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Hematologic and Therapeutic Effects of Total-Body Irradiation 
(50 R - 100 R) in Patients with Malignant Lymphoma, Chronic 
Lymphocytic and Granulocytic Leukemias, and Polycythemia Vera* 

G .  A. Andrews, F. V. Comas, C. L. Edwards, - 
R .  M. Kniseley, C.  C .  Lushbaugh, and-Helen 
Vodopic k 

Introduction 

Since 1957 the staff of the Medical Division of Oak Ridge Associated 
Universities has been studying t h e  hematologic and clinical courses  of patients 
receiving total-body irradiation. In an ear ly  experiment the radiation therapy 
was  done in connection with attempts to graft bone marrow (1). W e  also have 
studied intensively the hematologic courses  of victims of accidental exposure to 
radiation (2-7). The present report  covers  the therapeutic and hematologic 
results of a ten-year study - 1959 through 1968 - of single exposures of 50 R 
and 100 R given at approximately 1 .5  R/min in a specially designed facility for 
total-body radiation therapy. Some of the data f rom this series have been 
published previously in brief form (8). 

This  study was initiated with two principal objectives; the first was to seek 
information that might lead to improved radiation therapy for disseminated 
malignant disease,  especially leukemia and lymphoma, by  determining the best 
c r i t e r i a  for  selection of patients, radiation dose,  and dose ra te .  For  many 
years  radiotherapists have been able to control progression of certain hematologic 
disorders  by giving "spray X-irradiation" and have obtained similar effects using 
internally administered radiation , in particular phosphorus-32 (9). Fractionation 
and dose protraction quite logically have been used to reduce the incidence of 
undesirable side effects and are believed also to decrease the damage to normal 
t issues  more  than to malignant ones. However, differences in fractionation, 
energy of the beams, and uniformity of exposures to different par t s  of t h e  body 
make it difficult to evaluate and compare the effects of various radiation- 
exposure patterns used in such therapy. 

The second objective \vas to acquire radiobiologic information. The radio- 
biologic aspects of total-body irradiation on man have been studied clinically 

* F r o m  the Medical Division, Oak Ridge Associated Universities, 
under contract with the U.  S. Atomic Energy Commission. 
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since W:dsh (10) first dcscribcd r;idi:ition sicliness in 1897. Thc daw-response 
~~cl:t t ionships,  hm*Cvcr ,  ;ire still poorly l a ~ o u ~ ~  and p r c w m t  estimates arc based 
l:u-g:-ely on conjectures and cstrnpolations from anim:il c spe r in~en t s ,  or from 
csperjcnce with accident victims, atom bo1nb c:isu:dtiCs, and paticnts treated 
1 3 ~ '  irradlation. Becnusc patients in the p a t  ordinarily have been treated wi th  
diirided doses, i t  has been difficult to compare biologic effects in the m:my 
clinical series with e x h  other,  o r  with the effects seen after radiation accidents. 

We decided to obtain baseline data by giving individual doses of 5 0  or  100 R 
and then observing the patients long enough to evaluate effects. These single 
doses of radiation, somewhat higher than individual doses in a fractionated 
regimen, would provide a response that could be measured with a c lear  temporal 
relation to the date of irradiation. In contrast ,  an effect gradually induced by 
two or mope variably spaced small  doses would be more difficult to analyze and 
compare among groups of patients. Single exposures also would permit  u s  to 
compare the hematologic responses with those of accident victims who usually 
receive single rapid esposures.  Careful definitions of the  effects of 50 R and 
100 R,  as attempted in this paper, a r e  a nccessary bas is  €or later evaluating the 
effect of fractionation. 

It was not our plan to evaluate the long-range effectiveness of these 
relatively large individual doses of total-body irradiation as a repetitive and 
sole therapy. This would have required establishing a total treatment plan with 
this  technique, which we were not prepared to do. The l a rge r  doses provide a 
less continuous control, a possible disadvantage emphasized by Osgood. W e  
wanted to be able to  add o r  substitute other forms  of treatment when specific 
clinical considerations seemed to indicate them. One should not infer f rom this  
study that we exTected these individual o r  infrequently given exposures to produce 
better clinical results than fractionated total-body or  portal irradiation. At 
present  we feel that some pattern of fractionated exposure. such as that of 
R. E. Johnson (ll), probably offers  a preferable approach f o r  tobl-bodY radio- 
therapy. The data reported here ,  by defining the range of clinical and 
hematologic effects that single exposures of 50 and 100 R can be expected to 
produce in  these diseases ,  should provide a yardstick for  comparisons in 
future total-body irradiation trials using different exposure patterns.  - -  

Such information, even though obtained in the abnormal conditions of 
disease,  is helpful for  assessing levels of accidental g m : n a  and neutron 
irradiation injury and guiding therapeutic efforts.  During the course  of the 
study the urgent need arose  for  information on hematologic effects in man, 
since the National Aeronautics and Space Administration was faced with 
potentially high levels of radiation exposures in space exploration. The 
principal answers we sought were the pattern of responses  for leukocytes, 
red  blood cel ls ,  and platelets in chronic lymphocytic leukemia, lymphoma, 
chronic granulocytic leukemia, and polycythemia r u b r a  vera .  What differences 
occurred in response to 50-R and 100-R exposures? Did normal blood ce l l s  
differ in radiosensitivity from t h e i r  counterparts in proliferative d isorders?  
For example, do platelets have a different radiosensitivity in chronic lympho- 
cytic leukemia or lymphoma compared with polycythemia rub ra  v e r a ?  O r ,  
do "normal" lymphocytes of polycythemia rubra  ve ra  have the  same sensitivity 
as lymphocytes of chronic lymphocytic leulieinia? W e  also wanted to  observe 
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the degree and length of clinical improvement as nianifcsted 133' relief of general 
symptoms, and rcgrcssion of mTI;isscs, lymph nodes, liver, :md splccn. In 
addition, we wanted to  determine thc incidence : L n d  analyzc the nxturc of the 
unpleasant symptoms of acute radiation csposur e which are includcd in :uiothcr 
study (12). 

This repor t  completes one phase of our total-body irradixtion study program. 
In brief this study will: 
effects, 2) be  simpler to analyze thnn more complcx regimens,  3) provide 
information relevant to radiation injury in "normal" humans, It will not: 1) 
demonstrate that 50 o r  100 R is better than the currcntly accepted fractionation 
modes, o r  2) analyze thc long-range therapeutic effectiveness of these doses. 

1) provide baselines for  thc study of fractionation 

Materials and Methods 

Patients - A total of 89 treatments w e r e  given. This report  covers 
information on 29 exposures to 50 R ,  and 55 to 100 R .  The remaining five 
were dropped from the protocols because of an urgent need for additional o r  
different therapy before the study was  finished, o r  because of the patient's 
inability to meet the appointments for follow-up outpatient visits during the 
study period. The number exposed and their disease categories a r e  l isted 
in Table I,  along with the abbreviations used i n  t h e  test .  

All patients with these diseases  admitted to the Medical Division hospital 
during this period were considered for this therapeutic program. The 
diagnoses were established by clinical history, physical examination, and 
microscopic study of surgical biopsies, bone marrow,  and peripheral blood 
samples.  The urgency for treatment was assessed,  and those patients 
whose condition required some other kind of therapy, o r  no therapy at all, were 
omitted. I€ the clinical s ta tus  was changing rapidly and we anticipated tha t  
other additional treatment might be needed during the postirradiation observation 
period, these patients were  also excluded. If no clear ly  superior therapy was 
available for  a particular patient and the total-body radiation treatment was re- 
garded as an acceptable way of management, the patient was offered th i s  form of 
treatment, following an explanation of the research  protocol. Informed consent 
was obtained in accordance with ethical practice to protect the rights of the 
individual as a research  subject. We recognize some bias in the selection of 
one of the two doses. In a concern for the patient's safety ear ly  in the study we 
evaluated only the resul ts  of 50-R exqosures before using the higher dose. 
La ter ,  some of the patients selected for  the 100-R exposure were those with 
m o r e  pronounced symptoms, o r  in lymphoma, had tumor masses that were 
judged to need the more vigorous treatment. On reviewing histories and clinical 
status, * however, we believe that these biases  3re not sufficiently s e a t  to 
prevent u s  f rom comparing a 50-R group with a 100-R group. Other forms of 
treatment for  t h e  disease were  discontinued before the irradiation, except that 

* Summaries of clinical his tor ies  and status chaigcs  of the individual 
patients have been ,collated and included in the Appendix of this report .  
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in a few patients \vho requircd i t ,  nlaintcnance steroid therapy was keilt up (see 
Tables D and E in Appendix). Of thc patients with chronic lymphocytic leukemia, 
Iilood transiusions wcre given during the six-week posttrcatment period (Table 2) 
to three exposed to 50 R and four paticnts exposed to 100 R. No other treatments 
were given during this t ime.  

Table 1 

Patients Exposed to Total-Body Radiation in Each of the Disease Categories 

Chronic Lymphocytic 
Leukemia (C LL) 

Malignant Lymphoma 

Hodglcin' s Disease 

Chronic Granulocytic 
Leukemia (C GL) 

Polycythemia Rubra 
Vera  (PRV) 

Total 

1st R>; 

12 

5 

1 

6 

0 
1_1 

50 R 

2nd & 

3 

0 

0 

2 

0 

T o t d  R>; 

15 

5 

1 

8 

0 

29 

16 

17 

1 

4 

7* 

100 R 

2nd & Total 

20 

22 

1 

4 

8 

55 

*One patient had pr imary hemorrhagic thrombocythemia rather  than PRV. 

Hodgkin's disease was originally included in the study but was eliminated 
ear ly  because we believed that a la rger  dose is needed to control the inaligmnt 
process  than we could safely give to the whole body at one time. The most 
effective modern therapy f o r  this disease is irradiation of lymphatic tissues, 
sometimes involving large fields , but allowing some hematopoietic t issue to 
remain unirradiated. The lesions of this disease are generally less radio- 
sensitive and less intimately involved in hematopoietic tissue thnn those that 
can be helped by total-body irradiation. 

Stud\l Protocol - A uniform study protocol was devised to collect laboratory 
data on specified days during the six-week study period (Table 3 ) .  The six- 
u:eeli period of data collection was adopted as the most reasonable compromise 
between clinical research  objectives and patient's needs; a longer period would 
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Table 2 

Transfusions during 
G weeks pretreatment 

The Requirement for  Blood Transfusions in Patients with Chronic 
Lymphocytic Leukemia Before a i d  Alter Radiotherapy with 50 R aid 100 R TBI 

Transfusions during 
G weeks posttreatment 

No. 
Trans. 

18 

15 

No. KO. 
Patients Trans.  

3 15 

4 31 

Radiation No. 
Dose Patients 

I I 

No. 
Patients 

50 R 

100 R 
1 I 

13 3 

a 3 

have been clinically more  desirable,  and most of the patients continued under 
our c a r e  and had further observations. Because of the enormous spread of 
initial blood values, all results were normalized by using the immediate pre-  
treatment values for  each patient as 100%. In most instances, this value 
consisted of the average of day minus three  and day zero  (pretreatment) counts; 
in a few only day zero  values were available. Table 4 gives the ranges and 
geometric means of the pretreatment data from which the normalized curves 
were  derived. 

Table 3 

Protocol for Blood and Bone-Marrow Sampling Times 
Used in 50 R and 100 R TBI Study for Al l  Patients 

I 

Radiation Day -7 -3 0 +I +2 +3 +4 +7 +14 +21 +2s +35 i-42 

Bone Marrow X S x 

M’RC, RBC, 
Platelets 
Blood Film, 
Hgb . ,  Hct. x x s  x x  s x x  S x x x 

Uric Acid x :: S N x :i x x 

5 
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Bonc-marrow nspir:~tions \vcrc' pcrformcd according to thc protocol 
dcscribcd; IYC hnvc dccidcd not to prcscnt the findings in the I)ruscnt rcport. 

Lab or nto r y Method s 

The hematologic studies were performcd on venous blood sarnples using 
The hemoglobin valuc was determined wcll established laboratory mcthods. 

by the cyanmethemoglobin method aid hematocrit pcrcent by the \Vintrobe 
method. Leukocytes and erythrocytes were counted electronically. Platelets 
were enumerated by the niethod of Brecher  and Cronlcite using phase microscopy 
(13). When platelet counts were low, dilutions of 1:20 ivere used rather  than 
1 : l O O .  The number of smal l  squares counted in the chaniber was increased to 
10 ,  2 5 ,  o r  50 until m o r e  than 100 platelets were counted,-or  all platelets in 50  
squares  counted. In determining absolute lymphocyte values for  patients with 
PRV, we performed differential counts on 400 leukocytes for greater  statistical 
confidence. 

The Radiation Facility and Dosimetry 

The irradiation room,  designated the medium-exposure-rate total-body 
i r radiator  (METBI), was completed in 1959; it is an  eight-foot cube, concrete 
shielded, with a 385-curie source of cesium-137 in each of the eight corners .  
A maze connects the treatment room to its control room where a nurse or  
operator is in visual contact with the patient by a se r i e s  of mir rors .  The 
patient lies on an aluminum bed suspended in the center  of a homogenous 
2 x 2 x 6 foot radiation field. The beams from the eight sources are shaped 
SO that the exposure rate is uniform to within * 5% within the treatment volume. 
The exposure ra te  can be  varied by a series of attenuating filters and values 
f r o m  0.64 to 1 .52 R/min have been used; but most treatments were given at 
1.50 R/min. This facility has been described in detail by Brucer (14) and a 
detailed description of the radiation field has been published (15). 

We made two independent dosimetry studies to determine the dose received 
by patients. We filled three compartmentalized phantoms with Fricke chemical 
dosimeter and determined spectrophotometrically the average dose to each of the 
13 compartments. In addition, we  measured the midplane isodose lines by an 
ionization probe; details are given by Hayes et a1 (16). In the second study, * 
with a tis sue-equivalent plastic phantom containing an implanted slceleton and 
density-adjusted lung spaces ,  we measured the dose to various organs using 
LiF thermoluminescent dosimeters in the volumes representative of these organs. 
Except for the bone marrow,  the average rad response of the dosimeters in 3n 

organ was defined as the average organ dose. W e  calculated the marrow dose as 
a weighted average s ince this t issue,  located at  variable depths beneath the 

* W. L,  Beck and T. R. Stokes performed the thermoluminescent dosimetric 
measurements as pa r t  of our  continuing total-body irradiation program. 
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Head 

Neck 

Ches t  

Abdomen 

Pelvis 

A i m s  

Thighs 

Legs 

'7s 

76  

63 

66 

65 

7G 

75 

86 

Feet 7 6  

Whole Body 7 0  

81 

83 

66 

69 

70 

78 

78 

88 

7 8  

74 

79 

84 

70  

7 1  

7 1  

75 

82 

87 

81 

75 

*Hayes Water Phantoms 

surface, is not placed uniformly in a single, well defined site. The assumed 
n:arrow distribution used for  the dose estimates was  that suggested by R. E. 
E l l i s  (17) for a normal man. It is well known that its volume and location var ies  
\\.idely in patients with the diseases studied here .  

The average tissue dose to the total torso of a standardized normal adult 
\\'as estimated by each of the dosimetry studies to be 65 rads/100-R exposure 
!JJ. the compartmentalized phantom study and 68 rads/100 R by the heterogeneous 
ph~1 tom.  The minim21 bone-marrow dose occurs in the pelvic region and is 
o d j -  53 rads/100 R. Variations in dose due to difference in body s ize  and con- 
f iyna t ion  are shown in Table 5. Table 6 l i s t s  the absorbed dose in various 
organs.  

9 B S E RV AT IO NS 

Chronic L_vniphocj*ic Leukemia 

During the first s ix  weeks after therapy in 35 patient treatments with either 
50 R o r  100 R,  palpable lymph nodes shrank in 20  and remained unchanged in 12. 

e 
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Table G 

Anatomic al Organ Do se s in C c si u in - 1 3 7 Total -Body I r 1’; id ix  t ion I: : tc i 1 i t  y 

Orvan Total Oi-gmi Dose (Rads/100 11) 

Bone Marrow 

Cerebellum 

Cerebrum 

Heart 

Intestines 

Kdneys  

Lenses of Eyes 

Liver 

Lungs 

Skin (above sternum) 

Skin (front waist) 

Spleen 

Stomach 

Thyroid 

Aver age  

64 

77 

75 

6 6  

67 

66 

87 

67 

67 

73 

74 

69 

64 

7 G  

Ranges 

53-86 

74-81 

7 0 ~ 7 9  

58-70 

54-7G ., 
62-70 

85 -9 0 

G1-78 

58-77 

72-75 

72-75 

64-73 

59-69 

75-77 

*Figures in parentheses indicate the number of bodily locations where 
dose was measured with LiF  dosimeters.  

~ Of the palpable spleens, ten were smal le r  after treatment,  seven remained 
unchanged, but palpable, and seven enlarged during the same interval. There 
was no c l ea r  pattern of change in l iver  size.  

Twelve patients gained weight, 13 los t ,  and eight had no change. (The others 
are unrecorded.)  The general feeling of well-being improved to some degree in 
21, remained unchanged in 12 ,  and decreased in two. W e  could not demonstrate 
with any of these clinical responses  that the effect of 100 R was greater  than 
that of 50 R ,  although the smal l  numbers of patients is a deterrent  to comparisons. 
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or sensitivity s u b p o u ~ .  

Figure 3 shows the changes i n  me:m blood lymphocyle numbers  fo1lon)ing 
50-R and 100-R exposures in the resis tant  and scnsitive patients. M'c saw no 
statistically significant differences in the degree of lymphocyte depression 
caused by these two doses. Although the most rapid f a l l  occurred in the first 
w e e k ,  a nadir was not reached until three or four Weeks aftcr exposure. 

CHRONIC LYMPHOCYTIC LEUKEMIA 
I50 t 

5 0  R METB I 
RESISTANT .Imo- 

SENSITIVE - - 
- - 
- 
- 
- 

-. 

w 

D A Y S  

Changes in  the  wh i te  b lood leve ls  i n  15 pat ients  w i t h  ch ron ic  l ymphocy t i c  leukemio of fer  
50 R .  T h e  leukocyte counts hove been normal ized t o  t h e  i nd i v idua l  po f i en t ' s  pretreat- 
ment vo lues .  T w o  geometric meons w i t h  the i r  standard errors  are shown; one ( s o l i d  l i n e )  
i s  that for t h e  leukocyte l e v e l s  in_ t he  I 1  more respons ive  pat ients  ond the other  (do t ted  
l i n e )  i s  that for the four pat ients  whose  course seems more res i s tan t .  T h e  fwo computed 
means (a l t e r  seven d o y s j  a re  s t o t i s t i c o l l y  d i f f e ren t  at t he  95% con f idence  leve l .  

I O  
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F i g .  2.  Changes in the  w h i t e  b lood  counts  (shown in  F i g .  1 )  o f  19 pa t i en ts  w i t h  chronic  lympho- 
c y t i c  leukemia af ter  100 R. AS in F i g .  I ,  the t w o  geometr ic  means are those  for t he  14 
,, sensi t ive"  and f i v e  " res is tant"  pa t i en ts  and are s i g n i f i c a n t l y  d i f ferent  at the 95% 
l eve l  from the  second day onward. 

The response of leukemic lymphocytes to 100  R was  unrelated to the level 
of the pretreatment leukocyte counts, nor did i t  cor re la te  n.ith lymphocyte 
s ize ,  notching of nuclei, o r  tendency to smudge. The degree of niarrow infil- 
tration as judged by histologic: examination of 111;~l'row aspirated did not tell u s  
why some patients had "radioresista1t'l  lymphocytes. Furthermore,  we found 
no correlatioll between the lymphocyte response and the clinical response o r  
length of "remission"; eight patients required no other treatlnent for seven and 
a half o r  more months, whilc nine patients needed additional treatment for 
leukemia shortly after the study period, less than t h e e  months from the 
irradiation. 

While the leukemic lymphocytes responded similarly to 50 R and 100 R ,  
the effect of these two doses  on the platelet levels differed strikingly as shown 
in Figs .  4 and 5. These graphs show also that the responses  of patients given 
50 R vary  more  than those of patients given 100  R, suggesting thzt recovery 
may be inanifested more  variably with the lower dose. A trend toward recovery 



is definitely established during the fifth and sixth weeks after exposure. A s  C ~ I  

b e  Seen in Fig. G,  the recovery in numbers of circulating platelets af ter  50 R 
occurs  ear l ie r  and more  rapidly on the x.erage than after 100 11. Thc standard 
e r r o r s  of these geometric means arc also l a rge r  with thc lower dose indicating 
the greater variability of the response to the lower dose. 

Hemoglobin values remained stable in the 1 0  patients not anemic before 
treatment;  those that were anemic usually had no r i s e  in their heiiioglobin levels 
o r  became more  anemic during the six weeks following irradiation. In a few 
patients who had been requiring transfusions before treatment,  the 100-R 
exposure increased the number of transfusions needed while 50 R did not (see 
Table 2 ) .  

0 

$ 

CHRONIC LYMPHOCYTIC LEUKEMIA 

50R- - -  
100 R - 

i 

METBl - 

- 
- 
- 

- 

SE NS IT IVE - 

c 
- 

Malignant Lymphoma 

This  group of 20 patients included five who were  given 50 R, two of whom 
subsequently received 100-R treatments.  Of the 1 7  patients who received 100 R ,  

I 2  
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F ig .  4 .  Changes in the i nd i v idua l  ond geometric mean percent o f  pretreatment p la te le t  l eve l s  in 
75 pat ients  w i t h  ch ron ic  l ymphocy t i c  leukemia af ter  50 R .  

five were given a second 100-R treatment.  There  were  27 exposures in a l l .  

During the first six weeks after t reatment  there  was no clear difference 
in clinical responses  between the 50-R and 100-R groups. Ln the 27 treatments,  
23 of the 27 patients showed at least some degre2 of shrinkagz of lymph nodes; 
1 7  responded moderately o r  substantially, while in  three the nodes remained 
unchanged and in one they enlarged af ter  therapy. In the eight patients with 
palpable spleens, only two spleens definitely r e g e s s e d ,  while five others  
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1.cninincd large ;uid one \ v a s  questionably changed. Nine p;llp:dJle l ivers  rc- 
grcsscd while eight rcmauncd unchanged or  cnlarged. The rc  \\':is no consistent 
ixittcrn of change in body weight. The subjective general feeling of well-being 
re1113ined poor o r  unchanged in 1 7  patients, while 10 expressed somc uegree 
u i  improvement. 

Most of these patients had at least a few atypical lymphocytes in t h e  blood, and 
we !yere unable to separate definitely those that should b e  considered as having 
a "leukemic" stage of lymphosarcoma, except for two who had larger numbers  
of abnormal cells. These two patients described in a later paragraph responded 

F i g .  5 .  Chonges in  t h e  i nd i v iduo l  ond gecmetr ic  meon percent o f  pretreotment p la te le t  l e v e l s  i n  
20 pot ients  w i t h  chronic  l ymphocy t i c  leukernio o f te r  100 R.  Compcr ison of t he  geometr ic  
means ond the i r  stondord errors in  t h i s  f i gu re  ond  in  F i g .  4 shows thot the  degree o f  
response in  the two dosoge groups d i f f e rs  s i g n i f i c a n t l y  from 21 doys on. F i v e  i nd i v idua l  
po t i en ts  who rece ived  50 R, however, reacted os t he  100-R group, w h i l e  three in t h e  
100-R group responded s i m i l o r l y  to  the  50-R po t ien ts .  

14 

1 0 3 9 8 0 b  
, I .  , .. ... 



1 I . , . . / , I  ,. ","" I 

- 
I I I I 

14 21 28 35 42  
D A Y S  

- 

7 r ;  /a/ Y L  '7- 3 

F i g .  6. Comparison o f  the geometr ic  means for blood p l a t e l e t  l e v e l s  i n  pa t i en ts  w i t h  chronic  
l ymphocy t i c  leukemio af ter  50 and 100 R. T h e  curves become stotist icolly di f ferent  o n l y  

after 21 doys.  

quite differently from the r e s t  of the group. All the others had pretreatment 
leukocyte counts of l e s s  than 15,000/mm3; the numbers of lymphoid cel ls  w e r e  
less than 11, OOO/mm3. The subsequent decrease  in lymphocytes was not great 
(the lowest value was about 50% of pretreatment level, reached at seven days). 
In the majority of the patients (11/17) lymphocyte levels began to recover from 
this decrease  by 14 days; this was unlike the response in CLL. In Fig. 7 the 
geometric means for the leukocytes oi  the main groups of patients with malignant 
lymphoma who received 100 R a r e  plotted, along with one standard e r r o r  of the 
mean. The changes in total leukocytes 'after 100  R in patients with malignant 
lymphoma have been graphed in Fig. 7 for comparison with la te r  graphs in  this 
study and with those of other investigators who have not dlfferentiated the 
hematologic response of the various white blood cel l  types. In Fig. 8 the 
sequential changes in lymphocyte counts in individual patients can be seen 
varylng widely. 

By contrast ,  in the two "leukemic" patients urith high numbers of abnormal 
lymphoid cells in the blood before irradiation (16,000 and 26,OOO/mm3) these 
ce l l s  decreased profoundly and rapidly after 100 R. Their course  differed 
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F i g .  7. Changes i n  b lood  leukocy te  va lues  in  20 pa t ien ts  w i t h  ma l ignan t  lymphoma af ter  TOO R. 
T h e  actual  WBC counts have been normal ized to i n d i v i d u a l  pretreatment l e v e l s  and  the 
geometrrc mean and i t s  standard error computed on  t h i s  b a s i s .  

considerably f rom that of the other members  of the lymphoma group and 
resembled more  closely the extreme responders of the chronic lymphocytic 
leukemia groups. (See Figs. i-3). 

The platelet values for the 50-R group dropped only slightly on the average 
and varied widely from patient to patient. In the 100-R group, the platelets 
responded more  consistently; a steep drop appeared during the third and fourth 
weeks 
resembles  quite closely that of the patients with chronic lymphocytic leukemia 

~ given the same dose (Fig. 4 ) .  All showed a trend toward recovery during the 
fifth and six-th weeks (Figs. 4 and 10) .  Hemoglobin values  did not change sig- 
nificantly during the six weeks after irradiation with either 50 R o r  100 R. 

reached a nadir of 27% of the pretreatment values. This curve 



Hodglun' s Di sease 

Only three patients with Hodgkin's disease were treated. One patient who 
received 50 R ear ly  in her  disease failed to respond and was  quickly transferred 
to more conventional therapeutic regimens. The second patient, who received 
100 R, showed similarly no benefit, and the third one faiiled to return after two 
weeks for further follow-up studies. The platelet and lymphocyte responses for 
the 50-R and 100-R exposure behaved as in patients with other types of lymphomas. 

F i g .  8 .  
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T h e  changes in  F i g .  7 are shown here as  changes i n  lymphocyte l eve l s  computed from 
ind i v idua l  abso lu te  lymphocyte counts  before and af ter  exposure. T h e s e  extremely 
va r iab le  responses of  i nd i v idua l  pa t i en ts  reduce to  a geometr ic  mean not s t a t i s t i c a l l y  
d i f f e ren t  from that of t h e  " res i s tan t "  type of  response in  lymphocyte l eve l s  o f  pa t i en ts  
w i t h  chronic  l y m p h o c y t i t  leukemia treated w i t h  e i t he r  50 or 700 R ( s e e  F i g .  3 ) .  I n  
several of these pa t i en ts  to ta l -body 1rrod;at ion o b v i o u s l y  resu l ted  in lymphocytos is  in  
re la t i on  to  pretreatment l e v e l s .  

7 -  7 

17 



11..  

MALIGNANT I V I  ,oo 
METB, rr. 

;:g. 9 .  T h e  lymphocyte response curves of t w o  pa t i en ts  w i t h  “ l eukemic ”  mal ignant  lymphomo 
were so a typ i ca l  in compar ison w i t h  those  of t he  20 other po t i en ts  w i t h  t h i s  d i s e a s e  
( F i g .  7) that  they ore shown here seporate ly  a long w i t h  the  geometr ic  mean of the other  
20 pot ients .  T h e s e  two  ind i v idua l  lymphocyte response curves f i t  w i t h i n  t h e  95% c o n f i -  
dence l i m i t s  of  the “ s e n s i t i v e ”  fype of  l ymphocyte response curves shown for ch ron ic  
lymohocyt ic  leukemia in  F i g .  3 .  

Chronic Granulocytic Leukemia 

This group included eight patients exposed to 50 R and four exposed to  100 R .  
Their spleens remained palpable and unchL?,oed in size in eight, became slightlgl 
s n i d e r  in one, and distinctly smaller in one. Jn the other tlvo, the spleen was not 
palpable beiorc  o r  after treatment.  -q definite decrease in l iver  s ize  was recorded 
in only one patient. The general  feeling of ivell-being was improved in eight 
w t i en t s  but unchanged in th ree  and poorer in one. 

All patients had high initial 1eultocJ‘te counts consisting predominantly Of 
mature granulocytes. Nonganulocytic elements were so  €ew that  the Curves 
shown in Figs.  11 and 12 can  be considered as representing chiefly changes in 
gmnulocytic numbers.  The numbers  of leukocJ+es began a decrease  prom\ltlY 
after these doses  ,and the degree of fall indicated a greater radiation sensitjvity 
than we see in normal g-anulocytes (see Fig. 7) .  Fur ther ,  th i s  depression 
usually pers is ted longer than would a s imi la r  degree of dc7ression produced in 
normal persons by 3 higher dose 3s in radiation accidents. After 50 R the decl .in e 



in values began promptly, t h c  nican dropping to 55% on day scven, 48% by day 14, 
then staying in this rangc for  the sis-week period of observation (Fig. 11). Thc 
response of thc four paticnts given 100 R (see Fig. 12) was similar  to that of the 
50-R group, but the degree of deprcssion w a s  grcater: 35% on day 7 ,  21% on day 
14. By day 21, three of the four patients had granulocyte levels below 20% of 
pretreatment levels: one patient showed a transient partial recovery pattern. 
This  suppression persisted throughout the 42-day period at the end o€ which 
there  was still a trend toward even lower levels. 

The platelets in CGL before treatment were either in the normal range o r  
elevated; in a few instances they were at levels over  l,OOO,OOO/mm3. After 
50-R exposures,  the platelet counts rose  to a mean level of 136% by day 14 before 
declining to a nadir of 82% on day 28. The  means then returned toward the pre- 
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F i g .  10. Platelet response curves  in pat ients  with malignant lymphoma exposed to 100 R .  T h e  
heavy solid l i n e  represents  the geometric means and their standard errors. T h e  curve 
c lose ly  resembles  that in F i g .  6 of  chronic lymphocytic leukemia af ter  100 R. 
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F i g .  1 I .  Chonges in b lood leukocyte v a l u e s ,  expressed in  terms of i nd iv iduo l  pretreotment WEC 
T h e  dork counts, of  e igh t  po t ien ts  w i t h  chronic  g ranu locy t ic  leukemio exposed to 50 R .  

s o l i d  l i n e  represents  the geometric means and the i r  s tondord errors .  

t reatment  range during the fifth and six weeks (Fig. 13), but the values ranged 
widely (53% to 191% of pretreatment values). 

The platelets of the group exposed to 100 R also rose during the first two weeks 
but much less conspicuously (Fig. 14).  The subsequent depression followed the 
usual temporal pattern and reached a nadir of 48% on day 42. This progressive 
decrease which persisted beyond 42 days is presently being observed also in our 
ongoing studies with fractionated and low-dose-rate exposures. A comparison 
of mean responses  f o r  platelets and leukocytes after 50 R and 100 R is made in 
Fig. 15. 

The percent response (relative to pretreatment values) of the leukemic 
granulocyte appears from this graph (Fig.  15) to b e  about a factor of two greater  
than that of the platelets. The comparison here  shows that in the occasional 
patients where injury to the platelet system i s  to he  avoided because of borderline 
thrombocytopenia, a 50-R exposure would offer some therapeutic effect on granulo- 
cyte numbers while sparing platelet nunibers. 

Mean hemoglobin values were not significmtly al tered during this period of 
study. Figure 16 shows the hemoglobin values for the patients who received 100 R. 
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F i g .  12. Changes i n  blood leukocy te  va lues ,  expressed i n  terms o f  i nd i v idua l  pretreatment WBC 
counts, of  four pa t i en ts  w i t h  chronic  g ranu locy t i c  leukemia exposed to 100 R. T h e  dark 
s o l i d  l i n e  represents the geometr ic  means and the i r  s tandard errors. 
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F i g .  13. Changes in p la te le t  va lues  expressed in  terms o f  i nd i v idua l  pretreatment p la te le t  coun ts  
o f  eight  pa t i en ts  w i t h  ch ron ic  g ronu locy t i c  leukemia exposed t o  50 R .  T h e  dark s o l i d  
l i n e  represents the geometr ic  means and the i r  standard errors. 
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Changes in p la te le t  v a l u e s ,  expressed in terms o f  i n d i v i d u a l  pretreatment p l a t e l e t  
counts ,  of four po t i en ts  w i t h  ch ron ic  g ranu locy t i c  leukemio exposed to 100 R. T h e  dark 
s o l i d  l i n e  represents t h e  geometr ic  means and t he i r  s tandard errors. 

CHRONIC GRANULOCYTIC LEUKEMIA 
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Comparison of the geometric means o f  the l eukocy te  and p la te le t  va lues  in  ch ron ic  
g ranu locy t i c  leukemio exposed t o  50 ond 100 R, shown in F i g s .  13 and 14, showing the  
greoter s e n s i t i v i t y  of the l eukocy tes  of these pa t i en ts .  In  compar ison w i t h  the  cu rves  
for p la te le t s  ( F i g .  6 )  in  ch ron ic  l ymphocy t l c  leukemia,  changes after 50 and 100 R occur  
ea r l i e r  and are more extreme. 
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F i g .  16. Changes in  b lood hemoglobin va lues  in  four p o t i e n t s  w i t h  ch ron ic  g ranu locy t i c  l eukemia  
exposed to l 0 0 R  showing a s l i g h t  improvement r e l a t i v e  to i n i t i a l  hemoglobin l eve l s .  

Polycythemia Rubra V e r a  and P r imary  Thrombocythemia 

This group included eight patient-exposures to 100 R. Six patients had poly- 
cythemia rubra  vera  (PRV); one received two separate  treatments (seven 
treatments) ; the seventh patient had pr imary  thrombocythemia. In five patients 
there  was an improvement in general feeling of well-being; in three there  was no 
change. Of the large spleens, the s ize  decreased in three,  increased in one, and 
remained unchanged in two. The effects on l iver s ize  were slight and variable. 
In six patients a significant gain in weight was recorded. 

All the PRV patients had initial leulcocyte counts above 10 ,  OOO/mrn3. These 
ranged up to 41,OOO/nim3 pretreatment.  As is shown in Fig. 17, leukocyte values 
began to drop after one week and reached their  nadir at the six-week point, con- 
siderably later than has been observed in normals or in patients with most other 
diseases.  A s  with platelet values  (see below), the return of the leukocyte level 
toward normal was slow and was prolonged up to six months. The changes in 
absolute lyniphocyte values in relation to pretreatment levels after 100 R (Fig. 18) 
were  more like those after 100-R accident cases .  Typically no return to normal 
was  seen during the 42-day observation period. 

Except for  one patient with a norinal platelet count, all had pronounced 
elevated platelet counts ranging from 575,000 to 1, G O O ,  OOO/mm3 before treatment. 
The qualitative platelet responses to 100  R were similar  to those of accidentally 
irradiated normal persons and of patients without leukemic diseases  in that a 
nadir was reached at about 30 days (Fig. 19) , but characterist ically the fall in 
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f i g .  17. Changes in blood leukocy te  l e v e l s  i n  e ight  pa t i en ts  w i t h  po l ycy themia  rubra vera af ter  
100 R.  T h e  s o l i d  heavy l i n e  i s  t h e  geometric mean of t hese  va lues  through the usua l  
42-day pos t i r rad ia t i on  s tudy period; the do t ted  l i n e  ex tends  t h i s  mean through l e s s  
regular ly  obta ined d a t a  po in ts  over s i x  months. 
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14 21 28 35 42 0 1 2  4 7 

F i g .  18. Changes in  b lood  lymphocyte va lues  in  seven pa t i en ts  w i t h  po l ycy themia  rubra v e r a  

T o  improve s t a t i s t i c s ,  400 leukocytes were 
One pat ient  whose base l i ne  va lues  were  be l i eved  t o  be 

exposed t o  100-R to ta l -body  i r rad iat ion.  
counted at eoch da ta  po in t .  
un re l i ab le  i s  exc luded  from t h i s  f igure.  
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count e i l h c r  did not begin lor t\vo \ \ C C ) ~ S  or  w;Ls slig]it LIntil tll:tt tili1c. ‘rhe r e t u r n  
toward normrrl, howcvcr , \\’as niuch delayed and did not rc:Lch prctrcalmcnt Icvcls 
for many months. This tcni lmxl  p~ i t twn  differs distinc t l y  from thc rcs1,unsc of 
accident victims \\.here a return to normal (or cvci i  :L rcimuntl c1cv;ition) occurs  
within s ix  weeks. It appears that some homeostatic mcchanisin tends to prcvcnt 
platelet values from returning lo abnormal prctrcatmcnt values. Figure 19 shows 
the platclet response during the usual six-week study period and for  the following 
s ix  months. 

, 

Henloglobin values for th i s  group were not significantly elevated at t h e  
t ime of treatment;  excessively high platelet and leukocyte values dominated 
the i r  blood picture. Evaluation of changes in r e d  cel l  nunibers and morphology 
was complicated by pretreatment phlebotomies, stage of disease,  and previous 
marrow-depressing treatments with 32P or  drugs (only two of the six were new, 
untreated cases). Hemoglobin and hematocrit values changed little after treat-  
ment (Figs. 20, 21) with 100 R.  W e  believe, however, that this dose suppressed 
the r i s e  that usually would have occurred with therapy. The mean corpuscular 
hemoglobin concentration before trcatinent w a s  invariably loit., due to phlebotomies 
and intestinal bleeding. It did not change in the postirradiation period (Fig. 22).  

There was a 12% decrease in numbers of RBC and 12% increase in mean 
corpuscular volume that offset one another so  that little or no change was seen in 
hematocrit values. Blood volume studies,  however, were not done. Generally 
the mean corpuscular hemoglobin concentration did not change significantly 

POLYCYTHEMIA VERA 

100R METBI A 

WYEEKS y//?./’ql:7 L- > _. 
F i g .  79. Changes in  blood platelet  l eve ls  in e ight  pat ients  w i th  polycythemia rubro vero exposed 

to 100 R.  Geometric mean 1 5  shown an a s o l i d  heavy l i n e  for 42  d o y s  of the protocol 
and a s  o broken l ine af ter  thot time when doto  po in ts  were l e s s  rigidly obtained. 
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F i g .  20. Changes in hemoglobin va lues  of  eight  pa t i en ts  w i t h  po l ycy themia  rubro vero over t h e  

six months af ter  100-R exposure. 
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F i g .  27. Changes in hematocri t  va lues  (not  norma l i zed )  o f  e ight  pa t i en ts  w i t h  po l ycy themia  rubra 

vero over the  s i x  months after 100-R exposure. 
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F i g .  22. Changes i n  mean corpuscular  hemoglobin concen t ra t i on  of e igh t  pa t i en ts  w i t h  p o l y ~ y -  

themio rubra vc ro  o v e r  t he  S I X  months after 100-R exposure.  
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POLYCYTHEMIA RUBRA V E R A -  PATIENT 2b 
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F i g .  23. Changes i n  ac tua l  v a l u e s  of blood e ry th rocy te  parameters i n  one p o t i e n t w i t h  po l ycy -  
themia rubro vera t reated w i t h  an exposure o f  100 R.  

Changes in U r i c  Acid 

In all disease categories and both dose groups, we examined serum uric  acid 
levels.  After exposure, the levels changed, as might be expected from previous 
observations, but in this series of patients the changes were,  in general, sinall, 
inconsistent, and of little clinical value. In some patients an ear ly  increase and 
subsequent decrease w e r e  sufficiently large to be accepted as indicative of the 
t i s sue  destruction caused by  the radiation exposure. 

In 100-R treated lyinphos,wcoma and CLL, there  were increased average levels 
on postirradiation days through four o r  seven (Table 7) .  Among the patients given 
50-R exposure the CGL group showed elevated ur ic  acids on only the second day 

* Ln a study of RBC size distribution after low-dose-rate total-body irradiation 
(to be  reported elsewhere; s e e  ORAU Medical Division Research Reports 1968, 
1969), we have found by electronic measurements of r ed  cel l  size that irradiation 
produces changes in ce l l  volume that are not demonstrated by measurements of 
hemoglobin, hematocrit,  :md cel l  numbers/cni3. 
re turns  to normal within 120 days in this study only if  iron s tores  have not been 
depleted by phlebotomy o r  hemorrhage. 

W e  are finding that the erythron 
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.mi the CLL group on only the seventh day. In other disease categories and 
c.xTosure groups no statistically significant early changes were found in the mean 
\.dues f rom day to day, although some individual patients, even in these groups, 
s hnwed alterations that possibly reflected increased cel lular  destruction. On day 
2 -  following 100 R a decrease was seen in some disease categories and in the 
Li\.eraged data for  all, but was not found in individual groups after 50 R. 

These observations a r e  compatihle with the view that change in uric acid 
level is a dose-related response that is modified by at l ea s t  three factors: the 
:?mount of radiosensitive t issue present at exposure, the degree of radio- 
sensitivity, and the r a t e  of ur ic  acid production in relation to renal excretory 
capacity. Appraisxl of radiation-induced perturbations in this metabolic system 
might be better elucidated f rom study of total ur inary ur ic  acid and other protein- 
related excretory products ra ther  than seruiii levels. 

DISCUSSION 

This large amount of hematologic data suffers f rom the usual variabilities 
of most clinical investigations - wide range in laboratory values,  many of them 
unexplained, and the lack of a t rue  control population. The information derived, 
ho\iTever, is clinically useful and meaningful for  radiation biology. The differences 
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in response in different clinical disorders  are  of special intcrest  and give some 
insight into the relative dependence of these disease processcs  on cellular survival 
and replication. In this discussion "sensitivity" is uscd to mean simply a response 
in cel l  numbers af ter  irradiation; i t  is not niennt to iniply any specific mechanism 
for altered numbers. 

Most of the rapid major alterations in blood values  during the six-week post- 
treatment period were the result of irradiation. To be  valid, this statement 
requires  u s  to assume that all peripheral blood cel l  values would have remained 
stationary if no treatment had been given. This steady state w a s  not always present. 
In fact ,  therapy was often indicated because certain cellular systems were changing, 
but the rate of change was usually slow in comparison with that induced by ir- 
radiation. Patients with chronic leukemia, polycythemia,- o r  lymphoma were in 
reasonably good condition and the changes in hematologic status that would have 
occurred in the d s e n c e  oi treatment during the observation period could be pre-  
dicted with some certainty. Fo r  example, most of the patients with chronic 
leukemia were becoming worse only gradually; white cell levels and symptoms 
were  increasing slowly. Some with lymphocytic leukemia had falling r e d  cel l  
values that required transfusions. Patients with polycythemia were in need of 
treatment to alleviate symptonis and to lower hazardous elevations in platelet 
values; bvo had phlebotomies shortly before irradiation. A rise in red  cell  values 
might have been expected had no therapy been given. 

Problems of interpreting the quantitative nature of radiation-induced hcmatol- 
ogic response have recently been reexamined by Bergner with theoretical and 
stochastic mathematical models (18). He points out that all curves of blood cell 
counts a r e  a composite of the effect of radiation damage and its r epa i r ,  and 
variations introduced by data that is poor in reliability and numbers. F rom his 
theoretical viewpoint he demonstrates that an increase in dose augments the 
speed of "the response processr1 as well as the maximum response itself. He 
feels ,  however, that large numbers of patients and observations do l i t t le for  
quantitation of the hematologic response and that biologic variation in patients 
and its many causes  force the development of a qualitative ra ther  than a quanti- 
tative theory. In attempting this task he shows that the onset of repair  processes  
and their continuance cause the spread" of the hematologic response data to 
increase  with time. Since la rger  doses more effectively suppress repa i r  processes  
and thus tend to reduce one contributing cause to variability, especially la ter  in the 
course of response,  one n.ould expect that larger  doscs \ \ .odd give more  unifoi-in 
responses.  This effect is seen in most o€ our data but not in a11 of it. Bergner's 
analysis of the patients \s.ith chronic l y i i i p h ~ ~ ~ - t i c  leulxmia,  where niaxiiiiuni 
response of lymphocytes to 50 and 100 R \vas the same,  revealed unexpectedly that 
gi- e at e r v ar i ab il it y in r c s 1) on s e ( ev id enc e for gr e at e r r ep 'ZT a t  iv  e e f f o r t s) oc cur  r e  d 
u*ith the 100-R dose rather  than with thc 50 R. Since this g-rcater reparative effort 
after 100  R resulted in a rcsponse curve similar to that of 50 R ,  these observatioiis 
suggest together that the expected additional cell-damaging response to 100 R was 
offset by the reparative processes  stiniulated by  the 100 R ,  thus providing xnothcr 
bas i s  for considering the 100-R dose in this discase uiiiiecessary as !vel1 as un- 
desirable.  Further analyses, based on Berg ie r '  s "Theory of Quantitative Rndintion- 
Response Time-Data, 
biology. 

o r  on other such ;Lnal~tical models, are neeaed in radio- 
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\\'hen cxamined f rom a c).loliinctic i . i c a \ i i ) o i n t  the mcvh:uiisms of thc) cli:~ngcs 
11: illood ccll values produced by the i r ~ ; i ( i ~ ; i t i o n  :we, of course ,  coniplcs. This 
i ~ r 0 1 ) l ~ i i i  has been well discussed b y  Matli;, ( 1  9) and Bond c?t :d (20) .  P r e ~ u m n b l y  
:.:idi:ttion-induced dcath of circulating ccll s cannot account for much of the total 
1.f1cc.t of the exposure. Alterations i n  p:ittcrns of tissue sequcstration and rclease 
o f  ~ b n o r m d  numbers of ce l l s  may have ;I significant effect upon peripheral  blood. 
i.cl1 v a l u e s .  
1 s undoubtedly interference with cell proliferation brought about most  liliely b y  :1 
radiation-induced decrease in stem cells.  
re la te  the patterns of radiation effects to a balance between cell production, 
rclease, "normal" life span o r  turnover ra te  for  cach cell type as it occurs  in the 
\ . :r ious disease states, and cellular radosensit ivity.  Table S lists the geometric 
means of the minimum blood values reached during the six-week study period in 
t h c  \ .arious diseases  studied af ter  the 50-R and 100-R doses. 

The basis  for  most of the rctiuction in the cells of thc blood, howe\.er, 

Therefore ,  it may be necessary to 

The patterns of hematologic response to  irradiation are influenced by the 
dose  and also by the altered cytokinetic stxte in cnch disease.  We have attcmpted, 
3 s  ye t ,  only preliminary interpretation of our resul ts  in the light of these factors.  

L j m  p hoc yte s 

Patients with polycythemia rub ra  ve ra  provided data on the response of pre- 
sumably normal lymphocytes to 100 R.  An ear ly  drop occurred by day two to '76% 
of pretreatment  levels and a gradual decline continued to 53% at the end of the 
42-day study period, so  that we do not know the precise  time when the lowest 
lymphocyte values were reached but this curve was most  l ike that of normal  men 
accidentally irradiated.  

Table  d 

Minimum Geometr ic  Mean Values During 6 IVeeks after TBI 
Expressed as Percent  of Pre t rea tment  Level 

50 R 100 R 

Total \VBC 
CLL 3 4 . S  (26 .5  good response)  29.7 (19.7 good response)  

(59 .5  poor response)  
I f d i p a n t  LJmphoma 6 1 .  S 5 3 . 1  
C G L  44.4 17.3 
P R\' 26.7 

( G b . 3  poor response)  

- 

L ~ m p  hoc)? es 
c LL 31.9 ( 2 3 . 7  good r e s p o n s e ) 2 ~ . ;  (19.3 good response)  

( G O .  G poor response)  (66 .9  poor response)  
3 I d i g n n n t  Lymphoma 59.3 50.0 
CGL 4 9 . 4  4s.5 
PR\. 14.4 - 

Platelets  
c LL 65 .0  
h l a l i p m t  L!.mphoma 7v.9 
CGL 31.5 
PR\. - 

2 5 . 2  
27.3 
4 5 . 5  
2 : . G  
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Pcrlinps the most striking obscrvation rclatcd to radiation scnsitivi ty of 
lymphocytcs is thck response in chronic lymphocytic lcukcmia to 50 R and 100 11. 
Thc two curves are not significantly diffcrcnt. The two ser ics  wcrc not cntirely 
comparable and the stage of i l lness may limit  the interprctation of this fact. Our 
data suggest, howcver, that if the clinical objectives can bc equated with reduction 
of only the lymphocyte count, the lower dose may be preferable sjnce 50 R appears 
to reduce lymphocyte numbers adequately with less depression of platelets. 
Lymphocytes in chronic lymphocytic leukemia a r e  certainly most sensitive to 
50 R, and using the lymphocyte response data of the patients with PRV (Fig. 18) 
as a substitute for  our lack of normal control data we  can say  that those with 
leukemia are almost three t imes a s  sensitive. A coinparison with the lympho- 
cyte counts of the Marshallese normals on Rongerik Island (Group III) who were 
estimated to have been exposed to 78 R (21) also shows that lymphocytes of normal 
people are less sensitive than those patients with lymphocytic leulccmia. 

Schrek (22) has reported that some patients with chronic lymphocytic 
leulcemia have radioresistant lymphocytes. In our  study (Figs. 1, 2 ,  3) several  
of the patients given 50 R o r  100 R showed a significantly decreased response,  
in contrast  with the common pattern of a drop to 50% o r  less of initial values 
in four o r  seven days. We have been unable to discern any clear-cut clinical o r  
hematologic correlations with this nonresponsiveness. In some of these patients 
the resis tance of the lymphocytes is actually greater (compare Fig. 3 with Fig. 

, 18) than that of those in PRV (considered to be '7normal' ').  

On the other hand, two cases  of "leukemic" lymphosarcoma showed inordinately 
sensitive lymphocytes with an ear ly  precipitous drop to  10% of the pretreatment 
values (Fig. 9). The remainder of the patients with malignant lymphoma had 
depressions of the mean lymphocyte values that were less than the response in 
polycythemia and must be considered m o r e  resis tant  than normal. W e  wondered 
whether the numbers of circulating lymphosarcoma cel ls  in the peripheral blood 
of these patients before treatment might b e  related to radiosensitivity, but when 
the values were  graphed after sorting the patients into two groups (those with 
lymphocyte counts above 4,OOO/mm3, and those with counts l e s s  than this level) 
no differences in response could be detected. We found no c lear  relation between 
height of the initial lymphocyte count in  CLL and the subsequent percentage fall 
with therapy. There is a slight suggestion that when the initial counts a r e  low a 
somewhat exaggerated response may be  anticipated. In general, however, from 
a clinical viewpoint, one cannot prescr ibe the amount of treatment needed on the 
basis  of the height of the initial count. 

Granulocvtes 

Granulocytes in chronic granulocytic leukemia begin to drop promptly and 
appear to be more sensitive to radiation than in other patients and in normal 
n=an. Mean values after 50 R can be superimposed on the responses of lympho- 
cytes in lymphocytic leukemia even though we a r e  comparing different cel l  types. 
However, the degree of change in granulocytic leukemia is related to the initial 
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11,. 

u hitc ccll  lcvel, a rclxtion thnt does not exist for lymphocuytic lcukcmia*. As  
notcd e'wlier , l c u l i ~ y t ~  valuc~s ~vcrc clcv:itcd in patients \\\it11 polycythemia rubra  
\ cr;i before trcatnicnt, iii*sonic instances to :L moderately pronounced degree. 
1 he drop after 100 R \\'as lcss precipitous in PRV than in patients with chronic 
granulocytic leukemia, Mith ;L mild decrease during the first two weelis continuing 
to a nadir on day 42 in contrast  to the response expected in normal persons.  This 
depression from pretreatment values persisted for a number of months, although 
the pattern of climb toward pretreatment values varied considerably. 

Platelets 

Platelets usually reach their lowest level between the 21st and 35th days. 
In every group, responses to 100 R were significantly greater  than to 50 R ,  
and there  was littlc overlap; 50 R produced little change in the patients with 
lymphoma, lyniphocytic lcukeiiiia, and with chronic granulocytic leukemia. 
Individual variations were rathcr pronounced. Patients with polycythemia 
rubra  vera  who usually have moderate o r  high platelet values were  not rebounding 
toward normal by the end of the six-week study period but had leveled off, r e -  
maining for many weeks o r  months at values considerably below the pretreatment 
ones (Fig. 16).  This desirable effect f rom the point of view of therapy perhaps 
indicate: that a new cellular steady s ta te  has been achieved either through the 
establishment of normal  homeostatic mechanisms o r  depletion of s tem cells to 
limiting levels of cell production. 

SUMMARY 

Eighty-nine treatments of total-body irradiation were  given in single exposures 
of 50 R and 100 R at 1.5 R/min to patients with lymphoma, chronic leukemia, 
o r  polycythemia rub ra  vera .  The clinical and hematologic responses during a 
42-day study period were analyzed according to disease and dose; not unexpectedly 
the therapeutic responses varied. In lymphoproliferative disorders  measurable 
clinical benefit did not depend solely on the radiation dose; the majority showed 
some shrinkage of enlarged lymph nodes, l iver,  o r  spleen, but the la rger  dose was 
not proportionally more  effective in all cellular systems. Many required additional 
therapy within three  months but this was not surprising in  view of our use  of only 
a single exTosure. In granulocytic leukemia, improvement occurred in more  than 
half of the patients. For  polycythemia, the most clinically beneficial response 
appeared to be a decline of the. dangerously elevated platelet counts to more  normal 
levels that were maintained for  many weeks o r  months. 

The hematologic responses to 100  R usually but not invariably exceeded those 
to 50 R. A notable exception was the lymphocyte response of CLL in which the 
mean values of the responses of two groups \yere statistically the same. In 
general the abnormd  proliferating blood elements ciid not return to pretreatment 

* This analysis is to be the subject of a separate  repor t  by J. Yuhas (ORNL), 
C.  C. Lushbaugh, and T.  Stokes (ORAU). 
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v d u c s  in the smile time scqucncc that is seen in  rcco\*cry of norm:d cell  l i n e s  
in the ncutc radiation syiidrome, suggesting that 1wiiicost;itic n i c ~ c h i i i s i n s  hxvc 
bccn rccst:iblishcd to hold thc v:ilucs \vi  thin norm;Ll r;ingc)s. For cs:iiiil)lc~, 

+- , clc\*atcd platclcts in polycytliciiii:~ i-ubr;L i 'cr;~ u crci dc.prcsscd by thc trc~atmcnt 
but did not, re turn toward normal by day 4 2 ,  in  contrast  to events iii l~nnihocyt ic  
lculiemi:1 where illitial platelet lcvcls a r c  usually norm;il or low :ind m r - f i v r - 1 - ~  nl' 
platclet valucs is usually well under way by day 42. 

The detailed graphs of blood cell values, togcthcr with thcir gcomctric 
means for each disease and cxposurc group form a useful refcrcnce for  radio- 
biologic comparison with patterns in norm'd persons aecidcntally exposed, and 
relate the radiosensitivity of the various blood cel l  lines in thc diseases studied. 

The graphs also show the most probable o r  predictableresponse of the 
average patient with these diseases  for 42 days after 50-R and 100-11 esposurc,  
providing a temporal course for comparing the relative cffectivenes s of similar 
total exposures of radiation given in small daily fractions a t  high or low dosc 
rates. Such a comparative study of dose-rate effccts upon thcrapeutic effcctive- 
nes s  is in progress.  
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