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The depletion of formed circulating blood elements following,
LMML
exposure to 1onizing radiation has been app:ec4atud—s4amnrthe'tnrn-qutBe
century. Furthermore, it has long been recognized that uniform whole-body
exposure is more effective than nonuniform exposure for the production of
these hematological changes. Currently, the University of Cincinnati has

a program for whole body exposures and for partial body exposures (etther

" upper body, lower body, or complete trunk) of patients for the treatment of

cancer. In connection with this program, we have been extremely interested
fn finding an approach to allow the prediction of the hematological changes
to be expected following the uniform and the nonuniform exposures used in
our specific study. |

A quantitative approach to the evaluation of effects of nonuniform
exposure has been broposed by Bond and Robinson ( /, j: ). They have
shown this model to apply to survival prediction of several mammalian
species but suggest that it would be expected to apply under other cir-
cumstances 1n which the biological effect scored is related to marrow stem
cell survival. The object of the present paper is to extend this model to
human survival for the specific uniform and nonuniform exposure procedures
used 1n‘qur program and to test the validity of using this model to predict
the peripheral blood levels resulting from the various exposure con-

ditions.
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METHODS
The Model

The model proposed by Bond and Robinson 1s based on the fact that
survival in the LDSO(&O) range depends on the survival ﬁ proliferative
integrity of a critical number or fraction of the stem cells in the
total active bone marrow mass. Mammalian studies suggest that with uniform
whole body exposure (same dose to all bone marrow) the nuwber of surviving
stem cells in the Lone marrow decreases exponentially with dose over a range
of exposures that more than spans the "DSO(SO)‘ Thus, under nonuniform
irradiation the unequal distribution of dose to the bone marrow should per-
mit a higher rate of survival than if the same average dose were distributed
uniformly. '

In their approach, Bond and Robinson assume that sub-units of bone
marrow act independently of other sub-units and are subject to the same
exponential dose-effect relationship as that for the total marrow. Thus,
given the dose to a number of sub-units of bone marrow and the fraction of
bone marrow stem cells in that sub-unit, one can determine the relative
number of surviving stem cells for each sub-unit. Summing over the entire
marrow yields the total relative number of stem cells in the body that would
survive the exposure. This value can then be used in estimating the bio-
logical effect based on the uniform exposure necessary to produce the 'same
relative stem cell survival. The dose survival curve they propose for human
bone marrow stem cells for high energy gamma radiation 1s shown in Figure 1.
The ordinate on the left shows the mortality levels for man corresponding to
a given dose.nf radiation delivered uniform}ly to all of the marrow. Since

wes
no dose - survival jurve % available for human bone marrow stem cells, Te

slope of the Kurve for mouse bone marrow has"—lgo‘e'n used, The mouse"?r':urve L

:,1;&&1':;1‘3),%“‘9 m,,fmaewa Tbnigue, and]
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a Dg of 95 rads and an extrapolation number of ‘I/S -

As mentfoned above, the slope of the mouse furve has been shown to apply
fairly well to several memmalign Species(. Since the shape of the curve at
lower doses is not well known for naﬁ. the curve shown in Figure & has been
normalized such that the relative number of stem cells at the LDSD for man
is 1.0

In applying this model, one has to know the distribution of bone
marrow (assumed to parallel that of stem cells) and the radiation dose
gts!
distribution throughout the bone marrow. For a detailed distribution of th ‘
active bone marrow, the paper by Atkinson was consulted ( 3 ). The per-
centage of total bone marrow distribution times the cellularity factor for T
the principle bone groups at age 40 were taken from Atkinsons paper. Table f
“emdott
gives istribution of active marrow weights in ke “Standard Man"
at age 40. In the absence of any large scale study of the distribution of
active marrow in man, this data is considered to be the best data available
at the present. The radiation dose distributions throughout the bone marrow
for our specific conditions of uniform and nonuniform exposure were measured

in a tissue equivalent phantom as described below.
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‘Patient and Phantom Dosimetry

Y .
The radiation is delivered by cobalt-60 teletherapy unity under the

following exposure conditions. The radiation beam is directed hori-
zontally at a wall % centimeters away with the patient midline at
28‘ centimeters from the source. For whole body exposures, the beam
area for the g‘ 'Isodose curve at the patient midline distance is a
square approximately 120 centimeters x 120 centimeters (V. The
patient is placed in the sitting position with legs raised and head
tilted slightly forward. Radiation is given by delivering half the
specified exposure laterally through one side of the patient; the
patient is then turned and the other half exposure delivered laterally
through the other side. The variation of air exposure with distance
from.the source indicated that no correction was required for a

possible dose contribution to the patient due to backscatter from the

wall.
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» patient is determined using the percentage depth

i0 sq. centimetered field at 80 om source to skin

for the source to skin distance used for the

}, Using the corrected depth dose at patient midline

ion at the trunk in the plane of the ziphoid) and a

F 0.957 rads/roentgen for cobalt gamma radiation,

osure required to give a desired midline absorbed dose in r

:ed{ [The validity of this procedure was established |

7 a masonite phantom using thermoluminescen
) ;’he mbined dose for bﬂqter‘alm
‘{gures§ for various Tateral dimensions. n
.dline exposure there {s considerable variation in

nt. For a given midline absorbed dose, w’
1 dose extremes and the average lateral absorbed dose
.ne of the ziphoid over the range of lateral dimen-

n our program.

receiving partial body radiation, the teletherapy

to restrict the beam. The lateral dimension in the

d is again used for calculating the desired midline

body exposure, the dose 1s delivered bi IaperaIIy. N
dfation, the zi e’ asy the boun:hry of the . .
ram thus far, air exposuf rates at the distance] T

e varied from 3 R per minute to 6 R per minute.
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\,,_ A tissue egquivalent phantom (Rando) containing a human skeleton

' and simulated Jung cavities was used to experimentally determine the
active bone marrow dose under simulated whole body and partial body
cobalt-60 exposure conditions. Figure 5 shows the exposure in the
Alderson phantoni to the cobalt beams to simulate the actual whole
‘body and partial iod exposure to humans. Capsules filled with
1ithium ﬂuoride“were placed in bone cavities as demonstrated by radio-
graphs of each phantom section. The cavities selected were based on
locations of active bone marrow spaced as indicated by the work of
Atkinson. For each expsoure condition, 222 capsulei :ge utilized.

T

Following exposure, the thermoluminescent dosimeters were read on an
Eberline TLR-5 Reader (( Ehﬁﬁw ) “e sp‘h:%om rece1:‘:¢; 35?;“6)
midli ne:gposure for each exposure condition. This exposure corresponds
to an average later-a'l absorbed dose in the plane of the ziphoid of

about 200 rads as calculated by the procedure indicated above.

M Merighe;ﬁ: blood counts of the patients recz‘l\ﬂcg, whole body

exposure, in gran wire obtained prior to ewpeswwe and were follow-
ed for as long as possible following exposure. The data reported in

this paper were obtained from patients shown to have normal blood counts ‘uuw j

to exposure.



RESULTS

P\ integral dose distribution to the-bone of the phantom_as
obtained fromi the L1F measurements for 300 R feiivs) midlinef:;tvpos'ure are
shown in Table: W Several of the larger bones were arbitrarily divided
with several Li‘F capsules placed in each section. The divisions were
made to approximate equal masses of bone and hence an equal weighting
factor for the bone marrow within each divided portion. ‘l’he—sm—ofﬁe
aversge dos ﬁ each section w"h: then averaged and multipiied by the
total ﬁa‘fum bone marrow in the portion under consideration. The
active bone marrow integral _&oses for upper body, lower body, and complete

trunk under simulated human exposure conditions are 48%, 61% and 75%,

respectively, of that determined for whole body exposure under the radiat-

fon exposure conditions given aﬁove.[T; average midline dose within the
primary field area for each exposure condition appears in Table ‘p'.llr -@n
. The average dose to varfous organs for each exposure condition is
given in Table IV,

Using the radiation dose distribution to the active bone marrow, we -
proce‘éed to calculate the weighted stem cell survival for the varfous
exposure .condit'lons. For mortality in the LD50(3°) range, the normalized

stem cell survival curve as shown in Figure 1 was utilized. An example of

the procedure as applied to the pelvic region for whole body and lower body

exposure is shown in Table @ (Siime=35). The sum over all active bone

marrow yields the weighted relative stem cell suaiva The calculations
oan 300k

were extended to alber=devols. of midline,exposuregby waighteg-the dose to

each bone portion by the ratio of tE new exposure leve) to 300 R. Tl S




RESULTS (continued)

whole body irradiation that would result in the same mortality rate.
The corresponding "doses” thus derived for uniform whole body exposures
can be thoughf of as be‘lng“dose equiva‘lent: rather than absorbed dose.
This 1s because in the averaging process for nﬁn'unifom exposure, each
increment of dose was weiﬁhted by the amount of bong marrow irradfated
at that dose level and by the relative effect‘ivenes;( of the dose in-
crement to .destroy the stem cells. The dose equivalents for 300 R and
600 R midiine exposures are shown in Table RV,

In extending this model to thé circulating fractions of the peripheral

blood elements at the nadir point, the un-no 1zed mouse row stem cell -
Qu-agredh) g4 .‘wd&u"ﬂ-l- Ao

survival curve was utiljzed . Itis
elee (B=137

assumed in this extention of the model that the nadir circulating fraction

for a given blood element is mﬁkthe surviving fraction of marrow

stem cells for the given exposure. The model was appiied as above and

the results appear in Figumlﬂu&a %

We tested the validity of this extention of the model by comparing
the predicted and measured nadir circulating fractions of white blood
cells and platelets for ‘several groups of patients. We grouped the
patients by the type of exposure and the midline dose received. Tab1eﬂ
shows the comparison for three groups of patients who received whole body
exposures to achieve 100, 150, and 200 rads midline~dose respectively,
and two groups of patients received lower body exposures to achieve
200 and 300 rads midline,‘dos%reSpectively. A small number of patients

in our study received trunk and upper body exposure buwot {n sufficient

wpprast
numbers to group them for an adequate conmarison.w:ﬂ J« /)vﬂ&z

v



DISCUSSION

Figure 4 reveals that considerable variation .In dose to bone
marrow subunits is expected for a given_mid'line%%osure to Cobalt-60
radiation delivered bilaterally. In spite of this, it is interesting
to note that the average lateral absorbed dose in the plane of the
phantom's ziphoid calculated from the percentage depth dose curve
yields a valye whigh is very close ta_the marrow weighted average dose
based on Mmﬁsﬁnd the effective dose based on the stem
cell survival model for whole body exposure. Thus, we feel that the
calcuTated average laterfal absorbed dose fn the plane of the ziphoid
provides a means jcomparing patients with our phantom studies provided
the patfent is neither extremely obese nor extremely thin.

The approach to nonuniform exposure proposed by Bond and Robinson
is based on an exponential survival cwmve for bone marrow stem cells.
Thus, under nonuniform irradiation the eqmal distribotion of dose td the

A
bone marrow should permit a higher rate of survival than if the same

average dose were distributed uniformly. This point was made abundantly
clear {n our phantom studfes. For example, an upper body. exposure of
§00R'wou1d result in a marrow weighted absorbed dose of about 200 rads
yet the "dose equivalent" of 600 R upper body exposure is only about
]-%{rads.

The Model as proposed by Bond and Robinson assumes that, for a man
to survive the hematopoietic crisis, his supply.of the critical type
(or types) of mature cells during this period (descended from surviving
stem cells) must exceed the minimum requ'ireQ for survival. In these terms,
the model they propose is based on the assumptions: (a) that the total
number of mature cells is proportion2l to the total number of surviving



DISCUSSION - (Continued)

stem cells, whatever their distribution fn the body; and (b) that the
requirement for mature cells following any nonuniform exposure 1s the
same as that following the uniform exposure equivalent to it with re-
spect to total 4tem cell survival. In extending this model to the
nadir peripheral blood levels, an additional assumption was made: that
AT,

£
the nadir circulating fraction of the given blood element is/equal to

the surviving fraction of marrow stem cells.



These assumptions as well as the application of the mouse stem cell D

survival cur:; to man appear to yield fair agreement between the

mode] and the average clinical -ﬁ ndings. Because of the wide range

1n our clinical findings, however,, additional clinical data are

obviously needed. Also,,\the spec1fﬁﬁ§f$§ ﬁufve for human stem .
cells ddmupupildmd. If the value for Do or extrapolation number for man Py M
is markedly different from those used in the calculations, the model

as applied to our phantom measurements would have to be altered.
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(stide 2)






s

\/"T'p, &1 T ¢ MARROW DISTRIBUTION OF THE AVERAGE MALE ADULT

RED MARROW
WEIGHT
(Age 40)

SITE MARROW  FRACTION RED
WEIGHT MARROW
9 (Age 40)
Head 250.9 0.75
Upper Limb Girdle 150.6 0.77
Sternum 50.0 0.65
Ribs 265.7 0.354
Vertebrae
Cervical 64.5 0.75
Thoracic 263.9 0.75
Lumbar 203.1 0.75
Sacrum 226.6 0.75

Lower Limb Girdle 431.5

0.75

183.2
115.9
32.5
94.0

48.3
198.0
152.3
170.0
323.6

% TOTAL
RED
MARROM

14.2
8.8
2.4
7.1

3.7
15.0
11.5
12.9
24.4



SKELETAL
ANATOMY

Head
Cranium
Mandible

Upper Limb Girdle
2 Humerus, head
and neck
2 Scapulae
2 Clavicles

Sternum

Ribs (1-12 pair)

Vertebrae
Cervical
Thoracic
Lumbar

Sacrum

Lower Limb Girdle
2 0s Coxae
2 Femoral head
and neck

AGE 40 .
WHOLE BODY PARTIAL BODY (g-rads)
(g-rads) o k
Upper Lower Trunk 1
44,508 41,590 1,185 1,787
4,248 4,254 141 329
6,012 5,407 485 4,789
11,705 11,573 1,384 8,686
3,767 4,128 193 890
5,896 6,360 620 4,753
18,585 11,999 12,288 18,203
9,892 10,113 426 1,586
38,176 29,315 22,827 38,744
31,615 2,572 30,781 32,300
33,652 1,308 32,241 32,751
55,278 1,985 53,972 54,027
10,197 314 10,212 6,174

TAELe = . TOTAL GRAM-RADS TO THE ACTIVE MARROW OF A "STANDARD MAN"
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TABL.Ee 2
ATIVE STEM CELL SURVIVAL (WEIGHTED)
300 R Nidline Afr Exposure

>ortion WHOLE BODY LOWER BODY

-otal Dose Relative Dose Relative

ctive Stem Cell Weighted Stem Cell Weighted

;arrou rad Survival RSCS pad  Survival RSCS
(RSCS) (RSCS)

.129 198 2.40 .309 190 2.60 .334

206 203 2.30 474 198 2.42 -.499

.039 198 2.45 .096 198 2.42 .095
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@ ROUGH. DRAFT

We have a program at the University of Cincinnati College of Medicine
f_gt__t’:otal body exposure and for partial body exposure {(either upper Wwe¥f
or Tower b} of patients for treatment of cancer. The radiation is
delivered by cobalt-60 teletherapy unitd under the following exposure
conditions. The radiation beam is directed horizonta'l'iy at a wall
338 centimeters away with the patient midline at 282 centimeters from
the sourcéli‘ fb'eam area for the 50% isodose curve at the patfent
midline distance is a square approximately 7fPcentimeters x 7f«€entimeters
{sHde}. The patient fs placed in the sitting posftion with legs raised
and head tilted ;light'ly forward. Radiation is given by delivering

half the specified exposure laterally through one side of the patient;

the patient is then turned and the other half exposure delivered
laterally through the other side. ﬁe—vﬂoﬁomm

RE— Rty =TT G . RO - Y

eutithi-o the natient AiE b

SLRE 2,
A Preliminary asurements were made in a masonite phantom using
M o&a—.ﬁu‘. ond

placed on lateral surfacesiat the m'ldHne
of the head.%nd knee portions of the phantom. Theseresults
are—shewron—the=next=sHde. It Is seen that if midline doses to the

trunk, head and knees are compared, the maximum variatfon in these

~ doses 1s about 16%. The exposure to the patient is d'eterm'lned as follows.

Percentage depth dose at different. depths for 400 square centimeter
field area in a sc;u;'ce skin distance of 80 centimeters is corrected for
the source skin distance used for the patient. Using the corrected depth
dose at patient mid1ine (1/2 lateral dimension of the trunk) and a

conversfon factor of .97 rads/roentgen for cobalt gamma radiation, the
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surface dose and midline air exposure required to give a desired midline
-~ absorbed dose in rads is calculated. A direct comparison between calculated

and measured (phantom) doses was uéde for one patient whq had the same
Ww‘ a ww,&w»l. .
lateral trunk dimensions as the phantom. : es

good comparison with the calculated doses. o‘l‘%e 3t:mulrlned dose of the two
o SL1 '
radiation fields 1s also given in M It shows a good homogeneous

dose distribution through the patient. Maximum variation in lateral dose

distribution was plus or minus ;31 for one patient having a lateral trunk
dislnegsfon of 36 centimeters. Air exposures rates varied from JR per minute M
o & per minuteas > Ce prvirex &P-cﬂa'-"\ .
For the individuals receiving partial body radiation, the teletherapy
collimator fs used to restrict the beam. The dose distributi‘on
for this latter case is shown in the n%igbgi e."s'l"-r}:ogﬂ?:ive dose
distribution for upper. body radfationg:-s‘ Dsehoi: ln the_qegks‘?ﬁé that
for the Tower body in the following slide. e,phantom measurements
were measured with thermoluminescent dosimeters. For partial body
radiation, the xiphoid was used as the boundary of the field. .

5&' / Heu:éhex'then confront :{:d;.tevig approach to allow comparison
| (ool W"w

between the socalled uniférmmnd the nonuniforsV¥exposures used in our

specific study. Although it is easily seen that a nonuniform exposure
to penetrating radfation requires a higher dose of radiation to at
'Iaast_‘some portion of the body to produce a similar or equal degree
of a given effect, than = 1s necessary with uniform whole body
exposure, the full quantitative characterization of dose and dose
effecf reiationships are hecessarﬂy more complex for nonuniform

than for uniform doses. For uniform whole body exposure, all t‘lssue;‘.

—

receive sdsentifally the same dose, and thus the dose delivered to any



tissue 1is s;tisfactory in chgracterizing the dose recei\;ed by the animal.
Absorbed dose at the midline, is commonly used for convenience, with no
1np'l'lcation that a particularly sensitive organ or region 1ies in that
location. With nonuniform exposure, however, it has been shown clearly
that, for death from the bone nr;row ;yndrome.'feither the entrance dose,
the absorbed dose at the midline of the animal, the exit dose, the integral
dose nor the average dose will normalize and allow dose effect predictions
~ for the full spectrum of different dose distributions. Thus additional
factors must be taken into account and a weighted,dose averaging procedure,
must be used to predict dose effect i*e'lat'fp ships. An approach by
Vic Bond and the group at Brookhaver‘l‘}\;l:?srprovid;d a basiséor dealing

with nonuniform exposure. The approach 1s particularly helpful in

o dealing with the bone marrow syndrome. .In this approach, one has to
' ‘ knm the distribution of bone ma |

_ ii?s"m G%o:pii"i'l'ié’lntha% o‘F rif'ém ‘Eéilsh\

thet-botber-data-omEimact o-bone arrow distrtbutien—in-memto-usgently

néeded> -

60 We were then interested in obtaining dose distribution data for X Lirman
. cine _QXPOSUFH'-'W who'le bOd.V versus upper.hﬂ-f ‘and” %ower hadf body 1{?@'-%

R




fér-humens. A tissue equivalent phantgm (Rando} containing a human
: Lt
skeleton and simulated lung cavities was 1?seé.5. .Capsules f{lled with

Tithium fluoride were judiciously placed in besh cavities as demonstrated

by radiographs of each phantom section. The cavities selected were based

on loztions of active bone marrow spaces as indicated by the work messiensd~ €

ENs. Se0eq
: 1

de’. i3 kilale 2GR 61k 11 1s wree
obtained from the original work of Mechanifbut corrected for percentage

e F
—— e e e e e e R e e P b i e il o ke S o 0 " et o o G

— ., ——— o iy ot e —

cg'l'luiar'l ty factors as provided by Custer. These are,correctiond for
the cranium, mandible, verfebra'l column, and pelvis by cellularity
factor values obtaineq by Custer for the vertebrae. Further work by
Atkinson also allows an assessment of the bone marrow distribution
°-. with age as a parameter. In the absence of any large ;5:1: dc&u{y é;’ PQL&QW'-L
of the distribution of active marrEw in man, the shaue ¥S considered
to be the best data thet-cambe-obteined at present. \In terms of

i PN
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mextfof these th capsules in the phantom. The slides ‘nc ude

the following: radiograph of head section; line drawing of the same

section with outline ‘of bone structure an'd.pi-acemerit of capsules; dosimeter
.placement in the ribs; dosimeter placement in the vertebra; and dosimeter

placement in the pelvis and femoral heads and necks. The next series of

slides indicate exposure '!nv;\'lderson phantom to the cobalt to sfmu'late A , &
>Ld¢ ]
_ the actual whole body and up%r half and lower half exposure 5. t 7
TLL Mv 2 ol Laare Lo Do %ﬁ 89 - ﬁ“ /nu.d-ﬂu..o_,
From the average rad dose and the active boffe marrow weight, the integral

W t ve was calculated. We see in the next s§hle. 4 WI7
ctive bone marrow ' for Tower hwbE body and upper SF

-

body under the simulated human exposure conditions<tigge are 68.9%
and 37% respectively, of that determined fo e body exposure under

. ' Adg A - We .
the radiation exposure conditions givenwhbsig. calculated
that upper half body irradiation resuTts in exposure of S of the
active bone marrow of the body vdhereas s hadt body exposure represents

(f
exposure to of the body active marrow. These percentages correspond

very ¢losely to the actual portions of the body irradiated for'the
upper {Ff and"imrmﬂe then proceeded to determine
that for a given nonunitormidose distribution, the dose of uniform

whole body frradiation mlﬂ‘mlj fn the-same: mmﬂ o PPNV P .3

as determfned by using -the mowbedily. -stuu:cel], suwivamcdaup\:(hgk swpe 17
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wmE
af the-dose—increment=to—desirey—the—stitrwedts. The dose survival curve

for bone marrow stem cells 1s known most accurately for the mouse.l A
mode] presented by Bond to handle nonuniform exposure has been shown
to apply to the rat and the dog as well as the mouse, using the same
curve for stem cells. It was thus assumed by Bond and also assumed

in this paper that this curve appifes to man. The model also assumes

the following: that the-—number-of-maturecells is proportignal-to
the-teta*—nuutnn—1uF-surv+v+ﬂg—s1znn—ee44ib*duiteven—theix;;tts::ihutinn
{metre—bedy; that the requirement for mature cells following any
‘nonuniform exposure is the same as that following the uniform exposure
equivalent to it with respect to total stem cell survival. It also
assumes a moderate degree of nonuniformity-extremes of local dose

to any part of the body not exceeding a value of approximately 1000

to 1200 rads. The reason for this is that the higher doses may cause
local blood vessel damage to become a significant factor leading to
increased requirements for both neutrophils and platelets. In addition,

high doses locally to the bowel can produce death in the absence of

significant marrow damage.



axpeswre .~ Each-subunit—of bone-marrow appears to-set-indepenty o the
other_subunits; 35 TEjard—te-thaix response to-redfatiomrof U StEN
cgllsAnthat—pubunit. Given the dose to a.number of subunits in marrow

and percent of bone marrow stem cells in that subunit, one can determine
the relative number of surviving stem cells for each subunit_uﬁn—ﬂte

that would survive the exposure. The mortality level to be expected
from this stem cell survival can then be obtained from the plot showing
relative stem cell survival as a function of a dose. Thus for any given

nonuniform dose distribution, a dose of uniform whole body radiation

pRTPy P g i RGPS = P e et D o f Al et . gt i P s

etk
that will result in the samermortality rate can then be determined. T R
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'TLL corresponding “doses™ thus derive&'fore uniform whole-..l.ao'dy..upt—:sures“
. can be thought of as being dose equivalent, rather than absorbed
dose. This is because in the averaging process for monuniform

exposure, each increment of dose was weighted by the amount of bone
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