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OBJECTIVE: To evaluate the accuracy of next-generation

sequencing–based quantitative cell-free DNA analysis for

fetal antigen genotyping in individuals with alloimmu-

nized pregnancies undergoing clinical testing in practices

across the United States as early as 10 weeks of gestation,

with the objective of identifying individuals with preg-

nancies at risk for hemolytic disease of the fetus and

newborn and guiding management.

METHODS: This prospective cohort study included

patients with alloimmunized pregnancies undergoing clin-

ical fetal antigen cell-free DNA analysis between 10 0/7 and

37 0/7 weeks of gestation at 120 clinical sites. Both the

pregnant person with the alloimmunized pregnancy and

the neonates resulting from the pregnancies were included.

The laboratory issued the cell-free DNA results prospec-

tively as a part of clinical care. After delivery, neonatal

buccal swabs collected between 0 and 270 days of life were

sent to an outside independent laboratory for antigen

genotyping. The outside laboratory was blinded to the fetal

cell-free DNA results, and the results were compared.

Concordance was reported for the fetal antigen cell-free

DNA analysis for antigens to which the pregnant person

was alloimmunized and for all antigens for which the

pregnant person was genotype negative.

RESULTS: A total of 156 pregnant people who received

clinically ordered cell-free DNA fetal antigen testing

provided neonatal buccal swabs for genotyping after

delivery. Overall, 15.4% of participants were Hispanic,

9.0% were non-Hispanic Black, 65.4% were non-Hispanic

White, 4.5% were Asian, 1.3% were more than one race
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or ethnicity, and 4.5% were unknown. The median

gestational age at the time of testing was 16.4 weeks

with a median fetal fraction of 11.1%. Concordance

between cell-free DNA analysis results and neonatal

genotype was determined for 465 antigen calls for the

following antigens: K1 (n5143), E (124), C (60), Fya (50), c

(47), and D(RhD) (41). These 465 calls included 145 in

which the fetus was antigen positive and 320 in which

the fetus was antigen negative. We observed complete

concordance between prenatal fetal antigen cell-free

DNA analysis results and neonatal genotypes for the

465 calls, resulting in 100% sensitivity, specificity, and

accuracy.

CONCLUSION: In a diverse multicenter cohort, cell-

free DNA analysis was highly sensitive and specific for

determining fetal antigen genotype as early as 10 weeks

of gestation in individuals with alloimmunized pregnan-

cies. Taken together with previously published evidence,

this study supports the implementation of cell-free DNA

testing to manage individuals with alloimmunized preg-

nancies in the United States.

(Obstet Gynecol 2024;144:436–43)

DOI: 10.1097/AOG.0000000000005692

Hemolytic disease of the fetus or newborn is a
potentially life-threatening form of anemia

caused by alloimmunization.1 The American College
of Obstetricians and Gynecologists recommends test-
ing the reproductive partner’s antigen status when al-
loimmunization is diagnosed in pregnancy.2

However, rates of reproductive partner screening
uptake are low, and results can be misleading in the
setting of nonpaternity.3–5

Cell-free DNA is already used as a standard of
care in many European countries for determining fetal
antigen status and guiding pregnancy management.6–8

In September 2022, a cell-free DNA assay using next-
generation sequencing and quantitative counting tem-
plate technology for determining fetal antigen status
was first offered clinically in the United States.9 The
assay improves on European assays by combining
next-generation sequencing with quantitative count-
ing template technology, which facilitates the detec-
tion and absolute quantification of variants that are
more common in the diverse U.S. population.9

In a prior study, we performed the initial valida-
tion of next-generation sequencing–based cell-free
DNA analysis with quantitative counting template
technology for fetal antigen genotyping. Although
the validation demonstrated 100% sensitivity and
specificity of the assay on 1,061 preclinical samples
and precision of 99.9% on 1,683 clinical samples,
the number of clinical samples with neonatal

genotype or serology outcomes was limited to 23 bio-
bank samples from pregnant individuals and 30 preg-
nancies with prospectively reported results, which
showed 100% concordance with ground-truth out-
comes.9 Here, we build on prior work with a prospec-
tive cohort study evaluating the concordance between
fetal antigen cell-free DNA analysis results and neo-
natal antigen genotyping performed at an indepen-
dent laboratory.

METHODS

Participants were recruited into an IRB-approved fetal
antigen patient registry (WCG IRB protocol No.
20225380). Eligible participants were identified
through the quality assurance program of the clinical
laboratory or by their managing clinician at collabo-
rating clinical sites and enrolled into this prospective
cohort study. Pregnant people and their neonates
were eligible for inclusion in the study if 1) the patient
was clinically confirmed to be alloimmunized to at
least one of the following antigens: K1 (Kell), Fya [also
known as Fy(a+)], C, c, E, or D(RhD); and 2) the
patient underwent fetal antigen cell-free DNA analysis
in the United States between September 15, 2022, and
December 15, 2023, and spoke English or Spanish.
Those who agreed to participate provided written
informed consent for themselves and their neonate.
Participants were compensated for their participation.

Details of the fetal antigen cell-free DNA analysis
have been previously published.9 In brief, we devel-
oped and validated an approach to noninvasive pre-
natal testing that uses next-generation sequencing and
quantitative counting templates to determine fetal
antigen genotypes by analyzing cell-free DNA in
plasma samples from pregnant individuals. The addi-
tion of quantitative counting templates enables the
absolute quantification of detected fetal antigen mole-
cules, which then is compared with the expected num-
ber of fetal molecules based on fetal fraction to
determine the fetal genotype. The fetal genotype can
then be used to predict the fetal antigen phenotype.
When the predicted fetal phenotype is antigen
positive for an antigen to which the pregnant person
is alloimmunized, the pregnancy is at risk for hemo-
lytic disease of the fetus and newborn. This test can be
performed as early as 10 weeks of gestation to deter-
mine fetal antigen status in pregnant people who are
alloimmunized to the following antigens: K1, Fya, C,
c, E, or D(RhD). Results were reported clinically only
for the antigens to which the patient was alloimmu-
nized. All samples were run on the same version of
the fetal antigen cell-free DNA analysis; the assay did
not change during the duration of the study.
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Between 0 and 270 days of life, a buccal swab was
obtained from the neonate resulting from the alloim-
munized pregnancy with ORAcollectDNA buccal
swabs. The samples were sent to Grifols Laboratory
Solutions Inc (San Marcos, Texas), which performed
antigen genotyping with BGG Navigator, a poly-
merase chain reaction (PCR) and genomic
hybridization-based genotyping test using ID CORE
XTTM technology. Neonatal genotype and predicted
phenotype were reported for the following antigens
included in fetal antigen cell-free DNA analysis: K1,
Fya, C, c, and E. For pregnancies alloimmunized to
the D(RhD) antigen, neonatal genomic DNA ex-
tracted from the swabs was used to amplify exons
1–10 and their flanking regions of the RHD gene,
along with amplification of a hybrid RHD-CE exon
3–intron 3 region and sequenced with BigDye Ter-
minator 3.1 Cycle Sequencing kit to determine the
RHD genotype and predicted RhD phenotype,
including the identification of RHD-CE-D hybrid
genotypes and the RHDC variant.

Concordance was determined separately for 1)
only those antigens to which the pregnant person was
alloimmunized and 2) all antigens for which the
pregnant person was genotype negative. A pregnant
person must be genotype negative for an antigen (not
express the antigen) to be alloimmunized to it.
Alloimmunization status does not affect the assay
performance because the assay is genotype, not pro-
tein (antigen or antibody), based. Therefore, by
examining all antigens for which a pregnant person
was genotype negative, we were able to examine assay
performance with a larger sample size of antigen calls.
The investigators and Grifols Laboratory staff were
blinded to neonatal and fetal analysis results, respec-
tively, until both assays had been completed. Antigen
genotypes were considered concordant when fetal
antigen cell-free DNA analysis–predicted fetal phe-
notype (reported as antigen detected or antigen not
detected) matched neonatal predicted phenotype (re-
ported as antigen positive or antigen negative). If a
pregnancy was a twin gestation, the cell-free DNA
analysis results were concordant if both neonates were
antigen genotype negative and the cell-free DNA
analysis–predicted antigen was not detected or at
least one neonate was antigen genotype positive and
the cell-free DNA analysis–predicted antigen was
detected.

A sample size of 200 alloimmunized cell-free
DNA assays was selected on the basis of a conserva-
tive predicted sensitivity of 97% and published
antigen allele frequencies to allow the calculation of
the assay analytics with a type I error of up to 5% and

a marginal error of 5% (span of 95% CIs). Demo-
graphic characteristics, including maternal age, gesta-
tional age, and maternal race and ethnicity, were
collected from the patient’s clinical test requisition
form and, in addition to fetal fraction, were reported
as descriptive summary statistics. The frequency of
genetic variants affecting antigen status can vary de-
pending on race and ethnicity, so we included this
information in the study to show the diversity of the
cohort in whom we were assessing assay performance.

In addition, sensitivity, specificity, positive pre-
dictive value (PPV), negative predictive value
(NPV), and accuracy were calculated for the calls
on antigens to which the pregnant person was
alloimmunized. For the larger sample of all antigens
to which the pregnant person was genotype
negative, we calculated sensitivity, specificity, and
accuracy. PPV and NPV were not calculated in the
latter sample because PPV and NPV are affected by
the prevalence of antigen-positive status and there-
fore are best used in a sample in which the expected
rate of antigen positivity is similar to that expected
in the intended use population (alloimmunized
antigen calls). These statistics were calculated with
medcalc.org.

This investigation met the STROBE (Strengthen-
ing the Reporting of Observational Studies in Epide-
miology) guidelines for a cohort study.

RESULTS

Overall, 156 participants and their neonates enrolled
from 120 different U.S. practices in 37 states and
submitted neonatal buccal swabs (Fig. 1 and Appen-
dix 1, available online at http://links.lww.com/AOG/
D779). The cohort included four twin pregnancies.
The median gestational age at the time of testing
was 16.4 weeks, and the median fetal fraction was
11.1% (Table 1). Pregnancy characteristics and patient
demographics of participants in the cohort were sim-
ilar to those who were approached (but not enrolled;
data not shown).

The 156 participants were alloimmunized to 191
antigens, and concordance was assessed for 190
alloimmunized antigen calls from 155 patients. One
case had fetal cell-free DNA results but inconclusive
results on neonatal RHD sequencing from the outside
laboratory, so a concordance assessment was not pos-
sible. The most common alloimmunized antigen was
E (n553, 34.0%). Forty-six patients (29.5%) were al-
loimmunized to K1, 41 (26.3%) to D(RhD), 27 (17.3%)
to C, 20 (12.8%) to c, and 4 (2.6%) to Fya. Thirty-four
patients were alloimmunized to more than one anti-
gen (Table 2).
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Overall, 91 fetal antigen results (47.6%) were
reported clinically as antigen detected, meaning the
fetal antigen genotype predicted an antigen-positive
phenotype, and 100 (52.4%) were antigen not de-
tected, meaning the fetal antigen genotype predicted
an antigen-negative phenotype (Appendix 2a, avail-
able online at http://links.lww.com/AOG/D779).

Concordance for the 190 fetal antigen calls for
antigens to which the patients were alloimmunized
was 190 of 190 (100%) (Table 3). Sensitivity, specific-
ity, PPV, NPV, and accuracy are reported in Table 3.
The total number of available assays was fewer than
recommended by the a priori power calculation; how-
ever, the desired level of statistical power was still

achieved with the margins of error less than 5% for
all analyses.

In addition, concordance was 100% for 465 fetal
antigen calls on antigens to which the pregnant person
was genotype negative (Table 4). These 465 calls
include 190 for antigens to which the pregnant person
was alloimmunized, as well as an additional 275 calls
on antigens to which the pregnant person was not
alloimmunized but for which they were genotype
negative (and therefore able to become alloimmu-
nized to the antigen; Appendix 3 [available online at
http://links.lww.com/AOG/D779] and Table 4). The
465 antigen calls were for the following antigens: K1
(n5143), E (n5124), C (60), Fya (n550), c (n547),
and D(RhD) (n541) (Appendix 2b, available online
at http://links.lww.com/AOG/D779). Sensitivity,
specificity, and accuracy are reported in Table 4.
There was one fetus for which cell-free DNA analysis
correctly called D(RhD) negative because of an
RHDC variant, which was confirmed by postnatal
RHD sequencing showing compound heterozygosity
for the RHD gene deletion and RHDC variant in the
neonate.

There were two cases in which the cell-free DNA
analysis reported “not detected” for the C antigen and
the neonatal genotyping revealed the hybrid RHD-
CE-D allele RHD*DIIIa-ceVS.03(4–7)-RHCE*ce, pre-
sent in about 0.3% of the U.S. population and associ-
ated with an extremely weak C phenotype.10,11

Individuals with this weak C phenotype have been
documented to produce anti-C antibodies when
exposed to C antigen.10 Therefore the cell-free DNA
“not detected” call is likely an appropriate determina-
tion that the fetus is not at risk for hemolytic disease of
the fetus and newborn. However, there is no literature
to confirm this, so these cases were excluded from the
concordance calculation (Table 4).

DISCUSSION

This multisite, prospective U.S. cohort study demon-
strates that next-generation sequencing–based cell-
free DNA analysis using quantitative counting tem-
plate technology is a highly accurate approach for
determining fetal antigen genotypes and predicted
phenotypes for individuals with alloimmunized preg-
nancies. Concordance between fetal antigen genotype
as determined by cell-free DNA analysis and neonatal
antigen genotype as determined by an outside labora-
tory was 100% for all 190 calls on antigens to which
the pregnant person was alloimmunized. Concor-
dance was also 100% when the antigen calls were
expanded to include all 465 antigens for which the

Table 1. Demographics and Pregnancy
Characteristics of the Participants
(N5156)

Characteristic Value

Self-reported race and ethnicity
Asian 7 (4.5)
Black 14 (9.0)
Latina or Hispanic 24 (15.4)
More than 1 race or ethnicity or both 2 (1.3)
Unknown 7 (4.5)
White 102 (65.4)

Maternal age at estimated due date (y) 31 (18–44)
Gestational age at time of fetal antigen

testing (wk)
16.4 (10.0–37.0)

Fetal fraction (%) 11.1 (2.4–32.2)
Trimester of fetal antigen testing

1st 52 (33.3)
2nd 77 (49.4)
3rd 27 (17.3)

Data are n (%) or median (range).

Fig. 1. Flow diagram of patient enrollment. *One hundred
percent concordance was also demonstrated.

Rego. Cell-Free DNA for Fetal Antigen Genotyping. Obstet Gy-
necol 2024.
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pregnant person was genotype negative, resulting in a
calculated assay sensitivity and specificity of 100%.

The addition of quantitative counting templates to
next-generation sequencing–based cell-free DNA
technology enables the absolute quantification of de-
tected fetal antigen molecules. By comparing the de-
tected number of fetal antigen cell-free DNA
molecules with the expected number of molecules
based on the fetal fraction, the assay ensures high
sensitivity and specificity for the determination of fetal
genotype for early gestational ages and low fetal frac-
tions.9 An ongoing phase III trial (ClinicalTrials.gov
NCT05912517) of the prevention of hemolytic dis-
ease of the fetus and newborn enrolls at 13–16 weeks
of gestation, highlighting the importance of an assay
that is accurate at early gestational ages (eg, before 15
weeks).12 This unique approach of this assay results in
high sensitivity and specificity independently of fetal
fraction or gestational age.9

A prior study demonstrated that fetal antigen cell-
free DNA analysis with next-generation sequencing
and quantitative counting template technology pro-
vided informative results for 99.9% of patients, and
the current study has shown 100% accuracy.9 The
real-time PCR-based approach that has long been
used in clinical practice in several countries outside
the United States has higher rates of no results or
inconclusive results (1.0–14.3%).13 European-based
assays using real-time PCR have not been adopted
in the United States because of concerns about
performance—both accuracy and inclusivity—for the
diverse U.S. population.14 The real-time PCR-based

assays cannot precisely measure the depth of amplifi-
cation and therefore cannot quantify the RHD gene
molecules. Many rely on the assumption that the
pregnant individual is RhD negative as a result of an
RHD gene deletion, and therefore, if the control gene
indicates the presence of fetal DNA, it is concluded
that any RHD gene amplified is of fetal origin; if no
RHD gene is amplified, it is concluded that the fetus is
RhD negative. These assumptions can result in false-
positive or inconclusive results when a non–RHD-
gene-deletion genotype is present, as well as false-
negative results at early gestational ages when fetal
fractions are lower.7,15 The next-generation
sequencing–based multiexon sequencing cell-free
DNA analysis for fetal antigen genotyping evaluated
in this study uses quantitative counting template tech-
nology to detect and quantify RHD-negative geno-
types, including the common RHD gene deletion
and variants such as RHDC and the RHD-CE-D
hybrid genes, which are present in up to 50% of
RhD-negative Black Americans.16 As a result, this
assay has higher call rates (99.9% in a prior study)
than European-based assays and a median turnaround
time of 7 days.9

The recommended approach for determining
fetal antigen genotype in individuals with alloimmu-
nized pregnancies in the United States has relied on
reproductive partner antigen testing, with amniocen-
tesis indicated when fetal genotype cannot be assumed
from paternal antigen status.2 However, amniocente-
sis carries the risk of fetal loss, worsening alloimmu-
nization, and low uptake.17–20 Subsequently, the fetal

Table 2. Summary of Alloimmunized Antigens Among Pregnant Individuals and Concordance Between
Neonatal Antigen Genotyping and Cell-Free DNA Results (n5155 Participants With 190
Alloimmunized Antigen Calls)*

Alloimmunized Antigen(s) No. of Patients Tested
No. (%) of Patients With Concordant Fetal Antigen Cell-Free

DNA and Neonatal Antigen Genotyping Results

E 39 39 (100)
K 43 43 (100)
C, D 18 18 (100)
D 19 19 (100)
C 10 10 (100)
E, c 9 9 (100)
C 7 7 (100)
Fya 3 3 (100)
E, D 3 3 (100)
Fya, E 1 1 (100)
K, c 1 1 (100)
E, K 1 1 (100)
Fya, C, K 1 1 (100)

* One of the 156 enrolled participants was excluded from the analysis of alloimmunized antigen calls because of an inconclusive neonatal
genotyping result for the D antigen, the antigen to which the patient was alloimmunized.

440 Rego et al Cell-Free DNA for Fetal Antigen Genotyping OBSTETRICS & GYNECOLOGY

http://clinicaltrials.gov


antigen status remains unknown in many pregnancies,
and the pregnant individual is then monitored with
serial antibody titers and Doppler ultrasound of peak
systolic velocity in the middle cerebral artery by spe-
cialty clinicians, a process that is time intensive and
burdensome. In addition, maternal antibody titers are
nonspecific and can rise even when the fetus is antigen
negative,21 and Doppler ultrasound of peak systolic
velocity in the middle cerebral artery has a reported
false-positive rate of 12%.22 When Doppler ultra-
sound of peak systolic velocity in the middle cerebral
artery suggests fetal anemia, it can lead to unnecessary
and potentially risky invasive procedures such as cor-
docentesis and intrauterine transfusions.23 Although
these approaches to monitoring individuals with preg-
nancies at risk for hemolytic disease of the fetus and
newborn have limitations, they remain important
tools for guiding management when the fetus is
antigen positive. Recently, the American College of
Obstetricians and Gynecologists released a practice
guideline update stating that cell-free DNA is a rea-
sonable alternative tool for fetal RhD testing in alloim-
munized patients who decline amniocentesis;
similarly, for those alloimmunized to non-D red blood
cell antigens, the update stated that “cfDNA [cell-free
DNA] may be considered for pregnant patients

declining amniocentesis, after weighing cost, access,
and the encouraging-yet-limited data supporting its
use.”24 This study provides additional data supporting
the use of cell-free DNA for determining fetal antigen
status for antigens, including the RhD antigen and
non-D antigens. When used for the purpose of deter-
mining fetal antigen status, cell-free DNA analysis can
mitigate the need for unnecessary monitoring in set-
tings where the fetus is not at risk of hemolytic disease
of the fetus and newborn because of an antigen-
negative genotype.

A limitation of the assay is that it does not assess
fetal antigen status for all antigens known to cause
hemolytic disease; rather, it is designed to determine
antigen genotype for those most often implicated in
clinically significant fetal anemia.1 The assay also is
not designed for use in pregnant people who have had
organ or bone marrow transplantations or recent
blood transfusions, whose pregnancy included a van-
ishing twin, or who have a known malignancy.

In addition to the accuracy and logistical burden
of the options for managing individuals with alloim-
munized pregnancies, cost is another important con-
sideration. One study addressed the health economics
of cell-free DNA for the management of individuals
with alloimmunized pregnancies and found a nearly

Table 3. Concordance Between Fetal Antigen Cell-Free DNA Genotyping Results for Alloimmunized
Antigens and Neonatal Genotyping

Neonatal Antigen Positive Neonatal Antigen Negative Total % (95% CI)

cfDNA fetal antigen detected 90 0 90
cfDNA fetal antigen not detected 0 100 100
Total 90 100 190
Sensitivity 100 (96.0–100)
Specificity 100 (96.4–100)
PPV 100 (96.0–100)
NPV 100 (96.4–100)
Accuracy 100 (98.1–100)

cfDNA, cell-free DNA; PPV, positive predictive value; NPV, negative predictive value.
Data are n unless otherwise specified.

Table 4. Concordance Between Fetal Antigen Cell-Free DNA Results for All Antigens for Which the
Pregnant Person Was Genotype Negative

Neonatal Antigen Positive Neonatal Antigen Negative Total % (95% CI)

cfDNA fetal antigen detected 145 0 145
cfDNA fetal antigen not detected 0 320 320
Total 145 320 465
Sensitivity 100 (97.5–100)
Specificity 100 (98.9–100)

cfDNA, cell-free DNA.
Data are n unless otherwise specified.
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$8,000 ($7,903) reduction in the cost of care when
individuals with alloimmunized pregnancies were
managed with cell-free DNA fetal genotyping com-
pared with usual care.25,26 The sensitivity and speci-
ficity of our next-generation sequencing–based assay
with quantitative counting template technology are
higher than those used in the model assumptions for
the previously published cost analysis (assumed 99.7%
sensitivity and 96.1% specificity); therefore, the cost
savings are expected to be even greater with the im-
plementation of our new assay.

This prospective study demonstrated the accuracy of
cell-free DNA with next-generation sequencing and
quantitative counting template technology for fetal anti-
gen genotyping in a diverse U.S. sample of alloimmu-
nized pregnant individuals, including twin pregnancies. It
is important to note that fetal cell-free DNA results were
reported prospectively as part of the clinical care of the
pregnancy without knowledge of the neonatal genotype.
The laboratory performing cell-free DNA genotyping
and the different laboratory performing neonatal geno-
typing were blinded to each other’s results.

This study has limitations. Although the study
enrolled participants from 120 clinical practices across
the United States, including representation from
individuals who identified as Asian, Black, Hispanic,
White, and more than one race or ethnicity, partici-
pants identifying as White were overrepresented
compared with the U.S. population. However, the
no-call rate for this assay did not differ for different
races and ethnicities. We did not reach our calculated
sample size; however, we were still able to achieve our
desired level of statistical power with margins of error
less than 5%. Although the cost-effectiveness of cell-
free DNA for fetal antigen genotyping has been
previously demonstrated,25 we did not perform an
economic analysis as part of this study.

This study demonstrated the accuracy of an next-
generation sequencing–based cell-free DNA analysis
assay with quantitative counting template technology
for the detection of fetal antigen status in a large,
diverse U.S.-based cohort. With 100% accuracy and
no need for paternal testing or invasive procedures,
this assay will result in more alloimmunized individ-
uals receiving informative results about fetal risk com-
pared with the traditional approach, which is limited
by the uptake of paternal testing and amniocentesis as
well as nonpaternity.3,4,17 Clinical implementation of
fetal antigen cell-free DNA analysis for the manage-
ment of individuals with alloimmunized pregnancies
will remove these barriers. Cell-free DNA can also
streamline clinical management and improve equita-
ble access to care. Taken together with previously

published evidence, this study supports the imple-
mentation of cell-free DNA testing to manage individ-
uals with alloimmunized pregnancies in the United
States.
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