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The e a r l i e s t  a p p r a i s a l  of t h e  medical problem a t t end ing  nuclear 

explosions focused on t h e  new element of r ad ia t ion  in ju ry ,  which was 

added t o  t h e  familiar thermal and b l a s t  effects. 

a d  t h e  relative importance were unknown and t h e  first defensive 

reac t ion  was t o  ask Itwhat i s  t h e  l e t h a l  dose?" It i s  evident now 

t h a t  t h i s  was  no t  a thought fu l ly  phrased question but it was  asked 

a t  a l l  l e v e l s  w i t h  an urgency t h a t  demanded a simple and immediate 

estimate. 

The actual danger 

A t  t h a t  t i m e  a c l i n i c a l  i nves t iga t ion  was i n  progress t o  de- 

termine t h e  r e l a t i v e  therapeut ic  e f fec t iveness  of c e r t a i n  chemo- 

therapeut ic  agents and t o t a l  body r ad ia t ion  i n  p a t i e n t s  with 

disseminated cancer. It was recognized t h a t  maximum e f f ec t iveness  

would be obtained a t  c l o s e  t o  to le rance  doses for such drugs as 

n i t rogen  mustard o r  f o r  rad ia t ion .  An early estimate of t h e  to le rance  

dose f o r  t o t a l  body r a d i a t i o n  was based on t h i s  study and was reported 

in IIComparative effects of t o t a l  body rad ia t ion ,  n i t rogen  mustard, and 

t r i e t h y l e n e  melamine on t h e  hematopoietic system of te rmina l  cancer 

pa t ien ts . "  R. K. Loeff le r ,  V. P. Collins,  and G. A. Hymn. 

Science 118:161-163, August 1953. (Reprint #l). 

Since t h a t  time t h i s  department has been occupied in a continuing 

program d i r ec t ed  toward a b e t t e r  understanding of t h e  r o l e  of t o t a l  

body r a d i a a o n  i n  therapy, t h e  systemic response of t h e  pa t i en t ,  and 

p a r t i c u l a r l y  t h e  e f f e c t  upon i r o n  metabolism. Thi r ty- three  p a t i e n t s  

have received t o t a l  body r ad ia t ion  ranging from 50r in a s i n g l e  ex- 

posure up t o  550r i n  ten  treatments over a period of 1 5  days. This 
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gmup inc ludes  23 p a t i e n t s  who have received 200r i n  a single exposure. 

me meaning of exposure t o  radiatiori  and r ad ia t ion  dose will be discussed 

la ter  in t h i s  report .  

t h a t  un less  otherwise spec i f ied ,  measurement of r ad ia t ion  in roentgens 

is i n  terms of s k i n  dose which inc ludes  backsca t te r  a t  t h e  surface of 

t h e  p a t i e n t  neares t  t o  t h e  source of rad ia t ion .  Some of  t h e  b - f o m t i o n  

i s  reported i n  "The Therapeutic Use of S ingle  Doses of Tota l  Body Radia- 

t ion"  which will appear i n  t h e  American Journsl of Boentgenolog: i n  t h e  

spr ing  of  1956. (Reprint #2). 

For t h e  moment it is necessary only t o  po in t  ou t  

The da t a  derived from these studies has been sunmarized by p a t i e n t  

i n  Table I, by groups of i d e n t i c a l  f a c t o r s  in Table 11, and in a more 

condensed fashion based on the  approximzte i n t e g r a l  dose i n  time i n  t h e  

f i n a l  summary, Table 111. 

* 

On t h e  b a s i s  of t h i s  experience, and recognizing t h a t  most p a t i e n t s  

were t r e a t e d  f o r  advanced cancer who had received previous i r r a d i a t i o n  

o r  chemotheraw, these  opinions are expressed i n  answer t o  questions 

t h a t  have been considered important i n  estimating r ad ia t ion  hazards. 

1. Considering the  t o t a l  c i v i l i a n  population, t h e  minimal l e t h a l  

dose f o r  whole body r a d i a t i o n  may be as low as 300r f o r  aged o r  infirm 

indiv idua ls .  

in jurJ ,  t h e  minimal l e t h a l  dose i s  placed a t  400r. 

healthy adults i s  of t h e  order of 550 t o  6Wr. 

a s i g n i f i c a n t  number of persons would survive SOOr. 

apply t o  r ad ia t ion  measured a t  t h e  su r face  of t h e  ind iv idua l  with 

backsca t te r ,  de l ivered  t o  one s i d e  from a distence of 4 meters, i n  

a s i n g l e  exposure of approximately one hour. 

For heal thy  young adults who have not suf fered  o ther  

The LD50 f o r  

It i s  un l ike ly  t h a t  

These f igu res  

! 
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2. The most constant change observed following t o t a l  body r ad ia t ion  

~ 8 s  a drop in t h e  p l a t e l e t  count. 

receiving l O O r  or mre as measured on skin and de l ivered  from one side. 

The change i n  p l a t e l e t  count w a s  first noted a t  five days t o  several weeks 

following rad ia t ion .  

This occurred i n  p r a c t i c a l l y  all p a t i e n t s  

3. Change i n  t h e  radioiron turnover tes t  was t h e  next most c o n s t a t  

response t o  r a d i a t i o n  and it was t h e  most s e n s i t i v e  response i n  terms of 

t i m e .  

half  time of r ad ioac t ive  i ron  from c i r c u l a t i n g  blood, t h e  a l t e r a t i o n  in 

t h e  i ron  turnover was evident within 24 hours of  exposure t o  rad ia t ion .  

For those  patients who showed prolongation of t h e  disappearance 

4. The w h i t e  count was t h e  least constant and least sensitive index 

of r ad ia t ion  e f f e c t ,  excluding of course those  p a t i e n t s  w i t h  leukemia 

where marked and early a l t e r a t i o n  might be produced by small amounts of 

rad ia t ion .  

5. The symptoms of r ad ia t ion  s ickness  have not been a prominent 

f ea tu re  a t  t h e  dose l e v e l  used i n  t h i s  study. 

2001- skin dose from an a n t e r i o r  po r t  i n  a s i n g l e  treatment, only seven 

of 23 admitted t o  any symptoms a t  a l l .  

were t h e  most frequent w i t h  only t w o  p a t i e n t s  vomiting. 

degree of s ickness  t o t a l l y  incapac i ta t ing ,  

had nausea and vomiting assoc ia ted  with t h e i r  d i sease  before treatment 

was undertaken. 

O f  those p a t i e n t s  receiving 

O f  t hese  7, nausea and anorexia 

I n  none was t h e  

A number of p a t i e n t s  s tud ied  

I n  t h e  s tud ie s  described here t h e  exposure t o  r a d i a t i o n  has been 

measured i n  r a t  t h e  sur face  of t h e  p a t i e n t ' s  bo.dy, including backscatter.  

T h i s  method was chosen becsuse t h e  conditions of c a l i b r a t i o n  using a 

phantom can dup l i ca t e  t h e  conditions of  treatment w i t h  a c t u a l  measurement 

being made on t h e  s k i n  surface of t h e  p a t i e n t  during treatment. Other 



methods of measuring exposure are in use. Sometimes roentgens are 

measured with an ion fza t ion  chamber i n  a i r  a t  a given d i s t ance  f r o m  t h e  

source of r ad ia t ion  and t h e  p a t i e n t  i s  l a t e r  adjusted i n t o  pos i t ion  a t  

t h e  same d i s t ance  from t h e  treatment Sourceo 

t h e  exposure of roentgens i n  a i r  a t  a f ixed  d is tance  from t h e  r ad ia t ion  

Another method i s  t o  measure 

S O m C e  and then center  t h e  p a t i e n t  t o  t h e  po in t  of measurement so  t h a t  

t h i s  coincides w i t h  t h e  cen te r  of t h e  p a t i e n t ’ s  body, I n  s t i l l  another 

method, t h e  measurement of exposure of r ad ia t ion  is given only in terms 

of energy absorbed, although t h e  determination ( flguestimationll) of absorbed 

energy o r  i n t e g r a l  dose must be based upon a c t u a l  measurements of  ioniza- 

t i o n  i n  a i r ,  on t h e  sk in  and in the depth of  t h e  p a t i e n t  o r  i n  tissue 

dens i ty  material. ’Fhe d i f f e rences  in t h e  method of measuring the  

exposure t o  r ad ia t ion  are o f  no p a r t i c u l a r  importance providing t h a t  

adequate descr ip t ion  i s  supplied concerning t h e  q u a l i t y  o f  t h e  radiation, 

t h e  geometry of t h e  f i e l d ,  and t h e  t i m e  pa t t e rn  of exposure toge ther  with 

t h e  methock of instrumentation. Much confusion has  been introduced i n t o  

t h e  problem of dose and t h e  r e l a t i o n  of measured amounts of  i r r a d i a t i o n  

t o  b io logic  e f f e c t s ,  due t o  t h e  circumstances under which t h e  bulk of 

animal experimentation has t,een ca r r i ed  out,  A discussion of  measurement 

of radiation a t  t h e  Radiologic Research Socie ty  i n  Cleveland i n  June of 1954 

ind ica ted  t h a t  a t  bes t ,  conditions of F,-radiation might be constant in one 

labora tory  but phys ica l  and b i c l o g i c a l  f a c t o r s  were not  adequately con- 

t r o l l e d  o r  described t o  p e r r i t  comparison o r  c o n f i r m t i o n  of rad ia t ion  

e f f e c t s  reported f r o n  d i f f e r e n t  cen ters .  

A fundamental d i s t i n c t i o n  must be mde between exposure and dose. 

Exposure i s  a measurement of quantity o r  i n t e n s i t y  of a physical agent 

t h a t  p reva i l s  i n  a s t a t e d  place and does not  take i n t o  account any re- 
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ac t ion  t o  t h i s  agent O r  t h e  

t h e  agent. 

f a c t o r s  t h a t  may alter t h e  r eac t ion  t o  

Dose i s  t h e  Concept t h a t  relates measurement of a drug o r  a 

physical agent t o  a b io logic  effect. 

permit duplication of a recognized b io log ic  effect and it entails descrip- 

The purpose of measureroent i s  t o  

t i o n  of all f e a t u r e s  r e l a t i n g  t o  matter, space and time t h a t  w i l l  permit 

such duplication. The ttrff is  t h e  u n i t  of measurement for i r r a d i a t i o n  bu t  

it i s  not a unit  of dose; if it i s  so considered no p red ic t ab le  or 

duplicable r e l a t ionsh ip  W i l l  be found between roentgens and b io logic  

effect. 

A f e w  years ago a survey of opinion was ca r r i ed  ou t  across t h e  

country which revealed t h a t  estimates of l e t h a l  dose of  r ad ia t ion  va r i ed  

f r o m  251- t o  600r. I n  t h i s  repor t  which refers t o  exposure t o  r e l a t i v e l y  

in t ense  r ad ia t ion  f o r  b r i e f  period6 of time, a range of 300r t o  600r 

corresponds t o  t h e  raqge from minimal l e t h a l  dose t o  U50. 

e q o s u r e  w i l l  occur only by accident. 

Such an 

Exposure under these  circum- 

s tances  must be pos tca lcu la ted  and estimates would be considered in 

general  agreement i f  they  var ied  by no more than a f a c t o r  of 2. 

estimates of t h e  range of minimal l e t h a l  dose t o  ID50 under t h e  condi- 

t i o n s  described i n  t h i s  paper are believed t o  be accura te  w i t h i n  

The 

20 percent and therefore  seem t o  provide an adequate answer t o  t h e  

problem so  far proposed and discussed. 

As knowledge and experience i n  t h e  f i e l d  of t o t a l  body r ad ia t ion  

have increased, it becomes evident t h a t  t h e  question, What i s  l e t h a l  

dose?" is  approximately equal t o  t h e  question, I1How long i s  a p iece  

of string?" Better understanding of t h e  conditions of  probable ex- 

posure t o  whole body r ad ia t ion  presents  more sharp ly  defined ques t ions  

concerning dose and r ad ia t ion  hazard. 

- 

More accura te  information w i l l  

. .  



be required t o  accept a r e spons ib i l i t y  f o r  incur r ing  risk of exposure t o  

personnel who must occupy o r  carry out  medical o r  military operations in 

areas of known rad ioac t iv i tF .  The following problems a r e  now of g rea t e r  

importance than estimates of minimal l e t h a l  dose o r  ID50. 

1. It is recognized t h a t  the e f f e c t  of whole body rad ia t ion  va r i e s  

with t h e  geometry, dis tance from t h e  source of rad ia t ion ,  whether radiat ion 

is  from one d i r ec t ion  only o r  whether t h e  body i s  exposed in a uniform 

f i e l d  of radiat ion.  

rad ia t ion  i s  t h e  same f o r  a given mount  of absorbed energy ( i n t e g r a l  

dose) whatever t h e  geometry of t h e  rad ia t ion  f i e l d .  

It is  necessary t o  determine whether t h e  effect of 

2. Information is required concerning e f f e c t  of pro t rac t ion  or 

f rac t iona t ion  of t o t a l  body exposure. This i s  a problem t h a t  would 

present i tself  i f  it were necessary t o  occupy an area of low level 

radiat ion.  The permissible exposure would require  weighing t h e  hazard 

against t h e  necess i ty  and determining whether advantage might be gained 

by i n t e rmi t t en t  exposures t o  rad ia t ion  as compared w i t h  constant exposure. 

3. Where repeated exposures may be necessary, t h e  problem of esti- 

matinK recovery arises. Even though recovery i s  complete by a l l  cur ren t ly  

ava i lab le  tests, there  is an apparent masked metabolic defec t  as indicated 

i n  t h e  case of patienb George brris. T h i s  pa t i en t  received two i d e n t i c a l  

exposures of 200r separated bjr a five month in t e rva l .  

treatment t h e  p a t i e n t ' s  c l i n i c a l  condition, laboratory work-up, and 

Pr io r  t o  each 

physical f indings were apparently iden t i ca l .  The therapeut ic  response 

t o  h i s  first treatment was highly s a t i s f a c t o r y  with minimal s ide e f f ec t s ;  

1 
t he  second treatment was accompanied by four days of malaise w i t h  vomiting, 

by severe depression of p l a t e l e t  and w h i t e  count, and a more dramatic 

change i n  t h e  i ron  turnover. There is a need f o r  a method of quant i ta-  



I 
I 
I 
I 
1 
I -  
I 
1 
I 
I 
I 
I 
I 
I 
1 

-7- 

t i v e w  evaluat ing the  degree of r e s idua l  r ad ia t ion  InJury even In t h e  

face of apparent ly  complete recovery, 

4, Biological d i f fe rences  have been claimed between t h e  e f f e c t s  of 

megavoltage r ad ia t ion  and 250 Kv r ad ia t ion  a8 observed In dep i l a t ion  

and skin erythema I n  animals o r  i n  t h e  l o c a l  e f f e c t  of rad ia t ion  upon 

tumors i n  humans. 

a spec i f i c  b io logic  d i f fe rence  i n  terms of syrrtemic response t o  whole 

body r ad ia t ion  or whether this i s  d i r e c t l y  r e l a t ed  t o  i n t e g r a l  dose or 

absorbed energy. 

h io rma t ion  i s  s t i l l  required 88  t o  whether t h i s  i s  



Work completed o r  i n  p 6 g r e s s :  

1. Cl in ica l  evaluation of t h e  e f f e c t  of therapy and systemic response 

t o  t o t a l  bods radiat ion.  (Reprint #I, and &). 

2. Accumulation of hematologic data on pa t i en t s  who received t o t a l  

body radiat ion.  (Tables I, 11, and 111). 

3. Development of radioiron turnover t es t  as a p r a c t i c a l  c l i n i c a l  

method of es t imat ing bone marrow function. (Reprint #3 and #4). 

4. Studies  on porphyrin metabolism as an index of rad ia t ion  effect. 

(Reprint # 5 ) .  



Proposed program: 

1. Clinical studies on patients receiving radiation therapy in 

fractionated or prolonged low level exposure. 

2. Comparison of effect of 2000 Kv and 250 Kv radiation. 

3. Estimation of masked metabolic defect following previous 

radiation or chemotherapy. 

* 4. Effect of geometry of exposure on response to radiation and 

correlation of exposure to absorbed dose. 

5 .  Continued development of radioiron turnover technique and 

equipment for use as field test at site of radiation accidents. 
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DOSE 

50 

TABLE 111 

SUMMARY SHEET 

Fe SYMPTOMS WBC PLATELETS 

012 

200 including 
1st Rx. 

7/23 

I 

16/19 (1st 12 
days only) 

O/l 

I 

11/17 

0/1 

16/23 
(3  with 
1 euk emia ) 

x/y i nd ica t e s  number of pa t i en t s  showing a change out  of t h e  number 
s tudied for t h e  i t e m  i n  question. 
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Reprinted from SCIENCE, August 7, 1953, Vol. 118, NO. 3058, pagee 161-163. 

Comparative Effects of Total Body Radia- 
tion, Nitrogen Mustard, and Triethylene 
Melamine on the Hematopoietic Sys- 
tem of Terminal Cancer Patients’ 

R. Kenneth Loeffler,’ Vincent P. COU~IIS,~ 
and George A. Hyman 

Depar tneds  of Radlotberapy and Pathlogy ,  
Erascis Debfield Hospital, 
Coluwabio-Presbyterian Medical Center, N e w  York City  

Nitrogen mustard and allied agents have come to 
be considered as alternative agents for radiotherapy 
in the treatment of several forms of cancer. Compar- 
able clinical regression of disease and similar histo- 
logic changes have led to the use of the term “radio- 
mimetic.” Where both agents are of known effective- 
ness, nitrogen mustard is usually preferred for  gen- 
eralized disease because the dose of total body radi- 
ation is believed to be limited to an ineffective level 
by radiation sickness and bone marrow depression. 
At the same time, the anticipated nausea, vomiting, 
and profound hematologic changes which follow vig- 
orous chemotherapy are considered justifiable, and re- 
covery is known to be reasonably certain. Comparably 
severe effects have not been produced by doses ordi- 
narily employed in total body radiation. It seems pos- 
sible that tolerance and recovery from radiation have 

1 Supported In part by the Medical Research and Develop- 
ment Board. OBBce of the Surgeon General. Department of 
the Army. Contract No. DA49-007-MD-802. 

‘Present address : Department of Radiology, Baylor Uni- 
rerslty. Texas Medical Center, Eouston. Texas. 

been underestimated. A stndy was therefore nnder- 
taken to compare the eEects of nitrogen mustard and 
allied agents with the &e& of increasing doses of 
total body radiation. 

All patients had advanced cancer--and were con- 
sidered snitable candidates for  chemotherapy. One 
patient was given 5 mg of methylbis (2-chloroethy1)- 
amine (HN,) intravenously, one was given 5 mg of 
triethylene melamine (TEM) orally, and two received 
50 r total body radiation. The x-ray factors were two 
million volts peak potential, target-skin distance 360 
cm, filter 4 mm of lead, half value layer 6.6 mm of 
lead, air dose 50 r, skin dose 55 r, depth dose at 10 
c m 4  r, and depth dose at 20 cm-23 r. I n  a second 
group, two patients were given 10  mg of HN,, two 
were given 10  mg of TEM, and one received 100 r 
total body radiation under the same conditions as the 
previous group. When the patient receiving 100 r total 
body radiation failed to show any appreciable hemato- 
logic depression as a result of this treatment, one fur- 
ther patient was given 150 r total body radiation. 

All patients studied received the following labora- 
tory examinations before treatment : red blood count, 
hemoglobin, white blood count, dxerential  count, re- 
ticulocyte count, platelet count, gastric analysis, bone 
marrow aspiration biopsy, plasma protein determina- 
tion, serum bilirubin determination, plasma iron con- 
centration, plasma iron turnover rate using FesQ as 
a tracer, and red cell uptake of injected FesS. The 
iron studies were carried out because of the work of 
Huff, Hennessy et al. (1, 2 ) .  This demonstrated an 
effect of total body irradiation on the turnover of 
plasma iron and the utilization of this iron in the 

TABLE 1 

RBC Hb W B C  Platelets 
(grams %) (thousande) (thousands) Patient Diseaee Treatment (millions) 

W. B. Carcinoma 5 0 r  4 . 3 B d  12Brx 6-8Brx N. C.t 230-260 B rx 

J. F. Carcinoma 5 0 r  3.0Hrx 9 9  rx 9-11 B rx N. C. 270 B rx 

D. R. Carcinoma lOOr 4.9Hrx 14Hrx i -91 rx N. C. 250 1 rx 

of lung N. C. N. C. N. C. N. C. 

of colon N. C. N. c. 
of scalp 4.0 at 6 wk 11 a t  6 wk N. C. N. C. 

N. C. 90 at 2-3 wk 

R. F. Carcinomaof 150r  3 . 4 % ~  9 B rx 7-9 5 rx N. C. 200-210 ii rx 
100-130at4-5 sigmoid colon N. C. N. C. 5 a t 5 w k  
wk 

cervix uteri 3.0 at 16 days 6 at 16 days 8 at 3 wk N. C. 

N. C. 

of vulva 3.1 a t  23 days 7 a t  23 days 7 at 23-30 days 28% lymph. a t  N. C. 

G. S. Carcinomaof 5mgHN, 4 . 0 5 1 ~  9Hrx  15 B rx N. C. 300 5 rx 

J. P. Carcinonfa 10 mg HN, 4.0 1 rx 1 2 5 r x  7-9 B rx N. C. 175-200 L 
of lip 3.3 at 31 days 10 at  31 days 5 at  113 days 

M. B. Carcinoma 10 mg HN, 3.6 B rx 1 0 g R  8-15 B rr 12% lymph. B rx 300-330 B rx 

23-30 days 
J. A. H. Carcinoma 5mgTEM 4 . 2 1 1 ~  12 H rx 15 B rx N. C. 210-240 H R 

A. M. Carcinoma 10 mg TEM 4.5 5 rx 13Brx 11 B rx 14% lymph. 5 IX 170-200 5 R 

of prostate 3.7 at 6 days 10 at 6 days N. C. N. C. 

of l u n g  3.4 a t  36 dnys 9 at 36 days 5 at 28 days 5% Iympll. at 7 N. C. 
days 

J. E. H. Glioblastoma 10 mg TEM 5.1 B rx 15 H rx 9 - 5  B R N. C. 180-210 H IX 
multif orme N. c. N. c. N. C. N. C. 

li rx before treatment. 
t N. C. no slgni5cant change. 

.c e 



TABLE 1 (Continwd) 

Plasma iron Iron turnover rata eoncentration Period of 
follow-up (Pi3 %) 

(half-time in hr) Other Marrow 
Patient aspiration 

w. B. 

J. F. 

D. R. 

R. F. 

G. 8. 

J. P. 

M. B. 

J. A. E. 

A. M. 

J. E. H. 

Hypoplasia H rx' N. C.t 
N. c. 
Normal ti rx FreeHCI: 55'tirx 
N. C. 

*Normal B rx N. C. 
Hypoactive a t  7 days 

0' at 1 day 
41' at 7 days 

Normal H rx 
Hypoactiveat7days .14 at 4 days 
Normal at 36 days 
Normal ti rx N. C. 
Greatly decreased 

Icterus: 2-5 ti rx 

2-4 at 8 days 

at 21 days 

Normal ti rx N. C. 
N. C. 

Normal ti rx N. C. 
Increased cellularity 

a t  15 days 

Normal ti rx N. C. 
N. C. 

Normal 0 rx 
N. C. 

N. C. 

Not done Not done 

1.0 H rx 
0.5 at 3 hr 
1.1 at 7 days 
0.4 ti rx 
0.5 at 3 hr 
0.7 a t  7 days 
2.0 H rx 
1.1 at 1 day 
1.5 at 7 days 

0.7 H rx 
0.7 at 1 day 
7 days and 35 days 
0.0 ti rx 
0.8 at 1 day 
3.0 at 8 days 

1.1 H rx 
1.2 at 1 day 
0.9 at 7 days 
0.8 at 35 days 
1.0 ti rx 
1.1 at 1 day 
0.6 at 8 days 

1.2 ti rx 
1.2 at 1 day 
1.2 at 7 days 
0.7 ti rx 
0.6 at 1 day 
0.5 at 7 days 
0.6 at 36 days 
1.1 ti rx 
0.9 at 1 day 
0.6 at 8 days 

65 1 rx 
41 at 3 hr 
40 at 7 days 
49 ti rx 
43 a t  3 hr 
58 a t  7 days 
68 H rx 
112 at 7 days 
89 a t  51 days, 

18 a t  66 days 
150 5 R 
75-85 at 1-23 days 
150 at 29 days 
93 H rx 
73 at 1 day, 

59 a t  8 days 
45 at 17 days, 

27 a t  24 days 
85 H rx 
75-100 at 1-36 days 
38 at 44 days 

85 H rx 
72 a t  8 days 
33 at 23 days, 

123 B rx 
121 at 1 day 
83 at 7 days 

85 at 38 days 

85 B rx 
55-65.at 4-30 days 
47 at 36 days 

123 B rx 
82 at  1 day 
115 at  8 dam 

5 wk died 

5 wk died 

4 months living 1 

3monthsliving - 

Deteriorating 
at 27 days 
eigned out 

4 months living 

4 months living 

7 days signed out 

3 months living 

11 days died 

B rx before treatment. 
t N. C. no significant change. 

formation of red blood cells which appeared to  be 
quantitatively related to  the dose delivered. 

These tests were repeated as frequently as was 
feasible following treatment. All patients were in a 
terminal state and it was not expected that  the treat- 
ment would appreciably change the course of their 
diseases. None of the ten patients studied showed a 
deterioration in his condition that  could be ascribed 
to the treatment given although several expired within 
a relatively short time thereafter. 
a Both chemotherapy and radiotherapy were given 

as single doses or exposures to  eliminate the time 
factor. It is generally appreciated that higher doses 
are tolerated if radiation is given over a period of 
time (3, 4 ) .  The demonstration of higher tolerance 
levels of total body radiation may well prove of value 
in the management of diseases currently being treated 

routinely with nitrogen mustard and its derivatives. 
All patients receiving nitrogen mustard or TEM 

developed malaise of varying severity, but none of the 
patients receiving radiation mentioned any changes in 
symptoms. One patient stated (J.F.) that he felt 
much better for  2 days following the treatment. 
The data is summarized in Table 1. Except for  the 

few changes mentioned specifically, there were no 
alterations in plasma proteins, serum bilirubin, reticu- 
locytes, or gastric acidity. - 1  
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Radiotherapy and chemotherapy are recognized a s  having equivalent or comple- 

In  general, radiation mentary ro les  in t h e  treatment of C e r t a i n  types of cancer. 

has been r e s t r i c t ed  t o  t h e  treatment Of r e l a t ive ly  localized manifestations, and 

chemotherapy has been used when the  disease is more wideljj disseminated. 

has been l imited use of t o t a l  body radiation in t h e  treatment of generalized neo- 

p las t ic  disease. 

ation was used t o  administer doses up t o  L50r i n  three weeks. 

t i ng  on t h e  acute radiat ion syndrome, noted t h a t  lOOr of 200 ICV x-reys could be 

delivered t o  the  e n t i r e  body of the  pa t ien t  without causing symptoms of any sort. 

Recently, Osgood (12) has advocated a ' I t i t ra t ion  techniquett in the  treatment of 

leukemia in  which doses of 10r - 25r were given t o  the  whole body a t  regularly 

spaced intervals. I n  a scrupulous effort t o  avoid radiat ion sickness and bone 

marrow depression, a conventional technique employhg t o t a l  body radiation for the  

treatment of polycythemia u t i l i z e d  doses of 25r repeated t o  a t o t a l  of 300r in 

three weeks. 

dose, and time, it is d i f f i c u l t  t o  assess the  tolerance t o  whole body radiation. 

There 

In  the  Heublein technique (7,ll) low in tens i ty ,  continuous radi- 

Hempelmann ( 6 ) ,  w r i -  

From these d i f fe ren t  techniques, using varying formulae of intensi ty ,  

Ferhaps t h e  most Octensively employed chemotherapeutic agent has been n i t ro-  

gen mustard, methyl b i s  (beta chlorethyl) anhe (HNz). 

in almost every form of malignant disease and in some benign conditions such as 

rheumatoid a r t h r i t i s  (2). 

ized Hodgkin's disease. 

sharp systemic react ion and the pa t ien t  is heavily sedated before treatment t o  con- 

t r o l  nausea and vomiting. 

penia and thrombocytopenia is a recognized hazard of repeated courses. 

s ide e f f ec t s  have not  been a deterrent  t o  c o m n  use although they exceed the sever- 

i t y  of radiation sickness. 

This agent has been used 

It has become t h e  standard form of therapy f o r  general- 

In accepted c l i n i c a l  dosea, nitrogen mustard produces a 

Hematopoietic depression i s  constant, and severe leuko- 

These toxic  

In 1950 Gellhorn and Collins ( 5 )  undertook a comparative study of t w o  groups 
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of pa t ien ts  with Hodgkin's disease, 

gen mustard i n  a l t e rna t ing  therapeut ic  courses, and the  o ther  radiotherapy alone, 

It not  be shown t h a t  t h e  addition of ni t rogen mustard t o  t h e  therapy regime 

increased surv iva l  time but  t h e  drug was regarded as a useful adjunct t o  t h e  ex- 

t e n t  that it reduced t h e  time under treatment and t h e  amount of radiat ion required. 

If nitrogen mustard did not  increase surv iva l  time beyond t h a t  obtained with radio- 

therapy alone, i t s  only purpose was to offer t h e  convenience of a systemic approach 

t o  treatment. 

o f fe r  equal bene f i t  with s i d e  e f f e c t s  of less sever i ty .  

t he  appl icat ion of massive doses of rad ia t ion  t o  l i v e r  f o r  metastat ic  disease.  

Court Brown (4) had reported observations on symptoms assoc ia ted  w i t h  s ing le  thera- 

peutic doses of x-ray t o  l a r g e  port ions of t h e  body, and t o  t h e  whole body. 

of which had received rad ia t ion  and n i t ro -  

It seemed poss ib le  t h a t  higher  doses of t o t a l  body radiat ion might 

P h i l l i p s  (13) had s tudied  

In  a previous repor t  t h e  to le rance  t o  t o t a l  body rad ia t ion  was compared with 

Total  body radia- the  e f f e c t s  of ni t rogen mustard and t r i e thy lene  rnelavae (10). 

t i o n  i n  s ing le  doses up t o  150r was  less depressing for hematopoiesis and pa t ien ts  

were f r e e  of malaise t h a t  was constant ly  associated with these  drugs. These obser- 

vations suggested t h a t  a therapeut ic  e f f e c t  of t o t a l  body rad ia t ion  might be sought 

i n  p a t i e n t s  having disseminated d isease  o rd ina r i ly  t r e a t e d  by a var ie ty  of chemo- 

therapeut ic  agents.  

In  t h e  present series o f  pa t ien ts ,  dose has been expressed i n  roentgens on 

sk in  and measurements uere  made with a Victoreen chamber on the  surface of a prest-  

wood phantom a t  treatment dis tance.  

exposures t o  rad ia t ion  in terms of energy absorbed o r  i n t e g r a l  dose. 

some necess i ty  f o r  t h i s  in t h a t  h i s  p a t i e n t s  received treatment t o  varying port ions 

and proportions of t h e  body, and dose i n  roentgens would have no d i r e c t  co r re l a t ion  

with tolerance of t he  ind iv idua l  t o  rad ia t ion .  

on skin  represents  t he  s implest  expression of exposure t o  rad ia t ion .  

Court Brown (3) reported h i s  series of s ing le  

There was 

For p r p o s e s  of duplication, dose 

Boden and 
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at tent ion to variations t h a t  exist i n  measuring dose in dif- 

ferent  i n s t i t u t ions  and it appears t h a t  no accuracy.would be gained in  the  assump- 

t ions  and calculations necessary f o r  determining in tegra l  dose f o r  t o t a l  body radia- 

t ion.  

I n  addition t o  t h e  usual blood examinations, radioactive i ron  t racer  s tudies  

were carr ied out because of t he  work of Hennessy and H u f f  ( 8 , 9 ) ,  indicating a quanti- 

t a t i ve  re la t ion  between t h e  turnover of plasma i ron  and dose of t o t a l  body radia- 

t ion i n  inice. The ha l f  time of disappearance of radioiron from the  blood i s  nor- 

mally one and one-half t o  two a d  one-half hours f o r  humans. Frolongation of the  

half time indicates  decreased hemoglobin formation and may be useful as an early 

and sensi t ive index of change i n  guiding fur ther  therapy. 
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Case 1. B. L. AR-8422, A male, age 73, developed generalized lymphaden- 

opathy in November 1951 and a diagnosis  of "lymphoma11 was made by biopsy. 

ment was withheld because of lack  of sympt0ms. 

mitted t o  the  h o s p i t a l  because of 20 pounds weight loss, pain i n  l e f t  shoulder, 

a d  edema of l e f t  upper extremity. There was e X t e n S i V e  lymphadenopathy with nodes 

as l a rge  as f i v e  cm. i n  diameter; l i v e r  extended f i v e  cm. below t h e  cos t a l  margin. 

on i h rch  23, 1953 t h e  pa t i en t  received 75r (skin dose) total body rad ia t ion  an ter i -  

o r l y  and 75r pos t e r io r ly  (250 KV CP, HVL 2.3 Dim. Cu., TSD. 360 cm.), 

48 hours the  p a t i e n t  was anorexic but  t he re  was no nausea, voai t ing or diarrhea. 

On t h e  t h i r d  day t h e  p a t i e n t ' s  appe t i t e  re turned and t he  nodes began t o  diminish 

in size. 

l a t e r  in t h e  month he received 6OOr t i s s u e  dose t o  t h e  mediastinum in e ight  days 

on an out-patient bas i s .  In December 1953, i n  another c i t y ,  he underwent partial 

g a s t r i c  resect ion for lesser curvature ulcer .  

Treat- 

In &rch 1953 t h e  pa t i en t  was ad- 

In t h e  first 

On Nay 12, 1953 he was discharged from t h e  hosp i t a l  and returned t o  work. 

A t  present  he i s  convalescing s a t i s -  

factorily, 

Laboratory data  during t h e  period associated with t o t a l  body rad ia t ion  were a s  1 
1 
I 

follows: 

4.3 mi l l ion  t o  low of 1.7 mil l ion at f i v e  weeks; W.E.C. from i n i t i a l  29,000 (mostly 

lymphocytes) t o  low of 4,000 with normal d i f f e r e n t i a l  a t  e ight  weeks; i ron  turnover 

Hgb. from i n i t i a l  11.9 gm. t o  low of  7.6 cpn. a t  f i v e  weeks; R.B.C. from 

ha l f  time from i n i t i a l  1.3 hours t o  2.3 hours a t  two days, 4.2 hours on 23rd day, 

and 0.8 hours pn t h e  53rd day. 

R.B.C. 3.8 mill ion,  p l a t e l e t s  l48,000, W.B.C. 10,500 with 4% lymphocytes, and i ron  

turnover ha l f  time 0.4 hours. 

Sos t  recent  data  on 2-15-54 were Hgb. 11.0 gm., 

I 



n 

Collins and Loeffler -5- 

I 
I 
I 
I 
I 
I -- 
I 
I 
I 
I 
I 
1 
I 
I 
I 

Case 2. W. D. AJ-6024. A 72 year old white male was admitted f o r  repair  of 

hernia and was discovered t o  have a white c e l l  count of 155,000. The dif- 

feren t ia l  was consistent with chronic myelogenous leukemia. 

pdpably  enlarged. 

in the  past year. 

t ion  t o  the an ter ior  aspect of body (250 KV, HVL 2.3 mm. CU., TSD. 360 cm.). 

was mild anorexia on the  following morning but h i s  appet i te  was normal by noon, 

There was no nausea, vomiting or malaise. 

s i z e  and were no longer palpable after two weeks. 

Liver and spleen were 

The blood pressure was 200/90. He had l o s t  20 pounds i n  weight 

On June 24, 1953 he received 150r (skin dose) t o t a l  body radia- 

There 

Liver and spleen gradually diminished in 

Laboratory data during treatment and follow-up were as follows: Hgb. from hi- 

t i a l l O . l  p. t o  low of 7.5  p. n t  four weeks; R.B.C. from init ial  3.8 million t o  

low of 2.9 million a t  four weeks; W.B.C. from i n i t i a l  193,000 t o  low of 11,000 a t  

three months w i t h  change of d i f f e ren t i a l  from a preponderance of w e l o i d  elements 

t o  a normal dis t r ibut ion;  p l a t e l c t s  frcm in i t i a l  26,5,1)\32 t o  a low of 225,000 a t  

seven days; i ron turnover ha l f  time from i n i t i a l  0.6 hours t o  2.0 hours a t  one day, 

and 1.3 hours on the  e i rh th  day. 

i'iost recent data on February 17, 1954 are: Hgb. ll gm., R.B.C. 3.1 million, 

p la te le t s  216,000, W.B.C. V8,OCO k i t h  myeloid d i f fe ren t ia l ,  i ron  turnover half  time 

1 . 5  hours. Fatient was asymptomatic; l i v e r  and spleen were not palpable. 
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Case 3. J.B.C. 0-7573.  A 51 p a r  o ld  white male was admitted t o  t h e  hos- 

p i t a l  on September 10, 1953 with a biopsy diagnosis of mult iple  myeloma. 

been paraplegic and incont inent  of Urine and feces f o r  th ree  weeks; he had devel- 

oped a l a r g e  s a c r a l  decubitus ulcer ,  his general  condition was poor and he c o w  

plained of severe dorsal  and lumbar back pain. He was  placed on a Foster frame 

a d  da i ly  care  was given t o  t h e  decubitus u l ce r  which showed slow improvement. 

September 15 he was given 200r ( sk in  dose) t o t a l  body rad ia t ion  (250 KVP, 2.3 m, 

CU. HVL, TSD 360 mm. ). There was mild nausea of one day's duration; t he re  was no 

vomiting. 

the  motor paralysis, t h e  t o5a l  body rad ia t ion  WES followed two weeks l a t e r  by 

local x-ray treatment t o  t h e  spine. 

days t o  v e r t e b r a l  bodies from C-4 t o  S-1. 

findings; hovever, narco t ic  requirements for p a h  were considerably less t h s n  be- 

fo re  treatment.  

October 28, 1953. No autopsy was obtaiqed. 

Laboratory s tudies  i n i t i a l l y  were: 

He had 

On 

Because there  was only partial loss of t a c t i l e  sensation accompanying 

A t i s s u e  dose of 675r was delivered in t en  

No change was detec ted  i n  neurologic 

The pa t i en t  t s ccndition gradual ly  d.?tcriorsted and he died on 

Hgb. 10 gm., R.B.C. 2.2 million, p l a t e l e t s  

240,000, W.B.C. 8,500 with normal d i f f e r e n t i a l ;  i r o n  turnover ha l f  time was 0.5 

hours. 

ou t  change in d i f f e r e n t i a l  a t  f i v e  weeks. 

Following therapy Hgb. gradually dropFed t o  7 gm., and W.B.C. t o  5,000 with- 
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Case 4 .  0. E. Y-13361. This 58 year old white female gave a six year  his-  

t o ry  of backache r ad ia t ing  t o  t h e  legs .  I n  Apri l  1948 she received x-ray therapy 

t o  a des t ruc t ive  l e s ion  i n  t h e  body of t h e  second lumbar ver tebra  with diminution 

of pain. 

a ry  1952 a t h i r d  course. 

In  1951 a second course of therapy was given t o  t h i s  area, and in Janu- 

On February 23, 1952, a sp ina l  flx5on was ca r r i ed  out  

a d  a diagnosis of mult iple  myelow was established. 

i n  skull and ribs.  

t i o n  of t he  body of t h e  t h i r d  lumbar ver tebra ,  and constant  severe back pain, was 

Further  l e s i cns  developed 

On 1-26-53 t h e  pa t ien t ,  now a paraplegic with complete destruc- 

t ransfer red  from another hosp5tal  f o r  t o t a l  body r ad ie t ion ,  

w i t h  pa t i en t  turned on ncr  siic in bed, she received 230r (sk in  dose) t o  back 

(250 KV, HVL 1.8 m. Cu, , TSI! 365 cm. ) . 
out nausea a t  four and six boc=.s af ter  treatment and m i n i m a l  nausea with fur ther  

On Hovember 11, 1953 

There were two episodes of vomiting with- 

vomiting on t h e  f i x t  an2 soccild pcs2-treatment days. From t h e  t h i r d  treatment 

day the re  were no furJLh%r sj-r!ptoms 32 n a w e a  and nodcrLte Fain r e l i e f  was noted. 

F a ~ h  began t o  become more severe a & n  a f t e r  f i v e  wezhs. On December 16, 1953 

( f i v e  weeks) t h e  pa t i en t  reLeived another 1GOr (skin dose) t o  t h e  back under the  

same conditions a s  prcviously. There were no symptoms of nausea o r  vomiting, and 

again the re  was some reduction i n  back and l e g  pain. 

about one month, and then recurred w i t h  t h e  same seve r i ty  as before treatment. 

Fain relief pers i s ted  f o r  

For t h i s  reason a ce rv ica l  cordotoqy was planned, but t h e  pa t i en t  died a t  opera- 

t i o n  on January 28, 1954. 

The laboratory data during t h e  treatment period showed maximal depression 

from the  200r dose: Hgb. f rom12.5 gm. t o  8.7 gin. a t  th ree  weeks; R.B.C. from 

4.0 mil l ion t o  2.7 mil l ion a t  t h ree  weeks; W.B.C. from 11,000 t o  2,600 a t  four  

weeks; p l a t e l e t s  from 150,000 t o  50,000 a t  five weeks. "he d i f f e r e n t i a l  showed 

a percentage increase i n  lymphocytes at  t h e  time of t h e  drop of t h e  t o t a l  white 

c e l l  elements, such t h a t  t h e  absolute  lymphocyte count remained approximately con- 

s t an t .  
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An autopsy was performed. Tumor that had received intensive local  radiation 

showed histologic changes consistent with t h i s  treatmnt. 

been subjected to t o t a l  body radiation showed no gross o r  nicroscopic effects of 

such radiation. 

Normal t issues that had 
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Case 5 .  J. C. AX-5284. A white male, age 35, had suffered a f r ac tu re  of 

ce rv ica l  spine in an accident t h r e e  years previously and extensive l e s ions  of mul-  

t i p l e  lnyeloma were discovered a t  t h a t  time. 

firmed by biopsy. Except f o r  a gradual. weight loss of 45 pounds, t h e  pa t ien t  re- 

mained w e l l ,  subject ively,  u n t i l  four  months before adniseioc. From t h i s  time he 

was confined t o  bed by severe back pair, and increasing wedtncss. X-rays showed 

compression f r a c t u r e s  of severa l  ve r t eb ra l  bodies and he w a j  t r ans fe r r ed  t o  t h e  

hosp i t a l  on a S t r i c k e r  frame. 

t o t a l  body rad ia t ion  (250 KV, Ht'L 2.3 m. Cu., TSD 4CO cm,). 

tre;it,ment he vomited once .t.-ithout nclusea. He ate h i s  noon day Kea1 two  hours 

l a t e r  and had no f u r t h e r  reGction. Fain relief was  evident t h e  day following 

treatment, and by t h e  t h i r d  day appe t i t e  was improved. On August 12, 195.3, a 

second dose of 200r, under t h e  sans conditions os t h e  first, was administered. 

This time the re  w a s  no nausea o r  vxniting and t he re  we-e no p.ew complaints. One 

week l a t e r  he was completely re l ieved  of  back pain and ~rras up and about t h e  ward 

voluntar i ly .  H i s  only c o q l a i n t  was  of pain i n  feet  and ankles. There were no 

x-ray changes evident in t h e  bones of t h i s  area and t h e  pain apparently was due 

t o  ambulation a f t e r  f i v e  months i n  bed. 

each during September and was then discharged home. 

treatment and now t a l k s  hopefully of re turning t o  work. 

Laboratory data during t h i s  period was as follows: 

A year la ter  t h e  diagaosis  was con- 

On July 22, 1953 h e  received 200r ( sk in  dose) 

h c d i a t e l y  af ter  

He received f i v e  t rhnsfusions of 500 C C .  

He has received no f u r t h e r  

Hgb. from i n i t i a l  6.3 

gms. t o  low of 6.0 gms. a t  f i v e  weeks, with t ransfusion a t  t h a t  t i m e ;  R.B.C. from 

3.8 mill ion t o  1.7 mil l ion a t  f i v e  weeks; W.E.C. from 6,000 t o  low of 550 a t  f i v e  

weeks; p l a t e l e t s  from initial 295,000 t o  low of  13,000 a t  six weeks; i ron  turn- 

over ha l f  time from '2.5 hours before treatment without change following t h e  first 

treatment, t o  1.0 hours one day after t h e  second treatment. 

On February 17, 1954 laboratory da ta  was :  Hgb. 11 gm., R.B.C. 3.2 m i o n ,  

p l a t e l e t s  21O,OC)O, W.B.C. 8,250 w i t L  8W'd neutrophils,  ll$ lymphocytes and % 

sosinophils.  Iron turnover ha l f  time w a s  0.8 hours. 

h 
\ 
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For both radiotherapy and chemotherapy, t h e  ultimate e f f e c t s  are mediated by 

i n t r a c e l l u l a r  chemical changes. For t h i s  reason t h e  two may be compared on terms 

of tolerance of t h e  individual ,  response of t h e  disease, and f a c t o r s  governing 

t h e i r  r o l e  i n  appl icat ion.  

Tolerance to r ad ia t ion  does not  lend  i tself  t o  ready meesuranent. In  Court 

Brown's (4) s e r i e s  of 50 pa t ien ts ,  he was a b l e  t o  def ine t h w e  phases of rad ia t ion  

sickness:  1) tha  latent period extending from t h e  tixie of treatmmt t o  t h e  onset'  

of symptoms; 2) a per iod of  acute  dis turbance l a s t i n g  from one and one-half t o  

four hours afte-c t k e  Ciiset cf symptoms; 3) recovery per iod exten6L-g as long as 

f c u r  or f i v e  days. 

t he  per iod of acute  symptoms a d  xas used as an index of seve r i ty  of reac t ion ,  

The l e q t h  of t h e  latent period w.s invsrse ly  proport ional  t o  

In 

the  p a t i e n t s  presented here, a pa t t e rn  of symFl;cms was no t  apparent; nausea and 

vomiting were incsns tan t  ar,d t he  Fatients '  condition before  treatment was such as 

t o  mask any minor degree of ~ + d c n c - - * s  o r  le thargy.  F r m  a symptomatic point  of 

v izw,  t he  react ion t o  s ing le  doses u;, t o  200r was l e s s  than  hlould be an t ic ipa ted  

with conventional doses of ni t rocen rmstard and t h e  hematopoietic depression was 

acceptable as compared with tbis agent. 

The response of t h e  p a t i e n t s '  disease can only be considered as ind ica t ive  

t h a t  t o t a l  body rad ia t ion  i n  s i n g l e  doses up t o  200r has therapeut ic  p o s s i b i l i t i e s .  

The to l e ra t ed  dose i s  beyond t h a t  necessary or desirable f o r  leukemia but is in t h e  

e f f ec t ive  range f o r  lymphosarcoma and mult iple  nyelona. 

200r on two occasions in t h r e e  wezks had a c l i n i c a l  response t h a t  could be described 

as impressive. 

The pa t i en t  who received 

No agent cu r ren t ly  in use f o r  treatment of generalized cancer i s  of fered  with 

i n t e n t  t o  cure. 

firm. 

of signs and symptoms and t h i s  b e n e f i t  may.be mit igated by t h e  s e v e r i t y  of side 

e f f e c t s  of treatment,  prolongation c:. treatment o r  delayed response t o  treatment. 

Even increased su rv iva l  as a result of therapy is d i f f i c u l t  t o  con- 

Under these  circumstances t h e  p r inc ipa l  bene f i t  of  treatment i s  early relief 
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these  respec ts  s i n g l e  doses of t o t a l  bo* rad ia t ion  has some advantage, 

m e r e  i s  an add i t iona l  advantage i n  t h e  matter of dose. Prescr ip t ion  of radia-  

t i on  dose i s  unique in its precis ion.  It is  possible  under cont ro l led  conditions 

t o  de l ive r  a des i red  amount t o  any t i s s u e  or t o  ca lcu la t e  uhat had been del ivered 

to m y  s i t e ,  To r e l a t e  dose and e f f e c t ,  it is des i r ab le  t o  determine dose a t  the 

I 
I 

s i t e  where e f f e c t  i s  produced, so t h a t  a given result can be repeated o r  m d i f i e d .  

p rescr ip t ion  of dose of pharmaceutical agents i s  Usually on the bas i s  of body weight, 

administered intravenously,  orally, o r  intramuscularly.  

t ion ,  d i lu t ion  and t ranspor ta t ion ,  t h e  amount of t h e  agent f i n a l l y  producing 

i n t r a c e l l u l a r  chemical e f f e c t  must be subject  t o  wide and unpredictable var ia t ions .  

In  the  processes of a b s o r p  I 
I 

If the  c l i n i c a l l y  e f f e c t i v e  dose c lose ly  approaches t h e  tolerance dose, it is  des i r -  I -  
ab le  t o  have knowledge and con t ro l  of t h e  amount of concentration of an agent, a t  t h e  

1 c e l l u l a r  l e v e l  where i t s  e f f e c t  is exerted. 

sEE%?x I T o t a l  body r ad ia t ion  in a s i n g l e  exposure up t o  200r of 250 KV x-rays may be 

zdministered s a f e l y  t o  pa t i en t s  wi th  generalized cancer. 

of systemic therapy r a t h e r  than as an a l t e r n a t i v e  o r  competitive method of t r ea t -  

ment, t o t a l  body r ad ia t ion  i n  doses of t h i s  order is  a usefu l  addi t ion t o  the man- 

agement of advanced cancer. 

Considered a s  one form 1 

1 
I 

I 

I 
1200 M. D, Anderson Blvd. 
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Radioiron Citrate as Tracer to Determine Disappearance Rate of Plasma 
Iron in Normal Subjects.. (21612) 

R. KENNETH ~ E F F L E R ,  DONALD A. RAPPOPORT, AND VINCENT P. COLLINS. 
(Introduced by R. A. Seibert.) 

From Departments of Radiology and Biochemistry, Baylor University, Texas Medical Center, 
Houston, Texas. 

Huff, Hennessy, Elmlinger and others 
w o r h g  with Lawrence have reported studies 
using radioiron as a tracer to study the turn- 
over of iron in animals, and in patients with 
a variety of diseases(1-5). Other groups 
have used this test to follow disorders of iron 
turnover associated with disease conditions 
(6-7). Generally, the tracer administered 
consists of globulin bound radioiron prepared 
from the patient’s serum or using purified 
globulin (IV-7 fraction, Cohn) (8). The 
tracer is given intravenously and its rate of 
disappearance determined from multiple as- 
says of plasma radioactivity. The course of 
iron from plasma to liver, spleen and bone 
marrow, can be obtained from repeated ex- 
ternal countings over representative sites. As 
radioiron is incorporated in hemoglobin of 
newly formed red cells, it reappears in cir- 
culating blood. The percentage of tracer iron 
which appears in red cells is quantitatively 
determined at  intervals of several days. The 
reports of Lawrence’s group and others indi- 
cate the value of this test on a routine clinical 
basis, as an aid in diagnosis of hematopoietic 
disorders, as well as an index of the effect of 
therapy since changes in the functional status 
of the hematopoietic system can thus be sus- 
pected in a matter of hours, and estimated in 
a few days. Preparation of radioiron bound 
to IV-7 globulin, suitable for use in patients, 
has been a tedious procedure and difficult to 
reproduce. We have been able to prepare 
consistently depengable protein bound tracer 
only by incubating patient’s plasma with ra- 
dioferric chloride, buffered to pH of approxi- 
mately 6 with sodium citrate, prepared just 
before injection( 1). This requires the with- 
drawal of a large blood sample, centrifuging, 

* Supported in part by Medical Research and De- 
velopment Board, Office of Surgeon General, Dept. 
of the Army. 

removal of plasma, incubation with iron 
preparation, and reinjection, all of which 
must be done under sterile conditions. To 
obviate this time consuming procedure for 
each turnover, attempts were made to prepare 
a stock solution using either dried pooled 
plasma or purified IV-7 fraction obtained 
from Cohn’s laboratory in Boston or from 
Cutter Laboratories in Berkeley. While sev- 
eral of these preparations were satisfactory, 
others failed to demonstrate adequate iron 
protein binding and gave rapid disappearance 
of tracer iron consistent with disappearance 
of injected ionized iron. In addition, there is 
always the problem of sterile preparation and 
continuous refrigeration. When stock solu- 
tion is prepared from dried pooled plasma, in- 
fectious hepatitis is a serious hazard even 
though the likelihood is remote. Since the 
IV-7 plasma fraction binds the iron in un- 
dialysable form so readily in vitro with fresh 
plasma, the transfer in vivo may well be suf- 
ficiently rapid to permit injection of iron 1 .  
preparation directly to obtain a disappear- 
ance curve similar to that followed by bound 
material. Furthermore, since bringing ionic 
iron (as FeC13 in acid solution) to a pH of 6 
will result in precipitation of Fe(OH)3 the 
iron preparation must consist of iron citrate. 
This report gives experimental data on rate 
of disappearance of intravenously adminis- 
tered ferric citrate in patients without pri- 
mary hematopoietic disorders. 

Procedure. A stock solution of radioferric 
citrate is prepared in quantity, and trans- 
ferred to sterile withdrawal bottles. The 
stock solution is prepared by adding Fe50 
Cl3 in HCl. with specific activity of 2000-5000 
mc/g (as obtained from Oak Ridge) to 0.1% 
(w/v) Na citrate in isotonic saline. The solu- 
tion is adjusted to a pH of approximately 6 
using indicatorpaper, then transferred to 60 

, 
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ml serum bottles, and sterilized by autoclav- 
ing a t  12OOC for 15 minutes. The resultant 
solution is prepared so that initially 10 ml of 
solution will contain between 3 and 5 pc of 
FeS8. Ten ml of blood are drawn into a 
heparinized syringe for determination of 
hemoglobin, Wintrobe hematocrit, red blood 
cell count, and a baseline determination of 
normally occurring radioactivity in blood, 
chiefly radiopotassium. Through the same 
needle, ferric citrate solution is administered 
containing approximately 4 pc of FeS9, and 
containing from 1-5 pg iron depending on age 
of preparation. Five minutes after injection, 
another 10 ml sample of blood is withdrawn 
from a different vein. Two ml of this whole 
blood is used for determination of radio- 
activity, and the remainder centrifuged to ob- 
tain 2 ml of plasma for analysis of radioactiv- 
ity and of iron concentration. A modification 
of the method of Burch et d ( 9 )  is used for 
plasma iron concentration, normal values in 
this laboratory ranging from 70 to 120 pg %. 
At 5 minutes, and every half-hour thereafter 
for 4 hours, 2 ml of whole blood are with- 
drawn for determination of radioactivity. 
Radioactivity assays are determined using a 
well-type sodium iodide crystal with a Du- 
Mont Photomultiplier tube, operated along a 
plateau from 1350-1500 volts. This gives a 
background of approximately 2 50 cts/min, 
and a detection efficiency for Fe59 of about 
30%. The disappearance curve is plotted on 
semilogarithmic paper, and plasma volume es- 
timated from extrapolated zero-time dilution 
factor ( 1 ) . 

Six patients with a variety 
of disease conditions not related directly to 
the hematopoietic system were chosen, on the 
basis of their availability for 8 hours without 
undergoing other procedures. Two disappear- 
ance rates were determined for each subject, 
first, using direct injection of ferric citrate in 
the morning, and second, ferric citrate incu- 
bated with plasma in the afternoon. Forty- 
five ml of blood were withdrawn initially for 
preparation of plasma, then radioferric citrate 
was injected along with 5 ml of Evans blue 
dye. Samples were taken at  5 minutes and 
every half hour thereafter for 4 hours. Dur- 
ing thii time an equal amount of krric citrate 

Experimental. 
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was added to the separated plasma, and in- 
cubated a t  room temperature. Four hours 
after injection of ferric citrate, the incubated 
plasma was injected, and again blood sam- 
ples taken a t  5 minutes and at  half hourly 
intervals for 4 hours. The results, demon- 
strating similarity of behavior of the two 
forms of iron, are presented in Table I. 
Urine samples were collected on the first three 
subjects, and contained less than 0.5% of in- 
jected radioiron administered as citrate, with 
no excretion of radioiron following injection 
of incubated plasma. Urine of fourth sub- 
ject was collected at  one minute intervals 
through ureteral catheters during the first 
hour of ferric citrate injection. All radio- 
isotope excretion occurred during the first 2 
minutes. These studies are being continued 
on patients having a wide variety of disease 
conditions, and utilizing other iron prepara- 
tions. I t  may be questioned whether the iron 
citrate technic would be valid for use with 
pa?ients having a very high serum iron as in 
hemochromatosis or hemosiderosis. Assum- 
ing that there is an absolute amount of iron 
binding protein available, a serum iron level 
of 300 pg "/o may approach saturation. Then 
the tracer dose of iron citrate could not be in- 

corporated with protein bound iron. Data of 
Gitlow( 10,ll) indicate that saturation in ex- 
cess of 95% will rarely be encountered. Five 
% unsaturation of a binding capacity of 300 
pg % would represent an ability of protein to 
chelate an additional 150 pg/l of plasma. 
The tracer dose of 1-5 pg should not be exces- 
sive even in these clinical conditions, though 
we have not yet had a patient of this category 
for study. To date, the citrate disappearances 
have been identical to those of the globulin- 
bound iron. These studies will be submitted 
as a separate report when the general applic- 
ability has been better established. 

Conclusions. Radioferric citrate, adminis- 
tered intravenously to patients without pri- 
mary disorder of hematopoiesis, disappears 
from the plasma a t  a rate similar to that of 
the disappearance of globulin-bound radio- 
iron. It is probable that the iron is rapidly 
incorporated into the iron binding globulin 
of the plasma (IV-7 fraction, Cohn), and the 
disappearance rate obtained following the in- 
jection of ferric citrate is actually that of the 
disappearance of protein bound iron. The 
use of ferric citrate as a tracer for iron turn- 
over studies is a simplification which permits 

3000 
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the more routine availability of these studies 
in a clinical practice. 
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R. K. Loeff ler ,  M.D., V. P, Col l ins ,  M.D., 

C. T. Teng, N . D . ,  and W. D. West, M.Sc. 

Baylox Universi ty  College of Medicine 

An adul t  man has 3.5 - 4.5 gm. of i ron  i n  h i s  body. From 60 t o  7% of t h i s  
iron is i n  t h e  red cells as hemoglobin i ron,  less than 1% in t he  c i r c u l a t i n g  p l a s m  
a s  plasma i ron at tached t o  a protein,  Transfer r in :  and the rest is i n  other forms 
of body i rons  (s torage,  myoglobin, resp. enzymes 1. 

AlthoMgh the  plasma i ron represents  less than 1% of t h e  t o t a l  body stores, 
It is i n  l a b i l e  equi l ibr ium i t  is  conveniently ava i l ab le  f o r  uniform sampling. 

w i t h  i ron  involved i n  t h e  hemoglobin cyc le  and in other forms throughout the body. 

The hemoglobin cyc le  c o n s i s t s  of three main s teps:  

1. S y n t h e s i s  of hemoglobin from iron ava i l ab le  i n  bone marrow. 

2. Deqradation t o  ava i l ab le  Fe of hemoglobin l ibera ted  by breakdown of aged or 
de fec t ive  red c e l l s  i n  spleen or other  sites. 

3. Transport of i ron a s  plasma iron from sites of breakdown and s torage  t o  bone 
Marrow. 

The Hemoglobin Cycle 

flemoglobin Degradation 

Spleen b 
Hemoglobin Synthesis  

Bone hla r r ow 
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Radioiron Tracer Studies 
Loefflcr,  Col l ins ,  Teng and !!est 

The average l i fe  span of normal red c e l l s  is general ly  accepted ;IS 120 days. 
This  means tha t  lock of red ce l l s  a r e  replaced every 120 days, or  0.03;; 
destroyed and replaced dai ly .  

A 70 kg. man has: 

(1) a blood volume of 5000 cc., with 

(2) 5 x lo6 red cells per mm 3 . 

(3)  

(4)  

12 gm. of Hgb. per 100 cc. of blood, and 

3.34 mg. of i ron per gm. of Iigb. 

The orders  of magnitude f o r  t h e  var ious components in t h i s  hemoglobin cycle 
may be est imated i n  t h e  following terms: 

Number of red cells destroyed and replaced = 2.1 x 1011 red cells per day 
or 

2.4 x 106 red ce l l s  per second 

Calcula t ion  : 

Frac t ion  of r e d  cel ls  No. of red ce l l s  To ta l  blood 
destroyed o r  replaced per cc. of blood volume 

Amount of hemonlobin declraded and synthesized = 6.2 gm. of tigb. per day 

Calculat  ion : 

(15 x 10”) ( 5  lo3) (0.83 x X 

Fkaction of  hemoglobin 
degraded and synthesized per 100 cc. of blood volume 

Gni. of hemoglobin To t a 1 b lood 

Amount of i ron required f o r  (1) and ( 2 )  = 21 mg. of Fe per day 

Calcula t ion  : - 
6.2 X 3.34 

Gm. of licmoglobin 
synthesized per day , o f  hemoglobin 

Mg. of Pe per gm. 
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Since  21 mym. of i ron i s  the d a i l y  requirenicnt f o r  Iienioglobin productioii, 
and since t h e  t o t a l  i ron i n  c i r c u l a t i n g  plasma i s  r e l a t ive ly  c o n s t a n t ' a t  

.approximately 3 mg., t h e n  i ron m u s t  enter the plasma (from the spleen anti o the r  
sources)  a t  t h e  same r a t e  a t  which i t  leaves ( t o  be incorporated i n  henloglobin 
i n  newly formed red  ce l l s  o r  t o  enter s torage depots). 

A s  mentioned above, the plasma iron pool i s  i n  equilibrium w i t h  a l l  
compartments of body i ron,  the r a t e  of i ron leaving t h e  plasma m u s t  therefore  
represent a-composite r a t e  of  a l l  pathways involved. However, since the r a t e  
of iron leaving f o r  s torage  is  comparatively slow, t h a t  f o r  excre t ion  and o t h e r  
purposes even slower, it  may be assumed, with few exceptions,  t h a t  the r a t e  o f  

, i ron leaving the plasma i s  by and la rge  a r e f l e c t i o n  of t he  funct ional  s t a t u s  of 
hcmopoicsis. Exceptions. are pernicious anemia and Mediterranean anemia. 

A more d i r e c t  end more accura te  index of hemopoietic a c t i v i t y  is t h e  
r a t e  of incorporation of  i ron i n  t h e  new formed red cells. 

Under most hematological conditions,  the r a t e  of plasma i ron disappearance 
and t h e  r a t e  of incorporation of i ron  i n  red cells are d i r e c t l y  related. 
exception is  seen i n  untreated pernicious anemia where a rap id  plasma i ron 
disappearance i s  assoc ia ted  w i t h  sluggish i ron uptake, t he  l a t t e r  is presumably 
evidence of the so-called maturation a r r e s t .  

One 

I t  i s  obvious t h a t  the determination of these rates adds t h e  dimension 
of time and brings t h e  concept of dynamics t o  t h e  understanding of the physiology 
of i ron  and hemoglobin metabolism i n  hea l th  and disease. 

Both of these r a t e s  can be measured by t h e  use of Fe59 a s  a t racer .  
is the purpose of t h e  e x h i b i t  t o  demonstrate t h e  usefulness of tracer iron 
turnover s t u d y  i n  t h e  diagnosis and prognosis of various hematologic conditions. 

It 

The equipment necessary i s  a well-type s c i n t i l l a t i o n  counter and scaler. 

It is predicted 
This  can be of a dual  purpose design so t h a t  t h e  same f a c i l i t i e s  can be used 
f o r  t h e  determination of radioiodine uptake i n  thyroid s tudies .  
t h a t  the rad io i ron  turnover test w i l l  become a s  usefu l  i n  the s t u d y  of anemia 
a s  radioiodine i n  t h e  s t u d y  of thyroid disease. 

. .  
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Ilcm t o  1 ogica 1 
D i  sorde c s (Fe I,, 

Normal 

Anemias 

70- 120 1- 2 Up to  W,': in 1 wk. 
Thcn plii toau 

I ron  def ic iency 0-50 0.3-0.5 Approaching 1OU$ i n  3-4 days 
Then plateau 

i n  3-4 days 
Thcn steady f a l l  off  

i n  3-1 days 
Then plateau 

0- 50 0.3-0.5 Approaching 10q  

15-200 0.3-0.5 Approaching lw 

Chronic blood loss 

tierno 1 y t ic 

Chronic infec  tionr 
Malignant tumors 
Leukemias 
L i v C r  d i seases  
Uremia 

0.5-1 40-60 

Aplas t ic  and 
Mye 1 oph t h is ic  

150-200 2- 4 Very low and 
slowly r i s i n g  

Anemias 
Addisonian 

untreated 
150-200 0.3-0.5 Slow rise over many 

weeks, no plateau 

remission 
c a r l y  
l a t e  

40- 70 
70- 120 

0.3-1 approaching normal 

bfediterraneon 150-200 0.3-0.5 S lqw rise over many 
weeks, no plateau 

Po 1 yc y t hem i a Ve r a  
untreated 150-200 
remission 70- 120 
repoa ted phlebotomy 40- 70 

200-250 Hemoch roma t os is 

0.3-0.5 
1-2 

0.3-0.5 

approachf ng 10% 
normal 
approaching lw 
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Radioiron Tracer S tudies  
Loef f le r ,  Col l ins ,  Teng and Vest 

1. IVitlidraw 10 cc. of blood in to  a heparinized syringe f o r  v;holu b lood  and 
plasma samples (1.0 - 2.0 cc.)  fo r  the determination of  na tura l  r a d i o -  
acL i v i t y  . 
Inject intravenous1 2. 5.0 - 10.0 CC. of Fe59 c i t r a t e  so lu t ion  containing 
4 microcuries of Fe 59 . Avoid venostasis .  

3. Obtain heparinized blood samples ( 5  - 10 cc.) a t  5, 15, 30, 60, and 120 
minutes a f t e r  inject ion.  Avoid venostasis .  P ipe t te  1.0 - 2.0 cc. a l i q u o t  
of whole blood from t h e  15 m i n u t e  sample, and 1.0 - 2.0 cc. of plasma from 
from a l l  samples i n t o  counting tubes. 

4. Count a l l  samples from s t eps  1 and 3. 

5. Plot plasma a c t i v i t y  ( log  s c a l e )  aga ins t  time ( l i n e a r  s c a l e )  on semi-log 
paper. 

6. Extrapola te  t o  obta in  zero  time plasma a c t i v i t y .  Determine disappearance 

Total  counts injected 7. Calcula te  plasma volume: PV = 
Zero t i m e  counts/cc. plasma 

o r  turnover h a l l  time (fi) of plasma FeS9. 

8. Calcula te  hematocrit  from a c t i v i t y  of 15 m i n u t e  samples: 
Counts cc. whole blood IIct = 1 - Plasmacrit = 1 - Counts:cc. plasma 

9. Calcu la te  zero  time whole blood a c t i v i t y  by propor t iona l i ty :  
Zero time counts/cc. Whole Blood = Zero time counts/cc. Plasma x Pct. 

10. Calcu la te  blood volume: 
To ta l  counts i n  iected 

= Zero time counts/cc. whole blood 

11. Pool plasma samples, determine i ron  concentrat ion on dup l i ca t e  a l iquots .  

12. Obtain blood samples, (5 cc., heparinized) ,  a t  3, 7, and 14 days. Count 
1.0 - 2.0 cc. a l iquot .  

13. Determine approximate per cent red' c e l l  incorporation of .Fe59: 

% uptake = Zero t ime count/cc. whole blood 
Count/cc. follow-up blood sample x 100 
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Chromatographic Separation and Determination 
of Porphyrin Methyl Esters 
D. A. RAPPOPORT, C. R. CALVERT, R. K. LOEFFLER, and J. H. GAST 
Departments o f  Radiology and Biochemistry, Baylor Univrmity College of Medicine, Houston 25, rex. 

By means of horizontal paper chromatography with 
filter paper placed between glass plates, the methyl 
esters of uroporphyrin I, coproporphyrins I and 111, 
and protoporphyrin IX were separated within 1 hour. 
Elution of individual bands from the paper chroma- 
togram followed by fluorometric analyses permitted 
quantitative estimations of each porphyrin ester. 

URING an investigation of various methods for the separa- D tion and quantitative determination of porphyrin isomers, 
difficulties were experienced in separating for analyses sufficient 
amounts of various porphyrins from biological fluids. In this 
laboratory, repeated clear-cut separations of porphyrin methyl 
esters from biological fluids with the paper chromatographic 
methods of Chu, Green, and Chu (2) and the modifications of 
this method by Bogorad and Granick ( I )  was found to be difficult 
because of interference by impurities. The resultant bands 
of the porphyrin esters, from either ascending or descending 
chromatograms, were somewhat irregular and overlapping and 
a t  best insufficiently separated for quantitative recoveries. 

Using horizontal paper chromatography with a modified 
solvent system, a rapid method for the complete separation of 
methyl esters of uroporphyrin I, coproporphyrin I, copropor- 
ph-yrin 111, and protoporphyrin IS  has been developed which 
permits quantitative estimation of each of these porphyrin esters. 

EQUIPMENT AND MATERIALS 

Two glass plates, 13 inches square, cut from 0.25-inch com- 
mercial plate glass. One 
glass square is marked a t  the exact center with a wax pencil, 
and a hole 0.25 inch in diameter is drilled through. This is done 
by forming a ridge of putty around the center mark so that water 
can stand over this area. Using a short length of 0.25-inch brass 
tubing in an electric drill press and adding abrasive powder inter- 
mittently, a hole is drilled halfway through on one side of the 
plate, then completed by drilling from the opposite side. 

Two barrels from hypodermic syringes, 10 or 20 ml., each of 
which is fitted with a piece of thin-walled (5-mm. outside diame- 
ter) gum rubber tubing over the entire length of the syringe tip. 
Each syringe is packed with Whatman cellulose powder to  a depth 
of about 2 cm. Before use, each packed syringe is rinsed with 
the particular solvent to be used for chromatography, and the 
rate of solvent flow is adjusted to approximately 1 drop per 2 
seconds b tamping the cellulose packing with a glass rod. 

Six IeaJbricks, weighing about 25 pounds each (Nuclear Instru- 
ment and Chemical Corp., Chicago, Ill.). 

Filter paper sheets, Whatman No. 3MM, cut in squares (13 X 
13 inches) the same size aa the glass plates. At the center of 
each paper the location for the sample is made by drawing a 

Any other suitable size may be used. 

circle 1 inch in diameter. This circle is divided into arcs by two 
to six radial linea allowing as many as six earnplea to be chromato- 
graphed simultaneously. 

Developing Solvents. SOLVENT A. Three volumes of pe- 
troleum ether (boiling point 30" t o  60' C.) and l volume of chi- 
roform. 
SOLVENT B. Twenty volumes of heptane, 1 volume of ethy- 

lene dichloride, and 1.5 volumes of tezt-butyl alcohol. 
AUXILIARY SOLVENT. Equal volumes of petroleum ether and 

chloroform. 
Methyl esters of coproporphyrins I and 111 and of uroporphyrin 

were furnished by Samuel Schwartz. Paper chromatographic 
analysis indicated that the eaters were single components with 
only traces of impurities. The methyl eater of protoporphyrin 
IX was prepared from crude protoporphyrin (H. M. Chemical 
Co., Ltd., Santa Monica, Calif.) and purified by mean8 of paper 
chromatography. 

Ultraviolet lamp, 360 mp, Hanovia Type 1C103 (Hanovia 
Chemical and Mfg. Co., Newark, N. J.). 

Fluorometer, Lumetron Model 402-EF, used with a primary 
filter of Corning glass 5543 (365 mr)  and secondary filter of Cor- 

- 

Figure 1. Schematic repnsentation 
apparatus used in horizontal paper 

chromatography 
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position of esch band can be marked. Figure 2 illustrates the 
relative potition of the rphyrin meth 1 ester after chroma- 
tography by the deacribef;oprocedure. T i e  Rj valuee are as fol- 
lowa: 

U m p o r p ~  I oetamethyl ater 0 
Coproporphyrin I tetramethyl mter 0.53 

Protoporphyrin IX dimethyl eater 0.83 

Using eolvent B onl , the methyl esters of protopor hyrin and 
coproporphyrins I an8111 are separated. Figure 3 Justrates a 
chromato am developed with solvent B. Thi solvent does not 
separate t!e methyl esters of coproporphyrin I and uroporphyrin 
I, since both have an R, of zero. 

If porphyrin extracts contain large amounts of impurities, such 
aa are normally found in extracts from urine, it is neceasary to  
uae the auxiliary solvent aa the first developing solvent to sepa- 
rate the porphyrin esters from the @purities. If 2 ml. of auxiliar 
solvent are transferred to the syringe, the porphyrin esters wi$ 
move about 1 inch from the origin along with the solvent front. 
After the paper is dry, use of solvents A and B, respectively, aa 
described previously, will result in a complete separation of the 
porphyrin methyl eaters into distinct bands, whereas the im- 
purities will remain at the origin. Figure 4 illustrates such a 
chromatogram of porph rin esters from a urine to which uro- 
yrphyrin I, coproporpzyrina I and 111, and proto rphyrin 
X were added before extraction, esterification, angochroma- 

tography. The R/  values are as follows: 

Coproporphyrin 111 tetramethyl ater 0.62 

PROCEDURE 

Porphyrins are isolated from biological fluids by an ether- 
ethyl acetate extraction (4), by calcium phoephate precipitation 
(b), or by lead ealt precipitation (3). The mixture of porphyrins 
ia esterified by diseolving the crude extract in 3 to 4 volumes of 
methanol saturated with hydrogen chloride gas, and the solution 
is allowed to stand overnight at mom temperature in the dark 
(1,6). Five volumes of water are added to  the methanol-hydro- 
chloric acid and the porphyrins are extracted from the diluted 
eolution into chloroform. The chloroform phsse is separated, 
waahed with 10% sodium acetate eolution, then with water, 
decanted into a dry beaker, and concentrated in a vacuum 
desiccator to a volume of 0.5 to 2.0 ml. 

Figure 2. Chromatographic separation of methyl esters 
of uroporphyrin I (1). coproporphyrin I (2). coproporphyrin 

111 (3). and protoporphyrin I X  (4) 

Position of individual porphyrim enters is shorn to the right: on left is 
=paration from mixture (M)  

Depending on the concentration of porphyrin esters in the 
final chloroform solution, 50 to 200 rl. of this solution is trans- 
ferred by means of a calibrated micropipet to the marked posi- 
tion on the filterpaper. The sample is carefully placed on the 
sample line to form a narrow curved band. As many as six 
samples can be transferred to one sheet of paper in this manner. 
When dry, the paper is placed between two glass plates with the 
center of the paper in line with the opening in the upper plate, 
and the syringe is then securely fitted into the opening. Figure 1 
illustrates the position of the relevant parts. Six lead bricks are 
placed on the top of the glass plates close to the syringe so that 
there i a uniform pressure on the paper. 

About 2 ml. of solvent A is transferred to the syringe and the 
chromatogram is allowed to develop until the solvent front i 
approximately half way across the paper. The filter paper is 
then removed and allowed to dry in air. The paper is again 
placed between the glaas plates, a new packed syringe is fitted 
into the opening, and the plates are weighted with the lead 
bricks. About 8 ml. of solvent B are transferred to the syringe 
and the chromatogram is allowed to develop until the solvent 
reaches the edge of the paper. The filter paper i then removed, 
air dried, and examined under the ultraviolet lamp BO that the 

Uroporphyrin I ocbmethyl eater 0.13 
Coproporphen I tetramethyl eater 0.55 
Coproporphynn 111 tetramethyl eater 0.70 
Protoporphyrin IX dimethyl mter 0.91 

Figure 3. Drawing of actual chromatogram, made under 
ultraviolet illumination of methyl esters of coproporphyrin 
I ( A ) ,  coproporphyrin 111 (B) ,  and protoporphyrin IX (C) 

developed with solvent B 

For quantitative determination of each porphyrin eater after 
chromatography, each band is cut from the paper, the paper 
shredded, and placed in test tubes (180 X 15 mm). After addi- 
tion of 15 ml. of 1.5N hydrochloric acid, the test tubes are placed 
in the dark for 30 minutes or longer with occasional shaking. 
Subsequently, the acid solution is decanted into clean test tubes 
for fluorometric reading. Standard curves were established 
with methyl esters of protoporphyrin IX, coproporphyrin 111, 
and uroporphyrin I, aa shown in Figure 5. Two filters were 
used, a monochromatic primary filter with a maximum trana- 
mittance at 365 mp, and a secondary filter transmitting above 
600 mr. 
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Average 86 91 

30 27 PO 
30 28 93 

80 26 87 
30 25 84 
90 26 87 

1 
2 
3 
4 

A Octomethyl oroporphyrin I 
B Tatromrthyl Coproporphyrin m 
c Dimethyl p r o t o p o r p W n I I  

RESULTS 

Teats of the above qusntitative chromatographic procedure 
with known mixtures of pure methyl esters of protoporphyrin 
IX, coproporphyrin 111, and uroporphyrin I gave recoveries of 
86, 91, and 970J0, respectively, sa ehown in Table I. 

It is apparent from the above data that with increaaed R, 
valuea, lesser amounb of the porphyrin methyl estera are re- 
covered. This is probably due to tailing along the paper during 
chromatography, which becomes more sisnificant with com- 
ponents that travel the greatest diatance from the origin. X I O ~ M  per Liter 

Figure 5. FluoreMxnce-concentration relation of 
porphyrin methyl -tern 

drying. No losses were observed under diffuse light (3 to 4 hours) 
although exposure to sunlight caused appreciable loss. 

After development of the chromatograma and drying, they were 
placed in a drawer and covered with filter paper, aa recovery ex- 
periments indicated a loss of pigment or fading within 24 hours 
if left in room light. Those placed in desk drawers, however, 
gave the same recovery aa long as 3 days after completion of the 
chromatogram. 

Table 11. Recovery of Coproporphyrin I11 from Urine 
Original Total Recovered 

Oample Concentration, Added, 7 Concentration, 7 -, % 
1 157 30 187 180 90 
2 189 30 219 216 99 
3 2.5 28 31.5 29 95 
4 13 28 41 38 93 

Average 90 
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Figure 4- Diagram Of chromatogram, made under ultra- 
violet illumination, of porphyrin methyl esters from urine 

Numbers dcmienat's u m e  component. u in Fi- 2 

Recovery experiments were made with coproporphyrin added 
to different urine samples. Table I1 shows the results of these 

experiments waa 96% with a range of f 3%. 

porphyrins showed an accuracy within f 3% and a sensitivity 
of approximately 0.1 7. 

The entire process waa carried out under ordinary dif€uae room 

sunlight, but no special effort waa made to protect them from 
room light during the time required for chromatography and 
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