement.

Centromeric Probes

Centromeric probes are the most common and useful
chromosome-specific repetitive probes. These can be used
as control probes to mark a specific centromeric region in
relation to a locus-specific probe, to investigate centromeric
variants, or to identify marker chromosomes.

MARKER CHROMOSONMES

Marker chromosomes can be difficult and frustrating to deal
with for the laboratory, the clinician, and the patient. A marker
chromosome may be present in a mosaic or nonmosaic state,
vary in size, or may be satellited or nonsatellited. As with most
any unusual cytogenetic observation in fetal cells, parental
chromosomes should be studied when a marker chromosome
is found. FISH technology now allows the chromosome origin
(but not usually the gene content) of a marker chromosome to
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be identified. Centromeric probes and painting probes (either
as individual painting probes or as multicolor painting probes)
can now be used to identify almost all marker chromosomes.
This information, however, does not always change the quality
of information presented to patients. Further detailed charac-
terization of the marker with probes adjacent to the centromere
is not currently readily available to determine if markers de-
rived from the same chromosome contain the same genes. In
addition, the level and distribution of abnormal cells in a mo-
saic state may also make comparisons difficult. The number of
characterized published cases is limited but growing.'® Other
than for chromosomes 15, 22, and the X chromosome, no con-
sistent genotype/phenotype correlations have been found that
can provide prognostic information. Therefore, C-band charac-
terization and the pre-FISH era risks of 11-15% risk for serious
congenital anomalies'? are often the most useful information
that can be provided.

Chromosome 15-Derived Markers

Markers derived from chromosome 15 represent an opportu-
nity to provide the patient with specific prognostic information.
The majority of these markers are bisatellited and are also re-
ferred to as inverted duplicated 15 markers (inv dup[15]) or psu
dic (15;15) markers. If these markers have the PWS/AS region
present (easily shown by FISH studies), then the marker is
associated with a well-characterized abnormal phenotype dis-
tinct from PWS or AS.2%2! If the PWS/AS region is missing,
a normal phenotype is often, but not always, observed.?! The
exception is when the marker is associated with PWS or AS
owing to UPD (2 copies of chromosome 15 inherited from
1 parent).?’ If detected prenatally, there appears to be a 10%
risk of UPD for chromosome 15.2

X Chromosome-Derived Markers

An X chromosome—derived marker can also provide the patient
with specific prognostic information (reviewed in Leppig and
Disteche?® and Willard®*). The determination of the presence
or absence of the XIST gene can help predict the phenotype
in prenatal cases of 45,X/46,r(X). If a small ring X chromo-
some lacks the XIST gene that is associated with X inactivation
and there are genes present on the marker, then genes that are
usually inactivated will be active and associated with an abnor-
mal phenotype that includes mental retardation. If there are no
genes present on the small r(X) chromosome, then Turner syn-
drome is expected. Also, if the marker is larger and contains a
functional XIST gene, then this r(X) marker is inactivated and
also results in a Turner syndrome phenotype.

PRENATAL INTERPHASE FISH

Prenatal interphase FISH is the rapid assessment of aneuploidy
status in uncultured interphase cells from amniotic fluid, CVS,
fetal blood, fetal urine, and cystic hygroma fluid. This tech-
nique is designed to detect aneuploidies of chromosomes 13,
18, 21, X, and Y. Experience has demonstrated the reliability
and usefulness of prenatal interphase FISH for providing rapid,
useful information to the clinician and patient (see review in
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Miny et al.> and Schwartz?®). Issues such as the presence of
maternal blood in the sample, either grossly visible or only
noticeable after centrifugation of the sample, still prevent re-
sults from being obtained on 2-5% of amniotic fluid samples.
These samples are either not analyzed or called uninformative
if male fetal cells are not observed.

NEW MOLECULAR DEVELOPNIENTS

Because many of the FISH approaches discussed are labor
intensive and costly, development of new, more cost-effective
technologies is a desired goal. Another goal for new technology
is the development of more powerful and routine analysis of the
genome at aresolution higher than that attained with traditional
G-banded chromosome analysis and with some of the FISH
probes.

A recent successful molecular technique for the replace-
ment of prenatal interphase FISH that is becoming widespread
in Europe is QF-PCR?7?} (reviewed in Miny et al.?®). This
quantitative approach uses polymorphic DNA markers (STRs)
for the common trisomies and sex chromosome aneuploidies.

Microarrays (DNA chips) with genomic clones are being
developed and hold promise for providing a replacement for
FISH for microdeletion syndromes and subtelomere analysis,
and potentially as a high-resolution banding technique, pro-
viding a more detailed reading of the complete genome than
current G-banding.?’

SUMMARY

Over the past 10 years, prenatal chromosome diagnosis has
rapidly changed; both sampling methodologies and molecu-
lar techniques complement chromosome analysis. This review
summarizes current techniques and their risks used by the clin-
ician, and selected aspects of cytogenetic and molecular tech-
niques used by the laboratories. Within the next 3—-5 years,
DNA techniques are expected to complement, and potentially
replace, aspects of current cytogenetic and FISH techniques,
and provide more detailed information on the genetic status of
the fetus.
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Yoav Ben-Yoseph

Biochemical tests for diagnosis of inherited metabolic disor-
ders consist of identification of abnormal metabolites or ab-
normal levels of metabolites that reflect the metabolic block
or alteration, and ultimately identification, quantitation and
characterization of the defective or deficient gene product
that is responsible for the metabolic block or alteration.'-?
The disorders covered here are monogenic disorders that are
caused by single mutant genes. Such disorders are caused by
mutant genes that produce no protein, produce small quan-
tity of protein, or produce abnormal protein whose func-
tional activity is altered. The 1 gene—1 enzyme concept has
been extended to cover RNA as the final gene product and
to cover proteins that are not enzymes as well as complex
proteins composed of nonidentical polypeptide chains. Post-
translational cleavage to generate multiple peptides, alternative
splicing, and alternative promoter sequences contribute com-
plexities to the concept. Additional intricacies are introduced
as mutations in transcription factors, gain-of-function muta-
tions, somatic mutations, unstable mutations, and imprinting
of genes.

When the underlying biochemical defect is known and
is expressed in obtainable specimens of fetal tissue (chori-
onic villi and fetal liver biopsy) or cells (trophoblasts, am-
niotic fluid cells, fetal erythrocytes, and leukocytes), prena-
tal diagnosis is ultimately based on analysis of the enzyme
or other protein primarily involved. In other cases, the test
is based on measurement of secondary biochemical events
such as elevation or absence of a particular metabolite(s) or
protein(s) in cell-free amniotic fluid or in fetal plasma or
serum.

The purpose of this chapter is to describe some of the con-
siderations used in prenatal diagnosis of monogenic diseases,
and to delineate the principles of the biochemical methodology.
The various points are illustrated by examples of representative
diseases and assay systems.

Mode of inheritance and family studies are important is-
sues in prenatal diagnosis of monogenic disorders, especially
for interpretation of the test results. Specific points of con-
sideration relating mostly to autosomal recessive disorders in-
clude genotype assignments among relatives of an index case,
fetal contribution to maternal serum enzyme levels dur-
ing pregnancy, problems with pseudodeficiencies, and car-
rier detection screening programs. Other points addressed
are distinction between affected heterozygotes and homozy-
gotes in autosomal-dominant diseases, identification of het-
erozygous females in X-linked diseases and non-Mendelian
inheritance.

Fetal samples of various types and origins serve as diagnos-
tic material for prenatal evaluations. Specific points discussed
include availability of the respective normal control samples,
maternal contamination, distribution of various enzymes and
isozymes in different cells and tissue types, direct versus cul-
tured specimens, cell morphology and cell culture conditions,
amniotic fluid metabolites, fetal blood sampling and fetal liver

biopsy, and handling of processed and unprocessed tissue and
fluid specimens.

Biochemically analyzable materials include gene products
such as enzymes, receptors, transporters, activators, peptide
hormones, immunoglobulins, collagens, coagulation factors
and transcription factors, and metabolites such as amino acids,
organic acids, and vitamins. In describing the methodologic
principles, the emphasis is on enzymes which are the most
commonly analyzed gene products. Topics addressed are en-
zyme preparations, assay conditions, controls and blanks, sub-
strates and cofactors, separation and detection methods, and
nonenzymatic defects.

MODE OF INHERITANCE AND
FAMILY STUDIES

Definitive diagnosis of an inherited metabolic disorder must
be based on clear-cut distinction between the values of
affected and unaffected fetuses. In the case of an autosomal-
recessive disease, the assay employed should ideally
discriminate between homozygous affected, heterozygous un-
affected, and homozygous normal fetuses. Because variabil-
ity owing to different genomic backgrounds does exist among
family members, testing of leukocytes or cultured skin fi-
broblasts from the parents, the index case and unaffected
siblings can provide valuable information on the respective
values of different genotypes within a particular family. In
addition to the benefit in interpretation of the results of the
prenatal evaluation, it may prove to be a reliable means for
identification of carriers among members of the extended
family. Valuable information concerning the fetus can be ob-
tained in some cases by determination of maternal serum en-
zyme activities during pregnancy. For example, the normal
increase in serum hexosaminidase A during pregnancy ap-
pears to be of fetal origin and unchanged levels in pregnan-
cies at risk for Tay-Sachs disease may indicate an affected
fetus.>*

Low levels of enzymatic activity in apparently healthy in-
dividuals (pseudodeficiency) make prenatal diagnosis a more
difficult task. Deficiency of galactocerebrosidase activity to-
ward galactosylceramide and deficiency of arylsulfatase A ac-
tivity toward both p-nitrocatechol sulfate (artificial substrate)
and cerebroside sulfate (natural substrate) have been described
in unaffected members of families with Krabbe disease® and
metachromatic leukodystrophy.’ respectively. Prenatal diagno-
sis cannot be made in such families on tissue or cell extracts,
but is possible by loading tests that are based on growing intact
cells in culture in the presence of the appropriate substrate or its

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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precursor.” Alternatively, mutations causing pseudodeficiency
may be identified by molecular methods.?

Screening for carriers is usually limited to populations
at high risk for a diagnosable disease. Carrier detection for
Tay-Sachs disease is routinely offered to all individuals of
Ashkenazi Jewish descent, in whom the combined frequency
for 2 common Mutations In the «-chain gene of hexos-
aminidases is 1 in 30.>!° The ultimate benefit of carrier de-
tection programs is the identification of couples at risk prior
to having an affected child. In 1995-1996 (International Tay-
Sachs Disease Quality Control and Data Collection Center),
61,017 young adults were screened by 102 centers worldwide
to determine their Tay-Sachs disease carrier status and 60 at-
risk couples (both partners heterozygotes) were identified.

Assays for detection of autosomal-dominant diseases such
as some of the porphyrias'!-!? are usually capable of identify-
ing affected homozygotes but fail sometimes to differentiate
conclusively affected heterozygotes from unaffected fetuses.
In genetic disorders, there is potential for overlap between the
normal and heterozygous ranges for enzyme activities. This is
caused in part by variability in assay conditions, but mainly
by the wide variation found for almost any activity in the nor-
mal population. Consequently, the demonstration of reduced
enzyme activities comparable with heterozygous forms of au-
tosomal dominant porphyrias usually is not considered an in-
dication for termination of pregnancy. On the other hand, defi-
cient enzyme activities consistent with homozygous forms of
dominant porphyrias are often considered for termination of
pregnancy because of their more severe clinical course.

X-linked disorders present some specific difficulties in het-
erozygote detection. Recessive and dominant inheritance refer
only to expression of the gene in females and this is often
highly variable owing to random X inactivation.'® This has
led to some arbitrary and inconsistent assignments. Ornithine
carbamoyltransferase deficiency often has been described as
X-linked dominant, whereas Fabry disease often has been de-
scribed as X-linked recessive. Phenotypic abnormalities occur
in some heterozygotes for either disorder. Because there is no
clear convention, it may be best to consider such disorders
as simply X-linked without a dominant or recessive designa-
tion. The recessive or dominant descriptors are more useful for
X-linked disorders where, respectively, heterozygotes are quite
consistently asymptomatic as in X-linked recessive Hunter
disease or are quite consistently symptomatic in a manner sim-
ilar to hemizygous males as in X-linked dominant hypophos-
phatemic rickets. Depending on the proportions of active mu-
tant and normal X chromosomes in the tissues involved in the
pathogenesis of the disease, a female heterozygous for Fabry
disease, for example, may be clinically normal through her life
or she may develop mild or severe manifestations of the disease
with increasing age.'*

Biochemical methods are seldom completely accurate in
identifying X-linked carriers because of the randomness of
the X inactivation that sometimes may lead to a normal bio-
chemical result. As the variable clinical manifestation, enzyme
activities measured also vary depending on the ratio between
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active mutant and active normal X chromosomes in the spec-
imen analyzed. Hence, activity levels may not correlate with
clinical expression. Accuracy can be increased to some extent
by sampling relatively clonal cell sources such as hair roots
and cloned skin fibroblasts or by testing related metabolites
under induced conditions such as orotic aciduria in carriers of
ornithine carbamoyltransferase deficiency.'> Molecular meth-
ods can circumvent the problems of biochemical analysis of the
gene product in some families, particularly when the mutation
can be detected directly. Males, on the other hand, have only
1 X chromosome and they are either hemizygote affected with
deficient enzyme activity or hemizygote normal with activity
within the normal range.

Some X-linked disorders are lethal in utero in males and
severely or completely impair reproduction in females. Such
disorders occur in females primarily or exclusively as sporadic
events owing to new mutations. Obviously, in such disorders
mode of inheritance is not an issue. Microphthalmia with lin-
ear skin defects syndrome'® and Rett'” syndrome are probably
such disorders. Some genes on the X chromosome fall in the
pseudoautosomal region and have a homologous copy on the
Y chromosome. For pseudoautosomal genes, modes of inher-
itance are indistinguishable from those of autosomal genes, as
the term implies.

There are also some monogenic disorders with non-
Mendelian inheritance. Mutations in mitochondrial DNA are
inherited maternally because oocytes carry multiple copies of
the mitochondrial genome and none are transferred by the
sperm. Females pass the trait to all offspring and males do not
transmit the trait. The situation is complicated because there
are multiple copies of mitochondrial genome per cell, and the
copies can be heterogeneous; some carry a mutation and others
do not. This may lead to phenotypic variation among family
members with the same mutation, to tissue-specific variation,
and to variation with age of the individual. Another example of
non-Mendelian mode is the inheritance of 2 copies of a whole
chromosome or a portion of a chromosome from 1 parent and
no copy from the other parent. Although this phenomenon of
uniparental disomy is relatively rare, it can contribute to the
occurrence of the well-known clinical disorders, Prader-Willi
and Angelman syndromes. The significance of uniparental di-
somy is in large part related to the phenomenon of imprinting
whereby the maternal copy of a gene and the paternal copy of
a gene may be differentially expressed.

GENETIC HETEROGENEITY

Genetic heterogeneity may result from the existence of differ-
ent mutations at a single locus (allelic heterogeneity) or from
mutations at different genetic loci (nonallelic heterogeneity). A
clinically similar bleeding disorder can be caused by mutations
at either of 2 loci on the X chromosome, 1 leading to a defi-
ciency of factor VIII (classical hemophilia or hemophilia A)
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and the other causing a deficiency of factor IX (Christmas
disease or hemophilia B).!® Hereditary methemoglobinemia,
which was once regarded as a homogeneous clinical entity, is
the result of 10 different mutations occurring at 3 distinct gene
loci: 2 at the locus coding for the «-chain of hemoglobin, 3 at
the locus coding for the B-chain of hemoglobin, and 5 at the
NADH-cytochrome bs reductase locus.!” Most inherited dis-
eases, when analyzed thoroughly, are found to be genetically
heterogeneous. The extent of allelic heterogeneity is especially
high as being demonstrated by molecular techniques. Sickle
cell anemia that results from a single mutation at a single locus
is 1 of the rare exceptions. This disorder, however, has a quite
varied expression due to different genetic backgrounds.

In most diseases there is a classic phenotype in which no
functional gene product is produced. Many different alleles that
encode no functional gene product cause this severe pheno-
type. There are also milder expressions arising from mutations
that do not totally eliminate the functional gene product. The
occurrence of compound heterozygotes contributes to the com-
plexity of the clinical and biochemical spectra. Description of
Hurler-Scheie compound heterozygotes among mucopolysac-
charidosis I patients was first based on the existence of inter-
mediate phenotypes between the “classical” Hurler syndrome
and the mild Scheie syndrome. At the mild end of the spectrum
are those mutant alleles that encode a product that has substan-
tial activity and leads to a nearly normal clinical phenotype or
to one that is normal under most environmental conditions.
This spectrum extends into biochemical variation usually not
associated with a clinical effect.

Hartnup disorder and mild forms of hyperphenylalanine-
mia and methylmalonic acidemia are examples of these “be-
nign” phenotypes that are still subject to acute symptoms if
stressed. The amount of functional gene product required to
prevent clinical symptoms depends on other genetic factors
and on exogenous factors such as diet and catabolic events. An
individual with benign methylmalonic acidemia must be con-
sidered to be at greater risk than other individuals in the face
of major catabolic episodes, so that the benign designation in
such cases is merely conditional. The individual with Hartnup
disorder is at some risk for a pellagra complication. This type
of genetic heterogeneity forms 1 part of the border between
monogenic disorders and multifactorial diseases.

FETAL SANMPLES

The use of direct and cultured fetal specimens for prenatal eval-
uation of metabolic disorders requires the availability of the
respective normal control preparations. This applies to readily
obtainable specimens such as chorionic villus tissue, cultured
trophoblasts, cultured amniotic fluid cells, and amniotic fluid
supernatant, as well as to those obtained by more invasive pro-
cedures such as fetal blood sampling and fetal liver biopsy.
Except for trophoblasts and amniotic fluid cells that can be
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maintained in culture, availability of fresh controls is often a
problem, and in most instances one has to resort to frozen con-
trols, which may have lost some activity. There are also other
potential pitfalls specific for each of these tissue, cell, and fluid
types.

In the case of chorionic villus sampling, it is crucial to
obtain samples that are of fetal origin and in which mater-
nal cells are either completely absent or extremely rare. The
quantity of tissue obtained is usually limited and may be in-
sufficient for a thorough analysis. The use of frozen controls
may affect adversely the interpretation of the results (false-
negative diagnoses) especially when the enzyme in question
is very labile such as sialidase (sialidosis) or when the normal
activity levels in chorionic villi are extremely low as described
for a-iduronidase (mucopolysaccharidosis I or Hurler, Scheie,
or Hurler/Scheie syndrome).?%?! Specific problems may be
encountered because of different distribution of enzymes and
isozymes. The presence of high levels of arylsulfatase C ac-
tivity in chorionic villi hampers the differential detection of
arylsulfatases A (metachromatic leukodystrophy) and B (mu-
copolysaccharidosis VI or Maroteaux-Lamy syndrome), and
therefore precautions must be taken to avoid false-negative
diagnoses. This can be accomplished by separating the aryl-
sulfatase isozymes using electrophoresis or chromatography.??

For most first trimester prenatal tests, the recommended
practice is to utilize the chorionic villi results for preliminary
evaluation and to use cultured trophoblasts for confirmation
of the diagnosis. Nonketotic hyperglycinemia is an exception.
The feasibility of prenatal diagnosis of this disease by chori-
onic villus sampling has been supported by demonstration of
the presence of the glycine cleavage system in placenta ob-
tained by abortion at 12 weeks of gestation.”? The evaluation
in this case must rely exclusively on the results obtained in
chorionic villi because the glycine cleavage system is not ex-
pressed in amniotic fluid cells or trophoblasts. Glycine/serine
ratio in amniotic fluid is elevated in this disease,* but cannot
be used as a reliable indicator because there is overlap with the
ratios determined in normal controls.?

The variability in enzyme activities or in the levels of other
proteins and metabolites that is frequently observed in cul-
tured amniotic fluid cells and trophoblasts can be minimized
by a careful choice of control cell cultures of similar con-
fluency and morphology. For example, arylsulfatase A activ-
ity is normally low during the log phase of cell growth, and
increases significantly only after the cultured cell monolayer
has reached confluency. Therefore, in prenatal evaluation for
metachromatic leukodystrophy careful attention must be paid
to cell culture conditions and time of harvest.?® The choice
of control cell cultures, with respect to confluency and mor-
phology, is crucial when amniotic fluid cells are assayed for
argininosuccinate synthase (citrullinemia) and argininosucci-
nate lyase (argininosuccinuria) activities. The proportion of
epithelioid (epithelial-like) to fibroblastic (fibroblast-like) cells
in the control culture(s) should match closely that of the fetus
at risk because the fibroblastic cell type is remarkably more
active than the epithelioid one.?’~2°
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Amniotic fluid supernatants should be aliquoted to avoid
loss of activity with repeated freezing and thawing. Determi-
nations of amniotic fluid concentrations of specific metabo-
lites, as well as enzymes and other proteins, usually serve as
supporting findings in prenatal diagnoses. The final diagno-
sis preferably should rely on demonstration of the underlying
biochemical defect in cells or tissues. In propionic acidemia
(ketotic hyperglycinemia), for example, prenatal diagnosis has
been accomplished reliably by measuring propionyl-CoA car-
boxylase activity in cultured amniotic fluid cells,*® by mea-
suring ['*C]-propionate fixation in amniotic fluid cells,?! or
by measuring methylcitrate in amniotic fluid.>> Methylcitrate
is probably formed from the intramitochondrial condensation
of propionyl-CoA with oxaloacetate.’> In some acidurias, the
basic biochemical defect is unknown and prenatal diagnosis
must rely on measurement of amniotic fluid metabolites.
This is the case in 3-methylglutaconic aciduria without
3-methylglutaconyl-CoA hydratase®* and in 3-hydroxy-3-
methylglutaric aciduria without 3-hydroxy-3-methylglutaryl-
CoA lyase.® It is possible that a defect in cholesterol biosyn-
thesis and overload of the leucine catabolic pathway could
make the limiting enzyme to be the hydratase in some patients
and the lyase in others.

Fetal blood sampling and fetal liver biopsy should be con-
sidered only as a last resort because of the high risk for preg-
nancy loss with these invasive procedures. In glycogenoses
la, 1b, and lc, the respective enzyme (glucose-6-phosphatase)
and transporter proteins (glucose-6-phosphate translocase and
phosphate translocase) involved are expressed only in liver and
kidney. If the mutations are identified, DNA techniques may
provide a simpler diagnostic tool. In cases in which DNA tech-
nology is not available, the only option left for prenatal diagno-
sis is fetal liver biopsy in which glucose-6-phosphatase activity
can be measured in the absence and presence of detergent.3
On the other hand, prenatal diagnosis of hyperargininemia
(arginase deficiency), which has been made in the past only
by fetal blood, can in many instances be replaced by molecu-
lar technique.?”-3® Even when available, DNA methodology is
not informative in all cases and families examined. Biochemi-
cal techniques must be considered in such instances. Ornithine
carbamoyltransferase deficiency with no informative restric-
tion fragment length polymorphism or deletion can be prena-
tally diagnosed in hemizygous male fetuses by direct enzyme
assay on fetal liver biopsy.*

To eliminate adverse effects of storage and shipment, it is
advisable to keep tissue specimens frozen and ship them on dry
ice. This applies to chorionic villus samples (after a portion has
been dedicated for culture) and fetal liver biopsies. Cell pel-
lets, amniotic fluid supernatant, and fetal serum or plasma also
should be kept frozen and shipped on dry ice. Cell cultures
should be almost confluent and should be shipped at room
temperature with flasks filled with medium (to avoid foam-
ing). Chorionic villus samples, whole amniotic fluids, and fetal
blood to be processed by the receiving laboratory should be
sent as soon as possible at room temperature. Whenever possi-
ble, appropriate normal controls from the referring physician’s
facility should accompany the samples to be analyzed.
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ENZYME PREPARATIONS

Prenatal diagnosis of an enzymatic defect may be made by di-
rect assay of fetal tissue or cells when the particular enzyme is
the product of the gene in question and is expressed in the fetal
specimen to be analyzed. Direct demonstration of abnormal-
ity or deficiency of the gene (molecular techniques) or gene
product (biochemical techniques) is the preferred diagnostic
approach. Enzyme assays can be frequently performed on tis-
sue and cell extracts. In some cases, assays must be performed
on the cells in culture. Prenatal detection of citrullinemia and
argininosuccinuria and characterization of the mutant enzyme
(argininosuccinate synthase and argininosuccinate lyase, re-
spectively) are carried out in trophoblast or amniotic fluid cell
cultures by measuring the incorporation of '*C from citrulline
into arginine residues of newly synthesized protein.?’~%’

Tissue and cell extracts are prepared by homogenization
and sonication, respectively. The duration and intensity of
these extracting procedures should be adjusted, depending
on the nature of the enzyme to be analyzed. Membranous
enzymes, such as the lysosomal membrane glucocerebrosidase
(Gaucher disease)*” and the Golgi membrane N -acetylgluco-
samine 1-phosphotransferase (1-cell disease and pseudo-
Hurler polydystrophy)*' require effective extraction that is
often aided by the use of detergents. Milder extraction proce-
dures are required for cytosolic enzymes such as adenine phos-
phoribosyltransferase (adenine phosphoribosyltransferase
deficiency and 2,8-dihydroxyadenine urolithiasis)*> and
prolidase (hyperimidodipeptiduria).*?

Extraction of labile enzymes such as sialidase (sialidosis)
should be performed with special care with respect to the dura-
tion of homogenization or sonication.?’ Utilizing fresh chori-
onic villus tissue and freshly harvested trophoblasts and am-
niotic fluid cells helps to preserve the activity of such labile
enzymes.

ASSAY CONDITIONS

The pH optimum, the apparent Ky; values for the substrate(s)
and cofactors, and the linear range with respect to incuba-
tion time and protein concentration in the enzyme preparations
should be established for each assay system and for each tissue,
cell, or fluid type. Ideally, reactions should be performed at the
pH optimum, at saturating substrate(s) and cofactors concen-
trations (at least 5 times the respective Ky values), and with
enzyme concentration and incubation time within the respec-
tive linear ranges. Practical considerations, however, force us
to deviate occasionally from these guidelines. For example,
a-glucosidase assay for detection of Pompe disease
(glycogenosis II) is carried out at a more acidic pH than the pH
optimum to avoid interference by neutral S-glucosidase.** Sat-
urating substrate concentrations are impossible or unrealistic in
some instances owing to solubility limits or economic reasons.
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In some assay systems, incubation times must be extended
into the nonlinear range to produce detectable product levels.
Incubation temperature may deviate from the usual 37°C, as
described for the assay of sulfamidase (heparan N -sulfatase),
in which improved discrimination between patients with mu-
copolysaccharidosis IIT A (Sanfilippo A syndrome) and carri-
ers can be achieved when the assay is conducted at 55°C.*3

CONTROLS AND BLANKS

A typical test consists of duplicates of reaction mixtures con-
taining appropriate dilutions of enzyme preparations from the
fetus in question and from at least 1 normal control, and appro-
priate concentrations of substrate(s) and cofactors in a buffer
of proper composition, ionic strength, and pH. Following incu-
bation, the reactions are terminated and the product is quanti-
tated directly or after its isolation. Blanks are composed of the
same mixtures but the reaction is terminated at the start (O time
blanks), and/or boiled enzyme preparations are substituted for
native enzyme preparations (boiled blanks). Blanks account
for nonenzymatic reaction and interfering substances and are
subtracted from the test values.

Additional sets as described are used for the assay of other
enzyme activities, which originate from the same subcellu-
lar location as the enzymatic activity in question. These ad-
ditional enzymes are not expected to be altered in the fetus
in question, and as such, they serve as controls for viability
of the patient specimen and for proper extractability of the
enzyme in question. Indirect methods such as the differential
heat inactivation of a-galactosidase (Fabry disease)*® and hex-
osaminidase A (Tay-Sachs disease)*’ should be calibrated in
the appropriate tissue or cell preparation, and when applicable,
the findings should be supported by additional means such as
use of additional substrates, ion exchange chromatography, or
electrophoretic separation and visualization.*?

SUBSTRATES AND COFACTORS

There are 2 major categories of substrates and cofactors: natu-
ral and artificial. In each group, some are commercially avail-
able and others must be prepared or at least tagged (e.g.,
radioactive label) by the testing laboratory. Satisfactory diag-
nostic assays can be established in many cases by employing
artificial substrates and/or cofactors. Such assays are usually
simpler and more sensitive than those utilizing natural sub-
strates and cofactors, but they may fail to detect some variants
and they are less likely to distinguish between severe and mild
forms of a given disease.

These points can be illustrated by the GM, gangliosidoses.
This is a group of disorders caused by mutations at 3 distinct
loci that code the «-chain and B-chain of hexosaminidases
and the GM, activator protein.** The common denominator is
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the inability to degrade GM, ganglioside, a process that re-
quires the combined action of the «-f hetero-oligomeric hex-
osaminidase A and the Gy, activator protein. In Tay-Sachs
disease (Gy, gangliosidosis B), the defect is in the gene cod-
ing the B-chain, and consequently hexosaminidase A is absent
and the homo-oligomeric hexosaminidase B is present but is
incapable of catabolizing GM, ganglioside. In Sandhoff dis-
ease (GM, gangliosidosis O), the defect is in the gene coding
the B-chain, and consequently both hexosaminidases A and B
are affected. In GM; activator deficiency (GM, gangliosidosis
AB), the defect is in the gene coding the activator, and both
hexosaminidases A and B are unaffected.

The commonly used substrate is an artificial fluorogenic
(4-methylumbelliferyl) derivative of 8-N-acetylglucosamine
that can be cleaved by both hexosaminidases A and B. Dis-
crimination between the 2 isozymes is achieved by heat inacti-
vation of the thermolabile hexosaminidase A. This method can
detect Tay-Sachs and Sandhoff diseases, but not the activator
deficiency. This method also fails to detect a variant designated
GM, gangliosidosis B1. In this disorder both hexosaminidases
A and B are present, but the o-chain of hexosaminidase A is
catalytically defective. The B1 variant, as well as Tay-Sachs
disease (GM, gangliosidosis B), can be detected by sulfated
artificial substrates (p-nitrophenyl or 4-methylumbelliferyl
derivative of B-N-acetylglucosamine-6-sulfate), which are
specific for hexosaminidase A, but these artificial substrates
fail to detect some ar-chain defects.’*3! The sulfated and unsul-
fated substrates are cleaved by distinct catalytic sites residing
on the some «-chain and some B-chain, respectively.*’

The natural substrate GM, ganglioside is commercially
available but must be radiolabeled by the testing laboratory
to allow its use for diagnostic purposes. All types of GM,
gangliosidosis, including the activator deficiency, can be de-
tected by this substrate when used with intact cells in culture
(trophoblasts and amniotic fluid cells). However, when used
with tissue or cell extracts, the concentration of the endoge-
nous GM, activator protein becomes insufficient (because it
is no longer localized) and the reaction mixture must be sup-
plemented with purified activator protein preparation or with
detergent (artificial activator). This assay system cannot detect
the activator deficiency but can detect all some «-chain and
some f-chain defects, and when the natural activator protein
is utilized, the activity levels highly correlate with the severity
of the disease.”

SEPARATION AND DETECTION METHODS

Elevated concentrations of amino acids and organic acids in
amniotic fluid serve as preliminary indications for several in-
herited disorders such as amino and organic acidopathies and
urea cycle defects. In most cases, however, final diagnosis is
made by measuring the actual gene product responsible for
the metabolic block. Identification and quantitation of amino
acids and organic acids in physiologic fluids and in reaction
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mixtures are performed on amino acid analyzer and gas chro-
matograph, respectively. Quantities are determined by the ratio
between the peak area revealed in the sample and that of the
same compound in a calibration mixture of known concentra-
tions. Internal standards are used to correct for any inaccuracies
in the amount of sample injected into the instrument. Organic
acids must be extracted and derivatized prior to their separation
and quantitation by gas chromatography.

Some natural products of enzymatic reactions can be quan-
titated directly or following their isolation from the reaction
mixtures based on their physicochemical properties. In other
systems, substrates are tagged with a colored group, a fluo-
rescent group, or a radioactive group, and thus provide prod-
ucts that can be detected by sensitive colorimetric, fluoromet-
ric, or radiometric assays, respectively. For example, detection
of galactosemia is based on direct measurement of the fluo-
rescence of the reduced natural electron acceptor, NADPH,
using a fluorometer with excitation at 340 nm and emission
at 460 nm. NADPH is produced from NADP™ by the reac-
tion of UDP-glucose:galactose-1-phosphate uridyl transferase
followed by phosphoglucomutase, glucose-6-phosphate dehy-
drogenase, and 6-phosphogluconate dehydrogenase.>?

The absorbance of free p-nitrocatechol at a wavelength of
515 nm (spectrophotometer) is a measure for arylsulfatases
A (metachromatic leukodystrophy) and B (mucopolysaccha-
ridosis VI or Maroteaux-Lamy syndrome) activities. Under
differential conditions with respect to ionic composition and
pH these enzymes release p-nitrocatechol from the synthetic
chromogenic substrate p-nitrocatechol sulfate.>* Similarly, the
activities of many glycosidases are determined by the re-
lease of 4-methylumbelliferone (a fluorescent compound with
excitation wavelength at 365 nm and emission wavelength
of 448 nm) from the artificial fluorogenic derivatives of the
respective sugar in the proper anomeric configuration (e.g.,
4-methylumbelliferyl-o-L-fucoside is used for diagnosis of
fucosidosis).?’

The use of commercially available donor (UDP-['*C]-
N -acetylglucosamine) and acceptor («-methylmannoside)
substrates for prenatal diagnosis of I-cell disease and
pseudo-Hurler polydystrophy requires the separation of the
reaction product (/N -acetylglucosamine-phospho-o-methyl-
mannoside) from both the uncleaved donor substrate and the
unavoidable breakdown product (free N -acetylglucosamine).
This is achieved by stepwise elution from an ion exchange
column (QAE, Sephadex). The neutral breakdown product is
eluted with 20 mmol of NaCl, the negatively charged reac-
tion product with 30 mmol of NaCl, and the highly negative
substrate with 200 mmol NaCl.>?

NONENZYMATIC DEFECTS

Detection of nonenzymatic proteins such as receptors, trans-
porters, and activators is more complex than direct enzyme
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assays in tissue or cell extracts and usually requires the use
of intact cells in culture. Cell cultures have some advantages,
including the ability to incorporate radioactive precursors, the
ability to carry out repeated studies, and the relative ease with
which comparative studies can be performed on different pa-
tient and control cell lines.

The development of methods for quantitative assessment
of the low-density lipoprotein (LDL) receptor in cultured cells
permitted the prenatal diagnosis of fetuses homozygous for the
autosomal-dominant disease familial hypercholesterolemia.”®
Four tests are available for quantization of the receptor
activity: (1) measurement of the cell surface binding and
intracellular uptake of 125]-labeled LDL; (2) measurement
of the rate of proteolytic degradation of !*I-labeled LDL;
(3) measurement of LDL-mediated suppression of the syn-
thesis of ['*C]cholesterol from ['#Clacetate in intact cells
or of 3-hydroxy-3-methylglutaryl CoA reductase activity in
cell extracts; and (4) measurement of LDL-mediated stim-
ulation of the incorporation of ['*Cloleate into cellular
cholesteryl['*C]oleate. In addition, the number of LDL recep-
tors can be determined by immunoblotting or immunoprecip-
itation of 33S-labeled receptors.

It should be noted, however, that the feasibility of making
prenatal diagnosis has been established only for the severe,
receptor-negative homozygous familial hypercholesterolemia.
It has not yet been established that the diagnosis can be re-
liably made in those familial hypercholesterolemia homozy-
gotes with the less severe form who have some detectable
receptor activity (5%-30% of normal). It is unlikely that such
homozygotes can be distinguished with sufficient certainty
from heterozygotes.

Cystinosis, an autosomal recessive lysosomal storage dis-
ease in which cystine accumulation is presumably the result
of defective transport across the lysosomal membrane, can be
diagnosed prenatally by pulse labeling of cultured cells with
[*S]cystine or even by direct measurement of cystine content
in chorionic villi.’” Because of the success with cysteamine
therapy, many families prefer diagnosis at birth and immediate
initiation of therapy if the child is affected. This is done by
measuring the cystine content of the placenta or the cord blood
leukocytes.?®
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CHAPTER

MOLECULAR DIAGNOSTICS

43 FOR PRENATAL DIAGNOSIS

Laura S. Martin / Mark |. Evans

The demand for prenatal diagnosis has increased rapidly over
the last 30 years. This chapter illustrates the theory and methods
required for this undertaking.

MOLECULAR GENETICS:
PRENATAL DIAGNOSIS

Molecular genetics is the study of human variation—
mutation—at the level of the gene: its organization, regulation,
and expression. The study of the genetic mechanisms for the
expression of inherited information and their mutant protein
products has been facilitated by investigating experimental
bacterial and animal models. Because similar experimental
methods, for example, irradiation or chemical exposure, are
not suitable in the human, the study of naturally occurring mu-
tations provides models and insight into the structure—function
relationship of the gene and its environment. These research
methodologies have yielded precise diagnostic testing capabil-
ities for many genetic diseases. In this section we review the
development of important recombinant molecular genetic di-
agnostic techniques with emphasis on the utility of molecular
genetics in prenatal diagnosis.

In 1970, H.O. Smith at the Johns Hopkins University
School of Medicine isolated and purified the first restriction
endonuclease, Hind I, in Haemophilus influenza, for which he,
D. Nathans, and W. Arber received the Nobel Prize in Medicine
and Physiology in 1978. In 1980, Lawn and Maniatis cloned
and sequenced the B-globin gene, thereby opening the door for
DNA mutational analysis.' Fortuitously, the 8-globin gene, lo-
cated on chromosome 11, is only 1600 base pairs (bp) in length
(in contrast to the CFTR gene, which is 250,000 bp) of which
only 438 bp are of coding sequence. In 1978, the first DNA
restriction fragment length polymorphism (RFLP), Hpa 1, was
found by W.Y. Kan at the -globin locus. This discovery led
to the use of haplotype analysis in prenatal diagnosis as mark-
ers for gene mapping, for differentiation of mutant alleles, for
the study of the mechanisms of mutation, and in forensic and
paternity testing.

It has been estimated that the human genome, 3.0 x 10° bp
per haploid copy, contains 50,000-100,000 genes dispersed
on 23 chromosomes. Each individual is thought to have 6-10
abnormal genes.

Genes are composed of a variety of elements critical to the
normal function of the gene: its expression of the messenger
RNA (mRNA) and the processing of that message (its final pro-
tein sequence). The sequence of a gene is defined by regions
of coding and noncoding domains, called exons and introns.
The coding regions are constructed by a seemingly random
sequence of a 4-letter alphabet of nucleotides (guanine, ade-
nine, thymine, and cytosine), which directs the assembly of the
protein through an intermediate molecule known as messenger

RNA. The intervening sequences (IVS), introns, are removed
by a nuclear process called splicing prior to translation of
the mature mRNA to protein in the rough endoplasmic retic-
ulum, located in the cytoplasm. The nucleotides that pre-
cede (splice donor-GT) and terminate (splice acceptor-AG)
the IVS are critical for proper splicing, although the func-
tion of the intron has not been entirely elucidated. At the
beginning of every gene is a region called the 5’ untrans-
lated region containing the promoter that dictates in which
tissue the gene is active and at what level. The transport of
the mRNA from the nucleus to the cytoplasm is in part con-
ferred by a series of about 200 adenosine residues at their
3’ end (polyadenylation); thereby, protein assembly is com-
pleted.

Mutations in DNA—alterations or changes—can occur in
any of the regions of DNA described, resulting in a change in
the production of the protein, often a reduction or an abnor-
mally functioning protein. This may include an alteration of
1 nucleotide, known as a point mutation, in the coding region,
which changes the amino acid at that position to a differing
amino acid; amissense mutation, or a termination signal, which
causes translation to stop at that position, a nonsense mutation.
A mutation may also be a deletion or insertion of DNA result-
ing in the loss of one to thousands of nucleotides producing a
shift in the reading frame assuming a change of a multiple not
of 3, termed a frameshift mutation, and frequently introducing
a premature termination signal. Alterations in the signaling re-
gions, for example, splice junctions or promoter, may result in
splicing abnormalities leading to incorrectly modified mRNA,
too little or too much mRNA, thus leading to an unstable mRNA
and too little or too much protein.

Molecular genetic technology has permitted analysis of
the gene. We now discuss a variety of recombinant DNA
methodologies, diseases, and the genes that best illustrate them.
Table 43-1 provides a list of common terms and abbreviations
along with their definitions.

POLYMERASE CHAIN REACTION

In 1987, while “snaking along a moonlit mountain road into
northern California’s redwood country,”? Kary B. Mullis con-
ceived of an idea that would revolutionize the molecular biol-
ogy world and for which he would ultimately receive the Nobel
Prize.>* This discovery is known today as the polymerase
chain reaction (PCR). A small aliquot of genomic DNA is
taken and a specific region of that DNA is enzymatically am-
plified. That is to say, 2 primers are devised—a short fragment
of known DNA sequence surrounding the area of interest—
bound to the complementary sequence on the patient’s ge-
nomic DNA, and with the addition of a DNA polymerase
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TASB LE GLOSSARY OF TERMIS AND ABBREVIATIONS
43-1
Meaning

Allele One of several alternate forms of a gene at any specific locus

ASO Allele-specific oligonucleotide

bp Base pair

CFTR Cystic fibrosis transmembrane regulator gene

CCM Chemical cleavage of mismatch

DNA Deoxyribonucleic acid, the molecule of which all eukaryotic life exists

DGGE Denaturing gradient gel electrophoresis

Exon The regions of the gene that are transcribed and present in the mature RNA; usually represent the coding
portion of a gene

Haplotype Specific combinations of alleles found in close association—linked—to a gene whereby one defines a
genotype, usually inherited as a single group

Heteroduplex The pairing of homologous double-stranded DNA or RNA from 2 parental molecules, usually wild type
and mutant, each being complementary to each other with the exception of a small region of mismatch

Intron Intervening sequences of DNA found between exons in genes, spliced out of the immature message RNA,
prior to translation of the mature RNA into protein

IVS Intervening sequences

Kb Kilo bases

Linkage Describes the predilection for nonallelic genes or segments of genes to be inherited as a unit as a result of
their close proximity on the same chromosome

mRNA Messenger RNA; the template on which polypeptides, proteins, are synthesized

Multiplex PCR Method whereby multiple exons are amplified in a single reaction tube via the polymerase chain reaction

Mutation A change or alteration in the sequence of a gene

Nucleotide Unit of DNA

Normal transmitting male

A male who carries the fragile X mutation and thus can transmit the gene to his daughter, but he himself
has a normal phenotype

Genetic variation in individuals, often seen as an alteration, obliterating or creating, a restriction
endonuclease site, or as difference in the number of tandem repeats, eg, triplet repeats

Polymorphism
PCR Polymerase chain reaction
PSM PCR-mediated site-directed mutagenesis

Restriction endonuclease

Enzymes isolated from a variety of bacteria that are capable of cutting double-stranded DNA at specific
sites

RFLP Restriction fragment lengt