
COMMENTAR Y

The need for an artificial oxygen carrier for disasters
and pandemics, including COVID-19
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Transfusion of red cells has saved countless lives owing
to (a) the ability to perform far more extensive surgery;
(b) treatment of acute hemorrhagic anemia, both civilian
and military; and (c) treatment of illnesses of red cell
destruction or impaired (including, but not limited to
chemotherapy-induced suppression of hemopoiesis) pro-
duction. There are extensive, largely efficient, blood col-
lection and banking systems in developed countries that
ordinarily provide stored red cells (at 2-6°C) for these
functions, despite relatively brief periods of local or
national shortages.

Blood banking systems require operational collection
and processing facilities, sufficient number of healthy
donors with access to a blood collection center, together
with functional blood processing and transportation sys-
tems to provide the needed products in appropriate quan-
tities. Depending on the circumstances, any or all of
these are likely to be severely degraded or completely
non-operational in some civilian mass casualty events or
on a military battlefield. These systems are also stressed
at times of pathogen dissemination, owing to a decreased
availability of healthy, acceptable donors, and healthy,
non-infected health care personnel. For example, consid-
ering only the donation issue, with the onset of the cur-
rent coronavirus pandemic the American Red Cross
“faced a severe blood shortage”1 with the cancelation of

thousands of blood drives, and a “precipitous decrease”
in blood donations in Seattle was reported.2 Earlier viral
epidemics noted a 21% donation decrease in a prefecture
in Japan,3 and a greater than 90% decrease in Beijing4;
furthermore, COVID-19 has been detected in asymptom-
atic donors whose donations had entered the blood sup-
ply in China.5 Nevertheless, the U.S. blood banking
community points to their past capability in domestic
cases of mass casualty, such as the Twin Towers destruc-
tion on 9/11, focusing on blood supply and donations6–8

and that the above functions remained preserved
throughout the 9/11 crisis, but has paid far less attention
to the isolated nature of this disaster.9 Only 224 units of
packed red blood cells (PRBCs) were required to satisfy
the needs6,7 (less than 300 units were needed for other
U.S. disasters10,11,a). In addition, the conditions are
expected to be very different for other disasters (such as
detonation of a thermonuclear device12–14), when the
number of injuries will be far greater and capabilities for
donation, testing, and transportation will be degraded.
While there have not been reports of an overwhelming
strain on the blood supply following a nuclear event such

aThe Las Vegas shooting injuries, perpetrated by only a single person,
required 278 RBC units transfused, 67% in the first 24 hours, met by
fully stocked in-hospital and local blood centers’ supplies.11
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as that at Chernobyl,b a nuclear detonation would be
expected to result in a far larger mass casualty (including
combined injuries) surge situation.14 It has been esti-
mated that a 10 kt nuclear detonation in a major city
could require hundreds of thousands of units of plasma,
and presumably a commensurate need for red cells.19–21

The financial22 and logistical4 stresses on civilian
blood collection and processing facilities add to the
problem.c Early on in the COVID-19 pandemic, volunteer
blood donations at fixed sites and reduced demand with
the cancellation of elective procedures enabled the blood
supply to be successfully maintained in its early phases,
but the effect on the blood supply if the pandemic inten-
sifies or become more chronic could be problematic. Par-
adoxically, at least in the early phases of COVID-19,
societal lockdown may have unexpected results. In
South Africa there was a marked initial decrease in
trauma admissions and a reduced demand for blood.
However, this does not rule out a later upsurge in blood
demand coupled with a delayed lack of availability
through inadequate donation and reduced transfusion
service staffing. When elective surgery was restored at
some institutions in the U.S., shortages did occur as some
blood banks/centers were not prepared for the sudden
demand increase and collection difficulties caused by
new rules. Due to their unique operational challenges,
military organizations appear to be far more cognizant of
these challenges than are their civilian counterparts.

Nevertheless, these systems are unprepared to fulfill
the needs should the systems become severely degraded,
as has been recognized in coordinated US Government
multi-agency (NIH, FDA, BARDA, DoD) efforts to
develop alternative products as countermeasures in these
scenarios.14 Limited shelf-life and cold-chain constraints
make the systems dependent on continuous donor avail-
ability and uninterrupted laboratory operations. Blood
collection, processing, and distribution is highly regu-
lated. There are no products approved in the U.S. and
most other countries that provide the primary physiologic
functions of plasma or red cells that do not require con-
tinuous cold storage and a multitude of regulatory con-
straints and checks. However, there are products

approved in some countries that fulfill these functions,
have a prolonged shelf-life at 22C, and do not require
recipient blood typing and cross-matching. Dried plasma
is produced in Germany, France, and South Africa, with
limited availability of these products outside these coun-
tries; a hemoglobin-based oxygen carrier (HBOC) is
approved for use in South Africa and Russia.d The need
and rationale for a dried plasma has been published
recently.24 Here, we address the need and rationale for a
non-red cell oxygen carrier.

The quest for an efficacious non-red cell oxygen carrier
is many decades old.25–27 Research and development inten-
sified when it became apparent that hepatitis C28-30 and
HIV31 could be transmitted by transfusion, with the intent
that an artificial oxygen carrier could replace RBC transfu-
sion. However, donor screening and testing has reduced
greatly the risk of transmission of these pathogens.32 That
coupled with the perception of a slightly increased risk of
infusion of an HBOC in comparison to red cell
transfusion,33,34 resulted in a substantial decrease of
research and development and in the number of companies
in this field despite the latter meta-analysis having been
widely criticized.35–40 Subsequently, attention has turned to
an alternative potential purpose for the use of such bio-
logics, such as when RBC transfusion is not an option. For
this indication, the appropriate comparator for the evalua-
tion of product safety is untransfused severe anemia, rather
than RBC transfusion.43,44,e Recent data and analyses pro-
vide new perspectives on this potential for HBOC use.

Healthy volunteers incur neurocognitive deficits at a
hemoglobin concentration (Hb) of 6 g/dL,45–47 but do not
demonstrate systemic metabolic consequences during a
relatively brief reduction of Hb to 5 g/dL.48 However, the
clinical risk of untransfused severe anemia for more than
a short period cannot be determined in a prospective ran-
domized clinical trial, as it would not be ethical to allow
this condition with its attendant irreversible conse-
quences to remain untreated when RBC transfusion is
available. The best information available for this risk are
data from patients for whom RBC transfusion is not an
option: those who refuse transfusion owing to religious
beliefs, and cases where compatible RBCs cannot be
made available in a clinically timely manner. It would
not be feasible to conduct an adequately powered trial
given the small number of patients and the limited

bThe nuclear disaster at Chernobyl15–18 was an operator- and design-
caused steam explosion followed by a fire and a nine-to-ten day release
of a substantial quantity of radioactive material with resulting long-term
medical issues including bone marrow suppression, but with relatively
lesser immediate transfusion need, with two deaths in the first 5 hours,
and apparently 31 in the first three days, predominantly from burns.
cAn HHS-commissioned RAND study23 concluded that disruption of the
U.S. blood supply was unlikely, but, as pointed out by Klein et al.22 that
was shown to be off the mark when the system could not function
properly during the Zika virus outbreak without a major financial
infusion by the U.S. government.

dRegistration in Russia is currently inactive pending rebuilding of the
manufacturing plant.
eIt is of interest to note that whole blood or packed red blood cells have
never undergone the standard FDA process of approval based on data
from randomized clinical trials to demonstrate efficacy and safety.
Rather, it was recommended to be accepted in 1985 based on published
and submitted information and “common experience.”41 For further
elucidation of this issue, see Weiskopf.42
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number at any institution, raising yet another ethical
issue as well: initiating a trial that is not properly
powered, for which there is little or no hope of reaching
a statistically valid conclusion. Additionally, many
believe that equipoise does not exist for a randomized
clinical trial involving these patients, based on their clini-
cal experience and the published data.44

Increasing mortality with decreasing nadir Hb has been
well established in untransfused anemia. Analysis of two
databases of 30049 and 29350 patients for whom RBC transfu-
sion was not an option found nearly identical relationships
(P = .39, HR 0.86 [95% CI: 0.44-1.39])44 of a statistically sig-
nificant association of increasing morbidity and mortality
with decreasing post-operative nadir Hb concentration. Two
other databases have been examined to determine the associ-
ation of mortality with anemia in mixed populations of both
surgical and non-surgical hospitalized patients for whom
RBC transfusion was not an option (“all-comers”). Underly-
ing data from a New Zealand database of 103 patients51 and
a U.S. database (Duke University) of 29 patients also
demonstrated increased mortality with decreasing nadir
Hb concentration.44 These two latter relationships
(New Zealand and U.S.) were similar to each other when
analyzed in the same manner (P = .34, HR 0.68 [0.26-1.60]).
However, the mortality in the “all-comers” groups was sig-
nificantly greater than in the surgical patients (P < .0001,
HR 0.26 [0.040-0.17]),44 possibly owing to the former groups
including patients with non-reversible pathology, such as
malignancy, contributing to the lower rate of survival.

There are three hemoglobin-based oxygen carriers
(HBOCs) that are in clinical development; however, only
one (Hemopure, HbO2 Therapeutics, Souderton, MA,
USA) for which there are sufficient published data for
analyses. The best data for that product emanates from a
randomized, clinical orthopedic trial, in which
350 patients received the HBOC and 338 received
pRBCs.52 Survival as a function of nadir native Hb was
markedly improved in the HBOC group compared with
that of untransfused surgical patients (P = .014, HR 0.42
[0.25-0.85]).44 The data for the HBOC administration for
“all-comer” hospitalized patients are less robust and
come from “expanded access” use.53,54 Many of these
patients were given the HBOC (in the U.S., The Nether-
lands, Germany, Belgium, Canada, Lebanon, India, Gua-
temala, Chile) as a last resort, when their clinical
condition had deteriorated severely and was already
extremely grave. Nevertheless, a previous comparison of
the survival of these patients with the combined above
untransfused “all-comer” anemic patients, found sub-
stantially improved survival with HBOC administration
(P < .0001, HR 0.44 [0.15-0.53]).44

Recently, Guinn et al. have expanded their database
examination to include 271 patients with untransfused

FIGURE 1 Mortality as a function of nadir native hemoglobin

concentration in anemic patients for whom blood transfusion was

not an option. This relationship from the New Zealand

database44,51 (——) and from Duke University55 (----) do not differ

from each other (P = .93, HR 0.98 [95% CI: 0.58-1.64])

FIGURE 2 Mortality as a function of nadir native hemoglobin

concentration in anemic patients for whom blood transfusion was

not an option, comparing all hospitalized patients in the databases

of Beliaev et al.51 plus Guinn et al.55 (——) with surgical patients in

the databases of Carson et al.49 plus Shander et al.50 (----) All

hospitalized patients had decreased survival compared with

surgical patients (P < .0001, HR 0.34 [95% CI: 0.16-0.36]) [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Mortality as a function of nadir native hemoglobin

concentration in anemic patients for whom blood transfusion was

not an option, comparing all hospitalized patients in the databases

of Beliaev et al.51 plus Guinn et al.55 (——) with patients treated

with an HBOC, Hemopure, in an expanded access program (----).44

Patients treated with the HBOC had improved survival (P = .0002,

HR 0.56 [95% CI: 0.32-0.71]) [Color figure can be viewed at

wileyonlinelibrary.com]
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substantial anemia, also finding a relationship of mortality
to nadir Hb similar to previous findings.55 We have per-
formed analyses similar to those above, using that data-
base. The relationship between mortality and nadir Hb in
the expanded Duke database demonstrates a similar rela-
tionship as did the smaller database, and does not differ
from the relationship in the New Zealand database
(P = .93, HR 0.98 [0.58-1.64]; Figure 1). These combined
data also confirm the greater mortality in a mixed popula-
tion than in post-surgical patients (P < .0001, HR 0.34
[0.16-0.36]; Figure 2) and that patients treated with the
HBOC (Hemopure) in the expanded access program
had improved survival compared to these untransfused
patients; (P = .0002, HR 0.56 [95% CI: 0.32-0.71] Figure 3).

The data for important morbidity for both
untransfused anemia and HBOC use when RBC transfu-
sion is not an option, are far less robust. In the surgical
populations of Carson49 and of Shander50 morbidity
increased with Hb <6 g/dL. Beliaev et al. noted increased
cardiovascular complications in their untransfused ane-
mic patients compared with matched transfused
patients.51,56 Guinn et al. found in untransfused anemic
patients that myocardial infarction, as defined by tropo-
nin elevation, increased with decreasing nadir Hb below
8 g/dL, with an overall rate of 10.5%.57 The HBOC ortho-
pedic trial52 did not analyze the adverse event data
according to nadir native Hb,f and the data provided by
clinicians who treated patients with HBOC in the
expanded access program is inadequate for analysis.58

The recent report of Guinn et al. has added an additional
important novel piece of information to our knowledge of
the mortality associated with severe anemia: the time to
death as a function of Hb.55 The analyses above have docu-
mented well that for Hb concentrations less than 8 g/dL,
decreasing Hb is associated with increased mortality. How-
ever, those analyses do not provide information regarding
the window for therapy, should any be available. Guinn
et al. found that decreasing Hb was not only associated with
increased mortality, but also with decreased time to death.
With nadir Hb ≤5 g/dL median time to death from that Hb
value was 2 days; at nadir Hb 5-8 g/dL, median time to
death was 4-6 days.55 These times are likely maximal for the
period available for therapy, should any be available, as it is
probable that the anemia-induced damage became irrevers-
ible with death inevitable some time prior to death.

The above analyses and considerations regarding effi-
cacy and safety of use of the HBOC for severe anemia when
RBC transfusion is not an option (mortality is the ultimate
expression of a severe adverse event) is supported by real-
world experience emanating from South Africa, where

Hemopure is approved by the national regulatory authority
for use in severe anemia when blood transfusion is not an
option. Levien reviewed the hemovigilance program of
336 patients who received Hemopure for acute surgical ane-
mia owing to when blood was not an option, when blood
avoidance was medically desirable, or physician or patient
preference, finding no pattern of significant adverse events
attributable to the HBOC.59 No deaths were attributable to
the HBOC.59 That review and a subsequent publication from
South Africa60 included patients for whom RBCs could not
be provided in a timely manner, and for whom Hemopure
provided a bridge to transfusion. The South African experi-
ence led their clinical experts to provide usage guidelines.61

Zumberg et al. have recently reviewed the medical
records of all patients who received at least 10 units
(250 mL/unit) of Hemopure in the U.S. expanded access
program.62 There were 10 patients, given a mean of
16 units per patient, with a mean Hb before HBOC
administration of 3.3 g/dL, during a mean administration
duration of 8.2 days and an average administration of
2.0 units/d. All patients survived, with the expected
increase in methemoglobin concentrations and blood
pressure, but without HBOC-attributed serious cardiac,
CNS, respiratory, or renal adverse events. Mackenzie
et al. recently reviewed the clinical experience of 1701
patients treated with Hemopure including an analysis of
observed side effects,40 that were clinically manageable
and may have been attributable to vasoconstriction medi-
ated by free Hb combining with nitric oxide,63,64 or by
heme oxidation.65 When infused into patients with
proven clinically significant myocardial vascular disease,
Hemopure appears not to be harmful, but rather protec-
tive.66,67 A small incomplete safety trial in hemorrhagic
shock in trauma, in South Africa, found no mortality dif-
ference between those randomized to receive Hemopure
(4/10) and those treated with standard of care (5/9;
P > .99), but a 40% lesser need for crystalloid (11.5
L/patient v 19.3 L/patient, respectively; P < .0001).g The
large crystalloid volume difference is of substantial
importance, as increased crystalloid administration in
trauma is associated with increased mortality.69

The data presented and discussed suggest that HBOCs
could fill the critical and unmet role of an emergency sup-
ply of oxygen carrying support during a catastrophe such as
a nuclear event, military or environmental disaster, or pan-
demic. Other potential solutions have significant shortcom-
ings. Depots of RBC stored at 4C would be useful for only

fThere was a greater SAE rate in the HBOC group compared with
PRBCs, with most attributed to fluid overload or undertreatment.

gThis trial was apparently designed with a sample size of 50, but
stopped because of slow recruitment and resultant financial issues.
Limited data are available. 68 The P values shown here are those we
calculated from the data presented; they differ from those in this cited
reference.
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42 days based on current shelf life limitations, requiring
substantial inventory management manipulations and
inherent outdating. Freezing RBC would also not be a satis-
factory solution owing to the need to remove glycerol with
advanced technical equipment and support.

On the other hand, HBOCs can be stored for years at
room temperature and could potentially be stored in a
lyophilized state for longer periods, but immediately avail-
able for reconstitution with water for infusion. Although
HBOCs could be available for rapid use in emergencies,
their in vivo life span of only 12-24 hours is a problematic
shortcoming. Consequently, the HBOC discussed is suitable
as a short-term solution for acute anemia, but for chronic
anemia only with repeated dosing to serve as a bridge until
an alternate therapy is available. It is also possible that con-
tinued development efforts could be undertaken to develop
prolonged in vivo survival of HBOCs and even more pro-
tracted storage life. Other side-effects include nitric oxide-
induced vasoconstriction (as discussed above), underdosing,
and volume overloading as may occur with the administra-
tion of any intravenous fluid, including rbcs or plasma.
Nevertheless, our assessment is that for the described poten-
tial use, when red cell transfusion is not an option, the ben-
efit:risk profile for the treatment of severe anemia by
administration of the HBOC discussed is favorable, in com-
parison to that of untreated severe anemia.

In conclusion, there are international needs for ensuring
the large-scale availability of an artificial oxygen carrier for
use when the civilian or military blood collection, pro-
cessing, or delivery systems are degraded. The COVID-19
pandemic has shown how vulnerable health care systems
are to major disasters in the absence of proper preparation.
Freeze-dried plasma is approved in some countries, but
HBOCs are approved only in two: South Africa and
Russia.d There are products (FDP and HBOC) not approved
in most countries that can be so positioned now, for such
emergency purposes. It is our opinion that the evidence
supports that the relatively small risk of doing so with these
products even where unapproved, for emergency use,
greatly outweighs the risk of untreated severe anemia or
decrease in coagulation factors.

Key Message
• World-wide blood collection and processing facilities

and systems are ill-prepared to provide adequate
amounts of red blood cells when transfusion is not an
option, such as for major disasters: civilian mass
casualty, pandemics, and extensive military operations.

• At least one hemoglobin-based oxygen carrier under such
circumstances has a favorable benefit-risk profile, and
several year shelf-life at 22°C, and should be considered for
advance deployment to meet the needs in the above
circumstances.
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