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Objective To examine the performance of the SensiGene Fetal RHD Genotyping Laboratory Developed Test
(RHD Genotyping LDT) using circulating cell-free fetal DNA (ccff DNA) extracted from maternal plasma.
Methods ccff DNA was extracted from maternal blood from non-sensitized women with singleton
pregnancies in two cohorts, one with a serotype reference (11–13 weeks’ gestation) and one with the reference
source (6–30 weeks’ gestation). The presence of three RHD exon sequences (exons 4, 5, 7), the psi-pseudogene,
three Y-chromosome sequences (SRY, DBY and TTTY2), and the X/Y-chromosome TGIF gene control
were determined using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry—the RHD
Genotyping LDT.
Results The cohort with a serotype RhD reference showed correct classification in 201 of 207 patients, a
test accuracy of 97.1%, with a sensitivity and specificity for prediction of RhD serotype of 97.2 and 96.8%,
respectively. The cohort with a genotype RHD reference showed correct classification in 198 of 199 patients,
indicating a test accuracy of 99.5% with a sensitivity and specificity for prediction of RHD genotype of 100.0
and 98.3%, respectively.
Conclusion Fetal RHD genotyping can accurately be determined using ccff DNA in the first and second
trimesters of pregnancy. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION
Noninvasive prenatal determination of fetal Rhesus D
(RHD) genotype from analysis of circulating cell-free
fetal DNA (ccff DNA) in maternal plasma can be useful in the management of pregnancies of RhD negative women with RHD heterozygous partners (ACOG
Practice Bulletin #75, 2006). Identification of the pregnancy at increased risk for isoimmunization early in the
course of pregnancy can set the stage for optimal pregnancy management using middle cerebral artery Doppler
velocimetry to identify the need for fetal transfusion,
or, if later in gestation, early delivery. Using birth as
the ultimate outcome, approximately half of previously
sensitized women could be identified as not being at
increased risk, thereby reducing the need for unnecessary examinations and parental concern. For that reason, a noninvasive determination of fetal RHD genotype
can be a useful tool for all sensitized women, reducing
the iatrogenic risk of increasing maternal sensitization
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due to chorionic villus sampling (CVS) or amniocentesis. Additionally, in isoimmunized women requiring
invasive testing for prenatal diagnosis of chromosomal
defects or genetic abnormalities, knowledge of the fetal
RHD genotype would be useful in deciding whether
to conduct first trimester CVS because of the risk of
feto-maternal hemorrhage, and therefore worsening of
the severity of alloimmunization and fetal hemolysis
would be higher than with second trimester amniocentesis (Brambati et al., 1986; Tabor et al., 1987). In the case
of women with no RhD hemolytic antibodies, knowledge
that the fetus is RHD negative is useful in determining the need for prenatal and postnatal immunoprophylaxis with anti-D. In the case of isoimmunized patients,
knowledge that the fetus is RHD negative may avoid
the need for intensive prenatal monitoring to predict and
treat fetal anemia.
In these studies, we examine the feasibility and accuracy of the RHD Genotyping Laboratory Developed Test
(RHD Genotyping LDT) utilizing ccff DNA extracted
from maternal plasma and analyzed using the matrixassisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). Two clinical cohorts
were used for evaluation, the first using as a reference
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point the clinical RhD serotype obtained from neonatal
cord blood at the time of delivery (cohort 1), and the
second using an RHD genotype previously determined
by the source laboratory as the reference for accuracy
(cohort 2).
METHODS
Sample collection and ethics committee approval of
cohort 1 has been described previously (Akolekar et al.,
2010). Cohort 2 represents clinical samples submitted to the Sequenom Center for Molecular Medicine
in Grand Rapids (SCMM-GR), a Clinical Laboratory
Improvement Amendment (CLIA)-certified, College of
American Pathology-accredited, specialty reference laboratory, for analysis of RhD negative pregnant women
using the RHD Genotyping LDT. All women were nonsensitized and properly consented to participate in this
study prior to blood draw. In both cohorts 1 and 2, the
laboratory performing the assays for this study received
blinded samples without foreknowledge of either fetal
RhD genotype or sex.
Ccff DNA was purified for determination of fetal
RHD genotype in two subset cohorts, each obtained
from singleton pregnancies. The first set of blinded samples contained 1.0 mL of maternal plasma from 236
singleton, non-sensitized, pregnancies with documented
fetal RhD serology. These samples were obtained at
11–13 weeks’ gestation, and the results of noninvasive fetal sexing in this cohort were reported previously
(Akolekar et al., 2010). The second subset was composed of 205 blinded, 1.0 mL maternal plasma samples,
at 6–30 weeks’ gestation, that were processed originally at the SCMM-GR; this was used for a clinical
test validation performed in the Sequenom Center for
Molecular Medicine in San Diego (SCMM-SD). The
reference authority information for this second cohort
of clinical samples (available 1.0 mL maternal plasma
aliquots) was the SCMM-GR. Results for a noninvasive
reflex test for determination of ccff DNA presence (Fetal
Identifier Test, van den Boom et. al., 2006) in this cohort
were not available because of sample volume limitation.

Sample preparation
The steps for sample preparation of the initial validation samples (cohort 1) were as previously described
(Akolekar et al., 2010). For the clinical samples (cohort
2) whole blood samples were centrifuged at 1600 × g for
10 min at 4 ◦ C then placed in pre-labeled conical tubes.
The majority of plasma from the initial spin was recentrifuged at 15 500 × g for 10 min at 4 ◦ C and made
ready for DNA extraction.

DNA extraction, amplification, nucleotide
dephosphorylation and single-base
extension for RHD Genotyping LDT
These steps were performed as previously described
(Akolekar et al., 2010). Briefly, the QIAmp DNA Blood
Copyright  2011 John Wiley & Sons, Ltd.
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Mini Kit (Qiagen Inc., Valencia, CA, USA) was used
to extract DNA from the plasma samples of the study
population. A no-template control (NTC) was included
in each run as a negative control for the test. Herring
sperm DNA was used for the NTC instead of water
because it better mimics a patient sample. The RHD
positive and negative controls were provided by SCMMGR. All samples from the study group and controls
were similarly processed with controls at input levels
of 2000 copies/reaction, or 100 copies/µL. The presence
of three RHD exon sequences (exons 4, 5, 7), the
psi-pseudogene, three Y-chromosome sequences (SRY,
DBY and TTTY2), and the X/Y-chromosome TGIF gene
control were determined using MALDI-TOF MS—the
RHD Genotyping LDT. Details can be found in the
companion article (Akolekar et al., 2010). The primer
sequences for this assay have been published and are
available for review (Oeth et al., 2008).

Statistical analysis
Genotyping analysis software was used to assess each
spectrum individually and assign genotype calls based
on a proprietary peak-identification and calling algorithm (Oeth et al, 2009). All peaks were manually
reviewed in at least duplicate. The statistical software
package XLSTAT-Pro 2010 (Addinsoft, USA) was used
to determine sensitivity, specificity, positive and negative predictive values and overall accuracy of the test.

Calling rules for prediction of fetal RHD
genotype
As reported in the companion publication (Akolekar
et al., 2010), TGIFL X/Y (TGIF-like X/Y; AJ427749;
subsequently called TGIF) is a human-specific DNA
homology block that maps to Yp11.2/Xq21.3 and comprises the largest shared region between the two sex
chromosomes, spanning approximately 3.5 Mb. TGIF is
transcribed into a ∼2.7 kb mRNA encoded by two exons
separated by a 96-bp intron (Blanco-Arias et al., 2002).
TGIF serves as an internal control for successful DNA
purification from plasma in the RHD Genotyping LDT.
However, as TGIF is also found on the X-chromosome,
it cannot be assumed to be specific for fetal DNA. TGIF
must be detected post-analytically for the assay to be
considered valid.
All samples which showed the presence of a welldefined spectral peak for TGIF were then analyzed for
presence of the three RHD exons 4, 5 and 7 and for a 37base pair insertion found in exon 4 which is indicative
of the presence of the psi-pseudogene as well as three
Y-chromosome sequences (SRY, DBY and TTTY2). If
all three RHD exon specific markers were detected, the
sample was classified as RHD positive; if one or none
of the three exon sequences was detected the sample
was classified as RHD negative; and if only two of
the sequences were detected the sample was reported
as inconclusive. Samples positive for the psi-insertion
were reported as psi (+)/RHD variant. The calling
Prenat Diagn 2011; 31: 802–808.
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Table 1—Fetal RHD assay calling rules
Criteria

Call

No TGIF detected
Three Y markers and TGIF
≤1Y marker and TGIF
Two Y markers and TGIF
Three RHD markers and TGIF
≤1 RHD marker and TGIF
Two RHD markers and TGIF

INVALID test
Male (M)
Female (F)
Inconclusive (INC)
RHD Positive (POS)
RHD Negative (NEG)
Inconclusive (INC)

RHD, Rhesus D.

rules for both the RHD and Y-based control assays are
summarized in Table 1.

RESULTS
In the first clinical validation study (cohort 1), fetal
RHD genotyping was performed on 236 maternal plasma
samples with a median gestational age of 12.4 weeks
(interquartile range, 12.1–12.9). The ethnic origin of the
women was 182 Caucasian (77.1%), 45 African (19.1%),
8 mixed race (3.4%) and 1 South Asian (0.4%). The
neonatal RhD phenotype, determined by serology at the
time of birth, was positive in 163 samples (69.1%) and
negative in 73 samples (30.9%).
In 2 (0.9%) of the 236 samples, there was absence of
a well-defined spectral peak for TGIF, and these results
were classified as invalid (Figure 1). In the 234 (99.1%)

samples with sufficient DNA extraction, the result was
conclusive in 207 samples (88.5%); inconclusive in 16
samples (6.8%); and psi (+)/RHD variant in 11 samples
(4.7%; a buffy coat was not available for study so
maternal vs paternal psi (+)/RHD variant status could
not be determined). In the 207 samples with sufficient
DNA extraction and a conclusive result, the neonatal
RhD phenotype was positive in 142 samples (68.6%)
and negative in 65 samples (31.4%). The prenatal sample
was classified as RHD positive in 140 samples, including
138 samples in which the neonatal RhD type was RHD
true positive and 2 samples in which it was false positive.
The prenatal sample was classified as RHD negative in
67 samples, including 63 samples in which the neonatal
RhD type was true negative and 4 samples in which it
was false negative (Table 2).
The RHD Genotyping LDT correctly predicted the
neonatal RhD phenotype in 201 of 207 samples and
therefore the accuracy of the test was 97.1% (95% CI,
93.5–98.8). In 138 of the 142 samples with RhD positive
fetuses, the test predicted that the fetus was positive and
in 4 that it was negative and, therefore, the sensitivity of
Table 2—Clinical cohort 1—RHD genotyping results
RhD clinical
positive

RhD clinical
negative

Positive RHD result True positive (138) False positive (2)
Negative RHD result False negative (4) True negative (63)
RHD, Rhesus D.

Total cases
(n=236)

Insufficient DNA
(n=2)

Inconclusive result
(n=16)

Sufficient DNA
(n=234)

PSI (+)/RHD variant
(n=11)

Conclusive result
(n=207)

RHD Negative
(n=67)

RHD positive
(n=140)

Figure 1—Flow chart summarizing cohort 1 fetal RHD genotyping results
Copyright  2011 John Wiley & Sons, Ltd.
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Figure 2—Flow chart summarizing cohort 2 fetal RHD genotyping results

the test for the prediction of RhD positivity was 97.2%
(95% CI, 93.0–98.9). In 63 of the 65 samples with RhD
negative fetuses, the RHD Genotyping LDT predicted
that the fetus was negative and, in 2, that it was positive;
therefore, the specificity of the test for the prediction of
RhD positivity was 96.9% (95% CI, 89.5–99.1). The test
predicted that the fetus was RhD positive in 140 samples
and in 138 of these the prediction was correct, giving a
positive predictive value of 98.6% (95% CI, 94.9–99.6).
The test predicted that the fetus was RhD negative in 67
samples and in 63 of these the prediction was correct,
giving a negative predictive value for RhD positive
fetuses of 94.0% (95% CI, 85.6–97.6) (Table 2).
In the second study (cohort 2), fetal RHD genotyping was performed on 205 maternal plasma samples
(Figure 2). The samples were provided by the reference
laboratory and all demographics, as well as results, were
blinded to the testing laboratory. Fetal gestational age
was available in only 90 samples (43.9%), with gestational ages ranging from 5 weeks 5 days to 30 weeks
1 day and a median gestational age of 12.1 weeks (32%
second trimester). The ethnic origin of 181 women who
provided clinical samples was declared (88.3%) and
included 144 Caucasian (79.6%), 13 African (7.2%),
14 Hispanic (7.7%) and 10 other (5.5%) women. Five
Copyright  2011 John Wiley & Sons, Ltd.

(2.4%) of the 205 samples were excluded from analysis because of inability to conclusively genotype the
sample (inconclusive) and one (0.5%) blinded sample
was excluded because the SCMM-GR reference laboratory ultimately generated no RHD result (the patient’s
physician later cancelled the RHD genotyping order).
Thus, there was an overall inconclusive rate of 2.9%
(6/205). Three samples showed a psi (+)/ RHD variant
(1.5%; buffy coat analysis on these samples determined
that the mother also had a psi (+)/RHD variant). In the
199 samples with a valid result, the fetal RHD genotype
was correctly identified in 198 giving an accuracy of
99.5% (95% CI, 97.2–99.9) and sensitivity and specificity for prediction of male fetuses of 100.0% (95% CI,
97.3–100.0) and 98.3% (95% CI, 91.0–99.7), respectively, as well as positive and negative predictive values
of 99.3% (95% CI, 96.1–99.9), and 100% (95% CI,
93.8–100.0), respectively (Table 3). In as much as this
was a clinical validation using samples provided by a
reference laboratory, neonatal serologic outcome was not
available for secondary validation of results. A summary
of the overall performance of each of the seven individual markers employed in this assay (RHD: exon 4, exon
5, exon 7, and the psi-pseudogene; sex determination:
TTTY, DBY and SRY), including the error rate for each
Prenat Diagn 2011; 31: 802–808.
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Table 3—Clinical cohort 2—RHD genotyping results
RhD clinical
positive

RhD clinical
negative

Positive RHD result True positive (140) False positive (1)
Negative RHD result False negative (0) True negative (58)
RHD, Rhesus D.

Table 4—Performance of cell-free fetal DNA markers in the
maternal circulation for the determination of RHD status and
fetal sex in RHD negative and female fetuses
Marker error summary by assay
RHD

Cohort 1

Cohort 2

Overall accuracy

0
2
1
0
828

0
1
1
0
796

100%
99.82%
99.88%
100%
1624

1
1
1
621

1
0
1
597

99.84%
99.92%
99.84%
1218

Exon 4
Exon 5
Exon 7
Psi-pseudogene
Total assays
Fetal sex
TTTY
DBY
SRY
Total assays
RHD, Rhesus D.

marker in the case of RHD negative female fetuses, is
detailed in Table 4.

DISCUSSION
Several studies examined the prenatal accuracy of fetal
RHD genotyping from analysis of ccff DNA in maternal plasma which ranged from 32 to 100% (GeifmanHoltzman et al., 2006; Daniels et al., 2009; Grill et al.,
2009; Legler et al., 2009). Most of the studies examined samples from all three trimesters of pregnancy but
the majority were from the second and third trimesters.
The results of the eight studies providing data derived

from first trimester samples are summarized in Table 5
(Lo et al., 1998; Zhang et al., 2000; Costa et al., 2002;
Finning et al., 2002; Randen et al., 2003; Brojer et al.,
2005; Al-Yatama et al., 2007; Machado et al., 2006;
Minon et al., 2008). The number of samples in individual studies varied between 12 and 102 and in the
combined total of 269 cases, the assay used in these
studies correctly predicted the neonatal RhD phenotype
in 256 cases (95.2%), and the sensitivity for the prediction of RhD positivity was 94.7% with a specificity of
96.0%.
Noninvasive determination of fetal RHD genotype
usually relies on DNA amplification, by PCR, and detection of chromosome 1-specific sequences in maternal
plasma (Lo et al., 1998; Finning et al., 2008). To examine the performance of fetal RHD genotyping as a routine test in all RhD negative women, high-throughput
methods with robotic isolation of fetal DNA have been
described that offer a cost-effective alternative to routine
administration of anti-D (van der Schoot et al., 2006;
Finning et al., 2008; Legler et al., 2009). Another technique for analysis of ccff DNA is MALDI-TOF MS
which combines flexibility, accuracy, automated analysis
and high-throughput data generation (Ding and Cantor
2003; Jurinke et al., 2004; Li et al., 2006; van der Schoot
et al., 2008; Ding 2008; Oeth et al., 2009; Thongnoppakhun et al., 2009; Farkas et al., 2010; Tynan et al.,
2010). In a companion publication we have also showed
that fetal sexing can reliably be performed using the
MALDI-TOF MS technology (Akolekar et al., 2010).
When the fetal RHD genotype is reported to be negative, like the mother’s, an RHD negative result cannot
be used to identify the presence of non-maternal DNA
so fetal sex determination must be considered. Absence
of Y-chromosome sequences in maternal plasma implies
that the fetus is female but this may also be the consequence of undetectable levels of ccff DNA in the presence of male fetuses (Wright and Burton, 2009). False
negative results can be avoided by ensuring the presence
in maternal plasma of fetal-specific DNA markers (Tang
et al., 1999; Pertl et al., 2000; Chim et al., 2005; Zhu
et al., 2005; Wright and Burton, 2009). This same risk,
namely that insufficient or no ccff DNA was extracted

Table 5—Studies reporting use of cell-free fetal DNA in maternal circulation for determination of fetal RHD status in the first
trimester of pregnancy
RHD positive
Author
Lo et al. (1998)
Zhang et al. (2000)
Costa et al. (2002)
Finning et al. (2002)
Randen et al. (2003)
Brojer et al. (2005)
Al-Yatama et al. (2007)
Machado et al. (2006)
Minon et al. (2008)

Gestation (weeks)
7–14
<13
8–14
<14
6–14
<14
6–13
<14
10–13

RHD negative

Gene

Control

n

Correct
(%)

n

Correct
(%)

Exon 10
Exon 7
Exon 10
Exons 4, 5, 6, 10
Exon 7
Exons 7, 10, Intron 4

β-Globin
None
GALT
CCR5, SRY
β-Globin, SRY
β-Actin, SRY,
polymorphisms
β-Globin, SRY
None
CCR5, SRY

9
12
62
13
9
20

7 (77.8)
11 (91.7)
62 (100)
13 (100)
6 (66.7)
19 (95.0)

3
8
40
6
9
10

3 (100)
8 (100)
40 (100)
6 (100)
7 (77.8)
8 (80.0)

8
11
26

7 (87.5)
10 (90.9)
26 (100)

6
4
13

6(100)
4 (100)
13 (100)

7
Exon 10, Intron 4
Exons 4, 5, 10

RHD, Rhesus D.
Copyright  2011 John Wiley & Sons, Ltd.
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from a particular sample for RHD detection, existed
for cohort 1 with no recourse as only single 1.0 mL
aliquots were available for this retrospective study. The
study did show four potential false negatives. Given the
very high analytical sensitivity of this RHD genotyping
assay (limit of detection = 5.5 copies/reaction, data not
shown) it is highly likely that lack of detectable ccff
DNA was indeed the case for these observations. Other
possible explanations include chain-of-handling errors,
technical errors during ccff DNA extraction or incorrect
RhD serotype assignment of the newborn. To address the
deficiency of insufficient or no ccff DNA for a particular
sample in routine medical practice, the protocol for clinical samples calls for the availability of at least 4.0 mL
of maternal plasma, which allows for repeat genotyping
as well as the addition of a control assay for paternally inherited SNPs if necessary (van den Boom et al.,
2006). This enables an important control, the assessment
of paternally derived SNPs, the presence of which documents the existence of non-maternal DNA—essential
for confirmation of a diagnosis when the fetus is predicted to be an RhD negative, female fetus. In the second
sample cohort, both sensitivity and negative predictive
value were 100%. The results of the second sample
cohort enabled the validation and implementation of the
RHD Genotyping LDT within a CLIA-certified laboratory (Jennings et al., 2009). The MALDI-TOF MS provides a platform that enables interrogation of >90 DNA
polymorphisms that may be used to clarify the diagnosis in fetuses predicted to be RHD negative and female
(van den Boom et al., 2006), improving both accuracy
and excluding the samples that had a failed extraction
or insufficient ccff DNA for analysis. By identifying
candidate SNPs that are paternally inherited so as to
differentiate maternal from fetal DNA, the prediction
of an RhD negative female fetus can reliably be discerned from a failed assay (which would also result in
a negative result).
The findings of this study show that the RHD Genotyping LDT using MALDI-TOF MS technology for the
detection of the RHD gene exons 4, 5, and 7 located
on chromosome 1 in the prediction of fetal RHD genotype from examination of ccff DNA in maternal blood
can be achieved with a high accuracy in both the first
and second trimesters of pregnancy. There are several
clinical implications of this highly performing test for
fetal RHD genotype. Firstly, for RhD negative pregnant patients with confusing or unclear antibody titers,
direct fetal genotyping can aid in the clinical management of patients. Secondly, for sensitized patients in
need of invasive prenatal diagnosis for genetic indications, noninvasive testing of fetal RHD genotype can
identify those RHD negative fetuses that could benefit
from invasive first trimester prenatal diagnosis by CVS.
Third, for those non-sensitized RhD negative patients
who are opposed to the administration of vaccines or
other human blood products during pregnancy, the identification of an RHD positive fetus provides additional
information to the clinician for determining the need
for antepartum administration of RhD immune globulin.
Lastly, as noted in the SAFE network Framework Six
report, RHD NonInvasive Prenatal Diagnosis (NIPD)
Copyright  2011 John Wiley & Sons, Ltd.
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is currently used routinely in the European Union for
the management of sensitized women. NIPD, however,
has the potential to complement prevention (Freeman
et al., 2006). For non-sensitized RhD negative pregnant
women who have RHD negative fetuses (approximately
40% of cases), the decision not to administer RhD
immune globulin can be discussed with the patient.
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