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JNTRODUCTlON 

Eoch w r c e  of informotion which har contributed to our 

knowledge of human responses to total body irradiation has 

characteristic adwntoges and disadvonwes. 

the people exposed to atomic bomb radiations in Hiroshima 

and Nagasaki were random samples from a presumably normal 

population, but estimation of the p rw iw  radiation dorc that 

each individual received i s  difficult, and the confaunding 

effects of blast and heat have made it m r l y  impossible to 

obtain an accurate dose-response relationship (1). 
analysis of dab from potients given therapeutic expawres, 

the situation i s  exactly the reverse: dorimtry and clinical 

follow-up have been extensive, but the potienh constitute a 

nonrandom sample whose usefulness in rmking extrapolations 

to the population at loge may be seriously questioned. If 

pecise response patterns can be determind for a variety of 

disease states, i t  may be possible eventually to combine these 

estimtes with our knowledge of the disease pocersss and 

thereby fa arrive at a mtioml prediction of the average mdio- 

tion response of normal individuals. 

For example, 

For the 

- 

Towrd this end, a variety of investigators have attempted 

to describe the overage radiation response of the patient given 

total body therapeutic e x p r e s  (2, ?), but none has been 

'able to estimate the radiation response within acceptable 

confidence limits. 

that therapeutic exposures ore often complex combinations of 

total exposure, number of fractions, and time between fmc- 

tions, and very few individual pt ients have received exactly 

the some combination. The individuality of clinicol records 

prevents the construction of discrete "treatment group" f a  
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dosm-mponse analysis, 10 pooling procedures are raquird, such 

as wpamting patients who received their tdal sxporute in Icu 

than 8 days from those who were exposed over l onp r  priods e). 
While th is  type of treatment moy be adequate for gross responses, 

it has proved to be totully unsuitable for analysis of human blood 

cell responses. 

Standard techniques ore available e), however, which 

allow the simultonaus study of the effects of toto1 expure, 

independent of the time factor, and the effects of time, inde- 

pendent of the total expawre facta. 

analyses have h e n  applied successfully to the study of the effacts 

of exposure, number of fractions, and time on such quontul re- 

sponses as tumor control @) and skin injury @). 

report demonstrates the potential of these methods far the anal- 

ysis of human blood call responses and provides preliminary 

estimates of the effects af total amount of exposure and time of 
protraction in determining the minimum white blood cell (WBC) 
concentration observed after expowre of patients from four 

diseuse graupr. 

These m l t i p le  rsgression 

The present 

MATERIALS AND METHODS 

More thon 2700 clinical records of patients who hod re- 

ceived single or fmctionated total body exposures for a voriety 

of direares were collected from more than 30 participting hor- 

pitols (2). Deletion of records h o t  contained inodequote ex- 

-re or response information reduced this number to appraxi- 

motely IOOO. 
records for the plrposes of the present onalysir: only those 

records which were for the first treatment a patient received 

were included, since we have preliminary indications thot the 

responses to second and later exposures differ slightly from the 

responses to first exposures; records for patients who received 

total expaures of leu thon 5 O R  were deleted due to the 

Additional requirements were i m p e d  on the 
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quationable wbro of tho rospames obsmed; madr fmn 

rhau patients in whom the minimum concantration could not 

be determined with m i n t y  were omitted [in orda to k 

considered a true minimum, the concentration must pbnist far 

a noromble period of rim or bo f a l l d  by an olovotod con- 

Table U wmnorizos the exgaura and mpnu dota for 

potion)r fram the thrw d i n  cabgarios in which a single- 

oxpasun anolysis could be performed. 

varies amorp tho threo diseases, rof lect iq tho diffmnces in 

occopted tmotmont lowls f a  a c h  of tho d i m .  

Tho mean total oxpaurn 

centmtion other than tho occosionolly h o d  0ba)iva riw 

(7) 3; and diseaw categories in which there were fewor thon 

ten records were omitted. fh.w qualifications removed all 
but 5 I8 records, which were distributed amang four dinam 

categories: chronic myelogenous leukemia a CML (131 roc- 

ords); chronic lymphatic leukemia a CLL @Oq mods); lym- 

phosarcoma or LSAR (66 records); and diseases which havo no 

direct effects on the blood-farming tissues or NORMAL (121 

potients). The NORMAL group i s  n a m ~ l  only in a relative 

sense and includes potients with disseminated solid tumors, as 

well as patients i n  the late slogus of nonmalignant d i w  of 

the bones, joints, and genitouriwry system. 

Data were s tored  and analyzed an a simple time-sharing 

computer system (Call-A-Computer, Raleigh, North Carolina), 

which proved entirely adequate for the requirements of this 

study. 

RESULTS 

Table I summrizar the number of potients in each disease 

category who were givon single or multiple exposures. We 

were unable to obtain any data on CLL potients who hod re- 

ceived single exposures i n  exccu of IWR, 10 a meaningful 

analysis of their single-exposure response curve cauld not k 
conducted. 

Table I 

Single Mu 1 ti ple 
exmsures oxmsures Disease category 

Chronic myelogenous leukemia 15 116 
(C ML) 

GLL) 
Chronic lymphatic leukemia - 200 

Lymphosarcoma 
(LSAR) 

16 50 

NORMALO 92 29 

Numbers of potients i n  eoch of the four disww categories 
studied who received single and multiple total body exposures. 

apotients with diseases that have no directeffects an blood- 
f oTm i ng t issues. 

T d e  11 
~~ ~ - 

NORMALO CML LSAR 

No. d patients 

Moan total expowre 1 9 5 R  117R l O e R  

Mean WBC at mdir 21.6% 27.7% 39.9% 

Predicted tolerated exposure 19 R 18 R 3 4 R  

Correlation coefficient 

-1.04 -0.99 -1.12 
*.16b & . I +  a.65 

0.5p O . q d ,  0.419 

Expaurn and response data for patients from throo dimow 

aPatients without diseases which have direct effects on their 
categories who ware given single thmpautic oxposwa. 

blood-forming tissues. 
bP < 0.001. 

dP < 0.005. 
CP < o.ooo5. 

The data for each disease were f i t  to a variety of equations, 

with the mat  satisfactwy being a simple power function, 

% WBC = k [ I001 [Ela 
where % WBC i s  the WBC count at the nadir o a prcontuge of 

the prcirrodiation levels, k i s  a constant, E i s  the midline air 

expowre in R, ond CY i s  the slope of % WBC on E. 
Individual slopes wwe tested for significance by use of t- 

tests, and the overall correlation coefficient by use of F-mtior 

(4). The slopes and correlation coefficients are highly signifi- 

cant f a  the NORMAL and CML groups (Table II), but not for 

the LSAR group. In each case, however, the slope does not 

differ significantly from -1.0, indicating that with response 

measured as the nadir concentration of white blood cells there 

is no demonstrable difference in radiosensitivity among these 

three grarps, once the tolerated exposure has been exceeded. 

The predicted tolerated exposure i s  given by 

Predicted toleroted exposure = EXP ( log - log loo ). 
Q 
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Figure 1 gives the plot of % WBC concentration at the nodir as 

a function of mdiation exposure for the hmo disease catqories. 

The displacement af the LSAR group to a higher expocure level 

i s  not statistically significant and rquirar further shrdy. 

For the amlyres of multiplo e x p r o s  we define tho time of 

pohoct im as tlH n u h r  of days a v u  which the oxpocure i s  

given. 

wch  of two consecutive days would hovo a protraction time of 

For oxompie, a patient who received one fmctian on 

-LYMPHOSARCOMA 

LEUKEMIA 

two days. 
for pationh from the four disease cabgor ia who r ~ o i v o d  mul- 

tiplo expaswar. 

since the expowres w e  protracted OVY timos of 27 to 36 dop 

on the avemge. As WOS the caw with the single-expaure 

data, the most adequate f i t  proved to be o power function: 

loble I11 wmmrrizes the exporum and rasponso d o h  

k n  total exposures are l ~ i c a l l y  grsater, 

% WBC = k [ 1001 [ Ela [TI', 

where T i s  the time of protraction in dap and 8 i s  the s l o p  of 

% WBC at a given E on T. 

does not differ among the NORMAL, CML, and GAR group in  

t h i s  multiple-exporum analysis, and it i s  asentially q u a l  to 

-1.0, as was observed i n  the singltexpoture groups (Table 11). 

Theoretically, the identity of slopes in the two rets of data i s  

expected, since by our definition the protraction tinu in the 

singlcexpaurc studie i s  one day, and ona m i d  to any power 

quais one. 

The slope of % WBC on orpowrre 

In athar words, the siglcoxporure data &auld 

f i t  the multiple-exporum equation with T sot qua l  to one. 

This indicates, therefore, that there are no qualitative differ- 
Figure 1. Percent white blood cell concentration at the nadir 
as a function of radiation exposure for patienh wi th  chronic 

tissues -(NORMAL). p u r e ) .  

Table 111 

NORMAL CML LSAR CLL 

No. of patients 

Mean toto1 exposure (E) 

Mean duration of exposure (T) 

Mean WBC at nadir 

Predicted tolerated exposure 

5 lope (WBC/exposure) 

Slope (wBC/time) 

Multiple correlation coefficient 

29 

233 R 

27.9 days 

55.2 % 

I6  R 

-1.07* . 3 9  

0.63 i .24c 

0.539 

116 

152 R 

28.9 dap 

44.4 % 

7R 

-0.82 f .12d 

0.39 f . lod 

0.56p 

50 

217R 

32.1 days 

43.8 % 

2 5 R  

-1.042.22d 

0.23 * . I8  

0.567f 

200 

1 16R 

36.9 dap 

52.9 % 

11R 

-0.75 f . oed 

0.22* .06d 

0.58s 

Exposure and response data for multiple exposures in four potient samples. 
OPatients without diseases which have direct effech on their blood-forming tissues. 
bP<O.025. CP<O.Ol. dP<0.001. *P<0.0001. fP.O.0005. 
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TheCLL group, on the other hand, demonstrates o raponso 

on expasure slope which i s  significantly less than 4.0, but 

which is not significantly different from the slopes observed 

for the other diwoses. 

strate any differenco among the diswso cotogories studied in 

the s lop of on expowre. 

We ore unoble, therefore, to demon- 

The slope of WBC concentration on tim at o given expo- 

sure presents the mort intwesting of the results obtained from 

this analysis. At a given oxpaure the % WBC ot the d i r  

increaw os the 0.63 power of the nuder of days wparoting 

the f i rs t  and last fmctions. Figure 2 illustrates this effoct for 

oxpowres d 60, 100, ond 2 0 R  given over periods of 2 to 32 
days. In the CML group, the s l o p  of WBC on time, or w e  

lmsely the recovery constant, is smaller but not significantly 

below that of the NORMAL group. The recovery foctor for 

the two diseases which affect lymphatic tissues, LSAR and 

CLL, ore each approximately one-third of that &sewed in the 

NORMAL group (P < 0.5 and P 0.05, respectively). Figure 

3 illustmtes this variation in the time factor for the four group 

given I O O R  in 2 to 32 days. 

“NORMAL’ PATIENTS ‘T 

2 4 8 I6 32 
TIME (days) 

k t  this type of analysis cannot do. The doh on which thoso 

analyses 010 based cover on expoxlro mnge of 50 to IOOOR 
given over 1 to neorly 100 days. Since we =e doaling at 

pment with dividing cell poplotions which ara subiect to o 

variety of dosc and titno-dependent compomatory machonitnu, 

it i s  cloa hat any inforoncos regarding tho offacts of 0 t h ~  

otpowre panem must bo confined to the mng. of exxporunr 
and times from which the quotion, hove k e n  derived. The 

amlysu do not provide o meom of estimating overage responses 

to exposures lass than 50R occumuloted in times in excess of 

l o o  days. 4 

In the present report we haw considered only two wri- 

ables: total exposure ond time. The number of fmctions in 

which the toto1 exposure vas delivered wos deleted fa two 

reasons: it would require more spoce thon i s  avoiloblo to us to 

discuss this foctor adequately, and the numbor of fractions ond 

time of protmction are closely correlated. 

simple two-factor analysis we have uncovwod c.rtair, chomcter- 

i s t i u  of the mdiotion response which obviously m u i t  further 

study. Two obrowations, in particular, should be pointed out. 

Even with this 

50 
Q 

2 
c 
U 

a 

V m s 
20 

I I 

2 4 8 I6 32 
TIME (days) 

Figure 2. Percent white blood cell concentration at the nadir 
os o function of mdiotion exposures of 60, 100, 01 200R given 
in 2 through 32 dap (NORMAL ptients). 

Figure 3. Percent white blood cell concentration at the nadir 
OS o function of the time over which o lOOR exposure is  pro- 
tmcted for patients from the four d i m -  categories. 

First, there i s  very l itt le variation among the disease states in 

regard to the sensitivity to exposure level (cf, Tables 11 and 111). 

This might appear to contradict the well-estoblished radiosensi- 

tivity of the moture lymphocyte (s), but i t  should be remembered 

DlSCUSSlON 

It i s  quite clear from the foregoing that mltiple regression 

omlysas con extmct importont information from complex expo- 

sure-versus-response doto. I t  should also be pointed art ewct ly 
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that response in the present study docs not refer to the rate at 

which the white blood cells dimppoar from the circulation. 

Response i s  measured as the lowest concentration following ex- 

posure, independent of the amount af time required to roach 

th is  nadir. 

i s  mare important in  the detrmination of the nodir concentm- 

tion than is th. mdiasensitivity d the muture element, and our 

preliminary doto are canpatible with a conclusion of q u a l  

m d i w m i t i v i t y  in  the progenitor compartment of the four dis- 

ease categgaies. 

The mdiommitivity of the prcgenita compartnnnts 

The fact that the sparing facta associated with protraction 

of the exposure in tima varies as a function of the disease state 

i s  quite clear, at least for comporirg diwoses that affect the 

lymphatic tissues with those that do not. 

theoretical expectatiora (9) as well as to experimental data 

from lower animals (IO) regarding the effects of exposure pre- 

traction on lymphatic versus nonlymphatic bloobforming 

tissues. We w i l l  continue to analyze this time factor in the 

hope of determining what, i f  any, correlations exist between 

human and lower animal responses to similar expawre regimens. 
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