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Abstract
Introduction: In this study we performed a retrospective chart review of alloim-
munized pregnancies undergoingmonitoring for hemolytic disease of the fetus and
newborn (HDFN) in a cohort with known fetal antigen (FA) status. The objective
was to compare fetal monitoring with titers andmiddle cerebral artery peak systolic
velocity Doppler (MCA-PSV Doppler) in FA-negative and FA-positive pregnancies
and to understand downstream impacts of screening with titers in FA-negative
pregnancies.
Methods: Retrospective chart review of alloimmunized pregnant patients who
underwent FA cell-free DNA (cfDNA) analysis and participated in a registry in
which neonatal genotyping was performed to confirm FA cfDNA results. Patients
were divided into FA-positive or FA-negative cohorts based on the FA genotypes.
Medical records were reviewed to characterize monitoring for anemia, titer results,
MCA-PSV Doppler results, and whether interventions were performed. Fischer’s
exact or chi-square tests were performed as appropriate to ascertain differences
between the cohorts.
Results: Sixty-nine alloimmunized pregnant individuals were included. Forty
pregnancies (58%) were FA positive. Of 29 FA-positive pregnancies who had titers
more than once, 20 (69%) had titers that rose over two or more time points. There
were 29 FA-negative pregnancies (42%). Of 20 FA-negative pregnancies that under-
went titers more than once, 10 (50%) had titers that rose over two or more time
points. The FA-positive and FA-negative cohorts had similar proportions of preg-
nancies that reached critical titers—70% (28/40) and 69% (20/29), respectively. In
the FA-positive cohort 14 of 34 participants who underwent MCA-PSV Doppler
reached greater than 1.5 multiples of themedian (MoM), suggestive of fetal anemia.
One patient in the FA-negative cohort reached 1.5 MoM.
Conclusions: Titers frequently yield elevations that, while reflective of maternal
alloimmunization, are not indicative of positive FA status or risk for HDFN in
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antigen-negative pregnancies. Such results lead to unnecessarymonitoring, includ-
ing MCA-PSV Doppler as well as invasive interventions. These outcomes can be
avoided using methods including FA cfDNA, which has been shown to be highly
accurate. These results suggest that monitoring for fetal anemia should be discon-
tinued if FA cfDNA has determined the FA status is negative, as this will reduce
downstream burdens and risks to alloimmunized patients who are not at risk for
HDFN.

KEYWORDS
alloimmunization, antibody titers, cell-free DNA (cfDNA), hemolytic disease of the fetus and
newborn (HDFN), noninvasive prenatal testing (NIPT)

1 INTRODUCTION

Hemolytic disease of the fetus and newborn (HDFN) is
a potentially life-threatening form of anemia caused by
alloimmunization, a sensitization to red blood cell anti-
gens impacting approximately 1.5% of pregnancies in the
United States [1]. A fetus is at risk for HDFN only if it
is antigen positive for the antigen to which the pregnant
patient is alloimmunized. Current guidelines from the
AmericanCollege ofObstetrics andGynecologists (ACOG)
recommend ascertaining fetal risk by determining pater-
nal antigen genotype and/or amniocentesis if paternal
testing is not possible or inconclusive [2]. The fetal anti-
gen (FA) status can then be used to guide management,
including proceeding with monitoring for fetal anemia
only when the fetus is antigen positive [2]. In Septem-
ber 2022, the first assay became clinically available in the
United States for determining FA status utilizing cell-free
DNA (cfDNA) for the following antigens: Kell, Fya [also
known as Fy(a+)], big C, little c, big E, and D (RhD) [3]. In
August 2024, ACOG issued a clinical practice update not-
ing that when amniocentesis is declined, FA cfDNA may
be considered, specifically stating that “it is reasonable to
use it [FA NIPT] as an alternative tool for fetal RHD test-
ing among alloimmunized patients with potentially at-risk
pregnancies who decline amniocentesis,” and “Cell-free
DNA for the assessment of selected non–Rh-D red blood
cell antigens may be considered for pregnant patients
declining amniocentesis, after weighing cost, access, and
the encouraging-yet-limited data supporting its use” [4].
This guidance is in contrast with consensus guidelines as
well as guidance and practice inmanyEuropean countries,
which rely on the use of cfDNA isolated from maternal
plasma to determine the FA genotype [5–7].
If a fetus is identified as being at risk for HDFN or if the

risk is uncertain, ACOG advises the use of serial antibody
titers to guidemanagement, with the following exceptions:
(1) the pregnant patient is alloimmunized to the Kell anti-

gen or (2) the pregnant patient has had a fetus or neonate
previously affected with HDFN, stating that “Serial titers
are not useful for monitoring fetal status when the mother
has had a previously affected fetus or neonate” and “Kell
antibodies do not correlate with fetal status” [2]. Of note,
the management of alloimmunized pregnant patients—
particularly those alloimmunized to Kell—is variable, and
many clinicians do employ serial titers for Kell but utilize a
lower threshold of 4 for a critical titer (for most antigens, a
threshold of 16 is commonly used) [8]. If the patient’s titers
reach critical levels, then middle cerebral artery peak sys-
tolic velocity Doppler (MCA-PSV Doppler) is performed
to screen for fetal anemia. MCA-PSV Doppler is also used
to screen for fetal anemia for patients alloimmunized to
Kell or with prior pregnancies affected with HDFN when
their fetus is either antigen positive or the FA status is
unknown [2]. Some providers initiate screening for fetal
anemia withMCA-PSVDoppler prior to reaching a critical
titer, for example, in the setting of rising titers.
Prior to the availability of FA cfDNA testing in the

United States, the only option for alloimmunized preg-
nant patients whose fetus’s risk for HDFN could not
be clarified by paternal testing was amniocentesis. If
they declined invasive testing, they underwent time-
consuming and costly monitoring via serial titers and/or
MCA-PSV Doppler. For approximately 50% of pregnant
patients, this monitoring is unnecessary, as they carry an
antigen-negative fetus, which is therefore not at risk for
HDFN [9]. However, alloimmunized patients carrying
antigen-negative fetuses can reach critical titer levels,
despite not being at risk, though the reasons for this
phenomenon are not well-described in the medical liter-
ature [10]. Additionally, MCA-PSV Doppler has a known
false-positive rate of 12% and can lead to unnecessary
invasive testing such as percutaneous umbilical cord
sampling (PUBS) and intrauterine transfusion (IUT) [11,
12]. False-positive results frommonitoring can also lead to
iatrogenic late preterm and early term induction of labor
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due to concerns for fetal anemia, which increases risk for
neonatal complications as well as causing unnecessary
stress for prospective parents [13].
For US-based patients alloimmunized to antigens for

which FA cfDNA analysis is clinically available, this test-
ing, available as early as 9 weeks’ gestational age (GA),
presents an opportunity to avoid burdensome and costly
monitoring and unnecessary invasive procedures for FA-
negative pregnancies. Prior studies have demonstrated
100% accuracy of a next-generation sequencing-based FA
cfDNAassay utilizing quantitative counting template tech-
nology by determining concordance between clinical FA
cfDNA results and postnatal genotyping of the neonate
resulting from the alloimmunized pregnancy. These stud-
ies included 186 alloimmunized pregnancies for which a
total of 558 FA calls were made [3, 9]. This study expands
on that previous work utilizing chart reviews of 69 preg-
nancies from the same registry cohort, all of which had
neonatal genotyping that was 100% concordant with FA
cfDNA results.
The key objective of this study is to compare fetal mon-

itoring with titers and MCA-PSV Doppler in both the
FA-negative and FA-positive pregnancies, and to gain a
better understanding of the downstream impact of screen-
ingwith titers in knownFA-negative pregnancies. Our aim
is for these data to be used to inform decisions regard-
ing the risks and benefits of continuing or discontinuing
screening for fetal anemia in the setting of a fetus predicted
to be antigen negative with FA cfDNA testing.

2 MATERIALS ANDMETHODS

2.1 Participants

Participants in this study are part of an IRB-approved
patient registry for individuals who underwent clinical FA
cfDNA analysis due to an alloimmunized pregnancy. As
part of the registry, all participants had their FA cfDNA
results confirmed via neonatal genotyping (the patient reg-
istry also includes the neonates resulting from the alloim-
munized pregnancies). Providers guided patient care and
neither the registry nor the observational retrospective
chart review entailed any alterations or interventions in
clinical care. All participants and/or guardians provided
written informed consent to participate in the registry.
Details of the inclusion criteria for the registry have been
previously published and include that the patient was
alloimmunized to at least one of the following antigens for
which clinical FA cfDNA analysis is clinically available in
the United States: Kell, Fya, big C, little c, big E, or D. In
the prior study, we demonstrated complete concordance
between FA cfDNA results and neonatal antigen genotyp-

ing from an independent laboratory for all but one partic-
ipant who had inconclusive neonatal genotyping results
(that participant was excluded from the current study) [9].
The inclusion criteria for this study required that reg-

istry participants have obstetricalmedical records available
from the pregnancy in which FA cfDNA testing was per-
formed via a healthcare interoperability network. The
records had to meet the following criteria: (1) include a
minimum of four obstetrical records from different time
points within the pregnancy and (2) at least one of those
recordsmust be fromwithin 5 weeks prior to the estimated
date of delivery (or within 1 week of delivery if the patient
delivered prior to 35 weeks’ GA). The requirement to have
at least one record from within 5 weeks prior to the esti-
mated date of delivery was chosen to be consistent with
consensus guidance that states IUTs are not recommended
past 35 weeks’ GA. Therefore, we expect to capture moni-
toring and/or interventions performed in participants who
did not have records available beyond the 35th week of
pregnancy, as it is unlikely that any interventions or newly
initiated monitoring will take place beyond 35 weeks’ GA.

2.2 Retrospective chart review

Retrospective chart reviews were performed for the preg-
nancy for which FA cfDNA testing was ordered. Data
abstracted during chart review included demographic
characteristics, the antigens to which the pregnant patient
was alloimmunized, information on monitoring for fetal
anemia, and whether any interventions such as PUBS
or IUTs were performed. Data regarding patient referral
patterns were not included in the analysis; however, obser-
vationally, the most common pattern entailed a patient
receiving a type and screen from an obstetrician and
then being referred to a maternal-fetal medicine special-
ist following a positive antibody screen. A team of three
researchers performed the chart reviews, including two
genetic counselors and a trained research associate. All
pregnancies underwent two rounds of chart review by two
separate reviewers. Reviewers met weekly to discuss and
resolve discrepancies.

2.3 Data analysis

Registry participants were divided into two cohorts: the
FA-negative cohort and the FA-positive cohort. Partici-
pants alloimmunized to more than one antigen on the FA
cfDNA panel were included in the FA-positive cohort if at
least one antigen was positive in the fetus.
Data points compared between the two cohorts included

the number and percentage of patients who underwent
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TABLE 1 Participants’ FA status and gestational age.

Fetal antigen (FA) statusa Participants (n) Participants (%)

FA positive 40 58
FA negative 29 42

Gestational age (GA) at
time of cfDNA Antigen-positive cohort Antigen-negative cohort All participants

Median GA (weeks) 16.4 16.6 16.4
Range of GA (weeks) 10.1–34.7 10.1–33.0 10.1–34.7

Abbreviation: cfDNA, cell–free DNA.
aParticipants alloimmunized to more than one antigen were classified as FA positive if the fetus was antigen positive for at least one antigen included in the assay.
Theywere classified as FA negative only if the fetus was negative for all alloimmunized antigens. All FA statuses were confirmedwith neonatal antigen genotyping
in a prior study [9].

titers and MCA-PSV Doppler, the proportion of each
cohort who had titers rise over two or more time points,
as well as the proportion for whom titers reached the criti-
cal threshold (defined as 4 for those alloimmunized to Kell
or little c, and 16 for those alloimmunized to the remain-
ing antigens based on recommendations byMoise & Abels
published in 2024) [8]. Finally, we determined the num-
ber of participants in each cohort who underwent invasive
interventions such as amniocentesis, PUBS, or IUT. Sum-
mary statistics were calculated. Either a chi-squared test
or a Fischer’s exact test was performed as appropriate
to determine if differences in observations between the
two cohorts were statistically significant (https://www.
socscistatistics.com, www.medcalc.org).

3 RESULTS

3.1 Demographics

The patient registry for alloimmunized individuals who
underwent clinical FA cfDNA testing included 72 patients
who had sufficient medical records available for review.
Of these, 69 were included in the study, and three were
excluded due to inconclusive or unavailable neonatal or
cfDNA antigen genotyping results or alloimmunization
to an antigen for which FA cfDNA was not available
(Figure S1).
All pregnancies were singletons. The estimated due

dates for the pregnancies included in this study ranged
from December 2022 to April 2024. FA cfDNA testing
was performed betweenOctober 2022 andNovember 2023.
Of the 69 individuals included in the analysis, 40 (58%)
were part of the FA-positive cohort. Twenty-nine (42%)
were antigen negative and were therefore not at risk of
HDFN. FA cfDNA results were confirmed postnatally with
neonatal genotyping for all pregnancies and were 100%
concordant. The mean GA at the time of FA cfDNA
analysis was 16.4 weeks (Table 1).

TABLE 2 Alloimmunized antigens by participant.

Alloimmunized
antigens

Antigen-
positive
cohort
(n)

Antigen-
negative
cohort
(n)

All
participants
(n)

big E 9 11 20
Kell 1 14 15
little c 6 1 7
big C, D 6 1 7
D 7 0 7
Fya 3 0 3
big C 2 0 2
big E, D 0 1 1
little c, big E 2 0 2
Fya, Kell 1 0 1
Fya, Kell, big C 1 0 1
big C, D, G 1 0 1
big C, D, Jka, G 1 0 1
Fya, big E 0 1 1
Total 40 29 69

The most common antigen to which participants were
alloimmunized was big E (n = 24, 36.2%), followed by Kell
and D (n = 17 for each, 24.6%), big C (n = 12, 17.4%), little
c (n = 9, 13.0%), and Fya (n = 6, 8.7%). Fifteen participants
were alloimmunized to more than one antigen (Tables 2
and 3). Two participants were alloimmunized to antigens
not included on the FA cfDNA assay, however, they were
also alloimmunized to antigens that are included in the
assay and tested positive, and so they were included in the
study in the FA-positive cohort.

3.2 Fetal monitoring

All participants underwent titers at least once, usu-
ally as a reflex to their initial antibody screen. Of the
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TABLE 3 Proportion of participants alloimmunized to each
antigen.

Alloimmunized antigens N %

big E 24 34.8
Kell 17 24.6
D 17 24.6
big C 12 17.4
little c 9 13.0
Fya 6 8.7
G 2 2.8
Jka 1 1.4

Note: A total of 15 participants were alloimmunized to multiple antigens, and
as such the percentages alloimmunized to each antigen will add up to more
than 100%.

29 participants with FA-negative pregnancies, 20 (69%)
had serial titers (more than one titer result), compared
with 29 (73%) in the FA-positive cohort. In the FA-
negative cohort, 18 participants (62%) underwent MCA-
PSV Doppler, compared with 34 (85%) in the FA-positive
cohort.
Twenty of 29 (69%) participants in the FA-negative

cohort reached a critical titer, and importantly, 18 of those
reached critical titer prior to receiving their FA-negative
cfDNA results. Of the 40 participants in the FA-positive
cohort, 28 (70%) reached a critical titer, 26 prior to receiv-
ing FA-positive cfDNA results. There was not a statistically
significant association between FA status and reaching
critical titers (X2[1, N = 69] = 0.009, p = 0.927). One par-
ticipant from the FA-negative cohort who reached critical
titer underwent amniocentesis despite receiving negative
FA cfDNA results in order to confirm fetus’s antigen
status (it was confirmed negative). In the FA-negative
cohort, there were 20 individuals who underwent titers
at least twice during their pregnancy, and of those, 10
(50%) had titers rise over two or more time points. In the
FA-positive cohort, there were 29 individuals who under-
went titers at least twice during their pregnancy, and of
those, 20 (69%) had titers rise over two or more time
points during their pregnancy (Figure 1, Table S1). There
was not a statistically significant association between
FA status and rising titers (X2[1, N = 49] = 1.79,
p = 0.181).
In the FA-positive cohort, 14 of the 34 participants (41%)

who underwent MCA-PSV Doppler reached greater than
or equal to 1.5 multiples of the median (MoM), sugges-
tive of fetal anemia. Ten of those underwent PUBS and/or
IUTs, and the remaining four did not, either because the
patient was close to delivery or the clinician decided to
repeat the MCA-PSV Doppler prior to intervening and
the subsequent result was below the threshold. Of the
18 participants in the FA-negative cohort who underwent

monitoring with MCA-PSV Doppler, one (5.6%) received a
false-positive result (1.68MoM), suggestive of fetal anemia,
at 29weeks 2 days’GA. The participantwas alloimmunized
to Fya and big E and the fetus was antigen negative for
both. That participant had a subsequent MCA-PSV result
below 1.5 MoM and no interventions were performed.
There was a statistically significant positive association
between positive FA status and reaching the 1.5 MoM
threshold concerning for fetal anemia (Fisher’s exact test,
p = 0.009).

4 DISCUSSION

In this retrospective chart review, we analyzed the results
of monitoring done for fetal anemia in alloimmunized
pregnant patients in the United States who underwent
FA cfDNA testing between 2022 (when FA cfDNA first
became available in the United States) and 2023. All par-
ticipants underwent titers at least once, and the same
proportion of participants with FA-negative pregnancies
(which were therefore not at risk of HDFN) reached crit-
ical titer levels as the proportion of the FA-positive cohort
(69% and 70%, respectively). Of the pregnancies in which
serial titers were performed, a similar proportion of FA-
negative (50%) and FA-positive (69%) pregnancies rose
over two or more time points. These findings indicate that
titer increases or critical thresholds may occur frequently,
even when the fetus is antigen negative and not at risk
for HDFN. This raises questions about the cost–benefit
balance of continuing monitoring after an FA-negative
cfDNA result.
The primary reason to consider continuing monitoring

a pregnancy with negative FA cfDNA testing is concern
that a false-negative result could lead to undetected fetal
anemia. However, extensive evidence from both Europe
and theUnited States has demonstrated the accuracy of FA
cfDNA, suggesting minimal benefits and potential harms
to such ongoing monitoring [3, 5, 6, 9]. These harms
include the financial and emotional toll on the patient,
downstream risks if titers are rising or at critical levels,
false-positive MCA-PSV Doppler results leading to unnec-
essary interventions, and the cost to the healthcare system.
Indeed, we see evidence in this study of such unneces-
sary and burdensome monitoring and interventions in the
29 patients who had FA-negative pregnancies, including
20 who underwent titers more than once (20/29, 69%),
one who underwent amniocentesis due to rising titers
(1/29, 3.4%), and 18 who underwent MCA-PSV Doppler
(18/29, 62%), including one with a false-positive MCA-PSV
Doppler (1/18, 5.6%).
Current recommendations state that titers should be

performed monthly through 24 weeks’ GA in at-risk
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F IGURE 1 Rising and critical titers and MCA-PSV Doppler by cohort. *Includes only patients who underwent serial titers. **Includes
only patients who underwent MCA-PSV Doppler. MCA-PSV, middle cerebral artery peak systolic velocity.

pregnancies that have not yet reached critical titer lev-
els, and then every 2 weeks after 24 weeks, requiring
frequent blood draws for patients [8]. In addition, rec-
ommendations state that titers should be performed at
the same laboratory, as variability in laboratory practices
can confound results—this too puts additional burden on
patients who have less flexibility in where their blood is
drawn [8]. However, even this approach does not ensure
consistency—a recent study evaluating the accuracy and
reliability of titers found a striking lack of consistency
in results in both interlaboratory and intralaboratory
evaluations [14]. These inconsistencies can lead to false
and concerning results suggestive of risk for anemia even
in a fetus that is antigen negative.
For those patients who proceed to MCA-PSV Doppler,

monitoring is evenmore burdensome, as consensus guide-
lines state that MCA-PSV Doppler should be performed
approximately weekly starting as early as 16 weeks and
continuing through delivery [15]. Patients undergoing
this monitoring may need to travel long distances to a
maternal-fetal medicine subspecialist, and/or bear the cost
of childcare and/or time off work [16]. A recent study
addressing the nonmedical burdens of receiving care at
a fetal care center at a major medical center found that
more than half of participants traveled over 100 miles for

care, and 38% reported a moderate-to-severe financial bur-
den associated with receiving that care [17]. These costs
extend beyond patients and also impact the healthcare
system broadly. An economic analysis by Gajic-Veljanoski
et al. suggests improved clinical outcomes for alloimmu-
nized patients who undergo FA cfDNA testing as opposed
to usual care, and also estimated a cost savings of $7903
per alloimmunized pregnancy when FA cfDNA is used to
guide management [18].
In addition to logistical and financial burdens, unneces-

sary monitoring in FA-negative alloimmunized pregnan-
cies can pose additional risks by leading to unnecessary
invasive testing and/or interventions such as amniocen-
tesis, PUBS, or IUTs. In this study, one participant in the
FA-negative cohort reached critical titers and proceeded
with an amniocentesis, which confirmed her negative FA
cfDNA results. This invasive testing poses a risk for preg-
nancy loss as well as sensitization to additional antibodies
[19, 20]. Another participant in the FA-negative cohort had
a false-positive MCA-PSV Doppler result, which reflects
the known 12% false-positive rate of MCA-PSV Doppler,
and which can lead to unnecessary invasive interventions
such as PUBS and IUT [11, 12].
While the rates of both serial titers and MCA-PSV

Doppler usage were decreased in the FA-negative cohort
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compared to the FA-positive cohort, titers were still uti-
lized extensively across both cohorts. Of note, in the
majority of FA-negative cases where critical titers were
reached, the first critical titer occurred prior to the FA-
negative cfDNA result, suggesting that providers may have
been utilizing FA cfDNA to guide next steps after reach-
ing critical titers. This hypothesis is bolstered by the lower
utilization of MCA-PSVDoppler in the FA-negative group,
despite this group having similar percentages of critical
titers as the FA-positive cohort. This suggests that FA
cfDNA results were already being used for the clinical
decision-making in alloimmunized pregnancies, despite
this analysis taking place on pregnancies that delivered
prior to the recent changes in ACOG’s guidance, which
included cfDNAas an option for determining FA status [4].
Given these recent changes, the results shown in this publi-
cationmay drive FA cfDNA results to be incorporated even
more fully into clinical decision-making. In such a model,
FA cfDNA testing could be performed immediately follow-
ing a positivematernal antibody screen, as early as 9weeks’
GA, removing the need for serial titers for alloimmunized
pregnancies that are FA negative and therefore not at risk
of HDFN.
This study has limitations. The registry only included

patients alloimmunized to the clinically significant anti-
gens for which FA cfDNA testing was available. In cases
where FA cfDNA is not available, the traditional approach
of paternal testing and/or amniocentesis or proceeding
straight to monitoring remains the best option for identify-
ing fetuses at risk for HDFN. In addition, the pregnancies
included in this analysis took place prior to the recent
change inACOGguidance, which now includes FA cfDNA
as an option for determining FA status when paternal test-
ing is unavailable or inconclusive and amniocentesis is
declined, and therefore may not reflect the latest approach
to management for all providers [4]. The landscape of
FA cfDNA testing is evolving rapidly, and as it becomes
more integrated into clinical practice, unnecessary moni-
toring for fetal anemia in FA-negative pregnancies should
decrease over time.

5 CONCLUSION

In conclusion, this study provides evidence that titers
incorrectly suggest pregnancies are at risk of HDFN, lead-
ing to unnecessary downstream monitoring of alloimmu-
nized pregnancies with additional titers and/or MCA-PSV
Doppler. Consequences of this unnecessary monitoring
may include the financial and emotional burden to the
patient, the cost to the healthcare system, and the poten-
tial risks of the patient undergoing unnecessary invasive
procedures such as amniocentesis, PUBS, or IUT. This

evidence validates the utility of the recent movement in
guidance toward the use of cfDNA for determining FA
status, particularly for RhD, but also for non-D antigens,
for which ACOG noted cfDNA “may be considered” when
amniocentesis is declined [4]. It also suggests value in
additional changes to guidance to recommend the discon-
tinuation of fetal monitoring for anemia after the FA status
has been determined to be negative in order to reduce
the burden to patients and the healthcare system and to
prevent negative downstream implications.
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