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COVID-19 convalescent plasma therapy: hit fast, hit hard!

Daniele Focosi' & Massimo Franchini?

"North-Western Tuscany Blood Bank, Pisa University Hospital, Pisa, Italy

2Department of Hematology and Transfusion Medicine, Carlo Poma Hospital, Mantua, Italy

COVID-19 convalescent plasma (CCP) is an investigational
treatment for SARS-CoV-2 infection. Several lines of evi-
dence, ranging from expanded access programmes (EAP)
to clinical trials employing randomized controls (RCT)
(summarized in Table 1) or propensity score-matched
(PSM) controls (summarized in Table 2), are now indicat-
ing how CCP should be used. Such evidence is supporting
the initiation of CCP treatment as early as 44-72 h after
hospitalization (or anyway within 7 days from the onset
of symptoms) and the use of CCP units with a high neu-
tralizing antibody (nAb) titre. There seems to be no clini-
cal benefit if the CCP units are administered later or with
a low nAb titre.

Why you should treat fast

Timeliness of treatment can be defined in various ways:
median duration of symptoms before randomization or
transfusion, time between hospital admission and transfu-
sion and time between final diagnosis and transfusion, or
can be inferred from the disease stage.

The rationale for administering CCP as early as possible
lies in the neutralization stoichiometry itself. The more
actively replicating virions there are within the body, the
higher the nAb dose needs to be to neutralize them all.

At the very beginning, many historically or internally
controlled phase II studies showed clinical benefit from CCP.
The largest of them is likely the one by Joyner et al., who
showed, in a post hoc analysis from the US open-label EAP
(NCT04338360), that 7-day mortality in non-intubated
patients younger than 80 years of age and treated within
72 h after diagnosis was 6:3% in those receiving high-titre
CCP and 11-3% in those receiving low-titre CCP [1]. Of the
3,082 patients included in a later analysis, death within
30 days after CCP transfusion occurred in 22-3% in the
high-titre group, 27-4% in the medium-titre group and
29-6% in the low-titre group; no effect of CCP titre on the
risk of death was observed among patients who had received
mechanical ventilation [2].

Correspondence: Daniele Focosi, North-Western Tuscany Blood Bank,
Pisa University Hospital, via Paradisa 2, 56124 Pisa, Italy
E-mail: daniele.focosi@gmail.com

In a post hoc subgroup analysis of 35,322 transfused
patients from the Mayo Clinic (including 52-3% in the
intensive care unit and 27-5% receiving mechanical ven-
tilation), the 7-day mortality rate was 8-7% in patients
transfused within 3 days of diagnosis but 11-99% in
patients transfused > 4 days after diagnosis. Similar find-
ings were observed in 30-day mortality (21-6% vs.
26-7%) in the US EAP [3]. Unfortunately, the main bias
of those studies is that controls were neither randomized
nor PSM; hence, differences in the treatment outcome
between treated and untreated groups may have been
caused by a factor that predicted treatment rather than by
the treatment itself.

PSM studies balance treatment and control groups on a
large number of covariates without losing a large number
of observations. In two retrospective PSM studies from
two different hospitals in New York, trends for improved
outcomes were observed in non-intubated patients and in
those treated within 7 days of hospitalization (hazard
ratio, 0-33) [4,5]. These findings were later confirmed in a
prospective PSM study from Houston [6,7]. Of interest, a
retrospective  PSM study from Providence in which
patients were treated at a median of 7 days after onset of
symptoms did no show any benefit [8].

Since PSM only accounts for observed (and observable)
covariates and not latent characteristics, RCTs remain the
gold standard for highest level evidence (Table 1). In the
PlasmAr RCT, the primary and secondary outcomes in the
small number of early arrivals (within 72 h) were better
in the CCP arm (n=28) than in the placebo arm
(n = 11), but the minimal contribution of this group to
the overall cohort (228 CCP and 105 placebo) made the
advantage disappear in the final outcomes at day 30 [9].
In another Argentinean RCT on 160 patients older than
65 years of age with mild COVID-19 who were treated
with CCP within 72 h, progression to severe COVID-19
was halved at day 30 [10]. In another RCT from India,
patients younger than 67 years of age treated at a median
of 4 days after hospital admission showed superior miti-
gation of hypoxia and survival in the CCP arm [11].
Another RCT in Spain enrolling patients at less than
7 days of hospitalization showed benefit [12]. Many more
RCTs are ongoing.
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Why you should treat hard

In the previously mentioned subgroup analysis on the
EAP, a gradient of mortality was seen in relation to IgG
antibody levels in the transfused CCP: 7-day mortality
was 8-9% for patients who received high IgG plasma
(>18-45 signal cut-off [S/CO]), 11-6% for recipients of
medium IgG plasma (4-62 to 18-45 S/CO) and 13-7% for
recipients of low IgG plasma (<4-62 S/CO). This unadjusted
dose-response relationship with IgG was also observed in
30-day mortality. The pooled relative risk of mortality
among patients transfused with plasma units containing
high levels of antibodies was 0-65 for 7 days and 0-77 for
30 days compared to units containing low levels [3].

The lack of utility from low-titre (1:40) CCP in moderate
COVID-19 was confirmed by the PLACID trial [13]. Similarly,
the ConCOVID RCT proved that CCP units with nAb titres
similar to those of the recipients (1:160) were useless [14].

Analysis of published and ongoing trials has also revealed
the importance of testing the antiviral activity of CCP units
within clinical trials with the standard plaque reduction neu-
tralization test (PRNT) rather than with the surrogate high-
throughput serological tests [15]. Considering that the quali-
tative composition of CCP is due to the nAb titre (the higher,
the better), its accurate evaluation is particularly critical and
could make the difference between clinical efficacy and
inefficacy. Thus, although most trials perform a correlation
analysis between PRNT and high-throughput serological
assays, in many cases, the CCP units are tested only with the
latter tests (44% in the PlasmAr trial [3]), with the risk of an
incorrect evaluation of the neutralizing CCP activity. One
major cause could be that, despite IgM, IgG and IgA all
being capable of mediating neutralization, virus neutraliza-
tion test titres correlated better with binding levels of IgM
and IgA,; than IgG [16], which are the only class routinely
measured in high-throughput serological assays. In addition,
the quaternary structure of the Spike protein available on
infected replication-competent cell lines is poorly replicated
by recombinant antigens bound on solid substrates.

For the above reason, in the ongoing Italian RCT TSU-
NAMI (NCT04393727) nAb titration of CCP is mandatory.
Only if and when CCP is formally shown to be an effec-
tive treatment within clinical trials, could CCP collection
be driven by surrogate high-throughput serology, given
the hurdles to PRNT scalability.
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tion, in accordance with the most recent literature data
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What are the hurdles to early treatment?

There are several logistical hurdles to early initiation of
CCP treatment. First, during a pandemic, there is massive
accrual of severely ill patients to emergency departments,
and in collapsed health systems, the turnaround time
between emergency room admission and admission to a
ward can be relevant. Additionally, in the absence of quick
(antigenic or molecular) tests for SARS-CoV-2, the turn-
around time for final confirmation of diagnosis with poly-
merase chain reaction tests, usually run in batches, takes
from 5 to 10 h. Then, bureaucracy also takes time when it
comes to preparing the papers for recruiting a patient
within a clinical trial, and there are challenges associated
with outpatient transfusion of known infectious individu-
als. Finally, ABO-compatible CCP units may not be readily
available at the local blood bank, and recruited patients are
therefore left on the waiting list. All these variables are
likely to affect the efficacy of CCP treatment. We suggest
wide deployment of quick tests within emergency depart-
ments, where CCP could be safely administered even before
the patient reaches the final ward.

As suggested by the recently revised European Com-
mission guidelines on CCP, ‘evidence suggests that studies
should focus on early transfusion of convalescent plasma
with high neutralizing antibody titres’. [19]. In conclusion,
CCP is emerging as a new time-sensitive, life-saving
treatment.
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Malaria is an infectious disease caused by an a protozoan
(haematozoan) parasite of the genus Plasmodium. In
malaria non-endemic countries, transfusion-transmitted
malaria (TTM) is most often caused by Plasmodium falci-
parum in recipients of red blood cell components.

In mainland France, autochthonous case of malaria is a
very rare event while high number of imported cases are
recorded yearly: 5570 in 2019 [1]. Among these imported
cases, 86.4% relate to patients’ natives — or having been
living for long periods — in malaria-endemic countries,
especially in sub-Saharan regions; the incriminated para-
site is P. falciparum in 88.5% cases [1].

Between 1960 and 1986, TTM prevention in France
was based solely on a 5-year deferral rule for donors
reporting malaria occurrence. Despite this deferral, TTM
still occurred with nearly 5 cases/year [2]. In 1986, in
addition to a new 4-month deferral for donors arriving or
returning from endemic countries, an indirect immunoflu-
orescence antibody test (IFAT) was introduced for all
donors having arrived or returned from a malaria-en-
demic country since less than 3 years. This policy change
resulted in a steep decrease in TTM cases to 0.3 cases/year
on average [3] (Fig. 1).

Nevertheless, to address the persisting occurrence of
rare severe TTM after 1986, policies regarding TTM pre-
vention continued to evolve over time, taking into
account additional risk factors and novel laboratory
methods to detect at risk donors.

Notably, the occurrence in 2002 of a fatal TTM case [4]
caused by P. falciparum resulted in further modification
of the criteria for serological screening. The donor,
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originating from Ghana, was living in France since
4 years without no reported travel to Africa. According to
policy in force at that time (i.e. no deferral and no testing
3 years after return from a malaria-endemic area), the
donation was accepted without specific testing. Subse-
quent work-up that the donor was an asymptomatic para-
site carrier, as evidenced by both microscopy (thick and
thin slides examination) and PCR. The antibody (Ab) test-
ing was revealed positive as well.

This observation called to a possible risk that Plasmod-
ium sp parasitaemia persists longer than 3 years asymp-
tomatically in a so-called state of immunotolerance [5].
This acknowledged risk led authorities to make an addi-
tional policy change to introduce Ab testing upon 1st
blood donation by donors native of a malaria-endemic
country and/or having lived there more than 6 months,
whatever the date of arrival in France (Fig. 1). Despite
this novel policy change, additional 3 TTM cases (0,2
case/y) were reported by the French haemovigilance sys-
tem over the next 15 years.

In 2006, a human error resulted in a lethal TTM case [6].
The donor, born in Ivory Coast, was living in France since
5 years and had travelled to his native country 15 months
before the blood donation. The malaria risk was not identi-
fied at the medical interview step, and malaria serology
was thus not prescribed. PCR and Ab testing on archived
plasma sample revealed the presence of a P. falciparum
parasitaemia and Ab at the time of this blood donation.

The next TTM case yet-reported in France occurred in
2012 [7] and involved a donor native of Benin and living
in France since 12 years, with no reported intercurrent
travelling to malaria-endemic areas. An Ab test (Captia
malaria ELISA, Trinity Biotech) performed on a 1st blood
donation was negative. Despite this negative result, trans-
fusion of the involved red blood cells concentrate resulted
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Fig. 1 Prevention of transfusion-transmitted malaria in France over time. Main changes in blood donor deferral policies, malaria screening and estimates

of transfusion-transmitted malaria frequency cases are summarized for different periods from the 1960s to presently.

in a lethal P. falciparum infection. Retrospective testing
confirmed that the ELISA test at time of donation was
negative, though the IFAT was borderline (1/40 on index
donation). However, the PCR test was positive for P. falci-
parum with a high cycle threshold (compatible with low
parasitaemia).

To our knowledge, such a TTM case in relation with an
asymptomatic seronegative blood donor harbouring
P. falciparum parasitaemia more than 3 years since the
last exposure has not been reported yet. This observation
could rely on a ‘semi-immune’ status possibly acquired
after repeat exposure to P. falciparum during infancy and
resulting in a transient dampening of Ab response (likely
due to the absence of exposure to recall stimulating anti-
gens). Furthermore, Ab responses to malaria parasites are
known to be versatile allowing occasional persistent para-
sitaemia [8].

The last reported TTM case in France occurred in 2015
[8]. It was caused by P. malariae, and the recipient recov-
ered after anti-malarial treatment. The donor, native from
the Comorian Islands, had been living in France for more
than 3 years with no intercurrent reported travelling to
malaria-endemic countries. The Ab testing of the donor
at the time of donation was negative (ELISA malaria Lab
21, Biorad, France). Retrospective testing on the same
plasma sample was negative for PCR. Archive samples of
previous donations were tested negative by ELISA but

positive by IFAT. A control sample collected few weeks
after index sample was found borderline by Elisa and
positive by IFAT (1/160) as well as PCR positive to
P. malariae.

These four TTM cases were all in relation with donors
native to malaria-endemic countries. In the 2002 and
2006 cases, the serological testing would have been effi-
cient to prevent the occurrence of the TTM if prescribed.
However, the 2012 and 2015 cases highlight that the cur-
rent policy may still fail to detect all asymptomatic
donors with parasitaemia.

Further optimization of Ab test performances to detect
such rare events is challenging as it requires both an
increase of sensitivity (to detect very low antibodies
titres) and the ability to detect all Plasmodium species.
Improving the current strategy encompasses the recent
new developments in NAT (Nucleic Acid Testing) assays
with the high sensitivity detection of total nucleic acid
(DNA/RNA) by targeting the Plasmodium 18S rRNA gene
on whole blood samples [9].

Indeed, such malaria NAT may be highly contributive
for donors with low parasitaemia and negative Abs test-
ing as well for donors infected by species detected only
by cross-reactivity when using serological assays. Also,
and as recently demonstrated for blood screening of
another intra-erythrocytic parasite (Babesia sp), the full
automatization of the analytical process allowed for by
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NAT testing would allow for its extended use in blood
bank laboratories [10].

The main limitation for malaria NAT screening assays
is the residual risk that may be associated with insuffi-
cient sensitivity when considering the theoretical mini-
mum infectious dose (i.e. 1-10 parasites in a unit of
blood) [11]. Consequently, introduction of NAT assay for
TTM prevention requires a prior large scale prospective
study, in parallel serological testing, to comparatively
estimate the frequency of undetected asymptomatic para-
sitaemic donors with serological and/or molecular assays.
Results of such an evaluation, combined with a cost-
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Background and objectives Access to large pools of healthy adult donors advan-
tageously positions blood component providers to undertake anti-SARS-CoV-2
seroprevalence studies. While numerous seroprevalence reports have been pub-
lished by blood operators during the COVID-19 pandemic, details on the assay
used has not been well documented. The objectives of this study were to evaluate
the diversity of assays being used by blood operators and assess how this may
affect seroprevalence estimates.

Materials and methods We surveyed 49 blood component providers from 39
countries. Questionnaire included information on the number and identity of
assays used, the detected immunoglobulin(s) and target antigen, and performance
characteristics (sensitivity, specificity).

Results Thirty-eight of the 49 contacted blood suppliers provided at least partial
responses. The results indicate that 19 commercial and five in-house serology
assays have been used by surveyed blood operators. The Abbott SARS-CoV-2
IgG assay was the most commonly used kit and utilized by 15 blood suppliers.
Two assays did not detect IgG, but detected either IgM/IgA or IgM. 68-20% of
assays targeted the spike protein and 50% the nucleocapsid protein, while 18-2%
targeted both viral proteins. The sensitivity and specificity of IgG-specific assays
ranged from 71-99% to 100% and from 96:2% to 100%, respectively. As of 18
October 2020, the seroprevalence was below 5% in 10 of 14 countries reporting.

Conclusion Our results highlight the diversity of assays being used. Analyses
comparing blood donor seroprevalence across countries should consider assay
characteristics with optimization of signal/cut-off ratios and consistent methodol-
ogy to adjust for waning antibody.

Key words: blood component suppliers, blood donors, SARS-CoV-2, seropreva-
lence, survey.
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Introduction

With more than 95 million cases and more than 2 million
deaths worldwide as of 18 January 2021, the COVID-19
pandemic is by far the most severe global public health
crisis of the last 100 years. As treatment is currently lim-
ited to supportive care (with the exception of some novel
therapies), and since most vaccines are still awaiting reg-
ulatory approvals, social distancing, the use of masks
during social gatherings, aggressive testing of suspected
cases and contact tracing are crucial for limiting the
spread of the responsible virus, SARS-CoV-2. Despite
strict adherence to social distancing and mask wearing,
viral spread can still occur, likely from infected individu-
als that are asymptomatic or mildly symptomatic [1, 2].
Case data generated from SARS-CoV-2 nucleic acid test-
ing may also be skewed because sampling focusses on
outbreaks and contact tracing, or because resources are
not available to continue laboratory sampling and/or test-
ing [3]. Thus, measuring the degree of exposure of vari-
ous populations to the virus through seroprevalence
studies is of major importance for determining the level
of immunity and the proportion of asymptomatic individ-
uals who have encountered the virus. In fact, several
seroprevalence studies published in the past few months
revealed that the proportion of the population that has
been exposed to the virus is approximately four times
greater than the cumulative number of cases confirmed
by SARS-CoV-2 nucleic acid amplification testing of res-
piratory samples and confirmed by national public health
authorities [3].

SARS-CoV-2 infection can be detected by either molec-
ular or serological assays. The former detects viral genetic
material sampled in the upper and/or lower respiratory
tract using real-time reverse—transcriptase PCR (RT-PCR),
while the latter reveals the presence of antibodies in
blood [4]. From a diagnostic standpoint, RT-PCR has
demonstrated superior sensitivity and earlier detection
capacity compared to serological assays. In some cases
nucleic acid test, results may yield false negatives due to
specimen collection timing (e.g. too early or late) or ana-
tomic location of specimen collection [4]. Given that
anti-SARS-CoV-2 IgA and IgM antibodies generally
appear within the first 7 days after infection while IgG
seems to be detectable from 10 days onwards after infec-
tion [5], serological assays targeting specific antibodies
could be used as a marker of infection. However, since
SARS-CoV-2 antibody levels often decline within a
100 days post-infection [6], serological detection of anti-
SARS-CoV-2 antibodies (IgA, IgM and IgG) could lose the
ability to identify true positives if used as a marker of
prior infection. Nonetheless, given the substantial propor-
tion of asymptomatic SARS-CoV-2 infections, as revealed

by studies which compared cumulative incidence rates
detected by RT-PCR vs. seroprevalence rates [3, 7, 8], the
latter could shed light on the ‘true’ infection prevalence
at the population level and informs public health authori-
ties on the degree of exposure of a given population to
the virus.

It has only been about 13 months since SARS-CoV-2
emerged, yet numerous commercial and in-house sero-
logic assays have been developed during this interval. In
fact, at the time of manuscript submission, more than 60
commercial assays have been approved by the U.S. Food
& Drug Administration (FDA) under individual emergency
use authorizations [9]. These assays can be classified into
two broad categories: qualitative lateral flow immunoas-
says (LFA) [10] and semi-quantitative enzyme-linked
immunosorbent assays (ELISA) [11] and chemiluminescent
immunoassays (CLIA) [12]. These assays detect either total
or class-specific antibodies (IgM, IgG or IgA). In addition,
they recognize different antigen as targets: the nucleo-
capsid protein, the spike protein or the spike protein
receptor-binding domain (RBD). This heterogeneity in
assay design leads to variable degrees of sensitivity and
specificity. Further to this variability, several systematic
reviews have revealed that many assay evaluations are
prone to biases as a result of small sample sizes and
exclusion of samples from individuals who had experi-
enced asymptomatic or mildly symptomatic COVID-19
[13-16].

Data describing test characteristics continue to be pub-
lished but it is clear that sensitivity, and specificity vary
considerably between assays and with different popula-
tion. We have previously reported that blood centres
around the world are conducting seroprevalence studies
to inform public health within their countries [17]. The
benefit of these data will be maximized by comparison
between countries. Numerous factors will influence the
measurement of seroprevalence between countries includ-
ing timing within the pandemic and donor selection, but
variability between assays will be a key consideration.

The aim of this study was to asses the diversity of anti-
body assays used by blood component suppliers, and to
report their seroprevalence estimates, through an e-mail
survey.

Materials and methods

Based on a preliminary survey [17], a list of contacts was
compiled from the membership of the International Soci-
ety of Blood Transfusion (ISBT) Transfusion Transmitted
Infectious Diseases Working Party and individuals who
volunteered after being contacted by a representative of
the European Blood Alliance - Emerging Infectious Dis-
ease Monitoring Working Group.

© 2021 International Society of Blood Transfusion
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Among the 62 countries who were invited to partici-
pate in the first survey, a total of 49 blood component
providers (listed in Appendix S1) from 39 countries and
six continents which were known for conducting donor
seroprevalence studies were contacted by e-mail in
September 2020. Prospective survey participants were
asked to fill a questionnaire on SARS-CoV-2 seropreva-
lence studies among their blood donor population and the
assays and procedures being followed, details on assay
sensitivity and specificity, and the results of seropreva-
lence estimates. The questionnaire was formatted in an
Excel spreadsheet and participants were asked about the
region they were reporting for, the number of antibody
tests used for the SARS-CoV-2 seroprevalence study, the
reason for using more than one serologic assay, details of
antibody tests used for SARS-CoV-2 seroprevalence
research (name of the assay, supplier, sensitivity, speci-
ficity, antigen target and detected antibody class), the use
of NAT testing for SARS-CoV-2 and, if so, details on the
NAT assay. Finally, blood services were questioned about
their SARS-CoV-2 seroprevalence research results and the
actual number of cases confirmed by public health
authorities in their country/region.

Survey responses were received and compiled until
November 2020. Table 1 lists the assays used by survey
participants, with details on the assays’ respective perfor-
mance characteristics. In cases where there were discrep-
ancies between the sensitivity and specificity
characteristics reported by survey participants vs. those of
commercial product inserts or information available from
the Food and Administration (FDA) website [18], data
from products inserts or the FDA website were reported
in Table 1. Finally, some missing survey data on the
cumulative incidence of COVID-19 were obtained from
the WorldOMeter website [19] for the dates specified by
survey participants.

Results

Out of 49 blood component suppliers that were contacted
to answer the survey, 38 provided at least partial
responses, representing 27 countries (Fig. 1). Cumulative
incidence from participant countries until the end of
September 2020 was presented in Fig. 2. The Abbott
SARS-CoV-2 IgG assay was by far the most commonly
used kit, utilized by 15 blood suppliers, followed by the
EUROIMMUN Anti-SARS-CoV-2 ELISA (IgG) (seven blood
suppliers), the Beijing Wantai Biological Pharmacy SARS-
CoV-2 Total Ab ELISA (six blood suppliers), the F. Hoff-
mann-La Roche AG Elecsys® Anti-SARS-CoV-2 (four
blood suppliers) and the Ortho Clinical Diagnostics
VITROS® Anti-SARS-CoV-2 Total test, the DiaSorin
S.p.A. LIAISON® SARS-CoV-2 S1/S2 IgG and the Zhuhai

© 2021 International Society of Blood Transfusion
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Livzon Diagnostics Diagnostic Kit for IgM/IgG Antibody
to Coronavirus (SARS-CoV-2) (Lateral Flow) (three blood
suppliers each). Notably, five blood suppliers used in-
house assays. Only five blood suppliers have indicated
that nucleic acid amplification testing of SARS-CoV-2
RNA was done; when performed, this test was done to
confirm that the donor was not infectious (Fig. 3 and
Appendix S1).

Regarding detected immunoglobulins, target viral pro-
tein, sensitivity and specificity of the assays used by
blood services, out of 24 assays being used, two assays
detected Ig classes other than IgG (e.g. IgA/IgM or IgM),
while 68-2% and 50% (15/22 and 11/22 of those who
reported data) target the spike or the nucleocapsid viral
protein. 18-2% (4/22) of those assays target both the spike
and the nucleocapsid proteins. The sensitivity and speci-
ficity of IgG-specific assays ranged from 71-9% to 100%,
and from 96-23% to 100%, respectively (Table 1). Of the
38 blood component suppliers who partially replied to the
provided
(Appendix S2). Seroprevalence end of sampling dates ran-
ged from May 2020 to October 2021. Ten out of 14 sero-
prevalence estimates ranged from 0% to 5-6%. The other
four were much higher, ranging from 13-48% to as high
as 30-89%. Three of these four providers with high sero-
prevalence rates were from Brazil; the fourth one was
from Iran. For at least three of the four reported sero-
prevalence rates above 10%, the assay that was used tar-
gets the nucleocapsid protein; for the fourth
seroprevalence value >10%, the information regarding the
target viral protein of the assay (Hangzhou AllTest IgG/
IgM Rapid Test Dipstick (WB/S/P)) is unknown. Two of
the four Brazilian blood component providers used the
Abbott SARS-CoV-2 IgG Assay which, as stated earlier,
was the most widely used assay among survey partici-
pants.

survey, only 14 seroprevalence  data

Discussion

Our results reveal that 19 commercial and five in-house
assays have been used by blood component suppliers who
replied to the survey. There was substantial variability in
the targeted antigen, detected immunoglobulin(s) and
overall performances of the assays used by blood centres.
These variations could lead to diverging results and inter-
pretations in seroprevalence surveys. Regarding its anti-
genic determinants, SARS-CoV-2 is an enveloped RNA
virus composed of Spike, Envelope, Membrane and Nucle-
ocapsid proteins [20]. As studies have indicated that they
are the most immunogenic antigens [21, 22], the spike
(which contains the receptor-binding domain (RBD)) and
nucleocapsid proteins are prime targets of most serologic
assays. In our study, all respondents reported on using
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assays that target either the nucleocapsid or spike protein
(or both). The available evidence suggests that antibodies
against these targets are more generally associated with a
protective immune response [20]. Antibody responses
against the different SARS-CoV-2 proteins are of major
importance since antibody classes have differential dynam-
ics and neutralizing effects [22, 23]. Moreover, estimates of
seroconversion (or seroreversion) rates are highly depen-
dent on the assay target, antibody dynamics and the time
point at which testing is conducted in the disease course.
In support of the latter point, Post et al. [20] have thor-
oughly described the kinetics of IgG emergence, persistence
and slow decline based on a systematic review of the liter-
ature. The overall evidence indicates that the IgG response
peaks between three- and seven-week post-symptom onset.
This acute response is followed by a plateau phase, and
then, IgG levels slowly decline, yet persist for up to
12 weeks. Whether SARS-CoV-2-specific IgGs remain
detectable beyond that time point is unknown, since stud-
ies’ follow-up periods were limited in time.

Among the 14 blood suppliers who provided seropreva-
lence estimates, 10 reported values of 5-6% or less (in
Europe, North America and Asia), whereas the other four
reported seroprevalence estimates of 13-5% or more (in
Brazil and Iran). These values appear to roughly correlate
with COVID-19 case counts and/or what is known of the
intensity of the regional pandemic. Blood donor studies
should be very suitable for international comparison
because they are all carefully screened individuals who
are reasonably representative of the healthy and well
adult population thus similarly selected. Nevertheless,
there are some important considerations for international
comparison such as the regional selection within country,
timing of sample collection within the pandemic, local
epidemiology (e.g. re-infection rates and the amplitudes
of pandemic waves in particular regions, as well as tim-
ings between waves) and as highlighted in our survey,
the broad range of assays used for these studies.

While our survey provides an informative overview of
blood donor study seroprevalence rates, these data are
not appropriate for in depth comparison. There can be
broad geographical variability in seroprevalence rates
within the same country [24, 25] therefore catchment area
of the blood centre must be known. To address differen-
tial sampling by demographic variables in donors versus
the general population, data need to be sorted by demo-
graphics and weighted proportional to the general popu-
lation. Donor selection and, for example socioeconomic
distribution of donors may also differ between countries
and complicate generalizability from donors to the gen-
eral population. Finally, the survey did not include a
specific question on the number of samples collected by
each blood operator for seroprevalence estimates; the lack
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Fig. 1 Geographical distribution of surveyed blood component providers.
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Fig. 2 COVID-19 cumulative incidence per million population by participating countries as of 30 September 2020.

of sample size information would make any attempt at sample was defined. Sensitivity and specificity thresholds
comparing seroprevalence rates questionable. are influenced by the time between infection and sample

The characteristics of the assay should be considered. collection, and threshold adjustment could optimize sensi-
While there are sensitivity and specificity data for many tivity and specificity and ultimately assay performance.
commercial assays, it needs to be clear how a positive There is ongoing debate as to what the signal to cut-off
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(S/Co) ratio should be. The Abbott IgG Assay lists S/Co as
1-4 to define positivity but a grey zone of possible posi-
tivity has been proposed for samples as low as S/Co00-49.
A head-to-head benchmark evaluation of the sensitivity
and specificity of five immunoassays for SARS-CoV-2
(SARS-CoV-2 IgG assay (Abbott, Chicago, IL, USA), LIAI-
SON SARS-CoV-2 S1/S2 IgG assay (DiaSorin, Saluggia,
Italy), Elecsys Anti-SARS-CoV-2 assay (Roche, Basel,
Switzerland), SARS-CoV-2 Total assay (Siemens, Munich,
Germany) and a novel 384-well ELISA (the Oxford
immunoassay)) revealed that all assays achieved sensitiv-
ity of >9800 with thresholds optimized to achieve speci-
ficity >98% on samples collected >30 days post-symptom
onset [26].

Given the documented waning of antibody levels [6],
antibody detection in the days that follow symptom onset
could be critical for properly assessing seroprevalence. In
support of this notion, a longitudinal analysis of conva-
lescent plasma donors found that 40% of them became
seronegative within four months after initial antibody
detection [27]. Asymptomatic blood donors experience
faster antibody decay compared to individuals with
symptomatic disease [28, 29]. Moreover, inconsistent
detection between assays was observed in symptomatic
COVID-19 patients over around 100 days from acute
infection [30]. The Abbott CIMA test seems to show a
greater decline in signal after symptom onset compared
to the Roche serological assay [30]. Waning antibody
should be considered in the estimate of seroprevalence.
Mathematical modelling such as stochastic Monte-Carlo

© 2021 International Society of Blood Transfusion
Vox Sanguinis (2021)

approaches would be appropriate but should be applied
consistently across the studies being compared.

It is also noteworthy that despite the high sensitivity
and specificity of the assays used by blood centres, the
infection prevalence has a direct impact on the predic-
tive-positive value (PPV). PPV is the proportion of true-
positive results, which is equal to (sensitivity x preva-
lence)/[(sensitivity x prevalence) + ((1-specificity) x (1-
prevalence))] [31]. Given the relatively low prevalence of
SARS-CoV-2 infection in many of the studies, even using
a highly sensitive test, the PPV will necessarily be imper-
fect, and a some false-positive results will occur.

In conclusion, aside from a few unusually high num-
bers, the majority of seroprevalence estimates are consis-
tent with values that have been published in the past few
months. Compared to residual samples from patients,
often sick people, from medical or commercial laborato-
ries, blood banks are preferred organizations for seroepi-
demiological studies due to superior sample quality, high
sample accessibility and sample representativeness of a
generally healthy adult population. Continuous monitor-
ing of seroprevalence among blood donors provides a
valuable indication of the level of exposure to SARS-
CoV-2, which further informs public health authorities of
the extent of the overall immunity against this virus in
the general population and assists to evaluate public
health interventions. Depending the testing assays used,
these studies may become invaluable in monitoring vac-
cine uptake in the months to come. Blood bank seroepi-
demiological studies can provide a valuable estimate of
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infection across many geographic regions. However, sero-
prevalence estimation requires careful attention to details
including the geographic region within each country,
stratification by age with weighting proportionate to the
general population and consistency of interpretation of
the test result. Our survey shows that there is considerable
heterogeneity in assays used for blood donor seropreva-
lence studies around the world. We believe that compara-
tive studies are best carried out collaboratively with
investigators from each seroprevalence study to ensure
that data are correctly represented.
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Abstract

Background Wastage of blood products can be a significant cost to blood banks.
However, the cause of wastage is often complex and makes it difficult to deter-
mine wastage-associated factors. Machine learning techniques may be useful
tools to investigate these complex associations. We investigated whether unsu-
pervised machine learning can identify patterns associated with wastage in our
blood bank.

Materials and methods Data on red blood cells, platelets and frozen products
were obtained from the laboratory information system of the Central Zone Blood
Transfusion Services at Nova Scotia Health Authority. A total of 879 532 trans-
actions were analysed by association rule mining, a type of machine learning
algorithm. Associations with lift scores greater than 25 and with clinical rele-
vance were flagged for further examination.

Results Association rule mining returned a total of 3355 associations related to
wastage. Several notable associations were identified. For example, certain wards
were associated with wastage due to thawing unused frozen products. Other
examples included association between smaller blood banks and evening work
shifts with product wastage due to excess time outside the laboratory or return-
ing products with high temperatures.

Conclusion This paper demonstrates the effective use of unsupervised machine
learning for the purpose of investigating wastage in a large blood bank. The use
of association rule mining was able to identify wastage factors, which can help
guide quality improvement initiatives. This technique can be automated to pro-
vide rapid analysis of complex associations contributing to wastage and could be
utilized in modern blood banks.

Key words: machine learning, informatics, transfusion medicine, association rule
mining, inventory management, product wastage.

Introduction

computer algorithms to help optimize blood bank prac-
tices. Machine learning has been applied to clinical

Blood bank inventories and procedures are highly moni-
tored, and products are tracked to document the chain of
custody between donor and recipient. The electronic stor-
age of this high-resolution blood product data provides an
opportunity for machine learning and automated
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E-mail: calvino.cheng@nshealth.ca

aspects of transfusion medicine and mainly focus on
supervised algorithms [1-3]. Supervised machine learning
involves a data set where specific inputs have already
been linked to specific outputs. This means there is an
entity which first has to link the input with the correct
output, called ‘labelling the data’. Examples of clinical
scenarios where supervised machine learning has been
applied to transfusion medicine include ensemble algo-
rithms to predict transfusion-associated cardiac overload
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(TACO) and transfusion-related acute lung injury (TRALI)
[3], using supervised machine learning technique to pre-
dict when RBC transfusion would be ordered or massive
transfusion would be declared [4], and utilizing machine
learning to predict transfusion product usage during total
knee arthroplasty [5], spine surgery [2] or various elective
surgeries [6]. In the laboratory setting, supervised algo-
rithms have been used to identify RhD antigen [7] and
predict the quality of stored RBC [8] based on microscopy.
Also, the ability of time series analysis has been compared
to neural networks to predict quantity of blood supply [9].

Less explored is the use of unsupervised machine
learning in transfusion medicine. Unsupervised machine
learning is used when the data set provides input data,
but there is no corresponding output provided from the
data set. Unsupervised algorithms will then attempt to
find structure or relationships from the input. Since there
is no output required in the data set, unsupervised
machine learning does not require an entity to ‘label the
data’. Unsupervised random forest clustering algorithms
have been found to help determine factors that con-
tributed to bleeding and mortality after plasma transfu-
sion [10]. Other computational techniques to reduce
wastage have included data visualization strategies, such
as process mining which allowed for greater insight into
blood bank inventories [11,12].

However, there is a lack of research in using machine
learning to identify internal inefficiencies in blood bank
practices that can lead to product outdates and wastage.

Traditional methods of assessing internal inefficiencies
involve manually reviewing quality assurance indicators
to find areas for improvement. This process is labour-in-
tensive and time-consuming, especially if large invento-
ries with multiple product types and many environment-
related factors are studied. Additionally, quality assurance
indicators that are chosen by subject matter experts may
overlook the less obvious causes of laboratory inefficien-
cies. These obstacles of traditional quality assessment can
potentially be minimized by augmenting analysis with
unsupervised machine learning algorithms.

Table 1 Blood Bank Information

Association rule mining is a type of unsupervised
machine learning algorithm that involves automated
identification of associations between different parameters
in a data set. This form of machine learning has been
studied in non-transfusion areas of medicine. Association
rule mining has been used to analyse medical healthcare
records for associations between specific diseases and
patient symptoms [13,14], and in identifying associations
between medications and specific diseases, and laboratory
findings and specific diseases [15].

In this manuscript, we focus on data from our regional
transfusion service (Central Zone of the Nova Scotia
Health Authority). Our regional transfusion service is
composed of four blood banks of varying sizes and trans-
fuses over ten thousand blood products per year (Table 1).
We follow the shelf-life guidelines set by Canadian Blood
Services. The shelf life for RBC is 42 days, thawed plasma
is 5 days and platelets is 7 days. In this manuscript, we
assess the use of association rule mining to analyse trans-
fusion data from a regional transfusion service to deter-
mine whether machine learning can identify attributes
associated with blood product inventory wastage.

Methods

Database construction

Transaction data on RBC, platelets and frozen blood pro-
duct (plasma and cryoprecipitate) usage were queried
from Cerner Millennium, the laboratory information sys-
tem (LIS) of the Nova Scotia Health Authority Central
Zone. This LIS (Cerner Millennium) is a single database
for all laboratory services at Central Zone in the Nova
Scotia Health Authority. The blood transfusion services in
the four institutions (hospital complexes) run on this sin-
gle database. These transactions are instantly and seam-
lessly recorded into the LIS when a blood product is
altered (e.g. thawed, pooled, disposed) or its status
changed (e.g. received, available, assigned, issued). The
complete data set includes RBC data from 1 January 2014

Annual Annual platelets/ Annual number Number of

Notable clinic RBC transfused frozen products of products disposed transactions recorded
Blood bank [services (Units) transfused (units) (units) in data set
Halifax infirmary Emergency department, 6673 1743 912 541 823

trauma centre, surgical wards
Victoria general Surgical wards, haematology 6092 3570 744 277 510
Hants community Emergency department, 425 15 3 16 758

surgical wards
Dartmouth general Emergency department, 1386 172 12-8 53 450

surgical wards

© 2021 International Society of Blood Transfusion
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Table 2 Label names of blood bank data set

Examples of Number of options
Category Description of options in in category Example of
Name category category (column 1) and derived options derived options
Product Abbreviated name of product PLT CPD Pooled, APL ACD-A LR 30 No derived options
description IRR, CSP CPD,
Product Integer unique to each product 3473560 Used to derive 'number very low, low, medium,
number of transactions. high, very high
Contains 5 derived
options.
ABO and RH ABO and RH type of the O+, A+, B+, AB+, 0—, A—, B—, 8 No derived options
product AB—
Special Standardized descriptions of Cryo-reduced, CMV negative, 1650 No derived options
treatments alterations made to the irradiated, apheresis
product
Status in blood Single word to describe the Received, available, transferred, 13 very low, low, medium,

bank

Dispense return
reason

Transaction
location

Ward location
Dispose reason

Time of

transaction
entry

Expiry date and
time

Username

Supplier

availability status or outcome
of the blood product

The reason why a dispense
product is returned to the lab

The hospital where the blood
product is located at the time
of the transaction

The hospital unit where the
blood is issued to

The reason why a product was
disposed of or destroyed

Date and time that the
transaction was entered into
the database

Date and time that the product
will expiry

The account name of the
technologist who entered the
transaction

The location where the blood
product was obtained from

transfused, disposed

No consent, issued in error,
patient unavailable
VG BTS, HI BTS, DG BTS

Emergency, medical day unit,
unit 51

Product expired, Excess time
outside refrigerator, Received
broken

20-07-15 3:38

9-06-16 5:32

MEANEYR

CBS — Dartmouth ISBT

Used to derive
‘inventory size"
Contains 6 derived
options.

25

21

42

Used to derive ‘time of
day and seasons,
handling time': 12
derived options.

Used to derive ‘time of
day and seasons, time
until expiration’: 12
derived options.

88

high, very high

No derived options

No derived options

No derived options

No derived options

Daytime, evening,
overnight, winter,
spring, summer, fall,
very low, low, medium,
high, very high

Daytime, evening,
overnight, winter,
spring, summer, fall,
very short, short,
medium, long, very long

No derived options

No derived options

to 31 December 2017 and non-RBC data from 1 January
2015 to 31 August 2018 and is composed of 889 556
transactions involving 20 515 frozen products, 12 056
platelet units and 48 954 red blood cell units. No signifi-
cant differences in blood bank policies were noted
between the study periods covered by the RBC and non-
RBC data sets. A summary of the different categories
included in this data set is provided in Table 2. The

© 2021 International Society of Blood Transfusion
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categories are queried without modification from those
used in our LIS and were initially adapted from disposi-
tion categories used by Canadian Blood Services. Cate-
gories which are continuous variables, such as
timestamps, were converted into categorical values which
are ideal inputs for association rule mining. For example,
continuous values were batched into ‘very low’, ‘low’,
‘medium’, ‘high’ and ‘very high’ options and included in
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our analysis as categorical variables. Likewise, date and
timestamps are converted into corresponding seasons and
technologist shifts. Two categories were excluded (product
handled during downtime and reason for reinstating a
product) due to zero products having these attributes dur-
ing the study period.

Factors where the value differed with every product
(such as product identification number) or factors with the
same value for all products (such as unit of measurement)
were removed since they could not be associated with
wastage and would increase the analysis time. Thawing of
frozen products and the pooling of thawed cryoprecipitate
were recorded in the data set as disposal transactions, and
these transactions were removed from the data set since no
product was actually disposed or destroyed. A total of
10 024 of these transactions were removed. The remaining
879 532 transactions were divided into sub-groups (frozen
products, RBC or platelets). An overview of database con-
struction and analysis is shown in Fig. 1.

Unsupervised machine learning by association
rule analysis

Each sub-group of transactions was analysed using unsu-
pervised machine learning involving association rule
mining. The algorithm was written in Python program-
ming language, version 3.6.4 [16]. Additional libraries for
analysis included Numpy version 1.14.2, [17] Pandas ver-
sion 0.23.4 [18] and Mlxtend version 0.13.0 [19].
Association rule analysis evaluates how transactions
with sets of defining factors (called the antecedent) corre-
late with transactions with other sets of factors (called the

consequent) [20]. If all the transactions that satisfy the
antecedent also satisfy the consequent, then there is likely
a high correlation between the antecedent and conse-
quent. The number of defining factors in each set can
vary in size; however, when association rule mining was
performed on a small subset of the data set, very few
clinically significant correlations involved an antecedent
or consequent with more than 3 factors. Therefore, analy-
sis of the full data set had a maximum number of factors
in the antecedent and consequent limited to 3. In associa-
tion rule analysis, the support refers to how frequently
transactions that fulfill the antecedent criteria appear in
the data set [20]. Confidence is the proportion of the
transactions in the antecedent that also fulfills the conse-
quent [20]. Lift is a measure that helps differentiate corre-
lations from random associations [21]. A lift value greater
than 1 suggests that there is a true association between
antecedent and consequent. For this analysis, a minimum
confidence and minimum support for the RBC analysis
were 0-1 and 0-00001, respectively. Minimum confidence
and minimum support for frozen and platelet product
analysis were 0-1 and 0-0001, respectively. This minimum
support threshold filtered out correlations with less than
6 transactions that meet the antecedent criteria. Correla-
tions with a lift score greater than 25 were further
assessed. This lift threshold is similar or higher than the
minimum lift score reported in other publications of asso-
ciation rule mining in the medical field, and allowed the
analysis to focus on the stronger associations [13-15].
Correlations with greater than 25 lift score were initially
classified by one transfusion expert based on whether the
association was logical and of clinical significance. The

Data From Regional
Transfusion Services

Transactions = 889,556

Transactions Excluded
24)

RBC, Platelets, and Frozen
Products
Transactions=879,532

Platelets RBC
(Transactions=717,758)

(Transactions=66,863)

Unsupervised Machine
Learning

Filter for Product
Wastage

Unsupervised Machine
Learning

Filter for Product
Wastage

Frozen Products
(Transactions=94,911)

Unsupervised Machine
Learning

Filter for Product
Wastage

Fig. 1 Data analysis framework for machine learning using blood product data set.
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associations were then reviewed with two other transfu-
sion experts, and a consensus was required to finalize the
classification. Correlation which involved wastage and
had clinical significance was flagged and reported using
the custom filter options in Microsoft Excel (2010) [22].
Wastage associations were filtered for by tagging the
associations which included ‘STATUS_Disposed’ or any of
the different ‘Dispose_reason’ tags. Clinically significant
associations were associations that indicate our policies
are functioning as intended or unexpected associations
that had not previously been considered to be wastage
related, which are relevant because they can indicate
unexpected wastage. To represent the data graphically,
additional variables were calculated including ‘proportion
ordered but not used’, ‘proportion excess time outside
refrigerator’ and ‘proportion unacceptable return tempera-
ture’ (formulae in Fig. 2).

After clinically relevant associations were identified,
the blood bank’s policies and procedures (such as tech-
nologist shift scheduling) were reviewed to hypothesize
potential cause of these wastage associations.

Results

Association rule mining analysis of RBC, frozen products
and platelets returned 52 292 associations, 5898 associa-
tions and 11 302 associations, respectively. After filtering
for associations that involved wastage, a total of 2629
RBCs, 472 frozen products and 254 platelet associations

were found.
The associations involving wastage were separated into
three categories: logical association with clinical

Derived variable

Proportion ordered but not used

Proportion unacceptable return temperature

Proportion excess time outside refrigerator

Fig. 2 Derived variables to allow graphical analysis.
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unacceptable return

Proportion excess time N
outside refrigerator I

significance, logical associations with no clinical signifi-
cance and unexplained associations. An example of logi-
cal association with no clinical significance would be an
association between a product expiring and the age of
the product. This association is logical, but it is also obvi-
ous and is unlikely to improve blood banking efficiency.
An example of an unexplained association would be
between unacceptable return temperature and the age of
the product, because there is no obvious reason for this
association and it is neither logical nor clinically signifi-
cant. The clinical significance of an association is depen-
dent on the policies and protocols of the blood bank, and
will therefore be institution dependent. At our regional
transfusion service, we found different combinations of
categories gave logical associations that are clinically sig-
nificant, and other categories gave logical associations
with no clinical significance (Table 3). Figure 3 shows the
percentage of associations involving wastage that were
classified into the three types of associations mentioned
above.

An anonymized copy of all the associations for the dif-
ferent products can be found in the Supplemental Materi-
als. Three logical associations with clinical significance
are described below. These examples demonstrate associa-
tions that were previously unknown to our transfusion
management.

Association of location with wastage of frozen
product

The nephrology intermediate care unit (IMCU) was the
most likely to dispose of products due to thawing unused

Unit of disposed frozen
product due to being
thawed

I
|

Proportion ordered |

but not used
Total number of

disposed frozen
products

Unit of RBC disposed

due to unacceptable

return temperature
I

Proportion

Total number of
disposed RBC units

temperature

Unit of RBC disposed
due to excess time
outside refrigerator
I
Total number of
disposed RBC units
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Table 3 Clinical significance of different categories

Categories and options that return
logical association
with clinical significance

Categories and options that return
logical association
with no clinical significance

Categories and options that
return unexplained
associations

Category: Status in blood bank
Option: Disposed

Category: Status in blood bank
Option: Expired

Category: Status in blood bank
Option: Location

Category: Ward location
Option: Association location
Category: Seasons

Category: Supplier

Category: Username

Category: Time until expiration

Category: ABO and RH

Category: Dispose reason

Category: Dispose reason

Option: Patient related

Category: Dispose reason

Option: CBS request

Category: Dispose reason

Option: No secure seal

Category: Special treatment
Option: Various

Category: Transfusion inventory size

Option: Quality control

Category: Time of day

Category: Dispose reason

Option: Return temperature unacceptable
Category: Dispose reason

Option: Exceeds appropriate temperature
Category: Dispose reason

Option: Thawed but not used

Category: Special treatment

Option: Thawed

Category: Handling time

Category: Dispose reason

Option: Failed visual inspection
Category: Dispose reason

Option: Security tag missing

Category: Dispose reason

Option: Bag broken

Category: Size of inventory

Category: Reinstate reason
Category: Transfusion frequency

Category: Dispose reason
Option: To IWK

frozen product. Wards involved in trauma care, such as
the intensive care unit (ICU), emergency department or
surgery, were also likely associated with product wastage
due to not using a thawed frozen product (Fig. 4). Hospi-
tal locations receiving less than 10 units during the
course of the data set were omitted since wasting even a
single product would heavily skew their proportion of
wasted products.

Hospital-dependent RBC wastage due to
inappropriate blood product return

The Nova Scotia Health Authority Central Zone LIS con-
tains transfusion data for 4 different hospitals (Dartmouth
General Hospital, Halifax Infirmary, Victoria General
Hospital and Hants Community Hospital). RBC returns in
these different hospitals were found to have significantly
different rates for excess time outside blood bank and
unacceptable return temperature (Fig. 5 a and b).

Inappropriate blood product returns were found to
associate with the evening shift

The evening shift (5 pm to 11 pm) was associated with
product wastage due to excess time outside refrigerator
and product returned at an unacceptable temperature
(Fig. 6a and b).

Discussion

Analysis of our blood bank data set revealed many asso-
ciations. Filtering using basic spreadsheet functionality
was sufficient to identify wastage-related associations.
We found that allowing certain categories through our
filter would return mostly clinically relevant associations
(Table 3). However, if the filter is too stringent, then some
clinically relevant associations would be missed because
too few categories passed through the filter. On the other
hand, increasing the number of categories that are

© 2021 International Society of Blood Transfusion
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mm 22.03% Logical association with clinical significance
=3 8.07% Logical associations with no clinical significance
69.90% Unexplained associations

RBC

mm 66.53% Logical association with clinical significance
Frozen Product =3 5.30% Logical associations with no clinical significance
mEm 28.18% Unexplained associations

66.54% Logical association with clinical significance
33.46% Unexplained associations

Platelets

Fig. 3 Proportion of associations with clinical significance. For each type of blood product, the associations were divided into logical associations with

clinical significance, logical associations without clinical significance and unexplained associations, based on the category options in Table 3.

allowed to pass the filter increased the number of associa-
tions that need to be analysed and decreased the likeli-
hood of an association being clinically relevant. Different
institutions will need to find the balance of how many
categories to allow through their filter. The initial filter-
ing process took approximately 12 h, and in future analy-
ses, the time may be shorter since these category filters
can be reused.

Unsupervised machine learning identified that wards
involved in trauma care were associated with wastage

Proportion ordered but not used

Fig. 4 Association between different wards and wastage due to unused
thawed frozen product. Hospital locations which received less than 10
units during the course of the data set were omitted. Trauma wards are
displayed with checkered patterned bars. IMCU, intermediate care unit;
ICU, intensive care unit.
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due to thawing products which go unused (Fig. 4). An
explanation for this association is that trauma care units
are more likely to implement massive transfusion proto-
cols, which have been shown to lead to increase frozen
product wastage [23]. However, our algorithm also unex-
pectedly found that the nephrology IMCU had a higher
proportional wastage of thawing unused product than the
wards involved with trauma patients. This unexpected
finding should prompt a review of the transfusion policies
of this unit and also demonstrates that association rule
mining can identify unexpected causes of wastage.

Wastage of RBC due to inappropriate product return was
found to be hospital-dependent, with the Halifax Infirmary
having the lowest relative wastage rate (Fig. 5a and b). In
our data set, the Halifax Infirmary is also the largest blood
bank with the largest product turnover rate (Table 1),
which raises the possibility that nurses and other hospital
personnel are more familiar with blood bank policies and
more cognizant of returning unused products promptly.
Additionally, the blood bank at the Halifax Infirmary is
supplying a trauma centre and the blood bank is located 1
floor above the surgical wards which will minimize the
time it takes for product transport.

The blood banks in the Central Zone have a day shift,
an overnight shift and a swing/evening shift. The unsu-
pervised machine learning algorithm identified that the
evening shifts are more often associated with wastage
due to inappropriate blood product returns (Fig. 6). There
are many possible causes for this wastage. There could be
fewer porters or nurses available to transport unused pro-
duct back to the blood bank in a timely manner.
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Fig. 5 Association between blood banks and product return temperature
and time outside of refrigerator. (A) Association between different blood
banks and wastage due to excess time outside refrigerator. (B) Associa-
tion between different blood banks and wastage due to high tempera-
ture of products when returned to blood bank. VG, Victoria General
Hospital; DG, Dartmouth General Hospital; HC, Hann's Community Hospi-
tal; HI, Halifax Infirmary.

Alternatively, unused products could be left on the unit
by the day team and only transferred back to the blood
bank once the daytime work is complete. This association
could be explored via root cause analysis and prompt fur-
ther investigation by our institutional transport systems.

There were also many associations with wastage with-
out an obviously logical relationship (Supplement Mate-
rial). This subset of data could be analysed in more depth,
since there could be non-obvious relationships which are
more likely to be missed by traditional quality assurance
indicators.

The total analytical time to process three years of
transfusion data, from data set to a list of unsorted asso-
ciations, was less than 24 h using a standard mid-range
desktop computer. The analysis of the data was automatic
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Fig. 6 Association between technologist shift and product return tem-
perature and time outside of refrigerator. (A) Association between the
technologist's shift and wastage due to excess time outside refrigerator.
(B) Association between the technologist's shift and wastage due to high
temperature of products when returned to blood bank.

and only required the user to input the initial data set. A
transfusion inventory management committee could take
advantage of the speed of unsupervised machine learning
to quickly identify potential factors associated with
wastage, and then perform targeted root cause analysis
and implement solutions to mitigate future wastage. This
strategy would be a fast and economical method to help
minimize wastage in modern blood banks.

Furthermore, machine learning can possibly also be
implemented for real-time interrogation of laboratory
wastage. Given the speed of association rule mining, daily
automated analysis of blood bank transactions can be
performed, and if new associations are discovered, then
immediate investigation (i.e. via a Kaizen event) and
action plans can be implemented. In principle, an unsu-
pervised machine learning engine could be implemented
by hospital blood banks through the use of stand-alone

© 2021 International Society of Blood Transfusion
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applications alongside the LIS or via software developers
hard-coding it into the LIS software products.

Limitations of using machine learning include the
requirement of transfusion personnel with computer
science knowledge, or a collaboration between transfusion
personnel and computer scientists to implement the anal-
ysis. There are large numbers of correlations which do
not have clinical relevance and need to be discarded after
an expert’s review. In this manuscript, the factors that
were chosen for analysis were the same factors that are
tracked by our LIS. Since our LIS is designed to track fac-
tors that are felt to be important for monitoring wastage
at our institute, it can increase the likelihood of machine
learning to find that these factors are associated with
wastage. These algorithms only identify correlations, but
not the root cause of these correlations, and therefore,
root cause analysis would still have to be implemented.
Finally, optimal usage of machine learning requires an
LIS that is accurate and contains a complete record of
blood bank transactions. In this study, only one LIS was
tested and therefore how well association rule mining can
be used on other LIS system will need to be verified on
an institution by institution basis.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Association rule mining results for frozen products. Each row represents one association between the antecedent and
the consequent. The antecedent and the consequent are formatted as “frozenset({<involved factor 1>,<involved factor
2><involved factor 3>,...}). Specific antecedent and consequent have been redacted because they contain identifiable
information about technologists at our institution. Inf = infinity.

Association rule mining results for platelets. Each row represents one association between the antecedent and the con-
sequent. The antecedent and the consequent are formatted in the same way as in supplemental material 1. Specific ante-
cedent and consequent have been redacted because they contain identifiable information about technologists at our
institution. Inf = infinity.

Association rule mining results for RBCs. Each row represents one association between the antecedent and the conse-
quent. The antecedent and the consequent are formatted in the same way as in supplemental material 1. Specific antece-
dent and consequent have been redacted because they contain identifiable information about technologists at our
institution. Inf = infinity.
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Dheeraj Goswami,” (1) Diana A. Steppan,”

Background Prior research on red blood cell (RBC) storage duration and clinical
outcomes in paediatric cardiac surgery has shown conflicting results. The purpose
of this study was to evaluate whether blood stored for a longer duration is harm-
ful in these patients.

Methods We performed a retrospective cohort study of paediatric patients under-
going cardiac surgery at our institution between January 2011 and June 2015.
Patients were stratified based on whether they were transfused RBCs stored for
<15 days (fresher blood) or >15 days (older blood). The primary outcome was
composite morbidity, with prolonged length of stay (LOS) as a secondary out-
come. Subgroup analyses were performed after stratification by RBC transfusion
volume (<2 vs. >2 RBC units). Multivariable logistic regression models were used
to assess the impact of RBC storage duration on composite morbidity and pro-
longed LOS.

Results Of 461 patients, 122 (26-5%) received fresher blood and 339 (73-5%)
received older blood. The overall rate of composite morbidity was 18-0% (n = 22)
for patients receiving fresher blood and 13-6% (n = 46) for patients receiving
older blood (P = 0-24). In the risk-adjusted model, patients receiving older blood
did not exhibit an increased risk of composite morbidity (OR: 0-74, 95% CI:
0-37-1-47, P = 0-40) or prolonged LOS (OR: 0-72, 95% CI: 0-38-1-35, P = 0-30)
compared to patients receiving fresher blood. Similar results were seen after
stratification by RBC transfusion volume.

Conclusions Transfusing RBCs stored for a longer duration was not associated
with an increased risk of morbidity or prolonged LOS in paediatric cardiac sur-
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this patient group, including priming of the cardiopul-

Introduction L . .
monary bypass circuit, transfusion during surgery to

Red blood cell (RBC) transfusion is a common interven-
tion in paediatric cardiac surgery [1]. Exposure to allo-
geneic RBCs occurs for a wide variety of indications in
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account for intra-operative blood loss and peri-operative
transfusions to restore oxygen carrying capacity. Because
the total circulating blood volume in paediatric patients
is smaller than that in adults, even a small quantity of
allogeneic RBCs can potentially have a large impact on
clinical outcomes.

While randomized controlled trials in adult cardiac sur-
gery patients have demonstrated no association between
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RBC storage duration and postoperative outcomes, [2] the
data among paediatric cardiac surgery patients are less
robust. Much of the research in this patient population
has been centred on small retrospective studies, with con-
flicting results [3—10]. Although some studies suggest
poorer outcomes and more peri-operative complications
when transfusing RBCs with a longer storage duration,
[3-6] others have demonstrated no differences in clinical
outcomes [7—10]. These studies, however, have been lim-
ited by small sample sizes and differing methodologies in
terms of how to best analyse RBC storage duration for
patients receiving more than 1 RBC unit [6,7,10]. Likely
secondary to these conflicting results, and considering the
risks of hyperkalemia, standard practice at most paediatric
cardiac surgery centres has been to transfuse RBCs stored
for less than 15 days in the youngest patients (under
1 year of age). This practice, however, is not always feasi-
ble owing to limitations in blood inventory.

The primary aim of this study was to evaluate the rela-
tionship between RBC storage duration and peri-operative
outcomes in paediatric patients undergoing cardiac sur-
gery. We hypothesize that transfusing RBCs stored for a
longer duration would lead to an increased risk of post-
operative complications among paediatric cardiac surgery
patients.

Methods

Study design

After receiving Institutional Review Board approval with
waived informed consent (IRB: NA_00078426), we retro-
spectively analysed paediatric patients undergoing cardiac
surgery at our institution between January 2011 and June
2015. Data were obtained from our institutional patient
blood management database, which was created from
electronic medical record data acquired through a web-
based intelligence portal (Impact Online, Haemonetics,
Braintree, MA, USA) and from our hospital billing data-
base [11].

Patients less than 18 years of age who underwent car-
diac surgery at the Johns Hopkins Children’s Center (with
or without the use of cardiopulmonary bypass) and who
received at least one RBC unit during their hospitalization
were eligible for inclusion in this study. We excluded
patients requiring extracorporeal life support (ECMO), as
well as those receiving more than 10 RBC units, as these
patients likely represented an extreme severity of illness.
Their morbidity profiles would be impacted moreso by
the disease process and nature of the massive transfusion,
rather than the storage duration of the transfused blood.
Patients who received RBC units with storage durations of
both <15 days and >15 days were also excluded, as the

transfusion of mixed-age RBCs would have confounded
the results of this study [9].

Bypass practices and transfusion strategies

At our institution, the bypass circuit is primed using
whole blood for neonates undergoing complex procedures
and with 1 unit of RBCs with 0-5-1 unit of FFP for chil-
dren less than 7 kg. Modified ultrafiltration is used for
children under 20 kg. With respect to transfusion strate-
gies, our primary goal is to keep the haemoglobin (Hb)
concentration above 10-12 g/dl in most neonatal surg-
eries, especially if there is a component of deep hypother-
mic circulatory arrest, cyanosis or antegrade cerebral
perfusion. We do not have a specific paediatric cardiac
surgery transfusion algorithm at our institution, but
instead focus our intra-operative transfusion efforts on
meeting the physiological needs of our patients according
to hemodynamic parameters, arterio-venous oxygen dif-
ferences and cerebral near-infrared spectroscopy readings.

Fresher blood at our institution is primarily given to
younger patients. Specifically, ECMO patients, who were
excluded from this study, as well as patients in the
neonatal intensive care unit (NICU), are preferentially
given RBCs stored for <15 days. In the ICU, blood is
transfused at a dose of 10-15 ml/kg, whereas in the oper-
ating room a full unit of blood is normally provided
regardless of the size of the patient. While all RBC units
at our institution are pre-storage leukoreduced, they are
not routinely washed prior to intra-operative transfusion.
Irradiated RBC units are given to children under 6 years
of age.

Baseline characteristics

Demographic and clinical characteristics, such as age,
sex, height, weight and the presence of cyanotic disease,
were extracted from our institutional patient blood man-
agement database. Intra-operative data, including bypass
time and cross-clamp time, as well as transfusion data,
including RBC storage duration, number of RBC units
transfused, starting Hb, nadir Hb and last Hb, were col-
lected through a web-based blood management intelli-
gence portal (Impact Online, Haemonetics). Hb levels were
mostly obtained from arterial blood gas samples intra-op-
eratively, and complete blood count laboratory tests in
the postoperative setting. The starting Hb refers to the
first Hb obtained during the patient’s hospitalization,
while the last Hb refers to the final Hb obtained prior to
discharge. Quality control is routinely performed for these
data sources by the Johns Hopkins Clinical Analytics
team by comparing electronic medical record data with
institutional blood bank data.

© 2021 International Society of Blood Transfusion
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Clinical outcomes and subgroup analysis

In-hospital morbid events were determined by Interna-
tional Classification of Diseases, 9th edition (ICD-9) codes.
These included hospital-acquired infections, sepsis, respi-
ratory complications and venous thrombotic events, as
we have previously described [12]. A composite of any
morbid event (composite morbidity) was designated as the
primary outcome. The secondary outcomes were individ-
ual morbid events and a prolonged hospital length of
stay. The latter was defined as a length of stay longer
than the 75th percentile for the entire study population
(>11 days).

To account for potential differences based on disease
severity, subgroup analyses were performed after stratifi-
cation by the total number of RBC units transfused.
Patients transfused >2 RBC units were classified as high-
volume transfusions, while those transfused <2 RBC units
were classified as low-volume transfusions. This threshold
of 2 RBC units was chosen based on prior studies that
assessed the impact of RBC storage duration on postoper-
ative outcomes in paediatric cardiac surgery [9].

Statistical analysis

Patients were divided into two cohorts — those who
exclusively received RBC units stored for <15 days, and
those who exclusively received RBC units stored
>15 days. In addition to routine patient characteristics,
we used two different scores for the purposes of risk
adjustment: the Society of Thoracic Surgeons — European
Association for Cardiothoracic Surgery (STAT) category,
[13] which was designed to analyse the risk of mortality
associated with congenital heart surgery procedures, and
the Risk Adjustment for Congenital Heart Surgery
(RACHS) score, [14] which was a model developed to pre-
dict in-hospital mortality after surgery for congenital
heart disease.

Jmp version 12 (SAS Institute, Cary, NC, USA) and stata
SE-64 (StataCorp LLC, College Station, TX, USA) were
used for statistical analysis. Proportions were compared
by chi-square tests and means by Student’s t-tests. Non-
parametric Wilcoxon tests were used to compare medians
for data not normally distributed, as determined by his-
tograms. Multivariable logistic regression models were
developed to evaluate the association between RBC stor-
age duration and the primary and secondary outcomes
after controlling for clinically relevant covariates such as
age, sex, height, weight, cardiopulmonary bypass time,
cross-clamp time, STAT category and RACHS score. To
account for the fact that the presence of cardiopulmonary
bypass increases the risk of postoperative complications,

© 2021 International Society of Blood Transfusion
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additional multivariable analyses were performed solely
among patients who underwent surgical procedures
involving cardiopulmonary bypass. Due to the small sam-
ple size, multivariable logistic regression models could
not be used to assess the association between RBC storage
duration and individual morbid events after stratification
by RBC transfusion volume. Statistical significance was
defined as P < 0-05.

Results

Study population

A total of 1155 paediatric patients underwent cardiac sur-
gical procedures at our institution between January 2011
and June 2015, all of whom had complete data on RBC
storage duration. Of those, 694 patients were excluded as
they received >10 units of blood, or because they were
transfused RBCs that belonged to both storage duration
groups. The remaining 461 patients met the inclusion cri-
teria, of which 26-5% (n = 122) received blood stored for
<15 days and 73-5% (n = 339) received blood stored for
>15 days (Figure 1).

After stratification by RBC transfusion volume, 64-4%
(n = 297) were in the low-volume cohort (<2 total RBC
units) and 35-6% (n = 164) were in the high-volume
cohort (>2 total RBC units). Among patients in the low-
volume subgroup, 33-3% (n = 99) received blood stored
for <15 days and 66-6% (n = 198) received blood stored
for >15 days. This is in comparison with the high-volume
subgroup, where 14-0% (n = 23) received blood stored for
<15 days and 86-0% (n = 141) received blood stored for
>15 days.

Patient characteristics

Patients who received RBCs stored for a longer duration
were older, taller, heavier and had a higher incidence of
cyanotic heart disease (Table 1). The two groups did not
differ in terms of RACHS score, STAT category or operat-
ing times (cardiopulmonary bypass time, cross-clamp time
and duration of deep hypothermic arrest). The groups also
had similar preoperative Hb levels, although patients in
the longer RBC storage duration group had a slightly
lower nadir Hb during their hospital stay and a lower last
Hb prior to discharge. Patients who were transfused blood
<15 days old received fewer total RBC units throughout
their hospitalization compared to patients who received
blood stored for >15 days (P < 0-001) (Table 1).

After stratification by RBC transfusion volume, patients
in both subgroups receiving RBCs stored for >15 days
were older, heavier, taller and more likely to have a lower
nadir Hb during their hospitalization. In the low-volume
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Pediatric Cardiac Surgery Patients
(Yan 2011 - June 2015)
n=1,155

A

Excluded: 694 Patients
* >10 RBC Units Transfused (n = 194)
* Mixed Age RBCs Transfused (n = 500)

Final Study Population
n=461

Patients Receiving Blood Stored
<15 Days
n =122 (26.5%)

— T~

Patients Receiving Blood Stored
>15 days
n =339 (73.5%)

— T~

Low-Volume RBC Transfusion
(<2 RBC Units)
n =99 (81.1%)

High-Volume RBC Transfusion
(>2 RBC Units)
n=23(18.9%)

Low-Volume RBC Transfusion
(<2 RBC Units)
n =198 (58.4%)

High-Volume RBC Transfusion
(>2 RBC Units)
n =141 (41.6%)

Figure 1 Flow diagram outlining inclusion and exclusion criteria for our study population of paediatric cardiac surgery patients.

subgroup specifically, patients receiving RBCs stored for
>15 days were also more likely to have a higher RACHS
score and be in a higher STAT category (Table 2).

Clinical outcomes

There was no difference in the rate of composite morbid-
ity between patients receiving blood <15 days old (22 of
122; 18-0%) and >15 days old (46 of 339; 13-6%)
(P = 0-24) (Table 3). When analysing individual morbid
events, patients receiving blood stored for <15 days dura-
tion exhibited higher rates of sepsis (P = 0-0036) and
hospital-acquired infection (P = 0-048) compared to those
receiving blood stored for >15 days. Median length of
stay was not significantly different between patients in
the <15-day (median: 7, IQR: 5-9) and >15-day (median:
7, IQR: 5-11) (P = 0-82) cohorts, and the incidence of
prolonged length of stay (>75th percentile [or 11 days])
was similar between the <15-day (28 of 122; 23-0%) and
>15-day (80 of 339; 23-6%) cohorts (P = 1-00) (Table 3).
When stratifying by RBC transfusion volume, the over-
all rate of composite morbidity for the high-volume trans-
fusion cohort was 19-5% (32 of 164), compared to 12-1%
(36 of 297) for the low-volume transfusion cohort
(P = 0-04). There were no differences in the rate of com-
posite morbidity between the <15-day and >15-day
cohorts for both the high-volume and low-volume trans-
fusion subgroups (Table 4). However, patients receiving
blood stored for <15 days in the low-volume transfusion

subgroup exhibited a higher incidence of sepsis
(P = 0-0008), hospital-acquired infection (P = 0-0011) and
prolonged length of stay (P = 0-011) compared to those
receiving blood stored for >15 days. These findings were
not seen in the high-volume transfusion subgroup.

Multivariable analysis

Multivariable analysis demonstrated that prolonged RBC
storage duration was not associated with an increased risk
for composite morbid events (OR: 0-74, 95% CI: 0-37—
1-47, P = 0-40) or prolonged length of stay (OR: 0-72,
950 CI: 0-38-1-35, P = 0-30) (Table 5). There was also no
association between RBC storage duration and risk of
individual morbid events, such as venous thrombotic
events, respiratory complications, sepsis or hospital-ac-
quired infection. These results stayed consistent even after
excluding patients who did not have cardiopulmonary
bypass (Table 5).

Similar findings were seen after subgroup analysis
based on RBC transfusion volume. For both the high-vol-
ume (>2 RBC units) and low-volume (<2 RBC units) trans-
fusion cohorts, multivariable analysis demonstrated that
prolonged RBC storage duration was not associated with
an increased risk for composite morbid events or pro-
longed length of stay (Table 6). Once again, there was no
association between RBC storage duration and clinical
outcomes even after excluding patients who did not have
cardiopulmonary bypass (Table 6).

© 2021 International Society of Blood Transfusion
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Table 5 Multivariable logistic regression assessing the risk of prolonged
red blood cell storage duration (vs. shorter duration) on various clinical
parameters, among all patients and the subset undergoing cardiopul-
monary bypass

Odds ratio  95% CI P-value
All patients (n = 461)
Composite morbidity 0.74 0.37-1.47 0.40
Venous thrombotic event 2.43 0.49-119 0.28
Respiratory complications 0.42 0.16-1.13  0.09
Sepsis 0.19 0.03-1.26  0.09
Hospital-acquired infection 0.37 0.11-1.20 0.10
Prolonged hospital length of stay’  0.72 0.38-1.35 0.30
Patients undergoing cardiopulmonary bypass (n = 389)
Composite morbidity 0.61 0.29-1.38 0.23
Venous thrombotic event 2.19 0.54-15.2  0.30
Respiratory complications 0.45 0.18-1.19  0.10
Sepsis 0.64 0.05-16.3 0.74
Hospital-acquired infection 0.40 0.06-3.20 035
Prolonged hospital length of stay® 2.27 0.54-2.70  0.70

Independent variables included in the multivariable models were age,
sex, height, weight, STAT category and RACHS score.

"Prolonged length of stay defined based on 75th percentile of the study
population (>11 days).

Discussion

In this study of paediatric cardiac surgery patients, pro-
longed RBC storage duration was not associated with an
increased risk of composite morbidity. There was also no
association between RBC storage duration and individual
morbid events or prolonged length of stay after risk
adjustment for potential confounders. These findings are
consistent with randomized trials in adult patients that
have shown no adverse effects when transfusing older

RBCs [2,15,16]. In the paediatric population, however, the
impact of RBC storage duration on clinical outcomes is
less well established.

In critically ill paediatric patients, [17] preterm neo-
nates [18] and severely anaemic children with malaria,
[19] clinical trials have demonstrated no association
between RBC storage duration and clinical outcomes.
However, the data in paediatric cardiac surgery are less
clear, as there have only been a few retrospective studies
published to date, with mixed results. Some have shown
adverse effects when transfusing blood stored for a longer
duration, [3—6] while others have shown no differences in
clinical outcomes [7-10]. Many of these studies have been
limited by small sample sizes, [6,10] and unclear method-
ology regarding how RBC storage duration was classified
[7,10]. While there are multiple ways to analyse RBC stor-
age duration for patients who are transfused more than 1
RBC unit, such as categorizing patients based on the old-
est RBC unit transfused, [6] or simply averaging the age
of the RBC units, [3] each of these methodologies is asso-
ciated with significant amounts of confounding. The true
association between RBC storage duration and clinical
outcomes cannot be assessed when patients are transfused
both fresher and older blood. Our study only included
patients who received blood of a specific storage duration
and contributes to the growing body of literature empha-
sizing that RBC storage duration may not impact clinical
outcomes for children undergoing cardiac surgery [7-10].

It is well known that many biochemical changes occur
with blood storage, such as decreased cell membrane
deformability, decreased 2,3-diphosphoglycerate levels
and a left shift of the oxygen dissociation curve, which
potentially decreases oxygen delivery at the tissue level
[20,21]. Importantly, hyperkalemia can result in cardiac
arrest upon RBC transfusion, especially in paediatric

Table 6 Multivariable logistic regression assessing the risk of prolonged red blood cell storage duration (vs. shorter duration) on various clinical parame-

ters after stratification by red blood cell transfusion volume, among all patients and the subset undergoing cardiopulmonary bypass

High-volume transfusions (>2 RBC units)

Low-volume transfusions (<2 RBC units)

Odds Ratio 95% CI P-value Odds Ratio 95% CI P-value
All patients (n = 461)
Composite morbidity 0.90 0.24-4.00 0.88 0.48 0.17-1.43 0.18
Prolonged hospital length of stay® 2.60 0.76-11.0 0.13 0.53 0.16-1.84 0.31
Patients undergoing cardiopulmonary bypass (n = 389)
Composite morbidity 0.89 0.23-4.15 0.87 0.45 0.16-1.33 0.15
Prolonged hospital length of stay® 2.64 0.76-11.6 0.13 0.51 0.16-1.66 0.25

Independent variables included in the multivariable models were age, sex, height, weight, cardiopulmonary bypass time, cross-clamp time, STAT category

and RACHS score.
Abbreviations: RBC, red blood cell.

"Prolonged length of stay defined based on 75" percentile of the study population (>11 days).
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patients who require rapid transfusion, such as during
cardiac surgery [22]. It has been demonstrated that potas-
sium levels in the storage solution supernatant increase
incrementally over the entire 6-week period of FDA-al-
lowed storage [23]. Other RBC storage lesions that may
affect clinical outcomes include increased endothelial
adherence and increased aggregability [24]. Additionally,
continued depletion of nitric oxide causes RBCs to
become nitric oxide scavengers, thereby contributing to
local vasoconstriction of the microcirculation and imped-
ing oxygen delivery even further [25,26].

In light of these physiologic changes to stored RBCs, it
is unknown why many retrospective studies in paediatric
cardiac surgery, including ours, have demonstrated nega-
tive findings with respect to RBC storage duration and
clinical outcomes [7-10]. One hypothesis is that the risks
associated with transfusing older blood products may be
mitigated by improved peri-operative care. It is also pos-
sible that differences exist with respect to patients’ illness
severity and that patients may be otherwise healthy for
blood storage duration to impact clinical outcomes. More-
over, paediatric patients generally receive less blood com-
pared to adults and thus may not experience some of the
anticipated effects of older blood due to the smaller total
volume. This is likely to only be a minor issue in our
study population though, as paediatric cardiac surgery
patients tend to receive a large volume of RBCs relative
to their body mass to compensate for the volume of the
cardiac bypass circuit [27]. Another potential reason for
the negative findings in this study was the smaller than
anticipated difference in mean RBC storage duration
between our fresher and older blood cohorts. It is possible
that the metabolic changes associated with prolonged
RBC storage duration did not differ significantly between
the fresher and older blood, thus preventing us from
detecting a difference in clinical outcomes between these
two groups.

Nevertheless, on univariate analysis we did find that
patients transfused blood stored for <15 days had a
higher incidence of sepsis and hospital-acquired infection,
particularly among the low-volume transfusion subgroup.
While the exact reasons for this finding are unknown, it
is likely due to selection bias among our patient popula-
tion, as these may represent younger patients with a
higher severity of illness. It is important to note that after
controlling for these relevant characteristics in the multi-
variable analysis, there was no association between RBC
storage duration and individual morbid complications.

Several limitations of this study should be recognized.
First, this was a single-centre analysis with a retrospective
design, making it susceptible to institutional bias owing
to its relatively small sample size. Second, due to the

© 2021 International Society of Blood Transfusion
Vox Sanguinis (2021)

retrospective nature of this study, we were unable to pre-
sent RBC transfusion volumes as ml/kg, as is sometimes
done for neonates. Neonates present a unique situation
because they are often transfused fresher blood due to the
risk of hyperkalemia [23]. However, only a small propor-
tion (8-2%) of our study population were neonates, and
thus, if biases were to exist related to these factors, they
would likely be minimal and would not detract from our
overall conclusions. Third, the primary outcome of our
study, namely composite morbidity, was chosen based on
prior studies on RBC storage duration [7,9]. While we rec-
ognize that additional outcomes focused primarily on
paediatric cardiac surgery, such as arrythmias or haemor-
rhage, would have been helpful, these variables were
unfortunately not available within our database. ICU
length of stay in particular could not be assessed due to
significant amounts of missing data. Fourth, we were
unable to stratify patients based on the type of RBC
preservative solution used. Through conversations with
experts in our blood bank, we determined that the major-
ity of RBC units were stored in Additive Solution (AS-1),
while a smaller proportion were stored in Citrate Phos-
phate Dextrose Adenine Solution (CPDA). However, more
granular data were not available. We recognize that RBCs
stored in AS-1 have a longer shelf-life (42 days) com-
pared to RBCs stored in CPDA (35 days), which could be
another potential confounder. Fifth, at our institution,
irradiated RBCs are given to younger patients. This intro-
duces another potential confounder, since irradiation
causes damage to the RBCs, consequently reducing their
shelf-life. To address this concern, we performed an addi-
tional analysis solely among patients <5 years of age.
This subgroup analysis demonstrated no association
between RBC storage duration and peri-operative out-
comes, suggesting that potential bias associated with irra-
diated RBCs is unlikely to have influenced the primary
findings of our study.

Finally, there is also the issue of what truly constitutes
older blood, and how that determination is made. In this
study, we chose to treat RBC storage duration as a
dichotomous, rather than continuous variable, in order to
increase the clinical utility of our findings. We defined
older blood as blood stored for greater than 2 weeks,
which is consistent with prior studies performed in adults,
children and infants [6,10,28]. By using this 15-day cut-
off though, it is possible that many of the metabolic
changes associated with prolonged RBC storage duration,
such as depletion of 2,3-diphosphoglycerate levels, may
have already occurred [20,21]. This, in turn, could have
impacted our ability to detect a meaningful difference in
clinical outcomes between our two storage duration
groups.
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Conclusions
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Background and objectives It is proposed that severe leucocytosis mainly con-
tributes to pulmonary hypertension by blocking pulmonary capillaries and
restricting blood flow. Exchange transfusion (ET) in pertussis has been demon-
strated as a safe and useful technique for depleting the leucocyte mass. We aim
to discuss four cases of pertussis-induced respiratory distress and the effective-
ness of ET in such a setting.

Materials and methods We conducted a retrospective case series at the Infectious
Disease Department of Children’s Hospital 2 in Ho Chi Minh City, Vietnam, and
included four pertussis patients that were confirmed by PCR tests on respiratory
secretions, presented with severe leucocytosis and respiratory distress and
required mechanical ventilation.

Results Among the included patients, three underwent a double volume ET for
leucodepletion, two of whom were discharged after the procedure with proper
vitals and laboratory test results. On the other hand, one patient died despite ET,
performed late in the course of the disease. Exchange transfusion was not per-
formed in the last patient who died as well.

Conclusion Early ET may be a useful and rapid life-saving treatment in children
with critical pertussis and severe leucocytosis before cardiopulmonary complica-
tions appear.
Key words: critical pertussis, exchange transfusion, hyperleucocytosis, pulmonary
hypertension.

Introduction

Health Organization reported 151 074 pertussis cases,
with a 4% mortality rate [3]. In Vietnam, the number of

Pertussis (whooping cough) is an infectious disease
caused by Bordetella pertussis which is transmitted
through respiratory tract secretions. Over the past few
years, pertussis has been re-emerging all over the world
[1]. Tt usually occurs in early infancy and can be pre-
vented by adequate vaccination [2]. In 2018, the World
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new cases has been recently increasing, from 267 cases
(in 2016) to 1013 cases (in 2019) [4]. Critical pertussis is
simply defined as a complication of death or intensive
care unit (ICU) admission as a result of pertussis infec-
tion. Management of pertussis-induced complications can
be challenging sometimes. Many articles reporting the
admission of patients with pertussis-induced complica-
tions to the ICU have been published [5-7]. Critical per-
tussis, characterized by refractory hypoxaemia,
pulmonary arterial hypertension, heart failure, with dras-
tic leucocytosis requires ICU admission [6,8]. These
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clinical manifestations affect only a small fraction of
children with pertussis; however, considerations should
be made to reduce the high mortality rate [5]. It has been
suggested that leucocytosis correlates with high mortality
rates in pertussis patients [9]. Accordingly, leucodepletion
(which can be achieved by leucapheresis, fluid infusion
and exchange transfusion) can be considered a method to
improve the prognosis [10,11]. In this article, we pre-
sent four cases of young infants suffering from critical
pertussis and the effectiveness of using blood exchange
transfusion (ET) at the Infectious Diseases Depart-
ment, Children’s Hospital 2 (Ho Chi Minh City, Vietnam)
in 2019.

Cases presentation

In this report, we retrospectively reviewed the clinical data
of four patients with the following criteria: (1) having a
positive pertussis polymerase chain reaction (PCR) result,
(2) WBCs count >50 000/mm?> and (3) having severe respi-
ratory distress that required mechanical ventilation and
hospitalized at the Infectious Diseases Department, Chil-
dren’s Hospital 2 (Ho Chi Minh City, Vietnam) in 2019.
Among the four patients that were included in our study,
three underwent a double volume ET once, in three hours
through the right femoral vein using a central catheter
(Certofix® Duo Paed S408). In each 5-7-minute cycle,
15-40 ml of patients’ blood was removed and replaced
with a donor’s fresh frozen plasma and packed RBCs
according to each patient’s blood group. The procedure was
indicated based on Rowland et al. criteria for performing
ET in pertussis patients to counteract the leucocytic cri-
sis (WBCs > 50-70 x 10°/ml) and the complications it
induces [12]. In the 3rd and the 4th cases, the patients
promptly underwent ET when WBCs count reached above
50 x 10°/ml and in the absence of cardiac complications
(pulmonary hypertension or cardiac shock). Their WBCs
counts decreased remarkably with subsequent rapid respi-
ratory functions improvement (ventilator parameters and
arterial blood gas) (Table 2). Although both patients suf-
fered from hospital-acquired pneumonia later, they were
successfully discharged from the hospital after achieving
full recovery. Patients’ demographics and laboratory char-
acteristics are presented in Tables 1 and 2 and Fig. 1. A
detailed summary of all cases is described as follows:

Case 1

A 1-month-old male patient with increasing cough and
wheezing for 2 weeks was diagnosed at Dong Nai
Children’s Hospital with severe pneumonia-induced septi-
caemia and initially treated with nasal continuous posi-
tive airway pressure (NCPAP) ventilation and antibiotics

including cefepime, amikacin, imipenem and vancomycin.
After 6 days of treatment, with no improvement in his
respiratory distress, the child was transferred to Children’s
Hospital 2. His vaccination included BCG, hepatitis B,
but he had not been vaccinated against pertussis, yet.
When admitted to the hospital, he was having pneumo-
nia with severe respiratory insufficiency complications.
Laboratory test results showed leucocytosis (72-9 x 10°/
ml, N 449%, L 32%), toxic granulation in the peripheral
blood smear, thrombocytosis (582 x 10°/ml) and normal
haemoglobin (Hgb 10-9 g/dl). Arterial blood gases (ABG)
test showed respiratory acidosis with concomitant meta-
bolic acidosis, alveolar-capillary barrier damage (pH/PCO,/
PO,: 7-16/59 mmHg/169 mmHg), C-reactive protein (CRP)
level of 13-2 mg/l with serious hyponatraemia (103 mEq/l).
Chest X-ray revealed an underlying alveolar injury and
right upper lobe collapse. Echocardiogram revealed pul-
monary arterial hypertension (sPAP: 40 mmHg), tricuspid
valve regurgitation, mild pericardial effusion, but preserved
ejection fraction ratio (EF 75%). Sputum analysis by PCR
was positive with Bordetella pertussis, Aspergillus and
Burkholderia cepacia. With a diagnosis of severe pneumo-
nia — sepsis — pertussis, he was treated with invasive venti-
lation, fluid and saline infusion, and antibiotics including
meropenem, vancomycin, levofloxacin and azithromycin.
However, under the serious lung damage, prolonged hyper-
capnia, severe hyponatraemia, heart failure with poor
response to extreme invasive ventilation, high-dose
inotropes/vasopressors (1-5 pg/kg/min), continuous renal
replacement therapy (CRRT) was performed to correct
hyponatraemia and refractory shock and hopefully elimi-
nate pertussis toxins. However, the patient died 5 days
after hospital admission. ET was not conducted with this
patient as the attending physicians were not familiar with
such cases and due to the late pertussis PCR confirmation.

Case 2

A 10-month-old female patient was admitted to Chil-
dren’s Hospital 2 after 2 weeks of violent coughing, pro-
longed wheezing, high fever, breathing difficulty with no
improvement after being treated at Binh Phuoc Hospital.
The child had not been fully vaccinated (only 1 shot of
hepatitis B and BCG when delivered until the time of
admission). Physical examination revealed high fever, res-
piratory failure with cyanosis, decreased SpO,, tachycar-
dia (180 bpm), 3/6 systolic murmur, chest retraction with
a respiratory rate of 55 bpm and crackles on auscultation.
Laboratory tests showed leucocytosis (43 x 10°/ml) and
elevated CRP (90 mg/l). The initial diagnosis was severe
pneumonia-induced septicaemia and suspected haemato-
logic malignancies. And she was treated with oxygen
therapy, antibiotics  as

broad-spectrum meropenem,

© 2021 International Society of Blood Transfusion
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Table 2 Arterial blood gas and parameters of mechanical ventilation before—after ET

Case 1 Case 2 Case 3 Case 4
Characteristics Before After Before After Before After Before After
pH 7-24 * 7-25 7-42 7 7-6 7-35 7-45
PCO, (mmHg) 43 * 52 35 49 28-4 62 51
PO, (mmHg) 124 * 52 59 81 226 738 85
BE (mmol/l) -85 * -5 -1-2 -0 6-8 4.5 10-8
AaDO, (mmHg) 99-3 * 444 612-3 95 99-8 280 909
Fi0, (%) 100 * 100 100 40 30 60 40
IP (cmH,0) 34 * 28 34 18 15 18 16
PEEP (cmH,0) 10 * 8 15 7 6 10 7

BE, Base Excess; PCO,, Partial Pressure of Carbon Dioxide; PO,, Partial Pressure of Oxygen.

*Not performed.

vancomycin, fluid infusion based on the patient’s daily
demands and nasogastric tube feeding. However, her res-
piratory symptoms got worse gradually and she was intu-
bated for ventilation. After that, the
manifestations got exacerbated with heart failure,
dropped SpO,, and subsequently, she was ventilated with
high-frequency oscillatory ventilation (HFOV), combined
with adrenaline and noradrenaline. Laboratory findings at
that time showed hyperleucocytosis (106 x 10°/ml), pul-
monary hypertension (sPAP = 70 mmHg) and positive
sputum PCR for Bordetella pertussis. Despite leucocyte
count did decrease after the procedure, it began to esca-
late at high speed again (from 29-6 to 49-2 x 10°/ml)
(Fig. 1). Hypoxaemia did not improve despite ventilation
with high pressure, pulmonary arterial hypertension per-
sisted after ET with poor response to vasodilators, and
hypotension did not get better with high-dose vasopres-
sors/inotropes (adrenalin, noradrenalin). CRRT was per-
formed, but she died after 8 days of treatment.

invasive

Case 3

A 4-month-old female patient who complained about
four-day symptoms of fever, cough and dyspnoea was
treated at Phu Yen Obstetrics and Pediatric Hospital for
12 days with ceftriaxone, ciprofloxacin, vancomycin and
azithromycin. After no improvement, she was transferred
to Children’s Hospital 2. At birth, the child was kept in the
neonatal ward for 11 days and did not receive any vacci-
nation. Physical examination showed severe respiratory
distress. Laboratory tests indicated extreme leucocytosis
and thrombocytosis (78-1 x 10°/ml and 1348 x 10°/ml,
respectively), ABG tests revealed respiratory acidosis
(pH/PCO,/PO,: 7-26/48-8 mmHg/106-6 mmHg), and
Bordetella pertussis PCR was positive. The diagnosis was
severe pertussis-induced critical pneumonia and invasive

ventilation, antibiotics, fluid infusion and ET were indi-
cated. After ET, leucocyte depletion was
(11-4 x 10°/ml) (Fig. 1), respiratory status improved, and

observed

ventilation was withdrawn after 2 days. During her hospi-
talization, an episode of hospital-acquired pneumonia
occurred with bilateral pulmonary consolidation on chest
X-ray and positive sputum culture for Acinetobacter.
Moreover, the patient developed two episodes of seizures
(one focal, one generalized). Lumbar puncture was per-
formed, and CSF analysis showed a brain injury status
with highly elevated protein (1-93 g/dl), meanwhile, cell
count, glucose and lactate levels were normal; epilepsy on
EEG was not reported; MRI showed leucomalacia right
frontal-occipital areas, possibly related to hypoxia-
induced brain damage. However, no neurological compli-
cations developed and the patient was treated with antibi-
otics: meropenem, levofloxacin, colistin, and discharged
after 39 days.

Case 4

A 4-month-old female patient was admitted with a chief
complaint of fever and breathing difficulty after 4-day
outpatient treatment at Dong Nai Hospital. Clinical symp-
toms included prolonged coughing which turned her face
red and even cyanotic. The patient was inoculated with
hepatitis B, BCG vaccines at delivery, but had not received
the pentavalent shot. Physical examination revealed mod-
erate chest retractions and crackles on auscultation. After
admitted, she developed progressive respiratory distress; a
chest X-ray showed alveolar damage and consolidation on
the upper right lung. Arterial blood gases indicated respi-
ratory acidosis with hypoxaemia (pH/PCO,/PO,: 7-315/
61-9 mmHg/73-8 mmHg). Endotracheal
invasive mechanical ventilation was carried out. However,
after 5 days of treatment with

intubation for

ceftriaxone and

© 2021 International Society of Blood Transfusion
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Fig. 1 White-blood-cell count for all cases before and after admission until recovery/death.

erythromycin, her state did not improve, and complete
blood count showed extreme leucocytosis (65-4 x 107/
ml). PCR for Bordetella pertussis was positive. After ET,
her respiratory distress improved, a depletion in leucocyte
count was observed (19-4 x 10°/ml) (Fig. 1), and she was
withdrawn from the ventilator. Afterwards, another E. coli
pneumonia episode occurred, but she finally responded to
imipenem and colistin. The patient was eventually dis-
charged after 26 days.

Discussion

Respiratory failure in pertussis patients usually results
from pertussis pneumonia, bacterial superinfection and
pulmonary arterial hypertension due to leucocytosis. Leu-
cocytosis is observed in most pertussis cases, and hyperleu-
cocytosis (WBC count is over 100 x 10°/ml) is a rare
complication [13]. The pathogenesis of this phenomenon

© 2021 International Society of Blood Transfusion
Vox Sanguinis (2021)

implicates pertussis toxins [9,14]. Monitoring WBC count
in early stage and repeating it is crucial in pertussis chil-
dren’s evaluation [15]. Histopathological autopsy findings
of leucocyte thrombi in pulmonary vessels have supported
the hypothesis that leucocytosis causes pulmonary arterial
hypertension in a way of blocking capillaries and restrict-
ing blood flow to the lungs due to increased blood viscosity
[13,16,17]. As exhibited in these 4 cases, pertussis may be
associated with extreme leucocytosis. However, leukaemia
is the most common cause of leucocytosis in children, and
much less so, pertussis. Therefore, the diagnosis of pertussis
is rarely considered in the first place in presence of a criti-
cal leucocytosis. Thus, a pertussis PCR test is advised in
cases with respiratory failure and abnormal leucocytosis.
Rapid leucodepletion helps to improve the survival of
critical pertussis in children [12]. There are several meth-
ods to manage leucocytosis, including fluid infusion to
dilute blood, and leucapheresis [10]. However,
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leucapheresis is a complicated procedure that requires
well-trained performers, available high-tech devices (that
Children’s Hospital 2 did not have), and might have com-
plications [11]. In contrast, ET is a common technique in
paediatric ICU, especially in neonates, and rarely leads to
serious complications [11]. In 2004, Romano et al. pub-
lished the first report of ET in a severe pertussis case [7].
ET helps to improve the outcome of pertussis patients
thanks to (1) leucodepletion that helps to reduce occlu-
sion in pulmonary capillaries, thereby improving pul-
monary hypertension; (2) lower the amount of circulating
pertussis toxins in the bloodstream so that subsequent
leucocytosis could be avoided and airway epithelium
could be persevered [9,18]. Besides, according to some
reports, if leucocytosis still exists after the first ET, the
second round of ET ought to be performed [12,19,20]. In
the same context, Rowlands et al. [12] reported a reduc-
tion in the mortality rate (from 44% to 10%) in critical
pertussis infants after severe leucodepletion using ET.

We found that troponin I did not elevate, which suggests
that heart failure-induced refractory shock was not the
result of a direct myocardial injury caused by bacteria or
pertussis toxins but was a consequence of pulmonary
hypertension. It is worth mentioning that despite the early
use of medication therapy for the first case, the patient died
because of refractory cardiogenic shock and unresponsive
hyponatraemia. Besides, delays in performing ET might
decrease the efficacy of the procedure as observed with the
second case, who later had a rapid relapse of hyperleucocy-
tosis which may be the cause of death. This is consistent
with Taffarel et al. who investigated nine cases suffering
from severe pertussis and treated with ET. The authors
reported in 4 critically ill patients, ET was done as a last
chance approach and all died, while the other 5 received
early preemptive ET (when their WBC count was
>95 000 x 10°/ml without severe cardiopulmonary com-
promise) and 4/5 survived [21].

Pertussis patients who undergo mechanical ventilation
also have risks related to artificial respiration. Co-infec-
tion occurred in all four cases which further complicated
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Abstract

Background The novel coronavirus disease-2019 (COVID-19) caused a sudden
and unexpected increase in the number of hospital admissions and deaths world-
wide. The impact of social distancing on blood stocks was significant. Data on
the use of blood products by patients with COVID-19 are scarce.

Material and methods A retrospective observational study was conducted by
analysing the medical records of 3014 hospitalized COVID-19 patients in 16
Brazilian hospitals. Individual data related to clinical, laboratory and transfusion
characteristics and outcomes of these patients were collected. Patients character-
istics association with mortality and transfusion need were tested independently
by logistic regression models.

Results Patients mean age was 57-6 years. In 2298 (76-20) patients, there was
an underlying clinical comorbidity. A total of 1657 (55%) patients required
admission to intensive care unit (ICU), and 943 (31%) patients required ventila-
tory support and orotracheal intubation (OTI). There was a total of 471 (15-6%)
deaths among all patients. 325 patients (10-7%) required blood transfusion; 3187
blood products were transfused: 1364 red blood cells in 303 patients, 1092 plate-
let units in 78 patients, 303 fresh frozen plasma in 49 patients and 423 cryopre-
cipitates in 21 patients. The mortality among patients who received transfusion
was substantially higher than that among the total study population.

Conclusion Need for transfusion was low in COVID-19 patients, but significantly
higher in patients admitted to ICU and in those who needed OTI. Knowledge of
the transfusion profile of these patients allows better strategies for maintaining
the blood stocks of hospitals during the pandemic.

Key words:
COVID-19, transfusion, SARS-COV-2, mortality, SARS.

Introduction

city of Wuhan, Hubei Province, China [1,2]. The disease
spread rapidly around the world, leading the World

In December 2019, a new disease (COVID-19) caused by a Health Organization (WHO) to declare a pandemic on 11
novel coronavirus called SARS-CoV-2 appeared in the March 2020 [3]. Brazil declared national public health

emergency in February 2020 [4].
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disease [5]. In Brazil, the Ministry of Health confirmed
the first case of COVID-19 in the city of Sao Paulo on
26 February 2020. Since then, more than 8-3 million
cases and more than 207 000 deaths have been recorded
[6]. International authorities have focused their efforts
on social isolation measures and detection of new cases
of COVID-19, in addition to the search for effective
treatments to combat the most severe effects of this
disease.

The clinical presentation of COVID-19 ranges from
mild and self-limited upper airway inflammation (dry
cough, fever, dyspnoea, fatigue, anosmia, ageusia) to sev-
ere pneumonia, sepsis, multiple organ failure and death
[1,2]. The clinical and epidemiological characteristics, risk
factors, laboratory presentation, diagnostic techniques
and outcomes have been exhaustively investigated world-
wide [7,8]. Many aspects of COVID-19 still need to be
elucidated, and advances in its prevention and treatment
depend on a greater understanding of its clinical and
pathophysiological aspects.

It has been shown that RNA from SARS-COV-2 can be
found in the blood of infected patients [9] and even in
blood donors [10]. However, there is no evidence to date
that it can be transmitted through blood transfusion [11].
With the travel restrictions and recommendations for
social isolation, there was a significant and worrying
decrease in blood donations and, consequently, in the
blood stocks available during the first months of the pan-
demic. Worldwide, it was necessary to implement addi-
tional strategies to attract donors, who were often in
social isolation and working from home [12].

The use of blood products in patients hospitalized with
COVID-19 also needs to be better investigated and eluci-
dated. The data in the literature on the need for transfu-
sion of blood products in these patients are scarce. Our
study describes the transfusion needs, clinical characteris-
tics and outcomes of 3014 patients with COVID-19 in 16
hospitals that serve different regions of Brazil in six states
of the country.

Materials and Methods

We conducted a retrospective observational study by ana-
lysing data collected by manual extraction from the med-
ical records of hospitalized patients with a confirmed
diagnosis of COVID-19. Diagnosis was made by nucleic
acid testing by reverse transcription polymerase chain
reaction (RT-PCR) of the sample collected from the
nasopharynx/oropharynx or by a reactive antibody result
in a blood sample. Infection was considered confirmed if
the initial test result was positive or if it was confirmed
in a repeated new sample collection. Repeat testing was
performed whenever there was a high clinical probability

of COVID-19 or if the initial test was considered a proba-
ble false-negative due to inadequate sample collection.
The patients were admitted to 16 Brazilian hospitals
where our transfusion service operates, in six states of
Brazil, in the period from 03/01/2020 to 06/30/2020.
Individual data related to epidemiological, clinical and
laboratory characteristics, treatments performed (includ-
ing admission to the intensive care unit (ICU) and need
for orotracheal intubation (OTI) and mechanical ventila-
tion) and outcome (discharge and death) were collected in
3014 adult patients over 18 years old.

All data regarding the transfusions performed were col-
lected from blood component requests, duly completed
and signed by the attending physician and validated by
the hemotherapist, the specialist responsible for the trans-
fusion service of the hospital. Written informed consent
was obtained from all study participants or their legal
representatives, and this study was approved by the ethics
committees of the participating hospitals.

Statistical analysis was performed in software R 4.0.2
(R Core Team, Vienna, Austria, 2020). Patients baseline
characteristics association with mortality and transfusion
need during hospitalization outcomes were tested inde-
pendently by logistic regression models. A multiple logis-
tic regression model with all baseline variables, except
sex (not significantly associated with the outcomes) and
blood type (only available to a small subgroup of
patients), was adjusted to identify independently associ-
ated variables, and adjusted odds ratios were presented
with 95% confidence intervals. Area under the ROC curve
(AUQ) statistics were presented to evaluate predictive per-
formance of the models.

Results

From March to June 2020, 3014 adult patients were hos-
pitalized in 16 hospitals we evaluated, in six Brazilian
states (Sao Paulo, Rio de Janeiro, Piaui, Para, Manaus and
the Federal District). From these patients, diagnosis was
made by RT-PCR in 2951 (97-9%) or a reactive serological
test in 63 (2-1%). Table 1 shows the baseline clinical and
laboratory characteristics of these patients and compares
their distribution between two groups: patients who died
and patients discharged, as well as each odds ratio related
to a specific characteristic. It is notable that the blood
type, platelets count and haemoglobin value were not
available to all patients. The mean age was 57-6 years (18
to 102) and the male:female ratio, 1-4:1-0 (with 1786
men and 1228 women). Clinical comorbidities were anal-
ysed in all patients. Hypertension, diabetes, cancer and
pneumopathy were also analysed separately. Age, any
comorbidity, hypertension, diabetes, cancer, pneumopa-
thy, low platelets counts and low haemoglobin levels
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Table 1 Patients characteristics and association with death

Baseline characteristics Total (n = 3014) Discharge (n = 2543) Death (n = 471) Odds Ratio (95% CI) P value
Age, years, mean + SD 57-6 £ 17-8 54-8 + 16-8 73-0 £ 153 1-067 (1-060; 1-075) <0-01
Age group

18-40 595 (19-7%) 577 (97-0%) 18 (3-0%) 1

41-60 1135 (37-7%) 1062 (93-6%) 73 (6-4%) 2-20 (1-30; 3-73) <0-01

61-80 899 (29-8%) 693 (77-1%) 206 (22-9%) 9.53 (5-81; 15-62) <0-01

Over 80 385 (12-8%) 211 (54-8%) 174 (45-2%) 26-43 (15-87; 44-03) <0-01
Sex

Female 1228 (40-7%) 1034 (84-2%) 194 (15-8%)

Male 1786 (59-3%) 1509 (84-5%) 277 (15-5%) 0-98 (0-80; 1-20) 0-83
Blood type (n = 340)

A 137 (40-3%) 65 (47-4%) 72 (52-6%) 1

AB 13 (3-8%) 4 (30-8%) 9 (69-2%) 2-03 (0-60; 6-91) 0-26

B 32 (9-4%) 12 (37-5%) 20 (62-5%) 1-50 (0-68; 3-32) 0-31

0 158 (46-5%) 75 (47-5%) 83 (52-5%) 1-00 (0-63; 1-58) 1
Any comorbidity

No 716 (23-8%) 657 (91-8%) 59 (8-20%)

Yes 2298 (76-29%) 1886 (82-1%) 412 (17-9%) 2-43 (1-84; 3-27) <0-01
DM

No 2358 (78-29%) 2031 (86-19%) 327 (13-9%)

Yes 656 (21-8%) 512 (78-0%) 144 (22-0%) 1.75 (1-40; 2-17) <0-01
HAS

No 1812 (60-1%) 1582 (87-3%) 230 (12-7%)

Yes 1202 (39-9%) 961 (80-0%) 241 (20-0%) 1.72 (1-42; 2-10) <0-01
Cancer

No 2861 (94-9%) 2438 (85-2%) 423 (14-8%)

Yes 153 (5-1%) 105 (68-6%) 48 (31-4%) 2-64 (1-83; 3-74) <0-01
Pneumopathy

No 2812 (93-3%) 2388 (84-9%) 424 (15-1%)

Yes 202 (6-7%) 155 (76-7%) 47 (23-3%) 171 (1-20; 2-39) 0-002
Platelets (x 10°/L) (n = 2897)

>150 001 2243 (77-9%) 1937 (86-4%) 306 (13-6%) 1

100 001 to 150 000 525 (18-2%) 415 (79-0%) 110 (21-0%) 1-68 (1-32; 2-14) <0-01

<100 000 111 (3-9%) 79 (71-2%) 32 (28-8%) 2-56 (1-67; 3-93) <0-01
Haemoglobin (g/L) (n = 2885)

>111 2483 (86-19%) 2182 (87-9%) 301 (12-19%) 1

8-1-11-0 315 (10-9%) 206 (65-4%) 109 (34-6%) 3-84 (2-95; 4-98) <0-01

<8-0 87 (3-0%) 48 (55-2%) 39 (44-8%) 5-89 (3-8; 9-14) <0-01

Percentages in the total column are variable distribution and in the death column are death incidence.

were associated with death. Sex and ABO blood type were
not associated with increased risk of death.

Table 2 shows the events during hospitalization. Trans-
fusion, intensive care unit (ICU) admission and need for
orotracheal intubation (OTI) were associated with higher
risk of death. There was need for transfusion of any blood
component in 325 patients (10-8%). In total, 3187 blood
products were transfused, including packed red blood
cells (RBCs), random platelet concentrate (RPC), apheresis
platelet concentrate (APC), fresh frozen plasma (FFP) and
units of cryoprecipitate (CRYO) in 325 patients (mean 9-8
units/patient). A total of 1364 RBCs were transfused in

© 2021 International Society of Blood Transfusion
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303 patients (10-0%), with a mean of 4-5 units/patient. A
total of 1101 platelet units were transfused in 80 patients
(2-6%). In addition, 303 FFPs were used in 49 patients
(1-6%) (mean 6-2 units/patient), and 423 CRYO were used
in 21 patients (0-7%) (mean 20-1 units/patient). The clini-
cal or laboratory indications for transfusion were not
available to most patients.

Table 3 describes patients’ characteristics who were
transfused and patients who were not transfused. Table 4
describes the need for transfusion based on hospitaliza-
tion needs. Age (patients older than 60 years), any
comorbidity, hypertension, diabetes, cancer, low platelets



4 L. F. F. Dalmazzo et al.

Table 2 Events during hospitalization and outcome

Events Total (n = 3014) Discharge (n = 2543) Death (n = 471) Odds Ratio (95% CI) P value
Transfusion

No 2689 (89-29%) 2404 (89-49%) 285 (10-6%)

Yes 325 (10-8%) 139 (42-8%) 186 (57-2%) 11-3 (8-8; 14-5) <0-01
ICU

No 1357 (45-0%) 1330 (98-0%) 27 (2-0%)

Yes 1657 (55-0%) 1213 (73-2%) 444 (26-8%) 18-0 (12-4; 27-4) <0-01
10T

No 2071 (68-7%) 2006 (96-99%) 65 (3-1%)

Yes 943 (31-3%) 537 (56-9%) 406 (43-1%%) 23-3 (17-8; 31-1) <0-01

Percentages in total column are variable distribution and in death column are death incidence.

counts and low haemoglobin levels were associated with
need for transfusion. Sex, ABO blood type and pneu-
mopathy were not statistically significant to transfusion
need. ICU admission and need for OTI were associated
with higher risk for transfusion need.

A multiple logistic regression model with all baseline
variables was performed, except sex (not significantly
associated with the outcomes) and blood type (only avail-
able to a small subgroup of patients). Table 5 shows the
results applied to risk of mortality and Table 6 to transfu-
sion need. In this model, age, cancer, low platelets count
and low haemoglobin level were independent risk factors
for death. Diabetes, hypertension and pneumopathy were
not. Considering risk for transfusion, age, hypertension,
low platelets count and low haemoglobin level were sta-
tistically significant. Diabetes, cancer and pneumopathy
were not.

Discussion

The COVID-19 pandemic brought hundreds of challenges
to humanity in all sectors of society. As the number of
cases has increased dramatically worldwide, great efforts
have been made to better understand the pathophysiology
of the disease, its forms of transmission, its clinical beha-
viour and the search for effective preventive or therapeu-
tic actions were targets of a large part of the global
scientific community.

The clinical progression of the disease is the main fac-
tor that correlates with the use of blood products. This
study shows that the need for transfusions in hospitalized
patients with COVID-19 is not high (10-4%). In general,
studies show that patients with the disease have normal
or slightly decreased haemoglobin and platelet values
[13]. However, it has been shown that patients with more
severe forms of COVID-19 have lower haemoglobin levels
than those with mild forms of the disease [14]. Patients
who are admitted to the ICU and/or need OTI have higher

mortality rates and require larger amounts of blood prod-
ucts. OQur study showed that the main type of blood pro-
duct used is red blood cells (9-5% of patients), followed
by platelets (2-4%), fresh frozen plasma (1-6%) and cryo-
precipitate (0-7%).

A previous study showed a higher risk of disease sever-
ity for individuals in blood group A and a protective
effect in individuals in blood group O [15]. Our study did
not observe any effect on mortality related to the ABO
blood group. Maybe, one reason for this is the low num-
ber of transfused patients and the low percentage of
patients with ABO typing available for analysis.

Previous studies have reported that advanced age is an
important independent predictor of mortality, both in
SARS, MERS and COVID-19 [16-18]. Our study confirms
that increasing age is associated with deaths in patients
with COVID-19, corroborating other studies that identified
this predictor. Age-related defects in T- and B-cell func-
tion and excess production of type 2 cytokines can lead
to a deficiency in the control of viral replication and to
pro-inflammatory activity with longer responses, leading
to worse outcomes [19]. Also, laboratory results that indi-
cate more severe clinical conditions, such as low platelet
counts and low haemoglobin levels, were also associated
with higher mortality rates. Dysregulated inflammation,
vascular injury and hypercoagulability are conditions
related to COVID-19 pathophysiology that can correlate
to these laboratory findings.

Our study identified as risk for transfusion many fac-
tors, such as age, clinical underlying comorbidities, low
platelet counts, low haemoglobin levels, admission to ICU
and OTI need. This is similar to a previous published
study, with a lower cohort [20].

It has been previously demonstrated that hospitalized
patients with COVID-19 have lower blood transfusion uti-
lization rates than hospitalized patients without COVID-
19 [21]. Our study, which included a large number of
patients, also found that these patients had low rates of
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Table 3 Patient characteristics and association with transfusion

Baseline characteristics Total (n = 3014) No transfusion (n = 2699) Transfusion (n = 325) Odds Ratio (95% Cl) P value

Age, years, mean + SD 57-6 £ 17-8 56-6 + 17-7 656 £ 17-1 1-03 (1-02;1-04) <0-01
Age group
18-40 595 (19-7%) 555 (93-3%) 40 (6-7%) 1
41-60 1135 (37-7%) 1065 (93-8%) 70 (6-2%) 0-91 (0-61; 1-36) 0-65
61-80 899 (29-8%) 755 (84-0%) 144 (16-0%) 2-65 (1-83; 3-82) <0-01
Over 80 385 (12-8%) 314 (81-6%) 71 (18-4%) 3-14 (2-08; 4-73) <0-01
Sex
Female 1228 (40-7%) 1099 (89-5%) 129 (10-5%) 1-05 (0-83;1-33) 0-68
Male 1786 (59-3%) 1590 (89-0%) 196 (11-0%)
Blood type (n = 340)
A 137 (40-3%) 18 (13-1%) 119 (86-9%) 1
AB 13 (3-8%) 2 (15-4%) 11 (84-6%) 0-83 (0:17; 4-06) 0-82
B 32 (9-4%) 1 (3-1%) 31 (96-9%) 469 (0-60; 36-50) 0-14
0 158 (46-5%) 16 (10-1%) 142 (89-9%) 1-34 (0-66; 2-75) 0-42
Any comorbidity
No 716 (23-8%) 682 (95-3%) 34 (4-7%) 2-92 (2-05;4-26) <0-01
Yes 2298 (76-2%) 2007 (87-3%) 291 (12-7%)
DM
No 2358 (78-2%) 2125 (90-1%) 233 (9-9%) 1-49 (1-14;1-92) <0-01
Yes 656 (21-8%) 564 (86-0%) 92 (14-0%)
HAS
No 1812 (60-1%) 1657 (91-4%) 155 (8-6%) 1.77 (1-40;2-22) <0-01
Yes 1202 (39-9%) 1032 (85-9%) 170 (14-1%)
Cancer
No 2861 (94-9%) 2573 (89-9%) 288 (10-1%) 2-86 (1-91;4-17) <0-01
Yes 153 (5-1%) 116 (75-8%) 37 (24-2%)
Pneumopathy
No 2812 (93-3%) 2516 (89-5%) 296 (10-5%) 1-42 (0-93;2-12) 0-09
Yes 202 (6-7%) 173 (85-6%) 29 (14-4%)
Platelets (x10°/L) (n = 2897)
>150 001 2243 (77-9%) 2035 (90-7%) 208 (9-3%) 1
100 001 to 150 000 525 (18-2%) 456 (86-9%) 69 (13-1%) 1-48 (1-11; 1-98) 0-01
<100 000 111 (3-9%) 80 (72-1%) 31 (27-9%) 3-79 (2-45; 5-88) <0:-01
Haemoglobin (g/L) (n = 2885)
>111 2483 (86-1%) 2320 (93-4%) 163 (6:6%) 1
8-1 to 11-0 315 (10-9%) 231 (73-3%) 84 (26-7%) 5-18 (3-85; 6:96) <0:-01
<8-0 87 (3-0%) 24 (27-6%) 63 (72-4%) 37-36 (22-75; 61-37) <0-01

Percentages in total column are sample distribution and in transfusion column are transfusion need during hospitalization.

Table 4 Events during hospitalization and transfusion need

Hospitalization variables Total (n = 3014) No transfusion (n = 2699) Transfusion (n = 325) Odds Ratio (95% Cl) P value
ICU

No 1357 (45-0%) 1328 (97-9%) 29 (2-1%)

Yes 1657 (55-0%) 1361 (82-1%) 296 (17-9%) 9-97 (6-87;15-00) <0-01
10T

No 2071 (68-7%) 1992 (96-2%) 79 (3-8%)

Yes 943 (31-3%) 697 (73-9%) 246 (26-1%) 8-94 (6-84;11-69) <0-01

Percentages in total column are sample distribution and in transfusion column are transfusion need during hospitalization.
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Table 5 Multiple logistic regression

model for mortality

Coefficient Estimate Std. Error Odds Ratio (95% Cl) P value
Age, years 0-06 0-003 1-06 (1-05; 1-07) <0-01
DM 0-25 0-13 1-28 (0-99; 1-66) 0-06
HAS -0:-01 0-12 0-99 (0-78; 1-26) 0-94
Cancer 0-42 0-22 1-52 (0-99; 2-33) 0-05
Pneumopathy 0-12 0-21 1-12 (0-74; 1-70) 0-58
Platelets (100 001 to 150 000 x 109/L) 0-53 0-14 1-70 (1-30; 2-24) <0-01
Platelets (<100 000 x 10°/L) 0-45 0-25 1-57 (0-96; 2-58) 0-07
Haemoglobin (8:1-11-0 g/L] 0-85 0-15 2-33 (1-74; 3-13) <0-01
Haemoglobin (<8-0 g/L) 1-41 0-26 4.11 (2-48; 6-81) <0-01
AUC: 81-3%

Table 6 Multiple logistic regression model for transfusion need

Coefficient Estimate Std. Error Odds Ratio (95% CI) P value
(Intercept) —4.03 0-26 1 -
Age, years 0-02 0-004 1-02 (1-01; 1-03) <0-01
DM 0-08 0-16 1-09 (0-80; 1-48) 0-59
HAS 0-42 0-14 1-53 (1-15; 2-03) <0-01
Cancer 0-34 0-26 1-41 (0-85; 2-33) 0-18
Pneumopathy 0-13 0-25 1-14 (0-70; 1-85) 0-61
Platelets (100 001 to 150 000 x 10°/L) 0-53 0-16 171 (1-25; 2-34) <0-01
Platelets (<100 000 x 10°/L) 0-64 0-28 1-90 (1-10; 3-27) 0-02
Haemoglobin (8:1-11-0 g/L) 1-43 0-16 4.17 (3-05; 5-69) <0-01
Haemoglobin (<8-0 g/L) 3.40 0-27 30-04 (17-83; 50-59) <0-01

AUC: 77-1%

blood utilization. With the pandemic and the consequent
suspension of elective surgeries, the number of transfu-

sions also naturally drops in hospitals. Thus, with these

two factors, the impact caused by the pandemic on the

low rates of blood donations with a consequent decrease

in blood stocks is lower. Future studies that better eluci-

date the pathophysiology of the disease may guide us
better regarding the use of blood products by patients
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Abstract

Background and objectives Guidelines and indications for exchange transfusion
in haemolytic disease of the foetus and newborn (HDFN) have changed drasti-
cally in the past decades, causing a decline in exchange transfusion rate. This
study aims to evaluate the incidence of exchange transfusions (ETs) in neonates
with Rh-mediated HDEN over the past 20 years at our centre, and report poten-
tially ET-related complications as well as indicators for bilirubin encephalopathy.

Material and methods In this observational study, 438 neonates were included
with HDFN, born > 35 weeks gestational age at the Leiden University Medical
Centre between January 2000 and July 2020. The incidence of ET and procedure-
related complications were assessed in three consecutive time periods determined
by changes in guidelines and indications for ET.

Results The incidence of ET in our centre declined from (104/156) 67% (time
period 2000-2005), to (39/181) 22% (2006-2015) and to (10/101) 10% (2015—
2020, p < 0-001). The maximum bilirubin levels in neonates after birth increased
from 13-6 mg/dL (or 233 pmol/L), to 15-0 mg/dL (257 umol/L) and to 15-3 mg/
dL (263 pmol/L). The incidence of complications associated with the use of ET
(including sepsis, haematologic disorders and respiratory failure) remained stable
throughout the years, and no neonates died during the study period.

Conclusion Exchange transfusion incidence declined significantly over the past
two decades. Decrease in ET incidence, and concomitant decrease in exposure

) and expertise, was not associated with an increase in procedure-related complica-
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foetal and neonatal haemolytic anaemia, which can be
treated antenatally with intrauterine transfusions (IUTs)
and post-natally with RBC transfusions. Haemolysis may
also lead to hyperbilirubinaemia and can result in acute
and chronic bilirubin encephalopathy.

Hyperbilirubinaemia is treated with intensive pho-
totherapy and exchange transfusion (ET). ET is recom-
mended for infants whose bilirubin levels continue to rise
to exchange levels, despite intensive phototherapy [1]. ET
removes excess bilirubin from the neonatal blood circula-
tion as well as maternal antibodies and antibody-coated
erythrocytes [1-3]. Approximately 85% of the neonatal
blood is replaced by irradiated donor blood by double-
volume exchange transfusion [3,4]. While being effective
in the acute treatment of hyperbilirubinaemia, ET is an
invasive procedure requiring central lines and has poten-
tially severe side effects. Mortality rates around 0-3% are
reported in term neonates, but increase above 10% in pre-
term neonates [4-6]. Morbidity rates are reported up to
24% and include cardiorespiratory instability, catheter-re-
lated complications, thrombocytopenia and sepsis [7-9].

Data on changes in the incidence and complications of
ET in severe HDFN are limited. In our centre, we noticed
a reduction in the need for ET in the past decades, partly
related to changes in our guidelines and indications for
ET, which have become more restrictive over the years.
Whether a reduction in exposure and expertise in per-
forming an invasive and complex procedure as an ET is
also associated with an increased risk of complications, is
not well known.

The aim of this study is to give an overview of the
incidence of exchange transfusions in neonates with sev-
ere Rh-mediated HDFN over the past 20 years at our cen-
tre and to report potentially ET-related complications, as
well as indicators for bilirubin encephalopathy.

Methods

Study design and population

This is an observational cohort study conducted at the
Leiden University Medical Centre (LUMC), the Dutch
National Referral centre for severe HDEN and foetal ther-
apy. In the Netherlands, all pregnant women with RhD
immunization and an ADCC (antibody-dependent cell-
mediated cytotoxicity) of >50% and/or antibody
titre > 16, as well as with Rh immunization other than D
and ADCC > 30% and/or antibody titre > 16, are referred
to the LUMC [10]. Subsequently, these high-risk pregnan-
cies are monitored by serial Doppler measurements to
assess the velocity of the blood flow in the middle cere-
bral artery. If this velocity exceeds 1-5 multiples of the
median or if signs of hydrops are present, the treatment

© 2021 The Authors.

with IUT is indicated. IUTs can be administered until 34—
35 weeks of gestation, after which induced delivery is
preferred to IUT treatment. The IUT technique used in the
Netherlands has been previously described [11].

All (near-) term neonates (>35 weeks of gestation) with
HDFN due to maternal red cell alloimmunization against
Rh antigens (D, C, ¢, Cw, E and e) admitted to the LUMC
between 1 January 2000 and 31 June 2020 were eligible
for this study.

Neonates with blood group alloimmunization caused
by non-Rh antigens were excluded as these antigens show
different pathophysiological characteristics and great
variation in exchange transfusion risk after birth [12].
Neonates born <35 weeks of gestation were excluded as
prematurity itself is a major risk factor for hyperbilirubi-
naemia and ET treatment and is associated with greater
odds of death following ET compared to term infants
[13]. In addition, neonates who received intravenous
immunoglobulins (IVIg) (n = 41) as part of a randomized
controlled  trial (RCT) (LIVIN  trial, identifier
ISRCTN14013064) between 2006 and 2010, were excluded
as IVIg is not a standard practice at the LUMC.

The study cohort was divided into three different time
periods according to changes in ET guidelines:

Group I: 1 January 2000 to 31 December 2005

In this first group, the bilirubin threshold for ET was a
total serum bilirubin level at birth > 3-5 mg/dL (measured
in umbilical cord blood, or, more often, in neonatal blood
at birth) and/or a rise of bilirubin > 0-5 mg/dL/h despite
intensive phototherapy [14]. In all neonates, bilirubin
levels were measured every 2—3 hours according to proto-
col during the first few days after birth. The differences
in bilirubin thresholds have been previously described [9].

Group II: 1 January 2006 to 31 March 2015

On 1 January 2006, we implemented new, more restric-
tive, ET guidelines based on the updated guideline of the
American Academy of Pediatrics (AAP) [2]. After the
guideline change, the new criteria for ET were: (1) total
serum bilirubin above thresholds according to the AAP
guideline, and/or (2) rise of bilirubin > 0-5 mL/dL/h
despite intensive phototherapy, and/or (3) clinical symp-
toms of acute bilirubin encephalopathy regardless of
bilirubin level [9].

Group III: 1 April 2015 to 31 June 2020

This third group encloses the years after the most
recent guideline change at our centre, implemented in
April 2015. The AAP guideline advises to classify proven
blood group alloimmunization as ‘high risk’ for the rise
of bilirubin to levels that might cause bilirubin
encephalopathy [2]. After a consensus meeting at our
centre, we decided not to categorize proven blood group
antagonism as an extra risk factor as the blood-brain bar-
rier does not decrease in function with the presence
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thereof. Neonates with proven blood antagonism born
after April 2015 were therefore categorized as ‘standard
risk’” when choosing which threshold curve (low, standard
or high risk) to use for phototherapy and ET.

Throughout the study period, ET was performed with
blood exchange volumes of 100-200 mL/kg. The irradi-
ated blood product consists of leukocyte-reduced erythro-
cytes and plasma of two donors, less than 5 days old
with a haematocrit of 0-50-0-65 g/L. No albumin or cal-
cium infusions were given prior or during ET.

Outcome measures

The primary outcome was the incidence of ETs. Second-
ary outcomes included the timing of the first ET in hours,
the duration of phototherapy in days, post-natal RBC
transfusion dependency, length of stay at the neonatal
intensive care unit (NICU) and ET-related complications.

Data collection

The following obstetric and neonatal data were directly
recorded at our centre and obtained from patient’s medical
files: foetal haemoglobin at first [UT and number of IUTs,
gestational age and weight at birth, gender, mode of deliv-
ery, haemoglobin and bilirubin level at birth (conjugated
and unconjugated), type of alloimmunization, maximum
bilirubin level during admission, number of ETs and timing
of ETs, post-natal RBC transfusions (not including RBCs
given as part of ET), respiratory distress (defined as need
for mechanical ventilation), umbilical vein catheterization,
number of days of phototherapy before discharge home or
transfer to another hospital, results from standard cerebral
ultrasound (intraventricular haemorrhage graded accord-
ing to the grading system of Papile [15] and periventricular
leukomalacia (PVL) according to de Vries et al. [16]),
results from standard hearing screening and total length of
hospital stay. The following complications of ET were
recorded: proven sepsis (defined as clinical symptoms of
infection combined with positive blood culture after the
moment of ET), thrombosis (defined as the detection of a
vascular thrombosis on ultrasound examination), mechani-
cal ventilation, leukopenia (defined as leukocytes < 5-10%/
L), thrombocytopenia (defined as platelets < 100-10°/L),
platelet transfusion rate, hypocalcaemia (defined as cal-
cium < 8-0 mg/dL), hyperkalaemia (defined as potas-
sium > 6-5 mEq/L) and neonatal mortality [17]. Follow-up
data on RBC transfusions after discharge from our centre
were collected from referral hospitals with written consent
from parents or caregivers. RBC transfusions were adminis-
tered in term neonates with HDFN when haemoglobin
levels fall below 10-5 g/dL for day 0-6, below 8-9 g/dL
for day 7-13 and below 7-2 g/dL from day 14 onwards.

Before February 2014, haemoglobin thresholds for trans-
fusion were 9-6 g/dL for days 7-13 and 8-0 g/dL from
day 14 onwards. A transfusion of 15 mL/kg irradiated
packed erythrocytes less than 5 days old was advised
throughout the study period, with a haematocrit of
0-50-0-65 g/L.

Statistical analysis

Data was reported as means and standard deviations (SD),
or as medians and interquartile range (IQR), when appro-
priate. The primary outcome was tested by y? test. Statis-
tical analysis was performed using IBM SPSS Statistics
version 26.

Ethical considerations

Due to the non-invasive nature of this study, a waiver of
consent was granted by the medical ethics committee of
our centre.

Results

During the study period of 20 years, 612 neonates with
severe HDFN were admitted to the neonatal intensive care
unit (NICU) of the LUMC, and 438 neonates met the inclu-
sion criteria and were eligible for this study. We excluded
87 neonates due to HDFN primarily caused by non-Rh anti-
bodies, 56 neonates with a gestational age < 35 weeks, 10
neonates who fulfilled both exclusion criteria and 41 neo-
nates treated with IVIg as part of the LIVIN trial (Fig. 1).

Baseline characteristics for each of the three cohorts
are shown in Table 1. RhD was the most common causa-
tive Rh antigen of HDFN in all three groups (89%, 85%
and 929%, respectively), followed by Rhc. The occurrence
of multiple Rh-alloantibodies was 51% in group I, 43% in
group II and 39% in group IIl. The occurrence of a non-
Rh alloantibody, besides a primary Rh-alloantibody, was,
respectively, 7% in group I, 6% in group II and 3% in
group III. This most often involved alloantibodies against
Kell or Jka antigens.

Neonatal treatment data and outcome measures are
presented in Table 2. The ET incidence decreased signifi-
cantly from 104/156 (67%) in group I (before the AAP
guideline change) to 39/181 (22%) in group II (after the
AAP guideline change) and was further reduced since
then to 10/101 (10%) in the most recent group III
(p < 0-001). Numbers of ET per year are shown in Fig. 2.

In group I, 106/156 (69%) neonates were treated with
post-natal RBC transfusion(s), 37/156 (81%) in group II
and 68/101 (74%) neonates in group III. The maximum
bilirubin reached levels > 25-0 mg/dL in eight neonates:
one (1%) in group I, six (3%) in group II and one (1%) in
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HDFN admissions LUMC
2000-2020
n=612
I I
Group | Group Il Group Il
Jan 2000 - Dec 2005 Jan 2006 - March 2015 Apr 2015 - July 2020
n =204 n =287 n=121

Excluded (n = 48)2
- non-Rh, n =27
- GA <35 weeks, n = 27

Excluded (n = 106)?

- non-Rh, n =44

- GA <35 weeks, n =24
- IVIg, n=41

Excluded (n = 20)?
- non-Rh, n=16
- GA <35 weeks, n =5

Group |
n=156

Group Il
n=181

Group Il
n=101

Fig. 1 Flowchart of study participants. *Some neonates meet more than one exclusion criteria; hence, combined numbers per criterion can exceed the

total number of exclusions. GA, gestational age; IVlg, intravenous immunoglobulin.

Table 1 Baseline characteristics.

Group | Group 1l Group Il

n =156 n =181 n =101
Neonates treated with IUT(s) - n (%) 99 (63) 102 (56) 61 (60)
Number of IUT(s) per neonate® 3 (2-4) 2 (2-4) 2 (1-3)
Gestational age at birth - weeks® 37 (36-37) 37 (36-37) 37 (36-37)
Birthweight - gramsb 2972 + 443 2987 * 470 2913 + 348
Caesarean delivery - n (%) 48 (31) 41 (23) 27 (27)
Male gender - n (%) 87 (56) 114 (63) 47 (47)
Primary type of alloantibodies

Rh D - n (%) 139 (89) 153 (85) 93 (92)

Rh C - n (%) 1(1) 2 (1) 0(0)

Rh ¢ - n (%) 13 (8) 17 (9) 8 (8)

Rh Cw - n (%) 0(0) 2 (1) 0(0)

Rh E - n (%) 3(2) 7 (4) 0 (0)
Additional non-Rh alloantibodies - n (%) 1 (7) 10 (6) 3(3)
Haemoglobin level at birth - g/dL>¢ 116 £ 26 1343 135+ 26
Unconjugated bilirubin level at birth - mg/dL>? 55+ 28 57 %29 51+23
Unconjugated bilirubin level at birth - umol/L> 94 * 48 97 £ 49 87 £ 39
Conjugated bilirubin level at birth - mg/dL™® 0-5 (0-4-0-8) 0-6 (0-5-0-8) 0-5 (0-4-0-6)
Conjugated bilirubin level at birth - umol/L** 9 (6-14) 10 (8-13) 8 (6-11)

IQR, interquartile range; IUT, intrauterine transfusion; SD, standard deviation.

‘Median (IQR).
‘Mean + SD.

‘0 missing values in group |, five missing values in group I, one missing value in group Ill.
one missing value in group |, five missing values in group I, one missing value in group lll.
“17 missing values in group I, 35 missing values in group I, five missing values in group IIl.

group III. In group I, 129/156 (83%) neonates had an
umbilical venous catheter, 68/156 (38%) in group II and

39/101 (39%) in group III (Table 2).
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Table 2 Neonatal outcomes.

Group | Group Il Group llI

n =156 n =181 n =101
Neonates treated with ET(s) - n (00)? 104 (67) 39 (22) 10 (10)
Maximum unconjugated bilirubin level - mg/dL® 136 + 4.7 150 £ 52 15-3 £ 4.7
Maximum unconjugated bilirubin level - umol/L° 233 + 80 257 + 89 262 + 80
Bilirubin > 25-0 mg/dL - n (%)¢ 1(1) 6 (3) 1(1)
Umbilical venous catheter - n (%) 129 (83) 68 (38) 39 (39)
Duration of phototherapy - days®* 4 (3-5) 5 (3-6) 5 (4-6)
Neonates receiving RBC transfusion(s) - n (9%)* 106 (69) 137 (81) 68 (74)
Number of RBC transfusions per neonate®? 2 (1-3) 2 (1-3) 2 (1-3)
Mechanical ventilation - n (%) 6 (4) 1(1) 1(1)
Proven sepsis - n (%)" 6 (4) 6 (4) 5 (5)
Duration of NICU admission - days 6+3 73 7+2
Mortality - n (%) 0(0) 0(0) 0(0)

ET, exchange transfusion; IQR, interquartile range; IUT, intrauterine transfusion; NICU, neonatal intensive care unit; RBC, red blood cell; SD, standard

deviation.
"p-value < 0-001.
‘Mean + SD.

‘Absolute ‘medical emergency’ value indicating direct need for intensive phototherapy as recommended by the AAP [2], equal to 428 pmol/L.

‘Median (IQR).

22 missing values group |, one missing value in group I, 0 missing values in group IIl.
Two missing values in group |, 12 missing values in group II, nine missing values in group Il

“Two missing values in group |, three missing values in group II, six missing values in group lll.
0 missing values in group |, eight missing values in group Il, one missing value in group III.
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Fig. 2 Incidence of exchange transfusion throughout the years. ET, exchange transfusion.

(median one ET per neonate); the time after birth before
an ET was performed increased from a median of 6 hours
in group I to a median of 50 hours in group IIL.

In group I, four neonates required mechanical ventila-
tion in relation to ET treatment, none in the other groups.
Sepsis after the first or following ETs occurred in 6% of
group I, respectively, 11% and 10% in groups II and IIL.

All neonates received the ET through an umbilical vein
catheter. Umbilical vein thrombosis was diagnosed in one
case, which was detected after an ultrasound examination
was performed due to persisting thrombocytopenia.
Leukocytopenia occurred in 63% of the cases in group I,
71% in group II and 33% in group III. Thrombocytope-
nia < 100-10°/L occurred in almost all neonates that
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Table 3 Characteristics and complications in subgroup of neonates treated with ET.

Group | Group Il Group llI

n = 104 n =39 n=10
Number of ET(s) per neonate® 1(1-2) 1(1-2) 1(1-1)
Time to first ET - hours after birth? 6 (5-9) 31 (15-55) 50 (18-65)
Mechanical ventilation - n (%) 4 (4) 0(0) 0 (0)
Proven sepsis as related to ET - n (%)° 6 (6) 4 (11) 1 (10)
Umbilical vein thrombosis - n (%)° 1(1) 0 (0) 0 (0)
Leukocytopenia < 5-10°/L - n (%) 66 (63) 27 (71) 3 (33)
Thrombocytopenia < 100-10%/L - n (%) 101 (98) 36 (97) 10 (100)
25-49-10°/L 41 (40) 19 (50) 3 (30)
<25-10°/L 21 (20) 5(13) 0 (0)
Neonates receiving platelet transfusion(s) - n (%) 56 (54) 23 (59) 3 (30)
Hypocalcaemia < 8-0 mg/dL - n (%) 12 (12) 6 (15) 0 (0)
Hyperkalaemia > 6:5 mEq/L - n (%) 1(1) 1(3) 0 (0)
Hearing screening performed - n (%) 43 (41) 32 (82) 8 (80)
Hearing screening passed - n (%)" 43 (100) 32 (100) 8 (100)
Cerebral ultrasound performed - n (%) 51 (49) 35 (90) 10 (100)
Minor IVH, grade | or Il - n (%) 0 (0) 0 (0) 0 (0)
Major IVH, grade Ill or IV - n (%) 0 (0) 1(3) 0 (0)
Cystic PVL - n (%) 0 (0) 1(3) 0 (0)
Mortality - n (%) 0 (0) 0 (0) 0 (0)

ET, exchange transfusion; IQR, interquartile range; IUT, intrauterine transfusion; IVH, intraventricular haemorrhage; PVL, periventricular leukomalacia; SD,

standard deviation.
‘Median (IQR).

bSepsis defined as symptomatic infection with positive blood culture, onset later than first ET.

‘Only one neonate underwent a catheter ultrasound.
¢ . .

one missing value in group Il.

“three missing values, one in each group.

61 missing values in group II, seven missing values in group Il, two missing values in group IIl.

underwent at least one ET, but severe thrombocytope-
nia < 25-10°/L was rare (21 neonates (20%) in group I, 5
neonates (13%) in group II and none in group III. The
occurrence of hypocalcaemia < 8-0 mg/dL after ET was
12% in group I, 15% in group II and did not occur in
group III. Hyperkalaemia > 6:5 mEq/L after ET occurred
in only two cases, one neonate in group I and one neo-
nate in group II.

Hearing screening was conducted in a great majority of
neonates in groups II and III, but only in 43 (41%) of
group . All neonates tested passed the screening. Cerebral
ultrasound was conducted in a great majority of group II
(90%) and group III (100%), but only in half of the neo-
nates (49%) of group I. Ultrasound showed one case of
severe IVH (grade 3) and one case of cystic PVL in group
II. No neonates died in our study population.

Discussion

In this study, we showed a significant decline of ET inci-
dence in neonates with severe HDFN due to severe Rh-
mediated HDFN over the past 20 years. The incidence of

© 2021 The Authors.

ET treatment declined from 67% to 10%. The time to first
ET after birth was postponed from 6 to 50 hours. This
impressive decline in ET can be attributed to the changes
and implementation of increasingly restrictive ET guideli-
nes as well as to improved use of intensive phototherapy.
Importantly and reassuringly, the strong decline in ET
incident and thus decreased exposure and expertise with
this complex procedure was not associated with an
increase in procedure-related complications. In the
Netherlands, this is presumably due to the centralization
and thus specialization of care for neonates with HDEN.
Only few studies have evaluated the changes in the
use of ET over the years [8,13,18-21], and although
accurate comparison is not possible, these studies also
show an overall sharp decline in ETs in HDEN without
increase in adverse events related to ET. Comparison with
other centres is complicated due to various time cohorts
chosen, different study populations as definitions of (sev-
ere) HDFN vary greatly, as do local phototherapy and ET
protocols and guidelines. A study from the USA com-
pared 71 infants treated with ET between 1986 and 1995
to 36 infants treated with ET between 1996 and 2006
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(overall decline of 35/71, 49%). The ET-related complica-
tions’ incidence was 14% vs. 7% in the two cohorts
(p = 0-270). Of the studied cases, only 41% was treated
with ET due to hyperbilirubinaemia caused by Rh-medi-
ated HDFN and an additional 28% due to ABO incompat-
ibility [8]. A study from Norway showed a decrease in ET
incidence from (39/80) 49% in the period 1993-1998 to
(12/96) 12% in the period 1999-2003 [18]. The study
group included infants with Rh-mediated HDFN, as well
as ABO incompatibility. This decline was attributed to the
introduction of standard IVIg treatment in 1998. A study
in India reported a decline of ET incidence from 6-8% of
the total neonatal admissions in 2006 to 0-3% in 2016,
but did not report on underlying indications for ET [19].
A recently published large multicentre cohort study
assessing the prevalence of ET and ET-associated morbid-
ity and mortality in the USA between 1997 and 2016
reported a decline in ETs of 0-3% to 0-05% among all
NICU admissions and found similarly high numbers of
thrombocytopenia and leukopenia. However, the study
also did not report on underlying causes of hyperbilirubi-
naemia and included neonates as young as 23 weeks of
gestation, complicating accurate comparison [13].

For an increasingly rare disease as HDFN, international
research would be highly recommendable to register and
address these major differences between countries and
treatment centres. It is important to have seemingly sim-
ple numbers as the current ET incidence available for
counselling of parents and caregivers, organization of
care and for further research in which ET incidence can
be a potential outcome measure.

In our cohort, no cases of acute transfusion reactions
such as transfusion-related lung injury and transfusion-
associated circulatory overload were reported. The fea-
tures of these reactions are presumably less outspoken
and therefore under recognized in neonates [22].

Several studies that describe the decline of ETs during
the last three decades suggest that the decrease in ETs
could be explained by the administration of IVIg to neo-
nates [18]. A Cochrane review by Zwiers et al. [23] was
inconclusive on this subject since the studies that showed
a reduction in ETs after administration of IVIg were of
low quality and of high risk of bias. The only two high-
quality placebo-controlled randomized studies did not
provide any evidence that administration of IVIg reduced
the need for ETs [24,25]. In our centre, we do not admin-
ister IVIg (except during the study period of the afore-
mentioned LIVIN study [24]), and therefore, the observed
decline in ETs in our cohorts cannot be explained by IVIg
treatment.

Earlier work by our study group showed a tendency
towards an increase in the post-natal RBC transfusion rate
and correlated with a decrease in ET incidence in neo-
nates with severe HDFN. This effect was attributed to the
removal of antibodies and IgG-coated erythrocytes during
ET, hence reducing the haemolytic process [10,18,23].
Although morbidity of RBC transfusion (reported between
0-014 and 0-04% [26]) is much less than the morbidity of
ET treatment (between 7 and 249% [9]), it is still of interest
that in the current study, no further increase in neonatal
RBC transfusions was observed. A possible explanation
could be the implementation of a more restrictive RBC
transfusion threshold at our department in February
2014.

This study has several strengths and limitations. One of
the major strengths is the setting of one national referral
centre for severe HDFN, providing us with a homogenous
and near-complete collection of data and follow-up
records of an increasingly rare disease. However, the
results must be carefully interpreted in the context of our
study population, as it is a selection of (very) severe
HDFN cases as result of the referral guidelines in the
Netherlands. Neonates not treated with IUT, particularly
the less severe cases that did not require foetal therapy,
were probably more likely to have been admitted to other
centres.

Another major limitation of this study, and of the
research in the field of HDFN in general, is the lack of
long-term outcome results of these neonates. Although
cerebral ultrasound and hearing screening are now part
of routine care after IUT treatment and ET treatment at
our centre and no neonates in this study showed abnor-
malities in these tests, the occurrence of long-term (mild)
symptoms of bilirubin encephalopathy is unknown, as
well as clear, absolute bilirubin cut-off values which may
give rise to such symptoms.

In conclusion, the need for ET in neonates with severe
HDFN admitted to our centre has gradually decreased and
has now become relatively rare. Reduction in ET inci-
dence and therefore in expertise in performing this com-
plex procedure was not associated with an increase in
procedure-related complications. Nevertheless, if the
exposure of physicians to ET treatment will continue to
decline, centralization of this procedure in specialized ter-
tiary care centres may be necessary to maintain sufficient
experience.
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Background and objectives Previous studies by the Cost of Blood Consensus Con-
ference (COBCON) have used a comprehensive, standardized and generalizable
activity-based costing (ABC) model to estimate the cost of red blood cell transfu-
sions and plasma transfusion. The objective of this study was to determine the
total cost of platelet transfusions in a real-world US hospital inpatient setting.

Materials and methods This database analysis study retrospectively collected
costs for all activities related to platelet transfusion in a single-acute care US
teaching hospital in 2017. Costs were collected in a stepwise manner using a cus-
tom ABC model which mapped the technical, administrative and clinical pro-
cesses involved in the transfusion of platelets.

Results For the 15 024 inpatients included in the analysis, 6335 (42-2%) were
given a blood type and screen, and 941 (6-3%) received a transfusion of one or
more blood products. A total of 333 platelet units were transfused in 131 patients
(mean 2-54 units per patient): 211 (63-4%) units in medical inpatients and 122
(36-6%) in surgical inpatients. The total cost was $1359-99 per platelet unit, cor-
responding to $3457-06 per inpatient. Acquisition costs made up the largest pro-
portion of the total cost (45-1%) followed by direct and indirect overheads
(38-7%) and hospital processes costs (16-3%).

Conclusion This is the first study to use an ABC costing model to determine the
full cost of platelet transfusions within a US inpatient setting. This provides a
useful reference point for comparisons with other transfusion products, and con-
siderations for cost reduction.

Key words: platelet transfusion, transfusion medicine, transfusion strategy, trans-
fusion therapy.

Introduction

the risk of bleeding for high-risk patients undergoing sur-
gical procedures [1, 2]. The two main types of platelet

Platelets are used therapeutically for the treatment of
acute haemorrhage in patients who develop thrombocy-
topenia (low platelet count), or prophylactically to reduce

Correspondence: Aryeh Shander, Chief Department of Anesthesiology,
Critical Care and Hyperbaric Medicine, TeamHealth, Englewood Hospital
and Medical Center, Clinical Professor of Anesthesiology, Medicine and
Surgery, Icahn School of Medicine at Mount Sinai, New York, NY, USA
E-mail: Aryeh.Shander@ehmc.com

products currently available for use are pooled donor pla-
telets, which contain products from multiple donors, and
apheresis platelets which are harvested from a single
donor [3]. The 2017 National Blood Collection and
Utilization Survey (NBCUS) found that 1 937 000 (95%
CI, 1 794 000-2 079 000) platelet units were transfused
in the United States in 2017, while 2 560 000 (95% CI,
2 391 000-2 730 000) platelet units were distributed over
the same time period. This represents a 5-1% increase in
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distributed platelets and a 2-3% decrease in transfused
platelets since the data collected in 2015, suggesting a
continued but slowing decline in demand for blood prod-
ucts [4].

Platelet transfusions are indicated for the treatment of
patients with thrombocytopenia or platelet function disor-
ders [5] and are associated with higher cost compared
with other blood products such as fresh-frozen plasma
(FFP) or red blood cells (RBC). The most prevalent issues
associated with platelet distribution and transfusion are
concerned with storage time, pathogen risks, transfusion
refractoriness and supply issues [6]. Platelets can be
stored for up to 5 days postcollection, but may become
deactivated or dysfunctional towards the end of this stor-
age time [7]. In platelet products which are stored at
room temperature, there may be the risk of pathogen con-
tamination [8]. The process of photochemical pathogen
reduction, which involves inactivating pathogens in the
product, can reduce pathogen load, but has not been
shown to decrease the risk of platelet refractoriness, and
there are varying results on whether pathogen inactiva-
tion reduces all-cause mortality [9, 10]. Between 2011
and 2015, a decline in demand for blood products was
seen in the United States, which may be due to guidelines
suggesting more conservative thresholds for transfusion,
and the implementation of blood management pro-
grammes designed to minimize patient transfusion needs
[11]. This decline has slowed in recent years, although
data from 2017 still showed fewer platelet transfusions
compared with 2015 [4].

In discussions regarding the effectiveness of prophylac-
tic therapy, or clinical thresholds for platelet transfusions,
it is important to be able to accurately assess the risk
benefit and cost benefit of transfusions. To gain the most
accurate cost benefit assessments, a costing model needs
to include all costs related to platelet transfusion, not just
the cost of the platelet units alone. Costs should include
direct and indirect hospital overheads, and all processes
involved in patient testing, decision making, consent, and
administration and monitoring of platelet transfusion. By
providing a full analysis of all platelet-related costs, this
model will allow accurate comparisons of platelets with
other haemorrhage therapies, and a better understanding
of the cost benefit of prophylactic treatment.

Previous studies by the Cost of Blood Consensus Con-
ference (COBCON) have used a comprehensive, standard-
ized and generalizable activity-based costing (ABC) model
to estimate the cost of red blood cell transfusions [12]
and plasma transfusions [13]. In this study, we used the
ABC method to map all technical, administrative and
clinical processes involved in the cost of platelet use in
real-world US medical and surgical inpatients.

Materials and methods

The objective of the study was to determine the total cost
of platelet transfusions in an inpatient setting in a US
acute care teaching hospital. Data were collected from
Englewood Hospital, Englewood, New Jersey, during the
calendar year 2017. The study used an activity-based
costing (ABC) process flows model, and custom ABC soft-
ware, developed by the COBCON group [14] and previ-
ously described by Shander et al. [12]. Ethical approval
for the study was provided by the Englewood Hospital
(EH) institutional review board.

The data collected for this study were observed and
recorded by trained study staff. Data were captured retro-
spectively from the hospital database in a stepwise man-
ner and used to populate the modules of the custom ABC
software as described by Shander et al. [12]. Total cost
was specified to include the following: all product acqui-
sition costs, both for products used and products wasted;
transfusion-related hospital processes, including patient
admission, screening and testing, logistics, staff support,
administration and consent; and direct and indirect over-
head costs. Direct overhead costs were either added
directly from the hospital finance department or esti-
mated, while indirect overhead costs, such as day-to-day
hospital operations, administration and central services,
were added as a percentage of the overall hospital process
costs. The percentage of indirect overhead costs relative
to the direct process costs were calculated from the over-
all hospital ratio between indirect (e.g. non-patient-re-
lated) costs and direct or operational costs, as described
more fully in Shander et al. [12]. Costs relating to long-
term complications, patient rehabilitation, litigation and
indemnification were excluded and the impact of platelet
transfusions on hospital length of stay was also not
assessed by the model. A full list of all in-hospital pro-
cesses and process cost captured and the direct overhead
cost is given in Table S1, while a list of all indirect hospi-
tal processes used for the calculation of indirect cost is
given in Table S2.

Results

Hospital characteristics

A total of 402 014 patients were recorded at the study hos-
pital over the calendar year 2017. Of these, 18 512 (4-6%)
were inpatients, of which 15 024 (3-7%) had a diagnostic-
related group (DRG) recorded and were included in the cost
analysis. Of all inpatients included in the analysis, 9384
(62-5%) were medical inpatients, 5012 (33-4%) were surgi-
cal inpatients, and 628 (4-2%) were other inpatients.

© 2021 International Society of Blood Transfusion
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A summary of the inpatient blood product usage is shown
in Table 1. In total, 425 platelet units were transfused, all
of which were single donor apheresis platelets. Of these,
333 (78-4%) were given to inpatients. Of these 333 platelet
units, 211 (63-4%) were transfused in medical inpatients
and 122 (36-6%) in surgical inpatients.

Transfusion-related statistics for the 15 024 inpatients,
including screening tests performed and the number of
units transfused, are shown in Table 2. While 10 752
(71-6%) of inpatients were given some form of transfusion-
related blood test, including 6335 (42-2%) who had a blood
type and screen, only 941 (6-3%) of patients received a
transfusion of one or more blood products. A total of 333
platelet units were transfused in 131 inpatients, giving a
mean of 2-54 units per patient. The mean platelet units
transfused per patient was higher for medical inpatients
(2-97) than for surgical inpatients (2-03). Patients required
platelet transfusions for a number of clinical indications,
the most common being: cardiac valve and other major
cardiothoracic procedures, septicaemia or severe sepsis,
ECMO or tracheostomy, coronary bypass (without cardiac
catheterization), gastrointestinal haemorrhage, major
haematological and immunological disorders, lymphoma
and non-acute leukaemia, and pleural effusion (see
Table S3). 4-49% of the platelets were discarded.

Cost results

The average cost of platelets estimated over the course of
the study was $1359-99 per platelet unit in the inpatient
setting, corresponding to an average of $3457-06 per
inpatient transfused with platelets (Fig. 1). This total
includes costs from direct and indirect overheads, costs
from in-hospital processing related to platelet transfusion
and the cost of platelet acquisition (see Table S1 for a full
list of the processes recorded). Acquisition costs and over-
heads made up the largest proportion of the costs.

The breakdown of the total cost per patient and cost
per transfused platelet unit of the acquisition, hospital

Table 1 Characteristics of blood product usage

All patients Inpatients
N (%) N (%)
Number of patients 402 014 (100-0) 18 512 (4-6)
Units of BP charged 3991 (100-0) 3073 (77-0)
Red blood cells 2958 (100-0) 2150 (72-7)
Platelets 425 (100-0) 333 (78-4)
Fresh-frozen plasma 529 (100-0) 513 (97-0)
Cryoprecipitate 79 (100-0) 77 (97-5)

BP, blood products.

© 2021 International Society of Blood Transfusion
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processes and overhead costs is shown in Table 3. Total
platelet acquisition cost was $204 115-25 with an average
cost of $585-41 per transfused unit and $1488-10 per
patient and made up the largest proportion (45-1%) of the
total cost. Total hospital processes costs were $73 631-98
and comprised the smallest proportion (16-3%) of the
total cost. The largest contributors to the in-hospital pro-
cessing costs were as follows: pre-transfusion processes
and patient blood testing, and the administration and
monitoring of transfusions (Fig. 2). Overhead costs,
including staff, staff support and equipment costs, were a
total of $175 128-13 corresponding to 38-7% of the total
costs. Indirect overheads were responsible for 95-0% of
the total overhead costs, while direct overheads made up
the remaining 5-0% (Fig. 2).

Discussion

From the authors understanding, this is the first time that
the ABC methodology has been applied in a hospital set-
ting to determine the full cost of platelet transfusion.
Overall, the study showed that out of the 15 024 inpa-
tients, there was an associated cost of $1359-99 per plate-
let unit. This corresponds to a cost of $3457-06 per
patient transfused.

Previous studies have used the ABC methodology to
explore the total cost of RBC [12] and FFP transfusions
[13]. The RBC costs were explored for four different hos-
pitals while the FFP analysis was carried out in the same
hospital as the platelet analysis reported here. Overall, the
cost per unit and per patient was three times higher for
platelets than for FFP, with platelet costs of $1359-99 per
unit versus $409-62 for FFP and $3457-06 per patient
versus $1608-37 for FFP [13]. Platelet costs were also
higher than the total costs for RBC transfusions which
came to $760-82 (standard deviation [SD]: $293-74) per
RBC unit. Comparing the cost breakdowns between the
different blood products showed that acquisition costs
made up a much higher proportion of the total cost (46%)
for platelet transfusion compared with red blood cells
(20-30%) [12] and FFP (11%) [13], which reflects the
higher cost of platelet units.

A full understanding of the cost benefits of platelet
transfusion is advantageous for clinical practice, and
other studies have also made estimates for total platelet
cost. A conceptual framework using a literature search to
identify direct, indirect and intangible platelet transfusion
costs (including those identified through the COBCON
group) gave an average cost of $5258 to $13 117 per
patient in patients with chronic liver disease and associ-
ated thrombocytopenia undergoing elective procedures
[15]. While this framework does cover a full range of
costs, including costs associated with transfusion-related
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Fig. 1 The mean cost of platelets per unit and per patient.

Table 3 Platelet inpatient product acquisition cost and in-hospital pro-

cesses.

Total hospital  Percentage of

cost ($) total cost (%)

Total product acquisition cost 204 115-25 451

Per platelet unit transfused 612-96 -

Per patient transfused with platelets 1558-13 -
Total in-hospital process cost 73 631-98 16-3

Per platelet unit transfused 22112 -

Per patient transfused with platelets 562-08 -
Total overhead cost 175 128-13 387

Per platelet unit transfused 525.91 -

Per patient transfused with platelets 1336-86 -
Total cost of platelets 452 875-37 100-0

Per platelet unit transfused 1359-99 -

Per patient transfused with platelets 3457-06 -

adverse events and platelet refractoriness, it is limited to
a specific clinical indication. The higher estimate in this
case is most likely due to the incorporation of adverse
event costs, with the model assuming 9-95% incidence of
treatment-related adverse events and assuming all events
would require additional care with events of grade 2 or
higher leading to delays in elective procedures (which
were also accounted for in the cost model).

Cost analyses have also been carried out to specifically
identify areas where cost savings in plasma transfusion
might be made. A multivariate logistic regression analysis
model to identify and predict patients without excessive
bleeding who would not need transfusions demonstrated
cost savings in all blood products (RBCs, FFP and plate-
lets) in patients undergoing coronary artery surgery.
However, platelets represented the lowest cost saving

© 2021 International Society of Blood Transfusion
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Cost per patient transfused with platelets

(10-9%, 20 out of 183 doses) compared with RBCs
(48-2%, 1712 out of 3554 doses) and FFP (38-9%, 432 out
of 1111 doses) [16]. Due to the higher unit cost, it may
be that platelets are used more sparingly and in cases
where the need for transfusion is higher. A retrospective
study of the use of prospective monitoring and triage in a
Level 1 designated trauma centre and teaching hospital
resulted in a 25% reduction in platelet transfusions over
a 7-year period with savings of $100 per dose in platelet
administration costs [17]. However, overhead costs were
not included in this retrospective analysis. Costs may also
be reduced by eliminating inappropriate platelet transfu-
sions, with results from an inpatient hospital setting sug-
gesting that implementing best practice protocol alerts
into an electronic medical record resulted in a 20%
reduction in transfusion corresponding to estimated
annual savings of around $70 000 USD [18]. More speci-
fic methods for reducing platelet costs may also be calcu-
lated by considering specific indications, rather than
overall hospital use, and considering how treatment for
these indications may be streamlined and improved.
These results highlight the importance of mapping all
activities associated with platelet use, which can best be
done by comparing the ABC modelling costs. The results
of the ABC analysis allow the full cost-effectiveness of
therapy to be explored, along with the potential for
reducing cost per transfusion either by reducing the cost
of each transfusion or the overall number of transfusions
carried out. It also allows cost comparisons between dif-
ferent treatments and different transfusion options to be
made, to potentially identify further cost savings in clini-
cal practice. The new FDA industry guidelines for bacte-
rial risk control strategies for blood collection recommend
pathogen reduction of apheresis platelets, or the use of a
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Direct overhead

$26 (1.9%)\

Lost platelet products
$28 (2.0%)

Platelets transfused

$585
(43.0%)
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Hospital blood bank supply
processes $4 (0.3%)

Pretransfusion processes
and patient blood testing
$113 (8.3%)

—

Ordering, issuing and
delivering components
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monitoring transfusions
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Post-transfusion logistics
$0.30 (0.02%)

Managing acute transfusion
reactions and hemovigilance
$1(0.08%)

Fig. 2 Costs per unit platelet transfusion, split by overhead costs, in-hospital process costs and acquisition costs.

secondary culture to test for bacterial contamination prior
to transfusion [19], which may lead to increases in overall
platelet costs. As this guidance was released after the data
for this analysis were collected, the platelets in this study
did not undergo pathogen reduction and the institution
did not carry out secondary cultures to test for contami-
nation; however, it will be interesting to see how the
implementation of this guidance affects overall platelet
cost in future analyses.

Whilst this study provides a full and robust costing
model for platelet transfusions, there are some limitations.
In examining costs associated with platelet transfusions,
the study did not address whether the improvement in
patient outcomes caused by platelet transfusion led to
long-term reduced costs in patient treatment. Studies
have shown that platelet transfusion can lead to
decreased mortality in trauma patients (although no effect
was seen on hospital-free or ICU-free days) [1], and while
platelet transfusions are more costly than other blood
products, they are vital for patients with thrombocytope-
nia or platelet function disorders [5]. Costs relating to
donor recruitment and blood collection for platelets were
also not included. The study was carried out at one

hospital and while this allows a full estimate of all in-
hospital practices to be collected, it does not account for
internal variation in hospital spending practices, screen-
ing protocols or overhead costs between hospitals. Further
research could expand the study to more than one insti-
tution, using the ABC model to compare costs between
them and potentially identify areas where cost savings
could be made.

In conclusion, this is the first study which uses an ABC
model to capture the costs of all necessary activities
required for transfusion of platelet units. This method can
provide a realistic cost assessment that includes all the hid-
den costs associated with the management of blood compo-
nents in an inpatient setting. This information should help
to guide clinicians and transfusion healthcare professionals
to understand the full cost of platelet transfusion, and con-
siderations for reducing costs in clinical practice.
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Background and objective Routine antenatal anti-D prophylaxis (RAADP) to
RhD-negative women is most often administered in gestational age (GA) 28—
30 weeks with the next anti-D dose administered postpartum. The aim of this
study was to analyse the proportion of RhD-negative women where RAADP is
not detectable at term and in a pilot study to investigate whether RAADP admin-
istered in GA 28 and 38 results in detectable levels at term, post-term and post-
delivery.

Materials and methods In a retrospective analysis, 4280 RhD-negative women
carrying an RHD positive fetus were included and the proportion with a negative
antibody screen at delivery was determined. In the second part, 39 pregnancies
were included prospectively, a second dose of RAADP was administered in GA
38 weeks, and anti-D was quantified before the second dose and then weekly for
5 weeks.

Results In the retrospective analysis, 20-5% (856/4280) with RAADP administered
in GA 28 were negative in routine antibody screening at delivery. In the small
prospective study, 18% (7/39) had a negative antibody screen and 26% (10/39)
had levels below 0-005 IU/ml, in the quantification assay, in GA 38. Anti-D pro-
phylaxis administered in GA 38 showed detectable levels of anti-D up to 30 days
post-delivery, with concentration at delivery 0-060 + 0-034 IU/ml (mean * SD).
Conclusion Approximately 20% of the RhD-negative women show non-de-
tectable levels of anti-D at term. A second dose of RAADP at GA 38 results in
stable concentrations of anti-D at term, post-term and post-delivery, but with
large interindividual variation.
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and are shown effective, anti-D is the most common red
cell antibody causing severe haemolytic disease of the
Despite that anti-D prophylaxis regimens to prevent fetus and newborn (HDEN) [1]. Fetal anaemia needing
alloimmunization during pregnancy are used for 50 years treatment with intrauterine transfusions is in the majority
of cases due to anti-D immunization [2]. Postnatal anti-D
immunoglobulin prophylaxis to RhD-negative women
and Transfusion Medicine, Karolinska University Hospital, Stockholm, with a newborn blood typed RhD positive, introduced in
Sweden. the late 1960s, reduced the risk of immunization of RhD-
E-mail: agneta.wikman@sll.se negative women from approximately 15% to 1-1-5%
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[3,4]. In the 1990s, many countries added routine antena-
tal anti-D prophylaxis (RAADP) in the third trimester to
all RhD-negative women, further minimizing the risk of
immunization to an incidence of 0-2-0-4% [5]. During the
last decade, fetal RHD genotyping combined with targeted
RAADP only to those carrying an RHD positive fetus has
been proven effective and is implemented in many coun-
tries [6]. The strategies of doses and timing of administra-
tion of RAADP vary between countries, one single dose
of anti-D; 1000-1500 IU in gestational age (GA) 28-30 or
two doses of 500-625 IU at 28 and 34 weeks are the most
common routines [7-9]. A second or third dose anti-D is
given post-delivery, usually a dose of 1000-1500 IU. In
some programmes, testing of fetomaternal haemorrhage
(FMH) is recommended at delivery, to determine whether
additional doses of anti-D are required [10].

It is known that one single dose anti-D in GA 28 is not
detectable at delivery in a proportion of women, varying
from 39 to 56% and up to 78% for those who deliver
after 40 weeks of gestation [7,8] thus with unclear protec-
tion at the end of the third trimester, when the risk of
immunization is increased [9,11,12]. The two-dose strat-
egy gives a higher rate of detectable anti-D at term, 85%,
but is associated with higher costs and lower compliance
of receiving the two doses [13,14].

In Sweden, the recommendations are to perform fetal
RHD screening in the first trimester and to administer tar-
geted RAADP, 1500 IU in GA 28-29 and a second dose
of anti-D 1500 IU post-delivery and at situations carrying
an increased risk of fetomaternal haemorrhage during
pregnancy [15,16]. The current information of the used
product anti-D; Rhophylac® (CSL Behring) is that a dose
of 50 IU (10 pg) protects from sensitization of one ml
fetal blood in maternal circulation and 1500 IU (300 pg)
protects from 30 ml fetal blood [17]. Using an estimated
maternal plasma volume of 3750 ml and an extracellular
volume of 4500 ml at term [11], a dose of 1500 IU should
give a theoretical concentration of 0-180 IU/ml (36 pg/l).
An anti-D concentration of 0.012 IU/ml (2.4 pg/l) is thus
equivalent to cover FMH of 2 ml whole blood.

Today, when fetal RHD typing is widely implemented
and the RHD type of the fetus is known with high accu-
racy [6], an alternative strategy could be to administer
two RAADP doses, at GA 28 and 38, the latter to cover
term and post-term of the pregnancy. In Sweden, 20% of
the women delivered post-term at week 41 and 5% at
week 42, 2019 [18].

The aim of this study was to retrospectively analyse
the proportion of women with undetectable levels of pro-
phylactic anti-D at the time of delivery after one dose of
RAADP (1500 IU) at GA 28-29. Second, in a pilot study,
to investigate whether a strategy with administration of
the second dose of anti-D in GA 38, instead of post-

delivery, would be safe and feasible and result in suffi-
cient concentrations at term and post-delivery.

Materials and methods

Retrospective data analysis

The study population consisted of all consecutive cases of
RhD-negative pregnant women with request from the
delivery ward for a type-and-screen test, between October
2010 and October 2012 in the Stockholm region, Sweden.
After this period, an RhD-negative test panel for type-
and-screen requests in RhD-negative women was intro-
duced, in order not to cause delay when blood transfu-
sions were needed. According to clinical routine in the
Stockholm region, RAADP wused in this period was
1250 IU Rhesonativ® (Octapharma, AG, Austria) at GA
28-29. Pretransfusion tests from the delivery ward are
requested for women with increased risk of postpartum
haemorrhage, which includes approximately 25% of the
women, for example before caesarean section. In the lab-
oratory information system, the proportion of RhD-nega-
tive women, with an RHD positive fetus, and a negative
screen test at delivery was identified retrospectively, that
is those where the anti-D prophylaxis administered in GA
28-29, was not detectable at delivery.

The prospective pilot study

Between 2016 and 2018, RhD-negative women with a
fetus typed RHD positive, were asked to participate in the
study, at their appointment to receive RAADP, 1500 IU
(Rhophylac®, CSL Behring GmbH, Marburg, Germany) in
GA 28. Eligible participants were healthy women without
previous history of pregnancy complications, with a sin-
gleton pregnancy and estimated due date confirmed by
ultrasound examination in the second trimester. Exclusion
criteria were administration of anti-D prophylaxis earlier
in the current pregnancy, a multiple pregnancy, presence
of maternal erythrocyte alloantibodies at time of inclu-
sion or medication other than vitamins, folic acid and
iron supplement. Before inclusion, a routine obstetric his-
tory was checked, as well as blood pressure. Information
on body height and weight was received from the first
antenatal visit in GA 10-14.

The women were given oral and written information
from a research midwife, and if they agreed, they
received a second dose of anti-D prophylaxis 1500 IU in
GA 38. Anti-D concentration was analysed before the
anti-D administration in GA 38 and then monitored
weekly until the correspondent time of 43 weeks GA,
including post-delivery. The quantitative anti-D analysis
was done only daytime weekdays, so administration of
anti-D prophylaxis after delivery was based on the type-

© 2021 The Authors.
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and-screen test. If the erythrocyte antibody screen was
positive at delivery, the women received no more prophy-
laxis; if the anti-D level was low at delivery, defined as
negative or a weak reaction in the routine antibody
screen, it was decided to recommend anti-D prophylaxis
for safety purposes. The anti-D concentration in the sam-
ples was analysed in a quantification assay afterwards.
Determination of FMH was done at day one post-delivery.
A total of 39 pregnant women gave informed consent
and were included in the study. The demographic charac-
teristics of the included women are shown in Table 1.

Type-and-screen analysis

Screen test at delivery was performed in an automated
system AutoVue Innova in BioVue Cassettes with anti-
IgG (Ortho Clinical Diagnostics, Raritan, NJ, US) in the
retrospective analysis, 2010-2012. During the prospective
pilot study 2016-2018, the instrument was upgraded to
an Ortho Vision, with the same reagents used.

Titration of the 2nd BRITISH STANDARD 1992 Anti-D
(Rho) Antibodies (code: 73/515, NIBSC, Potters Bar, UK)
in the BioVue Cassettes showed that the limit of detection
for anti-D was 0-008 IU/ml (1-6 ug/l) quantified by flow
cytometry. A weak reaction in the screening was defined
as <1+ reaction and corresponded to anti-D less than
0-015 IU/ml (3 pg/l).

Anti-D quantification

Anti-D quantification was performed using flow cytometry.
To increase sensitivity erythrocytes were pretreated with the
enzyme papain. All dilutions were made in ID-CellStab (Bio-
Rad Laboratories Inc) with 0-5% BSA (A7906, Sigma-
Aldrich) as additive. The calibration standard was the 2nd
BRITISH STANDARD 1992 Anti-D (Rho) Antibodies (code:
73/515, NIBSC, Potters Bar, UK). In short, 50 ul 0-8% ery-
throcytes (ROr) and 100 pl standard or sample was incubated
for 30 min at 37°C. Samples were diluted 10x before

Table 1 Characteristics of included women n = 39

Median [min—max]

Age 32 [19-49]
BMI at gw 10-12 23.9 [18.8-34.8]
GA at delivery (days) 281 [266—295]
No of blood samples* 4 [2-6]
Mode of delivery (%)

Vaginal 87%

Caesarean Section 13%

GA, gestational age.
*Number of samples analysed for anti-D concentration per woman.

© 2021 The Authors.

analysis. After washing with 3 x 200 pl PBS, 50 pl mouse
anti-human IgG-PE (Southern Biotech) diluted 100-fold was
added and incubated for 30 min at RT. After an additional
wash as above, the erythrocytes were dispersed in 250 pl
PBS and analysed on Cytomics FC500 MPL. The mean fluo-
rescense intensity (MFI) on 10 000 gated cells were mea-
sured and imported to SoftMaxPro (Molecular Devices)
which was used for constructing the calibration curve and
calculation of anti-D concentration. QC samples at two
levels were run in all assays, n = 14. The inter-assay varia-
tion for the low QC was 20% (mean 0-032 IU/ml) and 26%
for the high QC (mean 0-57 IU/ml). LLOQ in samples was
0.005 IU/ml (1 pg/l).

Analysis of fetomaternal haemorrhage

Determination of FMH was done by flow cytometry at
day one, after delivery, using FITC-conjugated Anti-D
reagent (9433FI, NHS Blood and Transplant) according to
the Guidelines on the estimation of Fetomaternal Haem-
orrhage [19]. The LOD was 0-05% of fetal erythrocytes,
corresponding to 1 ml FMH.

Statistics

Statistics presented as median and IQ range or mean and
SD as well as linear regression analysis, were made with
GraphPad Prism 5.

Ethical approval

The study was approved by Swedish Ethical Review
Authority, D-nr 2016/2:4.

Results

Detectable levels of anti-D prophylaxis at delivery
in a retrospective group

During the period Oct 2010—Oct 2012, type and screen were
requested from the delivery ward in 4280 RhD-negative
women carrying an RHD positive fetus. In 876 cases
(20-5%), the antibody screen result was negative; that is,
anti-D was not detectable at delivery, which corresponds to
an anti-D concentration less than 0-008 IU/ml (1-6 pg/l).
Individual information of GA at delivery was not available.

Anti-D concentration before and after
administration of anti-D prophylaxis at 38 weeks
of pregnancy in the intervention group

The mean anti-D concentration at inclusion in the
prospective  pilot study was 0-014 £ 0-011 IU/ml
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[mean £ SD, n=39] in GA 38+ 1. In 7/39 (18%)
women, the anti-D was not detected in the antibody
screening. In 10/39 (26%), the level was below LLOQ in
the anti-D quantification assay, 0-005 IU/ml (1-0 pg/l),
Fig. 1. The anti-D concentration measured one week after
administration of prophylaxis was 0-075 £ 0-047 IU/ml
[mean + SD]. The increase of anti-D was
0-066 + 0-045 IU/ml [mean * SD] and showed a signifi-
cant correlation (P = 0-0118) with body mass index,
Fig. 2.

Anti-D concentration at delivery in the intervention
group

At delivery, the variation of anti-D concentration was
large, between 0-014 and 0-184 IU/ml, with mean and SD
of 0-060 + 0-034 IU/l, Fig. 3. Median GA of delivery was
40 weeks (38—42 weeks). Five women were recommended
additional prophylaxis due to a weak result in the screen
test at delivery. The anti-D concentrations measured
afterwards were between 0-014 and 0-030 IU/ml (3-6 pg/
). Two of the five women had levels below 0-015 IU/ml
(0-0144 and 0-0145), theoretically protective of 2-5 ml
fetal blood. One of the women had high BMI, 34, and
both had low concentrations at all measurements. The
other three women had concentrations of 0-027-0-030 IU/
ml. In 25/39, FMH was analysed after delivery and the
results were negative in all, that is below the LOD, 1 ml
fetal blood in maternal circulation.

Samples for anti-D quantification were received from
all women at delivery. In 16/39, no more samples were
obtained, in 14 only one sample was obtained, and in 9,
2-4 samples were obtained after delivery. The levels
showed stable levels up to 30 days postpartum, Fig. 3.
The concentration of anti-D analysed in 1 - 5 weeks
post-delivery samples (n = 31) were 0-058 * 0-019 IU/I
(mean £ SD) after administration of anti-D 1500 IU in

0-04- o0
g
S 0031 °
o ° ®e : °
> 0-02- o° .
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_____ 200000000009 __
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Fig. 1 Anti-D concentration (IU/ml) at inclusion in the study at week
38 + 1, n = 39, after administration of RAADP 1500 IU in gestational
week 28. The dotted line represents limit of detection (LLOQ) for anti-D
with the quantification assay, 0-005 IU/ml (1 pg/l), with 10/39 below
LLOQ.
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Fig. 2 Increase of anti-D IgG after administration of RAADP 1500 IU in
pregnancy week 38 was quantified by flow cytometry one week after
administration. Linear regression analysis showed a significant correlation
to body mass index, P = 0-0118, n = 39. The dotted line represents limit
of detection (LLOQ) for anti-D with the quantification assay, 0-005 IU/ml
(1 ng/).

GA 38 % 1, excluding the five women who got a new
dose anti-D at delivery.

Discussion

The retrospective data analysis of more than 4000 screen
tests at delivery in RhD-negative women with a fetus
typed RHD positive revealed that 20-5% in the cohort had

0209
T 015-
2 9
O 0-10- 3
S 010 . s
[a) é 5
E 0-05- O
<
0-00 T T T T T T 1

Weeks after partus

Fig. 3 Concentrations of anti-D measured by flow cytometry at different
time points after delivery. Data are shown as box plots with median val-
ues and quartiles in the box and the range as whiskers. n = no of anti-D
analyses performed at delivery and each week after delivery. Samples at
delivery were obtained from all 39, post-delivery: no sample was
obtained from 16, one sample from 14 and 2—4 samples from 9. The dot-
ted line represents limit of detection (LLOQ) for anti-D with the quantifi-
cation assay, 0-005 IU/ml (1 pg/l).
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non-detectable anti-D levels after RAADP at GA 28-29.
In the prospective pilot study including 39 women, 18%
had a negative screening result, defined as no reactions
in routine microcolumn screening, and 26% had levels
below LLOQ (<0-005 IU/ml) with the quantification assay,
at 38-39 weeks of gestation, after RAADP 1500 IU at 28—
29 weeks of gestation. The findings support previous
reports, where a large proportion, 44-78%, had non-de-
tectable levels of anti-D in screening tests at delivery
after one dose RAADP in GA 28 and 15-39% after two
doses in GA 28 and 34 [7,8]. In pregnancies post
40 weeks, 78% is reported to lack detectable anti-D [8].
Administration of 1500 IU anti-D in GA 38 resulted in
levels between 0-018 and 0-113 IU/ml 1-5 weeks post-de-
livery in the 31 analysed samples up to GA 43, but with
reservation for a limited no at the final measurements.
Two of 39 women had low levels at delivery, just below
0-015 IU/ml, estimated to cover a FMH of 2-5 ml, which
is shown to occur in less than 1% of deliveries [20]. Small
amounts of fetal blood pass into the maternal circulation,
with increasing risk during the third trimester and the
greatest risk at delivery [21]. In a study of more than 20
000 pregnancies, it was found that 74% of the women
had less than 0-5 ml, 96% had less than 1 ml, and 98%
had less than 2 ml fetal blood in the circulation after
delivery [22]. In our study, with analysis in 25 pregnan-
cies, no cases of FMH were found, but the sample size
was small, and based on prevalence from publications,
only 1/25 analysed samples were expected to have FMH
above 1 ml.

The study showed a large interindividual variation of
anti-D concentration at delivery. The variation of anti-D
levels may depend on individual IgG clearance from
plasma and consumption of anti-D, giving a variability in
residual anti-D levels and in half-life. Uptake from mus-
cular compartments and fat tissue may vary as well. As
has been shown before, anti-D levels correlated to BMI
[23,24]. In our region, 16-5% had BMI > 30 and 4-4%
had BMI > 35 compared to 11-4% and 3-0%, respectively,
nationally [18]. The weeks after delivery, the concentra-
tion anti-D seemed to be stable, but with the reservation
that we had no FMH > 1 ml in the cohort.

With current anti-D prophylaxis regimens including
RAADP in GA 28-30, the incidence of anti-D immuniza-
tion is low, 0-2-0-4%. Despite this low incidence, anti-D
immunization is still the most common cause of severe
fetal anaemia requiring intrauterine blood transfusions to
the fetus with its inherent risk of complications and peri-
natal mortality and morbidity [2,5]. If 10-20% of the
RhD-negative women with unmeasurable levels of anti-D
can be assumed to have 1% risk of immunization at term
and post-term, that may cause a major proportion of the
remaining anti-D immunizations.

© 2021 The Authors.

Fetal RHD screening is now a routine in many coun-
tries, resulting in that the fetal RHD status is known with
high accuracy prenatally, with a sensitivity of the analy-
sis above 99-9% [6]. To administer anti-D prophylaxis in
gestational week 38, to ensure adequate concentration of
anti-D at term and post-term in RhD-negative women at
risk of immunization, it seems relevant and logistically
possible in most programmes. Much is unknown about
the mechanisms for immunization, but that anti-D admin-
istration protects from immunization is convincingly and
repeatedly shown [25]. Before RAADP was introduced in
our region, we could show that the majority of immu-
nization occurred in the third trimester [12]. After the
introduction of RAADP, the incidence of anti-D immu-
nizations was decreased to less than half, to 0-2%, and
similar to other studies [26]. The cases still occurring was
either detected at the screening test in GA 28, before
RAADP or at the first screening in the subsequent preg-
nancy.

It has previously been concluded that adding a dose of
anti-D in the third trimester cannot be justified due to
high costs [22], but if the post-delivery anti-D dose could
be replaced, this strategy might be cost effective. The
potential of high compliance at 38 gestational weeks,
which is crucial, must be assessed in different antenatal
programs, but most women have a visit planned in gesta-
tional week 37-38. For women non-compliant to RAADP
at gestational week 38 or delivered preterm, anti-D pro-
phylaxis may be administered within 72 h post-delivery.

Limitations

The study population of the intervention study was small
and had dropouts. There was an obvious difficulty to
include subjects with repeated measurements close to
term and post-delivery. There is a limitation by the rela-
tively high incidence of protocol violations regarding the
analysis of anti-D concentrations postpartum. Only 9/39
was monitored more than two weeks post-delivery, in all
of these stable concentrations were maintained up to
30 days post-delivery, but with large inter- individual
variations. In addition, analyses of FMH at delivery were
missing in 14/39 (36%) of the cases and none of the 25
analysed samples FMH was detected. FMH above the
detection level of 1 ml fetal blood is reported to occur in
4% of pregnancies [22].

Conclusion

Approximately 20% of RhD-negative women have very
low to non-detectable levels of anti-D (<0-005 IU/ml) at
term and post-term, leaving them at risk of immunization
at the end of pregnancy. In addition to RAADP in GA 28
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the feasibility of a second dose of RAADP in GA 38,
replacing the post-delivery dose, was evaluated in this
study. The anti-D dose at 38 weeks GA showed detectable
anti-D concentrations up to 30 days postpartum, in the
analysed samples. If this strategy may lower the incidence
of D-immunization further must be addressed in a large
prospective trial.
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Background and objectives The aim of the study was to optimize routine
non-invasive prenatal detection of fetal RHD gene from plasma of RhD-negative
pregnant women (the median of gestational age was 25 weeks, range 10-38) to
detect RhD materno-fetal incompatibility and to avoid the redundant
immunoprophylaxis.

Materials and methods Initially only one exon of RHD gene (exon 10) was
investigated in 281 plasma samples (144 verified after delivery), in the second
phase three RHD exons (5, 7, 10) were analyzed in 246 samples of plasma and
maternal genomic DNA (204 verified) by real-time PCR method. Detection of Y-
chromosomal sequence DYS-14 and five X-chromosomal insertion/deletion poly-
morphisms was used to confirm the fetal cfDNA detectability in plasma. Specific
polymorphisms in RHD gene were detected by sequence-specific primer PCR in
nine samples.

Results When only the RHD exon 10 was tested, 2-8% of verified samples were
false positive and 3-5% false negative. With three RHD exons (5, 7, 10) and
maternal genomic DNA testing, only one case was false negative (0-5%). Nine
samples were inconclusive due to RHD-positive results in maternal genomic
DNA. These samples were analyzed for specific mutations in RHD gene. Combi-
nation of both methods for fetal cfDNA verification succeeded in 75% of tested
group.

Conclusion Implementation of analysis of three RHD exons and maternal
genomic DNA to routine practice lowers dramatically the ratio of false positive
and negative results. This method enables more accurate determination of
fetal RHD status with the reduction of unnecessary medical care and RhD
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the subsequent destruction of foetal erythrocytes [1]. The
most frequent form of HDFN is associated with the anti-D
IgG antibodies from an RhD-negative woman transmitted
to the blood of an RhD-positive foetus [2, 3]. In a Cau-
casian population, the prevalence of RHD-negative
homozygotes is 15%-17% [4, 5], even reaching up to
20% [6, 7]. Regarding the previous alloimmunization,
HDEN is very rarely seen in primigravida [8]. To prevent
RhD sensitization, initially the postpartum anti-D Ig had
been used which was then replaced by routine antenatal
anti-D prophylaxis. The immunization risk in developed
countries is minimized to 0-2%-0-4% due to the combina-
tion of antenatal and postnatal prophylaxis [1, 9—-12].

Screening of all pregnant women for irregular anti-ery-
throcyte antibodies before the 14th gestational week
belongs to the standard recommended approaches. Anti-
bodies in screen-positive samples are specified and quan-
tified. The screening positivity in our population is 5%,
representing approximately 5000 pregnancies per year.
However, only 1-5% of these antibodies have clinical rel-
evance (approx. 1500 pregnancies). In reality, only preg-
nant women bearing foetuses with specific surface
antigens are immunized; this occurs in about 0-5% of all
pregnancies, representing 500 cases per year in our popu-
lation [13]. These foetuses are potentially threatened by
anaemia in utero and postpartum hyperbilirubinemia. In
utero, ultrasound monitoring should be able to recognize
anemization, allowing for appropriate treatment (intraum-
bilical transfusion or pregnancy termination when
>35 weeks) [14]. The disadvantage of the imunohemato-
logic screening of RhD-negative pregnancies is the rela-
tively high false positivity that leads to unnecessary
management of pregnancies with an RhD-negative foetus.
Immunoglobulin anti-D, as a product of human origin,
has limited resource [15], and its administration involves
a certain risk of infection [16]; thus, it should be used
strictly on a proper indication. Therefore, there is a need
for reliable diagnostics for those who are not threatened
by alloimmunization and do not need any immunopro-
phylaxis [17].

A feasible clinical non-invasive method for the deter-
mination of foetal RHD status has been available since
the discovery of foetal cell-free DNA (cffDNA) in mater-
nal plasma by Lo in 1997 [18]. It became a part of rou-
tine screening diagnostics in some European countries,
for example in Denmark (2010), the Netherlands (2011),
Finland (2014) [19] and others [20], replacing the invasive
methods, such as amniocentesis and chorionic villi sam-
pling [21].

The cffDNA originates mainly from placental tro-
phoblast [22]. It can be detected as early as in the 5th
week of gestation and varies dependently on gestational
week [23]. After delivery of the foetus, the cffDNA

elimination is fast and occurs within hours [24]. Although
there is the evidence that foetal cells persist in the
woman'’s tissues for decades after pregnancy [25], it was
demonstrated that there is no risk of interference for
cffDNA diagnostics [26].

The RHD gene consists of ten exons and is very poly-
morphic [5]. The first cffDNA studies focused on single-
exon genotyping only [2]. Subsequent studies analysed
rather two or even more exons, mostly some of combina-
tions of exons 5, 7 and 10 [17]. On the other hand, some
studies presented that single-exon testing should be suffi-
cient for reliable diagnostics [27, 28].

The high polymorphism of the RHD gene contributes
to difficulties in cffDNA diagnostics of the foetal RHD
type. Nowadays, more than 300 alleles of this gene have
been identified [29-31] and their expression leads to a
number of variants of RhD epitopes [32, 33]. Women car-
rying these variants could be identified as serologically
positive, weak positive or negative, and they may or may
not be at risk of alloimmunization [34]. A weak RhD type
is a variant with a reduced amount of antigen D [35].
Anti-D immunization is rare for D weak types 1, 2 and 3
[36], so there is no need for anti-D prophylaxis; however,
other variants are potentially at risk of alloimmunization
[37]. Carriers of the DEL form express very small
amounts of antigen D, and they are at potential risk of
alloimmunization and should be treated as RhD negative
with a possible indication of anti-D prophylaxis. A group
of partial RhD types includes variants with some amino
acid substitutions in the extracellular loop. Alloimmu-
nization is possible; the probability differs according to
the specific type [36]. Consequently, it is very important
to thoroughly investigate the RHD status of the woman
because it may affect the result of foetal RHD testing.
Cell-free DNA of maternal origin is also present in
plasma, and in the case of maternal genomic RHD posi-
tivity, its detection can lead to a false-positive result of
foetal RHD [38].

Another complication associated with this diagnostic is
the absence of a universal-positive foetal DNA marker for
the cffDNA fraction verification. Currently, there is no
marker found to be optimal for this prenatal testing [38,
39].

In this study, we present the results of our consecutive
optimization of the routine prenatal RHD diagnostic
methodology and its advantages. We deal with its compli-
cations and demonstrate our arrangement of the diagnos-
tics that we have achieved through the last decade.

Materials and methods

From January 2008 to December 2019, 527 plasma sam-
ples of RhD-negative pregnant women with detectable

© 2021 International Society of Blood Transfusion
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levels of specific RhD antibodies were tested for cffDNA
RHD, firstly 281 samples as a pilot study (2008-2012)
and, afterwards, 246 samples as a part of routine diagnos-
tics (2013-2019). The median of gestational age was
25 weeks (range 10-38 weeks). All women were serologi-
cally predicted as RhD negative. The RhD status of new-
borns was serologically verified after delivery in 144
cases (51-2%) in the pilot study and in 204 cases (82-9%)
in the routine diagnostics part. In the diagnostics period,
buccal swabs were collected together with blood samples
from all women.

In the period 2014-2019, 152 samples (72% of the total
210 samples from this period) were analysed for the DYS-
14 sequence specific for the Y chromosome for the verifi-
cation of presence of cffDNA. In 2019, 41 samples (nega-
tive both for RHD and DYS-14) were retrospectively
analysed for the panel of five insertion-deletion polymor-
phisms (INDELSs) localized on the X chromosome to con-
firm the foetal fraction in female foetus bearing
pregnancies using digital droplet PCR (ddPCR) as a part
of our research project [40].

Samples

Samples of peripheral blood were collected into Vacu-
tainer tubes containing ethylenediaminetetraacetic acid
(EDTA) to prevent coagulation. The tubes were centrifuged
immediately at 4°C for 10 min/2600 g, the supernatant
was transferred to a new tube and centrifuged at room
temperature for 10 min/14 000 g. Obtained plasma sam-
ples were stored at —20°C until utilization.

Cell-free DNA including the cffDNA fraction was iso-
lated manually from 1 ml of maternal plasma by QlAamp
Circulating Nucleic Acid Kit (Qiagen, Germany) (in the
period 2010-2015) and by MagNA Pure Compact NA Iso-
lation Kit I — Large Volume by MagNA Pure Compact
Instrument (Roche Molecular Systems, Switzerland)
(2016-2019), respectively, according to the manufac-
turer’s instructions. Both isolation methods were tested to
give convenient and comparable amounts of cfDNA in
sufficient quality for subsequent analysis (data not
shown). Cell-free DNA was finally eluted in 50 pl of the
supplied elution buffer.

Maternal genomic DNA from buccal swabs was isolated
by QIAamp DNA Mini Kit (Qiagen, Germany) according
to the manufacturer’s instructions and eluted in 150 pl of
supplied elution buffer.

Real-time PCR

The RHD status was determined via a real-time PCR
method on the ABI HT7900 Real-time PCR instrument
(Applied Biosystems, USA).

© 2021 International Society of Blood Transfusion
Vox Sanguinis (2021)

In the first pilot phase (2008-2012), only one exon of
the RHD gene (exon 10) was investigated; in the second
phase (2013-2019), three RHD exons (5, 7 and 10) were
tested simultaneously. Gene GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as a reference in
both phases. Detection of the DYS-14 sequence was used
for the foetal fraction presence verification.

The TaqMan Gene Expression Assay was used for
detection of the RHD exon 10 (FAM labelled), and the
Custom MGB TagMan Gene Expression Assays were used
for detection of the RHD exons 5 and 7, the DYS-14
sequence and the GAPDH gene. The primers and MGB
probe for RHD exon 5 and DYS-14 sequence (both FAM
labelled) were ordered according to the published
sequences [41, 42], and for RHD exon 7 and GAPDH
(both VIC labelled) as published by Svobodova et al. [43]
(all assays Life Technologies, USA). For further details,
see Table S1.

The duplex reactions were performed as follows: for
GAPDH + RHD exon 10 in septuplicates in the first part
of the study and in triplicates in the second part, for RHD
exon 5+ RHD exon 7 in quadruplicates. The DYS-14
reaction was performed as a single reaction. Each PCR
reaction was performed in 20 pl of total reaction volume
containing 5 pl DNA. The maximum CT (cycle threshold)
value for the positive reaction was set to 37.

Results were finally processed using SDS Software ver-
sion 2.4 (Applied Biosystems, USA). Foetal RHD was con-
sidered as positive when the amplification was
determined in more than five out of seven RHD (exon 10)
replicates in the first part of the study and in more than
seven out of 11 RHD replicates (four replicates for each
of exons 5 and 7, and three replicates for exon 10) in the
second part of the study. The sample was considered as
RHD negative when the amplification was detected in no
more than in one replicate (in both parts of the study). In
the case of the detection of two to six RHD replicates, the
analysis was repeated.

Digital droplet PCR

The INDELs rs2307932; rs16397; rs16637; rs3048996;
and rs16680 were genotyped using ddPCR. Two Custom
assays (Primers + TagMan hydrolysis probe) for each
INDEL specific for ddPCR were designed by Bio-Rad
(USA). For each INDEL, one of the variants (insertion or
deletion) was FAM labelled and the opposite variant was
HEX labelled. Each reaction contained 5 pul DNA. The
samples were analysed on QX100 Droplet Reader, and the
evaluation was performed by QuantaSoft Software version
1.6.6.0320. All chemicals, instruments and software were
provided by Bio-Rad (USA). The methodology is described
in detail in our article [40].
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Sequence-specific primer PCR (PCR-SSP)

In inconclusive cases (mother serologically defined as
RhD negative with RHD gene positivity in the genomic
DNA obtained from the buccal swab), the specific poly-
morphisms in the RHD gene were detected by the CE-cer-
tified PCR-SSP technique combined with a fluorescence
endpoint detection based on a modified TagMan probe
system (FluoGene, Inno-train). The FluoGene kits (RBC-
FluoGene CDE and RBC-FluoGene D weak/variant) detect
the most common weak D types, exons 1-7, 9, 10 of the
RHD gene and the most common partial D types. The
reactions were performed with FluoGene system instru-
ment and FluoVista Analyzer using FluoGene software.

Results

In all plasma samples and all genomic DNA samples, suf-
ficient levels of isolated cfDNA were detected. The median
CT of reference GAPDH gene was 32 (range 29-35) for
plasma samples and 26-3 (range 23-29) for genomic DNA
samples. The median CT of all three RHD exons for
plasma samples (when detected) was 35 (range 31-37).

In the first pilot study (2008-2012), a total of 281 sam-
ples were tested only for one RHD exon (exon 10). Of
these, 62-3% were positive for the RHD gene, 34-5% were
negative, and 3-2% could not be analysed (Table 1). The
RhD blood group of newborns was serologically con-
firmed in 144 (51-2%) of 281 cases. Out of these, 93-8%
were analysed correctly (66% RHD positive, 27-8% RHD
negative), but four samples (2-8%) were determined as
false positive for RHD, and five samples (3-5%) were false
negative. The sensitivity of the test in this phase was 95%
(95% confidence interval 88-79%-98-4%), specificity
90-9% (78-3%-97-5%) and accuracy 94% (88-5%-97-1%).

Regarding the false-positive results, two cases of the
proven false positivity represented the same woman in
her two subsequent pregnancies. Comparing the CT values
of RHD exon 10 and GAPDH in her samples yielded CT
value differences of 0-5 (tested in the 30™ gestational
week in her first gravidity) and 2-2 (tested in the 19th

gestational week in her second gravidity). In the other
two cases of false-positive results, the CT values differ-
ence was very low in one case (0-5) and relatively high
(5-8) in the other case. Regarding the false-negative
results, the GAPDH CT values were around 32 in all these
samples, indicating sufficient cfDNA extraction. In two
out of five samples, there were no detected amplifications
of RHD (exon 10) in any of the replicates; in the remain-
ing three samples, we detected amplification in one repli-
cate out of seven.

In the second period (2013-2019), the samples were
analysed for three exons of the RHD gene (exons 5, 7
and 10), and the maternal genomic DNA obtained from
buccal swabs was tested in the same way. From all 246
plasma samples included in this part of the study, 63%
were determined as positive for RHD, 32-9% as negative
and 4-19% (10 samples representing nine women, one of
whom was tested in two following pregnancies) could not
be analysed due to the RHD-positive results of maternal
genomic DNA (Table 2). These nine undetermined samples
were afterwards analysed for specific mutations in the
RHD gene. Four of them were determined as D weak
(1-6% of all 246 samples), three cases were DEL type
(1-2% of 246 samples), and one partial D carrying RHD
DCS-1 allele (0-4% of 246 samples). In one sample, no
specific mutation was found by Inno-train analysis. For
more detailed information, see Table 3.

In the second period, the RhD blood group of 82-9%
newborns of 246 tested samples was postnatally verified
(data from the last year are not yet available). There was
only one false-negative case (0-5%) in the year 2013
(GAPDH CT 30, no RHD amplification in any of the repli-
cates). The sensitivity of the test increased to 99% (95%
confidence interval 95-5%-100%), specificity to 100%
(95-1%-100%) and accuracy to 99% (97-2%-—100%).

Since the subsequent year (2014), the presence of foetal
fraction of cfDNA was tested using DYS-14 sequence
detection. Of the 152 tested samples, 92 (60-5%) were
determined as being DYS-14 positive, bearing male foetus
and thus informative for cffDNA presence validation. In
the remaining 60 cases (39-5%), the sequence was not

Table 1 Results of the foetal RHD status testing from maternal plasma using the one-exon method (exon 10) without maternal genomic DNA analysis

in the first (pilot) phase of the study in 2008-2012

RHD RHD Confirmed False Confirmed RHD False

Year Total positive negative Undetermined Confirmed RHD positive positive negative negative
2008 65 40 23 2 35 21 2 10 2

2009 61 37 21 3 32 20 n 1

2010 50 29 17 4 27 20 1 6

2011 52 34 18 25 16 7 2

2012 53 35 18 25 18 1 6

Total 281 175 (62-3%) 97 (34-5%) 9 (3-2%) 144 (51-2%) 95 (66%) 4 (2-8%) 40 (27-8%) 5 (3-5%)
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Table 2 Results of the foetal RHD status testing from maternal plasma using three-exon method (exons 5, 7 and 10) including maternal genomic DNA

analysis in the second phase of the study in 2013-2019

RHD RHD Confirmed False Confirmed False Mother
Year  Total positive negative Undetermined  Confirmed RHD positive  positive ~ RHD negative  negative ~ RHD positive
2013 36 25 n 33 22 10 1
2014 40 23 17 38 22 16
2015 44 25 16 3 40 22 15 3
2016 31 22 7 2 30 22 7 1
2017 40 23 14 3 38 21 14 3
2018 34 18 14 2 25 n 12 2
2019 21 19 2
Total 246 155 (63%) 81 (32:9%) 10 (4-1%) 204 (82-9%) 120 (58-8%) 0 (0%) 74 (36-3%) 1(0-5%) 9 (4-4%)

Table 3 Overview of the RHD variants detected in maternal genomic DNA from buccal swabs in serologically RhD-negative mothers

Sample Allele name Nucleotide change(s) Exon/Intron Amino acid change(s) Allele name detail
1 RHD*weak D type 1 ¢.809T > G exon 6 p.Val270Gly RHD*809G

2 RHD*weak D type 1 ¢.809T > G exon 6 p.Val270Gly RHD*809G

3 RHD*weak D type 1 ¢.809T > G exon 6 p.Val270Gly RHD*809G

4 RHD*weak D type 3 c8C>G exon 1 p.Ser3Cys RHD*8G

5 RHD*DEL8 c.486 + 1G>A intron 3 splice site mutation RHD*486 + 1A

6 RHD*DEL8 c.486 + 1G>A intron 3 splice site mutation RHD*486 + 1A

7 RHD*DEL4 c.147delA exon 1 p.Val50Leufs*5 RHD*147delA

8 RHD*DCS1 667G > T, 676G > C exon 5 Phe223Val, Ala226Pro RHD*667T, 676C

detected, and the samples were not informative. After-
wards, during another part of our research (in 2019), 41
of these samples were genotyped for the panel of five
INDEL variants localized on chromosome X. The propor-
tion of informative samples with successful detection of
paternal X chromosome allele was 58-5% (24 cases) in
this small group. Since the start of cffDNA fraction verifi-
cation, there were neither false-positive nor false-negative
results for the RHD gene.

Discussion

The aim of the study was to optimize routine non-inva-
sive prenatal detection of the foetal RHD gene from
plasma of RhD-negative pregnant women. In the first (pi-
lot) part of the study, only one exon of the RHD gene
(exon 10) was tested, and high levels of false-negative
(3-5%) and false-positive (2-8%) results were reported. In
addition, this method cannot distinguish between the
RHD status of the mother and the foetus, meaning that it
is strictly applicable only for women with negative results
of the RHD gene detection. In this period, maternal geno-
mic DNA was unobtainable, and the RHD status of the
mother could not be verified, which consequently con-
tributed to the false-positive ratio. Another factor that
could contribute to false-positive and false-negative
results is the accuracy of the postnatal confirmation of

© 2021 International Society of Blood Transfusion
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the RhD type of the children based on the serological
cord blood typing, which could yield false-positive or
false-negative results.

In the second (diagnostic) period, the DNA isolation
method was changed, and the gene detection analysis
was upgraded in two different ways. Regarding the DNA
isolation, we switched from the manual extraction system
to an automated system, which has smaller yields of
cfDNA (mean CT value differentiation 0-6) but on the
other hand lowers the risk of cross-contamination. Con-
cerning the gene detection, the use of more than one
RHD exon is recommended as it may reduce the error
rate, so we increased the number of analysed exons to
three (exon 5, 7 and 10) [44]. The RHD exons 7 and 10
contain several specific sequences distinguishing RHD
and RHCE genes, and exon 5 is included for the RHDys
variant detection [41, 45].

The other innovation was the verification of maternal
RHD status via the analysis of maternal genomic DNA
obtained from buccal swabs. The same analysis could be
done from another source of maternal genomic DNA,
such as a buffy coat. Currently, the national screening
programme for the detection of RhD-negative foetuses is
still based on the serologic detection of antibodies, and
some serologically determined RhD-negative women are,
in fact, genetically RHD positive. Consequently, this leads
to discrepancies in molecular and serologic results and
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contributes to the false-positive ratio in this type of diag-
nostics [46]. A different approach was used in the study
by Serensen et al. [38], who compared CT values of the
RHD gene (anticipated foetal origin) and the GAPDH
gene (both maternal and foetal origin). When the CT
value of the RHD gene was lower or the same as the
GAPDH one, the mother was determined as being positive
for the RHD gene, and the sample was evaluated as
inconclusive. In general, these findings are in agreement
with our results. But looking at the CT values differences
at our false-positive samples, the result for these four
samples are ambiguous. Two times the CT difference was
low (0-5) but two times high (2-2 and 5-8). Our method is
slightly more demanding but more accurate because three
exons (5, 7 and 10) of the RHD gene are tested not only
in plasma samples (where the positive signals are sup-
posed to be of the foetal origin) but also in samples from
maternal buccal swabs, which provides information about
the maternal genotype. This approach avoids the possible
false-positive results, as the one reported in Serensen’s
study (wherein the maternal RHD variant gene provided a
weak signal and resulted in the CT value corresponding
to the amplification of cffDNA) [38].

As a result of the verification of maternal genotypes,
we found nine women with discrepancies between their
serological and genotyping results. Four of them (1-6%)
were determined as carriers of weak D, three had a DEL
form (1-2%), and one was a carrier of the RHD-DCS1
variant (0-4%) (Table 3). The percentage of detected weak
D is slightly higher than reported in the literature (0-2%—
1%) [35, 36] probably due to the fact that our cohort did
not reflect the whole population but only one part of it —
serologically determined RhD-negative pregnant women
with detectable levels of antibodies. For example, in
Wang’s prenatal RHD variant genotyping study of the US
population [47], the percentage of the RHD variant was
2-2%. The analysed RHD weak variants were types 1 and
3, which is in agreement with the most frequently refer-
enced variants [36]. The detection of the RHD-DCS1 vari-
ant corresponds with the previous findings of the greater
prevalence of this allele in the Czech Republic [48].

Concerning the literature, no universal foetal DNA mar-
ker was found to verify the cffDNA fraction size. Due to the
low false-negative rate during RHD testing, the lack of this
marker is considered to be acceptable [39]. In our study, we
tried to use detection of the DYS-14 sequence, which
should be theoretically reliable in about 50% of samples
and was sufficient in 60% of the samples analysed (male
foetus). It is necessary to consider the higher sensitivity
(approximately 10x) of DYS-14 assay in comparison with
all RHD assays. DYS-14 detects the repeated DNA target,
but RHD assays focus on unique sequences occurring in the
hemizygous state in foetal cfDNA. This could lead (by

RHD-positive foetus samples) to false security in a situation
where the DYS-14 sequence will be detected, and the RHD
assay will have a false-negative result due to its lower sen-
sitivity. From a statistical point of view, this fact could be
partly compensated with the number of tested replicates
(we test 11 replicates of RHD gene and one replicate of
DYS-14). We also have the experience that the CT value of
DYS-14 is approximately 32 (the average CT values differ-
ence between DYS-14 and RHD exons is about 3). There-
fore, significantly higher DYS-14 CT would signal
potential issues with cffDNA processing.

In 2019, we tested the genotyping of X-chromosomal
INDEL variants to detect the paternal X chromosome in
the female foetus bearing pregnancies on a small group
of samples (41 out of the uninformative cases from the
previous part, negative both for the RHD gene and the
DYS-14 sequence) via ddPCR. Almost 60% of these sam-
ples (24 cases) were informative in at least one of the five
determined polymorphisms. The technology used is differ-
ent, but we compared the parameters of quantitative PCR
and digital droplet PCR (ddPCR) in the process of RHD
genotyping in our previous study [43]. We reported no
striking differences between the two techniques. The next
step in the methodology development could be repre-
sented by the preconcentration of cfDNA samples isolated
from plasma to achieve more positive signals for correct
quantification, and addition of other INDEL polymor-
phisms to enlarge the current panel with the goal of
reaching the informativity in more pregnancies.

Using these two steps, the confirmation of the cffDNA
presence could be performed in about 75% of the sam-
ples. Regarding the workflow, costs and outcomes, we
prefer the one-step cffDNA detection by DYS-14
sequence. If both the RHD and DYS-14 tests provide neg-
ative results prior to the 25th gestational week, additional
testing after this term will be performed. A recent study
[49] demonstrated that RHD testing performed in the 25th
gestational week and later is both reliable and accurate
and it is not influenced by maternal BMI.

Conclusion

In our study, we tried to clearly demonstrate the benefit
of RHD testing innovations based on three-exon determi-
nation (5, 7 and 10), including maternal genomic DNA
analysis connected with a subsequent cffDNA presence
proving step. In the first part of the study, we tested only
one exon of the RHD gene (exon 10) with a relatively
high ratio of false-negative (3-5%) and false-positive
(2-8%) results. In the second part, we improved the
methodology and tested three exons of the RHD gene (ex-
ons 5, 7 and 10) with a simultaneous analysis of the
maternal genomic DNA. In this part of the study, we had

© 2021 International Society of Blood Transfusion
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only one false-negative result in the first year of this
phase (2013). The sensitivity of the test increased from
95% to 99%, the specificity from 90-9% to 100% and the
accuracy from 94% to 99%. Afterwards, an analysis of
the DYS-14 sequence was implemented as a marker of
cffDNA presence and alternatively complemented with
the genotyping of X-chromosomal INDEL polymorphisms.
Since applying all these innovations, we had no false-
positive and no false-negative results, dramatically
improving the reliability of the method in correspondence
with previously published results [38, 50]. This methodol-
ogy enables more accurate administration of anti-D pro-
phylaxis and avoids an unnecessary management of the
pregnancies with RHD-negative foetuses.
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