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Exposure to acute, high-dose, high dose-rate whole-body ionizing radiations damages the bone marrow resulting
in rapid decreases in concentrations of blood cells, especially lymphocytes, granulocytes and platelets with
associated risks of infection and bleeding. In several experimental models including non-human primate radiation exposure models giving molecularly cloned haematopoietic growth factor including granulocyte/macrophage colony-stimulating factor (G/M-CSF; sargramostim) and granulocyte colony-stimulating factor (G-CSF;
ﬁlgrastim and pegylated G-CSF [peg-ﬁlgrastim]) accelerates bone marrow recovery and increases survival. Based
on these data these molecules are US FDA approved for treating victims of radiation and nuclear incidents,
accident and events such as nuclear terrorism and are included in the US National Strategic Stockpile. We discuss
the immediate medical response to these events including how to estimate radiation dose and uniformity and
which interventions are appropriate in diﬀerent radiation exposures settings. We also discuss similarities and
diﬀerences between molecularly cloned haematopoietic growth factors.

1. Introduction
Exposure to acute, high-dose, high dose-rate whole-body ionizing
radiations damages the bone marrow resulting in rapid decreases in
concentrations of blood cells, especially lymphocytes, granulocytes and
platelets with associated risks of infection and bleeding. Bleeding risk
can be decreased by platelet-transfusions and possibly by giving molecularly-cloned thrombopoietin (elthrombopag). Infection risk can be
decreased by giving prophylactic antibiotics and anti-fungal and -viral
drugs and by possibly by microbial decontamination and a protected
environment. However, because granulocyte transfusions are ineﬀective, the only ways to increase blood granulocyte concentrations is
by giving molecularly-cloned myeloid growth factors (granulocyte/
macrophage- and granulocyte-colony stimulating factors; G/M- and GCSFs) or by performing a haematopoietic cell transplant.
The rate and severity of decreases in blood cell concentrations following exposure to ionizing radiations depends on several radiationrelated variables such as type of radiation (X- or γ-rays, α- or β-particles, neutrons, high-speed electrons and protons), dose, physical-chemical form (i.e. gas, particle, liquid), ﬁeld and uniformity (i.e. whole-,
subtotal- or partial-body), dose-rate, route of exposure (i.e. external
versus internal or combined), fractionation and other source-term
parameters. Host-related variables are also important such as age, sex
⁎

and bone marrow ﬁtness (ability to respond to damage) before exposure. Conditions aﬀecting prior bone marrow ﬁtness include age,
health and exposure to bone marrow damaging drugs, chemicals and
ionizing radiations.
At acute, uniform whole-body single-fraction doses < 2 Gy at doserates < 5 cGy/min most exposed persons have only modest decreases in
blood cell concentrations which are without important immediate
medical consequences and usually need no medical intervention. In
contrast, at acute doses > 12 Gy, especially at high dose-rates, most
exposed persons will die immediately from neuro-vascular eﬀects. At
intermediate doses (> 2- < 12 Gy) damage to the bone marrow and
gastro-intestinal tract dominate the immediate clinical picture.
Survivors of these acute eﬀects will face delayed eﬀects of acute radiation exposure (DEARE) including damage to the lungs, kidneys and
heart. Our focus is on immediate medical interventions in persons exposed to 2–12 Gy total-body or partial-body with bone marrow
shielding radiations at moderate dose-rates. A scheme of dose-based
toxicities and interventions in response to these exposures is displayed
in Fig. 1. Detailed discussions of interventions for DEARE are reviewed
elsewhere. [1,2]
The above dose-range and rate recommendations are based mainly
on immediate or fall-out situation exposures to gamma and photons (Xray). However, in many emergency exposure scenarios such as an
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Exposure to neutrons can be determined by analyses of blood and urine
samples for neutron capture (typically 24‑sodium, 42‑potassium and
82‑barium) by gamma-ray spectroscopy. [12] However, physical measurements are technically demanding and often not immediately
available to help estimating dose in accidental exposure scenarios
especially if there are large numbers of victims and disrupted infrastructure or when technically competent persons are unavailable, injured or dead.
Biological dosimetry can be done on blood or bone marrow samples
including analyses of rates of decline of lymphocytes, granulocytes and
platelets, di-centric chromosomes, micro-nuclei, premature chromosome condensation and gamma H2AX focus and chromosome painting.
[13] In a mass casualty event the temporal development of nausea can
be used to identify persons exposed to a dose > 2 Gy but there are many
false-positives, especially in the context of concurrent exposures to
chemicals and combustion products. Terrorists could synchronously
expose people to a nausea-inducing agent to increase perception of the
magnitude of a radiation-related event. Computational-based dose reconstructions use source/dispersion models but require substantial time
and eﬀort, have wide conﬁdence interval and is rarely victim-speciﬁc.
Point-estimates of dose using these approaches are often inaccurate
with wide conﬁdence intervals and/or credibility limits with discordant
estimates from diﬀerent techniques. [14,15] Data available to haematologists may be suﬃciently accurate for triage but not for critical
therapy decisions such as giving molecularly-cloned haematopoietic
growth factors or doing a haematopoietic cell transplant. It is important
haematologists understand the inaccuracy and imprecision of pointestimates of dose in emergency settings which drives evaluation of
beneﬁt-to-risk ratios of potential interventions. It is wise to consider
point-estimates as a best dose-estimate and understand this estimate may
change substantially as new data are acquired. It is also important for
haematologists consider the 95 or 99% conﬁdence interval around the
best dose-estimate. In many accident settings the lower boundary of the
best dose-estimate may be compatible with no intervention whereas the
upper boundary may be compatible with an intensive intervention.
Uncertainties in dose-estimates and the relationship between point-estimates, conﬁdence intervals and credibility limits are displayed in
Fig. 2.
Consequences of inaccuracies and imprecision in dose-estimates
vary. For some interventions such as giving prophylactic oral antibiotics, an inaccurate best dose-estimate may be inconsequential. This is
less so for parenteral drugs, intravenous antibiotics, RBC- and platelettransfusions and molecularly-cloned haematopoietic growth factors.
There is little tolerance for an inaccurate or imprecise best dose-estimate
in the context of a contemplated haematopoietic cell transplant.
Another important variable aﬀecting the therapy metric is doseuniformity. In most emergency exposure scenarios it is unlikely there
will be uniform whole-body exposures. At doses > 10 Gy, shielding of
as little as 2.5 to 5% of the bone marrow is needed for a molecularly-

Fig. 1. Diagram of acute, high-dose and dose-rate whole-body radiation-induced sub-syndromes and potential interventions. GI, gastro-intestinal; CNS/
CV, central nervous system/cardio-vascular.

improvised nuclear device (IND), immediate exposures may also include neutron radiations of variable energies. If so, the above dose
ranges should be adjusted to account for the increased relative biological eﬀect (RBE) of neutrons compared with photons or γ-rays. Also,
our focus is on external exposures. However, in many accident or nuclear terrorism scenarios there may be internal exposures such as from
ingestion of drinking water intentionally contaminated with a radionuclide from a radiation dispersion device (RDD), from handling a radiation exposure device (RED) or from fallout from an IND. Therapy of
internal exposures is reviewed elsewhere. [3,4] In acute exposure settings damage from alpha particles is typically external and rarely lifethreatening.
Two interventions given to accelerate granulocyte recovery after
exposures of 2–12 Gy photon/gamma exposure (or 1–7 Gy photon/γray and neutron exposure) are using molecularly-cloned haematopoietic growth factors and/or performing a haematopoietic cell transplant. Elsewhere we discuss why few if any exposed persons are appropriate candidates to receive a haematopoietic cell transplant. [5]
The fundamental limitation is the unfavourable beneﬁt-to-risk ratio of a
transplant in this setting and the observation that no otherwise survivable dose of acute whole-body radiation causes irreversible bone
marrow damage. [6] Furthermore, the likely scenario for radiation
exposure from an terrorist attack (see below) is that it will be ill-deﬁned, heterogenous and non-uniform in the immediate and short-term
fallout area. For most exposed persons there will be a non-uniform dose
distribution to the body with sparing of some bone marrow areas.
Consequently, our focus is on using molecularly-cloned haematopoietic
growth factors combined with other medical interventions. Because the
major risk of death is from infection caused predominately by a low
concentrations of blood granulocytes, we focus on use of drugs accelerating granulocyte recovery, namely, granulocyte/macrophage- (sargramostim and molgramostim; G/M-CSF) and granulocyte-colony stimulating factors (ﬁlgrastim and peg-ﬁlgrastim; G-CSF). A
comprehensive 3-part review with detailed discussions of many topics
we cover is available as are other typescripts. [7–10]

2. Estimating dose and dose-uniformity
Eﬀective therapy of persons exposed to acute high-dose whole- or
partial-body ionizing radiations requires accurate estimates of dose and
dose-uniformity. There are several complementary approaches to estimating dose including physical, biological and computational dosimetry. Physical dosimetry relies on devices such as radiation exposure
badges, electron paramagnetic resonance (EPR) analyses of dental enamel and clothes made from organic ﬁbers such as cotton, electron
paramagnetic resonance spectroscopy of phone display glass and optically-stimulated luminescence in smartphone resistors. [11,12]

Fig. 2. Uncertainty in dose-estimates.
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cloned haematopoietic growth factor such as ﬁlgrastim to be eﬀective
and makes the beneﬁt-to-risk ratio of a haematopoietic cell transplant
less attractive. [16–18] One should not assume persons exposed to
uniform high-dose whole-body radiation cannot recover and need a
haematopoietic cell transplant. These persons can recover bone marrow
function albeit slowly and perhaps incompletely (see below).
3. G-CSF and GM-CSF signaling pathways and functional
consequences
Receptors for sargramostim and ﬁlgrastim belong to the cytokine
receptor super-family. The G-CSF receptor (G-CSFR) is a homo-oligodimer whereas the GM-CSF receptor (G/M-CSFR) is a hetero-oligodimer with a shared β-chain with the interleukin-3 and -5 receptors
(Fig. 3). The G-CSFR is expressed primarily on neutrophils and bone
marrow precursor cells. GM-CSF binds to the α-chain of the G/M-CSFR.
The G/M-CSF-R is more widely-expressed than the G-CSF-R. Diﬀerences
in receptor expression account for most of the functional diﬀerences
between sargramostim and ﬁlgrastim (Fig. 4). These data were recently
reviewed. [19]

Fig. 3. G- and G/M-CSF receptors (Adopted from [45]).

rapid granulocyte recovery is considered supporting data. There are few
direct comparisons of G/M- and G-CSFs and none in a monkey radiation
model. Studies in monkeys using bone marrow suppressive, potentially
lethal radiation doses suggest roughly equivalent eﬀects. In a study in
humans receiving an allogeneic haematopoietic cell transplant G/MCSF alone or combined with G-CSF was better than G-CSF alone. [23]
Data from comparative studies suggest comparable safety and eﬃcacy.
[24] However, data in monkeys suggest use of sargramostim is associated with a greater incidence of non-infection-related fevers compared with ﬁlgrastim. Most studies in humans indicate similar rates of
granulocyte recovery and of infection which is not surprising based on
the broader spectrum of sargramostim activity and on probable oﬀtarget eﬀects. Sargramostim and ﬁlgrastim seem comparable when used
to collect blood cells for a haematopoietic cell transplant. However, in
one randomized study giving ﬁlgrastim or sargramostim followed by
ﬁlgrastim seems better than sargramostim alone when given to collect
blood cells for an autotransplant. [25] It is unlikely this diﬀerence is
important in the context of accidental high-dose radiation exposures.
One potentially important diﬀerence between sargramostim compared with ﬁlgrastim and peg-ﬁlgrastim in the context of a radiation
accident relates to conditions for storage. Labeling instructions for both
drugs recommend refrigeration. However, unpublished data indicate
sargramostim can be stored for several months without refrigeration
without losing eﬃcacy1. Whether this is so for ﬁlgrastim or peg-ﬁlgrastim is unknown.
Based on these data from clinical trials sargramostim, ﬁlgrastim and
pegﬁlgrastim are FDA-approved in overlapping but slightly diﬀerent
indications. Sargramostim is approved in persons with acute myeloid
leukaemia (AML), lymphomas and acute lymphoblastic leukaemia
(ALL) receiving an autotransplant, recipients of allotransplants, transplant recipients with delayed bone marrow recovery and to facilitate
collection of blood cells for a haematopoietic cell transplant.
Filgrastim and pegﬁlgrastim are approved for use in persons with
solid cancers receiving intensive anti-cancer therapy, after intensive
therapy of AML, to facilitate collection of blood cells for a haematopoietic cell transplant and in persons with severe congenital or idiopathic neutropenias. These diﬀerences have little impact on our discussion of use of these drugs in the context of a radiation accident.

4. Sargramostim and ﬁlgrastim production
There are fundamental diﬀerences in some properties between
sargramostim and ﬁlgrastim. Sargramostim is produced in a yeast
(Saccharomyces cerevisiae) expression system with glycosylation at the
O-terminus. This contrasts to ﬁlgrastim which is produced in E. coli and
is not glycosylated. Because these proteins bind to diﬀerent receptors a
direct comparison of consequences of these diﬀerences is not relevant.
Some data indicate diﬀerences in biological activity when GM-CSF is
diﬀerently processed. However, few data suggest these diﬀerences result in diﬀerences in safety or eﬃcacy of sargramostim or ﬁlgrastim in
most clinical settings. [20] Curiously, use of ﬁlgrastim in most haematology and oncology settings is substantially greater than that of
sargramostim. Reasons for this diﬀerence are complex (see below).
5. Eﬃcacy of sargramostim and ﬁlgrastim
There are several relevant data sources for evaluating the eﬃcacy of
interventions with these drugs including: (1) humans after high-dose
anti-cancer drugs, radiation therapy or both; (2) experimental radiation
models of acute radiation syndrome, typically in mice, mini-pigs, dogs
and monkeys; and (3) humans with sustained low concentrations of
neutrophils or granulocytes. Data from humans after accidental radiation exposures are diﬃcult to interpret critically (discussed below). It is
important to understand there are no randomized trials of sargramostim, ﬁlgrastim or peg-ﬁlgrastim compared with no intervention
or placebo in accident settings and no comparative studies in animals
(including sub-human primates) or humans after accidental high-dose
radiation exposures.
6. Bone marrow failure after cancer therapy
Data on the use of sargramostim and ﬁlgrastim in the context of
bone marrow failure are summarized elsewhere. [21,22] Brieﬂy put,
these drugs accelerate granulocyte recovery and reduce the frequency
of infections correlated with low blood granulocyte concentrations.
Sargramostim has a much wider target cell range compared with ﬁlgrastim and pegﬁlgrastim (Fig. 4). Few clinical studies were structured
or powered to determine whether disease-free or progression-free survivals or survival were increased. There are no randomized trials directly comparing sargramostim (or sometime molgramostim), ﬁlgrastim or peg-ﬁlgrastim in this setting. This limitation is important
when we consider FDA approval of these drugs for accidental radiation
exposures is based on data from studies in non-human primates where
the primary, relevant clinical endpoint is survival and where more

7. Animal models of radiation-induced bone marrow failure
Considerable data indicate sargramostim and ﬁlgrastim accelerate
recovery of granulocytes and improve survival of animals exposed to
high doses of ionizing radiations under experimental conditions including rodents, dogs mini-pigs and monkeys. [7–10]
In most models the endpoint of these interventions is the mid-lethal
dose (LD50) at 30 or 60 days (LD50/30-LD50/60). A comprehensive
1
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Fig. 4. Sites of action of diverse cytokines and haematopoietic growth factors (Adopted from [24]).

incidence of documented infections. A discussion of mathematical
models comparing data from monkey radiation studies and data from
accidental radiation exposure in humans are reviewed in references 28
and 29.

comparison of experimental conditions and endpoints in diverse animal
models is available. [7–10,26]
Our focus in this review is on models of acute radiation exposure in
non-human primates (Summarized in Table 1). There are several important variables in this setting including dose, dose-rate, energy,
whether the exposure was whole-body or a fraction of the bone marrow
was shielded (partial-body exposure), haematopoietic growth factor
given, interval between exposure and haematopoietic growth factor use
and extent of additional support interventions such as parenteral ﬂuids,
oral or systemic antibiotics given prophylactically and/or therapeutically and RBC- and/or platelet-transfusions.
Knowledge of these variable are critical in interpreting safety and
eﬃcacy of post-exposure haematopoietic growth factors. For example,
kinetics of neutrophil recovery in non-human primates receiving 10 Gy
whole-body radiation versus radiation shielding 2.5 or 5% of the bone
marrow are shown in Fig. 5. [18] Shielding about 5% of the bone
marrow increased the LD50/60 dose from about 7.5 Gy to about 11 Gy, a
60% increase. These values reﬂect use of moderate supportive care
given because the shielded bone marrow is exposed to approximately
0.5 Gy photon radiation. [27]
It is also evident that with 2.5 or 5% bone marrow shielding there is
bone marrow recovery with no medical intervention save supportive
care measures. This is like our experience in humans receiving even
higher radiation doses. [6] Eﬀects of sargramostim on neutrophil recovery and survival at doses > 10 Gy with or without bone marrow
shielding are unstudied. It is important to consider that improvement in
some surrogate endpoints do not always correlate with clinical beneﬁt.
For example, in the monkey partial shielding radiation model ﬁlgrastim
accelerated neutrophil recovery and decreased incidence of febrile
neutropenia but did not signiﬁcantly improve survival nor decrease

8. Filgrastim and pegﬁlgrastim in monkeys
In a series of studies monkeys received 7.5 Gy whole-body radiation
(6 MeV, linear photons delivered at 80 cGy/min) or 10 to 11 Gy wholebody radiation with 2.5 or 5% bone marrow shielding designed to more
closely mimic what might happen in a nuclear terrorism attack.
Animals then received ﬁlgrastim or peg-ﬁlgrastim at diverse doses and
schedules starting on day-1 or day-3 post-exposure. All animals received intensive supportive care. These interventions accelerated
granulocyte recovery however survival was increased compared with
controls in only the 7.5 Gy studies [16–18,30,31].
These data indicate giving ﬁlgrastim or peg-ﬁlgrastim after a radiation dose > 10 Gy accelerates neutrophil recovery only when a small
amount of bone marrow is shielded. These studies were not powered to
determine whether there was a survival beneﬁt. This observation is
important in the context of radiation accidents or nuclear terrorism
where dose-uniformity is often diﬃcult or impossible to determine and
likely to be non-uniform. Also, these interventions are most eﬀective
when given immediately post-exposure but there may be some eﬃcacy
after intervals ≥3 days. This is another critical issue as it is unlikely
these drugs could be given soon after a mass casualty setting for several
reasons including delays accurately estimating radiation-dose and infrastructure disruption. Lastly, one study in monkeys with no post-exposure antibiotics or blood transfusions reported no survival beneﬁt of
giving ﬁlgrastim to monkeys exposed to 7 Gy whole-body radiation
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(P = .0032)
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Day-60 survival vs.
Control (P-value)

Mean Day 17.5 vs. 17.4 (NS)
Mean Day 17.6 vs. 17.4 (NS)
Mean Day 17.4 vs. 17.4 (NS)

Mean Day 18.7 vs. 21.2 (P ≤ .001)
Mean Day 18.8 vs. 21.2 (P ≤ .001)
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Median Day 16 vs. 20 (P = .0002)

Median Day 16 vs. 18 (P = .0008)

Days to platelets ≥ 1x10E+9/L vs.
Control (P-value)

Median Day 17 vs. 19 (P = .0206)

Median Day 18 vs. 20 (P = .0001)

Days to neutrophils ≥ 1x10E+9/L vs.
Control (P-value)

65% vs. 80%
(P = .29)
0% vs. 29% (NR)
0% vs. 29% (NR)
0% vs. 57% (NR)
50% vs. 57% (NR)
0% vs. 57% (NR)
NR
NR
NR
NR
NR
34% vs. 50% (NR)
75% vs. 50% (NR)
50% vs. 50% (NR)
80% vs. 50% (NR)

67.5% vs. 67.5%
(NR)
73% vs. 61% (NR)

58% vs. 86% (NR)

80% vs. 82% (NS)
55% vs. 82% (NS)
84% vs. 82% (NS)

32% vs. 63%
(P < .0001)
37% vs. 84%
(P < .0001)
68% vs. 82% (NS)
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[18]

[17]

[16]

[31]

[32]

[46]

[30]

[34]

[33]

Study

Abbreviations: NR, not reported; NS, not signiﬁcant; PBI/BM2.5, PBI/BM 5, partial-body radiation with 2.5% or 5% bone marrow shielding; TBI, total-body irradiation.
a
Supportive care with prophylactic and symptomatic interventions in all studies. Moderate supportive care regimens provided prophylactic anti-emetics, antibiotics and anti-ulcer drugs to all monkeys. Based on
clinical considerations these symptomatic interventions may also have been given: analgesics, parenteral ﬂuids, anti-emetics and oral nutrition. In addition to the moderate supportive care regimens, intensive supportive
care regimens include the following symptomatic interventions: anti-diarrheals, −pyretics and antibiotics based on individual blood cultures and whole blood transfusions.
b
Study-design included additional cohorts of monkeys treated at 48 h given prophylactic azithromycin with or without sargramostim. Adding azithromycin had no impact on any eﬃcacy endpoint. Survival data above
is pooled analysis of 176 monkeys in the intervention and control arms treated 48 h post-radiation. Day of recovery and infection rate data does not include cohort of monkeys given azithromycin.
c
Dose rate 0.5 Gy min−1.
d
Dose rate 0.6 Gy min−1.
e
Dose rate 0.8 Gy min−1.

Filgrastim
10 μg/kg/day
Pegﬁlgrastim
10 μg/kg/day

Filgrastim
10 μg/kg/day

G-CSF
Filgrastim
10 μg/kg/day
Filgrastim
10 μg/kg/day
Filgrastim
10 μg/kg/day
Pegﬁlgrastim
300 μg/kg
Filgrastim
10 μg/kg/day

Sargramostim
7 μg/kg/day

GM-CSF
Sargramostim
7 μg/kg/day

Intervention, dose and interval
post-radiation

Table 1
Monkey studies of molecularly-cloned haematopoietic growth factors.
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Fig. 5. Neutrophil concentrations in monkeys exposed to 10 Gy TBI (total body radiation) or 10 Gy PBI (partial body radiation) shielding 2.5 or 5% of the BM (bone
marrow). [18].

from a

60

reasons: (1) few subjects; (2) uncertainties regarding radiation dose,
dose-rate and uniformity; (3) diverse intervals from exposure to starting
therapy; (4) concomitant interventions; (5) confounding non-radiation
injuries; and, most importantly, (6) no controls. However, most investigators believe giving these drugs is useful in persons exposed to
2–12 Gy acute, whole-body radiation by accelerating granulocyte recovery, decreasing infections and possibly increasing survival. We used
sargramostim to treat victims of a radiation accident in Brazil exposed
to estimated doses of 2 to 7.3 Gy from a 131Cs. Our impression was that
this intervention was eﬀective but we lacked controls. [36] These data
are shown in the Fig. 6.

Co gamma source. [32]

9. Sargramostim in monkeys
Non-human primates were exposed to acute whole-body ionizing
radiation using a 60Co gamma source at a 50–60% lethal-dose at day 60
(LD50–60/60) or 70–80% lethal-dose (LD70–80/60). [33] Prophylactic antibiotics were given without adjustment for blood culture data. No
blood transfusions were given. The primary endpoint was day 60 survival. Monkeys received daily subcutaneous sargramostim (7 μg/kg/d)
or control beginning 48 h post-radiation. Sargramostim signiﬁcantly
increased day 60 survival for the LD50–60/60 dose to 78% (95% conﬁdence interval [CI], 61, 90%) versus 42% (26, 59%; P = .018) in
controls. Day 60 survival for LD70–80/60 dose was 61% (36, 83%) versus
17% (4, 41%; P = .0076). Neutrophil and platelet recoveries were
accelerated and documented infections decreased. In another study
with moderate supportive care sargramostim was given after delays of
48, 72, 96 and 120 h after whole-body radiation exposure of 7.13 Gy. A
survival beneﬁt was reported after the 48 h delayed dosing. Additional
eﬃcacy was shown in all cohorts of monkeys receiving sargramostim
up to 120 h post-irradiation. Survival was improved by 18% at day 60
(P = .0032) compared to controls when sargramostim was administered at 48 h post-irradiation. [34] These data are summarized in a
recent typescript. [35]
Eﬀects of recombinant human G/M-CSF (rhG/M-CSF) on radiationinduced bone marrow suppression was tested in a monkey model of
high-dose, non-uniform exposure. rhG/M-CSF treatment for 7 days after
8 Gy non-uniform exposure accelerated bone marrow recovery.
Monkeys received rhG/M-CSF continuously through an Alzet mini-osmotic pump implanted sub-cutaneously on day 3 post-exposure. Blood
granulocyte and platelet concentrations recovered 4 and 7 days earlier
compared with controls as did G/M progenitor cells. [10]

11. FDA animal rule
The FDA Animal Rule applies to development and testing of drugs

10. Radiation accidents
There are reviews of the role of molecularly-cloned haematopoietic
growth factors, most of sargramostim and ﬁlgrastim in radiation accident. [9] These data are diﬃcult to interpret critically for several

Fig. 6. Granulocyte concentrations in subjects treated with G/M-CSF after the
Goiania radiation accident. [36].
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cloned haematopoietic growth factors are rate of granulocyte or neutrophil recovery and survival. In the usual clinical setting rate of
granulocyte recovery is (artiﬁcially) important because it is used to
determine when people can be released from isolation and or discharged from hospital. However, in the context of a radiological event
rate of granulocyte recovery is a surrogate endpoint; survival is the key
issue.
As indicated, although there are no trials in humans comparing rates
of granulocyte recovery between sargramostim, ﬁlgrastim and peg-ﬁlgrastim, these seem similar when tested in comparable clinical settings.
However, at least in monkeys, there seems a survival endpoint advantage of sargramostim over ﬁlgrastim and peg-ﬁlgrastim. This conclusion should be considered tentative because these studies used different experimental conditions. Eﬀects of these drugs on a survival
endpoint in humans is even more diﬃcult to critically evaluate. [41] In
evaluating this issue one should consider that deaths from infection
during cancer therapy, save for leukaemias, are rare. Consequently,
most trials are not powered to detect a survival beneﬁt. Moreover, in
leukaemias most deaths from infection occur in persons with residual or
resistant leukaemia rather than from delayed bone marrow recovery, a
setting where molecularly-cloned haematopoietic growth factors are
not expected to be eﬀective. However, in some studies in which sargramostim and ﬁlgrastim accelerated neutrophil recovery only sargramostim reduced severe infections. [42,43]

and biologicals to reduce or prevent serious/life-threatening conditions
caused by exposure to lethal or permanently disabling chemical, biological, radiological, or radioactive substances where human eﬃcacy
trials are not feasible nor ethical. [37] According to this regulation the
FDA can rely on evidence from animal studies to provide substantial
evidence of product eﬀectiveness if: (1) there a reasonably well-understood mechanism for the toxicity of the agent and its amelioration or
prevention by the product; (2) the eﬀect is shown in either > 1 animal
species expected to react with a response predictive for humans or one
well-characterized animal species model (adequately evaluated for its
responsiveness in humans) for predicting the response in humans; (3)
the animal study-endpoint is clearly related to the desired beneﬁt in
humans; and (4) data or information on the pharmacokinetics and
pharmaco–dynamics of the product or other relevant data or information in animals or humans is suﬃciently well understood to allow selection of an eﬀective dose in humans, and it is, therefore, reasonable to
expect the eﬀectiveness of the product in animals to be a reliable indicator of its eﬀectiveness in humans.
In the context of approval for drugs to be used following a radiological or nuclear accident or incident the FDA position is to accept a
signiﬁcant survival beneﬁt in a non-human primate model of high-dose
whole-body radiation. Acceleration of neutrophil recovery and reduced
infections are considered supportive surrogate endpoints but insuﬃcient to warrant approval. [37] There is no stated FDA position on
non-human primates exposed to partial-body radiation. However, the
partial-body radiation models with minimal bone marrow shielding
provides the ability to ask a diﬀerent question relevant to the FDA and
drug approval, e.g., what is the eﬀect of G- and G/M-CSF on DEARE
[16,17,27,38].

13.3. Eﬀective interval post-exposure
There seems a broader window of eﬃcacy after high-dose radiation
exposure for sargramostim compared with ﬁlgrastim when tested in
monkeys. For example, ﬁlgrastim is most eﬀective when given within
1 day after radiation exposure with intensive supportive care [30,31].
In contrast, sargramostim seems eﬀective up to 4 days after radiation
exposure for some but not all endpoints. [33,34] However, the window
of eﬃcacy depends on radiation dose and dose-uniformity and these
drugs are not tested or compared in comparable experimental monkey
models. Delays in giving these drugs is likely to depend on numbers of
exposed persons, speed of dose estimates, accessibility to victims, accessibility to drugs, extent of infrastructure disruption, availability of
medical personnel and other variables. Given these complex confounded variables it is diﬃcult to recommend either drug as preferable.

12. Drugs approved for acute radiation syndrome
It is impossible to test safety and eﬃcacy of sargramostim, ﬁlgrastim, peg-ﬁlgrastim or related drugs in the context of a radiation
accident. However, these drugs met requirements of the FDA Animal
Rule and are approved for this setting and are part of the US Strategic
National Stockpile [39] and approved for use in victims of acute, highdose whole-body radiation exposures based on data from animal studies
including non-human primates [40]
13. Diﬀerences

13.4. Supportive care
Although sargramostim, ﬁlgrastim and peg-ﬁlgrastim are eﬀective
in accelerating granulocyte recovery and reducing deaths in selected
monkey models (rhesus macaque) of acute radiation injury there are
several potential diﬀerences including: (1) target cell(s); (2) haematopoietic lineages aﬀected; (3) rates of granulocyte or neutrophil recovery; (4) impact of delayed dosing after radiation-exposure; and (5)
impact of additional supportive interventions such as intravenous
ﬂuids, antibiotics and RBC- and/or platelet -transfusions. We discuss
these potential diﬀerences below. However, it should be recalled these
data are derived from experimental models and that there is no direct
randomized comparison of sargramostim and ﬁlgrastim in animal
models or humans after a radiation accident.

Sites of action of sargramostim and ﬁlgrastim are shown in Fig. 4.
Sargramostim acts on a less mature target cell (multi-potent progenitor
cell) and on a wider range of haematopoietic cell lineages than ﬁlgrastim. Whether these diﬀerences are clinically-important is discussed
below.

Another possible diﬀerence between sargramostim and ﬁlgrastim is
the role of additional interventions. Filgrastim appears to be most effective in the context of intensive support with parenteral ﬂuids, blood
transfusions and individualized antibiotic therapy [30] and was ineﬀective in increasing survival after a 7 Gy exposure with moderate
supportive care [32]. However, it was not tested without intensive
supportive care at higher radiation doses with or without partial body
shielding. Whether ﬁlgrastim or peg-ﬁlgrastim are eﬀective when given
with the type of moderate supportive care given to monkeys in experiments with sargramostim and which might be expected after a
large-scale radiation or nuclear accident or incident is untested. In
contrast, sargramostim has only been tested in the setting of moderate
supportive care. Whether a survival beneﬁt of sargramostim would be
increased when combined with the intensive supportive care used in
most experiments with ﬁlgrastim is also unknown. [33] These data
suggest when intensive supportive interventions like individualized
antibiotic therapy based on blood culture data and blood transfusions
are limited or unavailable there may be an advantage of sargramostim
over ﬁlgrastim or peg-ﬁlgrastim but this is unproved.

13.2. Endpoints

14. Conclusions

13.1. Sites of activity

Persons exposed to acute high-dose and dose-rate whole-body

The two most used endpoint to evaluate eﬃcacy of molecularly7
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ionizing radiations of 2 to 12 Gy are likely to beneﬁt from receiving
molecularly-cloned haematopoietic growth factors such as sargramostim, ﬁlgrastim and peg-ﬁlgrastim which accelerate bone marrow
recovery and often improve survival in diverse experimental models
including non-human primates. There are considerable data using these
drugs after high-dose anti-cancer therapy and/or high-dose radiation
therapy including, in some instances, acute whole-body ionizing radiations. There is also considerable experience using these drugs after
radiation and nuclear accidents with the impression they accelerate
bone marrow recovery and improve survival. However, controls are
lacking and claims of safety and eﬃcacy in humans after radiation or
nuclear accidents or incidents are unproved. Nevertheless, these drugs
are FDA-approved based on the FDA Animal Rule and are included in
the US Strategic National Stockpile.
Sargramostim, ﬁlgrastim and peg-ﬁlgrastim have several diﬀerences
based on mechanism of action and on- and oﬀ-target eﬀects. Some data
from non-human primate accident models suggest diﬀerences in optimal interval after radiation-exposure and intensity of supportive care
but direct comparisons are lacking. Sargramostim is eﬀective with
moderate supportive care but has not been tested with no or with intensive supportive care. Filgrastim is eﬀective with intensive supportive
care but not with moderate or no supportive care. [32] The lyophilized
form of sargramostim may oﬀer advantage in settings of infra-structure
disruption but peg-ﬁlgrastim may have advantages when access to
medical personnel is limited. Both drugs can be self-given subcutaneously. Absent direct comparisons these conclusions should be
considered tentative. The major activity and concern of physicians,
heath authorities and government should be to prevent radiological and
nuclear accidents and incidents including terrorism where these drugs
might be used. Regardless of the potential eﬃcacy of these drugs there
is no eﬀective medical response to a nuclear war. Physicians need to
make every eﬀort to prevent such an event. [44]
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