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An algorithm for the prenatal detection of chromosome
anomalies by QF-PCR and G-banded analysis
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Objective The objective of this study was to examine in theory the clinical utility of a prenatal algorithm
that uses rapid aneuploidy detection in all cases and G-banded analysis for selected cases (RAD/G algorithm).

Methods Over a 4-year period, amniotic fluid samples were prospectively assigned into RAD (limited
analysis) or RAD/G (intensive analysis) categories based upon the likelihood of the fetus having a chromosome
anomaly. The samples were cultured and analyzed by standard cytogenetic methods. The rates of clinically
significant chromosomal anomalies potentially undetectable by the RAD/G algorithm were calculated.

Results The karyotype was normal in 3861/4054 (95.24%) cases and abnormal in 193 (4.76%). From these
data, the detection rate of the RAD/G algorithm was 87.6% if all abnormalities detected by G-banding were
taken into consideration and 97.6% if abnormalities having reduced predictive value were excluded (balanced
rearrangements and most mosaic cases).

Conclusions Compared to G-banding alone, the RAD/G algorithm has a reduction in sensitivity due to
undetectable abnormalities and mosaicism in the RAD group. However, it provides a rapid and inexpensive
alternative to traditional G-banded analysis, and might be more appropriate for patients with uncomplicated,
low risk pregnancies. Copyright  2008 John Wiley & Sons, Ltd.
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INTRODUCTION

The primary purpose of genetic amniocenteses is the
detection of common fetal aneuploidy (trisomy 13, 18
and 21). Noninvasive screening, using first and second
trimester tools, such as sonographic markers and mater-
nal serum biochemical markers, has gained popularity in
recent years due to the low false positive rate (2–5%)
and high detection rates for Down syndrome and other
aneuploidies (Benn et al., 2005; Schiott et al., 2006;
Bornstein et al., 2007; Breathnach et al., 2007; Jaques
et al., 2007; Sheppard and Platt, 2007; Summers et al.,
2007). High-level ultrasonography can also be used to
identify pregnancies at increased risk (Verdin et al.,
2000; Pinette et al., 2001; Devore and Romero, 2003;
Benacerraf, 2005; Beke et al., 2008; Papp et al., 2008).
For women assessed as having an increased risk of fetal
aneuploidy, and who have opted for genetic amnio-
centesis, G-banded analysis of cultured amniotic fluid
metaphase cells has been the gold standard test since its
introduction in the mid 1970s. Although used primarily
to detect common numeric chromosome abnormalities,
G-banding also finds less predictable anomalies, such
as rare aneuploidies and structural rearrangements. The
major drawbacks of G-banding are that it is expensive,
labor intensive, has a slow turn-around time and requires
a large volume of fluid. It also can lead to results with
low predictive value due to detection of mosaicism and
de novo balanced rearrangements.
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Quantitative fluorescent polymerase chain reaction
(QF-PCR) (Pertl et al., 1994; Adinolfi et al., 1997)
offers an attractive alternative to G-banding since a
relatively small volume of amniotic fluid is needed,
its false positive rate approaches zero, results are
obtained quickly, and it has a reduced cost compared to
G-banded analysis (Brown et al., 2006; Ochshorn et al.,
2006). QF-PCR has been proposed as a replacement
for G-banded analysis in Europe (Cirigliano et al.,
2005, 2006). However, because it only targets the three
common autosomal aneuploidies and sex chromosome
aneuploidies, its overall sensitivity for detection of chro-
mosome anomalies is reduced compared to G-banded
analysis. An indication-based algorithm for testing using
rapid aneuploidy detection (RAD) alone or testing with
RAD and G-banded analysis (RAD/G algorithm) has
been studied with varying results. Kagan et al. (2007)
proposed a RAD/G algorithm where patients with a com-
bined likelihood ratio of the fetus having a chromosome
abnormality of greater than 1 would have an exten-
sive analysis (QF-PCR plus G-banding). They reported
the algorithm would detect 98.3% of anomalies, leav-
ing a residual risk of an undetected anomaly of 1/723.
In contrast, Kozlowski et al. (2006) reported that QF-
PCR was concordant with 98.6% of G-banded cases,
but that 36 of 110 clinically significant chromosome
abnormalities were missed by QF-PCR in their series,
leaving a residual risk of 1/166. However, the discor-
dant results reported by Kozlowski included balanced
de novo rearrangements, sex chromosome mosaicism
(which have reduced clinical utility due to a poor pre-
dictive value for phenotypic abnormalities) and fetuses

Copyright  2008 John Wiley & Sons, Ltd. Received: 5 March 2008
Revised: 16 October 2008

Accepted: 16 October 2008
Published online: 27 November 2008



1222 M. D. SPEEVAK ET AL.

with soft signs. Also included were a number of dis-
cordant results due to sex chromosome abnormalities,
which should be detectable in most cases if anomalous
results (such as homozygosity for the X chromosome
markers or unusual ratios) are further assessed.

To further examine the feasibility of using QF-PCR as
the primary test for prenatal diagnosis of chromosome
abnormalities, it is desirable to establish simplified risk
criteria that can be used by counseling staff to select
patients with the highest likelihood of chromosome
abnormalities to receive G-banded analysis. It also is
essential to determine the proportion of chromosomally
abnormal pregnancies that would be missed when RAD
alone is offered. Through this prospective study, we
designed and tested in theory the use of QF-PCR as the
primary method of prenatal chromosome abnormality
detection, with G-banded analysis reserved for a subset
of cases deemed at higher risk.

METHODS

The prenatal diagnosis and high-risk prenatal clin-
ics at Credit Valley Hospital are regional programs
funded by the province of Ontario to serve a popula-
tion of approximately 1 200 000. All counseling, amnio-
centeses and cytogenetic studies were performed by
the genetics clinic, obstetrical and cytogenetic labora-
tory staff, respectively, at Credit Valley Hospital. Fetal
ultrasounds were performed or repeated in the imag-
ing department of this hospital, although the original
images might have been done elsewhere. Patients were
assigned prospectively to a theoretical limited analysis,
that included QF-PCR only (RAD) or to an extensive
analysis that included QF-PCR plus G-banding (RAD/G)
group. Group assignments were designed based on infor-
mation typically available at the time of counseling and
included maternal age, results of prenatal maternal serum
screening using biochemical markers, integrated prena-
tal screening [(IPS), which consists of a first trimester
nuchal translucency measurement combined with infor-
mation from maternal age and biochemical screening by
inhibin, quantitative uE3, alpha-fetoprotein (AFP), and
beta hCG] or ultrasound findings.

Patients were assigned to the limited analysis, RAD
only group if the age related, IPS or maternal serum
screen (MSS) risk was <3%. Young patients (<age
35) with an isolated soft sign and no other positive mark-
ers were also assigned to the RAD only group, as were
patients referred for amniocentesis due to a nonchromo-
somal diagnosis (biochemical or molecular diagnostic
indication). Soft signs were defined as one or more of
the following: echogenic bowel, mild ventriculomegaly,
echogenic focus of the heart, choroid plexus cyst, single
umbilical artery, pyelectasis, short femur, short humerus,
nasal bone hypolasia, 5th finger clinodactyly, brachy-
cephaly, first trimester nuchal fold ≥3 mm or second
trimester nuchal fold >5 mm. All other patients were
assigned to the RAD/G group. These included patients
with any combination of soft or hard signs, and patients
with IPS, MSS or age related risk ≥3%. A fetal hard

sign was defined as an ultrasonographic diagnosis of
a clinically significant congenital anomaly, such as a
structural heart anomaly or an abdominal wall defect.
RAD patients were reassigned to the RAD/G group if, at
amniocentesis, a previously unrecognized anomaly was
found by ultrasound.

Patients with a known familial chromosome rear-
rangement were excluded from the current study since
they would be considered unsuitable for RAD only and
results would introduce a bias in the RAD/G group.
Also, since screening by nuchal thickening (NT) only is
not offered in Ontario, if a fetus was identified early in
pregnancy to have an increased NT measurement above
the 99th centile as part of IPS, the patient was counseled
about the implications and offered chorionic villus sam-
pling at that time and was therefore excluded from this
study.

G-banded analysis of in situ harvested cultured amni-
otic fluid cells was performed in all cases. The distri-
bution of abnormal results between the two risk groups
was analyzed and the theoretical detection rates of the
proposed RAD/G algorithm were calculated. In the anal-
ysis, it was assumed that sex chromosome abnormali-
ties would be detected by QF-PCR, but that mosaicism
of any kind would be missed, although it is possible
to detect mosaicism if it involves one of the interro-
gated chromosomes (Mann et al., 2004; Ramsden et al.,
2007). Chromosome results were categorized as type I
if they were 100% predictive of an abnormal outcome
and type II if the likelihood of an abnormal outcome
was uncertain or low. Trisomies 13, 18, 21, rare aneu-
ploidies and unbalanced karyotypes were categorized as
type I. Mosaicism, balanced structural rearrangements
and familial markers were categorized as type II.

RESULTS

Over a 4-year period, 4054 cases were entered into
this study (Table 1). The overall prevalence of chro-
mosome abnormalities was 193/4054 (4.76%). The pro-
portion of patients categorized into the RAD/G group
was 348/4054 (8.6%) and 81 (23.3%) of these high-
risk pregnancies had chromosomal abnormalities. Of
these, 76 were type I and 5 were type II abnormalities
(Table 2). Among the 3706 RAD patients, 112 preg-
nancies were found to be chromosomally abnormal. Of
these, 92 were type I and 20 were type II abnormali-
ties. The proportion of type I abnormalities was nearly
10 fold higher amongst the RAD/G patients (76/348
pregnancies) versus the RAD patients (92/3706 pregnan-
cies). If the proposed RAD/G algorithm had been used,
24 abnormalities in the limited analysis RAD group
would have gone undetected. This represented 12.4%
(24/193) of all abnormalities detected by G-banding in
the series. Twenty of these were type II abnormali-
ties, which included eight inherited balanced reciprocal
translocations, one familial marker, three apparently bal-
anced de novo rearrangements, five mosaic X/XX cases
and three mosaic autosomal cases (Table 3). Of these,
one patient chose to terminate the pregnancy and the
remaining 19 continued to term.
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Table 1—Distribution of abnormal results amongst patients prospectively categorized as RAD or RAD/G, determined by G-banded
analysis

G-banded chromosome results

Referral categories Type I results Type II results

Mosaicism Structural
Total Trisomy13,18,21 Total Total
tested or sex anomaly Othera X Ab Inherited de novo abnormal normal

RAD/G 348 71 5 2 2 1 81 267
RAD 3706 88 4 5 3 9 3 112 3594

Total 4054 159 9 7 5 9 4 193 3861
(Percentc) (100) (3.92) (0.22) (0.17) (0.12) (0.22) (0.10) (4.76) (95.24)

a Rare numerical or structural imbalance.
b Autosomal.
c Percent of each result type over total tested. Italicized RAD results are those that would not be detected if the RAD/G algorithm had been used.
Type I results are defined as those that are 100% predictive of an abnormal phenotype at birth. Type II results are defined as those that have less
than 100% certainty of an abnormal phenotype at birth.

Table 2—Type I and Type II results in the RAD/G group, representing those abnormalities not targeted by QF-PCR, which would
have been detected due to extensive analysis by QF-PCR plus G-banding

Case type Referral reason Karyotype

Type I
Rare Positive screen for trisomy, risk 1/30 46,XX,der(17)(t(11;17)(q23.3;p13.3)pat

Positive screen for trisomy, risk 1/30 46,XX,del(8)(p23)
Multiple anomaliesa 46,XY,r(10)(p15q26.1)[13]/45,XY,−10[7]
Tetralogy of Fallot 46,XX,der(21)t(3;21)(p21;p11.2)mat

Type II
Mosaic sex LMA, 43 years old 45,X[4]/46,XX[26]

Positive screen for trisomy, risk 1/10 45,X[9]/46,XX[3]

Mosaic autosomal Positive screen for trisomy, risk 1/12 47,XX,+15[5]/46,XX[5]
Positive screen for trisomy, risk 1/25 47,XY,+21[2]/46,XY[28]

de novo Echogenic bowel 46,XY,t(16;17)(p13.1;q21)

a Multiple anomalies: club foot, diaphragmatic hernia, unilateral cystic kidney.

A retrospective review of the four RAD type I cases
that would have been missed by the RAD/G algorithm
consisted of:

1. 47,XY,+9—referred at age 40 for advanced maternal
age. The ultrasounds at 9 and 16 weeks were assessed
as normal, but following the diagnosis of trisomy 9
at approximately 20 weeks, ultrasound revealed mul-
tiple congenital abnormalities including heart, brain
and gut anomalies. The pregnancy was terminated.

2. 46,XX,del(7)(p13p14)—referred due to a prenatal
screen which was positive for an open neural tube
defect (1/116 risk). The patient opted to continue the
pregnancy.

3. 47,XY,+i(18)(p10)—referred at age 38 for advanced
maternal age. The pregnancy was terminated.
Although this abnormality could potentially have
been detected by QF-PCR, the detection of structural
abnormalities is not predictable due to factors such
as uninformative markers or allele distributions that
mask an abnormal ratio.

4. 46,XX,r(22)(p11.2q13.3)—Ring chromosome 22—
referred at age 35 for advanced maternal age. The
pregnancy was terminated.

DISCUSSION

This study demonstrates that the use of RAD alone
to screen amniotic fluid specimens for chromosome
abnormalities would detect only 82.4% (159/193) of all
abnormalities that would have been found by G-banding.
However, use of the RAD/G algorithm and exclusion of
abnormalities that are poorly predictive of an abnormal
phenotype at birth would result in a detection rate of
97.6% (164/168 type I abnormalities) in comparison to
G-banding alone.

The 3% cutoff for performing RAD alone, based on
IPS, MSS or late maternal age (LMA) in an uncom-
plicated pregnancy resulted in just 8.6% of referrals
qualifying for RAD/G. In our clinic, approximately 40%
of IPS and MSS referrals have prior risks of 2% or
greater, representing 20% of all prenatal referrals. Two
RAD only cases, referred due to an elevated maternal
serum AFP and one RAD only case referred due to
abnormally low maternal serum estriol were found to
have abnormal chromosome results. If the algorithm was
broadened to include screens suggestive of fetal distress
or neural tube defect and the cutoff was reduced to 2%
IPS or MSS risk, we estimate that approximately 22%
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Table 3—Type I and Type II results in the RAD group, representing those abnormalities not targeted by QF-PCR, which would
not have been detected by the algorithm

Case type Referral reason Karyotype

Type I
Rare LMA, age 40 47,XY,+9

Positive screen for ONTDa , risk 1/116 46,XX,del(7)(p13p14)
LMA, age 38 47,XY,+i(18)(p10)
LMA, age 35 46,XX,r(22)(p11.2q13.3).ish r(22)(ARSAx2)

Type II
Mosaic sex Positive screen for trisomy, risk 1/65 46,X,−X,+mar.ish

der(X)(CEPX+)[4]/45,X/46,XX[5]
Positive screen for trisomy, risk 1/95 47,XXX[5]/46,XX[6]
LMA, positive screen for trisomy, risk 1/108 45,X[15]/46,XX[42]
LMA, positive screen for trisomy, risk 1/120 45,X[10]/46,XX[7]
Positive screen for trisomy, risk 1/136 45,X[2]/46,XX[13]

Mosaic autosomal Positive screen for trisomy, risk 1/332 47,XY,+20[4]/46,XY[28]
LMA, 42 years old, previous anencephaly 47,XY,+2[2]/46,XY[27]
LMA, 42 years old 47,XY,+mar1[3]/48,XY,+mar1,

+mar2[2]/46,XY[13]

Inherited Duchenne plus MSS risk 1/126 46,XY,inv(9)(q32q34)mat
Positive screen for trisomy, risk 1/147 46,XX,t(3;15)(p13;q26)mat
Positive screen for trisomy, risk 1/150 46,XX,t(1;6)(p22.1;p21.1)mat
Positive screen for trisomy, risk 1/156 46,XX,inv(10)(p11.2q21.2)pat
Positive screen for trisomy risk 1/170 45,XY,der(13;14)(q10;q10)mat
Positive screen for trisomy risk 1/240 46,XX,t(12;19)(p13;q13.1)pat
Duchenne plus LMA, 36 years old 46,XY,inv(10)(p11.2q21.2)mat
LMA, 37 years old 46,XX,inv(10)(p11.2q21.1)pat
LMA, 36 years old 47,XY,+mar.ish

idic(15)(pter->q11.2::q11.2->pter)pat
(D15Z1++,SNRPN-)

de novo Positive screen for SLOSb 46,X,t(Y;16)(q11.2;q12.1).ish der(Y)t(Y;16)dn
(CEPY+,SRY+)

Positive screen for ONTD, risk 1/349 46,XY,t(4;12)(q21.1;q22)dn
LMA, 40 years old 45,XX,der(13;14)(q10;q10)dn[9]/46,XX[5]

a ONTD, open neural tube defect.
b SLOS, Smith-Lemli-Opitz syndrome.

of patients referred for amniocentesis would qualify for
RAD/G. This has the potential to increase the sensitiv-
ity of the algorithm while still reducing the amount of
G-banding studies by nearly 80%.

We defined type I abnormalities as those having
certainty of significant congenital abnormalities and/or
mental handicap (unbalanced numerical or structural
abnormalities), and type II abnormalities as having
uncertain outcome at birth. The risk that a balanced
de novo rearrangement would result in a clinically
significant phenotype is estimated at 6% (Warburton,
1991). However, the risk associated with mosaicism
in an amniotic fluid varies greatly, depending upon
the chromosome involved. When detected prenatally in
an otherwise normal pregnancy, mosaicism presents a
counseling dilemma, since the origin of the abnormal
cell type might be extraembryonic and the proportion
of abnormal cells derived from the fetus is unknown,
unless extensive studies are performed after termina-
tion of the pregnancy or following birth. The risk of
an abnormal phenotype associated with sex chromosome
mosaicism is 10% (Hsu et al., 1992). The risk associated
with rare autosomal aneuploidy mosaicism varies from
0 to 91%, depending upon the chromosome involved

(Hsu et al., 1997). How parents cope with information
about mosaicism cannot be predicted, and depends upon
human factors independent of the actual empiric risks.
As a result, whenever mosaicism is discovered in an
amniotic fluid cell culture, in the absence of other inde-
pendent indicators (such as elevated biochemical mark-
ers or ultrasound anomalies), it creates great parental
anxiety and there is a risk that the finding would lead to
the termination of a developmentally normal pregnancy.
In this series, the vast majority (19/20) of patients in the
RAD group, with type II results, opted to continue their
pregnancy.

Use of the RAD/G algorithm would leave a small
percentage of type I abnormalities undetected. These
types of abnormalities are of the highest concern since
they are almost certainly associated with significant
congenital defects. In our study, the RAD/G algorithm
would have failed to detect four type I abnormalities
representing 1/1014 of genetic amniocenteses. If all 20
type II abnormalities that would have been missed in
the RAD group are included in the calculation, the
rate of missed abnormalities would be 1/169 genetic
amniocenteses. However, based on the low overall risk
associated with most type II abnormalities and the low
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Figure 1—Algorithmic approach to patient selection for RAD/G to maximize detection of chromosome anomalies in fetuses

likelihood of pregnancy termination of this type of
anomaly among the RAD group, we estimate the residual
risk of a missed abnormality that has the potential to
significantly impact on pregnancy outcome to be 5/4054
tests (1/811), representing 100% of type I abnormalities
and 5% of type II abnormalities missed (based on our
experience of 1 termination out of 20 type II abnormal
results reported in the RAD group).

Figure 1 illustrates an algorithmic approach to
patient selection for RAD/G to maximize detection
of chromosome anomalies in fetuses. Risks based on
maternal age, MSS and IPS as well as ultrasound
findings prior to, and at the time of amniocentesis,
are used to stratify patients and ensure that those most
likely to have a fetal chromosome anomaly receive G-
banded analysis. For RAD/G patients, sufficient amni-
otic fluid for both RAD and chromosome studies would
be required. However for RAD patients, the amount of
amniotic fluid drawn could potentially be reduced to a
volume of 5–8 mL. This amount would be sufficient
for a backup culture in case of DNA extraction failure,
uninformative or inconclusive RAD results, as well as
confirmation testing.

CONCLUSIONS

Prior risk assessment using all available information
about a pregnancy can lead to a ten-fold enrichment
in the proportion of chromosomally abnormal cases in
a selected group. Use of the RAD/G algorithm would
result in a significant reduction in the proportion of
cases requiring G-banded analysis. However, some type
I abnormalities (unbalanced structural rearrangements
and rare aneuploidies) and most type II abnormali-
ties (mosaicism and balanced structural rearrangements)
would not be detected in low risk patients.

G-banded analysis is a low throughput, costly proce-
dure, with a long reporting time and requiring a large
volume of amniotic fluid. These limitations serve as a
stumbling block to offering inexpensive, rapid prena-
tal diagnosis to the at-risk population. RAD requires a
tiny volume of fluid (0.5–2 mL), and is adaptable to
robotic handling and automated genetic analysis, lead-
ing to a significant reduction in sample handling errors
and cost, and has a rapid turn-around time for report-
ing of the results. If RAD was used as the primary
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detection method for low risk patients, it is possible that
more at-risk patients would find amniocentesis accept-
able due to rapidity of results and this could lead to an
offset in the reduction in sensitivity associated with the
test. Replacement of G-banded analysis with QF-PCR
in low risk pregnancies could also lead to the use of
noninvasive methodologies for low risk patients, such
as intrauterine lavage, circulating free fetal DNA and
cells in maternal peripheral blood (Osborne et al., 2005;
Bussani et al., 2007; Puszyk et al., 2008). Finally, this
algorithm could result in a better use of resources for
patients having prenatal diagnosis, since the cost savings
could be applied to new technologies, such as compara-
tive genomic hybridization (CGH) array analysis for the
detection of cryptic chromosome imbalances in high-risk
cases, not detectable by G-banding.
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