nswo [Open. o

Special Communication | Obstetrics and Gynecology
A Clinical Practice Guideline for the Management of Pregnancy Alloimmunized
to Red Blood Cell Antigens

Kenneth J. Moise Jr, MD; Kara B. Markham, MD; Philip C. Spinella, MD; Molly R. Sherwood, BS; Karen A. Robinson, PhD; Lisa M. Wilson, ScM; Jay Malone, MD, PhD;
Jimmy Espinoza, MD, MSc; Donna Dizon-Townson, MD; Laura Mercer, MD; Russell Miller, MD; Leonardo Pereira, MD, MCR; Anthony Sciscione, MD;
Alireza A. Shamshirsaz, MD; Kathryn Shanahan, RN, MSn, CPNP; Saul Snowise, MD; Thomas Trevett, MD; Juan M. Gonzélez Vélez, MD, PhD; Bethany Weathersby, MeEd

+ Supplemental content

Abstract
IMPORTANCE Red blood cell alloimmunization is typically associated with the transplacental Author affiliations and article information are
transfer of incompatible fetal red blood cells into maternal circulation. Subsequent pregnancies can listed at the end of this article.

be affected by fetal anemia, hydrops fetalis, and perinatal death. Most cases of Rhesus D (RhD)
alloimmunization due to pregnancy can be prevented by the proper administration of Rhesus
immune globulin. However, an emerging practice of using low-titer, O, RhD-positive whole blood
(LTOWB) in cases of life-threatening hemorrhage has the potential to increase the exposure of the
female population to a new source of incompatible red blood cells.

OBJECTIVE To establish recommendations for the management of the red blood cell
alloimmunized pregnancy.

EVIDENCE Four working groups were assembled that included experts in (1) trauma and transfusion
medicine, (2) hematology, (3) maternal-fetal medicine/obstetrics, and (4) neonatology. Patient
stakeholders and ethics representatives were included in each working group. The patient/problem,
intervention, comparison, outcome (PICO) framework was used to identify key clinical knowledge
gaps. Library scientists at Johns Hopkins University performed systematic reviews and meta-
analyses on these topics and provided final reports to the working groups. All 4 working groups
participated in a Delphi process to refine recommendations and practice points for each PICO
question that reflected consideration of the following factors: balance of benefits and harms;
certainty of evidence; values and preferences; resource use and costs; ethics; equity; and feasibility.
FINDINGS Seven clinical recommendations and 32 practice points were developed by the maternal-
fetal medicine/obstetrics working group. Recommendations included the following: use of cell-free
fetal DNA to identify the at-risk fetus early in pregnancy, followed by immunomodulation with
intravenous immune globulin (IVIG) in select cases; the implementation of middle cerebral artery
peak systolic velocity Doppler measurements to detect fetal anemia earlier in pregnancy:; the use of
IVIG in patients with a documented antigen-positive fetus with a history of either fetal anemia or a
fetal loss due to hemolytic disease of the fetus and newborn before 24 weeks' gestational age in a
previous pregnancy; the continuation of intrauterine transfusion therapy until the end of the 35th
week of pregnancy; and prolonging gestational age to between 37 weeks O days and 38 weeks 6 days
before proceeding to delivery.

CONCLUSIONS AND RELEVANCE These recommendations provide an updated approach to the
management of red blood cell alloimmunized pregnancies. The lack of high-quality evidence limits
the strength of the recommendations but points to the need for a standardized approach to this
rare disease.

JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649

ﬁ Open Access. This is an open access article distributed under the terms of the CC-BY License.

JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24,2025  1/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

Introduction

Exposure to incompatible red blood cell antigens typically occurs in association with pregnancy.
Although alloimmunization to the Rhesus c (Rhc), RhE, and Kell antigens are associated with severe
fetal anemia through the transplacental passage of the maternal antibodies, RhD is the most
antigenic and accounts for the majority of cases of hemolytic disease of the fetus and newborn
(HDFN)." Rhesus immune globulin administered at 28 weeks of gestation and again after delivery has
proven effective in preventing RhD alloimmunization in the majority of cases, although failures still
occur due to inadvertent omissions.?

Recently, there has been a resurgence of interest in administrating whole blood to patients with
life-threatening bleeding based on both military and civilian data suggesting improved survival.3 Due
to the shortage of RhD-negative red blood cell units, civilian emergency medical services and
in-hospital blood banks have implemented the use of low-titer, O+ whole blood (LTOWB) for the
treatment of severe traumatic bleeding.* Since rapid blood typing is not available in these situations,
D-negative female trauma patients are at risk for exposure to D-positive red blood cells. In such
circumstances, alloimmunization with anti-D antibodies occurs in approximately 20% of these
patients.®

In 2024, the Trauma Hemostasis and Oxygenation Research (THOR) Network Foundation, the
US Department of Defense (DOD), and the Allo Hope Foundation launched an effort to develop
clinical practice guidelines in the management of D-negative female children and adolescent girls and
women aged 15 to 49 years who were at risk for red blood cell alloimmunization as a result of
exposure to LTOWB. The maternal-fetal medicine/obstetrics working group was tasked to develop
up-to-date clinical recommendations for the management of red blood cell alloimmunized
pregnancies.

Methods

These guidelines follow international standards for guideline development and have been reported
in accordance with the Appraisal of Guidelines for Research and Evaluation Il (AGREE I1) reporting
checklist.®” Detailed methods are provided in eMethods in the Supplement. The guideline panel
included expertise in obstetrics and maternal fetal medicine; the working group also included a
bioethicist and patient advocates. Members of the trauma and transfusion, hematology, maternal-
fetal medicine/obstetrics, and neonatology working groups are listed in eTable 1in the Supplement.

The maternal-fetal medicine/obstetrics working group used the patient/problem, intervention,
comparison, and outcome (PICO) framework to identify key clinical knowledge gaps (Box). A team
at Johns Hopkins University was commissioned to conduct systematic reviews. Protocols were
registered on PROSPERO for the 6 systematic reviews conducted for this guideline
(CRD42024512268, CRD42024512256, CRD42024512261, CRD42024512274, CRD42024512275,
and CRD42024512271). One of the 6 systematic reviews was conducted as an update of a prior
review.® Searches were conducted in February 2024 using PubMed and Embase and, for questions
related to interventions, the Cochrane Central Register of Controlled Trials (CENTRAL). Trials and
observational studies were considered. The certainty of the evidence for critical outcomes identified
a priori was assessed using Grading of Recommendations Assessment, Development and Evaluation
(GRADE).® PICO Portal was used to sort citations. Details on systematic review methods, including
the inclusion and exclusion criteria for each research question, are presented in eTable 2 in the
Supplement.

The working group presented draft recommendations at a public meeting on November 19,
2024. Revised recommendations were voted on by all working group members in a closed guideline
meeting on November 20, 2024. Consensus was defined prior to voting as at least 75% agreement.
Voting was conducted online using Poll Everywhere. If a recommendation did not achieve consensus
after 3 rounds of voting, then that recommendation was considered to have not reached consensus.
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During the Delphi process, all 4 working groups voted on the 7 recommendations and 32 practice
points developed by the maternal-fetal medicine and obstetrics working group. No recommendation
or practice point was rejected based on a lack of consensus. The final recommendations and the
rationale to support them were provided for public comment from patients contacted via the Allo
Hope Foundation and from experts recruited through the associations and societies that were
represented within the work groups.

Results

Atotal of 15 individuals (6 [40%] women) participants. The 12 clinicians in the maternal-fetal
medicine/obstetrics working group had a mean (SD) of 21.2 (8.7) years of practice.

Determination of Fetal Red Blood Cell Antigen Status
Evidence-Based Recommendation
We recommend the use of cell-free fetal DNA (cffDNA) to accurately determine the fetal red blood
cell antigen status drawn after 10 weeks' gestational age in pregnancies complicated by RhD, RhC,
Rhc, RhE, Kell, or Fy® alloimmunization (Table). This recommendation reached 92.5% agreement.
Our systematic review yielded 49 studies®'°-° (Figure 1) in 50 publications that evaluated the
diagnostic accuracy of cffDNA for fetal antigen typing, 21 of which (reported in 22
publications37-4042:43:4546.49-64) \yare previously evaluated in a 2016 review by Mackie et al.®
Included studies; number of index tests; true-positive, false-positive, true-negative, false-negative,
and inconclusive results; and sensitivity and specificity are reported in eTable 3 in the Supplement.
When performed at an appropriate gestational age, cffDNA testing for fetal antigen typing had high
sensitivity and specificity for determining fetal antigen status when compared with neonatal testing,
amniocentesis, or chorionic villus sampling (pooled sensitivity, 100%; 95% Cl, 99%-100%; certainty

Box. PICO Questions for the Management of Red Blood Cell Alloimmunized Pregnancies

Diagnostic Accuracy, Risks, and Benefits alloimmunization, defined as evidence of

of Cell-Free Fetal DNA fetal severe anemia and/or fetal loss due to
 What is the diagnostic accuracy of cell-free fetal HDFN before 24 weeks' gestation in a prior
DNA in determining the fetal red blood cell pregnancy?

antigen status?

» What are the risks and benefits of using cell-free
fetal DNA vs amniocentesis or chorion villus biopsy
to determine the fetal red blood cell
antigen status?

Critical Titer to Institute MCA-PSV Doppler

Studies in Kell Alloimmunized Pregnancies

» What are the benefits and harms of using a critical
titer of less than 4 in the Kell alloimmunized
pregnancy?

Timing of MCA-PSV Doppler

» Among women with a current or previous
pregnancy with red blood cell antibodies known to
cause HDFN, what are the benefits and harms of
starting weekly serial MCA-PSV Doppler
measurements at 18 weeks' gestation vs at 16
weeks' gestation?

Benefits and Harms of Inmunomodulation

 What are the benefits and harms of not using
immunomodulation (intravenous immune globulin
and/or plasmapheresis) in patients with a history
of early-onset severe red blood cell

« What are the benefits and harms of not using
immunomodulation in patients with an
alloimmunized pregnancy (ie, patients with severe
red blood cell alloimmunization with a proven or
suspected antigen-positive fetus and a titer for
anti-D =512 or a titer for anti-Kell =64 regardless
of prior pregnancy history)?

Timing of Stopping Intrauterine Transfusions

» Among women with a current or previous
pregnancy with red blood cell antibodies known to
cause HDFN who have received at least 1
intrauterine transfusion, what are the benefits and
harms of stopping intrauterine transfusions prior
to 35 weeks' gestation vs stopping at 35 weeks'
gestation or later?

Timing of Delivery

» Among women with a current or previous
pregnancy with red blood cell antibodies known to
cause HDFN and an antigen-positive fetus who
have not received an intrauterine transfusion,
what are the benefits and harms of delivery prior
to 37 to 38 weeks' gestation?

Abbreviations: HDFN, hemolytic disease of the fetus/newborn; MCA-PSV, middle cerebral artery peak systolic velocity.
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of evidence [COE], moderate; pooled specificity, 98%; 95% Cl, 97%-99%; COE, moderate)

(Figures 2 and 3). Since some cffDNA studies compared its accuracy to genotyping by amniocentesis
or chorion villus biopsy instead of fetal or neonatal serology, the accuracy of testing may have been
overestimated. These results are consistent with Mackie et al,® which reported a pooled sensitivity of
99.3% (95% Cl, 98.2%-99.7%) and pooled specificity of 98.4% (95% Cl, 96.4%-99.3%).8 Since the
conduct of the current systematic review, an additional study by Rego and colleagues' compared
465 cffDNA samples including 143 for Kell, 124 for RhE, 60 for RhC, 50 for Fy?, 47 for Rhc, and 41 for
RhD, with 100% concordance with neonatal genotyping results.

Table. Recommendations for the Management of the Red Blood Cell Alloimmunized Pregnancy

Confidence of in
Recommendation Agreement, % quality of evidence

1: We recommend the use of maternal cell-free fetal DNA to accurately 92.5% Moderate
determine the fetal red blood cell antigen status drawn after 10 weeks’ GA in
pregnancies complicated by RhD, RhC, Rhc, RhE, Kell or Fy? alloimmunization.

2a: We recommend the use of IVIG in patients with a documented antigen- 100% Very low
positive fetus with a history of either fetal anemia or a fetal loss due to HDFN
before 24 weeks' GA in a previous pregnancy.

2b: We suggest the use of IVIG in patients in a pregnancy with a documented 100% Very low
antigen-positive fetus and a titer for anti-D of 2512 or a titer for Kell 264
regardless of prior pregnancy history.

3: We recommend that surveillance with MCA-PSV Doppler measurementsbe  97.5% Very low
initiated when the maternal Kell titer is 4 or greater or there is a history of an
affected fetus or neonate in an antecedent pregnancy.

4: We recommend that MCA-PSV Doppler measurements be initiated weekly 92.7% Very low
by 16 weeks' GA in patients with red blood cell antibodies associated with

HDFN when there is an antigen-positive fetus or antigen-unknown fetus once

a critical titer threshold has been reached. A critical titer is defined as 16 or

greater for most antibodies and 4 or greater for anti-Kell.

5: We recommend for women undergoing intrauterine transfusions in 97.6% Very low

pregnancy for the treatment of HDFN, intrauterine transfusions should be

continued until the end of the 35th week of gestation unless there are

technical limitations to undertaking the procedure.

Abbreviations: GA, gestational age; HDFN, hemolytic

6: We recommend that in women with a current or previous pregnancy with 92.7% Very low ) )
red blood cell antibodies known to cause HDFN regardless of titer who have disease of the fetus/newborn; IVIG, intravenous
not received an intrauterine transfusion, delivery should occur between 37 immune globulin; MCA-PSV, middle cerebral artery

weeks 0 days’ to 38 weeks 6 days’ GA. peak systolic velocity; Rh, Rhesus.

Figure 1. Flow Diagram for Literature Review of Cell-Free Fetal DNA for Fetal Antigen Typing

Previous studies Identification of new studies
28 Studies included in Mackie, 210 Records identified
20168 123 PubMed
85 Embase

2 Citation searching

l

172 Records screened

75 Excluded
53 Records excluded by PICO Portal
22 Recorded excluded by 2 human
reviewers

97 Reports retrieved and assessed for
eligibility
75 Reports excluded
32 Published before 2015
27 Comparison
T E—— 12 Outcome
10 Population
2 Study type
1 Duplicate

21 New studies included in review
22 Reports of new included studies

l

49 Total studies included in review
50 Reports of total included studies
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Rationale

No studies were identified that evaluated the risks and benefits of using cffDNA; however, the utility
of this diagnostic medium was evaluated within the voting committee considering patient preference

and health care burden. cffDNA was favored by patients and clinicians as an alternative to

amniocentesis as, unlike amniocentesis, it is noninvasive and does not carry a risk of ruptured

membranes, pregnancy loss, or enhancing maternal antibody titer." cffDNA was also preferred over

paternal antigen phenotyping and zygosity testing because it eliminates the risk of inaccurate results

from uncertain paternity, avoids the delay in pregnancy management as an intermediate step in

determining fetal risks, and eliminates human error of inadvertently ordering paternal antibody

Figure 2. Pooled Sensitivity and Specificity of Cell-Free Fetal DNA for Fetal Antigen Typing, Rhesus D

Source Sensitivity (95% CI)
Rhesus D

Ahmadi et al,15 2016 1.00 (0.87-1.00) —e
Bingulac-Popovic et al,16 2021  1.00 (0.97-1.00) R
Blanco et al,17 2018 1.00 (0.96-1.00) -e
Blomme et al,18 2022 1.00 (0.95-1.00) e
Boggione et al,19 2017 1.00 (0.98-1.00) °
de Haas et al,20 2016 1.00 (1.00-1.00) >
Duan et al,21 2023 1.00 (0.94-1.00) —e
Hyland et al,22 2017 1.00(0.99-1.00) d
Londero et al,23 2019 1.00 (0.96-1.00) -
Moezzi et al,24 2016 1.00 (0.92-1.00) —e
Niguse et al,2> 2022 0.99 (0.95-1.00) o
Papasavva et al,26 2016 1.00 (0.93-1.00) —»
Pazourkova et al, 272021 0.95 (0.89-0.98) —e-
Picchiassi et al,28 2015 0.93 (0.87-0.97) —o
Rather et al,29 2019 0.99 (0.96-1.00) -o
Sillence et al,39 2015 1.00 (0.89-1.00) —e
Soothill et al,31 2015 1.00 (0.99-1.00) 5
Sorensen et al,32 2018 1.00 (0.98-1.00) 5
Uzenel et al,33 2022 1.00 (1.00-1.00) >
Vivanti et al,34 2016 1.00(0.99-1.00) )
Yasa et al,35 2020 0.96 (0.89-0.99) —e-
Acharqui et al,37 2011 0.94 (0.87-0.98) —e
Al-Yatama et al,38 2007 0.81(0.61-0.93) —
Aykut et al,39 2010 1.00 (0.84-1.00) —e
Bombard et al,40 2011 0.99 (0.96-1.00) R
Grill et al,42 2009 0.96 (0.91-0.99) —o-
Gunel et al,3 2010 1.00 (0.59-1.00) ®
Han et al,#5 2012 1.00 (0.86-1.00) —
Hromadnikova et al,*6 2005 1.00 (0.86-1.00) —
Loetal,491998 0.95 (0.83-0.99) —e—
Machado et al,>° 2006 0.98 (0.91-1.00) —e
Manzanares et al,51 2013 0.99 (0.93-1.00) —e
Minon et al,52 2008 1.00(0.99-1.00) ®
Mohammed et al,3 2010 0.92 (0.64-1.00) — o
Moise et al,>4 2013 1.00 (0.98-1.00) °
Polin et al,55 2013 1.00 (0.96-1.00) RJ
Rouillac-Le Sciellour et al,56 2007 1.00 (0.98-1.00) °
Sbarsi et al,57 2012 1.00(0.75-1.00) —e
Sesarini et al,>8 2009 0.94 (0.81-0.99) — o
Siva et al,59 2003 0.85(0.62-0.97) —_——
Turner et al,89 2003 0.88(0.73-0.97) ——
Tynan et al,51 2011 1.00 (0.96-1.00) -
Wang et al,%2 2009 1.00 (0.94-1.00) —o
Zhong et al,®3 2001 0.96 (0.81-1.00) — e
Zhou et al,%4 2005 1.00 (0.95-1.00) —
Summary 1.00 (0.99-1.00)

0 1

Sensitivity

Specificity (95% Cl)

1.00 (0.40-1.00)
0.95 (0.87-0.99)
1.00 (0.86-1.00)
1.00 (0.92-1.00)
0.99 (0.93-1.00)
0.98 (0.97-0.80)
0.86 (0.42-1.00)
1.00 (0.98-1.00)
1.00 (0.90-1.00)
1.00 (0.16-1.00)
0.92 (0.62-1.00)
1.00 (0.81-1.00)
0.91 (0.78-0.97)
0.94 (0.86-0.98)
0.92 (0.64-1.00)
0.93 (0.68-1.00)
0.99 (0.97-1.00)
0.99 (0.96-1.00)
1.00 (0.99-1.00)
0.95(0.91-0.98)
1.00 (0.69-1.00)
0.97 (0.84-1.00)
1.00 (0.88-1.00)
1.00 (0.63-1.00)
0.98 (0.93-0.99)
0.96 (0.87-1.00)
1.00 (0.74-1.00)
1.00 (0.63-1.00)
1.00 (0.84-1.00)
1.00 (0.81-1.00)
0.94 (0.70-1.00)
0.98 (0.87-1.00)
0.99 (0.97-1.00)
0.63 (0.24-0.91)
0.97 (0.91-0.99)
1.00 (0.90-1.00)
0.97 (0.91-1.00)
1.00 (0.59-1.00)
0.75 (0.53-0.90)
0.67 (0.22-0.96)
1.00 (0.77-1.00)
1.00 (0.94-1.00)
0.67 (0.38-0.88)
1.00 (0.59-1.00)
1.00 (0.87-1.00)
0.98 (0.97-0.99)

Specificity
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screens (rather than antigen zygosity testing). cffDNA was also favored over monitoring with middle
cerebral artery (MCA) Doppler ultrasonography, which, in the case of an antigen-negative fetus,
results in unnecessary costs and health care burden. Moreover, it creates a risk of false positive MCA
peak systolic velocity (MCA-PSV) Doppler findings, leading to avoidable amniocentesis for fetal
genotyping.'? Widespread implementation of cffDNA testing should be accompanied by ethical
safeguards related to genetic privacy and data governance, such as utilizing tests specifically
targeted to red blood cell antigen genotyping rather than broader genomic panels or sequencing-
based methods. Four practice points associated with this recommendation were developed and
approved (eTable 4 in the Supplement).

Use of Intravenous Immune Globulin

Evidence-Based Recommendation 2a: Patients With History of Fetal Anemia or Fetal Loss
Due to HDFN

We recommend the use of intravenous immune globulin (IVIG) in patients with a documented
antigen-positive fetus and a history of either fetal anemia or a fetal loss due to HDFN before 24
weeks' gestation age in a previous pregnancy (Table). This recommendation achieved 100%
agreement.

6672 avaluating the benefits and

Our systematic review identified a total of 7 cohort studies
harms of immunomodulation. The range of mean gestational ages at first intrauterine transfusion
(IUT) among those who received immunomodulation was 20.67 to 28.70 weeks compared with
20.43 to 24.00 weeks among those who did not receive immunomodulation; COE was very low.
Subsequent to our review, Mustafa et al”® reported an individual patient data meta-analysis of 97
cases and 97 controls. Gestational age at first IUT improved with IVIG treatment by 3.19 weeks (95%
Cl,1.28 to 5.05 weeks; IRR, 1.32; 95% credible interval, 0.08 to 2.50). In our initial review, mean fetal
hemoglobin at first IUT among those who received immunomodulation ranged between 5.40 and
6.72 g/dL vs 3.39 to 6.70 g/dL in those that did not receive IVIG (to convert hemoglobin to grams per
liter, multiply by 10); COE was very low. Mustafa et al”> found a similar mean fetal hemoglobin
difference of 6.39 vs 4.29 g/dL (IRR, 2.09; 95% Cl, 1.12 to 3.05) in those who did vs did not receive

Figure 3. Pooled Sensitivity and Specificity of Cell-Free Fetal DNA for Fetal Antigen Typing, Rhesus C, Rhesus E, and Kell 1

Source Sensitivity (95% Cl) Specificity (95% CI)

Rhesus C
Finning et al,#1 2007 1.00(0.91-1.00) —=o 1.00(0.78-1.00) —e
Gutensohn et al,44 2010 1.00 (0.95-1.00) — 1.00(0.95-1.00) —o
Hromadnikova et al,#6 2005 1.00 (0.80-1.00) ———e 1.00(0.86-1.00) —e
Hromadnikova et al,47 2007 1.00 (0.84-1.00) ——=e 1.00(0.54-1.00) Y
Polin et al,55 2013 1.00(0.79-1.00) —— = 1.00(0.97-1.00) o
Summary 1.00 (0.99-1.00) 0.98 (0.97-0.99)

Rhesus E
Finning et al,#1 2007 1.00(0.77-1.00) — @ 1.00(0.88-1.00) —e
Gutensohn et al, %4 2010 1.00 (0.84-1.00) —— 1.00(0.95-1.00) o
Hromadnikova et al,*6 2005 1.00 (0.59-1.00) —— 9 1.00(0.91-1.00) —e
Hromadnikova et al,47 2007 1.00 (0.75-1.00) ® 1.00(0.63-1.00) 2
Polin et al,55 2013 1.00(0.75-1.00) ® 1.00(0.97-1.00) o
Summary 1.00 (0.99-1.00) 0.98 (0.97-0.99)

KEL 1
Finning et al,#1 2007 0.95 (0.77-1.00) —— e~ 1.00(0.92-1.00) —e
Li et al,%8 2008 0.85(0.55-0.98) ——e&—— 1.00(0.82-1.00) —e
Polin et al,5% 2013 1.00 (0.48-1.00) ——————=# 1.00 (0.97-1.00) .
Summary 1.00 (0.99-1.00) 0.98 (0.97-0.99)
Overall 1.00 (0.99-1.00) () 0.98 (0.97-0.99) <

0 1 0 1
Sensitivity Specificity
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IVIG. The number of IUTs in our review indicated a mean range of 2.50 to 5.00 with
immunomodulation vs 2.25 to 5.00 transfusions among those who did not receive
immunomodulation; COE was very low. This is similar to the review by Mustafa et al,”® who found an
IRR of 0.41(95% Cl, -0.26 to 1.06). Finally, the pooled risk ratio for the overall perinatal survival was
1.07 (95% Cl, 0.94 to 1.22); COE was very low. The review by Mustafa et al”® found a more favorable
rate of survival at birth when IVIG was used in pregnancy (86.6% vs 47.4%; IRR, 1.82; 95% Cl, 1.30
to 2.61).

Rationale

Although the data suggest that the alloimmunized patient treated with IVIG will still require IUT
therapy, more recent analysis suggests that the first IUT will be performed later in gestation and the
fetus will have less severe anemia at the first procedure. Patients with a history of pregnancy treated
with IUTs will on average require the onset of IUTs 3 weeks earlier in a subsequent gestation.”* IUTs
performed at less than 22 weeks' gestational age are associated with a higher rate of perinatal loss.”
Our working group decided IVIG should be offered to a patient with a history of early-onset HDFN in
an effort to delay the gestational age at the first IUT. Patient counseling regarding the risks of IVIG
should be undertaken prior to its administration.

Expert Opinion Recommendation 2b: Among Patients With Documented

Antigen-Positive Fetus

We suggest the use of IVIG in patients in a pregnancy with a documented antigen-positive fetus and
an initial titer for anti-D of 512 or greater or an initial titer for Kell of 64 or greater regardless of prior
pregnancy history (Table). This recommendation achieved 100% agreement.

Rationale

Although most published series of the treatment outcomes of IVIG involve patients with a history of
earlonset HDFN, it is ethically appropriate to offer this same therapy to patients with very high
antibody titers who are at increased risk for requiring IUTs. Denying access to a potentially beneficial
therapy solely based on prior pregnancy history could be considered unjust, especially when the
anticipated risks of early fetal anemia are high. Eight practice points associated with these 2
recommendations were developed and approved (eTable 4 in the Supplement).

Surveillance With MCA-PSV Doppler

Evidence-Based Recommendation 3

We recommend that surveillance with MCA-PSV Doppler measurements be initiated when the
maternal Kell titer is 4 or greater or when there is a history of an affected fetus or neonate in an
antecedent pregnancy (Table). This recommendation achieved 97.5% agreement.

Our systematic review identified 1study’® that evaluated the diagnostic accuracy of Kell
antibody titers in predicting the development of HDFN. Kell antibodies are believed to cause fetal
anemia by both hemolysis and bone marrow suppression, potentially leading to moderate or severe
anemia at lower antibody titers than is seen for other red blood cell antibodies that do not exert
hypoproliferative effects upon fetal bone marrow.”” Slootweg and colleagues’® performed a
retrospective cohort study in the Netherlands from 1999 to 2015, including 92 pregnancies (with 93
fetuses) with Kell antibodies and Kell-positive fetuses. More than half of these children (52%)
required IUTs. The optimal cutoff titer for identifying cases at a high risk for severe HDFN was found
to be 4, a titer with a specificity of 27% and a positive predictive value for fetal or neonatal
transfusion of 64%. Overall perinatal survival rates were reported to be 100% among those with a
titer of less than 4 and 96.8% among those with a titer of 4 or greater. In the past, some experts have
proposed excluding the titer entirely from risk determination for HDFN, recommending initiation of
MCA-PSV Doppler screening for anemia regardless of the titer.”® Although one report”® was
identified in the literature of a hydropic fetus requiring an IUT at 19 weeks, 2 days' gestation despite
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a Kell titer of only 2, this is believed to be a rare occurrence. Since the conduct of the current
systematic review, Vlachodimitpropoulou and coworkers&° reviewed 7 series of pregnancy reports
of Kell alloimmunization and suggested that an initial Kell titer of greater than 4 or a history of anti-
Kell-mediated HDFN warrants initiation of fetal surveillance with MCA-PSV Doppler.

Rationale

Although there is one case reported in the literature of significant HDFN occurring with an antibody
titer of less than 4, this is believed to be an exceedingly rare occurrence. We must weigh this risk of
significant disease in a low-titer pregnancy against the 12% false-positive rate of MCA-PSV screening
for anemia, the occurrence of which can necessitate unnecessary invasive procedures with
associated risks of pregnancy loss, preterm delivery, and fetal demise as well increased risk for
maternal infection, bleeding, and injury to other organs.®’ The study group felt that exclusion of Kell
titers in the calculation of risk determination for HDFN would not be judicious but instead
recommended use of a lower titer (=4) as a critical level to prompt further surveillance for fetal
anemia. The selection of a titer threshold must balance ethical obligations to avoid harm (false
reassurance from too-high thresholds) against the harms of overmonitoring and unnecessary
procedures. Shared decision-making and transparent discussion of risks are critical. Two practice
points associated with this recommendation were developed and approved (eTable 4 in the
Supplement).

Timing of MCA-PSV Doppler Measurements

Expert Opinion Recommendation 4

We recommend that MCA-PSV Doppler measurements be initiated weekly by 16 weeks' gestation in
patients with red blood cell antibodies associated with HDFN when there is an antigen-positive fetus
or antigen-unknown fetus once a critical titer threshold has been reached. A critical titer is defined
as 16 or greater for most antibodies and 4 or greater for anti-Kell (Table). This recommendation
reached 92.7% agreement. Our systematic review did not identify any studies regarding the benefits
and harms of initiating weekly MCA-PSV Doppler measurements at 18 vs 16 weeks' gestation among
women with current or a history of HDFN.

Rationale

Intravascular IUTs performed prior to 20 weeks' gestation are associated with a 3-fold increased risk
of perinatal loss compared with those performed later in gestation.®2 However, intraperitoneal
transfusions as early as 15 weeks' gestation have been reported as a successful method of bridging
the need for IUTs until a later gestational age when fetal intravascular access is more easily
attained.®3 As we can screen for moderate to severe anemia and intervene via IUTs as indicated
starting at 16 weeks' gestation, it seems prudent to initiate monitoring for HDFN at this gestational
age. Weekly monitoring allows for early diagnosis and prompt treatment of fetal anemia should it
occur and minimizes the risks associated with false-negative results, thereby optimizing outcomes
for fetuses at risk for this disease.®* Three practice points associated with this recommendation were
developed and approved (eTable 4 in the Supplement).

Duration of IUT Therapy

Expert Opinion Recommendation 5

For women undergoing IUTs in pregnancy for the treatment of HDFN, we recommend that IUTs be
continued until the end of the 35th week of gestation unless there are technical limitations to
undertaking the procedure (Table). This recommendation achieved 97.6% agreement. The
systematic review did not identify any studies evaluating the timing of stopping IUT among adult
women with a current or previous pregnancy with red blood cell antibodies known to cause HDFN
who have received at least TIUT.
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Rationale

Prolongation of pregnancy can result in decreased neonatal morbidity and length of hospital stay,
both of which could reduce overall medical costs. In a series of 937 IUTs performed for 334 fetuses,
the risk of a procedure-related emergency cesarean delivery was 0.4% per procedure.®> The risks for
neonatal respiratory complications as well as infectious and neurologic morbidities have been shown
to be highest in the late preterm infant at 35 weeks' gestational age, with a gradual decrease with
advancing gestation until 39 weeks' gestational age.®® Theoretically, in addition to a decrease in
overall neonatal morbidity, a more advanced gestational age at delivery allows for the attainment of
hepatic maturity with less need for neonatal exchange transfusion due to hyperbilirubinemia
unresponsive to phototherapy. This hypothesis is supported by data from the DIONYSIS study of
1855 neonates with HDFN treated at 31 centers in 22 countries.” The incidence of exchange
transfusion in neonates who previously received IUTs decreased from 38% when they were
delivered at 34 weeks' gestational age to 17% with delivery after 37 weeks' gestation age. Neonatal
exchange transfusions are associated with an 8-fold increased risk of proven sepsis, a 36-fold risk of
leukopenia, a 31-fold risk of thrombocytopenia, a 27-fold risk of hypocalcemia and an 8-fold risk of
hypernatremia.?” These data are reflected in a Delphi survey of 107 experts in the management of
HDFN from 25 countries that reached a 78% consensus that IUTs should be continued until a
gestational age between 35 weeks O days' and 35 weeks 6 days' gestation.®2 In determining the
timing of IUTs and delivery, clinicians should support informed maternal choice, grounded in a
transparent understanding of the trade-offs between fetal and neonatal risks. Four practice points
associated with this recommendation were developed and approved (eTable 4 in the Supplement).

Delivery Timing

Expert Opinion Recommendation 6

For women with a current or previous pregnancy with red blood cell antibodies known to cause
HDFN, regardless of titer, who have not received an IUT, we recommend that delivery should occur
between 37 weeks O days' to 38 weeks 6 days’ gestational age (Table). This recommendation
reached 92.7% agreement. Our systematic review did not identify any studies evaluating the timing
of delivery in pregnancies complicated by a red blood cell antibody associated with HDFN regardless
of titer and the need for IUT.

Rationale

Current monitoring for fetal anemia involves the use of the MCA-PSV Doppler ultrasound. Due to a
higher false-positive rate after 35 weeks' gestational age, some authors have advocated that the
MCA-PSV Doppler is less reliable in late gestation.™ Early-term delivery between gestational ages 37
weeks O days and 38 weeks 6 days could help to mitigate the risk of severe anemia-related
complications, such as hydrops fetalis and stillbirth. Seven practice points associated with this
recommendation were developed and approved (eTable 4 in the Supplement).

Discussion

Previous US and British guidelines for the management of the red blood cell alloimmunized
pregnancy were published more than a decade ago.®%°° Since that time, several international
surveys regarding the optimal management of these pregnancies have added new insight to inform
a more standardized approach to the alloimmunized pregnancy.’>#8°" In addition, new cffDNA
assays using next-generation sequencing methods for determining fetal red blood cell antigen status
have been introduced in the United States in the last 3 years.'®%?

The maternal-fetal medicine/obstetrics working group of this THOR-Department of Defense-
Allo Hope Foundation initiative sought to address these advances and new knowledge through the
development of 6 major PICO questions (Box). Six recommendations (Table) and 32 accompanying
practice points (eTable 4 in the Supplement) were developed and approved through an extensive

& JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 9/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

Delphi process. Although these recommendations were developed within a US framework, they
would be applicable in other countries with available resources.

Our first recommendation regarding the use of cffDNA to determine fetal antigen status early
in pregnancy was supported by extensive previous publications, mostly based on polymerase chain
reaction methods in European studies. The 2 commercial assays now available in the US use narrowly
targeted next-generation sequencing and are thought to be more robust for accuracy when various
alterations for the RHD gene are detected in various ethnic groups.® The routine use of cffDNA was
not addressed in the 2015 guideline from the Society for Maternal-Fetal Medicine (SMFM),%° and
our current recommendation suggests it can be used as early as 10 weeks' gestation, much earlier
that the 16 to 20 weeks gestation suggested in 2014 by the Royal College of Obstetricians and
Gynaecologists (RCOG).®°

Our second recommendation on the use of IVIG in cases with a history of early onset of HDFN
or severe red blood cell alloimmunization was not previously addressed in the guidelines from either
SMFM or RCOG. The third recommendation from our working group suggested the use of a Kell titer
value of 4 to define the threshold for beginning surveillance for fetal anemia with MCA-PSV Doppler.
The SMFM guideline did not address this issue; however, the RCOG guideline suggested that severe
anemia can occur even at low Kell titers. Recently the British Society of Hematology suggested that a
Kell titer of 4 or greater warrants further investigation for fetal anemia.*

Recommendation 4 from our working group suggests starting fetal surveillance with MCA-PSV
Doppler as early as 16 weeks' gestation once the fetal antigen status has been determined using
cffDNA. Earlier SMFM guidance suggested initiating MCA-PSV Doppler measurements at 18 to 20
weeks gestation; RCOG did not address a specific gestational age to begin MCA-PSV Doppler. Finally,
recommendations 5 and 6, regarding the continuation of IUTs until 35 weeks' gestational age and
postponing delivery until a later gestational age than what has traditionally been proposed, are
unique to our guideline.

Limitations

The guideline development process for the management of rare diseases has several limitations. The
limited amount of published evidence results in recommendations based on little or low-quality
evidence. Ideally, recommendations should be based on clinical trials that demonstrate improved
outcomes with certain interventions. However, because such evidence was limited, PICO questions
were formulated to address gaps in current knowledge. Issues with risks, benefits, and disparity and
ethical concerns were taken into account in the formation of our recommendations.

Conclusions

Red blood cell alloimmunization and the subsequent fetal and newborn effects—including
HDFN—can develop through multiple mechanisms of foreign red blood cell exposure and remains a
global high-risk pregnancy issue. These clinical practice guidelines provide updated
recommendations and practice points for the management of these pregnancies.

ARTICLE INFORMATION
Accepted for Publication: September 24, 2025.

Published: November 24, 2025. doi:10.1001/jamanetworkopen.2025.44649

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2025 Moise KJ Jr
et al. JAMA Network Open.

Corresponding Author: Kenneth J. Moise Jr, MD, Comprehensive Fetal Care Center at Dell Children’s Medical
Center, 4910 Muller Blvd, Ste 103, Austin, TX 78723 (Kmoise@austin.utexas.edu).

Author Affiliations: Dell Medical School-University of Texas at Austin and the Comprehensive Fetal Care Center,

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 10/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.44649&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
mailto:Kmoise@austin.utexas.edu

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

Dell Children’s Hospital, Austin, Texas (Moise); University of Cincinnati Medical Center, Cincinnati, Ohio
(Markham); University of Pittsburgh, Pittsburgh, Pennsylvania (Spinella); Allo Hope Foundation, Tuscaloosa,
Alabama (Sherwood, Shanahan, Weathersby); Johns Hopkins Bloomberg School of Public Health, Baltimore,
Maryland (Robinson, Wilson); Washington School of Medicine, St Louis, Missouri (Malone); McGovern Medical
School, University of Texas Health Science Center, Houston (Espinoza); Intermountain Health, University of Utah
Health Sciences, Salt Lake City (Dizon-Townson); University of Arizona College of Medicine, Phoenix (Mercer);
Columbia University Irving Medical Center, New York, New York (Miller); Oregon Health and Science University,
Portland (Pereira); Christiana Care Health Systems Newark, Newark, Delaware (Sciscione); Boston Children's
Hospital, Fetal Care and Surgery Center, Harvard Medical School, Boston, Massachusetts (Shamshirsaz); Midwest
Fetal Care Center, Children's Minnesota, Minneapolis, Minnesota (Snowise); Georgia Perinatal Consultants, Atlanta
(Trevett); University of California San Francisco (Gonzélez Vélez).

Author Contributions: Dr Moise had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: Moise, Markham, Spinella, Sherwood, Robinson, Espinoza, Miller, Pereira, Sciscione,
Shamshirsaz, Shanahan, Trevett, Gonzélez Vélez, Weathersby.

Acquisition, analysis, or interpretation of data: Markham, Sherwood, Robinson, Wilson, Malone, Dizon-Townson,
Mercer, Miller, Pereira, Shamshirsaz, Shanahan, Snowise, Gonzélez Vélez.

Drafting of the manuscript: Moise, Markham, Spinella, Sherwood, Robinson, Espinoza, Pereira, Sciscione,
Shamshirsaz, Shanahan, Gonzalez Vélez.

Critical review of the manuscript for important intellectual content: Markham, Robinson, Wilson, Malone, Dizon-
Townson, Mercer, Miller, Pereira, Sciscione, Shamshirsaz, Shanahan, Snowise, Trevett, Gonzalez Vélez, Weathersby.

Statistical analysis: Wilson.
Obtained funding: Spinella.

Administrative, technical, or material support: Sherwood, Wilson, Miller, Pereira, Shanahan, Snowise, Trevett,
Weathersby.

Supervision: Moise, Sherwood, Espinoza, Dizon-Townson, Miller.

Conflict of Interest Disclosures: Dr Moise reported receiving travel support from Trauma Hemostasis and Oxygen-
ation Research (THOR) during the conduct of the study as receiving royalties from UpToDate, receiving consulting
fees to the institution fees from BillionToOne and Health Management Associates, receiving grants to the institution
from Janssen Pharmaceuticals, in-kind advisory board participation from Johnson & Johnson, and serving on the
medical advisory board for the Allo Hope Foundation outside the submitted work. Dr Markham reported receiving
travel support from THOR and consulting fees from Johnson & Johnson during the conduct of the study as well as
serving on the medical advisory board for the Allo Hope Foundation. Philip C. Spinella reported receiving travel sup-
port from THOR and receiving grants from the Department of Defense during the conduct of the study. Mrs Sher-
wood reported receiving grants from BillionToOne paid to the Allo Hope Foundation, receiving travel fees from John-
son & Johnson paid to Allo Hope Foundation, and receiving travel support from THOR outside the submitted work. Dr
Robinson reported receiving grants from THOR Foundation during the conduct of the study. Lisa Wilson reported
receiving grants to the institution from THOR during the conduct of the study. Dr Malone reported receiving travel
support from THOR. Dr Espinoza reported receiving travel support from THOR during the conduct of the study. Dr
Dizon-Townson reported receiving travel support from THOR during the conduct of the study as well as receiving
speaker fees and travel support from Symposia Medicus outside the submitted work. Dr Mercer reported receiving
travel support from THOR during the conduct of the study. Dr Miller reported serving as a site principal investigator
from Johnson & Jonhson outside the submitted work. Dr Pereira reported receiving travel support from THOR during
the conduct of the study as well as grants to the institution from Johnson & Johnson and the Eunice Kennedy Shriver
National Institute of Child Health and Human Development Control of Hypertension in Pregnancy Study outside the
submitted work. Anthony C. Sciscione reported receiving grants from the Patient-Centered Outcomes Research Insti-
tute and being an editor for the American Journal of Obstetrics and Gynecology outside the submitted work. Dr Sham-
shirsaz reported receiving travel support from THOR during the conduct of the study. Mrs Shanahan reported receiv-
ing grants from BillionToOne paid to Allo Hope Foundation, travel support from Johnson & Johnson to Allo Hope
Foundation, and travel support from THOR outside the submitted work. Dr Snowise reported receiving travel sup-
port from THOR during the conduct of the study as well as serving on the medical advisory board for the Allo Hope
Foundation. Dr Trevett reported serving on the medical advisory board for the Allo Hope Foundation. Dr Gonzélez
Vélez reported receiving travel support from THOR during the conduct of the study and being a member of the medi-
cal advisory board for Allo Hope Foundation. Mrs Weathersby reported receiving grants from BillionToOne paid to
Allo Hope Foundation, receiving travel support from Johnson & Johnson Travel paid to Allo Hope Foundation, and
travel support from THOR Network paid to Allo Hope Foundation outside the submitted work. No other disclosures
were reported.

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 1/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025



JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

Funding/Support: This study was supported by the Department of Defense and the THOR Network.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Additional Contributions: We would like to thank the following individuals for their assistance in the systematic
literature reviews for this manuscript: Troy Gharibani, BS, BA ( Department of Health Policy and Management,
Johns Hopkins Bloomberg School of Public Health; compensated), Xuhao Yang, MSPH (Department of Medicine,
Johns Hopkins University; compensated); Manasi Yedavalli, BS (Nova Southeastern University Dr Kiran C. Patel
College of Allopathic Medicine; volunteer).

Additional Information: PICO Portal was used from DATE to DATE to sort citations found in searches for the
systematic reviews. The authors take responsibility for the integrity of the content generated.

REFERENCES
1. Moise KJ Jr, Abels EA. Management of red cell alloimmunization in pregnancy. Obstet Gynecol. 2024;144(4):
465-480. doi:10.1097/A0G.0000000000005709

2. Crowder CA, Middleton P, McBain RD. Anti-D administration in pregnancy for preventing Rhesus
alloimmunisation. Cochrane Database Syst Rev. 2013;(2):CD0O00020. doi:10.1002/14651858.CDO00020.pub2

3. Gurney J, Staudt A, Cap A, et al. Improved survival in critically injured combat casualties treated with fresh
whole blood by forward surgical teams in Afghanistan. Transfusion. 2020;60(suppl 3):5180-5188. doi:10.1111/
trf15767

4. Schaefer R, Long T, Wampler D, et al. Operationalizing the deployment of low-titer O-positive whole blood
within a regional trauma system. Mil Med. 2021;186(suppl 1):391-399. doi:10.1093/milmed/usaa283

5. Yazer MH, Triulzi DJ. Detection of anti-D in D- recipients transfused with D+ red blood cells. Transfusion. 2007;
47(12):2197-2201. doi:10.1111/}.1537-2995.2007.01446.x

6. Institute of Medicine (US) Committee on Standards for Developing Trustworthy Clinical Practice Guidelines;
Graham R, Mancher M, Miller Wolman D, Greenfield D, Steinberg E, eds. Clinical Practice Guidelines We Can Trust.
National Academic Press; 2011.

7. Agree. The Agree Il Instrument. Accessed February 3, 2025. https://www.agreetrust.org/resource-centre/
agree-ii/

8. Mackie FL, Hemming K, Allen S, Morris RK, Kilby MD. The accuracy of cell-free fetal DNA-based non-invasive
prenatal testing in singleton pregnancies: a systematic review and bivariate meta-analysis. BJOG. 2017;124
(1):32-46. doi:10.1111/1471-0528.14050

9. Guyatt G, Oxman AD, Sultan S, et al. GRADE guidelines: 11: making an overall rating of confidence in effect
estimates for a single outcome and for all outcomes. J Clin Epidemiol. 2013;66(2):151-157. doi:10.1016/j.jclinepi.
2012.01.006

10. Rego S, Ashimi Balogun O, Emanuel K, et al. Cell-free DNA analysis for the determination of fetal red blood cell
antigen genotype in individuals with alloimmunized pregnancies. Obstet Gynecol. 2024;144(4):436-443. doi:10.
1097/A0G.0000000000005692

11. Oepkes D, Seaward PG, Vandenbussche FP, et al; DIAMOND Study Group. Doppler ultrasonography versus
amniocentesis to predict fetal anemia. N Engl J Med. 2006;355(2):156-164. doi:10.1056/NEJMoa052855

12. DettiL, Mari G. Noninvasive diagnosis of fetal anemia. Clin Obstet Gynecol. 2003;46(4):923-930. doi:10.1097/
00003081-200312000-00024

13. de Winter DP, Verweij EJTJ, Debeer A, et al; Worldwide Collaboration for Hemolytic Disease of the Fetus and
Newborn (DIONYSUS) Investigators. Variations and opportunities in postnatal management of hemolytic disease
of the fetus and newborn. JAMA Netw Open. 2025;8(1):e2454330. doi:10.1001/jamanetworkopen.2024.54330

14. Alford B, Landry BP, Hou S, et al. Validation of a non-invasive prenatal test for fetal RhD, C, c, E, K and Fy?
antigens. Sci Rep. 2023;13(1):12786. doi:10.1038/s41598-023-39283-3

15. Ahmadi MH, Hantuoshzadeh S, Okhovat MA, Nasiri N, Azarkeivan A, Amirizadeh N. Fetal RHD genotyping from
circulating cell-free fetal DNA in plasma of Rh negative pregnant women in Iran. Indian J Hematol Blood Transfus.
2016;32(4):447-453. doi:10.1007/512288-015-0616-0

16. Bingulac-Popovic J, Babic¢ |, Pogic V, et al. Prenatal RHD genotyping in Croatia: preliminary results. Transfus Clin
Biol. 2021;28(1):38-43. doi:10.1016/j.tracli.2020.10.011

17. Blanco S, Giacomi VS, Slobodianiuk LG, et al. Usefulness of non-invasive fetal RHD genotyping towards
immunoprophylaxis optimization. Transfus Med Hemother. 2018;45(6):423-428. doi:10.1159/000490156

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24,2025 12/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://dx.doi.org/10.1097/AOG.0000000000005709
https://dx.doi.org/10.1002/14651858.CD000020.pub2
https://dx.doi.org/10.1111/trf.15767
https://dx.doi.org/10.1111/trf.15767
https://dx.doi.org/10.1093/milmed/usaa283
https://dx.doi.org/10.1111/j.1537-2995.2007.01446.x
https://www.agreetrust.org/resource-centre/agree-ii/
https://www.agreetrust.org/resource-centre/agree-ii/
https://dx.doi.org/10.1111/1471-0528.14050
https://dx.doi.org/10.1016/j.jclinepi.2012.01.006
https://dx.doi.org/10.1016/j.jclinepi.2012.01.006
https://dx.doi.org/10.1097/AOG.0000000000005692
https://dx.doi.org/10.1097/AOG.0000000000005692
https://dx.doi.org/10.1056/NEJMoa052855
https://dx.doi.org/10.1097/00003081-200312000-00024
https://dx.doi.org/10.1097/00003081-200312000-00024
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.54330&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.44649
https://dx.doi.org/10.1038/s41598-023-39283-3
https://dx.doi.org/10.1007/s12288-015-0616-0
https://dx.doi.org/10.1016/j.tracli.2020.10.011
https://dx.doi.org/10.1159/000490156

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

18. BlommeSS, Nollet F, Rosseel W, et al. Routine noninvasive prenatal screening for fetal Rh D in maternal
plasma—a 2-year experience from a single center in Belgium. Transfusion. 2022;62(5):1103-1109. doi:10.1111/
trf16868

19. Boggione CT, Lujan Brajovich ME, Mattaloni SM, et al. Genotyping approach for non-invasive foetal RHD
detection in an admixed population. Blood Transfus. 2017;15(1):66-73.

20. de Haas M, Thurik FF, van der Ploeg CP, et al. Sensitivity of fetal RHD screening for safe guidance of targeted
anti-D immunoglobulin prophylaxis: prospective cohort study of a nationwide programme in the Netherlands.
BMJ. 2016;355:i5789. doi:10.1136/bmj.i5789

21. DuanH, LiJ, Jiang Z, Shi X, Hu Y. Noninvasive screening of fetal RHD genotype in Chinese pregnant women
with serologic RhD-negative phenotype. Transfusion. 2023;63(11):2152-2158. doi:10.1111/trf.17545

22. Hyland CA, Millard GM, O'Brien H, et al. Non-invasive fetal RHD genotyping for RhD negative women stratified
into RHD gene deletion or variant groups: comparative accuracy using two blood collection tube types. Pathology.
2017;49(7):757-764. doi:10.1016/j.pathol.2017.08.010

23. Londero D, Stampalija T, Bolzicco D, et al. Fetal RHD detection from circulating cell-free fetal DNA in maternal
plasma: validation of a diagnostic kit using automatic extraction and frozen DNA. Transfus Med. 2019;29(6):
408-414. doi:10.1111/tme.12605

24. MoezziL, Keshavarz Z, Ranjbaran R, et al. Fetal RHD genotyping using real-time polymerase chain reaction
analysis of cell-free fetal DNA in pregnancy of RhD negative women in south of Iran. Int J Fertil Steril. 2016;10(1):
62-70.

25. Niguse B, Ermias M, Berhanu S, Abayneh L, Chakiso B, Rather RA. RHD exon 5, 7 and 10 targeted non-invasive
prenatal screening of fetal Rhesus-D (RhD) in selected RhD negative pregnant women in Ethiopia. PLoS One.
2022;17(3):e0265583. doi:10.1371/journal.pone.0265583

26. PapasavvaT, Martin P, Legler TJ, et al. Prevalence of RhD status and clinical application of non-invasive
prenatal determination of fetal RHD in maternal plasma: a 5 year experience in Cyprus. BMC Res Notes.
2016;9:198. doi:10.1186/513104-016-2002-x

27. Pazourkova E, Zednikova I, Korabecna M, et al. Optimization of diagnostic strategy for non-invasive cell-free
foetal RHD determination from maternal plasma. Vox Sang. 2021;116(9):1012-1019. doi:10.1111/vox.13099

28. Picchiassi E, Di Renzo GC, Tarquini F, et al. Non-invasive prenatal RHD genotyping using cell-free fetal DNA
from maternal plasma: an Italian experience. Transfus Med Hemother. 2015;42(1):22-28. doi:10.1159/000370233

29. Rather RA, Dhawan V, Saha SC. Non-invasive prenatal rhesus D genotyping using cell-free foetal DNA. Indian J
Med Res. 2019;150(1):62-66. doi:10.4103/ijmr.IJMR_1787_17

30. Sillence KA, Roberts LA, Hollands HJ, et al. Fetal sex and RHD Genotyping with digital PCR demonstrates
greater sensitivity than real-time PCR. Clin Chem. 2015;61(11):1399-1407. doi:10.1373/clinchem.2015.239137

31. Soothill PW, Finning K, Latham T, Wreford-Bush T, Ford J, Daniels G. Use of cffDNA to avoid administration of
anti-D to pregnant women when the fetus is RhD-negative: implementation in the NHS. BJOG. 2015;122(12):
1682-1686. doi:10.1111/1471-0528.13055

32. Segrensen K, Kjeldsen-Kragh J, Husby H, Akkdk CA. Determination of fetal RHD type in plasma of RhD negative
pregnant women. Scand J Clin Lab Invest. 2018;78(5):411-416. doi:10.1080/00365513.2018.1475681

33. Uzunel M, Tiblad E, Mortberg A, Wikman A. Single-exon approach to non-invasive fetal RHD screening in early
pregnancy: an update after 10 years' experience. Vox Sang. 2022;117(11):1296-1301. doi:10.1117/vox.13348

34. Vivanti A, Benachi A, Huchet FX, et al. Diagnostic accuracy of fetal rhesus D genotyping using cell-free fetal
DNA during the first trimester of pregnancy. Am J Obstet Gynecol. 2016;215(5):606.e1-606.e5.

35. Yasa B, Sahin O, Ociit E, Seven M, Sézer S. Assessment of fetal Rhesus D and gender with cell-free DNA and
exosomes from maternal blood. Reprod Sci. 2021;28(2):562-569. doi:10.1007/s43032-020-00321-4

36. Zihan J, Honglei D, Xiaohong S, et al. Fetal RHD screening from circulating cell-free DNA in RhD-negative
pregnant women. Chinese Journal of Perinatal Medicine. 2023;26(1):33-40.

37. Achargui S, Tijane M, Benchemsi N. [Fetal RHD genotyping by PCR using plasma from D negative pregnant
women]. Transfus Clin Biol. 2011;18(1):13-19. doi:10.1016/j.tracli.2010.10.002

38. Al-Yatama MK, Mustafa AS, Al-Kandari FM, et al. Polymerase-chain-reaction-based detection of fetal rhesus D
and Y-chromosome-specific DNA in the whole blood of pregnant women during different trimesters of pregnancy.
Med Princ Pract. 2007;16(5):327-332. doi:10.1159/000104803

39. Aykut A, Onay H, Sagol S, Gunduz C, Ozkinay F, Cogulu O. Determination of fetal Rhesus D status by maternal
plasma DNA analysis. Balkan J Med Genet. 2013;16(2):33-38. doi:10.2478/bjmg-2013-0029

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 13/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://dx.doi.org/10.1111/trf.16868
https://dx.doi.org/10.1111/trf.16868
https://www.ncbi.nlm.nih.gov/pubmed/27136427
https://dx.doi.org/10.1136/bmj.i5789
https://dx.doi.org/10.1111/trf.17545
https://dx.doi.org/10.1016/j.pathol.2017.08.010
https://dx.doi.org/10.1111/tme.12605
https://www.ncbi.nlm.nih.gov/pubmed/27123202
https://www.ncbi.nlm.nih.gov/pubmed/27123202
https://dx.doi.org/10.1371/journal.pone.0265583
https://dx.doi.org/10.1186/s13104-016-2002-x
https://dx.doi.org/10.1111/vox.13099
https://dx.doi.org/10.1159/000370233
https://dx.doi.org/10.4103/ijmr.IJMR_1787_17
https://dx.doi.org/10.1373/clinchem.2015.239137
https://dx.doi.org/10.1111/1471-0528.13055
https://dx.doi.org/10.1080/00365513.2018.1475681
https://dx.doi.org/10.1111/vox.13348
https://dx.doi.org/10.1007/s43032-020-00321-4
https://dx.doi.org/10.1016/j.tracli.2010.10.002
https://dx.doi.org/10.1159/000104803
https://dx.doi.org/10.2478/bjmg-2013-0029

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

40. Bombard AT, Akolekar R, Farkas DH, et al. Fetal RHD genotype detection from circulating cell-free fetal DNA
in maternal plasma in non-sensitized RhD negative women. Prenat Diagn. 2011;31(8):802-808. doi:10.1002/
pd.2770

41. Finning K, Martin P, Summers J, Daniels G. Fetal genotyping for the K (Kell) and Rh C, c, and E blood groups on
cell-free fetal DNA in maternal plasma. Transfusion. 2007;47(11):2126-2133. doi:10.1111/j.1537-2995.2007.01437.x

42. Grill S, Banzola |, Li Y, et al. High throughput non-invasive determination of foetal Rhesus D status using
automated extraction of cell-free foetal DNA in maternal plasma and mass spectrometry. Arch Gynecol Obstet.
2009;279(4):533-537. d0i:10.1007/s00404-008-0774-5

43. Gunel T, Kalelioglu I, Ermis H, Aydinli K. Detection of fetal RhD gene from maternal blood. J Turk Ger Gynecol
Assoc. 2010;11(2):82-85. doi:10.5152/jtgga.2010.04

44. Gutensohn K, Miiller SP, Thomann K, et al. Diagnostic accuracy of noninvasive polymerase chain reaction
testing for the determination of fetal rhesus C, c and E status in early pregnancy. BJOG. 2010;117(6):722-729. doi:
10.1111/j.1471-0528.2010.02518.x

45. HanS, Ryu J, Bae S, et al. Noninvasive fetal RhD genotyping using circulating cell-free fetal DNA from maternal
plasma in RhD-negative pregnant women. J Mol Diagn. 2012;14(6):648.

46. Hromadnikova I, Vechetova L, Vesela K, Benesova B, Doucha J, VIk R. Non-invasive fetal RHD and RHCE
genotyping using real-time PCR testing of maternal plasma in RhD-negative pregnancies. J Histochem Cytochem.
2005;53(3):301-305. doi:10.1369/jhc.4A6372.2005

47. Hromadnikova I, Vesela K, Doucha J, et al. Non-invasive determination of fetal c and E allele of RHCE gene via
real-time PCR testing of extracellular DNA extracted from maternal plasma samples using QlIAamp DSP virus kit.
J Turk Ger Gynecol Assoc. 2007;8(2):140-145.

48. LiY, Finning K, Daniels G, Hahn S, Zhong X, Holzgreve W. Noninvasive genotyping fetal Kell blood group (KEL1)
using cell-free fetal DNA in maternal plasma by MALDI-TOF mass spectrometry. Prenat Diagn. 2008;28(3):
203-208. doi:10.1002/pd.1936

49. Lo YM, Hjelm NM, Fidler C, et al. Prenatal diagnosis of fetal RhD status by molecular analysis of maternal
plasma. N Engl J Med. 1998;339(24):1734-1738. doi:10.1056/NEJM199812103392402

50. Machado IN, Castilho L, Pellegrino J Jr, Barini R. Fetal rhd genotyping from maternal plasma in a population
with a highly diverse ethnic background. Rev Assoc Med Bras (1992). 2006;52(4):232-235. doi:10.1590/s0104-
42302006000400022

51. Manzanares S, Entrala C, Sanchez-Gila M, et al. Noninvasive fetal RhD status determination in early pregnancy.
Fetal Diagn Ther. 2014;35(1):7-12. doi:10.1159/000356078

52. Minon JM, Gerard C, Senterre JM, Schaaps JP, Foidart JM. Routine fetal RHD genotyping with maternal
plasma: a four-year experience in Belgium. Transfusion. 2008;48(2):373-381. doi:10.1111/j.1537-2995.2007.01533.x

53. Mohammed N, Kakal F, Somani M, Zafar W. Non-invasive prenatal determination of fetal RhD genotyping from
maternal plasma: a preliminary study in Pakistan. J Coll Physicians Surg Pak. 2010;20(4):246-249.

54. Moise KJ Jr, Boring NH, O'Shaughnessy R, et al. Circulating cell-free fetal DNA for the detection of RHD status
and sex using reflex fetal identifiers. Prenat Diagn. 2013;33(1):95-101. doi:10.1002/pd.4018

55. Polin H, Reiter A, Brisner M, et al. Clinical application of non-invasive fetal blood group genotyping in upper
Austria. Transfus Med Hemother. 2013;40:36-37.

56. Rouillac-Le Sciellour C, Sérazin V, Brossard Y, et al. Noninvasive fetal RHD genotyping from maternal plasma:
use of a new developed Free DNA Fetal Kit RhD. Transfus Clin Biol. 2007;14(6):572-577. doi:10.1016/j.tracli.
2008.01.003

57. Sbarsi |, Isernia P, Montanari L, Badulli C, Martinetti M, Salvaneschi L. Implementing non-invasive RHD
genotyping on cell-free foetal DNA from maternal plasma: the Pavia experience. Blood Transfus. 2012;10(1):34-38.

58. Sesarini C, Giménez ML, Redal MA, et al. Non invasive prenatal genetic diagnosis of fetal RhD and sex through
the analysis of free fetal DNA in maternal plasma. Arch Argent Pediatr. 2009;107(5):405-409. doi:10.1590/s0325-
00752009000500006

59. Siva SC, Johnson SI, McCracken SA, Morris JM. Evaluation of the clinical usefulness of isolation of fetal DNA
from the maternal circulation. Aust N Z J Obstet Gynaecol. 2003;43(1):10-15. doi:10.1046/j.0004-8666.2003.
000T11.x

60. Turner MJ, Martin CM, O'Leary JJ. Detection of fetal Rhesus D gene in whole blood of women booking for
routine antenatal care. Eur J Obstet Gynecol Reprod Biol. 2003;108(1):29-32. doi:10.1016/S0301-2115(02)00356-1

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 14/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://dx.doi.org/10.1002/pd.2770
https://dx.doi.org/10.1002/pd.2770
https://dx.doi.org/10.1111/j.1537-2995.2007.01437.x
https://dx.doi.org/10.1007/s00404-008-0774-5
https://dx.doi.org/10.5152/jtgga.2010.04
https://dx.doi.org/10.1111/j.1471-0528.2010.02518.x
https://dx.doi.org/10.1369/jhc.4A6372.2005
https://dx.doi.org/10.1002/pd.1936
https://dx.doi.org/10.1056/NEJM199812103392402
https://dx.doi.org/10.1590/s0104-42302006000400022
https://dx.doi.org/10.1590/s0104-42302006000400022
https://dx.doi.org/10.1159/000356078
https://dx.doi.org/10.1111/j.1537-2995.2007.01533.x
https://www.ncbi.nlm.nih.gov/pubmed/20392400
https://dx.doi.org/10.1002/pd.4018
https://dx.doi.org/10.1016/j.tracli.2008.01.003
https://dx.doi.org/10.1016/j.tracli.2008.01.003
https://www.ncbi.nlm.nih.gov/pubmed/22153691
https://dx.doi.org/10.1590/s0325-00752009000500006
https://dx.doi.org/10.1590/s0325-00752009000500006
https://dx.doi.org/10.1046/j.0004-8666.2003.00011.x
https://dx.doi.org/10.1046/j.0004-8666.2003.00011.x
https://dx.doi.org/10.1016/S0301-2115(02)00356-1

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

61. Tynan JA, Angkachatchai V, Ehrich M, Paladino T, van den Boom D, Oeth P. Multiplexed analysis of circulating
cell-free fetal nucleic acids for noninvasive prenatal diagnostic RHD testing. Am J Obstet Gynecol. 2011;204(3):
251.e1-251.e6. doi:10.1016/j.ajog.2010.09.028

62. Wang XD, Wang BL, Ye SL, Liao YQ, Wang LF, He ZM. Non-invasive foetal RHD genotyping via real-time PCR of
foetal DNA from Chinese RhD-negative maternal plasma. Eur J Clin Invest. 2009;39(7):607-617. doi:10.1111/j.1365-
2362.2009.02148.x

63. Zhong XY, Holzgreve W, Hahn S. Risk free simultaneous prenatal identification of fetal Rhesus D status and sex
by multiplex real-time PCR using cell free fetal DNA in maternal plasma. Swiss Med Wkly. 2001;131(5-6):70-74.
doi:10.4414/smw.2001.09660

64. Zhou L, Thorson JA, Nugent C, Davenport RD, Butch SH, Judd WJ. Noninvasive prenatal RHD genotyping by
real-time polymerase chain reaction using plasma from D-negative pregnant women. Am J Obstet Gynecol. 2005;
193(6):1966-1971. doi:10.1016/j.ajog.2005.04.052

65. Whiting PF, Rutjes AW, Westwood ME, et al; QUADAS-2 Group. QUADAS-2: a revised tool for the quality
assessment of diagnostic accuracy studies. Ann Intern Med. 2011;155(8):529-536. doi:10.7326/0003-4819-155-8-
201110180-00009

66. Connan K, Kornman L, Savoia H, Palma-Dias R, Rowlands S. IVIG—is it the answer? maternal administration of
immunoglobulin for severe fetal red blood cell alloimmunisation during pregnancy: a case series. Aust N Z J Obstet
Gynaecol. 2009;49(6):612-618. doi:10.1111/.1479-828X.2009.01091.x

67. Fox C, Martin W, Somerset DA, Thompson PJ, Kilby MD. Early intraperitoneal transfusion and adjuvant
maternal immunoglobulin therapy in the treatment of severe red cell alloimmunization prior to fetal intravascular
transfusion. Fetal Diagn Ther. 2008;23(2):159-163. doi:10.1159/000111599

68. Frank N, Naidoo P, Nicolaou E. Maternal intravenous immunoglobulin: a non-invasive treatment option for
Rhesus D-sensitised women with previous adverse pregnancy outcomes. S Afr J Obstet Gynaecol. 2020;26:4-7. doi:10.
7196/sajog.1629

69. Maisonneuve E, Dugas A, Friszer S, et al. Effect of intravenous immunoglobulins to postpone the gestational
age of first intrauterine transfusion in very severe red blood cell alloimmunization: a case-control study. J Gynecol
Obstet Hum Reprod. 2021;50(7):102119. doi:10.1016/j.jogoh.2021.102119

70. Ruma MS, Moise KJ Jr, Kim E, et al. Combined plasmapheresis and intravenous immune globulin for the
treatment of severe maternal red cell alloimmunization. Am J Obstet Gynecol. 2007;196(2):138.e1-138.e6. doi:10.
1016/j.2jog.2006.10.890

71. Vlachodimitropoulou E, Lo TK, Bambao C, et al. Intravenous immunoglobulin in the management of severe
early onset red blood cell alloimmunisation. Br J Haematol. 2023;200(1):100-106. doi:10.1111/bjh.18449

72. Zwiers C, van der Bom JG, van Kamp IL, et al. Postponing early intrauterine transfusion with intravenous
immunoglobulin treatment: the PETIT study on severe hemolytic disease of the fetus and newborn. Am J Obstet
Gynecol. 2018;219(3):291.e1-291.e9. doi:10.1016/j.ajog.2018.06.007

73. Mustafa HJ, Sambatur EV, Pagani G, et al. Intravenous immunoglobulin for the treatment of severe maternal
alloimmunization: individual patient data meta-analysis. Am J Obstet Gynecol. 2024;231(4):417-429.e21. doi:10.
1016/j.3j0g.2024.03.044

74. Van't Oever RM, Zwiers C, de Haas M, et al. Severity of haemolytic disease of the fetus and newborn in patients
with a history of intrauterine transfusions in a previous pregnancy: a nationwide retrospective cohort study. BJOG.
2024;131(6):769-776. doi:10.1111/1471-0528.17674

75. Poissonnier MH, Brossard Y, Demedeiros N, et al. Two hundred intrauterine exchange transfusions in severe
blood incompatibilities. Am J Obstet Gynecol. 1989;161(3):709-713. doi:10.1016/0002-9378(89)90386-4

76. Slootweg YM, Lindenburg IT, Koelewijn JM, Van Kamp IL, Oepkes D, De Haas M. Predicting anti-Kell-mediated
hemolytic disease of the fetus and newborn: diagnostic accuracy of laboratory management. Am J Obstet
Gynecol. 2018;219(4):393e1-393e8.

77. Vaughan JI, Warwick R, Letsky E, Nicolini U, Rodeck CH, Fisk NM. Erythropoietic suppression in fetal anemia
because of Kell alloimmunization. Am J Obstet Gynecol. 1994;171(1):247-252. doi:10.1016/0002-9378(94)90477-4

78. van Wamelen DJ, Klumper FJ, de Haas M, Meerman RH, van Kamp IL, Oepkes D. Obstetric history and antibody
titer in estimating severity of Kell alloimmunization in pregnancy. Obstet Gynecol. 2007;109(5):1093-1098. doi:
10.1097/01.A0G.0000260957.77090.4e

79. Leggat HM, Gibson JM, Barron SL, Reid MM. Anti-Kell in pregnancy. Br J Obstet Gynaecol. 1991;98(2):162-165.
doi:10.1111/j.1471-0528.1991.tb13362.x

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 15/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://dx.doi.org/10.1016/j.ajog.2010.09.028
https://dx.doi.org/10.1111/j.1365-2362.2009.02148.x
https://dx.doi.org/10.1111/j.1365-2362.2009.02148.x
https://dx.doi.org/10.4414/smw.2001.09660
https://dx.doi.org/10.1016/j.ajog.2005.04.052
https://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
https://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
https://dx.doi.org/10.1111/j.1479-828X.2009.01091.x
https://dx.doi.org/10.1159/000111599
https://dx.doi.org/10.7196/sajog.1629
https://dx.doi.org/10.7196/sajog.1629
https://dx.doi.org/10.1016/j.jogoh.2021.102119
https://dx.doi.org/10.1016/j.ajog.2006.10.890
https://dx.doi.org/10.1016/j.ajog.2006.10.890
https://dx.doi.org/10.1111/bjh.18449
https://dx.doi.org/10.1016/j.ajog.2018.06.007
https://dx.doi.org/10.1016/j.ajog.2024.03.044
https://dx.doi.org/10.1016/j.ajog.2024.03.044
https://dx.doi.org/10.1111/1471-0528.17674
https://dx.doi.org/10.1016/0002-9378(89)90386-4
https://dx.doi.org/10.1016/0002-9378(94)90477-4
https://dx.doi.org/10.1097/01.AOG.0000260957.77090.4e
https://dx.doi.org/10.1111/j.1471-0528.1991.tb13362.x

JAMA Network Open | Obstetrics and Gynecology Management of Pregnancy Alloimmunized to Red Blood Cell Antigens

80. Vlachodimitropoulou E, Shehata N, Ryan G, Clarke G, Lieberman L. Management of pregnancies with anti-K
alloantibodies and the predictive value of anti-K titration testing. Lancet Haematol. 2024;11(11):e873-e877. doi:10.
1016/52352-3026(24)00239-4

81. Mari G, Deter RL, Carpenter RL, et al; Collaborative Group for Doppler Assessment of the Blood Velocity in
Anemic Fetuses. Noninvasive diagnosis by Doppler ultrasonography of fetal anemia due to maternal red-cell
alloimmunization. N Engl J Med. 2000;342(1):9-14. doi:10.1056/NEJM200001063420102

82. Lindenburg IT, van Kamp IL, van Zwet EW, Middeldorp JM, Klumper FJ, Oepkes D. Increased perinatal loss
after intrauterine transfusion for alloimmune anaemia before 20 weeks of gestation. BJOG. 2013;120(7):847-852.
doi:10.1111/1471-0528.12063

83. Crawford NEH, Parasuraman R, Howe DT. Intraperitoneal transfusion for severe, early-onset rhesus disease
requiring treatment before 20 weeks of gestation: a consecutive case series. Eur J Obstet Gynecol Reprod Biol.
2020;244:5-7. doi:10.1016/j.ejogrb.2019.10.027

84. Zimmerman R, Carpenter RJ Jr, Durig P, Mari G. Longitudinal measurement of peak systolic velocity in the fetal
middle cerebral artery for monitoring pregnancies complicated by red cell alloimmunisation: a prospective
multicentre trial with intention-to-treat. BJOG. 2002;109(7):746-752.

85. Zwiers C, Lindenburg ITM, Klumper FJ, de Haas M, Oepkes D, Van Kamp IL. Complications of intrauterine
intravascular blood transfusion: lessons learned after 1678 procedures. Ultrasound Obstet Gynecol. 2017;50(2):
180-186. doi:10.1002/uog.17319

86. Mitha A, Chen R, Altman M, Johansson S, Stephansson O, Bolk J. Neonatal morbidities in infants born late
preterm at 35-36 weeks of gestation: a Swedish nationwide population-based study. J Pediatr. 2021;233:
43-50.e5. doi:10.1016/j.jpeds.2021.02.066

87. Smits-Wintjens VE, Rath ME, van Zwet EW, et al. Neonatal morbidity after exchange transfusion for red cell
alloimmune hemolytic disease. Neonatology. 2013;103(2):141-147. doi:10.1159/000343261

88. Mustafa HJ, Sambatur EV, Shamshirsaz AA, et al. Monitoring and management of hemolytic disease of the
fetus and newborn based on an international expert Delphi consensus. Am J Obstet Gynecol. 2025;232(3):
280-300.

89. Royal College of Obstetricians & Gynaecologists. The management of women with red cell antibodies during
pregnancy. May 28, 2014. Accessed October 22, 2025. https://www.rcog.org.uk/guidance/browse-all-guidance/
green-top-guidelines/the-management-of-women-with-red-cell-antibodies-during-pregnancy-green-top-
guideline-no-65/

90. Mari G, Norton ME, Stone J, et al; Society for Maternal-Fetal Medicine (SMFM). Electronic address: pubs@
smfm.org. Society for Maternal-Fetal Medicine (SMFM) clinical guideline #8: the fetus at risk for anemia-diagnosis
and management. Am J Obstet Gynecol. 2015;212(6):697-710. doi:10.1016/j.ajog.2015.01.059

91. Moise E, Moise KJ, Nwokocha M, Lowry K, Hutson E, de Winter DP; Delphi IUT Study Group. Critical procedural
steps in intrauterine transfusion: Delphi survey of international experts. Ultrasound Obstet Gynecol. 2025;65
(1):78-84. doi:10.1002/uog.29151

92. Gilstrop Thompson M, Xu W, Moore B, et al. Clinical validation of a prenatal cell-free DNA screening test for
fetal RHD in a large US cohort. Obstet Gynecol. 2025;145(2):211-216. doi:10.1097/A0G.0000000000005794

93. Moise KJ Jr. The use of free DNA for fetal RHD genotyping in the Rh negative pregnant patient-the time has
come. Am J Obstet Gynecol. 2025;232(2):188-193. doi:10.1016/j.ajog.2024.08.017

94. Regan F, Veale K, Robinson F, et al. Guideline for the investigation and management of red cell antibodies in
pregnancy: a British Society for Haematology guideline. Transfus Med. 2025;35(1):3-23. doi:10.1111/tme.13098

SUPPLEMENT.

eMethods.

eTable 1. List of Members of the Working Groups

eTable 2. Inclusion and Exclusion Criteria for Each Research Question

eTable 3. Diagnostic Accuracy of Free Fetal DNA for Fetal Antigen Typing, Stratified by Fetal Antigen Type
eTable 4. Good Practice Points and Rationales

eReferences.

[5 JAMA Network Open. 2025;8(11):e2544649. doi:10.1001/jamanetworkopen.2025.44649 November 24, 2025 16/16

Downloaded from jamanetwork.com by Children's Hospitals & Clinics of Minnesota, Lindsey Wimmer on 12/01/2025


https://dx.doi.org/10.1016/S2352-3026(24)00239-4
https://dx.doi.org/10.1016/S2352-3026(24)00239-4
https://dx.doi.org/10.1056/NEJM200001063420102
https://dx.doi.org/10.1111/1471-0528.12063
https://dx.doi.org/10.1016/j.ejogrb.2019.10.027
https://www.ncbi.nlm.nih.gov/pubmed/12135209
https://dx.doi.org/10.1002/uog.17319
https://dx.doi.org/10.1016/j.jpeds.2021.02.066
https://dx.doi.org/10.1159/000343261
https://www.ncbi.nlm.nih.gov/pubmed/39547350
https://www.ncbi.nlm.nih.gov/pubmed/39547350
https://www.ncbi.nlm.nih.gov/pubmed/39547350
https://www.rcog.org.uk/guidance/browse-all-guidance/green-top-guidelines/the-management-of-women-with-red-cell-antibodies-during-pregnancy-green-top-guideline-no-65/
https://www.rcog.org.uk/guidance/browse-all-guidance/green-top-guidelines/the-management-of-women-with-red-cell-antibodies-during-pregnancy-green-top-guideline-no-65/
https://www.rcog.org.uk/guidance/browse-all-guidance/green-top-guidelines/the-management-of-women-with-red-cell-antibodies-during-pregnancy-green-top-guideline-no-65/
mailto:pubs@smfm.org
mailto:pubs@smfm.org
https://dx.doi.org/10.1016/j.ajog.2015.01.059
https://dx.doi.org/10.1002/uog.29151
https://dx.doi.org/10.1097/AOG.0000000000005794
https://dx.doi.org/10.1016/j.ajog.2024.08.017
https://dx.doi.org/10.1111/tme.13098

