Hematopoietic Recovery After 10-Gy Acute Total Body Radiation
By Alexandr E. Baranov, Giorgi D. Selidovkin, Anna Butturini, and Robert Peter Gale
able throughoutthe postexposure period, exceeding
0.5 X
1Og/L by day37. There was slower and incomplete recovery of red blood cells andplatelets. Increases in blood cell
production were paralleled bymorphologicchangesin
bone marrow biopsies. Gastrointestinal toxicitywas rnoderate. Death from a probable radiation pneumonitis infection occurred on day
130. These data indicate the possibility of hematopoietic recoveryafter approximately 10 Gy or
more acute total body radiation without a transplant. They
also suggestthat lung ratherthan gastrointestinal toxicity
may be dose-limiting under
these circumstances.
0 1994by The American Society
of Hematology.
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Nausea and emesis occurred within
3 minutes of exiting the facility and continued for about 6 hours. Diarrhea occurred about 13
minutes later and was associatedwithheadache,fatigue,fever
(38.5-C),tachycardia, hypotension, and abdominal pain.Two
hours postexposure, the white blood cell count (WBC) was 13.1 X
109/L(1 1.9 granulocytes;0.9 l lymphocytes)and the platelet count
was 180 X 109/L. Because the initial assessmentindicated exposure
to high-dose radiation, he was flownto a radiation emergency unit
in Moscow,amving within 15 hours of exposure. Additionaldetails
of the accident will bereported.
Dosimetry. Radiation dose and uniformity of distribution was
determined by physical measurements, computer simulation, and
biologic d~simetry.~.'
Paramagnetic resonance (PMR) analysis of samples of dental
enamel performed at laboratoriesin Russia and North America was
consistent with a dose of 14.0 0.7 C y (SEM). Twelve samplesof
clothing obtained from 8 sites on the chest, back,and sidesand from
the 4 extremitiesshowed a median dose of15 2 1.5 Cy. The highest
measurement were recorded from the left anterior chest ( 1 8 Cy)
and the lowest fromthe left posterior chest (12
Cy). Measurements
of cloth from all4 extremities exceeded10 Cy. Similar studies were
performed using 2 or more nail samples fromthe 4 extremities. All
of these measurementsexceeded IO Cy.
Computer accident simulations were consistent with a dose of
12.5 C y (95% confidence interval, 10 to 15 Cy).
Dose estimates were also made using dynamic biologic parameters?-' The dose estimate based on blood granulocyte kinetics
was 9
to 1 I Gy. Direct cytogenetic analysis cultured
of
blood lymphocytes
suggested a dose of 9.6 to 11.7 Cy. The pooled biologic dose esti9.9 Cy.' These data
mate based on previously published criteria was
are summarized in Table 1.
Hospital course and treatment. Admission physical exam was
unremarkable save for mild diffuse hyperemia
and parotid tenderness. The WBC was 12.6 X 109/L ( 1 1.9 granulocytes and 0.3 lymphocytes) and the platelet count was 225 X 109/L.The hemoglobin
level was 14.3 g/dL. Biochemical studies,
including creatinine, bilirubin, and hepatic transaminases, were normal. The amylase level
was 248 mg/h/L (normal, 16 to 30 mg/h/L).
Infection prophylaxis was begun with nortloxacin, trimethoprimsulfamethoxazole, ketoconazole, acyclovir, intravenous
1%and a l a m inar air flow protectedenvironment. Red bloodcells (=S)
and platelet transfusions (radiated with
25 Cy) were administeredto maintain a
hemoglobin level greater than 10 g/dL and a platelets count greater
than 20 X 109/L. Intravenous hyperalimentation
was begun.
Because considerable experimental and clinical data in animals
and humans suggest that at least some hematopoieticstem cellssurvive even very high doses of acute total body radiati~n?"~
we decided to use molecularly cloned hematopoietic growth factors to

EMATOPOIETIC CELLS are extremely sensitive to
damage by ionizing radiation^."^ The 50% lethal
dose (LD,,) to the bone marrow (BM) in humans is esticells
mated to be 3 t o 4 Cy. Damage to hematopoietic stem
after doses exceeding8 C y is usually considered irreversible
and hematopoietic recoverypossible only aftera bone marrow transplant. We presentdata indicating partial hematopoietic recovery after exposure to about
10-Gy or more
acute total body radiation in a radiation accident victim
treated with supportive measures, transfusions, and hematopoietic growth factors but
no transplant.
PATIENTANDMETHODS

Accident. A 34-year-oldmale operator of a 6oCoy-radiation
sterilization facility in Nieshvesh, Belarusentered the sterilization
area when the 6oCosource (specific activity, 8 X IO5 Ci) was exposed. He approached the source from an initial distance of 4 m,
walking directlyto a site about 0.5 m distant and facing it with his
left side slightly anterior. At this point he realized the source was
exposed and exited via the same route he entered. Total exposure
time was estimated at 1 to 2 minutes, with more than 90% of this
time spent approaching or departing from the source. The extremely wide field ofthe source (minimum 3 m at a distance of 0.5
m), distance from whichthe victim approached(4 m), and absence
of any shielding the
in room makeit certain that exposure was relatively uniformand involved the whole body.
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Considerable data suggest that very high doses of acute
total body radiation destroy most hematopoietic
stem cells
and that recoveryispossibleonly after a bone marrow
transplant. W e review data from a radiation accident victim exposed to about 10-Gy or more acute total body
radiation. Total dose and uniformity of distribution were
confirmed by physical measurements
(paramagneticresonance), computer simulation, and biologic dosimetry (granulocyte kinetics and cytogenetic abnormalities).
Treatment
consisted of supportive measures, transfusions, and hematopoietic growth factors (granulocyte-macrophagecolony-stimulatingfactorand interleukin-3. Hematopoietic
recovery
occurred
slowly.
Granulocytes
were detect-
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Table 1. Radiation Dosimetw
EstimatedDose
IGv)

95% Confidence

-

14.0 f 0.7
15.0 f 1.5
12.5

Cytogenetics

-

Pooled’

9.9

12.6-15.4
12.0-1 8.0
10.0-15.0
9.0-1 1 .o
9.6-1 1.7
8.6-1 1.2

Techniaue

Source

Interval (Gy)

~

PMR

Teeth
Clothes

Computer
Granulocytes
Biologic

~~

~~

-

~

Abbreviation: PMR, paramagneticresonance.
See Baranov et

DISCUSSION

These data indicate that partial hematologic recovery is
possible after exposure to acute total body radiation at a

RESULTS

Hematologic recovery. Sequentialhematologicstudies
are summarized in Fig I. The number of granulocytes fell
rapidly, decreasingto very low levels by day 7.The number
of granulocytesbegan to increase on d a y 23, reaching 0.5 X
109/Lon day 37 and 1.O X 109/L on day 60.
The number of platelets alsofell rapidly, decreasing
to less
than 20 X 109/Lon day I 1. Platelet transfusions were administered frequently thereafter until day 65, when they
were discontinued except as prophylaxisthefor
lung biopsy.
Although the number of platelets remainedbelow 20 x lo9/
L until day 1 13, there was noevidence of bleeding.
Reticulocytes were first detectedon day 34, reached 5 to
14 X IO9 on days 40 to 67, were undetectable on days 68to
80, and increased to 3 to 10 X lo9 on day 81 until death.
Hemoglobin levels are not indicated on Fig 1 since RBC
transfusions were administered to maintain the level at 13.0
g/dL or higher.

OAVS K l E R EXPOSURE

Fig 1. Hematologic course after radiation exposum. Bars indicate treatment with GM-CSF and IL-3 at doses of 250 rg/mz/d.
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accelerate bone marrow recovery. Granulocyte-macrophagec o b
ny-stimulating factor (GM-CSF; Sandoz Pharmaceuticals, Basel,
Switzerland)was administered at a dose of 250 pdm2/d from day3
to 6 and from day 16 to 39. Interleukin-3 (IL-3; Sandoz Pharmaceuticals)was administered at thesame dosefrom days 8 to 3 I . Both
were infusedin a volume of 250 mL over 2 hours.
Six days after exposure, the subject developed bloody diarrhea
with stool volumes ranging between
0.2 and 1.3 L per day (typically
0.5 L per day). Melena resolved &er1 week, but diarrhea persisted
until 50 days postexposure.The results of biochemical studies,including creatinine, bilirubin, and hepatic transaminases, remained
normal. The amylase level decreasedto normal by day 8.
A fever exceeding 3 8 . K developed 2 days postexposure concomitant with cutaneous activation of latent herpes simplex infection. Treatment was begun with azlocillinand cefaperazone. Lowdose amphotericin-B was started shortly thereafter because of
persisting fever. Onday 38, an X-ray showed focal lesionsin both
lungs. Bronchoscopy with alveolar lavage and transbronchial biopsy as well as percutaneous needle biopsy showed no bacterial,
fungal, or viral pathogenson culture or histologicexamination.
Radiation dermatitis developed on day 15. This affected all face
and body areas, but was greatest on the left side. It persisted until
day 70, when it gradually resolved.
Between days 75 and 100, the subject was afebrile, lung abnormalities were stable,and transfusion requirements decreased. Parenteral nutrition, antibiotics, and amphotericin were stopped.
On day 1 0 0 , the left lung lesions increasedin size. Anopen biopsy
showed areas of focal and diffuse fibrosisbut without evidence of
infection. On day 104, the subject developed acute respiratory distress syndrome, dying on day 1 13 of respiratory failure.

Repeated analysis of blood lymphocytes showed considerable interobserver variability.The major disparity was in
scoring lymphocytes, monocytes,and “monocytoid cells.”
In most instances,
levels of bloodcell were too low for automated analysis. Because of this, the levels of lymphocytes
and monocytes arenot presented in Fig 1.
Twelve bone marrow biopsies performed between days
1
and 16 showedcompleteaplasia.A
biopsy on day23
showed early recovery of granulopoiesis
and erythropoiesis.
A biopsy on day 62 showed increasesin both lineages and
small numbers of immature megakaryocytes. Samples obtained at autopsy showed about 30% cellularity,with abundant granulopoiesis and erythropoiesisbut few megakaryocytes.
Pathology. Biopsy and autopsyspecimens werereviewed bypathologists in Russia
and the United States who
were not informed of the details of the case other than that
the victim hadbeen exposedto radiation (type and circumstances unspecified).
Lung specimensshowed focaland diffuse areas of fibrosis
with markedly thickened alveolar septae, a mild lymphocyteinfiltrate, and increasedintraalveolarmacrophages.
There were no infiltrating granulocytes. Mild fibrinoid necrosis was detected in some blood vessels. One small focus
of Aspergillus sp infection was detected in the left lung and
a small focus of Staphylococcus epidermitis infection was
seen in the right lung. Some areas showed hyaline membranes. These findingswere interpreted as radiation pneumonitis with superimposed infection. The hyaline membranes were thought to be the result of periterminal
ventilatory support with highconcentration oxygen. Extensive studies for viral infection (especially cytomegalovirus
[CMV]), including lightand electron microscopy,immunofluorescence, and cultures, were negative.
A detailed analysisof other tissues will be published.
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this subject. The precise contribution of each, if any, to the
victim’s recovery is unknown because there were no untreated controls. Most radiation victims receive supportive
measures, including protected environments, prophyiactic
antibiotics, and transfusions.’5 Although several of these
modalities were shown to be effective in other settings of
bone marrowfailure, there areno randomized trials of their
efficacy in radiation accidents. Nevertheless, their favorable
risk:benefit ratio makes them attractive.
It can be argued that use ofhematopoietic growth factors
must have played a role in the victim’s recovery because
considerable data inanimal models indicate that recovery is
impossible after doses of more than 10 Gy. However, there
are problems with this interpretation. First, these models
typically use much lower dose rates. Although higher dose
rates are postulated to cause even greater bone marrow damage, this is unproven. Second, animals rarely if ever receive
supportive measures of comparable intensity to humans. Finally, we reported data indicating partial hematopoietic recovery in 3 victims of the Chernobyl accident not receiving
transplants or hematopoietic growth factors8 These considerations, and thelack ofcontrols, preclude knowing whether
treatment with hematopoietic growth factors increased the
likelihood or rate of hematopoietic recovery in our subject.
Nevertheless, their use in radiation accident victims also
seems to have a favorable risk:benefit ratio.
Considerable data suggest that gastrointestinal damage
should be extremely severe or even irreversible at this dose
and dose rate of acute total body r a d i a t i ~ n . “Although
~
the
victim had bloody diarrhea, it was ofonly moderateseverity
and resolved. This is similar to what we reported in persons
exposed to high-dose radiation at the Chernobyl accident.8
Furthermore, persons receiving 10 Gy or more acute total
body radiation as pretransplant conditioning (albeit at a
considerably lower dose rate) have only moderate gastrointestinal toxicity. These data suggest that estimates ofgastrointestinal toxicity of acute total bodyradiation based on animal models maynot readily apply to humans, perhaps
because it is never possible to achieve comparable levels of
supportive care in animals. Whether use of hematopoietic
growth factors in our subject favorably affected recovery
from gastrointestinal toxicity is unknown.
Our observation of at least partial bone marrow recovery
after about 10 Gy or more of acute total body radiation
raises the question of whether persons with cancer can receive more acute total body radiation than they currently
receive without needing a transplant. In considering this issue it is important torecall that our subject presumably had
anormalbone
marrow immediately before radiation
exposure. Consequently, his ability to recover might have
been better than that of persons with bone marrow infiltration with cancer cells or those previously treated with drugs
or radiations that damage hematopoietic stemcells. Finally,
data from this accident may revise estimates of mortality
after future radiation accidents and potential use of nuclear
weapons.
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dose of approximately 10 C y or more and at a very high
dose rate without a transplant.The dataalso suggest that the
dose-limiting toxicity of acute high-dose total body radiation may not be irreversible hematologic failure, as previously thought.
One concern in the interpretationof data from this case is
the accuracy of measurements of radiation dose and unjformity of distribution. It is impossible to know the precise
dose received by a radiation accidentvictim. Consequently,
we used several complementary approaches, including
physical measurements, computer simulation, and biologic
dosimetry, to estimate dose. There was reasonably good
agreement between these approaches: in no instance didwe
determine or estimate adose of less than 9 C y to any partof
the body. Considerable data suggest that the midline dose
may have been substantially higher, perhaps exceeding 12
Cy. We also found no evidence of shielding of any bone
marrow containing area. Thisis consistent with the physical
characteristics ofthe accident, including the wide fieldofthe
source and movement of the subject within the field.
Most data suggest that the subject had radiation-induced
lung damage. This is not surprising in view of the high dose
and dose rate of exposure. The role of bacterial, fungal, or
viral infections in thiscase is controversial. Although radiologic abnormalities were compatible with infection, this was
notdocumented by bronchoscopy or biopsy. Only one
small focus each of Aspergillus sp and Staphylococcus epidermilis were detected at autopsy. These could not have accounted for the diffuse radiographic changes cr pulmonary
failure associated with the subject’sdeath. Also, doses of amphotericin-B were insufficient to eradicate aspergillus in autopsy specimens if this hadcaused the earlier lung lesions. A
widespread but undetected bacterial infection as the cause
of the lung lesions and respiratory failure seems even less
likely. There was no evidence of viralinfection.
Radiation-induced lung damageis typically regarded as a
slowly progressive process, occurring months to years after
radiation exposure. However, this interval is more typical of
radiation pneumonitis developing after fractionated radiation therapy administered at dose rates generally less than
0.1 Gy/min. In contrast, our subject received an estimated
lung dose of 12 to 18 C y at a dose rate in 1 to 2 minutes.
Considerable data in animals indicate
that acute whole body
radiation administered under similar circumstances results
in acute lung damage.’” This morerapid course is also consistent with data from humans receiving acute high-dose total body radiation, some of whom develop “idiopathic”
(non-virus-related) interstitial pneumonia within 2 months
of radiation exposure.
One puzzling aspect of this case is the focal nature of the
fibrosis detected on X-ray and atautopsy. We have no satisfactory explanation for this. However, focal radiation damage is reported in some animal models of acute uniform
high-dose total body radiation exposure. There are also unpublished reports of similar findings in occasional radiation
accident victims.
The best therapy for persons accidently exposed to acute
doses of total body radiation exceeding approximately 10
Gy is unknown. We used several treatment modalities in

BARANOV ET AL

BONE MARROW RECOVERY AFTER RADIATION

599

8. Baranov A, Gale RP, Guskova A, Piatkin E, Selidovkin G,
Muravyova LI, Champlin RE, Danilova N, Yevseeva L, Petrosyan
L,Pushkareva S, Konchalovsky M, Gordeeva A, Protasova T,
Reisner Y, Mickey MR, Terasaki PI: Bone marrow
transplantation
following the Chernobyl nuclear accident. N Engl J Med 321:205,
1989
9. Lapidot T, Singer TS, Reisner Y:Transient engraftment of T
celldepleted allogeneic bone marrow in mice improves survival
rate following lethal irradiation. Bone Marrow Transplant 3: 157,
1988
10. Patchen ML, MacVittie TJ, Solberg BD, Souza LM: Therapeutic administration of recombinant human granulocyte colonystimulating factor
accelerates
hemopoietic regeneration and
enhances survival in a murine model of radiation-induced myelosuppression. Int J Cell Cloning 8: 107, 1990
I I . Monroy RL, Vriesendorp HM, MacVittie
TJ: Improved surREFERENCES
vival of dogs exposed
to fission neutron irradiation and transplanted
with DLA identical bone marrow. Bone Marrow
Transplant 2:375,
I . United Nations ScientificCommittee on the Effects of Atomic
1987
Radiation: Ionizing Radiation: Sourcesand Biologic Effects:Report
12. SchueningFG, Storb R, Goehle S, Graham TC, Appelbaum
to the General Assembly. New York, NY, United Nations, 1982
FR, Hackman R, Souza LM: Effect of recombinant human granu2. Medical Research Council'sCommittee on Effects of Ionizing
locyte colony-stimulatingfactor on hematopoiesis of normal dogs
Radiation: Lethality fromacute and protracted radiation exposure
and onhematopoietic recovery after otherwise lethaltotal body irin man. Int J Rad Biol46:209, 1984
radiation. Blood 7 4 1308, 1989
3. Mettler FA Jr, Moseley RD Jr: Medical effects of ionizingra13. MacVittie TJ, Monroy RL, Patchen ML, SouzaLM: Theradiation. Orlando, FL, Grune & Stratton, 1985
4. Elsert WC, Mendelsohn ML (eds): Biological Dosimetry. Ber- peutic use of recombinant human G-CSF (rhg-CSF) in a canine
model of sublethal and lethal whole-bodyirradiation. Int J Radiat
lin, Germany, Springer-Verlag, I984
Biol57:723, 1990
5. BiologicalDosimetry: ChromosomalAberration Analysisfor
14. Schattenberg A, De Witte T, Salden M, Vet J, Van Dijk B,
Dose Assessment. IAEA Tech Rep 260. Vienna, Austria, IAEA, 1986
6. Baranov AE: Dosage assessment and prognosis of peripheral
Smeets D, Hoogenhout J, Haanen C: Mixed hematopoieticchimeneutrophil count dynamics based on the hematological indices of
rism after allogeneic transplantation withlymphocytic-depleted
human gamma irradiation. Med Radio1 (Mosk) 26:
1 1, 198l
bone marrow is not associated with higher incidence of relapse.
7. Barabanova AV, Baranov AE, Guskova AK. AcuteRadiation
Blood 73: 1367,1989
Effects in Man. Moscow, Russia, National Committee on Radia15. Gale RP, Butturini A: Medical response to nuclear and radition Protection, l986
ation accidents.Occup Med 6 5 8 1, 1991
sible for analysis and management of this case. DrsFamarez Naeim
(UCLA) and Vladimir Zokovsky(Institute of Biophysics) reviewed
the pathologic specimens.Dr Angelica Stem of Sandoz Pharmaceuticals (Basel) suppliedthe GM-CSF and IL-3. Drugs weredonated
by Baxter Healthcare-Hyland Division (Barbara Chang), MerckSharp-Dome(Michelle Root), and Pfizer-Roerig (Linda ClarkFong). D n Henri Jammet (WHO Radiation Pathology Center,
Pans, France), Theodor Fliedner (Ulm University), and Elaine
Gluckman (Hospital St Louis, Paris, France) and their colleagues
provided helpfulcomments. Drs Anika Brandt and Jon van Rood
(University ofleiden) helped with HLA-typing.
Dr Gary Pass (Dalhouisie University)performed paramagnetic resonance analysisof
dental samples. Drs H.Rodney Withers and WilliamMcBride
(UCLA) provided helpful comments regarding radiation-related
lung damage.Dr James Collins (UCLA) kindly reviewed
the X-rays.

Downloaded from http://ashpublications.org/blood/article-pdf/83/2/596/612506/596.pdf by guest on 07 March 2021

