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 Introduction 

 In RhD negative pregnant women the fetal  RHD  geno-
type can be determined from analysis of circulating cell-
free fetal DNA (ccffDNA) in maternal plasma  [1–4] . The 
potential benefits of this non-invasive prenatal test are in 
the management of pregnancies in RhD negative women 
with  RHD  hemizygous partners. In such pregnancies 
with no RhD hemolytic antibodies, knowledge that the 
fetus is  RHD  negative avoids the need for antenatal and 
postnatal immunoprophylaxis with anti-D either rou-
tinely or following an episode of vaginal bleeding or an 
invasive procedure, such as chorionic villous sampling 
(CVS). This would be beneficial because of the cost of 
anti-D immunoglobulin and also the risks associated 
with the administration of blood products. In the case of 
isoimmunized patients, knowledge that the fetus is  RHD  
negative avoids the need for intensive antenatal monitor-
ing to predict and treat fetal anaemia. In isoimmunized 
patients requesting invasive prenatal diagnosis of fetal 
aneuploidies or inherited genetic disorders, such as sick-
le cell disease, knowledge of the fetal  RHD  status may 
influence the decision on the choice between CVS and 
amniocentesis. Although in general CVS is preferable be-
cause it provides results in the first rather than in the sec-
ond trimester, the associated risk of feto-maternal haem-
orrhage and therefore worsening of the severity of isoim-
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 Abstract 
  Objective:  To examine the feasibility of fetal  RHD  genotyp-
ing at 11–13 weeks’ gestation from analysis of circulating cell-
free fetal DNA (ccffDNA) in the plasma of RhD negative preg-
nant women using a high-throughput robotic technique. 
 Methods:  Stored plasma (0.5 ml) from 591 RhD negative 
women was used for extraction of ccffDNA by a robotic tech-
nique. Real-time quantitative polymerase chain reaction 
(PCR) with probes for exons 5 and 7 of the  RHD  gene was 
then used to determine the fetal  RHD  genotype, which was 
compared to the neonatal RhD phenotype.  Results:  In total 
there were 502 (85.7%) cases with a conclusive result and 84 
(14.3%) with an inconclusive result. The prenatal test predict-
ed that the fetus was RhD positive in 332 cases and in all of 
these the prediction was correct, giving a positive predictive 
value of 100% (95% CI 96.8–100). The test predicted that the 
fetus was RhD negative in 170 cases and in 164 of these the 
prediction was correct, giving a negative predictive value for 
RhD positive fetuses of 96.5% (95% CI 93.7–99.2).  Conclu-
sion:  The findings demonstrate the feasibility and accuracy 
of non-invasive fetal  RHD  genotyping at 11–13 weeks with a 
high-throughput technique.  Copyright © 2011 S. Karger AG, Basel 
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munization is greater and therefore, in the presence of an 
 RHD  positive fetus, the preferred technique may be am-
niocentesis  [5, 6] .

  The usefulness of non-invasive determination of the 
fetal  RHD  status ultimately depends on firstly, the accu-
racy of the test, and secondly, the ability to screen large 
numbers of patients. Several studies, mainly from the 
second and third trimesters of pregnancy, reported con-
tradictory results on the accuracy of the test which ranged 
from 32 to 100%  [7–9] . In most studies the method used 
for fetal  RHD  genotyping is labor-intensive and expen-
sive and therefore not suitable for mass screening. The 
introduction of robotic techniques for isolation of fetal 
DNA have made it possible to offer a high-throughput 
test which could be a cost-effective alternative to routine 
administration of anti-D to all RhD negative pregnant 
women  [8, 10, 11] .

  The aim of our study was to examine the feasibility of 
fetal  RHD  genotyping at 11–13 weeks’ gestation in a large 
screening population and to evaluate the diagnostic ac-
curacy of the test using a high-throughput technique uti-
lizing robotic isolation of DNA from maternal plasma.

  Methods 

 This study was part of a large prospective observational study 
for early diagnosis of pregnancy complications in women attend-
ing for their routine hospital visit in pregnancy at King’s College 
Hospital, London, UK. In this visit, which is held at 11 +0 –13 +6  
weeks of gestation, we perform screening for chromosomal de-
fects by a combination of fetal nuchal translucency thickness and 
maternal serum pregnancy-associated plasma protein-A (PAPP-
A) and free  � -human chorionic gonadotropin ( � -hCG)  [12, 13] . 
All women attending for this visit were invited to participate in a 
research study for pregnancy complications which was approved 
by King’s College Hospital Ethics Committee. The study included 
blood collection and storage of maternal plasma at –80   °   C for fu-
ture analysis.

  In this study, 591 rhesus D negative women were selected from 
the database and their stored plasma (0.5 ml) was used to extract 
ccffDNA for determination of fetal  RHD  status. We included sin-
gleton pregnancies, who subsequently had live births and had 
neonatal rhesus (D) status determined serologically at delivery. 
All the samples, which had not been previously thawed or refroz-
en, were transferred at –80   °   C to the International Blood Group 
Reference Laboratory (NHS Blood and Transplant, Bristol, UK) 
for subsequent analysis. The laboratory personnel analyzing the 
samples and interpreting the results were not aware of the neona-
tal RhD phenotype.

  Sample Preparation 
 Maternal venous blood collected in ethylene diamine tetraace-

tic acid (EDTA) BD Vacutainer �  tubes (Becton Dickinson UK 
Ltd., Oxford, UK) was processed within 15 min of collection and 

centrifuged at 3,000 rpm for 10 min to separate plasma from 
packed cells and buffy coat and subsequently at 13,000 rpm for 10 
min to further separate cell debris. The maternal plasma obtained 
after double centrifugation was then divided into 0.5-ml aliquots 
and stored at –80   °   C until subsequent analysis. The buffy coat 
separated at the first centrifugation was stored along with the ma-
ternal plasma samples at –80   °   C.

  Robotic Isolation of ccffDNA and Real-Time Polymerase 
Chain Reaction to Detect the Presence of RHD 
 Bar-coded tubes containing 0.5 ml maternal plasma were 

transferred to the MDx BioRobot (Qiagen, Hilden, Germany) for 
robotic isolation of DNA. The extracted DNA was eluted into nu-
clease-free water in a 96-well plate and then subsequently used for 
real-time quantitative polymerase chain reaction (PCR) to detect 
the presence of  RHD  sequences in maternal plasma. The QIAgil-
ity liquid handling robot (Qiagen) was used to dispense a mix of 
Universal PCR MasterMix (Applied Biosystems, Foster City, Ca-
lif., USA) and primers and probes for exons 5 and 7 of the  RHD  
gene (as a multiplex) or the CCR5 gene into a 384-well PCR plate. 
DNA (5  � l) from each maternal sample was dispensed into three 
wells containing reaction mix for the  RHD  gene and into a single 
well containing reaction mix for CCR5  [11] . Control wells for the 
 RHD  assay containing RhD positive DNA, RhD negative DNA, 
 RHD  �  positive DNA, and no DNA were also dispensed. Real-
time quantitative PCRs were performed on the ABI Prism 7900HT 
(Applied Biosystems) to detect the presence of fetal  RHD  gene se-
quences and to quantify total (maternal and fetal) DNA in the 
plasma. The procedure took about 5 h with a capacity of DNA 
from 88 samples per run.

  Calling Rules for Determination of Fetal RHD Status 
 Confirmation of successful DNA extraction and an estima-

tion of the amount of total DNA in the sample was provided by 
the single amplification of chemokine receptor 5 (CCR5) gene 
demonstrated by a cycle threshold (Ct) value of  ! 35.4. Human 
CCR5 gene maps to the short arm of chromosome 3 at position 21 
and amplifies both maternal and fetal DNA  [9, 14] . Samples with 
no demonstrable amplification of CCR5 were considered as hav-
ing insufficient DNA for subsequent analysis.

  Samples with demonstrable amplification of CCR5 were ana-
lyzed for the presence of  RHD  exons 5 and 7. The exon 5 assay am-
plified  RHD  only, whereas the exon 7 assay amplified both  RHD  
and the highly homologous but inactive gene  RHD  � , common in 
Black Africans. A cycle threshold value of  ! 42 was interpreted as 
a positive signal. An algorithm was created to predict fetal RhD 
phenotype depending on the number of positive signals obtained 
for both  RHD  exons 5 and 7. The sample was classified as  RHD  
positive if at least two positive replicates for both exons 5 and 7 were 
seen and as  RHD  negative if there was a maximum of one positive 
replicate for either exon 5 or exon 7. The presence of a maternal 
 RHD  variant gene was suspected if the difference between the av-
erage Ct value of  RHD  exon 7 and the Ct value of CCR5 was  ! 1. 
The presence of a fetal  RHD  variant gene was predicted if the dif-
ference between the average Ct value of  RHD  exon 7 and the CCR5 
Ct value was  1 1, and there were at least two positive replicates for 
 RHD  exon 7 but no positive replicates for exon 5. All other permu-
tations of replicates were classified as an equivocal result.

  In the cases of suspected maternal D variant, DNA from the 
buffy coat of the stored maternal sample was analyzed by allele-
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specific PCR and agarose gel electrophoresis to detect exon 7 and 
intron 4 of  RHD , and regions of exon 2 and intron 2 of the  RHCE  
gene responsible for c and C antigen expression, respectively. 
Women were classified as D variant ( RHD  � ) if a larger PCR am-
plicon for  RHD  intron 4 was identified (due to the presence of a 
37 base pair insertion in  RHD  � )  [22] . Women were classified as 
D variant (other) if found to have either or both  RHD  intron 4 and 
exon 7. In these cases a prediction of fetal D status was not made. 
Women were classified as D negative by the lack of amplification 
of  RHD  intron 4 and exon 7, but positive identification of at least 
one  RHCE  PCR product. In such cases the fetus was subsequently 
predicted to be D positive.

  Statistical Analysis 
 The sensitivity, specificity and diagnostic accuracy of the test 

and their 95% confidence intervals (CI) were determined. The 
statistical software package XLSTAT-Pro 2010 (Addinsoft, USA) 
was used for the analysis.

  Results 

 In the study population of 591 pregnancies the median 
gestational age at collection of the maternal blood sample 
was 12.4 (range 11–14) weeks and the racial origin of the 
women was Caucasian in 457 (77.3%), African in 114 
(19.3%), mixed in 13 (2.2%) and South Asian in 7 (1.2%). 
The neonatal RhD phenotype was positive in 413 (70%) 
cases and negative in 178 (30%) cases.

  Prediction of Fetal RHD Status 
 In 5 (0.9%) of the 591 cases there was no amplification 

of CCR5 and these were not analyzed further ( fig. 1 ). In 
451 (77.0%) of the 586 samples with sufficient DNA ex-
traction the result was conclusive, in 40 (6.8%) it was 
equivocal and in 95 (16.2%) maternal  RHD  variant was 
suspected. The 95 cases with suspected maternal  RHD  
variant were reclassified, after assessment of the maternal 
buffy coat, into conclusive in 51 (53.7%) and equivocal in 
44 (46.3%). Therefore, in total there were 502 (85.7%) cas-
es with a conclusive result and 84 (14.3%) with an incon-
clusive result. In 72 (85.7%) of the 84 cases with an incon-
clusive result the neonatal RhD phenotype was positive.

  There were 42 cases with a suspected fetal or con-
firmed maternal  RHD  variant gene and in 38 of these 
cases the maternal racial origin was African.

  Accuracy of Prediction of Fetal RHD Status 
 In the 502 samples with sufficient DNA extraction and 

a conclusive result the neonatal RhD phenotype was pos-
itive in 338 cases and negative in 164 cases. The prenatal 
sample was classified as  RHD  positive in 332 cases and in 
all cases the neonatal RhD phenotype was positive. The 

prenatal sample was classified as  RHD  negative in 170 
cases, including 164 in which the neonatal RhD pheno-
type was negative and 6 in which it was positive.

  The non-invasive test correctly predicted the neonatal 
RhD phenotype in 496 of 502 cases and therefore the ac-
curacy of the test was 98.8% (95% CI 97.9–99.8). In 332 of 
the 338 pregnancies with RhD positive fetuses the test 
predicted that the fetus was positive and in 6 that it was 
negative and therefore the sensitivity of the prenatal test 
for the prediction of  RHD  positivity was 98.2% (95% CI 
96.1–99.3). In all 164 pregnancies with RhD negative fe-
tuses the prenatal test predicted that the fetus was nega-
tive and therefore the specificity of the test for the predic-
tion of  RHD  positivity was 100% (95% CI 97.2–100).

  In total, the prenatal test predicted that the fetus was 
 RHD  positive in 332 cases and in all of these the predic-
tion was correct, giving a positive predictive value of 
100% (95% CI 96.8–100). The prenatal test predicted that 
the fetus was  RHD  negative in 170 cases and in 164 of 
these the prediction was correct, giving a negative predic-
tive value for  RHD  positive fetuses of 96.5% (95% CI 93.7–
99.2).

  Discussion 

 The findings of this study demonstrate the feasibility 
of fetal  RHD  genotyping at 11–13 weeks’ gestation with a 
high-throughput technique utilizing robotic isolation of 
DNA from maternal plasma. In about 15% of the cases the 
result was equivocal. In those with a conclusive result in-
dicating  RHD  positivity the neonatal RhD phenotype 
was always positive. In those with a  RHD  negative result 
the neonatal RhD phenotype was negative in 96.5% and 
positive in 3.5% of cases.

  The clinical implications of our findings that a  RHD  
positive result indicates that the fetus is RhD positive are, 
firstly, if the mother is isoimmunized the pregnancy 
should be monitored closely by Doppler assessment of the 
fetal middle cerebral artery for evidence of a hyperdy-
namic circulation and fetal anaemia in need for intrauter-
ine fetal blood transfusions, secondly, if the mother is iso-
immunized and she requests invasive prenatal diagnosis 
it would be preferable to perform amniocentesis rather 
than CVS, and thirdly, if the mother is not isoimmunized 
she should receive anti-D immunoprophylaxis both an-
tenatally and in the neonatal period. Most previous first-
trimester studies on non-invasive diagnosis of the fetal 
 RHD  genotype have also reported that the false positive 
rate is 0%  [2, 15–21] .
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  An inconclusive result was reported in about 15% of 
our cases and this group included fetuses or mothers with 
 RHD  variant genes and those with an equivocal result. 
Our incidence of inconclusive result is substantially high-
er than in previous reports  [2, 15–21] . There are three 
possible explanations for this difference: firstly, many of 
the previous studies have excluded such cases  [16] , sec-
ondly, a high proportion of the women in our study were 
of African racial origin and in these women there is a very 
high prevalence of a  RHD  variant pseudogene  [9, 22] , and 
thirdly, in cases of a fetal or maternal  RHD  variant gene 
further analysis is necessary to ascertain the fetal geno-
type accurately, but in our study this was not possible due 
to limited availability of stored maternal plasma. In about 
85% of our cases with an inconclusive result the neonatal 
RhD phenotype was positive and therefore the clinical 
management of such cases should be the same as in cases 
with a  RHD  positive result.

  A  RHD  negative result should be interpreted with cau-
tion because in a small proportion of such cases the fetus 
is actually RhD positive. The false negative rate in our 
study was 3.5% and in previous first-trimester studies it 
varied between 0 and 50%  [2, 15–21] . Such false negative 
results are likely to be the consequence of failure to detect 
ccffDNA in maternal plasma  [23, 24] . The presence of 
ccffDNA in a sample is ascertained by utilizing internal 
controls, such as SRY or insertion deletion polymor-
phisms  [9, 25, 26] . However, SRY can be used only in preg-
nancies with male fetuses and use of insertion deletion 
polymorphisms is time-consuming, labour-intensive 
and has a low sensitivity  [9, 23] . Consequently, it is cur-
rently not possible to distinguish a true negative from a 
false negative result.

  The false negative rate of 3.5% at 11–13 weeks is sub-
stantially higher than the reported rate of  ! 0.2% using 
the same high-throughput robotic DNA isolation tech-

Neonatal RhD
phenotype

Negative n = 164

Neonatal RhD
phenotype

Positive n = 6

Neonatal RhD
phenotype

Positive n = 332

RHD positive
 (n = 332)

RHD negative
 (n = 170)

Conclusive result
Total n = 502

Inconclusive result
Total n = 84

Conclusive result
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  Fig. 1.  Flow chart summarizing the results of non-invasive fetal  RHD  genotyping.   
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nique at 26–32 weeks  [11] . The most likely explanation for 
this gestation-related difference is that cffDNA increases 
with gestational age  [27] . There are three possible impli-
cations from such results in terms of pregnancy manage-
ment. Firstly, non-invasive fetal  RHD  genotyping should 
not be carried out at 12 weeks because irrespective of the 
results of such a test the management of all pregnancies 
would be based on the assumption that the fetus is RhD 
positive. Non-invasive testing should instead be carried 
out at 26 weeks when the false negative rate is very low. 
Secondly, testing should be performed at 11–13 weeks and 
the false negative rate of 3.5% should be ignored. The ad-
vantage of this approach is that women with a result in-
dicating that the fetus is  RHD  negative will have the op-
tion of having CVS rather than amniocentesis for fetal 
karyotyping or genetic testing and these women are not 
given anti-D either after episodes of vaginal bleeding or 
miscarriage or prophylactically in the antenatal and neo-
natal periods. The third option is to perform testing at 
11–13 weeks and if the result is negative, the pregnancies 
are managed as such at between 12 and 26 weeks but the 
test is then repeated at 26 weeks to reassess the need for 
prophylactic anti-D. The disadvantage of this approach 
relates to the additional cost from a second test and the 
advantages are, firstly, the vast majority of women with a 
true negative result are not deprived of the option of hav-
ing CVS rather than amniocentesis and, secondly, the few 
(3.5%) with a false negative result are not deprived of re-
ceiving prophylactic anti-D.

  In a Caucasian population about 15% of pregnant 
women are RhD negative and in 40% of these the fetus 
would be  RHD  negative  [28] . This is because in 15% of 
such cases the Caucasian partner is also  RHD  negative, in 
50% he is hemizygous  RHD  positive and in 35% homozy-

gous  RHD  positive. One controversial issue in the assess-
ment of pregnancies from RhD negative women is wheth-
er the management should include determination of zy-
gosity in the father. This would require specialized 
quantitative PCR methods to determine  RHD  gene copy 
number, which would be as expensive as the fetal testing. 
Predicting  RHD  zygosity from serology is inaccurate in 
Caucasians and of no value at all in people of African ra-
cial origin. Additionally, since such testing may not al-
ways be possible because of unavailability of the partner 
or is against the wishes of the woman, we may have to of-
fer non-invasive testing to all RhD negative women rath-
er than only to the 50% of cases whose partners are hemi-
zygous.

  The findings of our study concerning non-invasive fe-
tal  RHD  genotyping at 11–13 weeks, that a  RHD  positive 
result is always true and that a negative result is false in 
3.5% of cases, as well as the results of a previous study, 
that with testing at 26–32 weeks the false negative rate is 
only 0.2%  [11] , can form the basis for prospective studies 
to determine the optimum gestation for fetal  RHD  geno-
typing from maternal blood. If these results are con-
firmed there would be three management options: firstly, 
testing all RhD negative women only at 12 weeks, sec-
ondly, testing only at 26 weeks, and thirdly, testing for all 
at 12 weeks and for those with a negative result repeating 
the test at 26 weeks.
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