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Active Bone Marrow Dose Related to Hematological Changes 1n Hho1e Body and
Partial Body 60Co Gamma Radiation Exposures’
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INTRODUCTION

Fhe—deptetiomof-formedTireotating B5T66d el éMents T6TTOW TN exposure
to—ionizing-radtation-tasbeemrknoam Yor $oie time. Furthsmmere,:lz has

teng been recognized that uniform whole-body exposure is more effective than
nonuniform exposure for the production of ithese hematological changes.
Currently, the University of Cincinnati has a program for whole body exposures
and for partial body exposures (either upper body, lower body, or complete
trunk) of patients for the‘treatment of cancer. In connection with this pro-
gram, we have been(éii;;ii?y’interested in finding an approach to allow the
prediction of the hematological changes to be expected following the unf%éfm

and the nonuniform exposures used in our specific study.

A quantitative approach to the evaluation of effects of nonuniform ex-
posure Bas been proposed by Bond and Robinson {1,2). They have shown this
mode]l to apply to survival prediction of several mammalian species hut
suggest that it would be expected to apply under other circumst%nces in which
the biological effect scored fs_related to marrow stem cell survival. The
object of the present paper is to extend this model to human surv&va] for the
Specificluhiform anp nonﬁgngrﬁ exposure procedures used 1n‘::: program and
to :;;&the validity of _b to predict the nadir peripheral

R A

b]ood({evels resulting from the various exposure conditions.
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METHODS
The Model

The model proposed by Bond and Robinson is based on the fact that
survival in the LD50(30) range depends on the survival or 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 number of surviving
stem cells in the bone marrow decreases exponentially with dose over a range
of exposures that more than spans the LDSO(30)' Thus, under nonuniform
jrradiation 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-unff. Summing over the entire
marrow yields the total relative number of stem cells in the body that would
survjve the exposure. This value can then be used in estimating the bio-
logical effect based on fhe uniform exposure necessary to produce the same
relative stem cell §ﬁrviva]. The dose survival curve they propose for human
bone marrow stem cells for high energy gamma radiation is shown in Figure 1.
The ordinate on the left shows the mortality levels for man corresponding to

given dose of radiation delivered uniformgfily to all of the marrow. Since
no dose - survival curve was ava11a51e for human bone marrow stem cells, the
slope of the ;Ervival curve for mouse bone marrow was used. The mouse survival

curve used by Bond and Robinson is based on the work of McCulloch and T111(3)



£

“EheModel -.continued - ' (
who used the spleen colony technique and obtained a D_*of 95 rads and an «
} R . B ‘\

—

extrapo1aiion number of 1.5. As mentioned above, the slope of the mouse curve
has been shown to apply fairly well to several mammalian species/( 4,5,6).
Sincetthe shape of the curve at lower doses is not well known for man, the
curve shown in Figureil has been normalized such that the relative number of
stem cells ar the LDg, for man is 1.0. In a recent paper, Senn and McCulloch (7) '
have shown by the colony-forming ability in culture technique that the sensi-
tivity of human bone marrow to irradiation is of the same order as that predict-
ed on the basis of experiments in mice. The survival curve they obtained for
a class of human hemgpoietic cells has a D, of 137 rads and an extrapolation
number of 1.0.

1: apply this model, one has to know the distribution of bone marrow

. AL A
thrOughout the bane marrow. 4&uha-deta11ed distribution of the active bone

oo ST
Ma T oW by Atkinson was—conswited (8) -ﬂfﬁé percentage of total e

bone marrow distribution times the ce11u1-r1ty factor for the pri -
PV, ol M A e T g F‘uumz-'
groups at age 40 were tekan—ianm.h:klnsnnququuy\.Tab'e T gives a summary o

the distribution of active marrow weights in "Standard Man" at age 40. In

(assumed to parallel that of stem E;L*S) and the radiation dose distribution

the absence of any large scale study of the distribution of act1ve marrow in
man, th#‘ﬁata %‘considered to be the best daka available at the present.
The radiation dose distributions throughout éhe bone marrow for our specific
conditions of uniform and nonuniform exposure were measured in a tissue -

equivalent phantom as described below.



Patient and Phantom Dosimetry

The radiation is delivered by a cobalt-60 teletherapy unit under the
following exposure conditions. The radiation beam is directed hori- e
G
zontally at a wall 342 eentimeters away with the pasdewt midline at 286
emn padaltin .
" centimeters from the source. For whole body exposures, the"beam area P
for the 60% isodose curve at the patient midline distance is a square
OAMA— G,

approximately 120 centimeters x 120 centimedems. The patient is placed

in the sitting position with Tegs raised and head tilted s]iéht]y for-
ward. 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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The exposure to the patient is determined using the percentage depth
e Eon Pl ‘
dose table for a 400 sq;t"ceﬂ-tameeer field”at 80 cm source-to-skin distance
corrected for the source-to-skin distance used for the patient. Using the
corrected depth dose at patient midiine (1/2 lateral dimension at the trunk
in the plane of the fiphoid) and a conversion factor of 0.957 rads/Roentgen v
~-§0
for cobalt,gamma radiation, $n the midline air exposure required to give a
desired midline absorbed dose in rads is calculated. The validity ofedimis,

tw (Rderser. knudoo
of this procedure was established with measurements in a-mesoatte phantom

using thermoluminescence dosimeters (see Figure 2} I-n-ouﬁpmgﬂm—thus—icar
Air exposure rates at the distance indicated above have varied from 3 R’per -
minute to—6-R per misute. The combined dose to homogeneous tissue for
bilateral exposure is shown in Figures 3 and 4 for various lateral dimensions.
Figure 3 shows that for a given midline exposure there is considerable vari-
ation in dose over the patient. For a given midline absorbed dose, Figure 4
shows the dose extremes and the average Tateral absorbed dose received in
the plane of the ’fiphoid over the range of lateral dimensions of patients, #m
Sur—pragTam.
~ For individuals receiving partial body radiation, the teletherapy
coﬂima-tor is used to restrict the beam. The lateral dimension in the plane
of the }iphoid is again used for calculating the desired midline dose. As
for whole body exposure, the dose is delivered bilaterally. For partial body
radiation, the i'iphoid is used as the boun&ary of the field for upper and .~
Tower body exposures.(see ﬁg_ure 5). “-
A tissue equivalent phantom (Raﬁdo) containing a human skeleton and
simulated lung cavities was used tom&:ﬂ-}%ne the active bone
marrow dose under simu'lﬁted whole body and partial body cobalt-60 exposure

conditions. Figure 5 shows the exposure #m the Alderson phantom to-the-cobalt
beams to simulate the actual whole body and partial body exposure to humans.
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Capsules filled with Yithium fluoride (LiF) were.placed in bone cavities

as demonstrated by radiographs of each phantom section. The cavities
sglected were based on Jocations of active bone marrow spaces as';;dicated
by the work ﬁf Atkinson. For each exposure condition, 222 capsules were '
utilized. Thé majority of these capsules were placed in bone cavities with
the remainder being distributed along the midline of the phantom and in
varfous body organs. Following exposure, the thermoluminescent dosimeters
(TLD) were read on an Eberline TLR-5 Reader (Eberiine Instrument Corporation,
Santa Fe, New Mexico). The phantom received 300 R midline air exposure for
each exposure condition. This exposure corresponds to an average lateral
absorbed dose in the plane of the ziphoid of about 200 rads as calculated by

the procedure indicated above,

Clinical Information [ g, W A

he peripheral dDood counts of the

normal blood counts prior to exposure.

o RESULTS
A summary of theﬁinteéraT dose distribution to the bone marrow of the
phantom as obtained from the LiF measurements for 300 R midline air exposure
are shown in Table II. Several of the farger bones were arbitrarily divided
with several LiF capsules placed in eachlsection. The divisions were made
to approximate equal masses of bone and hence an equal weighting factor for
the bone marrow within each divided poftion. The.doses for each section were

then averaged and multiplied by the total grams of active bone marrow in the



Results - continued

portion under consideration. The active bone marrow integral doses for

" upper body, lTower body, and complete trunk under simulated human exposure

conditions are 48%, 61% and 75%, respectively, of that determined for whole
' b

body exposure under the radiation expoqurq_conditiohs given above. The

N\umﬂb‘u P e =

\ o ;
k;,gfff;ntegralnpbsorbed dose forswhole body.exposure of 300 R divided by the total

1

, Fe—Gan-determine—fromFigure—6 the dose of uniform whole body irradiation that
L C41\ dmw- ;
-, weutd resultain the same mortality rate, The corresponding “doses® thus g;,iqélnsL

bone marrow veight yields amarrow weighted average dose of 204 rads to the bone
marrow. The average midline dose within the primary field area for each ex-
posure condition appears in Table III. The average dose to various organs for
each eXpesure condition is given in Table IV.

Using the radiation dose distribution to the active bone marrow, we
proceeded to calculate the weighted stem cell survival for the various
exposure condigtions. For mortality in the LDso(so)range, the normaljzed
stem cell survival curve as shown ig Figure 1 was ufjized. An example of

¢qurjhcn~

the procedure as applied septhe pelvic region fbpaﬁuH1-bud(fff?=$u&é64aﬁﬂr“““”Hsiw~3
exposdre~is shown in Table V. The sum over all active bone marrow yields ,
the weighted relative stem cell survival. The calculations were extended to
midline air exposure other than 300 R by multiplying the dose to each bone

portion by the ratio ofWWM t3c°2 The results of this
— . .

procedure appear in‘#iEHEZQS. Thus, for any of the given nonuniform exposures,

— i,

derived for uniform whole body exposures can be thought of as being “dose =
equivalent,” rather than absorbed dose. This is because in the averaging pro-
cess for nonuniform exposure, each increment of dose was weighted by the amount

of bone marrow irradiated at that dose level and by the relative effectiveness
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Results - continued 5 -
of the dose increment to destroy the stem cells. The dose equivalents for
300 R and 600 R midline exposures are shown in Table VI.

In exten&ing this model to the cfrcu]ating:fra§tibns of the peripheral
blood elements at the nadir point, the un-normalized mouse bone marrow stem
cell survival was u€ﬂ1zed (Do - 95 rads) as well as the survival curve for
human he;gLoietic cells { 5 137 rads). It is assumej:%his extenfion of
the model that the nad1:1§1rcu1ating fraction for a gjven blood element is
equal to the surviving fraction of marrow stem cells for the given exposure.

The model was applied as above and the rei:}ts appear 1ﬂ‘ilgzggtéiggf-ez c*dﬁhdkg?

We—dested the validity of tg}t‘?xtenﬁion pf the modei“*by comparing
the predicted and measured nadinpcirculating fractions of white bloiﬂrgsglfuv*7p9¢(~
and platelets for several groups of patients. He—gnouped-zaé patientgxpy')
the type of exposure and the midline dose received. Table VII shows the
comparison for three groups of patients who:rece{véd.wﬁole body eibosures to
achieve 100, 150, and 200 rads midline absorbed dose respectively, and two
groups of patients who received lower body exposures to achieve 200 and 300
rads midline absorbed doses, respectively. A small number of patients in
study received trunk and upper body exposure but not in sufficient number to

group them for an adequate comparison with the proposed model.

DISCUSSION

Figure 4 reyeals variationnin dose to bone marrow .
e 2 i |
submi-ts. for a given midlipe air exposure to Cobalt-60 radiation -~
W\NV T

delivered bilaterally. In spite of 15, H—is-interesting—to—note—thet the

1

average lateral absorbed dose in the plane of the phantom's ‘§iphoid ca1cu1atedJ/

from the percentage depth dose curve yields a value which is very close to
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the marrow weighted average dose based on the thermoluminescence dosimetry

measurements and the effective dose I;ﬁed on the stem cell survival model
Al FEL )

for whole body exposure. Thus, we—feel that the calculated average lateral

% ot
absorbed dose in the plane of the giphoid provides a means of comparing MM W
::\;:gn patients with our phantom studies, provided-the-patient—is—nett ‘ 35%
5

. / of
obase..ncm.ex.tnenelgc_th.w\ : A

s ( S AT A

e approach to nonuniform exposure proposed by Bond and Robinson is L #"%ﬁ

based on an exponential survival curve for bone marrow stem cells. Thus, {‘i‘,}tﬁ};

&' . ;,‘a‘"‘
under nonuniform irradiation,the unequal distribution of dose to the bone V?Y‘

marrow should permit a higher rate of survival than 11" the same average dose
were distributed uniformly. This point was made? urﬁian&yﬁar in eur
phantom studies. For example, an upper body exposure of 600 R would result
in a marrow weighted absorbed dose of about 200 rads’ yet the "dose equivalent"
of 600 R upper body exposure is only about 95 rads. '

The‘/;;bdﬂ a8 pr‘oposed by Bond and Robinsgn assumes tha;, for g 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 required for survival. In these terms, the model they
propose is based on the assumptions: (a) that the total number of mature cells

is proportional to the total number of surviving stem cells, whatever their

distribut‘ion ‘ln the hody; and (b) that the requirement ture cell fo'['lpu-
o %Lnlw Wad AN
‘{ ""9 ﬁm equ a'lent to it with respect to tota sur- o

.F
vival. In extending th \is model to the nadh}\peripheﬂ b1ood 1eve'|“, an
-0 -+ +
G‘ﬁb’( additional assumption was made: that the nad1rhci rculating fraction of the

B ™ A «
ext \ given blood element is equal to the surviving fraction of marrow stem celils.

These assumptions as well as the application of the mouse stem cell survival
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curve to man appear to yield fair agreement between the proposed model

and the average clinical findings.i B ﬁ?;h
clinical_£indi99Sw-h0weverTmadditieaal-clinical_data~are—obv+ousiy“ﬂeeded-\\ﬁ\

Also, more work is needed on the specifié dose-effect curve for human stem

- -

cells. If the value for D, or extrapolation number for man in vivo is marf)

ed different from those used in the calculations, the model as applied to .

"

our phantom measurements would have to be altered.

T




TABLE I: JMARROW. DISTRIBULION OF - THE . AVERAGE MALE_ADUL To-oemnen

o et "‘meﬁ“ﬁ& Ty et - vl
‘ ﬂﬁ RROW FRACTION RED 'RED MARRON ¥ TOTAL 22 ,-(
HEIGHT MARROM jhovowe?™ WEIGHTGuefte  RED
byl g (Age 40) {Age 40} ¢ maRROWYNAvLee
— g
&———Head 250.9 0.75 188.2 14.2
Upper Limb Girdle 150.6 Q.77 115.9 8.8
<« Sternum 50.0 0.65 32.5 2.8
«— Ribs 265.7 0.354 94.0 7.1
< Vertebrae
Cervical 64.5 0.75 48.3 3.7
Thoracic 263.9 Q.75 198.0 15.0
Lumbar 203.1 0.75 152.3 11.5
aSacrum 226.6 0,75 170.0 12.9
Lower Limb Girdle 431.5 0.75 323.6 24.4
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TABLE II: TOTAL GRAM-RADS TO THE ACTIVE MARROW OF A "STANDARD MAN"

AGE
SKELETAL _ WHOLE BODY PARTIAL BODY ({g-rads)
ST Y (g rads) . ~
]
Upper Lower Trunk
Head ' ———
Cranium 44,508 41,590 1,185 1,787
Mandible 4,248 4,254 141 329
Upper Limb;Girdle
pl-Humerws , head :

* and neck 6,012 5,407 485 4,789
*Scapulae 11,706 11,573 1,382 8,686
&-Clavicles 3,767 4,128 193 890

Sternum 5,896 6,360 620 4,753
Ribs (1-12 pair) 18,585 11,999 12,288 18,203
Vertebrae oL
Cervical 9,892 10,113 426 1,586
Thoracic 38,176 29,315 22,827 38,744
Lumbar 31,615 2,572 30,781 32,300
Sacrum 33,652 1,308 32,241 32,751
Lower Limb Girdle i
&0s Coxae 55,278 1,985 53,972 54,027
&Femoral heads
and necky 10,197 314 10,212 6,174

T4 % rady 273,531 130,918 166,755 205,019




TABLE IIT: AVERAGE MIDLINE DOSE FOR VARIOUS
IRRADIATION PROCEDURES — o~
300 R MIDLINE AIR EXPOSURE _

——————————— W &

e ]

i e i

___g:%P"-"-U* { *— _ Aver:.ggsDosi
’:§:;; Bady 212.8
Partial Body
Upper 198.2
Lower 198.6

Complete Trunk 207.2




TABLE IV: AVERAGE DOSE TD VARIDUS ORGANS
@00 R MIDLINE AIR EXPOSURE),

A e

-

i e e U o g ST T et TR

Whole Body ~_ Partial Body (r (rads)
Organ .. rads v Upper  Lower _ Trunk _
Lung 217.3 180.5 81.4 202.3
Liver 223.5 39.9 208.3 218.1
Spleen 228.7 104.4 205.0 227.6
Kidneys 215.2 19.2 203.2° 21e.1
Ovaries 206.0 7.0 193.8 188.7

\) Wterus 202.2 6 9 189 4 183 8

e
- tdme et S aee NI e we



TABLE V: RELATIVE STEM CELLS SURVIVAL {WEIGHTED)
300 R Midline Air Exposur_e

3 v EE A e - e s E

et LA s Wl el r o Vel e -a;_;t‘_.._-. W sl ner . om eeee et wnma v . . . .

Cwmt - s

,/ WHOLE "BODY LOWER BODY
Active Portion Dose . Relative Dose Relative
Marrow  Total " Stem Cell Neighted Stem Cell Weighted
Body Section”  poight  Active -~ Survival RSCS Survival  RSCS
g Marrow  rad (RSCS) rad (RSCS)
PelvicRegion ke B
(Sacoﬁ'm - 170.0 .129 198 240 7 .309 190 2.60 - .334
/ m* ’ . ) . R e
(R4 L 0sBxae  272.0 .206 203 2.30 474 1V42 .499
o=t
R&L FerrMs 1.6 . .039 198 2.45 .096 1 2.42 .095
y L8719 2928
N . . fof v
‘ Z“‘MQ& fj.";” ’
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TABLE X¥: DOSE EQUIVALENTS FOR VARIOUS #

— e

(IRRADIATION EXPOSURES

MIDLINE AIR EXPOSURE “DOSE PERCENT QF
EXPOSURE CONDITION EQUIVALENT" WHOLE BODY
N DOSE
300 R Whole Body 200 rads 100 %
9 300 R Upper Body 73 rads 36 %
300 R Lower Body 98 rads 49 %
00 R Trunk 127 rads 64 %
P e e
600 R Whole Body 400 Rrads 100 %
“¢, ] 600 R Upper Body 95 rads 24 %
[,“,r
D 600 R . Lower Body 133 rads 33 %

600 R Trunk 191 rads 48 %




TABLE~#--

4 A

f + V7T "MEASURED AND PREDICTED NADIRACIRCULATING FRACTIONS OF BLOOD ELEMENTS FOR PATIENT EXPSOURE CONDITIONS

PrEe ]

Nadir Fraction

Average Lateral Number :
mxumMﬂum Absorbed Dose of Patients Measured Predicted Predicted
onditions © Rads Average Range D= 95 rads 0 = 137 rads
. I . (fomwne ) 0 0
WHITE BLOQD CELLS
Whole Body 107 6 .30 (.18-.51) " .43 .45
Whole Body 160 4 .14 (.07-.19) .26 .30
Whole Body 214 4 17 (.06-.24) .15 .21
___Lower Body 210 5 .58 (.47-.64) .45 .47
Lower Body 321 4 .60 (.60-.95) .37 .38
PLATELETS R T R T .
Whole Body 107 6 A7 (.13-.74) .43 .45
Whole Body 160 3 14 (.06-,24) .26 .30
Whole Body 214 4 .18 (.15-.22) .15 .21
Lower Body 210 5 .78 (.44-1.0) .45 .47
“Lower Body | 321 4 .78 (.49-1.0) .37 .38
oy bel e
hf.rrr. N.ﬁ.f... .PE_.@\\ Y
mﬁwo \Rmv.Rpe\o e
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