
DNAl.940627.012 

. . .  

A D  2 9 0  - 970 

ARLIS(;TOS I ? ,  URGIS1.4 



1 

I /. 
. 

r 

. 

t 

A.F.S.W.P. - 809 

Department of the Army 
Contrrct No. DA-4+007-Y)-428 

mo68Bss REPOIIT FOB PBBIOI) 
1 Septenber 1955 tbrough 31 Sraurry 1956 

Vinoent P. C o l l i n s ,  0. 
8. h n n e t b  Loaffler, 1. 0, 
D. 4. hp*port, PIImD. 
c. T. Teng, n, D. 

Baylor Univerrity College of Hediaine, Tsar YediOBI Centar, 
Hourton, Texas 

Houston, Texar 
JefZorron Davir Holpital, I601 Buffalo Drive 



c 

ABSTRACT -1- 

T h i s  report covers further observations on patiants 

who have received t o t a l  body radiation i n  the course of treat- 

ment of  advanced cancer. . 

mitted i n  table form has been re-analyzed and presented i n  

graphic form -_ fo r  simplicity. 

The data whlch WAS previously sub- 

I n  the. course of study of the significance of radio- 

i ron  t r ace r  studies as an index of radiation effect ,  over 

700 such studies on more than 300 patients have been carried 

out. The interpretat ion of the dsta of patients with a 

var ie ty  of hematopoietic disorders is presented'as back 

ground fo r  evaluating radioiron t r ace r  studies in radiation 

e f f ec t s  . 
The ro le  of radioiron t r ace r  studies as a measure of 

radiation damage has been 'evaluated In cancer pa t ien ts  re- 

ceiving t o t a l  body radiation and limited-field radiation. 

Extension of radioiron t r ace r  s tudies  t o  provide a 

test  for residual radiation damage i s  described and discussed, 

even though a preliminary experiment failed t o  indicate  a 

useful technique. 

Procedures have been established fo r  the ident i f icat ion 

and quantitative estimation of enzyme systems I n  circulating 

red blood c e l l s  with a view t o  establishing a biologic 

dosimeter. 



PROGRESS -2- 

Continuing experience in the use of t o t a l  body radiation 

for the treatment f o r  some forms of advanced cancer has re iul ted 

l a  an increasing volume of data and some revision of expression 

of observations without altering the ten ta t ive  conclusions that 

have be& previously drawn. These have had t o  do with tolerance 

values for whole body radiation delivered under c l in i ca l  thera- 

peutic circumstances. 

There is l imitat ion on the  importance of these values in 

that extrapolation t o  radiation exposures under emergency or 

catastrophic conditions can be no be t te r  than the  measurement 

or estiniation of quantity of radiation under such conditions. 

Even i f  comprehensive physical measurements of radiation were 

obtained, the  circunstances of time, volume and geometry which 

govern t h e  biologic aspects of dose may great ly  a l t e r  the  

significance of an exposure t o  any given number of roentgens. 

For this reason par t icular  a t ten t ion  has been given t o  

biologic responses which m i g h t  reflect the  quantitative physi- 

cal exposure. 

Several studies have been completed since the progress 

report for the  period ending 21 August 1955 (AFSWP-810). 

From the beginning It was evident that radioiron t racer  studies 

as a c l in i ca l  laboretosy p r o c e d u r e  would have t o  be evalwted 

on a broad basis  i f  the data r e l a t e d  t o  radiation ef fec ts  were 

t o  be meaningful. 

data studied. 

i n  a manuscript that  was so l ic i ted  for t h e  Braz1llc.n journal 

More than 700 tests have been done and the  

Appendix 1 is a compilation of this material 
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Resenha. It 

value i n  the  

may be noted tha t  the 

dynamic evaluation of 

test  has established Its 

erythropoiesis In a l l  

conditions studied. 

A development of the studies on iron metabolism I s  

contained In Appendix 2. This is a paper by a gradtiate stu- 

dent, R. Tinguely, working ia the department. It presents a 

simple procedure for determining the residual iron-binding 

capacity of serum. T h i s  -bas been In routine use for  the past 

few months, primarily t o  determine how frequently the turn- 

over rate of iron is limited by the capacity of the serum 

iron transport mechanism. To date, no sera have been anslyzed 

which did not have ample residual binding capacity. 

The use of Iron t racer  studies for the evaluation of 

radiation damage i n  c l in ica l  medicine has been prepared for 

presentation t o  the American Radium Society In A p r i l  1955. 

A previous report on the  therapeutic aspects of t o t a l  body 

redlation was made t o  this Society two years ago and is due 

t o  appear in the March Issue of the American Journal of 

Roentgenology, Radium Therapy and Nuclear Medicine. 

mbnuscript i s  included as Appendix 3. 

the  experience of the department with reference t o  the effects 

of whole and par t i a l  body radiation on the  Iron turnover test 

results. 

useful Index of body tolerance t o  systemic depressant agents, 

but I s  of l i t t l e  or no value in the  Essessment of systemic 

tolerance t o  protracted limited-field radiotherapy. 

T h i s  

This report slrmmRrlzes 

It is concluded that the t e s t  provides a rapid and 



Appendix 3 also contains a detai led account of an attempt 

t o  unmask residual radiat ion damage following apparent recovery 

of rabbits from a t o t a l  body radiation dose of 500r. 

posal here was that the normal hematopoietic response t o  anoxia 

might be impaired following radiation. If t h i s  were so, the 

damage might be detected by radioiron t racer  studies i n  animals 

previously radiated and subjected t o  anoxia a t  the  time of t es t .  

The results have been i~conclus ive .  Decreased functional re- 

serve as a residual effect  of radiation has not been demonstrated 

but it I s  considered possible that an ef fec t  might be encountered 

if the  interval  between radiation and stressing by anoxia i s  

increased. 

The pro- 

As one e f fo r t  t o  es tabl ish a llbiological dosimeter", 

Dr. D. A. Rappoport has suggested thst the enzyme systems of 

the circulating red blood c e l l s  might show a quantitative re- 

lationship t o  exposure of total body x-radiation. 

Two premises were made as the basis  of erythrocyte 

enzymic dosimetry. 

1. The long life-span of red cells will permit 

examination of c e l l s  which have been exposed t o  x-rays at 

prolonged periods after radiation (2  t o  4 weeks) 

2. The inability of erythrocytes t o  resynthesize new 

proteins (or  enzymes) indicated that damaged enzymic systems 

(due to x-rays) w i l l  not be repaired; hence they w i l l  r e f lec t  

x-ray damage f o r  long intervals  a f t e r  exposure. 

Appendix 4 I s  a summary report describing the  work i n  

progress directed toward the ultimate objective of finding a 

b i o l o g i c a l  o r  enzymic dosimeter. 
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A radiation building has been completed and a 

Pre- 2 MeV V a n  de Graaff x-ray generator installed, 

liminary calibration and dosimetry procedures have 

been carried out and clinical usage including total 

body radiation has begun, The treatment room measures 

35' x 181 and i s  designed t o  permit treatment by sta- 

tionary or rotation technics at distances up t o  8 

neters. 
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FUTURE -6- 

1. Observations on pa t ien ts .  recelying t o t a l  body 

radiat ion w i l l  be continued, giving part icular  a t tent ion t o  

protraction over very short t o  very long in te rva ls  with basic 

observations on c l in i ca l  systemic response and the  e f fec ts  on 

peripheral blood and iron metabolism. 

2. Material will be collected for  t h e  study of tetanus 

antibody response In pat ients  receiving whole body radiation. 

3. The study of enzyme systems of red blood c e l l s  as 

possible biologic dosimeters w i l l  be extended. 

4. The poss ib i l i t i e s  for using stress technics t o  

reveal masked metabolic defects following apparent recovery 

from radiation W i l l  be investigated further.  

5 .  The aim of studies  i n  the f i e l d  of radiation e f fec ts  

i s  t o  gauge the  hazard of exposures that may be encountered 

under any circumstance. 

been amassed by t h e  very numerous observers, t he  quant i ta t ive 

and qual i ta t ive aspects of response of l iving t i s s u e  can be 

measured or described in only t h e  broadest terms. 

t o  es tabl ish c lear  and dependable relationships with precise 

physical data may be due t o  the Inadequacy of our observations 

of b io log ic  effects ,  o r  t o  studying inappropriate biologic 

systems, Such uncertainty is not peculiar t o  radfobiology. 

Despite t he  volume of data thst has 

The failure 
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A sirnil& problem exists in gerontologic studies. There 

is no system of definition or measurement for senescence 

or aging but these processes are assooiated with an in- 

creased vulnerability t o  hazard and l iabi l i ty  t o  death. 

Some similarity t o  the delayed effects of radiation i s  

evident. 

Consideration w i l l  be given t o  the adaptloa of 

technics of studies of the iiging process t o  the problem 

of Identifying radiation effects . 



APPENDIX 81 

Methods and Applications 

of Radioiron Studies  

From the Department of Radiology, Baylor University College of Medicine, 
Houston, Texas. 



Radioactive i ron  has been used f o r  a b x t  fit'sezn yi':ws t:) iilvJsjti!::ite iron 

m e t a b l i m n  (1-5). The intravenous i ron turnover tes t  as a specif ic  diagnostic aid 

for  t h e  study of hemoglobin production was described by Auff e t  a1 i n  1950 ( 6 ) .  

That group and others have studied many c l i n i c a l  and experimental phases of iron 

metabolism w i t h  t h i s  standardized technique, rind u t i l i z i n g  other equipwnt and 

techniques (7-32). A s l i g h t  modification (33) has made it possible t o  perform 

the test more simply on D rout ine laboratory basis. Using the  tectlnique as 

described below, over 700 tests on more than 300 pat ien ts  have been performed i n  

this department, permitting some generalizations t o  be drawn. 

The radioiron turnover test i n  i t s  simplest f o n  provides a method f o r  

determining t h e  da i ly  production of henoglobin, and for estimating the  functional 

status of t h e  erythropoiet ic  system. 

- 
It is  a useful a i d  i n  t h e  d i f f e r e n t i a l  

diagnosis of anemia, and a l s o  provides a quant i ta t ive  statement of t h e  severi ty  

of t h e  disorder. For example, a hemoglooin level of 8 grams per 100 m l .  blood 

tells only t h a t  t h e  over-all balance between hemoglobin production and destruct ion 

is such tha t  t he  body can maintain ap~roximately h a l f  of t he  normal hemoglobin 

concentration. Radioiron s tudies  w i l l  indicate  whether this balance r e s u l t s  from 

half of t h e  normal production, w i t h  a normal life span; or  normal production with 

half t h e  normal span; o r  perhaps twice t h e  normal production as a response t o  the 

anemia, w i t h  a l i f e  span of t h e  circul-Ling erythrocytes of only one-fourth of 

normal. 

The first par t  of this t e s t ,  the 1:t.Le:rrrlination of t h e  rate a t  which plasm- 

bund iron I s  cleared from t h e  c i rcu la t ion ,  can be performed i n  a matter of two 

t o  t h ree  hours. 

complete the  quant i ta t ive  diagnosis, i t  can serve as a very rapid index of 

change of hemoglobin production. 

While t h i s  part of t h e  test is r a r e l y  suf f ic ien t  i n  itself t o  

When hemoglobin production i s  depressed by 

large doses of t o t a l  body radiat ion o r  cancer chemotherapeutic agents, t h e  change 

can be readi ly  docunented by successive iron turnovers within twenty-four hours. 

Detailed analysis of the  uses and advantages of radioiron t r ace r  s tud ies  i n  

clinical pract ice  w i l l  be given below i n  t h e  sect ion on 181nterpretation11. 



-2- 

Part  I 

I2bEI ICl'.I\SGLIS*? 

Th.: basis for  the Use of the  Trzwr 

The radioiron turnover t e s t  and i t s  modifications can be log ica l ly  derived 

and interpreted from a consideration of normal iron metabolism (34-36). 

is shown schematically i n  Figure 1. 

T h i s  

-_ 
Normal metabolism is a Itclosed system", i.e., t h e  body tends t o  maintain its 

iron supply wi th  a d n h m  of excretion, and absorbs just en&& t o  compensate for 

t h e  small losses. A normal 70 Kg. man has abGut 3.5 - 4.5 grams of iron, about 

2.5 grams as hemoglobin iron, .a)2 - .003 grams as circulat ing plasma iron, and 

t h e  remainder as storage i ron  or i n  a re la t ive ly  fixed status i n  myoglobin and 

the cytochrome respiratory enzymes. 

hemoglobin and breakdown o f  old red c e l l s )  i s  responsible for the  major turnover 

of iron. Since 2.5 grams of i ron are present a t  a l l  times i n  red c e l l s ,  and 

since these c e l l s  l i v e  approximately 120 days, then about 0.83%, or  about 21 mg., 

of t h i s  i ron  must be released frov, .It.::troyed c e l l s  and a comparable amount re- 

u t i l i zed  i n  new hemoglobin forniiitiori each day. 

of destruction t o  the erythropoietic t i s sue  by t h e  plasma. 

containing 2-3 mg. of i ron a t  any given time, yet  transporting a t  least 21 mg. 

per day, there  must be a replacement a t  l e a s t  7-10 t imes per day. I n  s p i t e  of 

i t s  small i ron  content, the plasrri-1 transport systeni is of cruc ia l  importance. 

It is a l s o  readi ly  avai lable  fo r  s m p l i n g  and serial analysis. The i ron  turnover 

t e s t  is d e s i e n d  t o  measure t h e  rat,e of t h e  plssma i ron  replacement, and the rate 

and extent of the u t i l i za t ion  of t h i s  i r o n  for hemoglobin formation. 

The hemoglobin cycle (synthesis of new 

Iron is  transported from t h e  s i te  

With the  plasma 

' 

Between 70 and 100: of ttic total i r o n  i n  the plasrna occurs as transFort  iron. 

This portion is bound rcvcrsibly t o  a beta Globulin, the IV-7 f rac t ion  of Cohn's i 

c la s s i f i ca t ion ,  a lso naiictl t rmnfer r i t i .  

r~iovc:cI by t h e  brjnc ,ii:Lrrow n r u l  :;t.or;ipe dwr)t . s  with each circulat ion of tlie blood. 

A portion of this protein-bound i ron is 
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Meanwhile, t h e  plas!na i ron  concentr::tion Fs ~r.aint.i.ineJ. by i r o n  frm t h e  breakdown 

of o ld  red c e l l s ,  t o  a lesser ex ten t  fror, t h e  s to rn re  dcrots, and by a still 

smaller amount fron! i n s e s t i n a 1  absorp t ion .  

being sub jec t  t o  d i u r n a l  va r i a t ions  as well as r e f l e c t i n 8  d i sease  states (37-39). 

T n i s  conccntrxtion i s  not constant,  

The i r o n  removed froci t h e  ~ l a s n a  by ery throFoie t ic  t i s sue  is r a p i d l y  incor- 

porated i n t o  hemoglobin and relcaszd back t o  t h e  c i r c u l a t i o n  i n  t h e  red blood 

cells. 

other 5 - 20% presumably having gone t o  t h e  storaee depots  or t o  f ixed  systems. 

Usually 89 - 95% of t h e  i r o n  c l ea red  from t h e  plasma is 30 u t i l i z e d ,  t h e  -. 
(Fig 

Some of t h i s  r ad io i ron  reappears i n  t h e  c i r c u l a t i o n  i n  hemoglobin i n  as short  a time 

as 3-12 hours while  maximum reappearance occurs  within 5-10 days. There is good 

evidence t h a t  mature red c e l l s  cannot exchange hemoglobin i r o n  with plasm i ron ,  

althouah r e t i cu locy te s  apparent ly  can incorpora te  some i r o n  d i i*zc t ly  from t h e  

plasma, 

i r o n  def ic iency  o r  hemolytic anemia results i n  part from direct incorporat ion 

It is  possible t h a t  t h e  rap id  c learance  of plasma i r o n  noted i n  severe 

i n t o  r e t i cu locy te s .  

A var i ab le  amount of i r o n  exis ts  i n  t h e  re t icu lo-endothe l ia1  s to rage  depots, 

p r imar i ly  of t h e  l i v e r ,  spleen, and bone marrow. I n  a normal state, t h e  s torage  

depots funct ion e f f e c t i v e l y  t o  maintain the  concent ra t ion  of t r a n s p o r t  i ron ,  

accept ing i r o n  when t h e  plasnia concent ra t ion  is h i g h  and y i e l d i n g  i r o n  when t h e  

plasma concentrat ion ralls, The turnover  of t h e  plasma i r o n  is t he re fo re  due i n  

part t o  t h i s  equi l ibr ium w i t h  s t o r q e  i r o n ,  although normally t h i s  is of much less 

magnitude than that due t o  t h e  hemoglobin cycle.  

I A small amount or i r o n  occurs  i n  apparent ly  f ixed  forms i n  myoglobin, t h e  

cytochrome enzymes, and t o  a l e s s e r  ex ten t  i n  o t h e r  cellular components. Present 

evidence i n d i c a t e s  t h a t  t h i s  i r o n  i s  probably not i n  equi l ibr ium w i t h  t h e  remainder 

of t h e  body i ron ,  but  is released only w i t h  c e l l  des t ruc t ion  or exfo l ia t ion .  

of body i r o n  normally occurs  l a r fy ly  by t h i s  method, u r ina ry ,  fecal, and sweat 

lcnnes bein? smll thouch measurab1.e and of physioloEic inirortance (21, 4 0 4 3 ) .  

Women have 

Loss 

reP;ul;ir loss of' hcaoglobin i r o n  during menses. 
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subseritronl, d i r l r i  h t , i  r tn;  ( e )  r.h 1 1 .  1 , ' ~ :  5;':. I I jnlv wocedurc: docs n o t  chan,ye t h e  

syst,pf! t,c ar,y ! : l ~ ~ ~ * ; ~ t i * * ~ i ~ ~ ~ -  r - * , ~ , r . r r t , :  ! I I ( I  ( [ I )  t. lrLt. t t i r  raatl14:tion i inc~s  n o t  affect  t h e  

sy:, L f - t l  . 
: '  * r i ' t  ; I * *  ' 1 . 1  tcitp<i LO I,h? . . .  8 * 
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IV-7 plasma f ract ion.  

become d is t r ibu ted  uniforfily ir. t h e  existing Flzsr:ia iron. 

then be taken a t  in te rva ls  t o  detenrine t h e  diszF!varance r a t e ,  and l a t e r  whole 

blood samples t o  evaluate reappearance. 

incubating t h e  pa t ien t ' s  plasma wi th  buffered i ron salts a t  room temperature 

for  a t  least ten minutes, allowing t h e  iron t o  becollie attached t o  t ransfer r in ,  

before reinject ion - (6)* It has been shown (33) t h a t  i ron trcmsfers from i ron  

citrate a t  pH 7 t o  the  i ron binding protein su f f i c i en t ly  rapidly aa t o  permit 

the d i rec t  i n j ec t ion  of radioiron citrate. 

t o  accept t he  minute quantity of i ron  in jec ted  is present even i n  conditions 

associated w i t h  near saturat ion of t h e  IV-7 f rac t ion  (50-51). 

has t h e  advantage t h a t  t h e  tracer may be prepared i n  bulk and stored i n  withdrawal 

bottles for several weeks. 

denaturation of protein during t h e  preparation procedures are also reduced. 

Iron c i t r a t e  can be prepared (33) from i ron chloride as received from the  

A t c m i r :  Energy Commission, containin3 about one microerm of iron per microcurie 

of radioact ivi ty .  A t racer  dose of four microcuries w i l l  contain a quantity of 

i ron  small (1-8 micrograms) i n  comparison t o  normal plasma i ron leve ls  (about 

100 micrograms pcr 100 ml. of plasma). The radiat ion received by t h e  body i n  

t h e  course of an  i ron  turnover i s  a small f rac t ion  of t ha t  received during a 

rout ine chest roentgenogrm. 

two-three m l .  each is  not l i k e l y  t o  reduce t h e  blood volume enough t o  measurably 

a f fec t  hemoglobin production. 

This i ron  protein comlcx can be injected intravenously t o  

Samples of plasna can 

InFtial3.y t h e  t r ace r  was prepared by 

Latent i ron binding capacity suf f ic ien t  

This technique 

The poss ib i l i t i e s  of bac te r i a l  contamination and of 

The taking of f i v e  or t en  blood samples of 

Thus t h e  c r i t e r i a  for a t r zcc r  study are w e l l  m e t .  

The radioactive t racer ,  consisting of protein-bound radioiron o r  radioiron 

c i t r a t e ,  i s  introduccd i n t o  t h e  general circulat ion,  where it usually equi l ibra tes  

w i t h i n  5-10 minutes. 

redioactivc as well. as of the normal i ron  w i l l  be removed. While non-radioactive 

iron enters t h c  circulation t,o m i n t n i n  the plnsnia concentration, t h e  radio3ctive 

rfistcrial is con:;t?ritly h n i n c  clr!nlf%ad, n siniilnr pcrcrrttnqe of t h e  rcoiducll beirig 

!fith each circulat ion of the blood, a portion of t h e  



removed with  each circulation. 

all radioactive rrol.ecu?es can, i n  theory a t  IeaEt, never be rerr.oved. 

similar t o  cu t t ine  a s t r i n g  i n  half, then ccttir.3 one of the pieces i n  half 

again, etc. 

in practice t h i s  w i l l  soon beconle microscoy5cally mall .  

t o  s t a t e  a time when a l l  the i ron has  disappeared, two conventional expressions of 

rate are used. 

period, e.g., 40% per hour. 

given percent of t h e  jn i t ia l  ac t iv i ty ,  e.g., one-half. 

expressed as half-time, is most frequently used i n  medical l i t e r a t u r e  and w i l l  

be used here. 

Since a rortion only of t h e  residual i s  removed, 

This  is 

I n  theory there w i l l  always be a piece l e f t  t o  cut i n  half, although 

Since it i s  impossible 

One% t o  s t a t e  t h e  percentase rerroved i n  a convenient time 

The other i s  t o  give the time required t o  reach a 

This later method, 

After the  inject ion of radioiron, samples of plasma a r e  obtained at intervals, 

and t h e i r  radioactivity determined. The simplest way t o  obtain the clearance 

half-time is t o  plot  t h e  ac t iv i ty  of the p l a s m  samples against time on semi- 

logarithmic graph paper (Figure 11). 

halves, a straizht l i n e  w i l l  be obkained, frori which the half- the is determinable. 

The disappearance curve may not be a perfect s t ra ight  l i n e  on semi-logarithmic 

I f  the ac t iv i ty  is decreasing exactly by 

eraph paper, since some radioiron, which i n i t i a l l y  i s  removed by the  storage 

depots, w i l l  be released back into the plasma. 

rapidly than expected, givinf: a curved l i n e  w i t h  a s teadi ly  more gentle drop, 

I n  our series we have encountered very few disappearance p lo ts  which a re  not 

almost s t ra ight  l ines ,  although some workcrs report quite consistent curvature. 

If iron c i t r a t e  solution is kept for  mnny months, it forms a colloid containing 

i ron hydroxide. 

consistently yield curved disappearance plots which a re  of no value for these 

t racer  studies. 

The a c t i v i t y  may decrease less 

; 

Such suspensions, and also solutions of iron chloride, w i l l  

To deter:ninc the daily clearance of ircn rrcm the en t i r e  ~1ncr::a pool, it is  

necessary t,o knou !,he si7.e of t h c  p l n ~ ~ ~ i ~  riool. 

v j i t h  consj rlcr.;lt)lc ~s~~r!rr j~ l i i c i t~ i  1 j t ' r  f'rcv:, l.h*' i:;otopic cli:;ap!~fi'~r.tnce rate t e s t ,  Since 

T h i s  is ot)tnir,cci incidentally but 



-7- 

a kncm quantity of radioactivity i c  adaed t o  the  plasma, a subsequent deterrriination 

of the activity of a plasma sample permits a determination of t h e  degree of di lut ion 

of t h e  injected material. 

di lut ion,  and therefore t h e  greater  t h e  plasma volume. 

is obtained by drawing the disappearance curve backward t o  estimate the  radio- 

activity per milliliter of plasma jus t  after inject ion and using t h i s  value t o  

obtain a di lu t ion  factor.  

The fewer the p lasm counts, t h e  greater  ha3 been the  

The most r e l i ab le  value 

It is a l so  necessary t o  count a t  l e a s t  one sample of whole blood taken early 

This will permit a calculation of the  d u r a  the disappearance test (Figure If). 

radioactivity per milliliter of whole blood at zero t h e ,  which will be used l a t e r  

t o  determine percentage u t i l i za t ion  i n  hemoglobin production. Simultaneously, a 

caaporisan of the  radioactivity per m i l l i l i t e r  of whole blood, and per m i l l i l i t e r  

of plasma, gives an estimate of t h e  peripheral hematocrit. 

To obtain percentage u t i l i za t ion ,  whole blood samples are taken several  days 

,By t h i s  time all of t h e  radioiron has been removed after t h e  disappearance test. 

fran t h e  plasma. 

i n to  the circulation i n  red blood ce l l s .  By dividing t h e  whole blood ac t iv i ty  of 

any sample several days a f t e r  the disappearance test, by t h e  ac t iv i ty  of t h e  zero 

tima whole blood, the percentage incorporation can be computed. 

that the  r a t i o  of plasma volume t o  red c e l l  Ass i n  the  whole body is not ident ical  

t o  t h a t  of t h e  peripheral venous blood (52, 53). 

peripheral hematocrit is quite constant a t  about 0.91. 

about 86% of t h a t  calculated from t h e  plasma volume and the  peripheral hematocrit. 

As a resu l t ,  complete u t i l i za t ion  of radioiron fo r  hemoglobin production would 

give a calculated u t i l i za t ion  of 116%. The value obtained, even i f  over 100;1;, 

.is still the correct f igure t o  use f o r  subsequent calculations, since it indicates 

Some has been incorporated in to  hemoglobin and released back 

It has been ahown 

The r a t i o  of body hematocrit t o  

The red c e l l  mass is thus 

t h a t  a known plasma pool is contributing i ron t o  a rid c e l l  mass siilallcr thbn 

calculated. 



The data  obtained experi!::enth 1 1 y w e  : 

1. Plasma iron concentrnticn - CeRc (cc. 5 )  
2. 
3. Plasma volwnc - P. V. (in.!. ) 
4. I h i a t o c r i t ,  e i t h e r  YinLrobe or i s o h r e  - Hct-. ( 3 )  . 
5 .  Herr.oglobin, routine lab t~rocedu~~e  - ,:ci. 5. 
6. 

Plasma i ron disnnr:rarrnncc nn1Gtir.e - P/2 (hours) 

Percent ir,aximwr incorr.or*ation of radicirori i n  circulating 
erythrocytes. 

Calculated data  are:  

1. Daily Iron Clearance. Knowin& the plasnra iron concentration and t h e  -_ 
rate of removal (and replacement), t h e  anlourit of i r u n  removed per  day from the 

plasma can be computed wi th  the use of calculus. The fornula obtained is: 

Daily i r o n  clearance per 100 I d .  of plasnla ( i n  ug.) = 

0.693 x 24 hours x F e ~ c  ( i n  ug. % plasma) 'c 16.6 x Fe 
T/2 (hours) ---w-= 

Daily clearance per 100 ml. of whole blood ( i n  ug.) = 

(16.6 x Fe 
( 

These calculat ions a r e  subject to  errors resu l t ing  from diurnal  var ia t ions  

In plasma i ron  concentration and i n  clearance rate (38). 

2. Daily Hemoqlobin forrriation. The i ron  cleared from t h e  plasma per 

day, times t he  percent incorporated in to  red cells, gives the quant i ty  of i ron  

u t i l i z e d  per day fo r  hemofllobin formation. Since the re  are 3.34 mp,. of i ron  

in 1 gram of hemoglobin, t h e  daily hemoglobin production is: 

Grams Hgb formed per 100 ml. whole blood = 

Daily iron clearance per 100 ml. whole blood (mglday) x percent u t i l i z a t i o n  
3.34 

3. Percentam da i ly  replacement of hemoplobin. The amount replaced da i ly  

dividtd by t h e  t o t a l  amount present: 

5 Replaccment/day = 100 x ,crams rrplaced 
p r a m  pre.c.cnt 

4. Averare l i f e  r;p:tn I .  Inversely relaLed to  the percentaqe da i ly  

replacentcnt : 
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5. Total hermlobin rroduction for t h e  body can be apFroxiii.ately 

calculated. 

Blood volume (B.V.) i s  approxinlately cquzl t o  P.V. 
Peripheral' Plasniacrit 

Grruns Hgb. formed/day - B.V. ( i n  100 mls) x Gram Hgb. fomied per 
100 ml. whole blood. 

6. 

Red cel l  l i f e  span (days) 

A composite formula fo r  calculat ing red ce l l  l i f e  span d i r e c t l y  is: 

Hplb. x T/2 x 175 
FeDc x 5 uptake x (1-Hct) 

= -_ 

TECHNI OUF; 

1. 

2. 

3. 

I .  

5 .  

6. 

7. 

8. 

9. 

10. 

11 . 

Withdraw 3-5 cc. of blood in to  a heparinized syringe for whole blood and 
plasma samples (1.0 - 2.0 cc.) for t he  determination of natural  radio- 
act ivit y . 
Inject intravenously 5.0 - 10.0 cc. of Fe59 citrate solution containing 
4 microcuries of Fe59. Avoid venostasis. 

Obtain heparinized blood samples (3 - 5 cc.) a t  5, 15, 30, 60, and 120 
minutes after inject ion.  Avoid venostasis. P ipe t te  1.0 or 2.0 cc. 
al lquot  of whole blood from t h e  15 minute sample, and 1.0 or 2.0 cc. of 
plasma from all samples i n t o  counting tubes. 

Count all samples fo r  s teps  1 and 3. 

Plot plasma a c t i v i t y  (log scale) against  time ( l i n e a r  scale)  on semi-log 
paper. 

Subtract background counts. 

Extrapolate t o  obtain zero time plasma ac t iv i ty .  
half-time (T.&) of plasma Fe59. 

Determine disappearance 

Calculate plasma volume: P.V. = Total counts injected 
Zero t i m e  counts/cc. p l a sm 

Calculate hematocrit from a c t i v i t y  of 15 minute samples: 

Hct = 1 - Plasmacrit = 1 - Counts/cc. whole blood 

Calculate zero time whole bdood ac t iv i ty  by proport i c n n  1 l t y :  

Counts/cc. Plasma 
/' 

Zero time count,s/cc. Whole Blood = Zero time coiinl.::/rc. F'1;isma x Plasmacrit 

Calculate blood volume: 

B.V. = Tot.al counts injrct.r.d 
Zero tinic colrnt,n/cc. wtiolc blood 

Pool plasma sarr:l)las, df.t,t*r:. inc- i rrin c i ~ c e n t r i ~ t i o r ~  on dupl icate  a l i rpo t s .  
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Fe cleared/day = 16.6 x ?cr?c z : ~ ;  2: ?.XI. ( i n  1120 r . l I s . )  

T/2 (hours) 

Obtain blood samples (2 i d . ,  heyarinizea) a t  3, 7, snci 3.4 days; 
1.0 or 2.0 ml, aliauot and hcaatocrit.  

Cour;t 

Determine approximate percent red c e l l  incorporation of Fe59: 

k uptake = Count/ml. follow-up blcod saniple x 100 
Zero time count/ml. whole blood 

Calculate Hgb. p5oduction per day: 

Gms Hgb. Produced/Day - mR. plasma iron cleared/day x $ uptake 
3.34 

Calculate total  body hemoglobin: 

Blood volume (in 100 mlts)  x Hgb (p. 9) = Total @is. hgb. 

Calculate % dai ly  replacement Hgb. : 

g Daily Hgb. replacercent = Gm. Daily Hemoglobin Production x 100 
Total Body Hgb. 

Calculate average red c e l l  l i f e  span: 

Average red c e l l  l i f e  span (days) = 100 
Percent dai ly  Hgb. replacement 

In  the  above calculations, radioactive decay has not been mentioned. A l l  

counting ra tes  a r e  assumed t o  have been corrected for background counts and 

radioactive decay before being used f o r  calculations. 

very stable,  decay corrections calculated on t h c  basis of the  half life of Fe59 

of 47 days may be uscd. 

keep a sample of the i n i t i a l  iron preparation as a standard, and t o  correct observed 

counting rates by a factor: 

If the counter used is 

I n  general, it is more re l iab le  and j u s t  as simple t o  

I n i t i a l  countinc rate of standard 
Counting rate of standard on day of sample counting 

For the normal adult w i t h  a normal hemoqlobin level,  values for t h e  above 

'observcd and cnlculnted data arc: 

Placirta i ron ha1 I'-t, iirw of r l isnprei l rnnce 
Pl:.m;i iron cr;ncantration 
tlmor Lobi n conc cnt r a  t i on  
3lcIc,rl. vo3imr2 f!c) - 90 ~ l ,  Kg. 
Ilm . . t , r ) f : r * i  1. 

1 - 2 h r s .  
60 - 110 ug. :c 
13 - 16 .a  

40 - 502 
I 



Plasma volume 49-55 d/Kg. 
Percent incorporation of rxcliciron i n t o  hei:.L-<iobin 
Daily i ron  clearance/loO i d .  plas!:.a 
Daily i ron  clearnnce/lW n i l .  wtlole blood 
Daily hemoglobin forned/100 m l .  xtii.2 e 1,; ood 
Percent daily h cmog $&in replac ei:! en t 
Red c e l l  l i f e  span 

W-95,; (corrected) i n  7-10 ay3 
0.7 - 0.9 nrg. 
0.4 mg. 
-11. - .13 gm. 

110 - 125 days 
= 9.3 - 0 . S j l  

Part  I1 

IIJTEHPilLTATION 

For t he  purpose of interpret ing the  radioiron turnover data, hematopoietic 
-_ 

di8OrderS may be c lass i f ied  on a functional o r  dynamic bas is  as follows: 

1. Iron deficiency anemia 
2. Hemolytic anernia 
3. Hypoplastic anernia 
4. Blood loss  anania 
5 .  Polycythemia 
6. Miscellaneous conditions 

a. Pernicious anemia 
b; Mediterrmesn anemia 
c. Anemia associated w i t h  cancer and infect ions 
d. Hemochromatosis 
e. Combinations of conditions 

1. Iron deficiency. The hematopoietic t i s sue  i s  funct ional ly  n o m 1  and 

very act ive;  t he  red c e l l  l i f e  span is normal; and t h e  plasma i ron  concentration 

i s  low. 

bone marrow fo r  i ron  is increased, resul t ing i n  an increased rate of plasma i ron  

clearance. 

t he  marrow r i s e s  s t i l l  fur ther  i n  an attempt t o  increase the  t o t a l  i ron  cleared, 

In severe i ron  deficiency, t he  half-time irlay be as short  a8 15 minutes. This 

probably represents a minimum value, a limit imposed by t he  time required f o r  

;passage of the  plasma pool through the  bone marrow. 

turn maintains a low plasma iron concentration, which may approach the zero level. 

Since t h e  hematopoietic t i s s u e  can function normally, and is usually hyperplastic, 

the cleared iron is  rapidly incorporated in to  red c e l l a  which are released in to  

the circulat ion.  

The red cel l  life span calculated as described above, has l i t t l e  meaning unless 

the deficiency i s  i n  a steady s t a t e .  

Because of the decreased hemoglobin concentration, t h e  av id i ty  of t he  

With the  low plasma i ron  concentration, t h e  percentage removal of i ron  by 

The rapid clearance rate in 

Essent ia l ly  1005 reappearance i n  three  days has been observed. 

During treatmentt many times the normal 
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Amount of hemoqlobin may be nroduced per day. 

2. Hemolytic anemias. I ron  suypl ies  are adcquate, and hemo::lobin production 

i s  normal o r  increased.  

may be normal w i t h  excess des t ruc t ion  caused b,y.extrancoas agents .  

t h e  r e s u l t i n g  anemia, t h e  c learance  of i r o n  by t h e  marrow is increased,  g iv ing  a 

half-time'which may be as shor t  as 20 minutes. 

Thq red blood c e l l s  may be inhe ren t ly  de fec t ive  or  c e l l s  

I n  response t o  

The rapid c learance  tends  t o  ;.educe 

t h e  plasma i r o n  concentrat ion,  while t h e  adequate i r o n  s t o r e s  and r e t u r n  of i r o n  

from increased- red  ce l l  d e s t r u c t i o n  tend t o  maintain a normal plasma i r o n  concen- 

t r a t i o n ,  

i r o n  (30-60 ug. %), although dur ing  hemolytic c r i s e s  t h e  concentrat ion may rise 

above nonnal. Since t h e  marrow can respond normally t o  anemia, a t  least from a 

q u a n t i t a t i v e  viewpoint, it will become hyperp las t ic .  

r ap id ly  and completely incorporated i n t o  hemoglobin, g iv ing  c l o s e  t o  100$ re- 

appearance i n  3-4 days. 

l i f e  spans will give  a c l o s e  index of t h e  degree of hemolysis, though t h e  

r e l a t i o n s h i p  w i l l  no t  hold during c r i s e s .  

The end r e s u l t  is  usua l ly  a somewhat reduced concent ra t ion  of serum 

The c leared  i r o n  will be 

During per iods of  r e l a t i v e  s t a t u s  quo, t h e  ca l cu la t ed  

3.  Hyuoplastic anemias. Suppl ies  of  i r o n  and o the r  precursors  f o r  red c e l l  

production are adequate, and formed c e l l s  are adequate,  but  bone marrow a c t i v i t y  

is decreased. 

rate i.s slowed, o f t e n  t o  half-times of 4-6 hours. 

c learance,  t h e  plasma i r o n  concentrat ion rises. 

of i r o n  going t o  t h e  s torage  depots  may reach F?0-95% of t h e  i r o n  l eav ing  t h e  

plasma while only 5-20 percent w i l l  be used i n  hemoglobin formation. 

ou t l ined  here f o r  computing red c e l l  l i f e  span a r e  app l i cab le  i n  hypoplast ic  

anentins except for t hose  of acute  o r i g i n  when t h e  c i r c u l a t i n g  hemoglobin l e v e l  

has no t  y e t  come i n t o  equilibriuni with t h e  r a t e  of production. 

S ince  t h e  u t i l i z a t i o n  of i r o n  i s  decreased, t h e  plasma clearance 

As a r e s u l t  of t h e  decreased 

I n  such condi t ions,  t h e  por t ion  

The methods 
I 

It i s  t o  be accented t h a t  t h e  r a t e  of exchange of plasma i r o n  with s to rage  

depot i ron  o f f e r s  an upper l i m i t  t o  t h e  l eng th  of t h e  half-time. 

cornplct.ely a p l a s t j  c e ry th ropo ie t i c  t i s s u e ,  t h i s  exchanqe will usua l ly  l i m i t  t h e  

Even with 
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half-time t o  R-10 hours. T m  observed nxlf-ti1r.e will be 8 result of the two 

half-times-that t o  the stornpe decots and t h a t  t o  the nirrcw-according t o  

t h e  equation: 

Observed T/2 = !.!arrow TI.? x Derot T/2 
Xarrow Tk.1 + Deoot T/2 

Thus, i f  the  marrow T/2 is  16 hours, and the depot T/2 is 8 hours, the 
I 

observed plasma clearance T/2 will be: 

Observed T/2 = 16 hours x F? hours = 5 1/3 hours. 
16 hours + R hours -- 

I n  t h i s  case the depot clearance is of considerable importance. I n  a 

n o m 1  person wi th  a marrow clearance T/2 of 1 hour, t h e  effect  of a depot 

clearance T/2 of 8 hours w i l l  be small, as: 

Observed T/2 = 1 hour x 8 hours = 53 minutes. 
1 hour + R hours 

If t h e  depot clearance T/2 is  greater  than  R hours, t h e  influence on the  
, 

over-all T/2 w i l l  be even less. 

Chronic Blood loss anemia: If the  bleeding i s  not excessive and i ron  intake 

I n  general, i s  adequate, blood lOS3 anemia w i l l  present a n  uncomplicated pattern. 

however, i f  chronic blood loss is of suf f ic ien t  magnitude t o  cause anemia, i ron 

deficiency will usually have been produced by t h e  time the p a t i e n t  is first seen. 

When i ron deficiency is  not a factor ,  the  supplies of a l l  red c e l l  precursors will 

be adequate, marrow function will be increased maximally i n  response t o  the  anemia, 

but t h e  functional red c e l l  l i f e  swn w i l l  be reduced a s  a r e su l t  of the  actual  

loss of ce l l s .  For the f i r s t  three days of t h e  t e s t  the  data will t hus  be similar 

; t o  that  encountered i n  hemolytic disease; t ha t  is, very rapid clearance, somewhat 

reduced iron concentriition, and close t o  comnlete reappearance of the  cleared i ron  

i n  red c e l l s  i g i t h i n  3-1, days. From here the  patterns w i l l  vary, I n  hemolytic 

anemia t h e  ce l l s ,  even thouRh of shortened life span, w i l l  remain in the circulat ion 

maintaininc a conshnt  level of c i rculat ing radioactivity.  Even w i t h  c e l l  destruc- 

t ion,  the i r o n  will be promntly rcu t i l i zed ,  so t ha t  the blood radioact ivi ty  will be 

remonsbly conntmt over many red c e l l  l i f e  spans. 'Decrease i n  ac t iv i ty  (other than 



t h a t  due t o  radioactive decay) w i l l  take place slowly due t o  p a r t i a l  storage and 

excretion losses,  w i t h  each reu t i l i za t ion .  

blood radioactivity w i l l  s t a r t  t o  drop immediately because of the loss from t h e  

body of red c e l l s  of a l l  ages. 

exponential curve, a given percentage of a l l  red c e l l s  being l o s t  per day, 

irrespective'of c e l l  age. 

effect ive red c e l l  l i f e  span calculated from data obtained during the f i r s t  

three days, then sTibsequently confirmed from the observed rate of loss of whole 

blood radioactivity. 

With blood lo s s  however, the  whole 

When uncomplicated, t h i s  loss  w i l l  follow an 

The r a t e  of loss can be estimated i n i t i a l l y  from the  

When i ron  deficiency has become superimposed, the  pat tern w i l l  be essent ia l ly  

t h e  same except tha t  the anemia is l ike ly  t o  be more severe, plasma iron concentra- 

t i on  w i l l  approach zero and the  T/2 w i l l  approach 15 minutes. The proof of blood 

loss  w i l l  s t i l l  rest upon the  whole blood rAdioactivity curve over a period of 

weeks. 

Polycythemia: Th i s  condition, whether primary or  secondary, represents over- 

production of red c e l l s  i n  the  face of already excessive hemoglobin. 

a r e  adequate and red c e l l  l i f e  span may be somewhat shortened, Because of the 

overactivity of the hematopoietic system, the ra te  of plasma i ron clearance i s  

increased, T/2t s of 20-30 minutes being encountered frequently. 

rapid clearance rate,  plasma i ron concentration tends t o  be s l i y h t l y  low although 

norrnal or elevated concentrations have been observed. The  recl c e l l  uptake of t h e  

cleared i ron reaches anproximately 1002 i n  3-5 days. 

Pernicious anemia and Me(litermncnn miemin: 

Iron s tores  

Because of the 

An unusua l  and, at, t h i s  time, 
I 

unexplained combination of iron turnover. cnnst,mt.:; is not.ed i n  untreated pernicious 

aneniia and i n  Mediterranean ii11(?tnia. 

high plasma iron concent , ra t i  on,  ; ind poor r 1 1 : I  c . c ? l . I  uptake over d prolonged pc:riod 

of \.ip&s---hss k)cien otl::ervc~~l i n  ;, I I 0 1 '  riinc: F'it.1 i*rlt:i wit.11 unt,rc!:it(:d pL:rrlicious 

anelllin <ln(j f ' jvp  r , i  t , l i  t , t ~ , ~ ~ ~ ' ~ ; ~ i ~ ~ ! ~ ~ j ~ ~ .  

discnnc), t,Iti:i p iLt.t.rri )),I 

' rh i  :; coftibi Ii'it.ron- --rapid plasma clearance, 

. ~ i t . l i  ~ ~ 1 1 ~ ~  e x c w t i o n  ( 3  patient w i t h  C;;iuchwts 

I , ~ I L  I , r a c i i i  t s ! ~ : ; ~ * i ~ v , ~ ~ . i  i n  ittly ot,hcr condition. The failur-c? 
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of t h e  l a r g e  quan t i ty  of c leared  plasma i r o n  t o  reapgear i n  c i r c u l a t i n e  hemoglobin 

i n d i c a t e s  t h a t  it i s  not incorporated i n t o  useful erythrocytes .  

have been of fered  t o  account f o r  t h i s  discrepancy. 

Three explanat ions 

1. The plasma i r o n  i s  removed by t h e  irnrnature red c e l l  precursors ,  but because 

of "maturation arrest" i s  not re leased i n  c i r c u l a t i n g  red  c e l l s .  

case, t h e  i r o n  would eventual ly  have t o  be re leased  back t o  t h e  plasma, s ince  t h e  

phys ica l  capaci ty  of t h e  cells  i n  t h e  marrow would soon be reached, 

If t h i s  were t h e  

2. The c leared  i r o n  i s  i n i t i a l l y  re leased  i n  erythrocytes ,  but most of these 

are of defec t ive  s t r u c t u r e  and are r ap id ly  destroyed. 

e ry throcytes  a t  any one t ime would be but a small part of t h a t  cons tan t ly  being 

r e u t i l i z e d  f o r  new hemoglobin production. 

a c t i v i t y  over a per iod of  weeks i s  accounted f o r  by t h e  random incorporat ion o f  

rad io i ron  i n t o  t h e  small percentap;e of adequate c e l l s ,  where it is  contained f o r  

more normal periods of time. 

r equ i r e s  t h e  pos tu la t ion  of a tremendous degree of hemolysis, which is not confirned 

by t h e  q u a n t i t i e s  of excreted breakdown products of hemoglobin. 

porphyrins i s  somewhat increased over normal, but not  t o  the . ex ten t  which would 

be required t o  support t h i s  theory.  

The rad io i ron  i n  c i r c u l a t i n g  

The gradual ly  increas ing  blood radio- 

The main objec t ion  t o  t h i s  explanat ion i s  t h a t  it 

The excre t ion  of 

3. T h e  rap id  clearance of plasma i r o n  along with t h e  elevated plasma i r o n  

concentrat ion,  represents  t h e  r a p i d  exchange of l a r g e  q u a n t i t i e s  of i r o n  between 

plasma and s torage  depots t o  t h e  exclusion of t h e  marrow, 

red c e l l  r a d i o a c t i v i t y  i s  explained by t h e  repeated oppor tun i t i e s  of any one i r o n  

atom t o  be removed by t h e  marrow, because of t h e  r a p i d  and continuous. eTpilibrium 

of t h e  s torage  depot i r o n  w i t h  t h e  plasma. 

explanztion may be co r rec t ,  i o  offered from four  p a t i e n t s  w i t h  pernicious dnemia. 

On the  bas i s  of t h i s  explanation, and of t h e  observed p l a s m  i r o n  concentrLLtions, 

c learance r a t e s ,  and red c e l l  incorporct ion curves,  t h e  quan t i ty  of' s torazc  i r o n  

WAS estimated. 

hamor~lobin l e v e l s  of t h c n e  f o u r  pitierits t o  r e spec t ive ly  11, 13, 18, and :?1 !vi::. 

The s teady rise i n  

' Some evidence t o  i n d i c a t e  t h a t  t h i s  

Complete u t i l i z a t i o n  of t h i s  i r o n  would have r a i sed  t h e  circul,it,in!; 
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Followine vi tamin B 

approximately t h e  r?redictitd h~::o;:! :>bin lc!vel 5, :i:,ilc t h e  c;thi..r t v o  were not i r o n  

d e f i c i e n t  when t.he henotlobin conct\ritr it‘nris s t  i b i l i  :ed at about 15-16 ;y: $. The 

lab i le  i r o n  s t o r a g e  explana t ion  g ives  n o  i n d i c z t i o n  of t h e  o r iE in  o r  o r  mechanism 

for such r a p i d  exchange, and a l s o  l eaves  o t h e r  no in t s  unexrlained,  b u t  on t h e  

basis of t h e  available evidence i s  favored by t h e  au tho r  a t  t h i s  t h e .  

Anemias a s s o c i a t e d  wi th  cancer ,  i n f e c t i o n s ,  a r t h r i t i s :  I n  a lmost  a l l  of 

t h e  anemias i n  t h i s  group t h a t  we have s tud ied ,  a hemolytic p a t t e r n  has been 

observed, wi th  c a l c u l a t e d  r e d  c e l l  l i f e  spans amrox ima te ly  h a l f  of normal. 

Anemia a s s o c i a t e d  wi th  genera l ized  neo71asti.c d i s e a s e  i s  o f t e n  a s c r i b e d  t o  

decreased r e d  c e l l  product ion becnuso of nhysic:il replacement of marrow elements 

by tumor. A hypoplas t ic  p a t t e r n  was observed i n  only  t h r e e  of over  200 anemic 

cancer  p a t i e n t s  i n  ou r  expericnce.  Probably,  cnlargement of t h e  e r y t h r o p o i e t i c  

Lissues t o  inc lude  p e r i p h e r a l  marrow spaces, and extramedullary hematopoiesis,  

are a b l e  t o  compensate for a r e l a t i v e l y  slow arid s t eady  l o s s  of normal marrow 

space.  The exp1anatj.on for- t h ?  herlirjlyti c pa1,t.ern a s soc ia t ed  with t h e s e  d i s e a s e  

condi t ions  i s  not  i nd ica t ed  by rad io i ron  stuaics. 

Hemochromatosis: T h i s  di:;w:;e a r y r e n t l y  i s  caused by a defect i n  t h e  

mechanism control l . iny t h e  absorp t ion  of  i r o n  frmri the i n t e s t i n e ,  and i s  not  

a s soc ia t ed  w i t h  any p a r t i c u l a r  hemiltopoietic d i so rde r .  I r o n  is c o n s t a n t l y  

absorbed, un inh ib i t ed  by t h e  hir!h p1n::rna iron concent ra t ion  and excess ive  s t o r a g e  

i ron .  S ince  t h e  body h a s  no iiiechariisirr l*or e l imjna t inE excess  i r o n ,  t h e  absorbed 

i r o n  i n  t u r n  mus t  be s to red .  ‘Pha nlasn,n i rnr i  ccncent r ’ i t ion  i s  high, t h e  c l ea rance  

rate is  normal, and percent  iint,*~ke i s  rcviucc?ii. 
# 

Tot:tl hemoglobin product ion and 



impending i r o n  d g f i c i s n t  state, w e n  thcuEh t h e  ticzoylcbin concentration, parrow 

function, and red  ce l l  l i f e  s v n  31-0 all tlo?z.al, t h e  r1ssr.n i r o n  concentration 

w i l l  be low, and clearance ranid. 

bleeding, it is t o  be expected t h a t  t h e  T!2 will be s h o r t - i f *  the narrow is capable 

of respondin8 adequately t o  t h e  stir:tulus rrovided by t h e  low hemo,qlobin. 

time w i l l  a l i o  be dependent w o n  t h e  s t a t u s  of t h e  i ron  s t o r e s  and t h e  duration 

of t h e  anemia as w e l l  as upon i t s  scver i ty .  Y i t h  B hemoglobin of 6-7 en. $ and 

normal o r  low plasma - i r o n  concentration, a T/2 of l$ hours would not be nonnal, 

even though t h i s  l i e s  w i t h i n  t h e  stated normal range. .This. would be in t e rp re t ed  

as a hynoplastic response t o  an anemia of o the r  primary etiology. 

Sirx i lwly ,  w i t h  anzzia caused by her,.olgsis o r  

Tne half- 

I n  our  series, patients w i t h  t h e  following combinations have been observed: 

One w i t h  Kediterranean anemia and iron deficiency. 

One w i t h  h.ypothjrroidism, hyponlastic anemia, and i r o n  deficiency. 

Three with hemolytic anemia and hynoplasia. 

Two w i t h  hemolytic anemia (one s i c k l e  c e l l )  and i ron  deficiency. 

Five w i t h  neoc los t ic  d i sease  w i t h  hemolytic anemia and i r o n  deficiency. 

One w i t h  anemia of preanancy (megaloblastic),  hemolytic d i sease ,  and 

excessive plasma i ron  concentration followinE l a r g e  o r a l  i n t a k e  of f e r rous  

gluconate. 

One w i t h  polycythemia and i r o n  def ic iency .  

I n  Table I a r e  presented t h e  types of anemia which we have s tudied ,  along 

w i t h  t h e  rad io i ron  turnover data observed. 
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Part  111 

Clin ica l  Application of Radioiron Tracer Studies 

.1. Dia,mostic:--Hany hematopoietic disorders will be diagnosed as t o  type and 

e t io logy  qui te  readi ly  from t h e  h i s tory  and physical excamination of t he  patient, 

t h e  Wintrobe constants, and the s t a i n e d  blood smear. 

d i sease  w i l l  be evident from the hemoglobin level.  

be primarily of academic in t e re s t ,  and f inancial ly  i q r a c t i c a l .  

some pat ien ts  whose condition defies diagnosis. 

i nd ica t e  t h e  type and s-everity of t h e  physiological defect;  t h a t  is, a hemolytic 

process w i t h  an average red ce l l  l i f e  span of fo r ty  days may be indicated, even 

though t h e  cause for t h e  hemolysis W i l l  not. 

process is often not appreciated with routine tests. 

disease,  a henoglobin of 10 gm. % does not mean an abnormality with a quant i ta t ive 

. More l ike ly ,  i n  response t o  t h e  anemia, hemoglobin production is 

The overal l  sever i ty  of t h e  

Radioiron s tudies  would then 

There are always 

Radioiron s tudies  w i l l  usually 

The sever i ty  of a given pathological 

For example, i n  hemolytic 

Of %-E5 
several times normal, but t h e  hemolytic process is su f f i c i en t ly  severe tha t  even 

with the  increased production a normal l eve l  cannot be maintained. 

hemoglobin may be maintained despi te  t h e  loss of 1% of the  t o t a l  blood volume per 

day, as a r e su l t  of twice the  normal henoglobin production. The hemoglobin l eve l  

would give no indication of t h e  sever i ty  of the bleedin&. 

+ 

Or a normal 

Combined hematopoietic disorders are l i k e l y  t o  give a confused picture  with 

routine diagnostic tests. 

these circumstances, but w e  have had several  cases where t h e  correct combination 

was diagnosed. 

offers a useful  startina point. 

t i o n  (SO, 51, 54, 55) individual ly  often gives an indication of t h e  status of t he  

marrow and of the storaqe derots .  

The i ron turnover w t t e r n s  may a l s o  be confusing under 

The quant i ta t ive  determination of t h e  d a i l y  hemoglobin production 

The half-time and the  Flasma iron concentra- 

Additional t e s t s  may be cerfomed t o  fur ther  a id  i n  t h e  diagnosis of spec i f ic  

conditions. For examrle, i n  i r o n  deficiency aneRia, the basic cause ray be one 
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of three: 

1. 

2. 

3. Chronic blood loss.  

Diet, inadequate i n  i ron o r  containing chelating substances which bind iron. 

Inab i l i t y  of the  i n t e s t i n a l  mucosa t o  absorb iron. 

Poss ib i l i ty  3 i s  best estshlished by determining the  whole blood radioact ivi ty  

level f o r  some t i m e  followhE a routine turnover test. 

by administering a t r ace r  dose of radioiron sulphate w i t h  5 mg. of therapeutic 

ferrous SUlFhate i n  th_e_ early morning, no food having been ingested since a l i g h t  

supper a t  six t h o  evening before, and food being withheld u n t i l  noon. Fai lure  of 

a portion of the administered radioiron t o  appear i n  t h e  c i rculat ing hemoglobin 

within 3-5 days i s  almost certain evidence of i n a b i l i t y  t o  absorb iron. 

t r a t i o n  of an intravenous i ron preparation i s  t h e  treatment indicated, which may 

a l s o  give addi t ional  confirmation of the defect involved. 

such patient.  

Poss ib i l i ty  2 can be checked 

Adminis- 

We have encountered one 

Another refinement described by Lawrence et a1 is  designed t o  d i f f e ren t i a t e  

polycythemia secondary t o  correctable oxygen deficiency from polycythemia vera 

and uncorrectable decreased oxygenation. 

is most l i ke ly  t o  be rapid. 

twenty-four hours. 

as a result of inadequate oxygen t ransfer  across t h e  Dulmonary barr ier ,  the  oxygen 

concentration of the  blood while i n  the t en t  i s  l i k e l y  t o  become normal or excessive. 

A s  a r e su l t ,  the  stimulus fo r  hemoglobin production w i l l  be decreased or eliminated, 

and the  plasma iron clearance r a t e  w i l l  be slowed, giving a normal o r  a prolonged T/2. 

Pdtients w i t h  polycythemia vera w i l l  be unaffected by the  r i ch  oxygen atmosphere. 

An i n i t i a l  half-time i s  obtained, which 

The patient i s  then placed i n  an oxygen t e n t  f o r  

I f  t h e  polycythemia i s  secondary t o  decreased t i s sue  oxygenation 

2. Control of hematopoietic therarx: Two main areas a re  t o  be considered.- 

1. 

2. 

The r a p i d  and auant i ta t ive ev;rluation of administered anti-anemic therapy. 

The evaluation of treatment f o r  wlycythecia by heniatoroietic depressants. 

The ma,jor savinrs w h j c 5  ~nav result fro- t h e  ear1:r evaluation of therapy directed 

toward t h e  trentrilcnt. of n n c i n ,  ?rf-’ ttic t t r n  m v e d  for the nat ient ,  and the expense 
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for non-effective drugs. When drugs are e f f e c t i v e  i n  al terinc t h e  rate of  hemo- 

globin production, t h e  chanqe w i l l  u s u a l l y  be r e f l e c t e d  i n  t h e  plasma i r o n  

c learance  rate wi th in  twenty-four hours. 

no m l u e ,  t h e  p a t i e n t  may be  spared t h e  expense of lonc  and repeated tr ials.  

ine f f ec t iveness  would otherwise be ev ident  only by f a i l u r e  of t h e  hmvglobin level 

t o  show a rise. 

may t a k e  weeks o r  months t o  r e a l i z e  when t h e  c i r c u l a t i n g  l e v e l  is  t h e  only c r i t e r i o n .  

Ret icu locyte  response ma3 be i n d i c a t i v e  when t h e  rise i s  unequivocal, but  i s  sub jec t  

t o  more unce r t a in ty  and less quant izat ion.  

When t h e  drug i n  use  i s  shown t o  be of 

The 

The conclusion that hemoglobin production i s  not being improved 

Two examples of e a r l y  de t ec t ion  of t h e  response t o  therapy are those  of 

hypoplast ic  and of pernicious anemia. 

p l a s t i c  anemia who had f a i l e d  t o  respond t o  r o u t i n e  vitamin therapy. 

half-time of between 3 and 54 hours. 

doses of coba l t  chlor ide.  

than  one hour wi th in  twenty-four hours af ter  t h e  i n i t i a t i o n  of therapy, and they  

subsequently went on t o  fa i r  c l i n i c a l  remissions.  

t i o n  of half-t ime a t  twenty-four hours, and f a i l e d  t o  show any improvement after 

prolonged therany w i t h  coba l t  and o the r  hematemic agents.  

We have s tudied  four  pat ients  with hypo- 

Gach had a 

As a f i n a l  t r i a l ,  each was given large oral 

The half-times of two of t hese  p a t i e n t s  chanced t o  less 

The o ther  two showed no altera- 

I n  pernicious anemia, t he  ha l f - t ime  becomes even shor t e r  than be fo re  t reatment  

wi th in  twenty-four hours a f t e r  vitainin B12 adminis t ra t ion .  

chanEes more d r a s t i c a l l y ,  reachinc almost loo$ i n  3-5 days. 

and t h e  hmoqlobin l e v e l  r i s e s ,  t h e  half-t ime and uptake curve gradual ly  approach 

normal. T h i s  w i l l  only he t r u e  if s to raqc  i r c n  i s  adequate f o r  t h e  production of 

a n6rmal nuan t i ty  of h n o s l o b i n .  

The u t i l i z a t i o n  curve 

As t reatment  continues 

I n  t h e  treatrr.ent of oolycyt“.-ia vcra  w i t h  ricnrccsant therapy, t h e  problem i s  

more comrlex. 

treatmpnt of nnpr,i:,: nor is t . 5 ~  r e t l c :  Icc”:c c r u n t  of c o n o i s t m t  va lue  f o r  

The i n t e n t  is not t o  cn~13p t n e  Treatoat ?oss ib le  chanqe, as i n  t h e  
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ordinarily requires a delay of several nonths u n t i  the hexoglobin leve l  

s t ab i l i ze s  between successive treatments. 

time l ag  may resu l t  i n  overtreahent  and permanent anemia. 

Vigorous treatrr.ent t o  reduce t h i s  

Detenrination of t h e  

radioiron half-t ime at  appropriate intervals  a f t e r  each treatment allows much 

more rapid evaluation of the effect  of treatment, and therefore less delay 

between treatrrents, un t i l  a normal hemoglobin production i s  attained. 

doses of t o t a l  body radiation a r e  used as  t h e  mode of therapy, a slowing of the 

i ron  turnover wi l l  be-evident within twenty-four hours, reaching peak depression 

a t  3-4 days, w i t h  some recovery evident during the following one t o  two weeks. 

It is well t o  aim i n i t i a l l y  a t  producing a half-time of about 2$ hours, since 

even with a normal hematopoietic system, hemoglobin production w i l l  be depressed 

by t h e  high hemoglobin level;  a l so  the high plasma iron concentration which is  

maintained fo r  some time by the  breakdown of the excess red c e l l s  wi l l  slow t h e  

I f  single 

percentage r a t e  of clearance. 

most pat ients  w i l l  show a p a r t i a l  return toward a rapid turnover, and wi l l  require 

retreatment. 

danger of overtreatment. 

When a l l  these phases have reached equilibrium, 

The second treatment can then be given within a month with l i t t l e  

When radiophosphorus i s  used for treetment, additional uncertainty i s  caused 

by the many weeks over which the radiation i s  delivered. 

w i l l  be of l i t t l e  value un t i l  about a month a f t e r  phosphorus administration, and 

s tab i l iza t ion  of the hemoglobin concentration w i l l  be correspondingly delayed. 

Radioiron studies 

3. 

- cancer: 

chemotherageutic agents fo r  cancer a l l  cause hematoDoietic depression. 

series of 23 patients a l l  treated similarly w i t h  %00r skin dose t o t a l  body radiation 

delivered from a single anter ior  f i e ld ,  the plasma iron clearance r a t e  changed 

in.65$ compared t o  652 for  the white ce l l  elements, and 85% for  p la te le t s .  De- 

pression i n  the per iphera l  w h i t e  count is rarely pronounced i n  less than one t o  

two weeks followin! total  body radiation, and the drop i n  p l a t e l e t  count usually 

Control of hematopoietic damaqe by depressant agents i n  the  treatment of 

Total body radiation, in te rna l ly  administered radioisotopes, and the various 
b 

I n  our 
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only starts i n  two-three weeks, reachlnq a l o w  i n  four  t o  seven weeks. The 

advantage of t h e  plasma clearance r a t e  detemdnation is t h a t  t h e  change, when 

present,  i s  noted within twentg-four hours a f t e r  t h e  radiat ion i s  given w i t h  

maximal slowing a t  th ree  days. Recovery of t he  half-time takes  place gradually 

during t h e  following two t o  three weeks. The turnover change is  temporarily 

quite severe, an indicat ion that  red c e l l  formation is  as radiosensi t ive as is 

white c e l l  o r  p l a t e l e t  formation. This would ord inar i ly  not be appreciated, 

s ince complete c e s a t i o n  of red ce l l  formation f o r  one t o  two weeks would not 

produce a marked change i n  t h e  peripheral  blood count, due t o  t h e  normal red 

ce l l  l i f e  span of about 120 days. This i l l u s t r a t e s  one of t h e  advantages of 

studying t h e  dynamic value of production, ra ther  than t h e  static value of con- 

centration. 

I n  t h e  pract ice  of radiotherapy, t he  i ron  turnover t es t  has been of 

considerable help t o  us i n  t h e  evaluation of impending intolerance t o  t o t a l  body 

i r r ad ia t ion  (56). For such purpose, t h e  f u l l  i ron  turnover test, with red 

ce l l  uptake determination, i s  not as prac t ica l  an index as is t h e  half-time. 

For t h e  t e s t  t o  be used t o  warn of hematopoietic depression from radiat ion frac- 

t ionated over several  weeks, it i s  necessary t h a t  t h e  test be repeated at  periodic 

in te rva ls ;  fo r  example, weekly along w i t h  t he  rout ine hematology. I f  t he  plateau 

i n  t h e  red c e l l  uptake curve has not been reached by t h e  time of t h e  second test ,  

subsequent uptake percentages w i l l  be meaningless. 

performed, fur ther  rise i n  red c e l l  radioact ivi ty  becomes increasingly d i f f i c u l t  

After several  tests have been 

t o  quant i ta te  as a percentage of the  most recent ly  administered radioiron. 

t h e  other hand, t h e  change i n  disaprearance half-time alone appears t o  be of 

On 

considerable value. The half-time is reasonably constant over a period of severa l  

weeks  f o r  any one individual.  

withoct interveninq therary  of any type, and 13 who had srcall f i e l d  external  

For example, 25 pat ien ts  who had repeated turnovers 

radiat ion without any a l t e r a t i o n  of periDherAl blood counts, showed prac t ica l ly  

no chanp? i n  hslf-time. 



Similar changes have beer. shown follo;:in,n thcrary w i t h  nitrogen m s t a r d  

and triethylene melamine (57). 

Surma ry 

The physiologic background and rationale for t he  c l in i ca l  application of 

radioiron t racer  studies has  been presented, along w i t h  detailed directions fo r  

t he  performance of these studies. 

Over 700 turnover s tudies  on more than 300 patients from our department have 

been analyzed t o  present a table  of normal and abnonnal values for t he  

hematopoietic disorders studied. 

Interpretation of t h e  data i s  discussed. 
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FIGURE I 
NORMAL IRON METABOLISM 
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The ava i lab i l i ty  of radioactive i ron has permitted a laboratory evaluation 

of hematopoietic disorders based upon t h e  rate and quantity of i ron transport  

b~ t he  serum, and the subsequent dis t r ibut ion of this i ron (1,2,3). 

t he  data obtained from i ron  turnover studies, it must be known tha t  t he  serum 

transport  mechanism is not t h e  l imiting factor, by demonstrating residual iron- 

.binding capacity. 

of normal persons and of pat ients  with a variety of diseases have been 

determined using several published c h d c a l  and isotopic procedures (4-15). 

The simplicity of t he  method described here fo r  analping f o r  serum iron- 

binding capacity has permitted this laboratory t o  obtain reproducible values 

To interpret 

The serum iron concentration and residual binding capacity -_ 

on a large number of samples. Iron labelled with a radioactive tracer is 

added t o  a serum sample i n  excess of the binding capacity, and that which 

becomes attached is separated by protein precipi ta t ion and measured isotopically. 

Preliminary studies indicated several potent ia l  pi t - fa l ls .  Ionic i ron  w i l l  

not remain i n  solution a t  neutral  pH, but precipi ta tes  a3 f e r r i c  hydroxide which 

has a k p .  of 1.1 x 

iron chloride i n  acid solution d i rec t ly  t o  serum t o  obtain protein-bound iron, 

( l 8 O C ) .  Several authors have advocated addition of 

I 

since t h e  buffering c a p c i t y  of serum is  adequate t o  neutralize.small volumes of 

' these  weakly acid solutions. If t h i s  i s  done, the i ron i s  not dialysable, and 

precipitates w i t h  t h e  protein fraction. Nevertheless, much of t h e  added i ron  
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is i n  t h e  hydroxide fom., and will not permit de temina t ion  of iron-binding 

capacity, nor be a t r a c e r  for protein-bound i ron  i n  vivc. I ron complexes 

which are stable a t  neut ra l  pH may be used, but t he  s t z b i l i t y  of. t he  complex 

must not be su f f i c i en t ly  great  as t o  i n h i b i t  i ron  from t ransfer r ing  t o  t h e  

iron-binding protein f rac t ion  (IV-7, Cohn). 

t ha t  i ron  w i l l  disEribufie between equal quant i t ies  by weight of c i t ra te  and 

of iron-binding protein i n  a ratio of one t o  seventy. Gluconate binds i ron  

A subsidiary study indicated 

somewhat more firmly than does citrate,  and versenate has even greater affinity 

than does the  protein. The most s a t i s f ac to ry  agent was  found t o  be ascorbic 

acid i n  small concentration. 

hnonium su l f a t e  is  the prec ip i ta t ing  agent of choice (ll). The pre- 

c ip i t a t ed  protein co l lo ida l  suspension i s  eas i ly  broken by ethanol, f a c i l i -  

t a t i n g  separation by centrifugation. Small amounts of the  f i l t ra te  are 

occluded i n  the prec ip i ta te  during centrifugation. A washing procedure i s  

not necessary, however, since isotope s tudies  indicated t h a t  less than 0.1 m l  

' containing less than 4% of the  t o t a l  excess i r o n  i n  t h e  f i l t r a t e  is entrapped. 

F i l t r a t i o n  i s  laborious and t h e  consuming, and of ten  subject t o  errors of 

adsorption. 

Heparinized plasma cannot be used i n  place of serum, as there  i s  apparently 

an interference w i t h  i ron transfer causing false low iron-binding capacity 

- -  
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A. Reagents: 

(1) Carrier-radioiron chloride solution: ~ e 5 9 ~ 1 3  i n  HC1 i s  di luted 

t o  approximately 0.2 uc/ml. 

solut ion t o  give <- to ta l  i ron  concentration of about 60 ug/ml; and standardized 

against  a solution made from i ron  wire dissolved i n  HC1. 

s tored i n  polyethelene bot t les .  

of FeC13 crystals ,  the  t o t a l  ac id i ty  of t h e  f i n a l  reagent (solution #2) must 

Reagent grade FeC13-6H20 i s  dissolved i n  the  

This solution may be 

I f  i ron  wire dissolved i n  HC1 i s  used instead 

not exceed the  buffering capacity of the  serum. 

(2) Carrier-radioiron ascorbate solution: About 10 mg of pure 

c rys t a l l i ne  ascorbic acid i s  dissolved i n  1.0 m l  of solut ion #1 jus t  pr ior  

t c  use. 

(3) Saturated ammonium su l f a t e  solution: 530 gm of reagent grade 

( N Q ) ~ S O L  ( i ron  not i n  excess of .O001%) is dissolved i n  almost one l i t e r  of 

, iron-free water, t h e  pH adjusted t o  6.0 by addition of NaOH solution, and 

brought t o  a f i n a l  volume of one liter. The pH of this solut ion should be 

checked occasionally as it may become lowered due t o  loss of NH3 on long 

standing. 

(1,) 9?$ ethanol. 
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B. Procedure: A l l  glassware is obtained n w  and maintained free from 

iron. It is washed with a good detergent, rinsed thoroughly in t ap  water, 

and f i n a l l y  rinsed twice wi th  d i s t i l l e d  water. 

Steps : 

1. Measure 0.1 IWI ca r r i e r  radioiron ascorbate solution i n t o  a pyrex 

-_ 
test  tube 15 x 125 m. 

2. Add 1.0 ml serum and mix well. A l l o w  t o  atand for 10 minutes at  

room temperature and count t h e  radioactivity. 

3. Add 10.0 m l  of (NH4)#4 solution, m i x  by shaking, and allow t o  stand 

for one hour. 

4. Add 1.0 m l  ethanol, invert  several times and centrifuge for ten 

m2ndtes a t  about 2500 rpn. 

5. With a f ine  glsss 8tlrring rod, gently tilt the  protein plug and w h i l e  

holding it against the  wall of t h e  tube, carefully pour off superriatent liquid. 

Pusn the plug to t h e  bottom of the  tube and loosen any precipi ta te  adherent t o  

; the  walls of the tube w i t h  the  s t i r r i n g  rod and r inse  down t he  rod and wall of 

the tube w i t h  1.0 m l  d i s t i l l e d  water. 

6 .  Count the precipi ta te  and calculate the iron-binding capacity according 

to the formula: 

Comts  of t h e  precipi ta te  x ug Fe added x 100 = ug % binding capacity 
Original counts added 
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The method was evaluated as follows: 

1. Tagged i ron  was added to  one m l  saxples of pooled pat ien t  sera i n  

successive increments of 0.5 ug, allowed t o  incubate 10 G n u t e s  after which 

6.0 ug of cold i ron  as ascorbate was added, and t h e  radioiron i n  the  pre- 

c ip i ta ted  protein of each w a s  measured. Results of t h i s  experiment show 

-_ 
t h a t  t he  radioiron added t o  t h e  unsaturated protein remains attached during 

t h e  t e s t  (Table I). 

2. Pooled pat ient  sera  was s i tura ted  with cold i ron  ascorbate, and 

radioiron ascorbate added secondly t o  prove t h a t  exchange does not t a k e  place 

between bound i ron  and unbound i ron  (Table 11) . 
3. Graded increments of cold i ron ascorbate were added t o  pooled sera 

samples, and residual  iron-binding capac i t ies  measured (Table 111) . 
Both serum i ron  concentration and iron-binding capacity can be determined 

on the same one m l  sample. The iron-binding capacity is determined as above. 

The t o t a l  i ron  i n  the  tube i s  then determined cherniccrlly. The i n i t i a l  serum 

; i ron concentration i s  the  difference between t h e  t o t a l  i ron and t h e  iron- 

bindin? capacity values. 

The amount of i ron i n  t h e  (NH4)$04 solut ion i s  approximately 150 ug $. 

Less t h a n  0.1 ml r’t*r:.Liins in the t ube  w i t h  the protein precipi ta te ,  t h i s  

a d d i t i o n a l  iron hcin? nqr l i r ib le .  Thus, i f  cold i ron were used i n  t h e  first 
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step,  a modification of t he  procedure a f t e r  s t e p  5 would perr3.t chemical, 

r a the r  than isotopic  analysis. The xlodification would consis t  of determining 

t h e  t o t a l  i ron  concentration i n  t h e  tube containing the suspended protein 

precipi ta te ,  as w e l l  as t h e  or ig ina l  serum i ron  concentration using a separate 

one m l  sample, By difference, t h e  iron-binding capacity could be calculated. 

-_ 
T h i s  method would be ofrvalue i n  a laboratory not equipped t o  'use radioisotopes. 
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TA3LE I 

Recovery of Added Radioiron 
-_ 

Tube F& ascorbate added to m u n  F@ measured i n  protein plug 
(\zg of Fe) (ug of Fe) 

1 0.5 047 

1.0 

1.5 

2.0 

2.5 

5.0 

93 

1.40 

2.03 

2. w 

2 37* 

*Serum saturated. 
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TABLE I1 

Results of adding F@ t o  serum previously saturated with Fe 

Tube F@ ascorbate added t o  
saturated serum 

FBII measured in protein plug 

(ug of Fe) (ug of Fe) 

0.5 

2.5 

5.0 

~~ 

0.04 

0.18 

0.26 



TABLE I11 

Results of Iron-Binding capacity measurements following 

the addition of various amounts of cold iron 
-_ 

Tube Fe added t o  serum Residual Difference i n  Fe-binding 
Febinding from original ug g 
capacity ug s 

ug % 

296 

250 

193 

143 

90 

50 

22 

46 

103 

153 

206 

U26 

274 
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Major i n t e re s t  i n  the  use of radioiron t r ace r  s tudies  t o  evaluate radiation 

damage t o  the  erythropoietic system was stimulated by t h e  work of Hennessy and 

Huff (9). They were able t o  demonstrate a decrease i n  the r a t e  and percent of 

incorporation of injected radioiron in to  red c e l l s  i n  individual: rats which 

had received :!5 r o r  more of t o t a l  body radiation. 

r a t s  having received a s  l i t t l e  as 5 r could be different ia ted from unirradiated 

rats. 

least up t o  250 r -(Figure I). 

The present studies were intended t o  assess the  usefulness of one phase of 

the  radioiron turnover test  as an adjunct t o  routine peripheral blood counts 

i n  c l in i ca l  radiotherapy. 

S t a t i s t i ca l ly ,  groups of 

The severi ty  of depression i s  dependent upon the  radiation dose, a t  

Belcher et  a1 (2) have confirmed these results. 

Hennessy's data indicates t ha t  erythropoietic t i s sue  i a  as radiosensit ive 

a s  a re  the  t i s sues  producing white c e l l s  and platelets .  

span of the  normal erythrocyte however, complete cessation of production w i l l  

not appreciably a f fec t  the circulating hemoglobin l eve l  fo r  one t o  two weeks. 

The purpose of the  complete radioiron turnover test i s  t o  d e t e d n e  the  r a t e  

of hemoglobin production, permitting appraisal  of dai ly  erythropoietic 

function (11,25). 

Because of the  l i f e  

These t racer  studies should be considered i n  re la t ion  t o  normal i ron  

metabolism (Figure 11). 

turnover i n  a reasonably steady s t a t e  system. 

the plasma pool is that released from destroyed red c e l l s  wi th  lesser  

contributions from storage depots and from t h e  digestive system. 

The i ron i n  the plasma i s  undergoing continuous 

Most of the  iron entering 

Eighty 
I 

t o  ninety percent of the i ron leaving t h e  plasma is taken up by the  

erythropoietic t issues,  the r e s t  going t o  storage depots, t o  growing t i ssues  

for u t i l i za t ion  i n  t h e  cytochrome enzyme systems, and several milligrams per 

day being excreted i n  feces, urine, and sweat. 

concentration i s  about 0.1 mg per 100 ml of plasma. 

span being about 120 days, each 100 ml of plasma has t o  transport about 1 mg 

oi' iron p c r  day t o  t h e  bone nnrrow for hemoglobin production. 

The normal plasma i ron 

The normal red c e l l  l i f e  

Thus it is 
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evident t ha t  the plasma i ron must be replaced about 10 times per day. The i ron 

concentration alone does not permit estimation of the  turnover rate. By 

in jec t ing  a radioactive t r ace r  i n to  the  vascular system and determining t h e  

a c t i v i t y  of successive blood or  plasma samples, t he  clearance r a t e  can be 

measured (24). 

as does t h e  native plasma i ron  present a t  the  time of injection. 

This radioactive t racer  follows the  same metabolic pathways 

A reasonably 

constant portion is  cleared by the  erythropoietic t issues,  t h e  l i v e r  and other 

's torage depots, and miscellaneous t i s sues  with each circulation. 

radioactive i ron enters the  circulation t o  replaoe t h a t  being removed, t he  

- 
While non- 

radioactive canponent is continually being depleted. 

f rac t ion  i s  cleared with each circulation, t he  dearease in ac t iv i ty  i s  ex- 

ponential; the  r a t e  of decrease may be defined by the  time required t o  reach, 

ha l f  of t h e  i n i t i a l  activity--the half-time. 

Since a constant 

Plasma i ron clearance is 

calculated from t he  equation: 

Micrograms i ron cleared pel' hour per 100 m l  plasma 

0.693 x plasma i ron concentration i n  micromama S 

= 

Half-time of disappearance i n  hours 

The hourly clearance of i ron from the  en t i r e  plasma pool i s  calculated 

from the  clearance per 100 ml and t h e  plasma volume. 

obtained from the  i n i t i a l  di lut ion factor  of the injected t racer ,  as part  of 

the  clearance r a t e  t e s t .  

hourly clearance, but i s  subject t o  uncertainty due t o  diurnal changes i n  

i r o n  concentration, plasma volume, and half-time (3,20). 

The plasma volume i s  

The da i ly  clearance is  approximately U, times the  

Since a variable 

' portion of the  iron leaving the  plasma is incorporated in to  red cel la ,  this 

percentage must be experimentally determined i n  order t o  calculate  da i ly  

hemoglobin production. Whole blood samples a re  analyzed for  radioact ivi ty  

u n t i l  a plateau i s  reached, usually a t  5-7 days, and t o t a l  red c e l l  radio- 

ac t iv i ty  expressed as percent of injected act ivi ty .  Hemoglobin production 

is calculated from t h e  equation: 
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Hemoglobin produced per day (gram) = 

16.6 x plasma vol. (ml) x plasma iron conc. (mg/ml) x percent u t i l i za t ion  
Disappearance half-time (hours) x 3.34 (mg/gm hgb) 

Because of the interdependence of the four variable-factors,  some authors 

report  only t h e  computed da i ly  hemoglobin production. 

hematopoietic ac t iv i ty  i s  not determinable from any of the variables independently, 

such condensation fails  t o  u t i l i z e  t h e  available data t o  t h e  maximum extent (6-8, 

13,16,18,19,27,29)~ Over 700 i ron  turnover t e s t s  have been performed by this 

department i n  t h e  past three years as a laboratory routine for t he  d i f fe ren t ia l  

diagnosis of hematopoietic disorders (25). The observed values for same condi- 

t ions  a r e  presented in Table I. I n  general, half-times of less than normal are 

observed when anemia is  present despi te  adequate erythrogenic act ivi ty ,  and 

prolonged half-times when anemia i s  on a hypoplastic basis. 

While t h e  l eve l  of 

The usefulness of radioiron t racer  studies f o r  evaluation of radiation 

damage resu l t s  from the  quantitative assessment of induced hypoplasia. 

Decreased erythropoietic a c t i v i t y  i s  usually characterized by long ha l f - the ,  

high plasma iron concentration, and poor u t i l i za t ion  of t h e  cleared iron. 

The animal studies of Hennessy and Huff correlate t he  l a s t  variable wi th  dose 

of radiation. 

These workers have a l so  used the change i n  plasma i ron clearance half-time 

a s  an index of marrow depression by radiophosphorus i n  the  treatment of 

polycythemia vera (11). 

variable than the percent uptake t o  use as a therapeutic control, if equal 

usefulness could be established. 

hours. 

tes ts  can be repeated daily.  

.determind u n t i l  a plateau i n  the red c e l l  radioactivity has been reached, 

which may take from 5 t o  7 days. 

plateau has been obtained from t h e  f irst ,  it i s  impossible t o  determine 

The clearance r a t e  would be a more sat isfactory 

1 

The clearance r a t e  can be determined i n  1-3 

Since the plasma i s  cleared of significant a c t i v i t y  within 24 hours, 

The percent uptake cannot be dependably 

I f  a second t racer  is given before a 
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t he  percent incorporation of each. 

radioact ivi ty  becomes suf f ic ien t ly  high tha t  additional a c t i v i t y  i s  d i f f i c u l t  t o  

determine accurately. 

l a rger  t r ace r  doses, but the acceptable human t r ace r  burden i s  soon reached. 

serious disadvantage of t he  half-time alone i s  tha t  t h e  s i te  of clearance i s  not 

indicated. 

plasma i ron  i s  cleared by t h e  l iver .  

After several  radioiron studies, t h e  red c e U  

This d i f f i cu l ty  can be overcome by administering successively 

A 

As erythropoietic ac t iv i ty  i s  depressed, an increasing portion of the 

The present s tudies  were conducted t o  

‘determine whether %is uncertainty negates t h e  value of t h e  test as an adjunct 

t o  routine blood counts for the  evaluation of systemic tolerance i n  the  practice 

of radiotherapy. 

The study had three phases: 

1. Correlation of change i n  half-time wi th  change i n  peripheral hanatQlogy 

and w i t h  symptomatology i n  pat ients  receiving therapeutic levels of t o t a l  body 

radiation. 

2. Similar comparison i n  patients receiving radiat ion through limited 

portals.  

3.  Investigation i n  rabbi ts  of an extended procedure using turnover studies 

t o  detect residual hematopoietic damage a t  longer t h e  periods following t o t a l  

body radiation, when the  peripheral blood levels  have returned t o  noma1 and the  

individual has apparently returned t o  pre-irradiation s ta tus .  

Investigational 

I. Sixteen persons, including s t a f f  personnel wi th  apparently n o m 1  

hematopoietic systems and pat ients  w i t h  a var ie ty  of disorders not d i rec t ly  

related t o  the hematopoietic system, had two or more determinations of t h e i r  

plasma iron clearance r a t e s  a t  varying intervals.  The variation between any 

two half-times on the same individual was less than 30% i n  eighty-two of t h e  

eighty-eight possible comparisons. When summarizing subsequent data, change 

of l e s s  than 30% was not considered significant. 

Thirty patients wi th  generalized neoplastic disease received t o t a l  body 
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radiat ion i n  doses rznging from 100 t o  XX)r i n  s ing le  eqosures ,  and from 250 

t o  550r t o t a l  when fract ionated (5,23). 

t h e  mid-surface of t h e  pat ient ,  t h e  rad ia t ion  f ac to r s  being 250 KVP, HVL of 

Dose i s  described as skin dose t o  

1.2-2.3 mm Cu, TSD of 360-400 cm. 

t e n  of t h e  pa t i en t s  who received 200r t o  t h e  an te r io r  body surface are shown 

graphically i n  Figure 111. 

radioiron half- t ine of th ree  of these pa t i en t s  are shown individual ly  i n  

Figures IV-VI. 

doses of 2OOr each, separated by f i v e  months. 

summarized i n  Table 11, grouping pa t ien ts  with approximately equal radiat ion 

exposure. 

p l a t e l e t  and white c e l l  count. 

is symptomatology i n  this dose range. 

promptly than does change i n  blood count and shows more rapid re turn  t o  normal. 

Some pa t i en t s  had a l t e r a t ion  i n  only one or two of t h e  functions studied. 

Changes i n  half  time a f t e r  i r r ad ia t ion  for 

Daily var ia t ion  i n  peripheral  blood counts and i n  

-_ 
The last of these shows t h e  changes following two separate 

Data on t h e  t h i r t y  patients is 

The plasma clearance rate i s  a l te red  about as frequently as i s  t h e  

Change i n  laboratory data  i s  more frequent than 

Change i n  clearance rate occurs more 

11. Thirty-eight pa t ien ts  received fractionated radiat ion therapy through 

l imi t ed  portals .  

Figure V I I ,  p lot ted as a function of energy absorbed. The plasma i r o n  half- 

t i n e  w a s  determined within three days p r i o r  t o  t h e  beginning of therapy, and 

again on t h e  last or next t o  las t  treatment day. 

as described elsewhere (26). 

dependence of e f f ec t  upon both t i m e  and dose, s ince there  a r e  no usefu l  fac tors  

ava i lab le  which would permit meaningful adjustment of s ta ted  values t o  a common 

baseline.  

such ad.justment would l i ke ly  be of l i t t l e  importance. 

between i n t e q r a l  dose and slowinp, of plasma clearance ra te .  

by 'recion t rea ted  does not improve t h e  correlation. 

The percentage change i n  half-time f o r  each i s  shown i n  

In t eg ra l  dose is calculated 

No attempt has been made t o  compensate f o r  t h e  

I 

Since most pat ients  were t r ea t ed  over a th ree  t o  f i v e  week period, 

No correlat ion is  evident 

Grouping t h e  pa t ien ts  

Laboratory data i s  eiven i n  Table I11 on two pa t ien ts  with seminoma who 

received a mid-point tissue dose of l 5 O O r  i n  thriae we.eks t o  t h e  lymphatic 
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drainage areas of t h e  pelvis  and abdomen, through opposing an te r io r  and 

pos te r ior  f i e l d s  t o t a l l i n g  500 square centimeters t o  each side. Plasma 

clearance rates were determined a t  weekly intervals .  

each slowed a t  first, then recovered as treatment continued. 

changes m y  reflect an i n i t i a l  depression of marrow function within t h e  

t rea ted  volume, followed by compensatory hyperfunction of unirradiated 

erythropoiet ic  t issues .  

The half-time of 

These 

The w h i t e  count continued t o  dec l ine  during 
4- 

' t reatment ,  consistent wi th  t he  decrease i n  res idual  tolerance as absorbed 

dose increases. 

slowing of t h e  plasma i ron  clearance rate without subsequent recovery, as 

an indicat ion t h a t  erythropoiesis will l i m i t  t he  to l e rab le  dose. 

given suggests t ha t  this will occur infrequently i f  a t  a l l  with l o c a l  

i r rad ia t ion .  

Possibly an occasional pa t ien t  would show a dramatic 

The data  

111. A preliminary experiment was conducted, intended t o  develop a 

method fo r  measuring res idua l  hematopoietic damage. 

are able t o  increase t h e i r  functional l e v e l  when the  need arises, although 

this reserve capacity is not usually evident or measured. Of  two persons, 

each w i t h  a normal hemoglobin concentration, it may be that one could grea t ly  

increase hemoglobin production i n  response t o  a demand created by bleeding, 

hemolysis, or hypoxia; w h i l e  t he  other i s  j u s t  barely ab le  t o  maintain a 

normal leve l ,  and could not increase erythropoiesis even should the  need 

ar i se .  Pr ior  t o  the  stimulus for increased production, rout ine hematological 

examination would not reveal  any difference between t h e  two persons. 

i n  reserve capacity could p a r t i a l l y  explain t h e  greater  response t o  a second 

equal dose of radiation which is usually observed even when no residual  damage 

from t h e  f i rs t  dose i s  apparent. 

response t o  t o t a l  body radiat ion (Figure V I ) .  

lymphosarcoma, but was otherwise i n  good h e a l t h .  

t o  h i s  an t e r io r  body surface, radiat ion fac tors  being 250 KVP, IIVL of 1.2 mm Cu, 

Most organs of t h e  body 

; A decrease 

Patient F. M. i l l u s t r a t e s  this increased 

This pat ien t  had generalized 

He was  given 200r skin dose 
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TSD of 400 cm. 

count or plasma clearance rate. 

limits despi te  a l a t e  drop. 

He developed no symFtoms, and no s igni f icant  change i n  white 

The p l a t e l e t  count remained within normal 

The generalized lymphadenopathy disappeared, 

and the  pat ient  had no gross evidence of disease f o r  five months, when t h e  

lymphadenopathy returned. 

study were similar t o  those of five months previously. Yet a second dose 

of 200r caused nausea and vomiting f o r  3 days with considerable change i n  

white and p l a t e l e t  counts and plasma i ron  clearance rate. 

Findings on physical examination and peripheral  blood 

I 

If l o s s  of reserve capacity of various body systems does explain some 

of t h e  residual  damage from radiat ion,  it should be possible t o  demonstrate 

t h e  defect by presenting a stimulus t o  increased a c t i v i t y  of a system, and 

observing an inadequate response. 

they are j u s t  l a rge  enough t o  permit repeated venipunctures and are avai lable  

i n  reasonahly homogeneous s t ra ins .  

used as an index of a l t e r a t ion  i n  function. 

stimulus (12,21,22), the  rabbi t s  being maintained i n  a decompression chamber 

a t  2/3 atmosphere. 

HvG1.2 m Cu, TSD of 100 cm, delivered from above t o  the  back of each rabbi t  

i n  a LO x 40 crn box f i l l e d  with r i c e  bolus. 

were l imited t o  two per rabbi t ,  s ince siEnificant blood loss would ac t  as a 

stimulus similar t o  hypoxia, with addi t ional  chanqes possibly resu l t ing  from 

removal of other blood elements. The plasma i ron  clcarance r a t e  of each 

animal was determined i n i t i a l l y ,  and acain a t  varyinp; times a f t e r  being 

subjected t o  one of the three experimental conditions. 

Rabbits were chosen for study because 

Change i n  plasma i ron  clearance rate was 

Hypoxia was adopted as a 

The standard radiation dose was 5OOr surface dose, 250 KVP, 

Clearance r a t e  determinations 

I 

I 

The f i rs t  group W A S  given 5fiOr t o t a l  body radiation. Each rabbit  had 

a second half-time detenninntion w i t h i n  two wecks fo l lowins  rzdiation, In 

* F i p r e  VI11 i s  shown the chitnce i n  h a l f - t i m c  w i t h  time a f t e r  radiation. 

B c h  p o i n t  on the curvf rrprPzrntz t e n  rabbits.  

fewer aninlair,, and de:r~onrt,raLcc ~h1-a var iab i l i ty  i n  ,th:ie required f o r  t h e  

The shaded area represents 



half-time of individual  r abb i t s  t o  re turn t o  normal. 

The second group was placed i n  t h e  decompression chamber at  2/3 atmosphere 

f o r  from one t o  f i v e  dags. 

times became shorter .  

t h i r d  day, after which almost a l l  rabbits had half-times of t h i r t y  t o  f o r t y  

minutes. 

As shown i n  Figure IX, t h e  i ron  clearance half- 

The h a l f - t i m e  changes were qu i t e  vzr iab le  u n t i l  t h e  

The t h i r d  group w a s  i r rad ia ted  t o  500r, and a f t e r  varyine periods of time 

each rabbi t  was placed i n  t h e  decompression chamber f o r  t h ree  days. 

clearance r a t e  determination w a s  performed immediately after removal from t h e  

chamber. 

As shown i n  Figure X, t h e  r e s u l t s  were not su f f i c i en t ly  consis tent  t o  warrant 

The second 

Eighteen r abb i t s  were used i n  t h e  preliminary phase of this experiment. 

mpet i t ion  with a l a r g e r  group of rabbi t s  under t h e  same experimental conditions. 

Rabbits which were i r r ad ia t ed  and inmediately placed i n  t h e  decompression 

chamber for th ree  days, had slow half-times similar t o  those of rabbi t s  

receiving rad ia t ion  alone. T h i s  was expected, as it was  considered unl ikely 

t h a t  excess stimulus could overcome the  damage caused by radiation. Several 

of t he  rabbi t s  maintained a t  atmospheric pressure f o r  a week or longer after 

i r r ad ia t ion ,  then subjected t o  three days of hypoxia p r i o r  t o  the  second clearance 

rate determination, demonstrated the  inadequate response t o  hypoxia which was  

ant ic ipated.  

from 5OOr, already showed a nonnal response t o  the  erythropoiet ic  stimulus. 

This data i s  not su f f i c i en t  t o  e i the r  prove o r  disprove t h e  concept of decreased 

functional reserve as a radiat ion residuum. 

t o  suggest a poten t ia l  c l i n i c a l  test .  

However, some rabbi t s  having had only f i v e  t o  nine days t o  recover 

It i s  ce r t a in ly  too inconsis tent  
I 

Discussion 

Radioiron t r a c e r  s tud ies  a r e  of c l i n i c a l  value f o r  t h e  diagnosis of anemias 

1.rhose etiology i s  not corxpletely apparent from less eso ter ic  exami.nation; and 

f o r  t he  diagnosis and control of therapy of polycytheniia vera. As a research 

tool, radioiron has been used as a t r ace r  for t h e  e lucidat ion O f  Various 
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pathways and mechanisms of i ron  metabolism; f o r  t he  quant i ta t ive  evaluation of 

t h e  e f f e c t s  of whole body rad ia t ion  i n  animal species; f o r  t h e  study of t h e  mode 

of ac t ion  of radiat ion upon t h e  erythropoiet ic  system; and f o r  t h e  appra isa l  of 

agents which may stimulate o r  depress erythropoietic function (1,15-17,28) . 
I n  t h e  i n i t i a l  s tudies  on rats by Hennessy and Huff, i ron  w a s  in jec ted  a t  

varying times following i r r ad ia t ion  and the  r a t e  of red c e l l  incorporation 

determined. The best  correlat ion between dose of radiat ion and reduction of 

’incorporation was noted -_ when t h e  i ron  was in jec ted  twenty-four hours after 

i r rad ia t ion .  

rate of recovery a l s o  being dependent upon t h e  dose administered. 

of less than 200r, t h e  in i t ia l  depression f o r  several  days was followed by a 

return past normal t o  an i n c r e a s d  u t i l i z a t i o n  fo r  several  days (10). This . 
overcompensation may be due t o  t h e  stimulus of t he  s l i g h t l y  decreased hemoglobin 

resu l t ing  from the  period of depressed hematopoietic ac t iv i ty .  

Greater time delay resu l ted  i n  varying degrees of recovery, t h e  

With doses 

The re la t ionship between dose of radiat ion and depression of i r o n  u t i l i za -  

t i o n  i s  more nearly exponential than l inoar ,  w i t h  successively l a rge r  doses 

bcing required t o  cause addi t ional  equa l  depression. 

t h a t  t h i s  re la t ionship  indicates  d i r e c t  dimage t o  t h e  red c e l l  precursors, 

i nh ib i t i ng  t h e i r  a b i l i t y  t o  divide and produce new red ce l l s .  

explanation would be tha t  radiat ion blocks one or more of t h e  react ions 

involved i n  hemoglobin formation, by d i r e c t  inh ib i t ion  of some enzymes. 

Evidence f o r  t h e  d i r ec t  e f f ec t  of rad ia t ion  on red c e l l  precursors i s  

provided by s tudies  of  Lejttra and Su i t  (17). 

’ t h e  u t i l i z a t i o n  of radioiron by bone inarrow cul tures  using radioautographic 

techniques, and noted tha t  i r o n  was incorporated in to  the developine c e l l s  

priillnrily d u r i n n  t he  l a t c  pronorriiob1;is t and basophilic normoblast stages. 

When t h e  marrow culture:; were i r ra t l ia ted,  and i r o n  incorporation s tudied  a t  

successive i n t e r v a l s  thwe:if’ter, it was m L c d  that, t h e  accumulation of 

radi ,,iron by c e l l s  of i.l f i v m  developnent.il staze wgs not impaired. 

It has been postulated 

An a l t e rna t ive  

These workers invest igated 

Ijrurrature 
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c e l l s  continued t o  progress toward more mature forms, but no new c e l l s  were 

produced. A gradually sh i f t ing  c e l l  population resulted. Within several  

days a f t e r  radiation, c e l l s  a t  the iron-accepting l eve l  of developent were 

almost en t i re ly  absent, and i ron incorporation by the  cul ture  prect ical ly  

ceased. 

damage, which explains our i n  vivo observation t h a t  m a x i m a l  depression of 

t h e  plasma i ron clearance r a t e  occurs about three days a f t e r  t o t a l  body 

i r rad ia t ion  i n  humans and i n  rabbits. 

clearance r a t e  t o  change i n  proportion t o  the dose of partial body 

radiation is also consistent with a d i r ec t  effect  of radiation upon marrow 

cel la .  

varying doses t o  the abdomen from sharply defined beams of deuterons, 

positioned t o  avoid a l l  bone marrow. 

radiation effects, none, even those having received a l e t h a l  dose, showed 

change I n  i ron ut i l izat ion.  

These studios provide d i rec t  evidence on t h e  mechanism of radiation 

The fa i lure  of the  plasma i ron -_ 

HeMessy (10) studied t h e  u t i l i za t ion  of i ron  by r a t s  having received 

Even though the r a t s  showed other 

Radioiron t racer  studies have been shown t o  be of value f o r  t he  

evaluation of erythropoietic depression following the  administration of 

systemic agents and deserve more widespread use. 

co-workers have already established the  usefulness of the  t e s t  t o  control 

the  treatment of polycythemia vera by radiophosphorus. 

therapeutic agents used for  t h e  treatment of patients wi th  cancer a r e  

hematopoietic depressants i s  accepted; that  such depression is reflected 

i n  the i ron turnover t e s t  has been shown. 

' t o  cause the greatest  possible controlled destruction from which the patient 

can sa t i s fac tor i ly  recover. 

help establ ish t h i s  l imit  should be u t i l i zed  whenever possible. 

John H. Lawrence and 

That most cheno- 

The intent of treatment is*usual ly  

Any additional examination or  test  which can 

The problem of measuring r e s i d u a l  radiation damage may become one of 

major importance. 

exposed t o  radiation, usually i n  a manner which is controllable and can be 

A t  t h e  present t h e ,  only a re la t ively few persons a r e  
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held t o  an ins igni f icant  level .  With t h e  l i k e l y  increase i n  t h e  number and 

types of nuclear reactors ,  it is  possible t h a t  a much larger portion of t h e  

population will j o i n  t h e  chronically exposed group. It may be t h a t  t h e  

fur ther  economic development of t he  country will sone day necessi ta te  a 

relaxat ion of  t h e  present permissible tolerance levels .  

arise, possible rad ia t ion  damage may become accepted as an indus t r i a l  hazard 

w i t h  a known calculated r i sk ,  similar t o  s i l i c o s i s  i n  miners, or t h e  p o s s i b i l i t y  

Should t h i s  necessi ty  

. of f a l l i n g  among construction workers. A method f o r  measuring damage before -- 
it becomes grossly evident and i r r eve r s ib l e  would then be of value. 

leukopenia and anemia which i s  occasionally observed i n  persons having received 

prolonged chronic exposure are apparently almost i r revers ib le .  

consistent with t h e  concept of a gradual depletion of reserve functional 

capacity. 

uoncept, t h e  conditions chosen may not have been adequate. 

The 

This i s  

Even though t h e  experintent reported above f a i l e d  t o  confirm this 

Should t h e  basic concept prove useful,  other  methods of demonstrating 

To spend several  days t h e  residual  rad ia t ion  defect  will have t o  be found. 

i n  a decompression chanber i s  feas ib le  as a research procedure, but not 

practicable as a routine for  thousands o r  mil l ions of persons. 

a l te rna t ives  a r e  apparent. 

which stimulates erythropoiesis.  

i n  l i e u  of hypoxia a s  a maximal stimulus. 

other  t h a n  erythropoiesis should be studied. 

body cause a leukocsos is .  

inject ion of dead bacter ia  could be established as a t e s t  system. 

production of hydrochloric acid by t h c  g a s t r i c  mucosa i s  depressed by acute  

radiLtion exposure. 

level  ex?osure, t h e  alcohol-histamine tes t  i s  already ava i lab le  as the  

s t i r n u l u s  for  maximal production. 

unsuccessful, but t h e  problew of res idual  radiation.dama.ge i s  considered of 

Possible 

There i s  some evidence of a c i rcu la t ing  hormone 

Should t h i s  hormone be i so la ted ,  it could serve 

Other  radiosensi t ive t i s sues  o r  functions 

A var ie ty  of i n s u l t s  t o  the  

Perhaps a reasonably quant i ta t ive  response t o  an 

' The 

If t h i s  function i:; also depressed by chronic low- 

It i s  disappointinE t h a t  t h i s  study was 



suff ic ient  importance t o  warrant fur ther  effor ts .  

Summary 

The plasma i ron clearance r a t e  was determined during and following 

treatment i n  cancer pat ients  receiving t o t a l  body and limited f i e l d  

i r radiat ion.  Slowing of t h e  clearance r a t e  as an index of erythropoietic 

depression, was compared w i t h  radiation dosage, symptomatology, and other 

laboratory evidence of systemic depression. 

of radioiron t r ace r  studies on a routine basis fo r  ear ly  indication of 

impending intolerance t o  generalized therapy f o r  cancer. 

t i on  was observed with limited f i e l d  i r radiat ion.  

T h i s  data suggests t h e  usefulness 

-- 
No useful correla- 

Ektension of radioiron t racer  studies t o  provide a test f o r  residual 

radiation damage is described and discussed, even though a preliminary 

experiment fa i led  t o  indicate a useful technique. 
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Houston, Texas. 



INVESTIGATIONS OF ENZYMIC 
X-RAY DOSIMETERS IN RED BLOOD CELLS 

D. A. RAPPOPORT and V. P. COLLINS 

- 
I. Glutathione Biosynthetic System 

4 

The present report is a summary of the prelim in^ findings a 

on the formation of glutathione by particulates from hemolysates 

of rabbit, dog and human subjects. These results are essentially 

a confirmation of the work of Dimant, Landsberg and London (J. 

Biol. Chem., 213, 769 (1955)) who first found this system In 

erythrocytes . 
Experimental 

Blood was obtained by cardiac puncture from rabbits, by 

arterial puncture from dogs and by venipuncture from noi-tlial 

human subjects. Thegythrocytes were separated from plasma by 

centrifugation, washed four' times with cold isotonic saline an4 

then lysed with an equal volume of deionized water. The hemoly- 

sate was then centrifuged at 25,000 x g for 20 minutes in a 

refrigerated Servall' centrifuge and the gel-like pellet was 

separated from the supernatant and resuspended in an equal 

-- volume of Isotonic saline. 

Incubation mixture8 were prepared using 2.5 ml. of re- 

suspended red cell particulate and 2.5 ml. of buffer and addi- 

tives. Both "tr1s"-buffer and phosphate buffer (both O.O5M 

at pH 7.4) were used. 
components: 

The additives consisted of the fallowing 

L-glutamic acid 0 . 008M 
L-cysteine 0 . 008M 

0 .om 
MgSO4 0 .om 
KC1 - . 



glucose, glycogen or 0.03~ 
phosphoglyceric ac id  

2-~14-glycine 

ATP 

0.004M 

0 ~ 0 1 6 ~  

The incubations were carried out in a Dubnoff metabolic 

shaker for 3 hours at 37O C. 
After incubation, the proteins were precipitated with 

cold trichloracetic acid and the supernatant was desalted on 

Dowex 2 resin (OH-form). 

treated with one or two drops of 30 percent hydrogen peroxide 

t o  oxidize reduced glutathione. 

centrated to a small volume (approximately 0.2 ml.) on a 

steam bath and subsequently aliquots were placed on Whatman 

3MM paper for descending chromatography. t-Butanol, formic 

acid and water (75:15:15) was the developing solvent which 

separated 2-C14-glycine (Rf 0.35) from oxidized C14-glutathione 

(Rf 0.08). 

concentrated on the steam bath to a small volume and then 

transferred to stainless steel planchets for radioactive 

determination with an ultra thin-window gas flow OM tube 

(Nuclear). 

Results and Discussion 

The desalted solutions were then 

The solution was then con- 

The glutathione was then eluted ibpm the paper, 

_- 

With 2-C14-glycine, hemolysates of rabbit, dog and human 

subJects synthesized glutathione in vitro. The best results 

were obtained in incubates with phosphate buffer and glucose 

a8 an energy sowoe. This data and findings are listed below. 

Expt. No. Source of  Blood Energy SubstratepM oxldGlutathlone 
and Buffer per ml. Incubate 

1 Dog glycogen,ph-buffer 0.46 
2 Dog glycogen,ph-buffer 0.45 
3 Rabbit g1ucose;trls-buffer 0.32 



4 

7 
8 

Rabbit 0.26 

Rabbic ph-glycerate,  L r r i u - b u f f e r  0.16 
Rabbi t  0.16 

G i uc o s e t :*i 3 -11 uf f er 

ph- g 1 y c c rat e t ?*i :; - b ui'fe r 

Rn bb 1. t g i  iic.a:.e, p h - l ; i f f = . r  0.49 

Human 2, yh-bllfi'er 0.34 

Certain advantages and r1isztlv;iriCiiGt.s are  inherent I n  t h e  I 

g lu ta th ione  b iosyn the t i c  oysten The advantage is t h a t  a s u l f -  

hydryl compound i s  formed, hence I t  is more l i k e l y  t o  be lnf luenc-  

ed by X-radiat ion.  The disadvantage i n  t h i s  system is  t h e  

labor ious  technique i n  i s o l a t i n g  and analyzing the product.  

However, It is t h e  primary purpose of these s tud ie s  t o  f i n d  

a r a d i a t i o n  s e n s i t i v e  enzymic system f i r s t ,  then i t  is  planned 

t o  I n v e s t i g a t e  better methods of a n a l y s i s .  

Since the prel iminary s tudy was e s s e n t i a l l y  a c a r r i e r -  

free a n a l y s i s  of glu ta th ione ,  a t  t h l a  time an iaotope d i l u t i o n  

technique i s  under inves t iga t ion .  Also, I r r a d i a t i o n  s t u d i e s  

are now i n i t i a t e d  t o  s tudy the  inf lueuce  of varying doses of 

t o t a l  body r a d i a t i o n  ( rabbi ts)  on t h e  blosyntheois  of g l u t a -  

th ione  by red c e l l  stroma. 

I n  a d d i t i o n  t o  the above g lu t a th ione  system, a s tudy  

of r a d i a t i o n  effects on nucleo t ide  (ATP and DPN) hydrolyzing 

enzymes i n  red ce l l  stroma has a l s o  been in i t ia te&.  

. 



APPENDIX #5 

Effects of Tot81 Body Radiation on Iron Turnover, 

Platelet Count rnd White Cell Count 

-- 

From the Department of- Radiology, Brylor University College of Medicine, 
Houston, Texas. 
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