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The Hematologist and Radiation Casualties

Nicholas Dainiak, Jamie K. Wasel enko, James O. Armitage,
Thomas J. MacVittie, and Ann M. Farese

Since the terrorist attack of September 11, 2001,
preparation by the health care system for an act of
terrorism has been mandated by leaders of
governments. Scenarios for terrorist acts involv-
ing radioactive material have been identified, and
approaches to management (based on past
experience from atomic weapons detonations and
radiation accidents) have been developed. Be-
cause of their experience in managing patients
with profound cytopenia and/or marrow aplasia,
hematologists will be asked to play a significant
role in evaluating and treating victims of mass
accidental or deliberate exposure to radiation. This
review provides a framework for understanding
how radiation levels are quantified, how radiation
alters the function of hematopoietic (and
nonhematopoietic) cells and tissues, and how
victims receiving a significant radiation dose can
be identified and managed.

In Section I, Dr. Nicholas Dainiak reviews four
components of the Acute Radiation Syndrome: the
hematopoietic, neurovascular, gastrointestinal and
cutaneous subsyndromes. Clinical signs and
symptoms are discussed for exposed individuals
at the time of initial presentation (the prodromal
phase) and during their course of disease (the
manifest illness). In Section I, he presents clinical
and laboratory methods to assess radiation doses,
including time to onset and severity of vomiting,
rate of decline in absolute blood lymphocyte count
and the appearance of chromosome aberrations

I. AcuTeE RADIATION SYNDROME

Nicholas Dainiak, MD*

such as dicentrics and ring forms. Potential
scenarios of a radiation terrorist event are re-
viewed, and methods for initial clinical assess-
ment, triage, and early management of the acute
radiation syndrome and its component
subsyndromes are summarized.

In Section IIl, Dr. Jamie Waselenko reviews the
hematopoietic syndrome, and presents guidelines
for the use of cytokine therapy, antibiotics, and
supportive care that have been developed by the
Strategic National Pharmaceutical Stockpile
Working Group. Results of preclinical and clinical
growth factor therapy studies with G-CSF, GM-
CSF, pegylated G-CSF, SCF, and IL-3 are summa-
rized. When and how potassium iodide should be
used after exposure to radioiodines is also re-
viewed.

In Section IV, Dr. James Armitage describes a
narrow “window” of 7 to 10 Gy where therapy with
stem cell transplantation may be appropriate.
Victims who are candidates for allotransplantation
should not have major trauma or significant injury
to other (nonhematopoietic) tissues. Rarely,
victims may have an identical sibling or autolo-
gous stored marrow or blood stem cells, in which
case the threshold for transplantation is 4 Gy.

In Section V, Dr. Thomas MacVittie describes
new directions for therapy, using cytokines such
as IL-7, keratinocyte growth factor, and FLT-3. The
potential for combinations of cytokines to enhance
hematopoietic recovery is also reviewed.

cidental or deliberate exposure to radiation. Their ex-
perience in managing patients with cytopenias and/or
marrow aplasia places hematologists in a unique posi-
tion among physicians consulting victims who have

The threat of terrorist events involving radioactive mareceived a significant radiation dose. Owing to the ex-
terial and the potential for radiation accidents mandapected high prevalence of hematologic abnormalities,
that the health care system develop and implemeniramany scenarios, hematologists will be asked to take
preparedness plan of response. In addition to radiologygimary responsibility for medical treatment of indi-
professionals (including radiation safety officers, ra-

diation oncologists, and nuclear medicine physicians);

hematologists will be asked to play a significant (if not The Bridgeport Hospital, 267 Grant Street, Bridgeport CT
major) role in evaluating and treating victims of an a®6610
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viduals with a moderate or high dose of radiation. Theréest has a dose equivalence of 0.04 rem. By contrast, a
fore, it is imperative that hematologists have an unddrarium enema provides a dose equivalence of approxi-
standing of how radiation levels are quantified, hownately 2 rem.

radiation alters the function of cells, tissues, and organ The “dose rate” refers to radiation dose delivered
systems, and how victims receiving a significant radigeer unit of time. It is often measured in Gy per hour.
tion dose can be recognized and treated. They must afdeiger counters typically provide an estimate of dose
be aware of local, state, and national resources that nraje (not dose) that may be used to estimate the level of
be accessed in the case of a radiological event. Accotézard. Diminishing radiation dose rate results in a de-
ingly, management of radiation victims will become &reased radiation response. For example, it is believed

priority for practicing hematologists. that the carcinogenic effect of radiation delivered at a
lower dose rate is less than that of the same dose deliv-
Radiation Measurements ered at a higher dose rate.

Radiation dose is highly predictive of an effect on he-
matologic (and other) tissue of the body. Definition&ources of Data on Radiation Effects
for radiation units are providedTable 1. The absorbed Our understanding of the acute effects of total-body
dose is a measure of the energy departed per unit mesdiation is derived from analysis of the clinical course
at a specific point3 A “rad” is the old unit of absorbed of individuals exposed to radiation after the detonation
dose: it has been superseded by the gray (Gy). One @yatomic bombs over Japan and radiation accidents
is equivalent to 100 rad. By contrast, the rem is the otbat have occurred throughout the world. In some cases,
unit for the equivalent or effective dose, and represerttsis includes a large affected population (for example,
the product of absorbed dose (in rads) and a weightitige Marshallese exposed in 1954 and individuals in the
factor for tissue. The effective dose accounts for diformer Soviet Union and Europe exposed during the
ferential sensitivity among tissue types. One hundredhernobyl nuclear power plant disaster in 1986), while
rem is equivalent to 1 Sievert (Sv). Since radiatiom other cases, relatively low numbers of individuals
therapy does not employ neutron exposure, 1 Sv is dgve been exposed. Recently, the registry of serious
proximately equivalent to 1 Gy in patients undergoingadiation accidents maintained by the Radiation Emer-
treatment. Likewise, since most experimental studiggency Assistance Center/Training Site (REAC/TS) was
employ low photon energy, 1 Sv is approximatelypdated at its 25th anniversary of continuous opera-
equivalent to 1 Gy in radiobiology publications. tion.* Since December 1, 1990, over 50 accidents have
The average annual dose to persons residing in thecurred worldwide (including the United States), in-
United States is approximately 3.6 mSv (ie, the dos®lving more than 650 individuals, more than 250 of
equivalence of 3.6 mGy)The majority of the average whom had a significant exposure and more than 30 of
effective annual dose is due to indoor radon daughtehom who had a fatal outcome. In addition, updates of
products (55% of total dose). The next largest contréccidents are periodically made at Advanced Radia-
bution to annual dose is due to man-made sourcestiain Research Workshops that have been and are being
radiation, with medical imaging studies contributing théeld in Europé&:” International meetings have also been
largest amount of dogeA standard chest x-ray has aheld which review clinical information regarding sig-
dose equivalence of 0.02 rem, while a Sesta Mibi stresicant accidents, such as the Chernobyl catastrbphe.

Table 1. Radiation units and definitions.

Unit* Quantity Measured Definition

Roentgen (R) Exposure Charge (ionization) produced in air by x-rays or gamma rays

Rad Dose 100 ergs deposited per gram of tissue

Gray (Gy) Dose Sl unit of dose; equals 100 rad

Rem Dose equivalence Unit that reflects biologic response. It is used to compare various types of radiation
Sievert (Sv) Dose equivalence Sl unit of dose equivalence; equals 100 rem

Becquerel (Bq)  Exposure Disintegration per second; 1 Bq=2.7x1011 Curie (Ci); 1 Ci=3.7x1010 Bq or 37 GBq
KERMA Exposure Kinetic energy released in matter

*Submultiples : 1072 = centi (c); 10~3 = milli (m); 10~ = micro. Multiples: 103 = kilo (k); 108 = mega (M); 10° = giga (G).
Abbreviations: Rad, radiation absorbed dose; Rem, roentgen equivalent in man; Sl, Systeme International. Modified from N. Dainiak.2°
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Phases of Radiation Injury severe nausea and vomiting, severe headaches, drowsi-
Early symptoms resulting from an acute total-body exess, fever, and hypotension auger a poor prognosis.
posure constitute thprodromal radiation syndrome. The gastrointestinal syndrome occurs at doses of
Duration of symptoms and signs and mortality rate ateetween 5 and 12 Gylild gastrointestinal symptoms
dependent on the magnitude of radiation dose and tlireited to 1 or 2 episodes of diarrhea with associated
presence of additional injury (such as trauma or burnglbdominal pain are accompanied by virtually certain
Virtually all individuals receiving a dose of 10—-20 Gyrecovery. Intermittent diarrhea and bleeding are asso-
or higher develop prodromal signs and symptoms withitiated with extensive sloughing of the epithelial cell
1-72 hours after exposu¥e? These include anorexia, layer, leading to denudation of the bowel. More severe
nausea, vomiting, diarrhea, fever, fluid loss, and eledamage to the gastrointestinal tract is associated with
trolyte imbalance. Although many of these are gapersistent diarrhea, gastrointestinal bleeding, and
trointestinal symptoms, the control site for anorexiagrampy abdominal pain, resulting in abnormalities of
nausea, and vomiting is located in the brain where aftdid and electrolyte balance, inflammation, and sep-
normalities in the EEG are evident at much lower dosesis. Impaired barrier function of the gastrointestinal tract
These symptoms gradually merge into loss of consciougsults in the passage of bacterial toxins through the
ness, hypotension, and death (components of the cerdgestinal wall into the bloodstream. Severe complica-
brovascular syndrome that is characterized by neurdens include ulceration and necrosis of the bowel wall,
logic failure and cardiovascular collapse) before toxideading to stenosis, ileus, and perforation. In the latter
ity to other organ systems (such as the gastrointestimalse, recovery is most unlikely, as radiosensitive stem
and hematopoietic systems) can develop. Death occusls in the crypts of the gastrointestinal tract are per-
within a few days after exposure to 10-20 Gy. A rapidnanently damaged. Consequently, there is no replace-
severe prodromal response is the harbinger of a pauoent of cells that are lost from the surface of the villi
clinical outcome that is complicated by severe leukdhrough the sloughing process of normal bowel'ti¥e.
neutropenia, thrombocytopenia, and anemia with The hematopoietic syndrome develops at doses of
reticulocytopenia, accompanied by hemorrhage, infebetween 2—-3 Gy and 8 G3*!Low-dose (< 2 Gy) radia-
tion, and death. At lower doses (2—10 Gy), itis difficult teion induces mild cytopenias without significant bone
establish a prognosis based on the prodromal syndrommarrow damagé&. Peripheral blood lymphopenia may
The prodromal phase is followed by a phase afevelop within the first 624 hours after a moderate- to
manifest illness wherein syndromes specific to varioushigh-dose exposuf€&8In addition to inducing apoptosis
organ systems emerge. Four major organ systems amdose effect is not seen before the first cell cycle), ra-
known to be of critical significance in the developmendiation alters recirculation properties of lymphocytes.
of acute radiation syndrome: the neurovascular systeBased on the level of lymphocyte, polymorphonuclear
the hematopoietic system, the cutaneous system, dadkocyte, and platelet counts, as well as the presence of
the gastrointestinal system. Evaluation of system-specifitfection and/or blood loss, the relative severity of
signs and symptoms is required for triage of victims, seematotoxicity has been described (3able 2). Ap-
lection of therapy, and determination of prognosis.  proaches to therapy for different levels of severity of the
hematopoietic syndrome are described in Section Ill.
Component subsyndromes The cutaneous syndrome may develop after early
The neurovascular syndrome at low doses of radiation exposure (within 1-2 days) or may take years before
results from localized, transient changes in the centta¢coming fully manifest. Nonuniform exposure results
nervous system. These changes include impaired caplocal radiation injury. Early lesions include erythema
illary circulation, damage to the blood-brain barrierand moist desquamation of the skin. Such lesions may
interstitial edema, acute inflammation, petechial henibe isolated or may appear simultaneously in several
orrhages, meningitis, and hypertrophy of perivasculéocations, depending on the amount of skin receiving
astrocyted? Paroxysmal spike and wave discharges majirect exposure. Target cells of radiation reside at mul-
be evident on EEGs, and the presence of swelling atiple levels (i.e., epidermis, dermis, hair follicle canals
edema may be documented by head CT scans amt subcutaneous tissues) within the skin; hence, the
MRIs* The presence of transient nausea, anorexisgverity of the cutaneous reaction depends upon the
vomiting, and fatigue augers a relatively good progndedepth dose distribution” of the radiation sout¢8igns
sis. Moderate damage to the central nervous systemd symptoms include pruritus, blisters, and bullae (with
presents with persistent and more severe nausea andvithout hemorrhage), ulceration (limited to the epi-
vomiting, and is accompanied by headache, neurologiermis or involving the dermis, subcutaneous tissue,
cal deficits, and abnormal cognition. The presence afuscle and/or bone), hair loss, and onycholsis.
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Table 2. Grades of hematopoietic response to radiation in humans.

Symptom/Sign Degree 1 Degree 2 Degree 3 Degree 4

Lymphocyte changes® > 1.5 x 10%/L 1-1.5x109/L 0.5-1x10%/L <0.5x109L

Granulocyte changes? > 2 x 109/L 1-2 x 109/L 0.5-1x10%L <0.5x 10%L or initial

granulocytosis

Thrombocyte changes® > 100 x 10%/L 50-100 x 10%/L 20-50 x 10%/L <20x109/L

Blood loss petechiae; easy bruising; mild blood loss with gross blood loss with spontaneous bleeding
normal Hb < 10% decrease in Hb 10-20% decrease in Hb or blood loss with > 20%

decrease in Hb
Reference values: 1.5-4 x 10%/L1, 4-9 x 109/L2, and 140—400 x 10%/L3 for lymphocytes, granulocytes, and platelets, respectively.
Modified from N Dainiak2® and TM Fliedner, | Friesecke and K Beyrer.13

Epilation occurs 10-20 days after a single localizealttacks using a radiological dispersion device (RBD).
exposure to 3—4 Gy or greater. Gusev and coworkei® RDD may involve a small or large isotopic source
estimate that the threshold for erythema is a localized spent nuclear fuel. According to the US Government
exposure dose of 10-15 Gy, while moist desquamatiédrccounting Office, approximately 10 million “sealed
and ulceration are seen with doses of 20-2%'Blis- sources” of radioactive material exist in 50 countries,
ters and bullae with or without necrosis appear 148cluding the US! These sources of radioactive mate-
weeks after localized exposure to doses of > 3&-8y. rial (i.e., Cs-137, Sr-90, Cobalt-60, Pu-238, Pu-239, etc)
Estimations of the 50% lethal dose (,,[Phave been are encased in metal and are used in equipment for
made in various scenarios. Depending on the incidemgedicine, industry, agriculture, and research. Of the 612
the LD, ranges from 1.4 Gy among atomic bomb sursealed sources that were reported to be lost or stolen
vivors in Japan to 4.5 Gy based upon bone marrow feince 1995, 254 had not been recovered. Many addi-
uniform total-body exposure to external photém¥. tional sealed sources may be unaccounted for as well.
Based upon a summary analysis of all available datauch material may be used by terrorists for making an
Lushbaugh has estimated the | .& 60 days (LD/,) RDD (or “dirty bomb”). When used with conventional
for humans to be approximately 3.5 Gy for young healthgxplosives, radioactive substances may be dispersed
adults?” Vriesendorp and van Bekkum have estimated traver a relatively limited area (a few city blocks) with
LD, to be approximately 4 G¥§.Noteworthy is that the intent to cause fear or pafi¢z RDDs prepared
among victims receiving appropriate supportive care andth a radioactive powder, solution, or gas may be also

antibiotics, the LD increases to 6-7 GY. dispersed (without initiating a nuclear reaction) over a
larger area, thereby affecting a large population.
Il1. HEmATOLOGIC RESPONSE TO An improvised nuclear device (IND) employs ra-
RADIATION EXPOSURE dioactive material which, following detonation, results
in a nuclear reaction. Three forms of energy are re-
Nicholas Dainiak, MD leased from a nuclear explosion: heat (accounting for

35% of total energy), shock or bomb blast (50%), and
Scenarios have been developed for terrorist events radiation (15%). The distribution of energy released
sulting in small volume and mass casualties. The Acui@m the “Little Boy” atomic bomb explosion over
Radiation Medical Management Working Group for théliroshima is depicted iRigure 1 (see Appendix, page
Strategic National Stockpile Program has recently dé04)> The blast wave from a nuclear explosion results
veloped a consensus opinion to provide guidance fiy fractures, lacerations, rupture of viscera, pulmonary
estimation of radiation dose, clinical assessment of egkdema, and hemorrhage and emboli, while the thermal
posed individuals and medical management (Waselenkoergy causes flash burns, flame burns, flash blindness,

J, MacVittie TJ, Blakely WF, et al, submitted). and retinal burns. Based on the type of energy released,
injuries and fatality rates vary by distance from the ex-
Potential Dispersal Scenarios plosion (sed-igure 2). Regardless of the source of ra-

Uncontrolled radiation exposure may result from thédioactive material, the presence of multiple injuries (i.e.,
release of radioactivity from small sources (i.e., nucledgombined injury”) is a mortality multiplier, owing to
medicine, brachytherapy, industrial gauges, small caliredisposition to infection from trauma and burns, and
bration sources, etc), transportation accidents, nucldermunosupression by radiation at absorbed doses as
power plant accidents, nuclear weapons, and terroriew as 0.5 Gy.
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1 - y i = 7+ tions have become the “gold standard” for biodosimetry.

e /
_ / /él/ /'" Their detection is facilitated by the application of hy-
2 /q/ wi ¥ bridization probes for centromeres and automated
=t y //f,.f”' / metaphase detectofs® For triage of victims of terror-
g% 0.1— § - /‘ 7( ist events, as few as 20 metaphases may be scored to
,é/ / /f’ - provide a preliminary estimate of dd€e.
001 ) .// — { ‘ Other forms of biological dosimetry include lym-
18 100 ]LOU HLM phocyte depletion kinetics, interphase aberrations (de-
Range tected by premature chromosome condensation induced

by agents such as okadaic acid and p34cytdin B

kinasé'), and electron spin resonance of dental enamel.
Of these methods, monitoring for a decrease in abso-
Figure 2. Distance at which 50% fatality occurs versus size of lute lymphocyte count has been found to be a reliable
nuclear weapon. and practical method to assess dose soon (within hours
or days, depending on dose) after a radiation expo-

4 Blast; ® Thermal; | Initial Radiation; 4Fallout

Fatality from nuclear weapons occurs by different mechanisms,
depending on the distance from the hypocenter. Fatality rates for a

single type of injury are graphed. Fatality is increased by the sure®#2Goans et al developed a simple algorithm for
interaction of multiple types of injuries. estimating whole-body dose (between > 50 cGy and
Reprinted with permission of the National Council on Radiation < 10 Gy) from acute exposure to gamma radiation, us-
Protection and Measurements, NCRP Report No. 138.30 ing the rate of decline in circulating lymphocyte#

comparison of selected methods for estimating radia-
Assessment of Radiation Dose tion dose is presented irable 3.

Radiation dose from external exposure can be assessed Recently, the importance of documenting clinical
by physical, biological, and clinical dosimetric tech-signs and symptoms has been emphasized in assigning
nigues. Physical dosimetry can provide an estimate of
individual dose, using a whole-body radiation dosim- H

. "y . uman lymphocytes
eter’® While sensitive and precise measurements of do ,_ °Cogamma rays

can be made, few whole-body dosimeters are availat 27 y=oaD+p02

for rapid assessment of dose. Physical dosimeters ¢ 204

also measure dose in common materials (including a= "% aquagratiec B'

soil, water, brick, etc). Reconstruction of dose can k8 6+ (% f.,io:- N

made with considerable sensitivity, using environmerg 14+ '

tal measurements combined with time-integrated ag 124 0 w

tivity. 343> However, this is a time consuming proces.2 1.0 B

that is impractical in an emergency situation, partictE 0.

larly in the case of mass casualties. 2 o054 /
Individual “biomarkers” for a radiation exposure"( 04 Linear g!

have been sought from the beginning of the nucle 0.2 - @ Er,"u’

age. Bender and Gooch made a landmark observat ) -

by showing that the frequency of chromosome aberr T 1 23 45 & 7

tions in lymphocytes correlates well with radiatior Absorbed Dose (Gy)

dose®*® The formation of dicentrics involves an inter-
change between 2 separate chromosomes, while rip_g . e berrations (dicenti
L . . igure 3. Frequency of chromosome aberrations (dicentrics

formatlon involves a break in the arm Qf a single Chrq{nd rings) at low doses (dashed line) and at higher doses
matid, followed by rejoining to form a ring and a frag-<solid line).
ment¥” The frequency of these asymmetric aberrationge probability of an exchange aberration is proportional to dose
in circulating lymphocytes correlates with radiatior(D) and the square of the dose (D?), respectively. At low doses, a
dose. and best fits a Iinear-quadratic relationslﬁig-( secondary electron resulting from absorption of an x-ray photon

! induces breaks in each of the chromosomes. At high doses,
ure 3). At low doses, chromosome breaks result frorgecondary electrons from mutiple atoms induce these chromo-
passage of a single charged particle, the consequesee breaks. The net effect of a break is interchange of chromo-
of which is a linear function of dose. At high dosessomal material, resulting in the formation of a dicentric and an

dcentric fragment.
chromosome breaks are caused by the passage of mul-. _ . o
printed with permission from Hall EJ. Radiobiology for the

. . . . . - e
tiple charged particles, resulting in an interaction thaliologist 5t ed. Philadelphia, PA: Lippincort, wiltams &
is a quadratic function of dod&Chromosomal aberra- wilkins; 2000.1
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Table 3. Selected methods for estimating radiation dose.

Dosimetry Method Utility

Biological Whole-body counting Not generally available, impractical.
Chromosomal aberrations (dicentrics, ring forms) ~ The “gold standard.” Typically requires 4-5 days processing time.

Lymphocyte depletion kinetics Inexpensive but requires 2—4 days for decline at doses of 4-6 Gy and
4-6 days at 2-4 Gy

Interphase aberrations (PCC, okadaic acid/kinase) Under development
Electron spin resonance (dental enamel) Permanent record of exposure but requires removal of tooth
Clinical Symptoms and signs Practical but loses sensitivity at low doses.

risk from radiation exposufé.These include the time short-lived cells, hematopoietic tissue is directly and
of onset and intensity of nausea and vomiting, the apdirectly affected by radiation. Depending upon the
pearance and type of skin changes, the developmentofke and dose rate, effects are primarily exerted through
anorexia and fatigue and the severity of depressiondell renewal, apoptosis, and redistribution of lympho-
circulating blood counts, including the polymorphohematopoietic cell€
nuclear cell count, lymphocyte count and platelet Survival curves for normal clonogenic cells have
count?*4 Of these clinical features, the time to emesiseen derived by McCulloch and Till, using the CFU-S
and lymphocyte depletion kinetics are amenable &ssay® Figure 4 shows that a single-exponential ra-
guantitative analysis with respect to dés8ince the diation survival curve is evident for murine hemato-
incidence of nausea, vomiting, skin lesions, and fatigymietic stem cells. These stem cells were determined to
is not 100%, estimating dose by clinical signs and sympe the most sensitive of all mammalian cells undergo-
toms loses sensitivity at low doses, and may lead g mytotic death (D= 0.95 Gy). Nevertheless, some
underestimation of dose. Whenever possible, incorpGFU-S appear to be extremely radioresistant, surviv-
ration of data from 3 key elements (i.e., time to onsé@tg doses as high as 6 &y! Inoue and colleagugs
of vomiting, lymphocyte depletion kinetics, and chroshowed that a larger than expected surviving fraction
mosome aberrations) is required for assignment of progk day 9 CFU-S is detectable after exposure to 4-6 Gy
nosis and selection of therapy. (seeFigure 5). It is possible that such radioresistant
In contrast to measurement of dose from external
radiation, estimation of radiation dose from internal ey
posure due to the deposit of radioactive materials (su 1 .., 5
as alpha emitters, including plutonium, americium, an 2|~
californium, and beta-gamma emitters, including ce :
sium, cobalt, and iodine) into the lungs, gastrointest
nal tract and other tissues, requires detection with sy}
cial instrumentation (such as ion chambers and spé¢; )
troscopes). In this case, measurements are made on bé
fluids (blood, urine, saliva, etc), nasal swipes, feci”
samples, and/or expired &r.

L L 1(] 1

L
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Céllular Effects

lonizing radiation may interact directly with intracel-
lular targets or may interact with other molecules (suc

as HO) to produce free radicals that, in turn, reach g : — : :
target (such as DNA and the plasma membrane). C 200 300 400 500 600 700
pending on the amount of ionization deposited along .. Gamma-ray dose, rad

unit length of track of radiation, the chances of achiev-

ing a “hit” will vary. lonization is sparse for low linear Figure 4. K-ray survival curve for CFU-S.
energy transfer (LET) sources of radiation such as Xhe surviving fraction for a dose D = colonies counted/cells
rays and gamma-rays. High LET radiation charactefioculated x plating efficiency.

ized by dense ionization is observed with alpha paIﬁ_eprintedwith permission from Hall EJ. Radiobiology for the

. . . Radiologist. 5th ed. Philadelphia, PA: Lippincott, Williams &
ticles and neutrons. As with all tissues composed Qﬁkins-gzooo.l P PP
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L
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DOSE OF RADIATION (cGy) Table 4. Estimated threshold absorbed doses for

o 100 200 300 400 500 600 deterministic effects after acute exposure.*
] Absorbed
0.5 Exposure Health Effect Organ Dose (Gy)
Temporary sterility Testis 0.15
Nausea 0.35
Depression of blood cell
5 0.1 forming process Bone marrow 0.5
§ i Reversible skin effects
& .05 (e.g., early reddening) Skin 2
2 Permanent sterility Ovaries 25-6
:;E ] Vomiting 3
3 Temporary hair loss Skin 3-5
0.0tk Permanent sterility Testis 35
Skin erythema Skin 5-6
0.00s} .
s * For low-linear energy transfer (LET) radiation (x-rays, gamma
* Confluent R rays). From NCRP Report No. 138 (1).

in this area?>* In addition, studies employing cDNA
microarrays may help to identify profiles that may serve
as biomarkers for an exposure to radiatiSh.

Figure 5. Survival curve for CFU-S.

Following an initial small shoulder, a single exponential curve is
evident between doses of 0.8 Gy to 2.0 Gy. This is followed by
greater than expected survival at 4.0 and 6.0 Gy. The results are

consistent with a multiphasic, concave model. Clinical Assessment and Early Triage
Reprinted from Experimental Hematology, Vol. 23, Inoue T, In the case of a terrorist incident or accident involving
HirabayashaiY, Mitsui H, et al. Survival of spleen colony-forming nuclear material, first responders will include members

units (CFU-S) of irradiated bone marrow cells in mice: evidence . .
for the existence of a radioresistant subfraction, p. 23, 1995, with of a HAZMAT team, local fire and police departments,

permission from The International Society for Experimental and individuals knowledgeable in radiological moni-
Hematology.>* toring from a state agency such as the State Depart-
ment of Environmental Protection. Their responsibili-
stem cells may play a role in the hematopoietic responises are to manage the consequences of the incident by
that is observed in individuals receiving cytoking1) limiting further damage, (2) protecting the public,
therapy after exposure to external radiation (see ng®) performing decontamination, and (4) disposing of
section). In addition, hematopoietic reconstitution masadioactive materiaf.*2For larger incidents, a national
occur from unirradiated (or relatively “under-irradi-system is available through the Department of Energy
ated”) areas of bone marrow that have been “shieldefi’e., the Radiological Assistance Program) in order to
from the source of radiation by physical materialgprovide additional expertise. During this phase of con-
heavy clothing, or other body tissues. sequence management, the lead federal agency is the
Dose-dependent effects on various organs ha¥ederal Emergency Management Ageticyhe lead
been identifiedTable 4 shows that the threshold ab-agency for handling the crisis (i.e. insuring that no fur-
sorbed dose for a “deterministic effect” on bone mather threat is present and managing the site using law
row (i.e., an effect wherein severity is determined bgnforcement measures) is the Federal Bureau of Inves-
dose) is lower than that for all organs, except for thigation>” Hospitals must develop radiation response
testes. In contrast to such deterministic effects, the catans that coordinate their efforts with those of local
cinogenic effects of radiation occur after a prolongeresponse teams.
and variable delay (or latency) after exposure. The lat- First responders and all other health care providers
ter “stochastic effects” represent outcomes for whiclmust use universal precautions (disposable gowns,
the probability of occurrence (rather than severity) is dedoves, masks, etc) for personal protection. Early man-
termined by dose; these effects do not have an apparagément in the field and the emergency room should
threshold dose. The mechanisms for deterministic and stoHow basic triage principlesrirst, life-threatening
chastic effects remain unknown. Recent studies showiirguries should be treated (even before assessing expo-
the impact of radiation on gene function may shed liglsure). It should be assumed that victims are contami-
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nated (i.e., by absorption of radiation through the skimal contamination should be addres¥ed.

after being physically covered by radioactive material After arrival in the emergency department, victims
or by ingestion or inhalation of radioactive material)should be classified based on whether or not they have
Victims should be stabilized and transported to a medieen contaminated, received a significant external ex-
cal facility. Second, injured victims should be treatedposure without contamination, and/or received physi-
by standard triage guidelines. Preliminary decontamial injury. The vast majority of individuals arriving in
nation (removal of clothing, washing of the victim, etcihe emergency department after an event involving an
should be performed before or during transport to RDD are likely to have insignificant or no exposure.
medical facility.Third, persons who are only externally Clinicians should be able to identify those victims whose
contaminated (without other injury) should be relocateeixposure is significant. When necessary (and if not al-
to an upwind site (other than the hospital) in order teeady performed), decontamination should be per-
decongest the hospital care system. Thereafter, assésaned after clinical assessment has been made. De-
ment and prevention of contamination, treatment gfending on the situation, a trauma surgeon, burn special-
minor injuries, and evaluation and treatment of inteiist, dermatologist, and/or neurologist may be consulted,

Table 5. Grading system for response of neurovascular, gastrointestinal and cutaneous systems.

Symptom Degree 1 Degree 2 Degree 3 Degree 4
Neurovascular System
Nausea mild moderate intense excruciating
Vomiting occasional, 1/day intermittent, 2-5/day persistent, 6-10/day refractory >10/day
Anorexia able to eat intake decreased minimal intake parenteral nutrition
Fatigue syndrome’ able to work impaired work assistance for ADLs no ADLs
Fever <38°C 38-40°C >40°C<24h >40°C>24h
Headache minimal moderate intense excruciating
Hypotension HR >100/BP >100/170 BP <100/70 BP < 90/60; transient BP < 80/?; persistent
Neurological deficits* barely detectable easily detectable prominent neurological life threatening, LOC
Cognitive deficits8 minor loss moderate loss major impairment complete impairment
Gastrointestinal System
Diarrhea
Frequency 2-3 stools/d 4-6 stools/d 7-9 stools/d > 10 stools/day
Consistency bulky loose loose watery
Bleeding occult intermittent persistent persistent with large
amount
Abdominal Cramps/Pain minimal moderate intense excruciating
Cutaneous System

Erythema*
Sensation/Itching
Swelling/Edema

minimal and transient
pruritus
present; asymptomatic

moderate, < 10% BSA
slight & intermittent pain
symptomatic; tension

marked; 10-40% BSA
moderate & persistent pain
secondary dysfunction

severe; > 40% BSA
severe & persistent pain
total dysfunction

Blistering rare, sterile fluid rare, hemorrhage bullae, sterile fluid bullae, hemorrhage
Desquamation absent patchy dry patchy moist confluent moist
Ulcer/Necrosis epidermal only dermal subcutaneous muscle/bone involvement

Hair loss
Onycholysis

thinning, not striking
absent

patchy, visible
partial

complete and reversible
partial

complete and irreversible
complete

T Fatigue: self-recognized state of overwhelming, sustained exhaustion and decreased capacity for physical and mental work that is not

relieved by rest.

T Neurological deficits: reflex status (including corneal reflexes), papilledema, ataxia and other motor signs/sensory signs.

§ Cognitive deficits: memory, reasoning and/or judgment.

* Cutaneous system: the extent of the skin area affected is decisive and should be documented for all skin changes.
ADLs: activities of daily living; LOC: loss of consciousness; BSA: body surface area.

Modified from TM Fliedner, | Friesecke and K Beyrer.13
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in addition to the hematologist. Information regarding levéamination is suspected, peripheral blood (for the same

of risk should be provided to medical caregivers by thests as ordered for an external exposure), urine, nasal
hospital radiation safety officer, radiologist, nuclear medsmears, spontaneous vomitus, and stools should be ob-
cine physician, and/or radiation oncologist. tained for radiological monitoring.

Historical information that should be documented Management decisions must be made for high-risk
in the medical record include the location of the incindividuals at a time when results of chromosome analy-
dent, duration of exposure, interval between exposuse for individual biodosimetry are not yet available.
and clinical evaluation, activity at the time of exposuréAs a guide to the clinician, one approach to the deci-
and occupation of the victim. Other information (suclsion-making process that was developed by the Medi-
as a general description of the accident, source of il Treatment Protocols (METREPOL) team, is to as-
diation, and numbers of individuals involved in the exsign a score based upon clinical and routine laboratory
posure) should be documented, if possible. findings?®® Integration of clinical information regard-

In general, the clinical signs and symptoms of ang the severity of signs and symptoms described in
radiation exposure are nonspecific (see discussidable 5 with changes in peripheral blood counts de-
above). The physical examination should focus on vscribed inTable 2 permits one to assess hazard in quan-
tal signs (fever, hypotension, orthostasis), skin exantitative terms. A “response category” is assigned to each
nation (erythema, blistering, edema, desquamationjictim, determined by the highest degree of severity in
neurological examination (ataxia, motor/sensory defany of the signs or symptorfisUsing this information
cits, papilledema), gastrointestinal examination (aland results of hematologic monitoring, victims can be
dominal tenderness) and hematologic examination (eitiaged to the (1) ambulatory setting, (2) routine care
chymoses and/or petechiae of mucous membranes anedical/surgical floor, (3) intensive care unit or (4)
skin). A schema has been developed to assess sevdriysplantation unit, as outlined figure 6.4
of changes in the clinical examination (Seble 5). Dose estimates provide an added level of certainty

Initial laboratory testing should include a CBCwith regard to prognosis, and impact on selection of
routine chemistry tests, and an extra sample of bloodtimerapy. In order to facilitate the integration of clinical,
a heparinized tube to be held for cytogenetics, if neaboratory, and dosimetric data, a radiation casualty
essary in the future. For victims in whom internal cormanagement software program (i.e., the Biological As-

sessment Tool) has been developed by
the Armed Forces Radiobiology Re-
search Institute and is available at the

II [ I3 J Cutaneous (C), Gastrointestinal (G), Web site www.afrri.usuhs.mif.Back-
- Neurov: lar (N} D . . .
| Y~ | | TR e ground information and advice on
I — - clinical management of radiation inci-
Moy | “""’"T“""" dents can be obtained at this Web site
Ilemstologiclz Degree () and at the Web S|te fOI’ REAC/TS
I I (www.orau.gov/reacts).
f C J‘ The psychosocial impact of an act
} Icv Icv of terrorism cannot be overemphasized.
® o ® Component + Comp Many victims will have some psycho-
Transfust Transfusi Transfusion | logical symptoms, ranging from insom-
'fr*,_;‘;{‘::' ® Growih nia and hypervigilenge to socia} with-
Therapy Therapy | drawal®*® Posttraumatic stress disorder
o Stem Cal may occur among victims, families,
B Transplantation* and friends. High-risk victims include
children, pregnant women, mothers of
young children and victims with a prior
Figure 6. General approach to triage and therapy of radiation incident victims . medical history of psychiatric disor-
A numerical degree of severity is assigned for the cutaneous, gastrointestinal, ders. The principle of therapy is to es-
neurovascular, and hematopoietic systems, as defined in Tables 4 and 5. The tablish trust through open communica-
highest degree in any system indicates the overall “response category” (i.e., 1,2, 3 .
or 4). *Victims with significant injury to a nonhematopoietic system are poor tion. A_‘pproaCheS to management of
candidates for transplantation. The presence of G4, C4, and/or N4 degree indicates behavioral and mental health problems
probable death. Supportive therapy alone is indicated (fluids, blood components, have been discusséd.

antibiotics, pain Rx, counseling). Modified from N. Dainiak.48
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I11. MANAGEMENT OF THE model using lymphocyte depletion kinetics as an ele-

HEMATOPOIETIC SYNDROME ment of biodosimetr§? Patients suffering from burhs
and traumd,common in nuclear detonations, may de-
Jamie K. Wasalenko, MD* velop lymphopenia as a result of these injuries. Addi-

tional perturbations include a great decline in T helper
The lymphohematopoietic elements are among the m@stls relative to other subsétswhich contributes to
highly replicated tissues in mammals and as such dhe profound immunosuppression that these patients
among the most radiosensitive. Irradiation of bon@ay experience.
marrow stem and progenitor cells results in exponen- The onset of cytopenias is variable and dose de-
tial deatht? While the hematopoietic syndrome (HS)oendent. Figure 7 shows that granulocytes may tran-
may be seen with significant partial-body or whole-bodgiently increase prior to falling in patients with <5 Gy
radiation exposures > 1 Gy, it is not usually clinicallyexposures.This transient increase prior to decline is
significant below this levelMitotically active hemato- termed an “abortive rise,” a finding that may be clini-
poietic progenitors are unable to divide after a wholeally helpful as it may indicate a more survivable ex-
body exposure > 2—-3 Gy, which results in a hemat@osure. Time to onset and duration of the nadir are vari-
logic crisis in the ensuing weekdhis results in lym- able. Indeed, the nadir may not occur for 3-4 wééks,
phopenia, bone marrow atrophy, pancytopenia, and particularly at low doses. The duration of neutropenia
attendant sequelae; infection, bleeding, and poor wounty be prolonged, requiring prolonged administration
healing, which contribute to its lethality. of hematopoietic growth factors, blood product support,

While most bone marrow progenitors are susce@nd antibiotics.
tible to dose-dependent decrements in viability, sub- Burns and combined injuries are expected to occur
populations of selectively radioresistant stem cells anifly 60%—70% of patients after an IND detonati®iThese
or accessory cells exist.These cells may play an im- injuries significantly complicate the management of pa-
portant role in recovery of hematopoiesis after expdients with the HS and significantly lower thB,, ., The
sure to doses as high as 6 Gy, albeit with a reduce@nverse is also true. Patients with burns and/or wounds
capacity for self-renewal. suffer from poor wound healing, bleeding, and infection

Inhomogeneity of dose is also a critical tenet whichecause of lymphohematopoietic suppression.
may contribute to future reconstitution of hematopoie- The management of patients with combined inju-
sis, if potentially life saving pockets of viable bongies is intense, and requires the help of physicians who
marrow are spared, and the dose to
other organs is not too great (i.e., <
10 Gy). This arises due to the un- 8,000
controlled nature of an exposure to
radiation that would occur due to an
IND detonation. The patient’s physi- _ emo
cal environment and proximity to the
source may afford partial shielding,
resulting in dose variability.

A predictable decline in lym-
phocytes is known to occur after ra-
diation exposure. Indeed, a 50% de- 200 (—
crease in absolute lymphocytes
within the first 24 hours, followed
by a second drop within 48 hours, Lol : P
characterizes a lethal injury for ion- 0 2 4 6789 1012 14 18 Mdi:.ll 24 26 28 30 32 34 36 3E 40
izing radiation. This predictability
has led to the development of a Figure 7. Leukocyte counts based on exposure dose in patients exposed to

radiation in Chernobyl. °

7,000

5,000

400 rad

leukocytes/mm

4,000

3,000 100-150 raul
500 rad
>500) rad
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Looo L

The abortive rise (transient increase before the fall) in leukocytes, which are primarily
composed of granulocytes, in doses < 500 rad (< 5 Gy). The onset of neutropenia may

* Walter Reed Army Medical Center, not occur for weeks especially with lower exposures and the duration of neutropenia
WD78: Hematology/Oncology Clinic, may be weeks.

6900 Georgia Avenue, NW, Washington Reprinted with permission from Vorobiev A. Acute radiation disease and biological
DC 20307 dosimetry. Stem Cells. 1997;15(suppl 2):269-274. AlphaMed Press 1066-5099.
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are experienced in the management of radiation toxicific response to opportunistic infection.

ity and prolonged aplasia. With significant casualties, Currently, no prospective, randomized trials have

supportive care measures will need to be prioritizeekamined the benefit of CSFs in humans exposed to
based on resources and the probability of a survivabtentherapeutic forms of radiation. G-CSF and GM-CSF

exposure (se€able 6). have been shown to hasten neutrophil recovery by ap-
proximately 3-6 days in humans after intensely myelo-
Cytokine Therapy toxic therapied® including bone marrow and stem cell

Currently, the only hematopoietic colony-stimulatingransplantatiod’® In fact, neutrophil recovery times
factors (CSFs) which have FDA marketing approval fasre similar for both early and delayed G-CSF post-
the management of treatment-associated neutropetr@nsplant®2tsuggesting no added benefit to earlier use.
are the recombinant forms of granulocyte macrophage- Both G-CSF and GM-CSF have been used in ra-
colony stimulating factor (GM-CSF), granulocyte-diation accident victims, and neutrophil recovery ap-
colony stimulating factor (G-CSF), and its pegylategheared to have been hastened in 25 of 28 cases in the
form (PEG-G-CSF or pegfilgrastim). None of theseegistry maintained by REAC/TS. In most cases, these
cytokines currently have marketing approval for thendividuals received both G-CSF and GM-CSF concur-
management of radiation-induced marrow aplasia. Thently for significant periods of time. However, there
rationale for the use of CSFs in this setting is derivedas considerable variation in the time of CSF adminis-
from 3 sources: their enhancement of neutrophil recotration (often delayed for weeks after the exposure) and
ery in oncology patients, their perceived benefit in m how CSFs were used. Some patients also received
small number of radiation-accident victims, and, moshterleukin-3. Based on these results, no definitive con-
importantly, the survival benefit observed in severallusions can be made.
carefully conducted, prospective trials in canines and A number of studies examining the role of G-CSF,
nonhuman primates exposed to radiation. GM-CSF, pegylated G-CSF, and a chimeric molecule
The value of CSFs in the treatment of radiationin an irradiated rhesus macaque’s m&féldemon-
induced marrow myelosuppression lies in their abilitgtrated significant neutrophil enhancement when these
to increase the survival, proliferation, amplification, andgents were employed on day 1 postexposure and con-
differentiation of granulocyte progenitors to producdinued for 14-21 consecutive days. Studies performed
neutrophils. Both cytokines can activate or prime neun irradiated rhesus macaques also suggested a benefit
trophils to enhanced function such as microbicidal a¢e early initiation of G-CSF or GM-CSF, similar to those
tivity, 1415 an important element in the host's nonspenoted in the canine studies. One study suggested no

Table 6. Treatment consensus guidance based on a threshold whole-body or significant partial body radiation exposure.

Proposed Range Proposed Range
Proposed Range for Antibiotics and for Referral for
for Cytokines (Gy)  Other Supporti  ve Care (Gy) SCT Consideration

SmallVolume of Casualties (Radiation Accident or RDD) = 100 Casualties

Healthy Individual, no other injuries 3-108 2-10* 7-10
4-10 if previous autograft stored or
syngeneic donor available

Multiple injuries or burns 2-68 2-6* N/A

Mass Casualty Scenario (IND) > 100 Casualties

Healthy Individual, no other injuries 3-7§ 2-7¥ 7-10 (if resources allow)
4-10 if previous autograft stored or
syngeneic donor available

Multiple injuries or burns 2-6¥ 2-6¥ N/A

* Prophylactic antibiotics to include a fluroquinolone, acyclovir, and fluconazole when ANC < 500 and continued until neutrophil recovery.
Follow Infectious Diseases Society of America (IDSA) guidelines for febrile neutropenia if fever develops while on prophylaxis.13

8 Would consider initiating at 2 Gy in non-adolescent children and the elderly. Recommend initiation of granulocyte colony-stimulating
factor (G-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF) in those patients who develop an ANC < 500 and not
already receiving a colony stimulating factor.

¥ |f resources are available.
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diminished efficacy in a del&y,the other suggested a5 (40%) respectively. Treatment with either G-CSF or
lessened therapeutic effect relative to the respecti®F (n = 5 each) could not stimulate hematopoietic
early treatment cohorts. Neutrophil recovery parameterascovery in dogs exposed to 6 Gy irradiation.
were also diminished in the delayed treatment cohort. Treatment with the cytokines G-CSF, GM-CSF, or
While enhanced neutrophil recovery in irradiated anSCF plus supportive care, over the radiation dose range
mals provided the proof of principle for use in humansyoted above allowed determination of the hematopoi-
an important survival advantage was seen in nonhetic CSFs impact on the L) value. CSF treatment
man primates and canirié¥ given CSF that occurred administered within 24 hours post exposure increased
in addition to that observed with supportive care alonéhe LD, ., to 5.1 Gy representing dose modification
especially if given early (< 24 hours after exposéte).factors of 2 and 1.5 (unpublished data) over the respec-
The time interval required before the survival advartive 2.6 Gy LQ) ., of unsupported canines and 3.38 Gy
tage is lost is unknown, but it suggests that CSF shoul®_, for the supportive care cohorts.
be initiated as early as possible in those exposed to a These data collectively demonstrate that CSFs may
survivable whole-body dose of radiation who are at rishot only ameliorate radiation-induced neutropenia but may
of the hematopoietic syndrome (> 3 but < 10 Gy) analso shorten the duration of neutropenia, resulting in a
in any patient who becomes neutropenic, defined as survival advantage, especially if employed early. These
absolute neutrophil count (ANC) < 500, and who is natata justify the treatment recommendations presented in
already on a CSF. Table 7. Finally, victims at extremes of age (children <
Schuening et & and Nash et # used a compa- 12 years of age and the elderly) may be more susceptible
rable irradiated canine model to investigate the tredb irradiation and have a lower LD ' These groups
ment efficacy of G-CSF, GM-CSF, and stem cell factanay benefit from CSF administration at a lower dose
(SCF) on lethality and hematopoietic recovery after ottthreshold, 2 Gy.
erwise lethal TBI doses of 4, 5, or 6 &y In the 4 Gy
TBI cohorts, 1 of 28 (3.6%) control animals survivedupportive Care
with supportive care alone. Of the 7 dogs receiving Geuccessful administration of supportive care in the
CSF (0-21 days post exposure), 5 (71%) survived witifontransplant scenario is dependent upon 3 conditions:
complete hematopoietic recovéha significantly bet- (1) radiation-induced damage to stem and progenitor
ter survival than that noted with administration of GMc¢ells being reversible, (2) a surviving fraction of stem
CSF, in which only 1 of 10 survivé8. SCF was also cells being capable of spontaneous regeneration, and
administered in this study and resulted in 5 of 10 (50%3) the other (nonhematopietic) injuries being surviv-
surviving animalg’ Increasing the dose to 5 Gy (100%able. Hematopoietic regeneration must result in the pro-
lethal) and G-CSF treatment resulted in the survival @fuction of functionally normal neutrophils and plate-
3 of 10 (30%) animals whereas treatment with SCIets within the critical, clinically manageable period or
alone or in combination with G-CSF resulted in hematdhe patient will not survive.
poietic recovery and survival in 2 of 7 (28.6%) and 2 of  Supportive care is essential, and includes the admin-

Table 7. Recommended doses of growth factors.

Cytokine Adults Pediatrics Pregnancyt Precautions
G-CSF or 5 po/kg per day as a SC 5 po/kg per day as a SC Class C Sickle cell hemoglobinopathies,
Filgrastim injection started as early as injection started as early as signifcant coronary artery
possible and continued possible and continued disease, ARDS. Consider
until ANC >1,000 until ANC >1,000 discontinuation if pulmonary

infiltrates develop at neutrophil
recovery and assess for DAH.

Pegylated G-CSFor Give 6 mg SC x 1 dose For adolescents > 45 kg: Class C
Pedfilgrastim Give 6 mg SC x 1 dose
GM-CSF or
Sargramostim 250 pg/m? per day started 250 pg/m? per day started Class C
as early as possible and as early as possible and
continued until ANC continued until ANC
>1,000 >1,000

Abbreviations: absolute neutrophil count (ANC), subcutaneous (SC), acute respiratory distress syndrome (ARDS), diffuse alveolar
hemorrhage (DAH).

TAny pregnant patient with radiation exposure should be evaluated by a health physicist to have the fetal exposure assessed.

484 American Society of Hematology

20z aunr g0 uo 3senb Aq ypd-eget €21/22LE 1L LLIELYILIE00Z/APA-BIE/ABOjOjeWBYARU suOKedlqndyse//:diY Wwoly pepeojumoq



istration of cytokines, blood products, antibioticssion resulting from declining lymphohematopoietic el-
antiemetics, antidiarrheals, fluid, and electrolytes and togments. In nonneutropenic patients, antibiotics should
cal burn creams. In addition, management of combinég directed toward the foci of infection and the most
injuries is of paramount importance. The focus of the folikely pathogens. For those who experience significant
lowing recommendations is the management of the H&eutropenia (ANC < 500/uL ) broad spectrum prophy-
Experimental work performed more than 2 decaddactic antimicrobials should be employed as the neu-
ago demonstrated the efficacy of supportive care. Thi®penic duration is likely to be prolonged. Prophylaxis
included the use of systemic antibiotics against Grarshould include a fluroquinolone (FQs) with streptococ-
negative bacteria and fresh, irradiated, platelet transfcal coverage (with penicillin or amoxicillin if not in-
sions3%-*2Several studies indicated that antibiotics giveherently covered by the FQ), as an antiviral agent if the
alone or in combination were somewhat effective ipatient is herpes simplex virus (HSV) positive, and an
reducing mortality of irradiated dogs in the LD antifungal agent.
range3®-3 Controlling infection during the critical neu- Studies in irradiated mice have demonstrated that
tropenic and thrombocytopenic phases is the limitintpe gut flora also undergoes a dose-related reduction in
factor in successful treatmettMacVittie et at* ex- numbers within the first 4 days post-radiatié®.This
tended the evaluation of supportive care studies in irrs-followed by a relative increase of Enterobacteriaceae
diated dogs over a complete hematopoietic syndrommempared to anaerobic bacteria by the 12th day. Fatal
dose range, thereby determining the shift in ] Ddue bacteremia may then result from the bacterial translo-
to supportive care. The L), value increased signifi- cation of these organisms. The use of quinolones was
cantly from 2.59 Gy to approximately 3.37 Gy, meaeffective in controlling systemic endogenous Gram-
sured as midline tissue dose with supportive care alomegative infections after radiatié#®* Supplementation
Similar studies, showing an increase in the |.D with penicillin prevented treatment failures due to Strep-
threshold, have also been reported for non-human prdcocci and increased survival in animals. A similar
mate§>2%26:353s5 compared to historic studies of thédenefit has also been observed in cancer patients suf-
LD, Without supportive car&:* fering treatment related neutropeffiQuinolones given
Blood products support is required for patients witlfior 21 days were also effective at preventing endog-
severe bone marrow damage resulting from radiatioenousKlebsiella and Pseudomonas infections®:5354
induced aplasia. Fortunately, this complication does n@thile controversy exists over FQ prophylaxis, FQs have
typically occur before 2-4 weeks, during which timebeen explored extensively for prophylaxis in high-risk
blood donors may be rapidly identified. All cellularneutropenic patients and have demonstrated a reduc-
products should be leukoreduced and irradiated (25 Gyon in the incidence of bacteremic episo&fes fur-
to prevent transfusion-associated graft-versus-host diker serving as the basis for our recommendation.
ease (TA-GVHD), a life threatening form of acute graft- HSV serological status should be determined if
versus-host disease (aGVHD). The intense immumesources allow, and empiric therapy should be em-
suppression that some of these patients may suffer wilbyed, using acyclovir or one of its congeners in those
prevent clearance of these alloreactive passenger lywho are serologically positive for types | or Il HSV.
phocytes, which are acquired during a transfusion. THXuring intense periods of immunosuppression, these
may lead to proliferation in the recipient with ensuingpatients are at high risk for HSV reactivation, which
lethal aGVHD. This latter process may be difficult tanay be confused with radiation stomatitis and may com-
distinguish from other organ toxicities seen in radigplicate its management. While patients undergoing lo-
tion victims (i.e., fever, pancytopenia, skin rash diaral head and neck therapy did not show a significant
rhea, and hyperbilirubinemia and other liver functiomisk of HSV reactivatior? patients receiving immuno-
test abnormalities. suppressive therapies such as bone marrow transplant
Leukoreduction is known to lessen febrile nonhave a high incidence of reactivatimyhich can mimic
hemolytic reactions and the immunosuppressive effeats add to the severity of mucosal injury. If serologies
of blood transfusioff*°Moreover, leukoreduction affords are not known, then it would be reasonable to offer HSV
some protection against platelet alloimmunization and prprophylaxis based on any previous history of oral or
tection against acquiring cytomegalovirus infectitins. genital herpes infections. Additionally, any patient not
Life-saving products should not be withheld but shoulceceiving prophylaxis and suffering from severe mu-
be leukoreduced and irradiated whenever possible. cositis, especially if unusually severe or prolonged,
Susceptibility to local and systemic infection afteshould be assessed for possible HSV reactivation.
radiation arises as a result of (1) breeches in the integu- Fluconazole has been shown to lessen invasive fun-
ment and mucosal barriers and (2) immune suppregal infections and mortality in patients undergoing al-
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Table 8. Threshold thyroid radioactive exposures and recommended doses of Kl for different risk groups.

Predicted
Thyroid # of # of
Exposure (cGy) KlDose (mg) 130-mgTab lets 65-mg Tablets

Adults over 40 yrs >500 130 1 2
Adults over 18 through 40 yrs >10 130 1 2
Pregnant or lactating women >5 130 1 2
Adolescents (over 12 through 18 yrs)* 25 65 1/2 1
Children over 3 through 12 yrs 25 65 1/2 1
Children over 1 month through 3 years 25 32 1/4 1/2
Birth through 1 month 25 16 1/8 1/4

logeneic bone marrow transplérit at a dose of 400 fords protection when radioisotopes of iodine are com-
mg po daily. Data in patients receiving conventionglonents of the exposure. Dosing guidance is summa-
forms of severely myelotoxic chemotherapy also havézed in Table 8 and is also available online at:
demonstrated benefitalthough conflicting results ex- www.bt.cdc.gov/radiation/ki.asp. Oral administration of
ist478 Fluconazole prophylaxis is ineffective againsKl should occur as soon as possible after exposure
aspergillus, moldsCandida krusei, and resistan€an-  (within 6 hours). Caution should be taken with those
dida species. individuals who are allergic to iodine because severe
These antimicrobials should continue until the pareactions have been reported. Kl should be dosed daily,
tient fails them, i.e., experiences a neutropenic fever ontil the exposure risk no longer exists. Thyroid pro-
experiences neutrophil recovery (ANC > 500/pL). Anyection for pregnant women exposed to radioiodine is
foci of infection that developed during the neutropenicrucial. In the first trimester with a near field exposure,
period will require a full course of therapy. In patientstable iodine will protect the mother. Pregnant women
who experience first fever, traditionally the FQ ign the far field may be able to avoid contaminated foods
stopped and therapy directed at Gram-negative bactsd milk. The fetal thyroid normally does not begin to
ria (in particular,Pseudomonas aeruginosa) as infec- function until around the ¥2week of gestation, al-
tions of this type may be rapidly lethal. Therapy of pathough it is iodine-avid once it has developed. Thus,
tients with neutropenia and infection should be guideggregnant women in the second and third trimesters
by the recommendations of the Infectious Diseasatould receive Kl in both near and far field exposures
Society of America (IDSAY and should take into con- to protect the maternal and fetal thyroids.
sideration other foci of infection such as mucosal or
integument injury. V. RoLE OF TRANSPLANTATION IN VICTIMS
wITH BoNE M ARROW FAILURE
Potassum lodide
Owing to their short half-lives, radionuclides are unlikely James O. Armitage, MD*
to be components of an RDD or “dirty bomb.” Therefore,
iodine prophylaxis is not indicated. Nevertheless, for adistorical Perspective
incident involving a nuclear power plant or an IND, it isThe intravenous infusion of hematopoietic stem cells
probable that radioiodines will be released. Early prgHSCs) in an attempt to rescue patients with bone mar-
phylaxis is indicated in the latter situation. row failure was reported in 1939 in a patient who re-
The thyroid is a radiosensitive organ at risk. Expaeeived 18 mls of intravenous marrow from his brother
sure to radioiodine can result in thyroid cancer, a deo treat aplastic anemian the 1950s, the scientific
layed consequence, which may be more aggressive thgiis for this treatment was developed by demonstrat-
de novo forms? Exposure could begin immediately ifing that rodents could be protected against lethal he-
the released plume is near ground level. The main routeatopoietic injury by intravenous infusion of bone
of radioiodine exposure is inhalation in those in the neasarrow cells: The discovery of transplantation anti-
field and via ingestion of contaminated food and drinkens (i.e., the HLA system in humans) laid the ground
(particularly milk) for those farther away (far field).
Exposure via the latter route could last longer, COVEr&niversity of Nebraska Medical Center, Dean's Office,

larger area, and affect a larger population. School of Medicine, 976545 Nebraska Medical Center,
Thyroid blocking with potassium iodide (KI) af- Omaha NE 68198
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work for the difficult and time-consuming clinical tri- injury to organs other than bone marrow. Thus, there is
als that have made hematopoietic stem cell transplamt a large “window” of opportunity for hematopoietic
tation a widely utilized treatment approach. The abilitgtem cell transplantation to be utilized. All of this is
to freeze and thaw hematopoietic stem cells has leddomplicated by the difficulty in accurately determin-
the use of autologous hematopoietic stem cell tranisig the patient’s dose of radiation—a factor that is dealt
plantation (SCT) to support intensive therapy of a nunwith elsewhere in this manuscript.

ber of malignancies. Allogeneic hematopoietic SCT,

syngeneic hematopoietic SCT (i.e., with an identicalase Selection

twin donor), and autologous hematopoietic SCT hawe variety of scenarios would be possible in which a
all been used to reestablish hematopoiesis in patiep@tient might benefit from hematopoietic stem cell
who received otherwise lethal doses of therapeutic ttransplantation after accidental or intentional radiation

tal body irradiation. exposure. The most favorable situation would be a pa-
tient who had autologous HSCs stored for some other
Barriersto Transplantation reason. While a few patients might have HSCs stored

Given this background, it would seem obvious that hdéer military purposes, this would be unusual. However,
matopoietic stem cell transplantation might be utilizeth an attack in a large city, it is possible that some pa-
to treat patients with severe bone marrow injury frortients in whom autologous hematopoietic SCT as a treat-
accidental or intentional (e.g., a terrorist attack) radiament for cancer had been considered would have cells
tion overdose. However, the use of hematopoietic SGlored. It is also possible that patients with identical twins
in these patients is complicated by a variety of factormiight be the victim of such an attack. In either circum-
Radiation exposure is often not homogeneous. For estance, if logistics made it possible, it would seem wise to
ample, patients might have bone marrow ablative dosles liberal in the use of hematopoietic SCT to treat these
of radiation to parts of their body, but other marrowpatients and to err on the side of overutilization, since
containing structures might be minimally or not irradicomplications of either autologous or syngeneic hemato-
ated. This can come about because the patient was gunietic SCT in this setting should be minimal.
tially shielded by an automobile, desk, wall, etc. Con- It is unlikely that patients would be the victims of
comitant injuries such as burns or trauma can greathgcidental or intentional radiation overexposure and
complicate the care of patients who also have bohkaow that they have an HLA matched sibling. It is even
marrow failure induced by radiation. In a compilatiormore unlikely that a patient would have had a search
of 58 patients who had potentially lethal radiation expreviously done for a matched unrelated donor. The
posure, the major causes of deaths were burns (55%bjlity to carry out either of these activities after a ra-
hemorrhage (41%), infection (15%), and acute respirdiation event depends upon the size of the explosion
tory distress syndrome (15%). In many patients, more thand the number of patients injured. However, it is pos-
one major factor contributing to death was identifiedsible that HLA typing of siblings or an accelerated
Obviously, in many of these patients hematopoietic SCSearch for an unrelated donor might be accomplished.
would not have repaired the injury that led to death. Particularly in children, the use of haplotype-matched
Finally, a major terrorist event with the explosiordonors might be considered. Unfortunately, available
of a nuclear device leading to mass casualties woulta to treat radiation injury with hematopoietic stem
also destroy the infrastructure necessary for the careadfl transplantation are not encouraging. In 29 patients
these patients. The likelihood of identifying patientsvho underwent hematopoietic SCT after accidental
who might benefit from transplantation, conductingadiation overdose, the median survival was only 33
typing, and providing the sophisticated care for a sudays® All 29 patients had some evidence of engraft-
cessful transplant seems slim. ment (i.e., 10%—-100% of bone marrow cells being re-
Another major problem of the use of hematopoieipient type) 14 days after the transplant, but in none of
etic SCT to treat victims of accidental or intentionathe surviving patients was there permanent engraftment.
radiation exposure is to accurately diagnose those piree patients survived for more than 1 year (2 with
tients who might benefit. Doses below 3 Gy of uniforninfusion of bone marrow stem cells and 1 with fetal
total body exposure would usually not be fatal withiver cells) but in none was there permanent engraft-
excellent nursing care. The upper dose limit that canent. It is impossible to determine whether or not these
be survived without hematopoietic SCT might be in thpatients’ survival was related to the transplant. Unfor-
range of 7-8 Gy with prompt use of hematopoietitunately, in 7 of the 29 patients (24%) graft-versus-host
growth factors and aggressive supportive care. Dosgisease (GVHD) was felt to be a major contributing
in excess of 10 Gy are likely to be fatal because chuse of death.
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Summary Therapy for Immune Reconstitution
At the present time, it is difficult to be optimistic abouimmune suppression as profound cytotoxicity to the T-
the contribution of hematopoietic SCT to treat patientsell compartment, will be a common problem conse-
of accidental or intentional radiation overdose. Thguent to high dose, total-body irradiation, similar to that
chance of identifying patients with lethal marrow in-noted with multiple cycle chemotherapy and myeloab-
jury but no lethal injury to other organs and lackingative conditioning for stem cell transplant. Potential
severe burns or trauma, and with the medical infrastrusew therapies include IL-7, KGF, and FL.
ture intact, seems poor. However, in the few patients
who might have autologous or syngeneic HSCs avallk-7
able, this treatment may be lifesaving in patients whetke-7 is produced by a subset of thymic epithelial stro-
a significant (e.g., perhaps 4 Gy or more) exposure ngal cells (TEC) and bone marrow cells and is a stimu-
felt to have occurred and might be utilized in patientsis for proliferation, survival, and differentiation of
in whom much higher doses than would be usually surnmature thymocytes!®!IL-7 administration in-
vivable are estimated but where there is some uncereased the rate of T-cell immune reconstitution in
tainty. The use of matched sibling or unrelated allogeaurine models of autologous bone marrow transplant
neic hematopoietic SCT in this setting will only occaas well as chemotherapy or radiation-induced myelo
sionally be an appropriate treatment. and immune suppressiéht® Studies performed more
than a decade ago demonstrated the therapeutic poten-
V. NEw DIReCTIONS IN GROWTH FACTOR THERAPY tial of IL-7 administered to mice with chemotherapy or
radiation-induced lymphopent&!®2° Sublethally irra-
Thomas J. Mac\ittie, PhD,* and Ann M. Farese, MS  diated mice treated with IL-7 showed accelerated lym-
phocyte recovery as well as increased white cell recov-
Therapy for Lymphopenia and Immunosuppression  ery in peripheral blood and spleen. IL-7 treatment of
Both early-term and long-term myeloid reconstitutionmice irradiated at higher doses resulted in preferential
are dependent upon the administration of G-CSF, GMxpansion of CD8T cells and more rapid normaliza-
CSF, or pegylated G-CSF as soon as possible poton of the CD4/CD8 ratio. Morrisey et al noted an ac-
radiation exposure. Nevertheless, the effect of suppoeelerated regeneration of CD4 and CD8 T cells with
ive care and CSF therapy on long-term immune recol--7 administration in both spleen and lymph nodes of
stitution is unknown in the context of severely irradicyclophosphamide-induced lymphopenic mniice.
ated animals. There is, however, a substantial clinical Bolotin et al showed that relative to controls, bone
database showing that the multicycle, myelosuppressiigarrow—transplanted mice treated with IL-7 had more
chemotherapy or myeloablative conditioning prior taapid normalization of thymic cellularity, normal pro-
stem cell transplant may have deleterious effects gortions of thymic cellular subsets, peripheral €D4
immune recovery? To date, there is no effective treat-cells, and improved antigen-specific T and B cell func-
ment for the prolonged T cell deficiencies associatéibn.!” Abdul-Hai et al noted that IL-7 treatment in-
with cytotoxic therapy. The significant delay in regenereased thymic cellularity 12-fold after syngeneic
eration of CD4T cells, marked imbalance in the CD4/BMT.** More recently Mackall and colleagd&ex-
CDa8 ratio, and a limited T-cell receptor repertoire leaviended these studies to show that IL-7 administration
the patient at risk for infectious complications. Newexerts its beneficial effect on immune reconstitution via
therapeutic strategies are required in order to promdtereased thymopoiesis and a direct increase in the
the naive, thymic-dependent T-cell regeneration thatfisagnitude of antigen-driven peripheral T-cell expan-
essential for long-term immune reconstitution. Severalon. Thus, treatment with IL-7 enhances thymopoiesis
cytokines including IL-2, -4, -7, -17, c-kit ligand (KL), following chemotherapy or myeloablative conditioning
flt-3 (FL), thymic stromal lymphopoietin (TSLP), andfor BMT as well as antigen-driven, peripheral T-cell ex-
keratinocyte growth factor (KGF) are associated withansion in T-cell depleted or thymic-deficient hést&2
T-cell differentiation, proliferation, and enhanced A cautionary note should be applied considering
thymopoiesis and functional recovery of peripheral The use of IL-7 therapy in the context of GVHD fol-
cells#® Of these, IL-7, TSLP, FL, and KGF are potenlowing allogeneic SCT. Pharmacologic doses of IL-7
tial therapeutic agents for enhancing recovery ogfiay have potent effects on mature T c8lf$IL-7 treat-
thymopoiesis and immune reconstitution. ment may induce peripheral T-cell expansion and ef-
fectively enhance the response of mature T cells to al-

* Greenbaum Cancer Center, University of Maryland, 655 wloantigen. These consequences may _We” predict en-
Baltimore Street, BRB 7-039, Baltimore MD 21201 hancement of GVHD and graft rejection. Mackall's
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group? utilized a murine model of parent stem cellvival.’*#282°Mice that are lacking either FGF10 or the
into F1 progeny to study the effect of IL-7 on immuné&GFR2 splice variant have significant defects in
reconstitution and GVHD following allogeneic bonethymopoiesis, hypoplastic thymic tissue and impaired
marrow transplantation (alloBMT). In this model, adthymic epithelial cell developmefft**The rationale for
ministration of IL-7 lowered the threshold dose of Tuse of KGF is further enhanced by the fact that IL-7 is
cells required to induce clinical signs of GVHD as welproduced by a subset of TECs and IL-7 is required for
as lethal GVHD. IL-7 administration was associatedormal thymopoiesi&* 2’ The literature documents
with a greater degree of inflammation and tissue darthe treatment efficacy of KGF in various murine mod-
age at all T-cell doses employed. It was observed hoets of bone marrow transplant in which KGF is admin-
ever, that in a setting of alloBMT in T cell-depletedstered prior to BMT. However, there are no published
hosts, IL-7 therapy enhanced thymic function althougteports of KGF administered therapeutically in models
not to the degree noted with treatment of syngeneid radiation- or chemotherapy-induced myelo- and im-
BMT recipients. This study stands in contrast to thahune-suppression.
reported by Alpdogan etZalin which posttransplant KGF has been shown to protect epithelial cells from
administration of IL-7 to recipients of alloBMT en-chemotherapy or radiation-induced injd¥* Subse-
hanced lymphoid reconstitution without aggravatinguent studies demonstrated that pretreatment of mice
GVHD. It was noted that the alloreactive donor-derivediith KGF ameliorated GvHD and manifestations of
T cells from the alloBMT recipients expressed little ILidiopathic pneumonia following intensive chemo-
7R. Resolution of these disparate results will requirtaerapy-induced conditioning and alloBN#* Pre-
further examination of the respective variations in IL-Treatment with KGF reduced GVHD-induced weight
dose and time and duration of IL-7 administration. loss as well as lesions in the skin and lungs of the long-
In summary, the preclinical database, primarily in rakerm survivors resulting in significantly reduced mor-
dent models of myelosuppression or BMT with myeloatbidity and mortality?? Blazar’s group extended these
lative conditioning, suggests a potentially effective rolearly studies and further demonstrated that KGF re-
for IL-7 therapy for reconstituting the immune system afluced GVHD, by mechanisms independent of repair
severely irradiated personnel. Two recent studies in naok the conditioning-induced injufy. Murine GVHD
human primate models underscore this potential. Fry anduld be ameliorated in the absence of conditioning in
colleagues demonstrated significant increases in peri@€ID recipients of allo T cells. KGF could be adminis-
eral blood CD4 and CD8 T cells after IL-7 treatment afered prior to (3-day course) or after (7-day course) T
moderately CD4-depleted SIV-infected rhesus macaquesll transfer with no difference in survival although the
and suggested that a major component of its effect is gsttreatment schedule promoted higher body weights.
ripheral homeostatic expansion of mature é&itorek Blazar and Weinberg extended these studies by deter-
et al showed that IL-7 administration after autologousiining the ability of KGF pretreatment to enhance im-
BMT in baboons stimulated a significant expansion ahune reconstitution via its restorative/protective effect

peripheral blood CD4 T celfs. on TECs and consequent production of intrathymic IL-
7.2 In this report, the KGF-treated BMT recipients
KGF showed enhanced thymopoiesis and increased numbers

The efficient, de novo, thymic-dependent productionf functional peripheral T cells. Furthermore, KGF pre-
of naive T cells takes place within a stromal microertreatment increased thymopoietic capacity of mice af-
vironment composed of a complex network of epitheger congenic or alloBMT and after any of 5 different
lial cells and humoral factors. High-dose irradiation magonditioning regimens that differed in radiation dose
severely disrupt the structured milieu that is necessaoy cytotoxic therapy. Compared to PBS controls, KGF-
for reconstitution of the immune system and developreated groups had significantly increased thymic cel-
ment of a functional T-cell repertoire. Recently, sevtularity following radiation doses of 650, 1000, or 1400
eral groups have approached the problem of diminishe@®y. KGF treatment increased thymocytes measured
immune reconstitution through the use of KGF, to stimwat 28 days after BMT by 3-fold over contréis.
late recovery of the radiation or chemotherapy-dam- Of significant note is the fact that a brief course of
aged thymic epitheliurf:? KGF pretreatment sustained the rise in cellularity of
KGF, a member of the acidic fibroblast growth facthe thymus for at least 3 months after BMT. These dif-
tor (FGF-7) family, is produced by thymic epithelialferences in cellularity were due to an increase in do-
cells in both the cortical and medullary regions. KGFRor-derived thymocytes, not from survival of radiation-
(FGFR2IIIb) is expressed on TECs and in turn, TEQ®sistant host thymocytes. Increased production of TEC-
respond in vitro to KGF and support thymocyte sumderived intrathymic IL-7 was suggested as the mecha-
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nism of KGF-induced post-BMT immune reconstitu-cocktail significantly increased survival from 8.3% in
tion. The KGF-treated mice had an increased frequencgntrols to greater than 80% in the treated cohorts. The
of intrathymic cells expressing IL-7 transcripts. Min eawuthors noted, however, that long-term hematopoietic
al” substantiated this effect by analyzing the responsecovery was impaired while only 50% of the short-
to KGF treatment in IL-7- mice. They noted that the term survivors were alive 300 days after exposure and
thymuses of either PBS- or KGF-pretreated ttilice  treatment. These data suggest that early administration
were hypocellular and consisted of only 20% donoef anti-apoptotic cytokines provide an anti-apoptotic
derived thymocytes. This suggests that IL-7 producurvival effect on irradiated hematopoietic stem and
tion by TECs is required for the observed effects gfrogenitor cells assuring short-term reconstitution but
KGF on post-BMT thymopoiesis and immune reconlimited long-term reconstitution. The authors suggested
stitution. Although the utility of pretreatment with KGFthat supplemental treatment with selected cytokines or
would be reserved for emergency first responders prolonged administration of the cytokine cocktail may
the radiation accident scenario, its noted efficacy ibe required for long-term hematopoietic reconstitution.
BMT models and knowledge of its mechanism of addowever, the utility of this treatment protocol in the
tion suggest its significant potential as a therapeutic.radiation accident scenario is marginalized due to the

apparent requirement for 2, very early (2-hour and 24-
FL hour) injections of cytokines postirradiation.
The pleiotropic FL acts at very early stages of hemato- The early administration of survival promoting
poietic and lymphoid development and appears ess€bSFs is worth consideration but also raises questions
tial in the development of a murine stem cell subse¢garding the induced survival of genomically-damaged
toward lymphoid-restricted progenitors in vivo and irstem cells by diminishing the induction of the apoptotic
vitro.4%-38 Furthermore, FL, through its action on denpathway. The pivotal role of P53 in maintaining ge-
dritic cell expansion, may augment antigen-driven patomic integrity is reflected in the fact it is called the
ripheral T cell homeostasig® Fry et al, utilizing FL “guardian of the genomé®In response to radiation-
in rodent models of BMT in both thymectomized andnduced DNA damage and other types of stress, P53 is
euthymic recipients, suggested that FL is capable sfabilized, ensuring that cells carrying genomic dam-
enhancing both thymic-independent homeostasis aade are effectively eliminated. Activation of P53 gives
thymopoietic pathways for T cell restoratiBnAddi- rise to cell cycle arrest and apoptosis. The P53 gene is
tional studies using a class of engineered proteins calleighly expressed in radiation-sensitive tissues such as
progenipoietins emphasized the potential of combinghe hematopoietic system. Wlodarski ef alemon-
tion therapy?2 Progenipoietin, a chimeric composed oftrated the role of P53 in hematopoietic recovery after
both flt-3 and G-CSF receptor agonists, administerathemotherapy using P53 knockout and wild-type mice.
after high-dose myelosuppressive irradiation signifiFollowing 5-FU injection, a greater number of HSCs
cantly enhanced neutrophil recovery over that notesiith repopulating ability and clonogenic activity were
with FL or G-CSF monotherapy{930,1284|. The comrecovered in P55 mice than the P53 counterparts.
bined administration of FL and G-CSF was as effectivEhese results suggest that P53 suppression facilitates
in enhancing neutrophil recovery as progenipoietirhematopoietic recovery by delaying exhaustion of the
These data suggest that the combination of FL and one*$C pool, decreasing HSC sensitivity to apoptosis and
the granulocyte CSFs—G-CSF, GM-CSF, or peg-Genhancing the proliferative response to in situ CSFs.
CSF—would be effective in stimulating both neutrophilThe P53~ mice are also more resistant to higher doses
and immune recovery after severe, high-dose irradiationf. K-radiation than are the P53 wild ty{f¢®

Herodin and colleagues have compared the 4

Cytokine combination therapy for enhanced myeloid (SFT3) and 5 (SFT3 + SDF-1) GF component cock-
recovery and survival after high-dose irradiation tails to single injection of the component cytokines and
A recent study by Herodin and colleagues focused @mow increased efficacy of the cocktail relative to the
the use of a cocktail of early-acting cytokines to rescigingle CSF, suggesting additive or synergistic effécts.
mice irradiated with high-dose (90% lethal) total-bodyror instance, the combination was indeed greater in
K-radiation? The cytokine combinations consisted ofkffect, than TPO as a single injection. Previous investi-
those with demonstrated in vitro, anti-apoptotic activgations showed a single TPO administration within 2
ity such as FL (F), TPO (T), IL-3 (3), SCF (S), andchours or immediately after lethal exposure to mice sig-
SDF-1. Lethally irradiated mice were administered a dificantly improved survivai?®! Additional evidence
(SFT3) component or 5 component (SFT3 + SDF-Tpr the role of CSFs in modulation of P53 activity is
cocktail 2 hours and 24 hours after exposure. Eitherovided by Ritchie et &k This group showed that
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Table 9. Cytokine-based treatment for radiation-induced REFERENCES
myelo- and/or immune suppression.

I. Acute Radiation Syndrome

Available now: 1. Hall EJ. Radiobiology for the Radiologist. 5th ed. Philadel-
Granulocyte colony-stimulating factor (G-CSF) phia, PA: Lippincott, Williams & Wilkins; 2000.
Granulocyte-macrophage colony-stimulating factor (GM-CSF) 2. National Research Council, Committee on the Biological

effects of lonizing Radiation. Health Effects of Exposure to
Low Levels of lonizing Radiation, BEIR V. Washington, DC:
National Academy Press; 1990.

Future? 3. Chinsoo Cho L, Glatstein E. Radiation Injury. In: AS Fauci, E
Braunwald, KL Isselbacher, et al, eds. Harrison’s Principles of
Internal Medicine. New York, NY: McGraw-Hill; 1998:2559.

Pegylated G-CSF (Peg-G-CSF)

Single cytokine treatment

Interleukin-7 (IL-7) 4. Ricks RC. The radiation-accident patient in the new millen-
Keratinocyte growth factor (KGF) nium: past history and future threats. In: RC Ricks, ME
fit-3 (FL) Berger, FM O’Hara, eds. The Medical Bases for Radiation-
o Accident Preparedness: The Clinical Care of Victims. Boca
Thrombopoietin (TPO) Raton, FL: The Parthenon Publishing Group; 2002:1.

5. Fliedner TM, Cronkite EP, Bond VP, eds. Stem Cells.
1995;(suppl 1):13.
TPO upregulates the promoter conformation of P53 &) Fliedner TM, Feinendergen LE, Hopewell JW. Chronic
Mo7e cells that have a diminished ability to mediate irradiation: tolerance and failure in complex biological
cell cycle arrest and apoptosis. This effect coincided SYstems. Br J Radiol. 2002;(suppl 26) _

. . . . Fliedner TM, Meineke V, Dainiak N, Gourmelon P, Akashi M.
with the d_ownreg_ulatlon of Bax and Mdm2 protein lev- Radiation-Induced Multi-Organ Involvement and Failure: A
els. The invocation of the P53-Mdm2 autoregulatory challenge for Pathogenetic, Diagnostic and Therapeutic
loop acts to keep P53 in tight check and possibly termi- Approaches and Research. UIm, Germany, November 2003.
nate the apoptotic signal. British linsitutehmilRadiologli/. In press.I ) .

. . . . . Dainiak N, Schull WJ, Karkanitsa L, Aleinikova OA, eds.
_Thus’ in the case of antlgpoptotlc cytokines, th% Radiation injury and the Chernobyl catastrophe. Stem Cells.
radiation-damaged HSCs, stimulated by appropriate 1997;15(suppl 2):31.
cytokines, avoid apoptotic signals remain viable, re. Karaoglou A, Desmet G, Kelly GN, Menzel HG, eds. The

pair genomic damage and remain available for renewal Radiological Consequences of the Chernobyl Accident.
and differentiation Luxembourg: Office of the European Communities; 1996.

10. Lushbaugh CC. Human radiation tolerance. In: Parker J Jr, ed.

Bioastronautics Data Book. NASA-S-30006. Washington, DC:
Summary National Aeronotics and Space Administration; 1973:421.

Currently, there is only one treatment protocol for rall. Wald N. Radiation Injury. In: Wyngaarden JB, Smith LH Jr,

diation'induced neutl’openia in the accident Scenario. eds. Cecil Textbook of Medicine. Phlladelphla, PA: W.B.
Saunders; 1982:2228.

There are two components. The first is aggressive SUp: anno GH, Baum SJ, Withers HR, Young RW. Symptomatol-
portive care. Preclinical studies in canines and nonhu- ogy of acute radiation effects in humans after exposure to
man primates have documented the effect of support- doses of 0.5-30Gy. Health Phys. 1989;56:821.
ive care consisting of antibiotics, platelets or wholé3- Fliedner TM, Friesecke I, Beyrer K. Medical Management of
blood transfusions and fluids on survival after lethal Radiation Accidents: Manual on the Actte Radiation
. g Syndrome. British Inst Radiol. Oxford; 2001.
and supralethal doses of radiatféf. The second is 14. Gangloff H. Hippocampal spike activity following low doses
the administration of granulopoietic cytokines, G-CSF, of irradiation. In: Haley TJ, Snider RS, eds. Response of the
GM-CSF, or pegylated filgrastim as soon as possible Nervous System to lonizing Radiation. Boston, MA: Little
' . . ..~ Brown; 1964:221.

after the eXpOSfure' There is a substantial _prec_lmlc?t]u. Husebye E, Hauer-Jensen M, Kjorstad K, Skar V. Severe late
database showing the effect of these CSFs in stimulat- ragiation enteropathy is characterized by impaired motility of
ing granulopoiesis and survival after lethal doses of the proximal small intestine. Dig Dis Sci. 1994;39:2341.
radiation. If IL-11 or TPO are considered, the sam#8. Goans RE, Holloway EC, Berger ME, Ricks, RC. Early dose

. . . . :o: assessment in criticality accidents. Health Phys. 2001,81:446.
admlnlstrqtlon schedule applies. The available preclmjj_ Andrews GA, Auxier JA, Lushbaugh CC. The importance of
Cal_da_ta with reg_ard to IL-7, KGF, an_d FL suggests th?”’ dosimetry to the medical management of persons accidentally
utility in enhancing recovery of the immune system in exposed to high levels of radiation. In: Personnel Dosimetry
severely irradiated personnel. It is reasonable to con- for Radiation Accidents. Vienna, Austria: IAEA, Vienna;

; - ; ; ; ; 1965:3.
sider combination cytokine regimens given the Imeagl%. Andrews GA, Cloutier RJ. Accidental acute radiation injury.

dominance of the CSFs availablable 9). A combi- Arch Environ Health. 1965:10:498.

nation of either granulopoietic CSF with IL-7, KGF, 0r19. Albanese J, Dainiak N. lonizing radiation alters Fas ligand at
FL may prove valuable in enhancing both long-term the surface and as exfoliated plasma membrane-derived
hematopoietic and immune reconstitution. vesicles. Radiat Res. 2000;153:49.
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37.
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Stodtmeister R, Sandkuhler S, Fliedner TM. Uber die
pathogenese akuter knochenmarkatrophie bei ratten nach
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Haematologica. 1956;3:303.
Fliedner TM, Tibken B, Hofer EP, Paul W. Stem cell response
after radiation exposure: a key to the evaluation and predicticHL.
of its effects. Health Phys. 1996,70:787.
Rezvani M, Hopewell JW, Wilkinson J, Bray S, Charles M.
Time and dose-related changes in the thickness of skin in the
pig after irradiation with single doses 8fTm B-rays. Radiat
Res. 2000;153:104.
Peter RU. Cutaneous radiation syndrome—clinical and
therapeutic aspects. Rad Protect Bull. 1996;183:19 42.
Gusev |, Guskova AK, Mettler Fa Jr., eds. Medical Manage-
ment of Radiation Accidents, 2nd ed. Boca Raton, FL: CRC
Press; 2001. 43.
Rotblat J. Acute mortality in nuclear war. In: Soloman F,
Marston RQ, eds. The Medical Implications of Nuclear War. 44.
Washington, DC: Institute of Medicine, National Academy of
Sciences; 1986.
Mole RH. The Lg for uniform low LET irradiation in man.
Br J Radiol. 1984;57:355. 45.
Lushbaugh CC. Reflections on some recent progress in human
radiobiology. In: Augenstein LC, Mason R, Zelle M, eds.
Advances in Radiation Biology. New York, NY: Academic 46.
Press; 1969:277
Vriesendorp HM, Van Bekkum DW. Susceptibility to total-
body irradiation. In: Broerse JJ, MacVittie T, eds. Response to
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