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CHAPTER 2

ABSTRACT 
Background: Prevention of pregnancy-related alloimmunization and the management 

of hemolytic disease of the fetus and newborn (HDFN) has signiÄcantly improved 
over the past decades. Considering improvements in HDFN care, the objectives of 

this systematic literature review were to assess the prenatal treatment landscape 

and outcomes of Rh(D)- and K-mediated HDFN in mothers and fetuses, to identify 

the burden of disease, to identify evidence gaps in the literature, and to provide 

recommendations for future research.

Methods: We performed a systematic search on MEDLINE, EMBASE and clinicaltrials.

gov. Observational studies, trials, modelling studies, systematic reviews of cohort 

studies, and case reports and series of women and/or their fetus with HDFN caused by 

Rhesus (Rh)D or Kell alloimmunization. Extracted data included prevalence; treatment 

patterns; clinical outcomes; treatment eɉcacy; and mortality.

Results: We identiÄed 2,541 articles. After excluding 2,482 articles and adding 1 
article from screening systematic reviews, 60 articles were selected. Most abstracted 

data were from case reports and case series. Prevalence was 0.047% and 0.006% 

for Rh(D)- and K-mediated HDFN, respectively. Most commonly reported antenatal 

treatment was intrauterine transfusion (IUT; median frequency [interquartile range]: 

13.0% [7.2–66.0]). Average gestational age at Ärst IUT ranged between 25 and 27 
weeks. weeks. This timing is early and carries risks, which were observed in outcomes 

associated with IUTs. The rate of hydrops fetalis among pregnancies with Rh(D)-

mediated HDFN treated with IUT was 14.8% (range, 0–50%) and 39.2% in K-mediated 

HDFN. Overall mean ± SD fetal mortality rate that was found to be 19.8%±29.4% across 
19 studies. Mean gestational age at birth ranged between 34 and 36 weeks.

Conclusion: These Ändings corroborate the rareness of HDFN and frequently needed 
intrauterine transfusion with inherent risks, and most births occur at a late preterm 

gestational age. We identiÄed several evidence gaps providing opportunities for future 
studies.
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BACKGROUND 
Despite advances in the prevention of pregnancy-related red blood cell immunization 

and management and treatment of pregnancies aɈected by hemolytic disease of the 
fetus and newborn (HDFN) over recent decades, the disease still poses a signiÄcant 
risk in aɈected pregnancies .1,2 HDFN is caused by maternal alloimmunization through 

exposure to incompatible red blood cell antigens of the fetus or through incompatible 

blood transfusion.1,3 The then-formed immunoglobulin G (IgG) antibodies are actively 

transported across the placenta and can cause fetal hemolysis and anemia. When 

untreated, progressive fetal anemia results in hydrops fetalis and ultimately fetal 

demise. If the fetus survives, persistent hemolysis causes neonatal anemia and 

hyperbilirubinemia, which—when untreated—ultimately leads to a severe cerebral 

condition (“kernicterus”).

No cure exists for HDFN. Hence, interventions have focused on its prevention and 

minimizing adverse eɈects of associated complications.1,4 Through transfusing women 

within the reproductive ages with Kell-negative donor blood, if possible, and through 

the introduction of Rhesus (Rh) immunoglobulin prophylaxis, the occurrence of red 

blood cell alloimmunization and the prevalence of Rh(D)- and K-mediated HDFN has 

decreased1,4-6; however, the gap between anti-Rh(D) supply and demand is large in 

low-income countries and is below the optimal threshold in high-income countries.7 

Additionally, the disease still poses a signiÄcant risk for mortality and morbidity in 
developing countries, whereas it is considered treatable with good outcomes in 

developed countries. Serological monitoring, ultrasonography, and Doppler imaging 

decreased the need for risky and invasive diagnostic procedures.3,8-12 Antenatal 

treatment, however, still relies predominantly on (often serial) intrauterine transfusion 

(IUT)—an invasive procedure that carries maternal and fetal risks.13,14

Considering improvements in HDFN care, the objectives of this systematic literature 

review were to assess the prenatal treatment landscape and outcomes of Rh(D)- and 

K-mediated HDFN in mothers and fetuses to identify the burden of disease, to identify 

evidence gaps in the literature, and to provide recommendations for future research. 

Secondarily, we aim to determine the humanistic and economic burden of HDFN. 
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METHODS 

Search strategy 

We conducted a systematic literature review according to the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement15 and MOOSE 

Reporting Guidelines for Meta-Analysis of Observational Studies16 to address 

prespeciÄed research questions (Supplemental Table 2). To assess the treatment 
landscape, articles published between January 1, 2005, and March 10, 2021 were 

searched (Additional Äle 2: Appendix S1) in the MEDLINE and EMBASE databases and 
ClinicalTrials.gov using ProQuest (Figure 1). The search strategy included descriptions 

of the disease, possible interventions and clinical outcomes. No limitations were set 

on studies reporting on cases managed before January 1, 2005. Searches for clinical 

outcomes were performed for journal articles and conference abstracts indexed 

in EMBASE. Duplicates were removed automatically. We also manually searched 

reference lists of pertinent systematic literature reviews of cohort studies and our 

personal libraries for potentially relevant articles.

Figure 1: Flowchart of the Article Selection Process. SLR, systematic literature review. *From authors’ 
personal library. †From eligible SLRs of cohort studies.

Study selection 

Two independent reviewers (D.P.D.W. and A.K.) (Supplemental Table 3)17 reviewed 

the titles/abstracts in Rayyan (https://rayyan.ai/) and then full texts in Microsoft 

Excel. Citations were independently evaluated to determine whether or not studies 

fulÄlled inclusion and exclusion criteria. The project director (D.O.) and the project 
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team adjudicated decisions. Randomized or nonrandomized trials; retrospective or 

prospective observational studies, including cohort, case-control, or cross-sectional 

studies; modelling studies; systematic reviews of cohort studies (to identify primary 

studies only); and case reports and case series of women and/or their fetuses, infants, 

or children experiencing or having experienced Rh(D)- and/or K-mediated HDFN 

were included. Studies or patient groups within studies where HDFN was caused by 

alloimmunization to antigens other than Rh(D) only and/or K only, such as c, e, E, DuɈy 
(Fy), Kidd (Jk), MNS (S), or Gerbich, were excluded as the risk of prenatal disease is 

regarded as relatively low. Non–English-language articles were excluded, as were 

notes, editorials, and commentaries; nonsystematic reviews; reports of populations, 

interventions, outcomes, or study designs not of interest; publication types not of 

interest; indexed conference abstracts; and reports of animal or preclinical studies. 

The review was registered with PROSPERO before data were abstracted.

Two independent reviewers (D.P.D.W. and A.K.) abstracted data (i.e., study reference; 

study design; patient characteristics; HDFN treatment patterns; clinical outcomes [eg, 

fetal anemia, hydrops fetalis, and adverse events]; intravenous immunoglobulin [IVIG] 

eɉcacy; mortality; and prevalence) from studies that fulÄlled inclusion and exclusion 
criteria. All abstracted data underwent quality control by the project director (D.O.), who 

screened 10% of included/excluded articles. The methodological quality (risk of bias) 

of the selected studies was assessed by 2 independent reviewers (D.P.D.W. and A.K.) 

using the JBI Critical Appraisal Checklist for Case Reports18, the JBI Critical Appraisal 

Checklist for Case Series19, the Newcastle-Ottawa Scale for retrospective and prospective 

cohort studies20, the Checklist for Reporting Results of Internet E-Surveys (CHERRIES) 

for questionnaires21, and lastly the NICE checklist for randomized controlled trials (RCTs).

Analyses 

Data from eligible studies were characterized as representative, which included data 

from studies that accurately reÅected the characteristics of the larger group (e.g., larger 
case series, retrospective or prospective studies, RCTs), or were characterized as 

nonrepresentative, which included data from studies that reÅected a small proportion 
of the characteristics of the larger group (e.g., case reports or small case series, 

or studies in a subset of the larger group, such as cases treated with IUT or only 

cases with hydrops fetalis). When possible, we aggregated information reported in a 

similar manner. For unique outcomes, we highlighted information from generalizable 

studies. Where appropriate, data were summarized as percentage (mean ± standard 
deviation [SD] or range) or median (interquartile range [IQR]) for patient groups or 
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patient populations (e.g., Rh[D] or Kell, Rh[D] treated with IVIG or Rh[D] not treated 

with IVIG). Case reports and case series were excluded from prevalence analyses. 

An assessment of the available Ändings was conducted to identify evidence gaps, and 
recommendations to Äll unmet needs were formulated. Results pertinent to mothers and 
fetuses are reported herein. Neonatal outcomes will be reported in a separate article. 

Humanistic and economic burden 

A separate objective of this systematic review is to determine the humanistic and 

economic burden of HDFN. We conducted a systematic search using the same criteria 

as previously mentioned (Additional Äle 2: Appendix S2). We selected studies reporting 
on quality of life, humanistic burden, economic burden, health care resource use, and 

direct and indirect costs. The review process was performed according to the PRISMA 

and MOOSE guidelines and similar as previously stated. 

RESULTS 

Data sources 

In addition to the 2,538 articles identiÄed through searches of MEDLINE and 
EMBASE, we identiÄed 3 articles from our personal libraries (Figure 1). The search on 
ClinicalTrials.gov did not yield any additional results to the search on MEDLINE and 

EMBASE. Overall, 2,363 of the 2,541 total articles were excluded on the basis of title 

and abstract review, and 119 were excluded on the basis of full-text review. Besides the 

59 articles that remained, we identiÄed 1 article from a review of applicable systematic 
reviews of cohort studies. 

Study characteristics 

Among the 60 eligible studies that were included in our analysis (Supplemental 

Table 1)2,22-80, nearly half were retrospective cohort studies (n = 27 [45%]), followed by 
case reports and case series (n = 21 [35%]), prospective cohort studies (n = 7 [12%]), 
observational cohort studies (n = 3 [5%]), and RCTs and questionnaires (n = 1 [2%] 
each). More studies included patients with only Rh(D)-mediated HDFN (n = 26) than 
only K-mediated HDFN (n = 7); 27 studies included patients with Rh(D)- or K-mediated 
HDFN. Studies were conducted across 25 countries, most commonly The Netherlands 

(n = 12), followed by Turkey and the United States (n = 6 each). The 60 studies comprised 
146 patient groups, including mothers, neonates, and fetuses. Of these patient groups, 
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46 were single patients extracted from case reports. Mean (range) group size, including 

case reports, was 36.5 (SD ± 68.7, range 1.0–334.0). The reported patient groups 
included cases managed between 1985 and 2019.

Methodological quality of the studies 

Of the 14 included case reports, 7 received a perfect score (8/8) using the JBI Critical 

Appraisal Checklist for Case Reports. Median score among case reports was 7.5 [IQR: 

6.0–8.0]. Two of the seven included case series received a perfect score among the 

applicable questions. Median score among case series was 5.0 [IQR: 5.0–8.5]. Twenty-

one of 30 retrospective cohort studies were rated as good quality, 8 as fair, and 1 as 

poor. All 8 included prospective studies were rated as good quality. The randomized 

controlled trial by Santos et al. was rated as having low risk of bias in all 4 domains—

selection bias, performance bias, attrition bias, and detection bias. Supplemental tables 

4A-E contains a detailed overview of the methodological quality of the selected studies. 

Diagnostic testing 

Diagnostic testing data were available for 59 of the 60 studies. The most commonly 

reported diagnostic testing method was ultrasound (n = 20; median [IQR]: 100% [100–
100%]), followed by percutaneous umbilical cord sampling (n = 17; 100% [100–100%]); 
anti-D and/or anti-K antibody titer (n = 16; 100% [100–100%]); fetal hemoglobin (n = 15; 
100% [100–100%]); Coombs/antiglobulin testing (n = 15; 100%); cell-free DNA testing 
(n = 8; 100% [80–100%]); amniocentesis (n = 7; 100% [50–100%]); free antibody testing, 
antibody release testing, and gel card technique (n = 2; 100%); and magnetic resonance 
imaging (n = 2; 100% [56.5–100%]). 

Prevalence of D- and K-mediated HDFN 

The mean ± SD prevalence of Rh(D)-mediated HDFN (requiring any form of treatment) 
as reported in 5 studies23,29,45,47,54 was 0.047%±0.037% among all pregnancies that 
were managed and delivered in the centers of the 5 selected studies (Figure 2). 

The reported prevalence of K-mediated HDFN (requiring any form of treatment) among 

all pregnancies managed and delivered in the centers reporting in 2 retrospective 

studies was 0.006%45,47. No data were available for the prevalence of early-onset 

HDFN (requiring intervention before 24 weeks of pregnancy) in the selected studies. 

The gestational age at Ärst IUT was between 25 and 27 weeks and the mean gestational 
age at birth between 34 and 36 weeks (Table 1) amongst all selected studies.2, 22-80
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Figure 2: Prevalence of Rh(D)-mediated HDFN (Requiring a Form of Treatment) Among All Referred 
Pregnancies.18,24,40,42,49 D, Rh(D); HDFN, hemolytic disease of the fetus and newborn; Rh, Rhesus; SD, standard 
deviation.

Table 1. Patient Characteristics Among 155 HDFN Groups, Including Mothers, Neonates, and Fetuses, From 
60 Included Studies

Characteristic Mean (±SD, Range) Patient 

Groups (n)

No. of Studies 

(References)

Patient group size, n 36.5 (±68.7, 1.0–334.0) 146a 60 (2, 22-80)

Gestational age at birth, weeksb

       Mean gestational age 35.1 (±2.1, 33.0–37.4) 13 9 (23, 26, 28, 47, 53, 63, 65, 
70, 72)

       Median gestational age 35.4 (±2.1, 28.0–37.0) 24 12 (31, 35, 42, 45, 51, 59, 
60, 62, 63, 75, 76)

       Exact gestational age 34.1 (±2.9, 28.1–38.0) 18 14 (22, 24, 27, 34, 39, 43, 44, 
46, 50, 52, 55, 66, 74, 77)

Gestational age at Ärst IUT, weeks

       Mean gestational age 26.6 (±0.1, 26.6–26.7) 4 2 (28, 53)

       Median gestational age 25.9 (±3.4, 21.7–36.3) 27 13 (31, 51, 59-61, 63, 64, 
69, 73, 75, 79, 80)

       Exact gestational age 24.8 (±3.9, 20.0–30.1) 8 5 (44, 52, 66, 68, 76)

HDFN, hemolytic disease of the fetus and newborn; IUT, intrauterine transfusion. 
Means, medians, and exact gestational age as reported in each study were used to calculate mean (range). 
aOf the 155 patient groups, 46 (29.7%) groups were single patients from case reports.
bDoes not include 1 study (2) in which the reported percentage of the patient group fell within gestational age 
ranges (ie, <259 days and 259–294 days). 
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Frequencies of antenatal management strategies 

Antenatal treatment data were available for 24 studies (Supplemental Table 

8).24, 25, 29, 30, 33–37, 42, 43, 48, 51, 52, 56, 58–63, 65, 71, 80 The most commonly reported antenatal treatment 

across these studies was IUT (n = 9 with representative data25, 29, 33, 36, 37, 56, 59, 60, 65; n = 3 
with nonrepresentative data).35, 38, 62

Intrauterine transfusions 

Among the 9 studies with representative data, IUTs were given at a median frequency 

of 13.0% (IQR: 7.2–66.0) among pregnancies with a positive anti-Rh(D) screening that 

were monitored prenatally with ultrasonography. Three of these studies monitored 

pregnancies with a positive anti-Rh(D) screening and a risk-stratiÄcation using the 
antibody titers and/or antibody-dependent cellular cytotoxicity values above cut-oɈ 
value, and might therefore overestimate the frequency of IUTs.56, 59, 60 In these three 

studies, the frequency of IUTs was 64.7% (range 59.2–66).56, 59, 60 Number of IUTs was 

reported by only two of these studies with a median of 2 (range 0–4).56, 59 IUTs were 

required in 76.8% of pregnancies, as reported in 63/82 collective cases.36, 56, 60

The frequency of IUTs in pregnancies with a positive anti-Rh(D) screening monitored 

without serological cut-oɈ values was 11.2% (range, 4.5–58.6) in the collective cases 
(42/376) reported by 5 studies.25, 29, 33, 37, 65 The number of IUTs required was only 

reported by 1 study with a mean of 2.4 (SD not reported).33 Data on the need for IUTs 

in pregnancies with K-alloimmunization without serological cut-oɈs were reported by 
1 study and was 12.5% in 1/8 reported cases.25

Alternative management strategies 

Use of IVIG alone was reported in 1 study with representative data [48].48 In this case 

series of 3 severely aɈected pregnancies, 2 (Rh[D], n = 1; Kell, n = 1) resulted in live 
births without IUT; the third (Rh[D] + anti-C) was treated with IUT but resulted in a post-
procedure intrauterine death.

Use of IUT + IVIG was reported in 4 studies (n = 1 with representative data61; n = 3 with 
nonrepresentative data35, 42, 62). In the one study with representative data, 3.2% of 

the Rh(D) alloimmunization cases and 4.3% of the Kell alloimmunization cases were 

treated with IUT + IVIG.61

Use of other treatments (therapeutic plasma exchange [TPE]; maternal plasma 

exchange ± high-dose IVIG; TPE + IVIG + IUT; TPE + immunoadsorption + IVIG + IUT; 
plasmapheresis + IUT; and plasmapheresis + IVIG + IUT) were reported in 10 studies 
with a total of 38 cases.24, 30, 34, 36, 43, 51, 52, 63, 71, 80 Plasmapheresis + IVIG + IUT was the most 
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commonly reported treatment regimen across these 10 studies. Two of these studies 

did not report gestational age at start of the treatment, at Ärst IUT (if applicable) and at 
birth.36, 80 The remaining 8 studies, including 20 cases total, reported the mean gestational 

age at treatment initiation (13.0 ± 5.7 weeks). 17/20 cases required an IUT for fetal anemia. 
The mean gestational age at Ärst IUT was 24.2 ± 3.1 weeks, with a median of 4 IUTs (range 
1–8) administered. Gestational age at birth was 34.4 ± 3.1 weeks.30, 34, 43, 51, 52, 63, 71 In the 

series of 20 cases, one patient received plasmapheresis, which was started a week 

after the Ärst IUT at a gestational age of 27 weeks.43 In all other cases, the alternative 

treatment was started prior to the occurrence of fetal anemia. The indications to start 

the alternative treatment option in the 20 cases were previous intrauterine fetal death 

(n = 11), neonatal hydrops fetalis and/or death (n = 4), marked elevation in antibody titer 
(n = 4), and suspected fetal anemia after initial IUT (n = 1).

Clinical outcomes of mothers and fetuses 

The most commonly reported maternal/fetal clinical outcome across studies was 

hydrops fetalis (n = 19 with representative data23, 28, 31, 32, 41, 42, 47, 49, 51, 53, 59, 64, 66, 67, 69, 75, 76, 79, 80 

(Supplemental Table 8); n = 10 with nonrepresentative data24, 39, 40, 44, 46, 52, 55, 68, 70, 74. The rate 

of hydrops fetalis among pregnancies with Rh(D)-mediated HDFN treated with IUT was 

14.9% (range, 0–50%) in 72/483 reported cases31, 32, 49, 53, 66, 76, 79. The rate of hydrops 

fetalis among pregnancies with K-mediated HDFN treated with IUT was 39.2% in 

49/125 reported cases.69, 75, 76, 79 Five studies reported on the rate of hydrops fetalis in 

all pregnancies monitored for Rh(D)- and or K-alloimmunization, with or without the 

need for antenatal treatment. The rate of hydrops fetalis in these studies was 7.3% in 

17/232 collective cases.

Severe fetal anemia was reported in 1 study with representative data28 (Supplemental 

Table 8) and 11 studies with nonrepresentative data30, 39, 42–44, 46, 52, 63, 68, 74, 80. In the 1 

cohort study with representative data, 100% of 22 successful IUTs performed in Rh(D)- 

or K-mediated HDFN cases within 20 weeks of gestation were considered severely 

anemic (≥ 5 SDs from the fetal hemoglobin reference value of 15 g/dL; 1 SD = 1 g/dL 
diɈerence from reference value.28 Adverse events or procedure-related complications 

were commonly reported after IUTs or other treatments for Rh(D)- and/or K-mediated 

HDFN (n = 11 studies with representative data28, 33, 47, 51, 53, 63, 64, 66, 69, 72, 80 (Supplemental 

Table 8); n = 2 studies with nonrepresentative data68, 73. Bradycardia was the most 

frequently reported post-IUT complication per procedure, and adverse serological 

outcomes were the most frequently reported post-IUT complication per fetus, although 

adverse serological outcomes were reported in only 1 study33 (Supplemental Figure 2).
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IVIG eɉcacy 
Assessment of IVIG eɉcacy in women and fetuses aɈected by HDFN was based on 
treatment response in 6 studies24, 30, 34, 48, 62, 80 and associated mortality in 3 studies35, 42, 63 

(Supplemental Table 8). Collectively, Ändings indicate that IVIG delayed or prevented 
IUT. IVIG-associated fetal mortality ranged from 0 to 50% across the 3 studies 

reporting this outcome.35, 42, 63

Fetal mortality 

The overall mean ± SD fetal mortality rate was 19.8% ± 29.4% across 19 studies, including 
representative case reports28, 31, 35, 42, 43, 45, 47, 49, 53, 63, 64, 66, 68, 69, 73, 75, 76, 78, 80 (Supplemental 

Table 8). Head-to-head comparison of mortality rates between the diɈerent treatment 
strategies is limited by variation in potential patient characteristics between the groups. 

Employed treatment strategies for HDFN take into account previous obstetrical history, 

for example 75% of cases in the “IUT + other” group had a history of fetal or neonatal 
death due to HDFN. Together, these will inÅuence the outcomes of HDFN in the current 
pregnancy and limit our capability of mortality rate comparison.

Humanistic and economic burden 

In addition to the 1457 articles identiÄed in the systematic search, one additional article 
was identiÄed from personal libraries (Supplemental Figure 2). Based on the title/
abstract screening 1435 articles were excluded. Full-text screening was performed 

in the remaining 23 records of which 22 were excluded. Healthcare utilization was 

reported by only one study with a median of duration of phototherapy of 4-4.5 days 

and a median length of stay of 6.5–7.5 days.65

DISCUSSION 

Main Ändings 
We found that the prenatal burden and need for treatment remains relatively high – we 

estimated that 13% of pregnancies monitored for Rh(D) or K-alloimmunization required one 

or more IUTs – despite advances in the identiÄcation and care for pregnancies at risk of 
HDFN. Strikingly, the rate of hydrops fetalis in pregnancies requiring an IUT was found to 

be 14.9% for Rh(D)-mediated HDFN and 39.2% in K-mediated HDFN. As the occurrence of 

hydrops fetalis was previously found to be associated with impaired neurodevelopmental 

outcomes81 still much is to gain in the timely identiÄcation of pregnancies at-risk and the 
timely detection and treatment of fetal anemia to prevent hydrops fetalis. The average 
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gestational age at Ärst IUT was 27 weeks, which was possibly delayed by using IVIG and/
or plasmapheresis although evidence on this in the included studies is limited. Although 

IUT is a regarded as a relatively safe procedure in experienced hands, its invasive nature 

still poses serious risks to the mother and fetus. Fetal loss rate increases when procedures 

need to be done early in gestation (i.e., < 22 weeks).13 It is also noteworthy that the average 

gestational age at birth in the present analyses was approximately 35 weeks for Rh(D)- 

and/or K-mediated HDFN, which is considered late preterm and might also represent that 

early delivery is frequently employed in the management of pregnancies at risk of fetal 

anemia although we were unable to extract data on this from the included studies. But, 

late preterm birth has the potential for serious consequences, such as increased risk for 

short- or long-term respiratory issues82-84, readmission82, death82, 84, 85, and neurocognitive 

impairment in late adulthood86, 87.

Strengths and limitations 

A strength of this systematic review and corresponding analyses is the minimal 

limitation on study design criteria. Overall, 35% of the studies included in our analyses 

were case reports or case series, validating the rarity of HDFN. By including case 

reports and case series, we were able to identify and aggregate data on treatment 

types (e.g., plasmapheresis and plasma exchange) that were not typically reported 

in larger cohort studies. But, inclusion of case reports and case series might also be 

regarded as a limitation as it may skew and overestimate the results as, given the rarity 

of HDFN, the most severe cases are generally reported in literature. Our estimates 

might therefore not truly mirror the population level data. 

Also, we were unable to quantify heterogeneity (using e.g. the I2-statistic) due to 

the descriptive nature of this systematic review and consequent lack of reported 

comparisons between interventions. However, a certain level of heterogeneity may 

be expected due to diɈerences in available management options, treatment protocols, 
prevalence of Rh(D)- and K-negativity, geographical location and sociodemographic 

diɈerences. These diɈerences may be approached by the varying frequencies of, for 
instance, IUTs and rate of hydrops fetalis between included studies. 

Our analyses are further limited by the strict prespeciÄed inclusion of only Rh(D)- or 
K-mediated HDFN populations. By applying this criterion, 7 studies were excluded 

from analyses—despite high quality of evidence and outcomes of interest—because 

Rh(c) populations were mixed with Rh(D) or Kell populations, or the population was not 

well deÄned.88-94 We were unable to stratify the data per alloimmunization type with the 

data provided in these articles. One of these studies represented the only prospective 
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study with long-term outcomes89, thereby also indicating the lack of data on long-term 

outcomes and the need for further research on the topic.

Interpretation 

Almost all studies included in these analyses were conducted in high-income countries, 

which have adequate resources for screening, prophylaxis and preventative measures 

for alloimmunization, and referral to specialized fetal therapy centers. Outcome data 

on HDFN-complicated pregnancies from less privileged or less organized societies 

are lacking and, if analyzed, likely are less favorable. This well-known bias in outcome 

reporting indicates an important evidence gap and signiÄes the need for international 
collaboration to gain a better understanding of the global burden of HDFN and to pave 

the way for potential wide-spread improvements. To add to that, we also found that the 

evidence for frequency of use and eɈectiveness of alternative treatment options such as 
IVIG, plasmapheresis, and plasma exchange on disease severity and the prevention of 

fetal anemia is limited in the included studies. Also, as previously mentioned it is likely 

that the most severe cases are reported in literature due to the rarity of the disease. 

Taken together, future research should aim to gain more exact insight into the employed 

treatment options and its eɉcacy and clinical outcomes of mothers, fetuses, and 
neonates aɈected by HDFN through an international retrospective and/or prospective 
registry through the collection of data on diagnostics, antenatal and postnatal treatments 

and short- and long-term clinical outcomes of mothers, fetuses, and neonates. Such an 

international eɈort will pave the way for long sought after answers. 

A separate objective of this systematic review, as previously mentioned, was to 

ascertain the economic and humanistic burden of HDFN. However, through the 

systematic approach only one study reporting on healthcare utilization was included. 

This dearth of information indicates another major gap in knowledge, particularly as it 

relates to the impact of HDFN on a pregnant individual’s quality of life and the potential 

downstream consequences of high-risk pregnancy on family planning decisions, as 

well as on the healthcare system. 

CONCLUSION 
To conclude, we found that the clinical burden of Rh(D)- and K-mediated HDFN remains 

relatively high, with 13% of pregnancies monitored for Rh(D)- or K-alloimmunization 

requiring an IUT and most births occurring at a late preterm gestational age. 

We identiÄed several important evidence gaps that provide opportunities for future 
studies to further improve the clinical care of HDFN. 
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Table S2. Research Questions Relevant to Mothers and Fetuses 

Treatment landscape What is the current treatment landscape of HDFN in mothers and fetuses?

What are the commonly used treatments?

Clinical evidence of HDFN 
treatments

What are the maternal and fetal clinical outcomes?

What is the eɉcacy of intravenous immunoglobulin in women with HDFN?

What are the complications of treatment (eg, adverse events)?

What is the prevalence of HDFN, and what is the prevalence of early-onset 
HDFNa? 

Evidence gaps and 
recommendations

What are the evidence gaps in the HDFN literature?

What recommendations can be proposed for future research?

HDFN, hemolytic disease of the fetus and newborn. 
aHDFN requiring intervention before 24 weeks of pregnancy.

Table S3. Inclusion and Exclusion Criteriaa

Inclusion Criteria Exclusion Criteria

Population •	 Women and/or their fetus/infant/child 
experiencing or having experienced HDFN 
caused by Rh incompatibility

•	 Antigen status: Rh(D) or Kell antigen 

•	 Women and fetus/infant/child who 
did not experience HDFN with ABO 
incompatibility 

•	 Antigen status: c, e, E, DuɈy (Fy), Kidd 
(Jk), MNS (S), or Gerbich antigen 

Intervention •	 Any or none •	 Not applicable

Comparator •	 Any or none •	 Not applicable

Outcomes •	 Treatment patterns
•	 Clinical outcomes
•	 Treatment eɉcacy 

•	 Not applicable 

Study design •	 Observational studies (retrospective or 
prospective) including cohort, case-control, 
or cross-sectional studies

•	 Trials (randomized or nonrandomized)
•	 Modelling studies
•	 Systematic reviews of cohort studies (for 

identiÄcation of primary studies only)
•	 Case reports and case series 

•	 Notes, editorials, or commentaries
•	 Nonsystematic reviews 

Other •	 Journal articles 
•	 Human subjects
•	 English language
•	 Studies published between January 1, 

2005, and March 10, 2021 

•	 Indexed conference abstracts 
•	 Publication types not of interest
•	 Animal or preclinical studies
•	 Non-English language
•	 Studies published before January 

1, 2005

HDFN, hemolytic disease of the fetus and newborn; Rh, Rhesus. 
aPopulation, intervention, comparison, outcomes, and study (PICOS) design was used as a framework to 
formulate eligibility criteria.61
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Table S4a. Methodologic Quality of Selected Case Reports

JBI Critical Appraisal Checklist for Case Reports

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Total Score

Akdağ et al Yes Yes Yes Yes Yes No Yes Yes 7/8

Bek et al Yes No Yes Yes Yes Yes Yes Yes 7/8

Brumbaugh et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Colpo et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Fernández Alba et al Yes Yes Yes Yes Yes No Unc Yes 6/8

Haider et al Yes No Yes Yes Yes Yes Unc Yes 6/8

Hassan et al No Yes No Yes No Yes Yes Yes 5/8

Lakhwani et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Levy-Zauberman et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Manoura et al No Unc No Yes Yes Unc Unc Yes 3/8

PalÄ et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Rahimi-Sharbaf et al Yes Yes No Yes No No Unc Yes 4/8

Tara et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

Xu et al Yes Yes Yes Yes Yes Yes Yes Yes 8/8

JBI, Joanna Briggs Institute; Unc, unclear.
Q1: Were patient’s demographic characteristics clearly described?
Q2: Was the patient’s history clearly described and presented as a timeline?
Q3: Was the current clinical condition of the patient on presentation clearly described?
Q4: Were diagnostic tests or assessment methods and the results clearly described?
Q5: Was the intervention(s) or treatment procedure(s) clearly described?
Q6: Was the post-intervention clinical condition clearly described?
Q7: Were adverse events (harms) or unanticipated events identiÄed and described?
Q8: Does the case report provide takeaway lessons?

Table S4b. Methodologic Quality of Selected Case Series

JBI Critical Appraisal Checklist for Case Series

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Total Score

Fox et al Yes Yes Yes Yes Yes Yes Yes Yes Yes NA 9/9

Kriplani et al No Yes Yes Yes Unc Yes Yes Unc No NA 5/9

Mayer et al No Yes Yes Unc Unc Yes Yes Unc No NA 4/9

Navarro et al No Yes Yes Unc Unc Yes Yes Yes No NA 5/9

Nwogu et al Yes Yes Yes Yes Yes Yes Yes No Yes NA 8/9

Ruma et al Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10/10

Simonazzi et al No Yes Yes Unc Unc Yes Yes Yes No NA 5/9

JBI, Joanna Briggs Institute; Unc, unclear.
NA = Not applicable
Q1: Were there clear criteria for inclusion in the case series?
Q2: Was the condition measured in a standard, reliable way for all participants included in the case series?
Q3: Were valid methods used for identiÄcation of the condition for all participants included in the case series?
Q4: Did the case series have consecutive inclusion of participants?
Q5: Did the case series have complete inclusion of participants?
Q6: Was there clear reporting of the demographics of the participants in the study?
Q7: Was there clear reporting of clinical information of the participants?
Q8: Were the outcomes or follow up results of cases clearly reported?
Q9: Was there clear reporting of the presenting site(s)/clinic(s) demographic information?
Q10: Was statistical analysis appropriate?
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Table S4c. Methodologic Quality of Selected Retrospective Cohort Studies

Newcastle-Ottawa Scale (Retrospective Cohort Studies)

Selection Comparability Outcome

I1 I2 I3 I4 I5 I6 I7 I8 Total Score Quality

Al-Dughaishi 2016 * * * * * 5 Poor

Åžavkli 2020 * * * * * * * * 8 Good

Canlorbe 2011 * * * * * * * 7 Fair

Chatziantoniou 2017 * * * * * * * * 8 Good

Gottvall 2008 * * * * * * * * 8 Good

Gudlaugsson 2020 * * * * * * * * 8 Good

Karagol 2012 * * * * * * * * 8 Good

Lieberman 2020 * * * * * * * * 8 Good

Matijevic 2005 * * * * * * 6 Fair

Meraj 2015 * * * * * * 6 Fair 

Phung 2018 * * * * * * * 7 Fair

Rahimi-Levene 2020 * * * * * * * 7 Fair

Rath 2012 * * * * * * * * 8 Good

Rath 2013a * * * * * * * * 8 Good

Rath 2013b * * * * * * * * 8 Good

Ree 2019 * * * * * * * * 8 Good

Ree 2020a * * * * * * * * 8 Good

Ree 2020b * * * * * * * * 8 Good

Sainio 2015 * * * * * * * * 8 Good

Somerset 2006 * * * * * * * * 8 Good

Takci 2013 * * * * * * * 7 Fair

Tiblad 2011 * * * * * * * * 8 Good

Urutherakumar 2020 * * * * * * * 7 Fair

Van Den Akker 2008a * * * * * * * * 8 Good

Walsh 2013 * * * * * * * * 8 Good

Zwiers 2017 * * * * * * * * 8 Good

Zwiers 2018a * * * * * * * * 8 Good

Rath 2011 * * * * * * * * 8 Good

Raguz 2020 * * * * * * * 7 Fair

Zwiers 2018b * * * * * * * * 8 Good

I1:  Representativeness of the exposed cohort
I2:  Selection of the non-exposed cohort
I3:  Ascertainment of exposure
I4:  Demonstration that outcome of interest was not present at start of study
I5:  Comparability of cohorts on the basis of the design or analysis controlled for confounders
I6:  Assessment of outcome
I7:  Was follow-up long enough for outcomes to occur
I8:  Adequacy of follow-up of cohorts
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Table S4d. Methodologic Quality of Selected Prospective Cohort Studies

Newcastle-Ottawa Scale (Prospective Cohort Studies)

Selection Comparability Outcome

I1 I2 I3 I4 I5 I6 I7 I8 Total Score Quality

Bi 2019 * * * * * * * 7 Good

Craparo 2005 * * * * * * * 7 Good

de Assunção 2016 * * * * * * * * 8 Good

Dubey 2016 * * * * * * * * 8 Good

Sikkel 2005 * * * * * * * * 8 Good

Temel 2019 * * * * * * * * 8 Good

Harper 2006 * * * * * * * * 8 Good

Koelewijn 2008 * * * * * * * * 8 Good

I1:  Representativeness of the exposed cohort
I2:  Selection of the non-exposed cohort
I3:  Ascertainment of exposure
I4:  Demonstration that outcome of interest was not present at start of study
I5:  Comparability of cohorts on the basis of the design or analysis controlled for confounders
I6:  Assessment of outcome
I7:  Was follow-up long enough for outcomes to occur
I8:  Adequacy of follow-up of cohorts

Table S4e. Methodologic Quality of Bennardello et al(25)

Item Bennardello et al

Design

 Is the target population deÄned? Yes, all Italian Transfusion Structures

IRB approval and informed consent process

 IRB approval No report

 Informed consent No report

 Data protection No report

Development and pre-testing

 Development and testing The SIMTI set up a Working Group to 
design a multiple choice questionnaire

Recruitment process and description of the sample 

having access to the questionnaire

 Open survey versus closed survey Closed survey

 Contact mode Website, fax, or email

 Advertising the survey Internal communication within the 
organization
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Item Bennardello et al

Survey administration

 Web/e-mail Online entry was possible

 Context SIMTI website, speciÄcally for Italian 
Transfusion Structures

 Mandatory/voluntary Voluntary

 Incentives No incentives reported

 Time/date 2011

 Randomization of items or questionnaires NA

 Adaptive questioning No report

 Number of items 37 questions

 Number of screens (pages) 5 sections

 Completeness check The mean percentage of questions 
answered was 76%

 Review step No report

Response rates

 Unique site visitor The 280 Italian Transfusion Structures 
were invited via the SIMTI website

View rate (ratio of unique survey  visitors/unique site visitors) NA

Participation rate (ratio of unique visitors who  agreed to 

participate/unique Ärst survey page  visitors)

176/280 overall (participation rate 
diɈered be region)

 Completion rate (ratio of users who Änished the survey/users 
who agreed to participate)

164/280

Preventing multiple entries from the same individual

 Cookies used No report

 IP check No report

 Log Äle analysis No report

 Registration Yes, per Italian Transfusion Structure

Analysis

 Handling of incomplete questionnaires Incomplete questionnaires were 
included for analysis

Questionnaires submitted with an atypical  timestamp No report

 Statistical correction NA

IRB, institutional review board; NA, not applicable; SIMTI, The Italian Society of Transfusion Medicine 
and Immunohaematology.
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Table S5. Antenatal Treatments Reported in Studies With Representative Data

Citation Population D Only and/

or K Onlya

Treatment (%)b

IUT Only 

Santos 201345 4/46 infants treated with 
IVIGb,c

6/46 infants given 
placeboc

D
D

--
--

8.7*
13.0*

Dubey 201612 17/29 D -- 58.6

Chatziantoniou 20178 2/32 D -- 6.3*

Gottvall 200815 0/9 -- K 0

Gudlaugsson 202016 5/112 D -- 4.5*

Rath 201136 104/157 
28/34 

D
--

--
K

66
82

Rath 201339 61/103 D -- 59

Ree 201940 148/224 
35/39 

D
--

--
K

66
90

Bennardello 20134 8/111 
1/8 

D
--

--
K

7.2
12.5

IVIG Only

Mayer 201827 1/1
1/1

D
--

--
K

100
100

IUT+IVIG

Ree 202042 6/189 treated with 
IUT+IVIGd 

D -- 3.2*

2/46 treated with 
IUT+IVIGc 

-- K 4.3*

Other

Tara 201951 1/1 D -- TPE, 100

Gottvall 200815 10/71 D -- Maternal plasma exchange 
and/or high-dose IVIG, 14.1*

Nwogu 201830 5/5 D and/or K TPE, IVIG, and IUT, 100

PalÄ 200631 1/1 D -- TPE, IVIG, and IUT,100

Colpo 20179 1/1 D -- TPE, immunoadsorption, IVIG, and IUT, 100

Lakhwani 201122 1/1 -- K Plasmapheresis and IUT, 100

Fernandez Alba 201413 1/1 D -- Plasmapheresis and IVIG, 100

Zwiers 201860 8/24 D or K Plasmapheresis, IVIG, and IUT, 33.3*

Ruma 200743 9/9 D or K Plasmapheresis, IVIG, and IUT, 100

Bek 20193 1/1 D -- Plasmapheresis, IVIG, and IUT, 100

D, Rh(D); HDFN, hemolytic disease of the fetus and newborn; IUT, intrauterine transfusion; IVIG, intravenous 
immunoglobulin; K, Kell; Rh, Rhesus; TPE, therapeutic plasma exchange. 
aData were captured only for cases with immunization types of D only, K only, or both D and K only. 

bValues are as provided in reports, unless otherwise noted (*values that were calculated).
cStudied to evaluate the need for exchange transfusion among neonates randomly allocated to treatment 
with or without IVIG (both groups had intensive phototherapy).
dStudied for suppression of fetal erythropoiesis.
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Table S6. Hydrops Fetalis, Severe Fetal Anemia, and Adverse Events/Complications Reported in Studies 
With Representative Data

Citation Patient Group N D Only and/

or  K Onlya

Events (n/N [%]b)

Hydrops Fetalis

Craparo 200510 Pregnancies treated with IUT 31 D -- 7/31 (23)

de Assuncão 
201611

Pregnancies treated with IUT 13 D -- 3/13 (23.1)

Sikkel 200547 IUTs 41 D -- 4/41 (9.8)

IUTs 3 -- K 2/3 (66.7)

Al-Dughaishi 20162 Pregnant women 8 D and/or K 0/8 (0)

Canlorbe 20117 IUTs performed <20 weeks’ gestation 25 D or K 11/25 (44)*

Karagol 201220 Neonates 5 -- K 0/5 (0)

Matijevic 200526 Pregnancies 15
1

D
--

--
K

3/15 (18.8)*
0/1 (0)

Meraj 201528 Fetuses treated with IUT 8 D -- 4/8 (50)

Fetuses treated with IUT, hydropic 4 D -- 4/4 (100)

Fetuses treated with IUT, non-
hydropic 

4 D -- 0/4 (0)

Phung 201832 Fetuses treated with IUT for isolated 
D-mediated HDFN

29 D -- 4/29 (13.8)

Rath 201339 Neonates 103 D -- 2/103 (1.9)

Somerset 200649 Pregnancies complicated by fetal 
anemia requiring IUT

57 D -- 15/57 (26.3)*

7 -- K 2/7 (28.6)*

Sainio 201544 Pregnancies 104 D or K 12/104 (11.5)

8 -- K 3/8 (37.5)

Intrauterine deaths associated with 
IUTs

3 D -- 1/3 (33.3)*

1 -- K 1/1 (100)*

Şavkli 202046 Pregnancies treated with IUT 42 D -- 14/42 (33.3)

IUTs in pregnancies where fetuses 
were hydropic at Ärst IUT

51 D -- 51/51 (100)

IUTs in pregnancies where fetuses 
were not hydropic at Ärst IUT

59 D -- 0/59 (0)

van den Akker 
200855

Fetuses 42 -- K 15/42 (36) (severe)
9/42 (21) (mild)*

Severely hydropic fetuses 15 -- K 15/15 (100) (severe)

Walsh 201356 Fetuses 26 D -- 0/26 (0)

11 -- K 2/11 (17)

Zwiers 201859 Fetuses, 1999 onward cohort 334 D -- 40/338 (12)

Fetuses, 1999 onward cohort 65 -- K 21/65 (32)
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Citation Patient Group N D Only and/

or  K Onlya

Events (n/N [%]b)

Zwiers 201860 Unadjusted data, IVIG group 24 D or K 1/24 (4)

Unadjusted data, non-IVIG group 28 D or K 7/28 (24)

Weighted data,c IVIG group 24 D or K 1/24 (4)

Weighted data,c non-IVIG group 25 D or K 12/25 (46)

Kriplani 200721 Pregnancies 4 D -- 2/4 (50)*

Nwogu 201830 Fetuses, D-mediated HDFN, antenatal 
treatment with IVIG and IUT

3 D -- 0/3 (0)

Fetuses, D- and K-mediated HDFN 1 D K 0/1 (0)

Fetuses, K-mediated HDFN 1 -- K 0/1 (0)

Severe Fetal Anemiad

Canlorbe 20117 Pregnancies with IUTs performed/
attempted ≤20 weeks’ gestation

18 D or K 18/18 (100)

Adverse Events/Complications

Dubey 201612 Pregnancies 29 D -- Adverse serological 
outcomes, 17/29 

(58.8)

Temel Yüksel 
201952

Fetuses treated with IUT 17 D --

non-reassuring fetal 
heart rate tracing, 

3/17 (17.6)

Canlorbe 20117 IUTs performed <20 weeks’ gestation 25 D or K Failed intravascular 
transfusion, 2/25 (8)*; 
bradycardia, 1/25 (4)*

Matijevic 200526 Pregnancies 15 D -- Fetal death, 2/15 
(13.3)*

1 -- K Fetal death, 0/1 (0)

Sainio 201544 Pregnancies 104
86

D or K Fetal death, 4/104 
(3.8)

Fetal death, 3/86 (3.5)

D --

8 -- K Fetal death, 1/8 (1.3)

104 D or K Severe fetal 
bradycardia requiring 
immediate cesarean 
section, 11/104 (10.6)

104 D or K Infection, PROM, or 
spontaneous preterm
delivery <32 weeks of 
gestation, 9/104 (8.7)

IUTs 339 D or K Fetal death, 4/339 
(1.2)

339 D or K Severe fetal 
bradycardia requiring 

immediate
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Citation Patient Group N D Only and/

or  K Onlya

Events (n/N [%]b)

cesarean section, 
11/339 (3.2)

339 D or K Infection, PROM, or 
spontaneous preterm 
delivery <32 weeks of 
gestation, 9/339 (2.7)*

Intrauterine deaths associated with 
IUTs

3 D -- PROM, 1/3 (33.3)*;
infection, 1/3 (33.3)*

1 -- K 0/1 (0)

Şavkli 202046 IUTs 110 D -- 13-110 (11.8) (PROM, 
0/110; preterm labor; 

2/110 (1.8)*; 
fetal distress, 5/110 
(4.5)*; fetal death, 

6/110 (5.5)*

Somerset 200649 Anemic fetuses 57 D -- Bradycardia, 7/57 
(12.3)*;

spontaneous rupture 
of membranes, 3/57 

(5.3)*;
chorioamnionitis, 

1/57 (1.8)*;
immediate delivery 

3/57 (5.3)*

Anemic fetuses 7 -- K Bradycardia, 1/7 
(14.3)*;

spontaneous rupture 
of membranes, 0/7 

(0);
chorioamnionitis, 1/7 

(14.3)*;
immediate delivery, 

0/7 (0)

Zwiers 201860 Unadjusted data, women managed 
without IVIG 

28 D or K PROM/premature 
delivery, 1/28 (3.7)

Ruma 200743 Pregnancies 9 D or K 4/9 (44) (IVIG 
associated: 

headache, 2/9 [22.2]*; 
chest congestion, 

1/9 [11.1]*; mild 
Åushing and 

pruritis, 1/9 [11.1]*; 
plasmapheresis 

associated: 0/9 [0])

D, Rh(D); HDFN, hemolytic disease of the fetus and newborn; IUT, intrauterine transfusion; IVIG, intravenous 
immunoglobulin; K, Kell; NICU, neonatal intensive care unit; PROM, premature rupture of membranes; Rh, 
Rhesus; SD, standard deviation. 
aData were captured only for cases with immunization types of D only, K only, or both D and K only. 

bValues are as provided in reports, unless otherwise noted (*for values that were calculated).
cData were corrected for the probability that women would be selected for IVIG treatment by their caregivers 
in the index pregnancy. Propensity scores were calculated using gestational age at onset of anemia in the 
previous pregnancy, interval between pregnancies, number of previous births, type of alloimmunization, 
maternal body mass index, and number of IUTs in the previous pregnancy.
d≥5 SDs from fetal hemoglobin reference value (15 g/dL). 1 SD=1 g/dL diɈerence from the reference value.
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Table S7. IVIG Treatment Response and Associated Mortality

Citation Patient Group N D Only 

and/or K 

Onlya 

Treatment (n/N [%]b) Treatment Response

IVIG Treatment Response

Ree 202042 Fetuses 189 D -- IUT only, 183/189 (96.8)*;
IVIG+IUT, 6/189 (3.2)*

62% decline in 
absolute reticulocyte 

counta

Fetuses 46 -- K IUT only, 44/46 (95.6)*;
IVIG+IUT, 2/46 (4.4)*

32% decline in 
absolute reticulocyte 

counta

Zwiers 
201860

Unadjusted data, 
women managed 
with IVIG 

24 D or K IVIG+IUT, 24/24 (100);
plasmapheresis, 8/24 (33.3)

Delay of the need for 
IUT was on average 15 
gestational days later 

Weighted data,c 
women managed 
with IVIG 

24 D or K IVIG+IUT, 24/24 (100); 
plasmapheresis, 4/24 (15)

Delay of the need for 
IUT was on average 0 
gestational days later 

Bek 20193 Pregnancy 1 D -- DFPP and IUT+IVIG, 1/1 (100) Successful delivery at 
30 weeks’ gestation

Colpo 20179 Pregnancy 1 D -- TPE and IA + IVIG, 1/1 (100) Patient required IUT 
because of severe 
fetal anemia at 30 
weeks’ gestation

Fernandez 
Alba 201413

Pregnancy 1 D -- Plasmapheresis and IVIG, 
1/1 (100)

No need for IUT until 
delivery

Mayer 201827 Pregnancies 2 D or K IVIG, 2/2 (100) IUT was prevented in 
both cases 

IVIG-associated Mortality

Fox 200814 Pregnancies with 
prior pregnancy 
where fetus was 
hydropic and 
severely anemic 
before 20 weeks’ 
gestation associated 
with a high perinatal 
mortality

6 D or K IVT±IVIG, 6/6 (100) 1/6 (16.7)*

2 D -- IVT only, 2/2 (100) 1/2 (50)*

3 D -- IVT+IVIG, 3/3 (100) 0/3 (0)

1 -- K IVT+IVIG, 1/1 (100) 0/1 (0)

Kriplani 
200721

Pregnancies 4 D -- IUT+IVIG, 4/4 (100) 0/0 (0)

Ruma 200743 Pregnancies, all 9 D or K Plasmapheresis+IVIG+
IUT, 9/9 (100)

0/0 (0)

D, Rh(D); DFPP, double-Ältration plasmapheresis; IA, immunoadsorption; IUT, intrauterine transfusion; IVIG, 
intravenous immunoglobulin; IVT, intravascular infusion; K, Kell; Rh, Rhesus; TPE, therapeutic plasma exchange. 
aData were captured only for cases with immunization types of D only, K only, or both D and K only. 

bValues are as provided in reports, unless otherwise noted (*for values that were calculated).
cData were corrected for the probability that women would be selected for IVIG treatment by their caregivers in 
the index pregnancy. Propensity scores were calculated using gestational age at onset of anemia in the previous 
pregnancy, interval between pregnancies, number of previous births, type of alloimmunization, maternal body mass 
index, and number of IUTs in the previous pregnancy.
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Table S8. Overall Fetal Mortality Associated With HDFN

Citation Patient Group N D Only 

and/or K 

Onlya

Treatment (n/N [%]b) Mortality 

Rate (n/N 

[%])

Craparo 200510 Pregnancies treated with IUT 31 D -- IUT, 31/31 (100) 4/31 (12.9)*

Canlorbe 20117 Pregnancies with IUT <20 
weeks’ gestation

18 D or K IUT, 18/18 (100) 3/18 (16.7)*

Lieberman 
202024

Mothers 16 D -- No treatment, 16/16 
(100)

0/16 (0)

Mothers 2 -- K No treatment, 2/2 
(100)

0/2 (0)

Matijevic 
200526

Pregnancies 23 D or K IUIVT, 9/13 (39.1)* 
(9/13* who had 
cordocentesis);
No IUIVT, 4/13 

(60.9)* (4/13 who had 
cordocentesis + 10/23 

who did not have 
cordocentesis) 

3/23 (13.0)

Meraj 201528 Fetuses treated with IUT 8 D -- IUT, 8/8 (100) 1/8 (12.5)*

Phung 201832 Fetuses, isolated D-mediated 
HDFN treated with IUT 

29 D -- IUT, 29/29 (100) 2/29 (6.9)

Sainio 201544 Pregnancies 94 D or K IUT, 94/94 (100) 4/94 (3.8)

86 D -- IUT, 86/86 (100) 3/86 (3.5)*

8 -- K IUT, 8/8 (100) 1/8 (12.5)

Şavkli 202046 Pregnancies treated with IUTs 42 D -- IUT, 42/42 (100) 6/42 (14.3)

Somerset 
200649

Anemic fetuses 57 D -- IUT, 57/57 (100) 5/57 (8.8)*

Anemic fetuses 7 -- K IUT, 7/7 (100) 1/7 (14.3)*

Tiblad 201153 Fetus (case #511) 1 D -- IUT, 1/1 (100) 0/1 (0)

Fetus (case #512) 1 D -- IUT, 1/1 (100) 0/1 (0)

Fetus (case #514) 1 D -- IUT, 1/1 (100) 0/1 (0)

Fetus (case #518; 1991 
pregnancy)

1 D -- IUT, 1/1 (100) 1/1 (100)

Fetus (case #518; 1993 
pregnancy)

1 D -- IUT, 1/1 (100) 0/1 (0)

Fetus (case #249) 1 D -- IUT, 1/1 (100) 1/1 (100)

van den Akker 
200855

Severely hydropic fetuses 15 -- K IUT, 15/15 (100) 2/15 (13)

Walsh 201356 Fetus 11 -- K IUT, 11/11 (100) 1/11 (9.1)

Zwiers 201758 Fetus 1 D -- IUT, 1/1 (100);
interstitial laser, 1/1 

(100)

1/1 (100)d

Zwiers 201860 Unadjusted data, women 
managed with no IVIG 

28 D or K IUT, 28/28 (100) 4/28 (15)

Weighted data,c women 
managed with no IVIG 

25 D or K IUT, 25/25 (100) 3/25 (12)
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Citation Patient Group N D Only 

and/or K 

Onlya

Treatment (n/N [%]b) Mortality 

Rate (n/N 

[%])

Fox 200814 Pregnancies with whom in 
a previous pregnancy the 
fetus had been hydropic and 
severely anemic prior to 20 
weeks’ gestation associated 
with a high perinatal mortality

5 D or K IVT±IVIG, 5/5 (100) 1/5 (20)

2 D -- IVT only, 2/2 (100) 1/2 (50)*

2 D -- IVT+IVIG, 2/2 (100) 0/2 (0)

1 -- K IVT+IVIG, 1/1 (100) 0/1 (0)

Kriplani 200721 Pregnancies 4 D -- IUT+IVIG, 4/4 (100) 0/4 (0)

Lakhwani 
201122

Pregnancy 1 -- K Plasmapheresis+IUT, 
1/1 (100)

0/1 (0)

Ruma 200743 Pregnancies, all 9 D or K Plasmapheresis+
IVIG+IUT, 9/9 (100)

0/9 (0)

Simonazzi 
201648

Pregnancy (case # 1) 1 D -- IUT, 1/1 (100) 1/1 (100)

D, Rh(D); HDFN, hemolytic disease of the fetus and newborn; IUIVT, intrauterine intravascular transfusion; IUT, 
intrauterine transfusion; IVIG, intravenous immunoglobulin; IVT, intravascular infusion; K, Kell; Rh, Rhesus. 
aData were captured only for cases with immunization types of D only, K only, or both D and K only. 

bValues are as provided in reports, unless otherwise noted (*for values that were calculated).
cData were corrected for the probability that women would be selected for IVIG treatment by their caregivers 
in the index pregnancy. Propensity scores were calculated using gestational age at onset of anemia in the 
previous pregnancy, interval between pregnancies, number of previous births, type of alloimmunization, 
maternal body mass index, and number of IUTs in the previous pregnancy.
dDuring the study period, 39 cases of fetal or neonatal death occurred after IUT, of which 10 occurred from 
2001 onward. However, number of fetal versus neonatal deaths were not reported separately.
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SUPPLEMENTAL FIGURES 

Figure S1. Mean Rate of Procedure-related Complications After IUT (Per Procedure [A] and Per Fetus [B]). 
12,26,30,32,43,44,46,49,52,60

CS, cesarean section; IUT, intrauterine transfusion; PROM, preterm rupture of membranes. 
aAdverse serological outcome was deÄned as the development of additional maternal antibodies to anti-D 
and/or a ≥4-fold enhancement of antibody titer.12
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Appendix S1. Search Strategy

# Description Search String Hits

S1 Disease state (EMB.EXACT.EXPLODE("newborn hemolytic disease") OR 
MESH.EXACT.EXPLODE("Erythroblastosis, Fetal")) AND 
(TI,AB(HDFN OR ((hemolytic OR haemolytic) NEAR/3 
(fetus OR newborn OR foetus)))) OR TI,AB(“hemolytic 
disease of the fetus and newborn” OR “haemolytic disease 
of the fetus and newborn” OR “hemolytic disease of the 
foetus and newborn” OR “haemolytic disease of the foetus 
and newborn” OR “hemolytic disease of the newborn” 
OR “haemolytic disease of the newborn” OR HDFN) OR 
EMB.EXACT.EXPLODE("alloimmunization") OR (“maternal 
alloimmunization”) OR (“red cell alloimmunization”)

12,499a

S2 Intervention/treatment 
setting 

EMB.EXACT("intrauterine blood transfusion") OR 
EMB.EX ACT("feta l therapy") OR EMB.EX ACT.
EXPLODE("neonatal intensive care unit") OR MESH.EXACT.
EXPLODE("Fetal Therapies") OR MESH.EXACT("Intensive 
Care Units, Neonatal") OR EMB.EXACT("immunoglobulin") 
OR MESH.EXACT("Immunoglobulins, Intravenous") OR 
EMB.EXACT.EXPLODE("plasma exchange") OR MESH.
EXACT.EXPLODE("Plasma Exchange") OR (“therapeutic 
plasma exchange”) OR (“neonatal transfusion”) OR EMB.
EXACT.EXPLODE("exchange blood transfusion") OR 
(“neonatal exchange transfusion”)

233,001a

S3 Clinical outcomes MESH.EXACT("Mortality") OR EMB.EXACT("mortality") 
OR EMB.EXACT("infant mortality") OR MESH.EXACT.
EXPLODE("Infant Mortality") OR MESH.EXACT(Morbidity) 
OR EMB.EX ACT(morbidi ty) OR MESH.EX ACT.
EXPLODE("Anemia, Neonatal") OR MESH.EXACT.
EXPLODE("Hyperbilirubinemia") OR MESH.EXACT("Fetal 
Blood") OR MESH.EXACT("Perinatal Death") OR MESH.
EXACT("Fetal Death") OR EMB.EXACT("newborn jaundice") 
OR EMB.EXACT("neonatal hyperbilirubinemia") OR EMB.
EXACT("anemia") OR EMB.EXACT("hyperbilirubinemia") 
OR EMB.EXACT.EXPLODE("perinatal morbidity") OR 
EMB.EXACT("newborn death") OR EMB.EXACT("fetus 
death") OR EMB.EXACT("rhesus incompatibility") OR 
(late NEAR/3 anemia) OR TI,AB(complication*) OR 
TI,AB(adverse /NEAR1 (eɈect* OR reaction* OR event*)) 
OR MESH.EXACT("Hydrops Fetalis") OR EMB.EXACT.
EXPLODE("edema") OR EMB.EXACT.EXPLODE("fetus 
hydrops") OR MESH.EXACT.EXPLODE("Premature Birth") 
OR EMB.EXACT.EXPLODE("prematurity") OR (emergency 
NEAR/2 childbirth OR delivery OR cesarean section) OR 
MESH.EXACT.EXPLODE("Respiration, ArtiÄcial") OR EMB.
EXACT("artiÄcial ventilation") OR MESH.EXACT("Heart 
Failure") OR EMB.EXACT("heart failure")

6,724,924a

S4 Combined disease state 
and outcomes of interest

S1 AND S2 1,903b

S5 Combined disease state 
and outcomes of interest

S1 AND S3 3,619b

S6 Total hits S4 OR S5 5,069a

S7 Final hits published 
between January 1, 2005, 
and March 10, 2021 

S6 AND publication date (>2004) 2,518b

aDuplicates were removed from the search but included in the result count.
bDuplicates were removed from the search and from the result count.
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Appendix S2. Search Strategy for the Humanistic and Economic Burden

# Description Search String Hits

S1 Disease state (EMB.EXACT.EXPLODE("newborn hemolytic disease") OR 
MESH.EXACT.EXPLODE("Erythroblastosis, Fetal")) AND 
(TI,AB(HDFN OR ((hemolytic OR haemolytic) NEAR/3 (fetus 
OR newborn OR foetus)))) OR TI,AB(“hemolytic disease 
of the fetus and newborn” OR “haemolytic disease of the 
fetus and newborn” OR “hemolytic disease of the foetus 
and newborn” OR “haemolytic disease of the foetus and 
newborn” OR “hemolytic disease of the newborn” OR 
“haemolytic disease of the newborn” OR HDFN) OR EMB.
EXACT.EXPLODE("alloimmunization") OR (“maternal 
alloimmunization”) OR (“red cell alloimmunization”)

 12499* 

S2 Intervention/ Tx setting  EMB.EXACT("intrauterine blood transfusion") OR EMB.
EXACT("fetal therapy") OR EMB.EXACT.EXPLODE("neonatal 
intensive care unit") OR MESH.EXACT.EXPLODE("Fetal 
Therapies") OR MESH.EXACT("Intensive Care Units, 
Neonatal") OR EMB.EXACT("immunoglobulin") OR 
MESH.EXACT("Immunoglobulins, Intravenous") OR EMB.
EXACT.EXPLODE("plasma exchange") OR MESH.EXACT.
EXPLODE("Plasma Exchange") OR (“therapeutic plasma 
exchange”) OR (“neonatal transfusion”) OR EMB.EXACT.
EXPLODE("exchange blood transfusion") OR (“neonatal 
exchange transfusion”)

 233001* 

S3 Humanistic Outcomes EMB.EXACT(“International ClassiÄcation of Functioning, 
Disability and Health” OR “quality of life” OR “short form 
36” OR “patient reported outcome” OR “patient preference” 
OR “questionnaire” OR “quality adjusted life years”) OR 
EMB.EXACT.EXPLODE(“health status indicator”) OR 
MESH.EXACT(“International ClassiÄcation of Functioning, 
Disability and Health” OR “Quality of Life” OR “Value of Life” 
OR “Patient Reported Outcome Measures” OR “Patient 
Preference” OR Questionnaires OR “Quality-Adjusted 
Life Years”) OR MESH.EXACT.EXPLODE(“Health Status 
Indicators”) OR TI,AB(burden OR (impact NEAR/3 (caregiver 
OR family OR families OR society OR societal or patient OR 
person)) OR “unmet need” OR “disability adjusted” OR DALY* 
OR “dartmouth coop” OR “Duke health proÄle” OR EQ OR 
(EURO NEAR/2 (QUAL OR QOL)) OR ((daily OR day) NEAR/3 
activit*) OR “functional status” OR FSQ OR (function* 
NEAR/5 (reduc* OR impair* OR decrease* OR impact*)) OR 
“quality of life” OR QOL OR hrqol OR hrql OR hql OR hqol 
OR “hr qol” OR “h qol” OR “life quality” OR (health NEAR/3 
(status OR indicator*)) OR “Nottingham health” OR NHP OR 
PQOL OR “perceived quality” OR QLS OR “quality of life 
scale” OR wellbeing OR “well being” OR QWB OR rosser OR 
SF OR “short form” OR “shortform*” OR “sickness impact” 
OR SIP OR “patient reported” OR “self reported” OR QALY* 
OR QALD* OR QALE* OR QTIME* OR (utilit* NEAR/3 (valu* 
OR measur* OR health OR life OR estimat* OR elicit* OR 
disease OR score* OR weight OR instrument OR instruments 
OR index)) OR “quality adjusted” OR “life year*” OR “health 
year*” OR disutilit* OR “willingness to pay” OR WTP OR 
(preference* NEAR/3 (valu* OR measur* OR health OR life OR 
estimat* OR elicit* OR disease OR score* OR instrument OR 
instruments OR index)) OR “healthy utility index” OR hui OR 
“standard gamble” OR “time trade oɈ” OR “time tradeoɈ” 
OR TTO OR “health assessment questionnaire” OR “health 
assessment questionnaires” OR HAQ OR (humanistic AND 
burden))

 4018894* 
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# Description Search String Hits

S4 Economic Outcomes MESH.EXACT(“Cost of Illness” OR “Economics, Hospital” 
OR “Economics, Nursing” OR “Economics, Pharmaceutical” 
OR “Fees and Charges” OR “Economics, Dental” OR 
“Employer Health Costs” OR “Eɉciency” OR “Presenteeism” 
OR “Absenteeism”) OR MESH.EXACT.EXPLODE(“Health 
Care Costs” OR “Health Expenditures” OR “Economics, 
Medical” OR “Salaries and Fringe BeneÄts”) OR EMB.
EXACT(“cost of illness” OR “drug cost” OR “productivity” 
OR “medical leave” OR “presenteeism” OR “absenteeism”) 
OR EMB.EXACT.EXPLODE(“health care cost” OR “salary 
and fringe beneÄt”) OR TI,AB(presenteeism OR absenteeism 
OR (cost* NEAR/3 (medical OR direct OR indirect OR 
drug OR pharmaceutical OR hospital OR emergency OR 
outpatient OR inpatient OR ambulatory OR “primary care” 
OR practitioner OR device OR informal OR economic OR 
societal OR intangible OR caregiver OR physician OR 
specialist OR healthcare OR “health care” OR annual* OR 
clinic)) OR ((burden OR impact) NEAR/3 (cost OR costs OR 
economic OR economics OR caregiver OR caregivers OR 
family OR families OR society OR societal OR employee OR 
employer)) OR (los* AND work AND day*) OR “sick day” OR 
“sick leave” OR “sickness absence” OR “work absence” OR 
“work incapacity” OR “work leave” OR “disability absence” 
OR ((resource OR healthcare OR “health care”) NEAR/5 
(use OR utilization OR utilisation)) OR ((visit* OR admission* 
OR readmission* OR stay* OR day*) NEAR/3 (physician OR 
emergency OR specialist OR outpatient OR inpatient OR 
“primary care” OR practitioner OR hospital OR clinic)) OR 
hospitalization OR hospitalisation OR “length of stay” OR 
“LOS” OR (burden AND Änancial))

 2205185* 

S5 Combined disease state 
and outcomes of interest

S1 AND S2  1903°

S6 S1 AND S3  329°

S7 S1 AND S4  344°

S8 Total Hits S5 OR S6 OR S7  2387° 

S9 Final hits published on 
or after 2005

S8 and PD(>2004) 1441°

* Duplicates are removed from the search but included in the result count.
° Duplicates are removed from the search and from the result count.




