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disease of the newborn (HDN), which can
cause fetal anaemia, hydrops and intrauter-
ine fetal death. Babies born with HDN are at
significant risk of neonatal morbidity and
mortality. The current strategy for monitor-
ing RhD-negative pregnant women at high
risk for HDN relies on serial assessment of
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ABSTRACT

Objective:  To evaluate a non-invasive molecular test using free circulating fetal DNA in 
maternal plasma to predict the fetal RHD type.
Design:  A prospective cohort study.
Participants and setting:  Venous blood samples were collected from 140 Rhesus (Rh) 
D-negative women booked for antenatal care in two tertiary maternity hospitals in 
Sydney and Brisbane between November 2006 and April 2008. Cell-free DNA, including 

aternal and fetal DNA, was extracted from maternal plasma in the tertiary 
alian Red Cross Blood Service laboratory, and three exon regions of the RHD 
 were amplified.
 outcome measures:  Comparison of the predicted fetal RHD status and the 
t’s RhD serotype. Secondary analysis involved using SRY and RASSF1A assays as 
nal controls to confirm the presence of fetal DNA in RHD-negative samples.

Results:  Of 140 samples tested, results for RHD status were assigned for 135, and all 135 
predictions were correct. A result was not assigned in five cases: three did not meet strict 
threshold criteria for classification, and two were due to RHD variants. Fetal SRY status 
was correctly predicted in 137 of 140 cases. In 16 samples typed both RHD- and SRY-
negative, a positive RASSF1A result verified the presence of fetal DNA.
Conclusions:  Non-invasive testing of multiple exons provides a robust method of 
assessing fetal RHD status, and provides a safer alternative to amniocentesis for the 
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management of RhD-negative pregnant women who are isoimmunised.

For editorial comment, see page 5
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 ite the introduction of postpar-

 and antenatal anti-D immuno-
bulin prophylaxis for phenotypic

Rhesus (Rh) D-negative pregnant women, a
small proportion still become sensitised and
express antibodies to RhD.1,2 Isoimmunised
pregnancies are at high risk of haemolytic

maternal antibody levels, Doppler ultra-
sound measurement of the peak systolic
velocity of blood flowing through the fetal
middle cerebral artery (which rises in anae-
mia) and, when necessary, intrauterine fetal
blood sampling.3 Antenatal care is more
intensive, requiring regular review and
investigation in specialist fetal medicine cen-
tres, which is inconvenient for patients and
may place the pregnancy at risk through
invasive testing such as amniocentesis.4,5

RhD-negative pregnant women with a het-
erozygous partner have a 50% chance of
having an RhD-negative fetus that is not at
risk of HDN, and these women could be
reassured and managed less intensively if this
were confirmed. Genotyping to assess fetal
RHD status has, until recently, only been
available using amniocentesis.6,7 This pro-
cedure carries a 1% risk of pregnancy loss
and a risk of increasing maternal antibody
levels in affected pregnancies.4,5 The discov-
ery in 1997 that cell-free fetal DNA (ffDNA)
is present in the maternal circulation has
provided a potential method for non-invasive
assessment of fetal RHD using a maternal
venous blood sample.8,9 Non-invasive fetal
RHD genotyping has been successfully
developed in specialised laboratories in
Europe, where a fetal genotyping service is
offered to clinicians. In contrast, real-time
polymerase chain reaction (RT-PCR) tech-
niques for RHD genotyping have not been
available to date in Australia, although gel
electrophoresis has been applied.10-15

Our objective was to evaluate a non-
invasive test to assess fetal RHD status in an
Australian obstetric population using
established RT-PCR protocols, with some
system enhancements. These included

improvements (compared with interna-
tional groups) in isolation of ffDNA from
maternal plasma, and the use of RT-PCR to
amplify three regions of RHD (in compari-
son with other Australian groups).15 We
also added an RASSF1A methylation assess-
ment to the test algorithm to confirm the
presence of ffDNA in RHD- and SRY-nega-
tive samples, to safeguard against false-
negative reporting.16

METHODS

Subjects
Venous blood samples were prospectively
collected from 140 RhD-negative women
presenting for routine obstetric care at two
tertiary maternity hospitals in Sydney and
Brisbane between November 2006 and April
2008. There were 26 samples taken at 12–
16 weeks’ gestation, 61 samples at 17–27
weeks’ gestation, and 53 samples at � 28
weeks’ gestation. Nine women were iso-
immunised to RhD.

The study was approved by ethics com-
mittees of Mater Health Services, Royal
North Shore Hospital and the Australian

Red Cross Blood Service (ARCBS). All
women gave informed consent.

Sample logistics and plasma 
preparation
Blood samples (18 mL) were collected in
tubes containing EDTA anticoagulant and
transported to the tertiary ARCBS laboratory
within the timeframes used for screening
blood donors for labile viral RNA markers.17

Plasma was separated from the cellular com-
ponent using a two-step centrifugation pro-
tocol and stored at −70° C. Plasma was
frozen within 24 hours of blood sampling,
except for three samples that were frozen
within 46, 100 and 170 hours.

Review of maternal RhD blood group 
status
During pregnancy, women who are RhD-
negative are identified by routine serological
screening. From a clinical perspective,
women who have “partial” RhD antigen
expression, lacking some but not all of the D
epitopes, should be managed according to
protocols devised for RhD-negative women.
Many hospital laboratories therefore use
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screening assays that have a lower sensitivity
and specificity and do not distinguish
between RhD-negative women and those
who have an RhD variant. As a common
standard, we ensured that all maternal RhD
blood group testing was performed accord-
ing to blood donor screening protocols that
are optimised to detect partial and weak
D.18 Although not present in this cohort,
this included testing for the extreme form of
the weak D antigen, DEL, by red cell anti-
body absorption and elution tests on samples
with an RhCe haplotype.

We recognised that the presence of a
parental RHD variant may cause errors in
fetal genotyping.19-21 To assess the impact of
these variants, the study protocol included a
procedure for further analysis of samples
that gave discrepant or indeterminate
results. To allow later comparison with
maternal genotype, maternal genomic DNA
(mgDNA) was extracted and stored from the
white cell “buffy” coat at the time of DNA
extraction from maternal plasma.

DNA extraction from maternal plasma

Cell-free DNA, including both free maternal
DNA and ffDNA, was extracted from mater-
nal plasma, with each sample extracted in
duplicate and the resultant two eluates
pooled for same-day fetal RHD genotyping.

Initially, two methods using different
QIAamp kits (QIAGEN, Melbourne, Vic)
were evaluated with nine samples. The first
method, using a QIAamp DNA Blood Mini
Kit, isolated DNA from 800 μL of plasma,
eluting DNA in a final volume of 55 μL.10

The second, using a QIAamp MinElute
Virus Spin Kit, involved a protocol recom-
mended by Sequenom Inc (San Diego, Calif,
USA), isolating DNA from 1000 μL plasma
and eluting DNA in 55 μL.

Comparison of the two DNA isolation
methods showed lower cycle threshold (Ct)
values for fetal markers (RHD exons 4, 5 and
10, and SRY) using the QIAamp MinElute
Virus Spin Kit (P < 0.001, χ2 goodness-of-fit
test). This result is consistent with yielding
higher levels of ffDNA, and this method was
adopted for the remainder of the study.

Fetal RHD genotyping by RT-PCR 
of ffDNA

The presence of fetal RHD sequences was
determined with two separate duplex RT-
PCR assays, with each test performed in
quadruplicate.10,11 One duplex amplified

RHD exon 4 and 10 sequences, and the other
amplified RHD exon 5 and the Y chromo-
some-located SRY gene.10,11 RT-PCR was per-
formed using the Rotor-Gene 3000 (Corbett
Research, Sydney, NSW), and results were
analysed with quantification software.22

Supplemental test algorithm for 
indeterminate samples

The primer and probe designs for exons 4
and 5 do not permit amplification of the
non-functional RHD pseudogene associated
with RhD-negative black Africans. Such
samples will therefore type as exon 4- and 5-
negative and exon 10-positive. In addition,
other rearranged RHD-CE-D genes can gen-
erate discordance between RT-PCR exon
typing and either be non-functional or gen-
erate partial D antigens. For example, the
gene responsible for the clinically significant
RhDVI antigen will also type as exon 4- and
5-negative and exon 10-positive, and be
indistinguishable from the pseudogene on
the primary RT-PCR test. A follow-up sup-
plemental test algorithm, including RT-PCR
using pseudogene primers and probes spe-
cific for exons 4 and 5, and also RT-PCR for
exon 7, was performed to further resolve
such samples. A pseudogene DNA control
was provided by Dr Kirstin Finning (Inter-
national Blood Group Reference Laboratory,
Bristol, UK).

Quality control measures

The quality of the primers, probes and RT-
PCR reagents was assessed using a defined
quantity of purified human male genomic
DNA (Promega, Madison, Wis, USA) in a
twofold dilution series from 0.02 ng/μL
down to 0.001 ng/μL. The RT-PCR duplex
assays detected down to 1.5 copies of target
genomic RHD and SRY sequence, as
reported elsewhere.9 For fetal RHD genotyp-
ing, three water (no template), four RhD-
negative and three RhD-positive controls
were included in each PCR run to monitor
for contamination. For each sample, total
(maternal and fetal) cell-free DNA yield was
quantified by amplifying the chemokine
receptor gene (CCR5).10,11 Inclusion of the
CCR5 assay helps identify samples with an
excess of maternal DNA (eg, from maternal
white cell lysis) where there may be interfer-
ence with detection of ffDNA sequences. In
addition, comparison of RHD exon 10 RT-
PCR Ct values compared with the CCR5 Ct
may signify the presence of a non-functional

maternal RHD gene and trigger further
mgDNA studies.10,11

RASSF1A test as a control marker for 
ffDNA

The SRY gene served as an internal control
marker to confirm the presence of fetal
DNA. To guard against false-negative RHD
results, in samples where neither RHD nor
SRY sequences were detected, further analy-
sis to show that fetal DNA was present was
performed by testing for the presence of a
hypermethylated RASSF1A gene. The pro-
moter of the RASSF1A gene, a tumour sup-
pressor gene, is hypermethylated in DNA
derived from the placenta and hypomethyl-
ated in DNA derived from the mother.16 The
test involves digestion of 17.5 μL of plasma-
derived DNA with 100 U of BstUI, a methyl-
ation-sensitive restriction enzyme, at 60° C
for 16 hours. This effectively removes the
maternal RASSF1A gene, and the fetal gene
can then be detected by RT-PCR. Amplifica-
tion was performed in tandem with beta-
actin, which served as an internal control to
test for the completeness of the digestion.16

Tests were performed in triplicate, with each
run also including DNA extracted from
whole blood derived from an RhD-negative
non-pregnant woman as a negative control
to further show that DNA digestion was
complete.

Interpretation of results of 
DNA analysis

Criteria established by Finning and col-
leagues were used to interpret results.10,11 A
fetus was assessed as being RHD-positive if
two of the four replicates for each of the 4, 5
and 10 RHD exons plus an additional three
replicates from any of the RHD exons gave
Ct values < 42. A fetus was assessed as being
RHD-negative if at least 11 of 12 RHD
replicates gave no Ct values (ie, no amplifi-
cation) and there was a positive signal for
the SRY (� 2/4 replicates) or the RASSF1A
(� 2/3 replicates) genes. Samples not classi-
fied as either positive or negative were
described as indeterminate, and further test-
ing was performed according to the supple-
mental algorithm. The accuracy of predicted
fetal RHD status was assessed by comparison
with the infants’ RhD serotype determined
from cord blood after delivery.

Statistical analysis was performed using
GraphPad Prism, version 4.03 (GraphPad
Software, San Diego, Calif, USA).
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RESULTS

Review of maternal RhD status
Extended donor testing of maternal serotype
showed one of the 140 apparently RhD-
negative mothers to be partial RhD-positive,
carrying an RhDVI antigen. This
mother, who was white, had an
RhD-negative C+c+e+ pheno-
type. Genotyping confirmed that
she was RHD exon 4- and 5-
negative and exon 7- and 10-
positive, consistent with an
RhDVI variant.7,20,21

Accuracy of RHD genotyping
In the first round of analysis,
135 of the 140 RhD-negative
women had informative results
predicting fetal RHD status and,
of these, there was 100% con-
cordance with the infant RhD
serotype. Ninety-five fetuses
were predicted to be RHD-posi-
tive, and an example of the
molecular analysis for such a
case is shown in Box 1.

Fetal RHD status could not
initially be determined for five
of the 140 women. These inde-
terminate results triggered the
supplemental test algorithm,
which produced further infor-
mation about D gene variants
in two cases, but failed to
resolve the issues of low repli-
cate amplification in the other
three. Two of these three sam-
ples, collected at 12 and 15
weeks’ gestation, gave positive
amplification signals in 7/12
RHD exon replicates, rather
than the 9/12 required to state

that the fetus was likely to be RHD-
positive. Both of these neonates did, how-
ever, prove to be RhD-positive in subse-
quent serotyping. The third indeterminate
sample consistently showed low-level sig-
nal detection (4/12 across all exons), and

the baby’s serotype was found to be RhD-
negative.

For the two samples revealing D gene
variants, initial testing had shown no amplifi-
cation of exons 4 and 5, but exon 10 gave a
positive signal in all four replicates (Box 2). In
one sample, supplemental testing amplified
exons 4 and 5 using the pseudogene-specific
primers (data not shown). Further assess-
ment of mgDNA showed that the mother was
RHD-negative for all three exons. These find-
ings were indicative of paternal inheritance of
the pseudogene, consistent with the ethnic
origin of the father, and the neonate sero-
typed RhD-negative as anticipated.

In contrast, supplemental testing of the
second variant sample showed no evidence
of a pseudogene, and there was no amplifi-
cation signal for exon 7. Given that the
mother serotyped as RhD-negative, and that
analysis of mgDNA also showed an exon 4-,
5- and 7-negative but exon 10-positive
result, we concluded that this was not a

functional RHD gene and the
neonate would serotype as RhD-
negative, which was confirmed
after delivery.

A third RHD variant detected
in the study cohort was seen in
the mother reclassified as having
an RhDVI partial antigen variant.
In this case, the fetus had 4/4
positive signals for RHD exons 4,
5 and 10, and 4/4 positive signals
for SRY. As exons 4 and 5 were
not detected in the mother, we
predicted that the fetus was an
RHD-positive male, and this was
confirmed after birth (Box 2).

Quality assurance
In the 40 women predicted to
have an RHD-negative fetus, the
presence of fetal DNA was veri-
fied by detection of SRY signals
for 24, which correlated cor-
rectly with delivery of male
infants. The presence of fetal
DNA for the remaining 16
women with negative SRY sig-
nals was verified by detection of
the fetal-associated hypermeth-
ylated RASSF1A gene (Box 3),
and female sex was correctly
predicted in all 16 cases.

Using SRY as an internal control
to confirm the presence of fetal
DNA, post-delivery correlation of
predicted fetal sex was correct in
137/140 cases, including all of

1 Detection of fetal-derived RHD exon 5 sequences in an RhD-negative 
pregnant woman, by fluorescence versus cycle number and showing assay 
controls
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2 Decision tree for fetal RHD genotyping in RhD-negative 
pregnant women

* Fetal RHD assignment was made in 135 of 140 women (96%) from the initial 
cell-free fetal DNA (ffDNA) test, with all predictions matching the infants’ RhD 
serotypes determined from cord blood after delivery. 
† Two of the five indeterminate samples resolved as putative non-functional 
RHD genes: a paternal inherited black African-associated pseudogene, and a 
sample where maternal RHD exon 10 was present. ◆
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the 40 predicted RHD-negative cases. The
three discrepant cases included one where no
assignation could be made for either RHD or
SRY. In another case, plasma preparation was
delayed until 170 hours after collection and,
although an SRY signal was not detected, a
male infant was born. Significantly higher
total (maternal and fetal) free DNA levels
were noted in this sample (2200 ng/mL;
mean, 288ng/mL). The final sample was
genotyped as an RHD-positive male, whereas
the infant was an RhD-positive female. We
were not able to explain this discrepancy.

RASSF1A enzyme digestion and amplifi-
cation, required as an internal control in the
16 RHD- and SRY-negative samples, was
performed on a total of 40 samples (20
RHD-positive and 20 RHD-negative) to fur-
ther evaluate its robustness. There was good
correlation of the Ct values for the RASSF1A
and RHD assays for the 20 RHD-positive
samples (R2 = 0.9), suggesting both
sequences were of fetal origin.16 Dilution
studies comparing the sensitivity of the
RASSF1A and RHD assays (to determine the
risk of a false-negative result) have shown
that amplification fails with the RASSF1A
probe at the same dilution as the RHD
probes, which is important if it is to be
relied on as an internal control for non-
invasive RHD genotyping.

DISCUSSION

We evaluated an RT-PCR technique for non-
invasive prenatal assessment of fetal RhD
blood group in an Australian obstetric pop-
ulation, and our strategy of using a predic-

tive algorithm based on analysis of multiple
RHD exons allowed fetal RHD status to be
predicted in 96% of cases, with all predic-
tions being accurate. Therefore, where RHD
status could be predicted, both the positive
and negative predictive values were 100%
for this sample size. Further expansion of
the sample size would increase the power
for measuring sensitivity and specificity.

From a clinical perspective, the robust-
ness of such a test is based on risks of false-
positive and false-negative reporting. We
have shown that RHD variants, which
potentially mislead phenotypic representa-
tion, can be identified safely through a
supplemental algorithm in cases where the
initial screening strategy gives an indetermin-
ate result. The potential for a false-negative
result arises if there is no ffDNA in the
maternal plasma, and the addition of the
RASSF1A assay to serve as a universal ffDNA
control improved our ability to exclude this
situation. In clinical practice, a universal
marker of fetal DNA such as RASSF1A is
important in excluding a false-negative
result in RHD-negative females.

A false-negative result could also occur if
low levels of ffDNA were not amplified.
Preliminary studies using this assay estab-
lished that the RT-PCR method detected
down to 1.5 target copies of genomic DNA.
Although we recognise that the assay may be
less robust when amplifying fragments of
ffDNA, there is currently no universally
accepted international standard to deter-
mine this. However, ffDNA was detected
across the full gestational age range (12–36

weeks) and there was only one false-nega-
tive error where SRY failed to amplify, in a
sample for which processing was delayed
(170 hours) and total free DNA levels were
much higher than normal. Even so, RHD
was detected correctly for this case, reflect-
ing the test optimisation for RHD (but not
SRY). Similar findings have been reported
when sample processing is delayed, high-
lighting the importance of timely processing
in clinical applications.23 The sensitivities of
the RASSF1A and RHD assays were com-
parable, thereby negating the risk of false-
negative reporting at low fetal DNA concen-
trations. As others have noted, because the
test involves the promoter region of a
tumour suppressor gene, it may be of no
value in pregnant women who have had
cancer, and determining such a medical
history may be important.16,24

We aimed to correlate the predicted fetal
RHD genotype with the RhD serotype deter-
mined from cord blood. It is important to
appreciate that there are limitations in estab-
lishing RhD serotype using standard qualita-
tive methods that vary in their sensitivity.
Indeed, we would advocate that ffDNA ana-
lysis should be performed in conjunction
with extended maternal serotyping to check
for partial D, weak D and DEL variants. This
was reflected in the reclassification of one
mother as a DVI variant. This could have
consequences for clinical management in
the event of fetal–maternal haemorrhage, as
such women may need larger doses of anti-
D to neutralise the fetal RhD-positive cells.
Altogether, three samples (2%) had evidence
of RHD variants within the family, and in
two of these the primary test gave an inde-
terminate result for fetal RHD status. The
supplemental screening process did, how-
ever, enable us to determine both maternal
and fetal genotype in all cases.

It has been suggested that ffDNA analysis
of fetal RHD status could be applied in
population-based screening programs to
limit the amount of prophylactic anti-D
needed to prevent isoimmunisation during
pregnancy.23 The prevalence of RhD variants
in the Australian population is incompletely
defined, but our study suggests that the
number of cases needing intensive follow-
up through the supplementary algorithm
would not be insignificant.

This assay has primarily been designed to
accurately report fetal RHD genotype, but it
may also be useful for the determination of
fetal sex. Accurate sex determination would
be valuable to couples at risk of having a
child with an X-linked disease, and if this

3 Hypermethylated RASSF1A test system to confirm presence of free fetal DNA 
(ffDNA) in samples testing as RHD- and SRY-negative*

* Multiplex real-time polymerase chain reaction for the RASSF1A promoter gene using FAM- and VIC-labelled 
probes and using DNA both undigested and digested with BstUI.16 The beta-actin gene was used as 
an internal control to show that enzyme digestion was complete (patterns not shown). The analysed data 
show the signals crossing the threshold for these samples: undigested negative-control DNA (5 ng) from a 
non-pregnant RhD-negative female — note that after digestion, the signal does not cross the threshold; 
undigested patient DNA (0.45 ng) — this signal represents amplification of RASSF1A from plasma-derived 
ffDNA and maternal DNA; and digested patient DNA (0.47 ng) — the signal above threshold remaining after 
BstUI digestion shows that ffDNA is present, as the fetal gene is hypermethylated and enzyme-resistant; 
therefore samples typing RHD- and SRY-negative are predictive of a female RhD-negative fetus. ◆
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information was available at or before 12
weeks’ gestation, it could potentially halve
the number of invasive chorionic villus sam-
pling tests performed on this basis.25

Although the assay accurately identified sex
in 98% of cases, we would not yet recom-
mend its introduction for this purpose, and
we plan to investigate both the addition of
other male-specific genes and the sensitivity
of the test at < 12 weeks’ gestation.

The inclusion in our study of assays for
three RHD exons covers population variants,
and the use of SRY and RASSF1A control
genes provides security against false-neg-
ative results. Within the study parameters,
the results are applicable for sample collec-
tion in the gestational age range of 12–36
weeks and with plasma preparation within
24 hours of sample collection. The accurate
determination of fetal sex needs further
assessment, particularly at earlier gestational
ages and ideally with more than one Y
chromosome locus being assessed. The
effectiveness of the RASSF1A assay may
allow its application to other obstetric indi-
cations, to assess where quantification of
ffDNA levels is valuable. The results of this
study warrant the clinical inclusion of this
test in the assessment of isoimmunised
RhD-negative women known to be at risk of
HDN. The benefits of non-invasive fetal
RHD genotyping include reduced fetal sur-
veillance for those who are assessed as RHD-
negative and, in particular, will avoid the
potential dangers of amniocentesis.
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