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ABSTRACT

Background. To combat the 2014-2015 Ebola epidemic in West Africa, the World Health
Organization urged the rapid evaluation of convalescent whole blood (CWB) and plasma (CP)
transfusion therapy. However, the feasibility and likely impacts of broad implementation of
transfusions are yet unknown.

Methods. We extended an Ebola transmission model published by the US Centers for Disease
Control and Prevention to include hospital-based convalescent donations and transfusions.
Using recent epidemiological estimates for Ebola in Liberia and assuming that convalescent
transfusions reduce the case-fatality rate to 12.5% (Range: 7.5-17.5%), we projected the
impacts of a country-wide ramp up of transfusion therapy.

Results. Under the 10% case hospitalization rate estimated for Liberia in September 2014,
large-scale CP therapy is expected to save 3586 lives by October 2015 (3.1% mortality
reduction, 95% CI: 0.52%-4.5%). Under a higher 30% hospitalization rate, CP transfusions are
expected to save 151 lives (0.9% of the total, 95% CI: 0.21%-11%).

Conclusion. Transfusion therapy for Ebola is a low cost measure that can potentially save many
lives in West Africa, but will not measurably impact prevalence. Under all scenarios considered,

CP transfusions are predicted to achieve greater reductions in mortality than CWB.



INTRODUCTION

The ongoing Ebola virus disease (EVD) epidemic in West Africa is the largest ever recorded,
and has overwhelmed the healthcare systems in Sierra Leone, Liberia and Guinea [1]-[4].
There are several promising vaccines and therapeutics under accelerated testing and
production [3], [5], but are not expected to become widely available for many months [6]. One of
the only therapeutic methods immediately available and prioritized for evaluation by the World
Health Organization (WHQ) [7], [8] is blood transfusions from EVD survivors [9]-[12].
Convalescent patients have EVD-specific antibodies in their serum that potentially facilitate
recovery in acutely ill patients. This form of passive polyclonal antibody therapy has been
applied successfully to treat other infectious diseases [13], including cytomegalovirus, hepatitis
B, rabies, respiratory syncytial virus, vaccinia, and varicella-zoster viruses [14].

Convalescent transfusions are relatively simple, low cost, and scalable in low-income
countries [7]. The evidence for their efficacy is limited but positive, including an eight-patient
human study during a 1995 Ebola outbreak in Democratic Republic of Congo [9] that reported a
case fatality rate of 12.5% under transfusion therapy and supportive care, and multiple animal
studies [15]. Even minimally equipped medical settings can perform whole blood transfusions,
which require blood collection, blood grouping, testing for EVD and several transfusion-
transmittable diseases (HIV, Hepatitis B, and Hepatitis C), and administration to critically acute
patients [16]. Convalescent patients can donate blood starting 28 days following recovery as
either convalescent plasma (CP) or convalescent whole blood (CWB) [16]. While CWB requires
minimal equipment, CWB donation is more physiologically demanding and donors must wait 12-
16 weeks between consecutive donations [16]. CP donation requires medical facilities that can
separate the plasma and return the red blood cells [8] but the wait between CP donations is just

two weeks, which increases the availability of treatments [16]. These facilities are not yet



common in Africa [17], but international efforts are underway to bring the technology to hospitals
in the affected countries.

The WHO has advocated convalescent transfusions as the most promising of the
available treatments for the ongoing West African epidemic [8], [16], [18]. Although
mathematical models have been used extensively to investigate and design intervention
measures for Ebola [2], [19]-[25], none have addressed the challenges and impact of broad use
of transfusion therapy. Here, we extend an established mathematical modeling framework [2] to
assess scalability of transfusions and likely impacts on Ebola incidence and mortality. Both the
supply (convalescent survivors) and demand (hospitalized patients) are limited by Ebola
hospitalization rates, which are perilously low in some regions and have become a major focus

of international public health efforts.

METHODS

We extended a dynamic model of Ebola transmission [2] recently used by the CDC to project
the current epidemic in West Africa [2] to include hospital-based collection and transfusion of
convalescent blood and plasma. It is a deterministic compartmental susceptible-exposed-
infectious-recovered (SEIR) model that tracks the numbers of susceptible individuals, exposed
and incubating cases, symptomatic and infectious patients, convalescent Ebola survivors, and
Ebola fatalities. Infectious Ebola patients are segregated into one of four groups: hospitalized in
Ebola Treatment Units but not receiving transfusions, hospitalized and receiving transfusion
therapy, non-hospitalized but isolated and quarantined in Community Care Centers, and the
remainder who are non-hospitalized and non-isolated. Based on data from Liberia, we assumed
that isolation rates steadily increased from 8% of all Ebola cases in September 1, 2014 [2] to an
average of 40% by December 1, 2014. However, unlike the isolation rate, the hospitalization

rate remained low throughout this period, due to shortages of local staff and other logistical



challenges in scaling up Ebola treatment units. Our baseline scenario assumes that 10% of
cases were hospitalized. We also model a United Nations/World Health Organization target
where the isolation and hospitalization rate steadily increase to total 70% by December 1, 2014,
of which 30% are assumed hospitalized and an additional 40% are isolated and quarantined
[26].

The model tracks the number of courses of treatment available from convalescent blood
and plasma donations from EVD survivors and dispenses them immediately to treat hospitalized
patients. Convalescent patients are recruited for donation when they are discharged from
hospitals. We assume no compensation for donations, and that only 50% enter the donation
system and less than 70% return for repeat donation, based on empirical observations [16]. An
estimated 43% of patients are eligible to donate whole blood, with the remainder disqualified
because of transfusion-transmittable infections, blood type mismatches, and low hemoglobin,
while 86% of patients are eligible for plasma donation (see Supplemental Information).
Following WHO guidelines [16], donations can be made one month following discharge, and
repeated multiple times after a delay (two weeks for CP and approximately 14 weeks for CWB).
The per-treatment cost is $75, including supplies for both donation and transfusion [27]-[29],
spot testing for transfusion-transmittable diseases (HIV, Malaria and others) [9], and blood
group typing, but not including supportive care, training of staff, and equipment for preparation

of plasma.

In the absence of transfusions, our model correctly predicts cases and fatalities
(Supplementary Figure S2). The Supplementary Information provides the model equations,
parameter ranges, and a validation of model projections from data. We ran the model on 120
parameter combinations, selected by Latin Hypercube Sampling [30] and report the 95%

confidence intervals (Cl) across the 120 analyses. This study uses published aggregated



anonymized data, and thus meets legal and institutional requirements for protection of human

subjects.

RESULTS

Assuming that the case hospitalization rate remains at 10% and convalescent transfusion
therapy is maximally scaled up in Liberia starting December 1, 2014, we estimate that the whole
blood (CWB) and plasma (CP) based interventions will avert a total of 851 (0.73%, 95% CI:
0.19%-1.1%) and 3586 (3.1%, 95% CI: 0.52%-4.5%) EVD fatalities, respectively, but neither will
measurably impact overall incidence (Figure 1). However, the available data is consistent with
hospitalization rate of 30% in early December 2014. The model suggests that a 30%
hospitalization rate should significantly mitigate the course of the epidemic to the extent that the
epidemic in Liberia would be controlled by January 2015, consistent with the recent leveling of
EVD incidence in Liberia reported by WHO [31]. In this scenario, CWB and CP are estimated to
reduce the number of deaths by 65 (0.37%, 95% CI: 0.07%-2.6%) and 151 (0.9%, 95% CI:

0.21%-11%), respectively.

Under the dire scenario of a 10% hospitalization rate, the model predicts that mass CWB-
based transfusions starting in December 2014 would result in 1594 out of 14883 total
hospitalized cases receiving transfusion therapy (Figure 2). Among the cases hospitalized after

the intervention roll-out, 14% would be treated (95% ClI: 8.6%-23%). With CP transfusions, the



model predicts a larger supply, resulting in 6683 patients treated (60% of those hospitalized
after the roll-out; 95% ClI: 33%-70%). At a cost of $75 per transfusion, the total costs of the
intervention are estimated to be $0.120M and $0.503 for CWB and CP, respectively, excluding

transfusion infrastructure and labor.

The epidemiological impact of a large-scale transfusion therapy intervention is limited by
several factors. While CWB and CP transfusions lower case fatality rates in treated patients,
they have only a minimal effect on transmission, primarily through prevention of postmortem
exposure during traditional burials. Since transfusions are undertaken only in the hospital
setting, the number of treated patients is constrained by the hospitalization rate. If we denote
the hospitalization rate as p, and the difference in case fatality rates for untreated and treated
hospital patients as 6, — 0+, then the relative reduction in mortality is at most p.(6, — 6+). Thus,
at hospitalization rates of 10% and 30% and case fatality rates of 6, = 67% for patients
hospitalized without transfusion treatment [1] and 6, = 12.5% for those treated [9], transfusion
therapy can at most reduce overall mortality by 5.4% and 16% during the intervention period,
respectively. When hospitalized patients receive supportive intravenous fluids, case fatality rate
is estimated to decrease to 43% [32]. In this case, transfusion therapy is expected to reduce
overall mortality by 3.1% and 9.2%, under 10% and 30% hospitalization, respectively. The
supply of CWB and CP donations is expected to further limit the number of transfusions until
late in the epidemic (Figure 2), when supply starts to exceed the number of treatable patients.
Consequently, the estimated reduction in mortality is lower than these theoretical upper bounds
during the intervention period.

Large changes to the donation rates, mortality rates, and efficacy of transfusion have
intuitive effects (Table 1). Under a CP intervention with 10% hospitalization, increasing the initial

donation rate from 50% to 100% of previously hospitalized survivors is expected to increase the



number of donations by 21% and decrease overall fatalities by 0.6%; reducing the case fatality
rates of hospitalized patients from 67% to 40% is expected to decrease the overall fatality rate
by 2.1%, because more survivors means more potential convalescent donors. Delaying the
implementation of transfusions until January 2015 increases the expected mortality by 0.5%,
and an additional 30 day delay would increase it by 1%. CWB is expected to be in much shorter
supply than CP, and thus its success is much more sensitive to donor recruitment and retention
rates. For example, increasing the probability of a second donation from 70% to 90% would
increase the number of courses by 60% under CWB, but only by 9.6% under CP. In theory, the
CWB supply could be significantly augmented (331%) by donations from convalescent cases

who were never hospitalized.

DISCUSSION

To our knowledge, this is the first quantitative assessment of a large-scale convalescent blood
transfusion campaign for the current Ebola epidemic. In a best-case scenario, such an
intervention may substantially reduce the number of fatalities but will not measurably impact
incidence. Hospitalization improves EVD survival rates and is a prerequisite for becoming either
a convalescent blood product donor or a transfusion therapy recipient. Thus, as public health
efforts increase hospitalization rates, the overall burden of disease should decrease, and the
availability of convalescent donors and patients would increase. However, even under a more
optimistic scenario of a 30% hospitalization rate, CWB donations are expected to remain in
short supply until very late in the epidemic. This could potentially be remedied by expanding the

donors pool outside the hospital setting and recruiting known survivors of EVD. Plasma-based



therapy is considered safer and more efficient than CWB therapy and the waiting period
between consecutive donations is shorter. However, plasma extraction requires expensive
equipment that is not yet available in many Liberian health care facilities. Assuming that
hospitalization rates remain low (10%), broad implementation of convalescent whole blood
(CWB) therapy (but not plasma therapy) on December 1, 2014 is expected to prevent 851
deaths (0.73%) by October 2015. Convalescent Plasma (CP)-based therapy is expected to
prevent many more deaths, exceeding CWB by a factor of 4.2 and 2.3, under the 10% and 30%
hospitalization rates, respectively. Delaying the start of CP by two months is expected to
increase the mortality by 1%, pointing to the need of timely implementation of any plasma
transfusions. In the 30% hospitalization scenario where the epidemic is controlled, a nationwide
convalescent plasma therapy intervention should still save an additional 151 lives (0.9% of the
total) by October 2015. At a cost of $75 per CWB transfusion, excluding costs associated with
labor, the overall cost of a transfusion campaign in Liberia is estimated be quite modest, costing
less than one million US dollars. However, there may also be significant additional costs
associated with training staff and treating infections detected in donor blood. A CP system
would require additional infrastructure investments but would potentially quadruple the number
of lives saved if hospitalization rates remain low.

There are numerous challenges to implementing a large-scale transfusion therapy
campaign. In addition severe resource limitations, including lack of supplies, equipment, space
and personnel for taking, testing and processing blood donations, the system will be
fundamentally constrained by the ratio of convalescent donors to hospitalized patients requiring
therapy. This ratio can be particularly low in the early stage of an epidemic, when new cases
outpace recovered cases, and is exacerbated by Ebola’s high fatality rate and low
hospitalization rate in West Africa. Although transfusion therapy coupled with supportive care
may have an efficacy as high as 90% [9], these practical challenges of implementation will likely

persist throughout resource-limited regions of Africa, and severely limit the overall reduction in
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fatalities. Despite these obstacles, ramping up convalescent whole blood and particularly
convalescent plasma therapy can tangibly reduce mortality in the ongoing West African Ebola

epidemic.

Limitations

Our analysis relies on a compartmental model that does not account for the complex social and
geographic factors that impact Ebola transmission and health seeking behavior. We assume
that human behavior, treatment efficacy, and disease transmission and progression rates are
static, but account for the introduction of greater case isolation and increased hospitalization.
Although our quantitative findings held up to sensitivity and uncertainty analysis, as well as to
comparison with other models and epidemiological data, we place much more stock in our
qualitative findings.

The use of blood transfusion therapy for Ebola is controversial. While it is supported by
some small studies [9], [15], [16], indirectly supported by the positive findings with monoclonal
therapies [33]-[36] and is biologically plausible [16], its efficacy has not been rigorously
established through published randomized controlled trials [16] but such studies are now
underway in West Africa [37], [38]. The beneficial effect was not successfully reproduced in all
animal models [39]. Additionally, the possible risks of passive immunization for Ebola include
antibody-dependent enhancement [10] and increased of accidental exposure among health care
workers, which is difficult to estimate. The broad use of transfusion therapy to treat cases in
developed countries reflects medical consensus in some beneficial effect of the therapy [40].
CWB and CP transfusion therapy may also indirectly improve outcomes, as they require a
higher level of supportive care than commonly provided in Liberia, including intravenous rather

than oral rehydration or no hydration therapy at all. The model accounted for the supportive care
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given to all treated cases [9], [15] and considered the impacts of lower therapeutic efficacy in

the sensitivity analysis.

CONCLUSIONS

Large-scale convalescent blood or plasma transfusion therapy is likely to be a relatively
inexpensive means to save lives but not reduce transmission in the ongoing West African Ebola
epidemics. Broad expansion of hospital-based care should reduce the overall Ebola mortality
and increase the fraction of cases that could potentially receive convalescent transfusion
therapy. Investment in convalescent plasma transfusion facilities as an alternative to whole
blood transfusions should substantially increase the blood supply and thereby increase the

lifesaving impacts of a large-scale transfusion intervention in Liberia by a factor of two to four.
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Figure 1. Projected impact of large-scale transfusion therapy in Liberia beginning December 1 2014 on cumulative
fatalities. Grey ribbon: 95% CI for expected fatalities assuming no transfusion intervention. Arrow: start of transfusion
intervention. Under a 10% hospitalization rate, convalescent plasma transfusions are expected to reduce cumulative
fatalities by 3.1% (95% ClI: 0.52%-4.5%) by October 1, 2015. Increasing the hospitalization rate to 30% by December
1, 2014 is projected to contain the spread; in this case, convalescent plasma transfusion is expected to achieve a
0.9% reduction in cumulative fatalities (95% Cl: 0.21% -11%). Given the more limited supply of whole blood
transfusions, they are projected to lower expected cumulative fatalities by only 0.73% (95% CI: 0.19%-1.1%) and

0.37% (95% CI: 0.069%-2.6%), under 10% and 30% hospitalization rates, respectively.

Figure 2. Projected numbers of Ebola cases not hospitalized, hospitalized without transfusion therapy, and
hospitalized with transfusion therapy assuming a 10% hospitalization in Liberia, using (a) convalescent-whole blood
(CWB) transfusions, and (b) convalescent plasma (CP) transfusions. Even if equipment and staff are available, it
would not be possible to treat all hospitalized patients due to shortages of convalescent donors. With a CWB-based
intervention, we estimate that 14% of patients hospitalized after the December 2014 implementation would receive

therapy; with CP, the estimated fraction treated increases to 60%.
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Table 1. Projected impacts of large-scale convalescent plasma transfusion campaign

under arange of scenarios. Percentages indicate relative change with respective to the

baselines in the first two rows. This assumes a 10% hospitalization rate.

Scenario Base value | Alt. value Fatalities | Fatalities Treated Treated
CwB CP CwB CP
No transfusions - - 116229 0
Transfusion intervention - - -0.73% -3.1% 1594 6683
Higher donation rate q1=0.5 1.0 -1.8% -3.7% 147% 20.8%
Higher donor retention q2=0.7 0.9 -1.2% -3.4% 60.3% 9.6%
Community donations 0c=0.0 0.3 -3.2% -3.9% 331% 25.0%
Lower therapeutic efficacy 1- 67 =0.875 | 0.7 -0.5% -2.0% -6.0% -4.3%
Higher community mortality 6c =0.80 0.9 9.4% 8.3% 0.0% 0.0%
Higher hospital mortality on =0.67 0.9 2.3% 0.2% -67.0% -36.6%
Low hospital mortality o0x = 0.67 0.4 -3.7% -5.2% 65.5% 14.2%
Delayed implementation (30 d) | 2014-12-01 | 2014-12-31 | -0.6% -2.6% -18.4% -17.0%
Delayed implementation (60 d) | 2014-12-01 2015-01-30 | -0.5% -2.1% -35.0% -32.6%






