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IN!TRODUCTION 

To date twelve pereons have received t o t a l  body i r radiat ion.  m e  of 

these patients have received two courses. 

t o t a l  torso i r r sd ia t ion .  

generator, EVL=3. 

lower balf of the body, an ter ior  and posterior. The target akin distance in 

all caaes was about 290 cm and the dose rate was between 5 and 7 r/min. 

general, coproporphyrin excretion, serum lipoprotein levels,  and formed d e -  

One patient is included who mceived 

Radiation was done with the 1 blev General Electr ic  

3mm Pb, and WBS delivered through four porte, upper and 

In 

ments of the peripheral blood were measured. 

major studies was not perfomed. 

I n  a few imtances one of the 

A l l  persons receiving t o t a l  body i r rad ia t ion  were pat ients  a t  the Memorial 

Center, with widespread cancer# However, no pereon showing biochemical evi-  

dence of renal  or hepatic dysfunction was included in the inveetigetive 

group nor w4s any pereon included who showed evidence of bone marrow 

impiment . 
Bo person included in the ser ies  had received x-ray therapy or chemotherapy 

f o r  a t  l ea s t  si< weeks pr ior  t o  the pres&-; investigatSon. Patients were 

selected who had no complaints referable to' their dieease proceee. 

The t o t a l  dose delivered rfmged frm 20 r t o  150 r; all b e e r  were laeaeured 

I n  air a t  tbe mid-plane of the body. Calcul8tione of volme Qses are not 

.yet campletad and at beet W i l l  be approximations because of the varying 

aoterior-poeterior diameter from head to foot.  

completed before publlcatlon of tbie work- 

Such calculations will be 

?or purposee of organisation, this report will be aivided into four parte: 

1. Clinical  observations. 2. Hematological and Coproporphyrin studies. 3. 

Lipoprotein studies . 4. Electrolyte etudies. 
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1- CLINICAL OBSERVATIONS 

Patients receiving more than 50 r t o t a l  body l r rad la t ion  complained of 

weakneee one t o  two hours following i r radiat ion.  Thie complaint ,pereieted for 

the f irst  twenty-four hours +a th l r ty-s ix  hours. It l e  difficult to know vh8t 

ro le  the  physical and peychlc rlgore of the I r rad ia t ion  played In  the production 

of t h l e  complaint. It l e  f e l t  that this is not the only reaeon, becauee thoee 

receiving lower &see did not complain of weakness. 

Only three persons experienced any naus2c. an& womlting. Onset of nausea 

me within one how following completion of radiation. Vomiting ueually 

star ted two  t o  three hours thereafter. In  one patient,  ( C . W . ) ,  the  vomiting 

eubeided epontaneousiy wf.thin eight houre but s i l d  mueea and anorexia per- 

sieted f o r  24 hours m One patient, (M.D. ) , bad rather  eevere oBueea and 

vomiting f o r  the f irst  48 t o  72 hours post-irradiation. 

medication. 

Thie eubeided without 

The patient again experienced eevere D.aeea and vamiting on the 

6th, 7th and 8th days; however, t h l e  followed the oral &Inletration of 

tracer amounte of C14 labeled Trytophane, uhlch bad produced vomiting on a 

prevlous adminletration. The third patient,  (B.C.),  i w h  severe mwea sad 

v d t l n g  that on the third day it uae deemed neceeearyto give Thorazine, 25 

81x patient8 developed revere thrombocytopenia. The nmdmum effect oc- 

.currlng about 28 days post-lmt%%atlon (more detailed diecueelon Vill be found 

t o  not8 t ha t  the f irst  three of theee had eubeequent radiation therapy fa brgs 

ports between the time they received total  body I r radiat ion and the time they 

showed a thrombocytopenia. The l a t t e r  three patlente had received C l t h e r  

*Hemorrhagic tendencies . 
#Rot otbervise Included in this  report, having been i r radiated so recently that 

complete data are not available. 
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t o t a l  body i r rad ia t ion  (A-MacA-) or nitrogen mustard therapy two m n t b  or 

more before t o t a l  body Irradiat ion (M.D. and W-J.). 

ell had normal peripheral blood counts pr ior  t o  receiving t o t a l  body irradia- 

t ion.  With the  exception of J.N., who received 75 r t o t a l  body i r radiat ion,  

all were given 120 r or more. 

The latter three patients 

The incidence of symptomatology and thmmbocytopenla (2) in this 

ser ies  is lese than  t h a t  reported amongst those exposed in the W e h a l l  

Ielands, even though the aosee &a reported are about comparable. Theme dif-  

ferences may be due t o  a real’difference In volume dose, the time over which 

the dose was delivered, cr the bone marrow depression from the isotope ingee- 

t ion.  

be due to,  or be augmented by, the  duet ingested. 

The severe nausea and vomiting reported In this group could comeivably 

Two case8 of lymphosarcoma (A.MacA. and D - R . )  h d  dramatic regreasion of 
a 

their  dieeaees. 

neoplastic process 

Theee were the  only cases that showed any change In  the  

2. EGMATOLOGY AND COpROy(3wPHXRIN STUDIES 

INTRODUCTION. The e f fec t  of ionizing radiation on the formed elements of 

the blood has been the subject of investigation for many years and t h e  results 

of rtudlee in this area b v e  formed the principal  criteria f o r  radiation 

damage. 

the earllest evidence of r sd ia t ion  demage would appear t o  be a decrease in the 

number of c i rculat ing lymphocyte66 The blocd p l a t e l e t s  are next in the  order 

of sencritivity, followed by a decrease in the number of c i rcu la t ing  granulo- 

c y t e ~ .  

Prom the etudlee c i t e d  in the l i t e r a t u r e  and from our own observations, 

Finally, the red klood c e l l a  decrease as the pancytopenic p l c tu r t  1.8 

. develops. 
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It would appear that the fall in the numbers of c i rculat ing mature c e l l s  

I s  recondary t o  damage t o  the reticulo-endothelial eyetem and t o  the bone 

IDBITOW. Conversely, tbere l e  l i t t l e  evidence to eupport the hypothesis that 

the decreaee i s  caused by a d i r ec t  e f fec t  on the c i rcu la t ing  element8 themeelvee. 

RESULTS. From the  experiment8 conducted in thls inveetigation, it l e  

apparent t ha t  the time l ag  between the adminietration of total boay rsdiat ion 

and the f a l l  i n  the circulat ing ce l l a  l e  greater  I n  humane than it l e  in 

experimental animals @ I .  me decrease in the w h i t e  c e u  count i e  8e-m 

appsrent before the th i rd  veek poet-irradiation. 

reach maximal depression before the fourth or f i f t h  week. 

I n  moat c8eei It doe6 not 

The lag i n  p l a t e l e t  depreeeion is even greeter than that cleen in the 

white ce l l e .  

weeke rather  than daya. 

th i r teen  ps t ien ts  studied are presented i n  Figures 1 t o  13. 

noted that ordinate scales are d i f fe ren t  on the various paphe .  

When it occure, however, i t s  duration i s  longer, usually l a s t ing  

Detailed graphs of the hematologic a l te ra t ions  in the 
e 

It ehould be 

The long l.--e span of the mature red blood cell l e  undoubtedly responelble 

for the  very late occurrel3ce of anemia fol&Wing IotdZing l r rad is t lan .  Unlet36 

t o t a l  aplasia  of the red c e l l  precursor6 take8 place, there muet be a lapse of 

one red ce l l  half-life (60 days) before obvioue clinical anrmin could be ax- , 

pcctea t o  occur. 
’. 

i Revioue radiation ineu l t  to the bone marrow, even l n  the pre8-e of 

normal hematological picture, is a r e a l  hazard to the ind$vi&al expoeed t o  

total body radiation. Several of the pat ients  etudied In t h i e  group bob 

received local x-ray t h e r a p  o r  had been exposed t o  eo-cslled “ r e d l ~ ~ i c  

agents” such as nitrogen mustard or t r ie thylene melamine pr ior  fo total bOdY 
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i r radiat ion.  Although a l l  of theu had a normal peripheral blood and bone marrow 

picture pr ior  t o  expoeure, t h e i r  reeponee t o  the doeage administered vas 

def in i te ly  exagerated both In duration and extent.  

Th i s  danger cannot be too etrongly emphasized e w e  we have nc obJective 

c r i t e r ion  t o  date by means of which w e  can predict  the degree of hematological 

reeponee in pat ients  who have received previoue l r rad ls t ion .  

IlVTRODUCTION. I n  8x1 e f f o r t  t o  f ind  a more eenslt lve index of radiation 

e f f ec t  than the formed element8 of the blood, a etudy of the response of the 

precureors of hemoglobin to  ionizing radiation wae begun in our laboratory 

eeveral year6 ago. During the course of t h l e  study It W 8 8  found that the 

excretion of coproporphyrin i n  the urine and i n  the fecee m e  Increased follow- 

ing therapeutic dose level6 of Isotopic o r  l oca l  x-radiatlon(3). This  increase 

occurred at  dooege levels  which did not produce a change In  the formed elements 

O f  the blood. 

The preeent study wa6 begun t o  evaluate this obrervation more c r i t i c a l l y  

and t o  quantitate,  i f  possible, the radiation doeage In ;?me of coproporphyrin 

excretlon 

It l e  not the intent ion of th le  report  t o  give a detailed delrcription of 

the wtaboliern of the porphyrlxm. However, a ehort dlecuerrlon of the rynthseis 

of protoporphyrin IX I s  eeeent la l  to the understanding of the poerlble becbanlmrr 

by whlch the obeerved increase In coproporphyrin excretion l e  groduced. 

Prom I n  Vitro and -- i n  vivo experiments it ha8 been shown that the eyntheeie -- 
of the porplgwln r ing and the introduction of the proathetic g r p u g  m c h  

characterize the epeciflc porphyrina follow immutable and irreverssble lines. 



- 6- 

In the process of eyntheEizing heme found that he could remove 

carboxyl groups from uroporphyrin t o  produce coproporphyrin but that the 

reverse reaction of recarbaxylation was not possible. Similarly, t o  produce 

heme, two carboxyl grmpe are removed from the coproporphyrin r ing  before the 

Introduction of iron. 

bypothesie f o r  the explanation of the presence of the coproporphyrin stereoisomer 

111 during the degradation of hemoglobin after hemolysie. The work of Icmberg(5) 

has conclueively shown, however, that the porphyrin r ing  of the hemoglobin 

molecule l e  opened in the  alpha position before it loeee I ts  Iron. Thus, an 

increaee in coproporphyrin excretion followiag hemolyele cannot be explained 

i n  t h l e  way. 

The reverse of this process has been 8n a t t r ac t ive  

RESULTS. Two independent and physiologically dlselmllar hypotheeee may 

be con~idered as possible e t io logica l  agents i n  the increaeed coproporphyrin 

excretion which follows ionizing i r radiat ion.  

0 

The first is t he  so-called dual hypotheeis of Fieher(4) which e ta tes  that  

for every moiety of porphyrin etereoieomer IXI formed, a mall but  definite 

quantity of etereoieomer I l e  concomitantly eyntheelted. According t o  t h l e  

theory, the  excretion of coproporphyrin I I s  in d i rec t  proportion t o  the  amount 

of hemoglobin produced. Therefore, anything which will 5ncreaee the eyntheeis 

of hemoglobin will a t  the  tame time increase the production tmd comequent 

excretion of coproporphyrin I. Dobriner(5) confirmed this bypatheelm In Me 

experlments w i t h  phenylhydrazine hemolyele i n  dogs when he observed an increase 

in coproporphyrin excretion occurring during the recovery period when the 

reticulocyte count was a t  i t a  maximum. 
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From the present studies it would not appear t ha t  this fac tor  is 

m ~ ~ M i b l e  f o r  the observed increase in coproporphyrin excretion. There 

has been no correlat ion between reticulocyte rise and lncreaee in copropor- 

phyrln excretion in the  patiente who have received t o t a l  body Irradiation. Nor 

has any other evidence of increased hemoglobin arrabolim been observed. 

A eecond poesible mechanism for the increaeed coproporphyrin excretion 

following i r rad ia t ion  can be Been in the lntermedlary metabolism of 

protoporphyrin. Should the reaction: 

Coproporphyrin 111-------------- Protoporphyrin M 
decarboxylase 

be adversely influenced by ionizing i r radiat ion,  the production of hemoglobin 

would decrease and an excess of coproporphyrin If1 followed by increased 

excretion of this porphyrin vould reeul t .  Moreover, the increase in copro- 

porphyrin excretion would take place during the period of maximal redlation 
.a 

ef fec t  ra ther  than d u r i w  the recovery phase. 

, It Is this second mechanism which is considered t o  be responeible for the 

increaeed ooproporphyrln excretion observed in these studies. 

3. LIPomimms!ruDIEs 

REASON FOR SmrTz. In rabblte receiving Bevere vhole body i r ra8iat ion,  

an early b x e a s e  in the eerum tu rb id i ty  (caused by chylomicrone) l a  prognorflc 

of lethal damage. 

at thle t h e ,  one to two day8 after the i f iab ia t ion ,  there l e  a block I n  the 

serial conversion of larger to amallel. lipoproteine vhich i o  a part of tbe 

I L O ~ ~ I  rattransport eystem(7) since heparin is involved in the "cl~aring 

Detailed lipoprotein anelyees or euch  era have shown thet 

- 

factor" mechanism vhich i s  responsible for this conversion, heparin def ic lcrry * has been suggested. 



Changes i n  l i p i d  traneport following eevere whole body i r rad ia t ion  have 

nleo been observed I n  dogs(8) 

e f fec t  of therapeutic doses on the eerum lipoproteins of patients.  

It therefore eeemed important to determine tbe 

METHOPS. Fasting blood eamplee are taken before I r radiat ion and one, 

three, and six days afterward. Additional eamples are taken after further 

interval8 of time, whenever It l e  coneidered neceeeary. !be @ e m  i e  checked 

for tu rb id i ty  I n  the epectrophotorneter at  65 mu, and etored at hoc. with tbe 

addition of 1:10,000 methiolate for not more then two weeke. 

of the lipoprotein8 7.05 m l .  of 8 e m  are mixed with 3.45 m l .  of NeC1 (density 

1.1855) t o  give a solvent density of 1.063. 

preparatlve u l t r a c e n t r i f u p  f o r  16 hours a t  40,000 R.P.M. at about 5OC.  

lipoproteins of density l e se  t k n  1.063 which are concentrated In the top 

layer, are  Tollected with a hypodermic needle and epecially designed eyrlnge(9), 

and transferred t o  a 5 m l .  graduate. 

t e i n  content meaeured from the s ize  of the f lo t a t ion  boundaries obtained in 

the  ana,;rtical I,ltracentrifuge by the Gofman technique. 

l e  eeparated in to  3 fractions,  Sf 2 - 10, Sf U - 20, and 6f 21 - lD0. Oc- 

casionally a fourth component, Sf  100 - &O, I s  observed. The calculations 

are lPsde by the procedure deecribed I n  1952(1°). 

detennined(ll) in the whole  em and In  the lipoproteine of deaelty greater 

than 1.063, (found In the  lower l a p r e  of the  centrifuge tubee), and the "low- 

4cneity l ipoprotein choleeterol" calculated by Ufference. 

h - d e m i t y  l ipoprotein choleeterol levele  have usually been fairly clam to 

ane-third the t o t a l  low-density l ipoproteins meaeured In the ultracentrifuge. 

 hie agrees with the known chemical composition of these lipoproteins. 

For the eeparatlon 

Themlutione are then run in the 

The 

0 
The volume 18 recorded and the llpopro- 

The l lpoproteln epectrum 

The t o t a l  cholseterol l e  

The calculated 
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It bas therefore not seemed necessary t o  measure the low-density cholesterol 

direct ly ,  since this  would PecesEitate t- considerably la rger  ramplee of 

blood 

RESULTS. The reeulte obtained on the individual pat ients  are ehown in 

Figures 14 through 27. 

neither of whom showed c l i n i c a l  signe of radiat ion damage, the lipoprotein 

levels remained constant within the errore of the method. Four patients, 

(JON., O.D., B.C. and M.D.), showed ear ly  change6 indicative of increased 

clearing fac tor  ac t iv i ty ,  and two patients,  (A.MacA., aad C.LeC.), showed 

decreaeed ac t iv i ty .  

patient or the  nature of his  disease. 

In two patiente, (V.M., 120 r, and Y.D., 20 r) ,  

No diet inct ion could be made e i the r  on the  sex of the  

In f i v e  patients,  ( M O H O ,  J.N., AIMacA.,  B.C. ,  and M.D.), l ipoprotein 

analyses were &s a t  a time when c l i n i c a l  signs of radiatio,rl damage were 

present. 

t i o n  with the direct ion or extent of the l ipoprotein changes seen immediately 

after the inl t ia l  t r c  tment. This was not t o  be expectel: since most of t h e e  

patiente had received additional radiation after day 6 and the development of 

c l i n i c a l  egmptome. 

* 
Four had some elevation in clear ing ac t iv i ty .  There vas no correla- 

DISCUSBION. The changes in ierum lipoproteine vhlch appear after them- 

. peutic b e e s  of i r rad ia t ion  are of couree not ae c lea r  c u t  ae the cbangee 8een 

I 

In anha3.a crfter lethal doses. 

t o  have decreased on the third day following treatment, while in others an 

appannt imreaee  was Been. 

balance betveen lipids added t o  and removed f m  t he  circulation, It would 

appear that the doses ueed In these patiente can cause this balance to 8- 

I n  ~ o m e  pat ients  clearing a c t i v i t y  nppeared 

Siace the circulatillg lipoproteine represent the 

.a 
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sometimes one way and t3ametimee the other. 

of mdlat ion the l i p i d  traneport system is usuaUy bedequrte ror i t 8  losa(3). 

Whether thle I s  the resul+, of e deficiency in the t r u p o r t  or an owr3- 

of the eystem I s  s t i l l  unknown. Atheroeclerosle f e  produced in rabbits by 

feeding massive dosee o f  cholesterol t o  tbeae norapally herblverws m l m a l s .  

Aleo, the plaema lipoproteins of the dog differ greatly from thom of the  

human, the dog having a much larger proportion of the  l ip id  present 819 

alpha l ipoprotein.  

In rabbite receiving l e tba ldoeee  

The many l i p i d  and l ipoprotein studies now being camled 

out on W a l e  i n  connection with s tudies  of atberoecleroels ere therefore 

frequently c r i t i c i zed  ae not being applicable t o  human phyeiology. Since the 

lame cr i t ic ism might be leveled a t  studiee of lmadla t ion  e f f ec t s  on the Upo- 

protein metabolism of a n h a l e ,  one valuable result of the present rtudy I t 3  the 

observation that the lipoprote'n cbangee found in humane noon after I r rad ia t ion  

may be similar t o  those seen In animals. 

a 

The second observation of importance la tha t  aliwret every pat ient  wbo 

rhbwed hemorrhagic tendencies aad CL thrombocytopenia bad an Increase In  cles~w 

factor a c t i v i t y  at  that time. A l l  pat ients  who had bleeding tendencies bad 

thmobocytopenia of suf f ic ien t  eeverl ty  fa account for the m ~ ~ r r h a g l c  m m l -  

feshtione obeerved. If the lncreared clearing factor act iv i ty  8-11 in t b r e  

.ptrtitnte ie a r e s u l t  of e hyperbcparioda, I t  reinforces t h e  ruggeetion that 

poet-ifiadiatlon hemorrhage may be the n s u l - b  of an increase in c i rcu la t ing  

heparin I n  ad!iltlon to ,  or aeeaclated Wifb, the thFoprboc)rtonanis. 

4, EUETROLYTE STUDIES. Electrolyte t r saefcre  acros8 the 'men of the  bowel 

have been measured for various l eveb  of the  dog bowel. 
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EXPERIMENTAL METHODS. Chronic Wry-Vel la  loops(12) of the appropriate 

remeat of bowel were surgically prepared. 

cm. in length and were taken from the  mid-portion of the  respective mgions. 

Colon loopp were about 15 cm. i n  length. The length was determined by select-  

ing a seepoent wbich was driined by one major vessel. Tbe c d s  of the loop were 

then anastomosed t o  the skin as f i s t u l a  sites. 

ing bowel wae established by end t o  end anastomosis. 

Jejunal and i leal  segments wm 30 

The continuity of the remain- 

All experiments were performed under intravenous pentothal anesthesia, 

5 mg./kg. of body w t .  

i n to  each end of the isolated loop and the balloons suf f ic ien t ly  Inflated BO 

ae t o  prevent leakage of 

not t o  B degree which m i g h t  compromise the blood supply of the eeeplent. 

thls arrangement solutions could be introduced a t  one end and withdrawn o r  

collected a t  the other end i n  a controlled manner. 

In  a l l  experiments #24 Foley catbetere were introduced 

f l u i d s  introduced in to  the lumen of the gut, but 

With 
0 

Sodium concentration in the  collected samples was determined by means of 

a standard flame photomet&3) or on a l a 1  sclrW.l&ion counter when Na24 

was ueed. 

of the Sendroy method(14) and C% was measured in a Van Slyke appa~ltus(1-5). 

l?a24and &* were u t i l i zed  t o  measure direct ional  a W t  of s w u m  or 

potassium in to  the perfusate from the plasma or the disappearance of the Ion 

Fran the perfusate. Solutione used for perfwion leotonic -04, 

Fblyvynalpyrolldon (W-0) , or mixtures of e lectrolytes  of varying concentration8 

maiatalned a t  i so tonic i ty  by MgsO4 and MgC12. 

Chloride determinations were according to  Van Slyke's modification 

Irradiat ions w e r e  done using 250 IN x-ray8 (HVL 2.0 mm cu.). Loops vere 

localized w i t h  barium perfusion and l a t e r a l  and anterior-posterior diagnoetic @ 
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films. Each i r rad ia t ion  was so designed ae t o  include the en t i re  isolated 

loop b u t  t o  keep the Irradiat ion t o  the normal bowel a t  a minimum. 

done so that there would be no radiation-induced vomiting o r  diarrhea t o  alter 

the plasma electrolyte  balance. 

This VBE 

RESULTS AND DISCUSSION. The mechanisms of transport  of e lectrolytes  in 

the Je3unum and Ileum are qual i ta t ively the same though quantitatively different ,  

and hence resu l te  of the experiments w i l l  be diecussed together. 

If isotonic o r  hypertmlc M@O4 I s  introduced in to  the  lumen and i s  

sampled as a function of time the electrolyte  concentratlone are found t o  

Increase reaching a constant and characterietic level.  

l eve l  i s  between 130 and 140 meq/L and i s  eesent ia l ly  equal to the plasma 

concentrations- Chloride paral le le  the sodium and exceeds plaema levels  of 

chloride. Equilibrium is  reached i n  about 90 minutee as is shown i n  Figure 

In the  JeJunum this 

0 
23. A similar r i s e  I s  Been I n  the Ileum with N a  l eve ls  reaching approximately 

120 meq/L and the C 1  rising t o  only one-half the sodium value. Bicarbonate I s  

' h e  other cat ion present. 

The exponential form would suggest that the rate of Ba shilt In to  the bowl 

I s  conatant and t ha t  the tranefer from the lumen t o  the plasma l e  proportional 

to the  concentration of sodium i n  the  lumen(16t17@). Such an a n a l y e l o  gives 

rise t o  the equation: 
I?a = K1 (1 - e - e t )  

vhere: Na Sodium concentration in the  lumen at  aqy tlme, t. 

K1 
I$ = r a t e  of Na sh i f t  out of the lumen. 

rate of Na e h i f t  Into the  lumen. 
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The value of K1 can be obtained from the slope at  the origin and the 

value of $ then calculated from the equilibrium concentration. The theoret ical  

curve obtained from such a calculation l e  a l s o  'shown In Figure 27. 

To ver i fy  the dynamic nature of this equilibrium, a mixture of electrolytes  

of composition ident ica l  with the equilibrium mixture was Introduced in to  the 

lumen. 

eodim which t h i s  ac t iv i ty  represented was calculated from the  plasma e p c i f i c  

The r a t e  of appearance of Ha24 was measured and tbe meq. of plaema 

ac t iv i ty .  

Figures 28 and 29. Also shown I n  Figure 29 is  the calculated curve and the slope 

Results of a typ ica l  JeJunal and i l e a l  experiment are shown in 

of the or igin is indicated. 

The isolated loop may be perfused with MgS04 or other eolutions of salt 
r a t e s .  

mixtures a t  varying perfusion/ In both JeJunum (Fig. 30) and Ileum (Fig. 31) 

the concentration of e lectrolytes  in the collected perfusate decreases with 
e 

Increasing perfusion rate. 

the reciprocal of the perfusion r a t e  (min./cc). a l inear ly  increasing re la t ion  

l e  obtained indlcating the.\ the concentration of e lectrolytes  in the coUecird 

If the concentration l e  plotted as a function of 

perfueate I s  di rec t ly  proportlonal t o  the time which the  perfusate i s  in con- 

t a c t  v i t h  the bowel w a l l .  

Dogs w e r e  given twenty-four hours before experiments were performed 

t o  p!rmit equi l ibrat ion of the t r ace r  with the ex t race l lu la r  eodium. 

were then perfueed a t  a conetant rate ( L e 5 8  cc/min.) vith solutione containing 

hope 

varying concentrations of eodim. 

appropriate amount of MgSO4. 

The ton ic i ty  was kept constant v i t h  the 

Total sodium (Nai) put Into the lumen could be 

calculated from the concentration,aa measured on the  flame photometer,tlmee 

the volume perfused. Similarly the t o t a l  sodium in t he  collected perfusate '0 



(Nao) may be calculated from the flame photometer measurement of the concen- 

t r a t ion .  

obtained from the CPM in the collected perfusate divided by the plaema specific 

The t o t a l  plasma sodium ehifted in to  the lumen  nap,^ ) may be 

ac t iv i ty .  

Clearly, the t o t a l  sodium i n  the collected perfusate i s  equal to  the  

t o t a l  sodium perfueed plue the  mount ehlfted in to  the lumen fkwn the phema 

minue whatever sodium wae shifted back Into the plaema from the lumen (N%-p) 

Hence, we obtain the equation: 

Nao = Nei - Na Na 
L-P P -L 

where : 
Nao= t o t a l  eodium in the collected perfueate 

Nai= t o t a l  sodium i n  perfusing solution 

NaL-p total sodium ehifted from lumen to the p h m a  

 nap,^ = t o t a l  eodium ehifted from plsema to the lumen 

A U  quantit iee in this equation can be measured d i r ec t ly  except f o r  

NaL-*. 

eodim in and out of the  lumen can be measured. 

The equatio1 may be eolved for this quantity, and hence the ah i f t e  of 

Figures 32 and 33 ohow tbt 

in both jedunum and ileum the  t ransfer  of e04ium f r o m  the  lumen t o  the  plaema 

i e  d i rec t ly  proportional t o  the concentration of eodium within the  lumen, and 

the o h i f t  of sodium from body etores into the lumen 1s Independent of the 

concentration within the bowel. 

Electrolyte  hnnrUing in the colon l e  markedly W e r e n t ,  in that coocen- 

t r a t i o n  gradiente can be maintained acroee the colonic r n c ~ s a ( ~ g ) .  !be most 

crtriking feature of tbe colon is the large water absorption when ieotonic 

solutions are introduced. 
+* 
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Ieotonic eolutions containing varying concentration6 of potaeaium tagged 

with &2 were Introduced in to  the ieolated loop and eampled a8 a function of 

time. The count6 per minute of any eample when divided by the initial epeclf4.c 

ac t iv i ty  are a meaeure of the meq/L of initial potaesium remaining. 

potaeeium could be measured on the flame photumeter . 
t o t a l  potaeeium roee e l igh t ly  regardlees of the concentration which vae Intro-  

duced and the potaeeium which WBB introduced f e l l  e l ight ly  

calculations similar t o  thoee outlined above, the total  potaeeium e h l f t  can be 

meaeured. 

plasms wae found t o  be proportional t o  the  concentration of potassium ins t i l l ed .  

The technique6 do not permit any etatement t o  be made about the  plama t o  

lumen t ransfer .  Becauee of the marked water absorption, better methods of 

meaeurinr e lectrolyte  t ranefer  must be worked out. 

The t o t d  

I n  all experiment8 the 

(Fig. 34). Ueing 

In  all cases the total  potaeeium sh i f t ing  from the  colon in to  the 

0 
Becauee of the  extemive work which wae required t o  develop technique6 

f o r  the etudy of the normal nhyslology of the inteet ine,  only preliminary 

Fsdiation e t i i e e  have been done. 

b e e s  of 500 and 1000 r have shown no qual i ta t ive ctangee in e lec t ro ly te  

tramfer mechnnlems. QuaLtitative dl ferencea do e r i e t .  no def in i t ive  etate-  

meat can be made at t h i a  t h e  a8 t o  the magnitude of t h e e  ewe. 
. s t  higher &Bee, where exteneive &amage l e  &ne t o  the gut epltbellum, breakdown 

of t m e p o r t  mecbanism may occur. 

Xeolated loape of JeJunum and ileum receiving 

I 

Moreover 

t 

! 
BUMK4RY AND COlVCLUSIOIos 

1. Thirteen patient8 have been studied following t o t a l  body i r rad ia t ion  

with doees ranging from 20 -150 r wing al terat ione in the formed element8 of 

t he  blood, coproporphyrin excretion in t h e  urine, and chenges in the serum 

lipoprotein levele 88 objective c r i t e r i a .  



2. There was a decreaee i n  the formed elements of the blood v i th  the  time 

of fa l l  being in the order of lymphocytes, platelete ,  and granulocytee. 

maximum depreeeion occurred at  about the fourth week after l f iad ia t ion  In con- 

The 

Waet t o  the experimental animal data which ehow a maximal Qpreeeion in the 

formed elemente of the blood a t  two weeke. !Ithe degree of dapreeelon vae more 

~cvere in patiente who bad received previoue total  body I r rad ia t ion  or 

"rabiomimetlc" drugs. 

the mil i tary se t t ing  and tha t  pereons who have received one expoem in the  

range of 100 r ehould not be re-exposed within a t  l eae t  6-8 weeks. This is 

- not a coneervative ee tba t e  and fur ther  inveetigation along t h l e  l i n e  all be 

pureued . 

It l e  f e l t  t tvst  t h i e  i s  of considerable importance in 

3 .  Increaeed coproporphyrin excretion in the  urine hae not been a 

eyetematic find ng. When it does occur the  increaee occure within the f i r e t  

f e w  days and in some t.mtancee within the first f e w  houre. In general, even 

thoi-gh +.he l eve l  of excretion in a y  24 hour period did not exceed the upper 

limit of normal, the Integral  excretion poet-irradiation was increased. 

is fe l t  that radiat ion damage blocke the  aecarboxylatlon of coproporphyrin III 

t o  pro toporp l~ ln  fx with a eubecquent increeme in the excretion of copropor- 

phyrin III. 

0 '  

It 

4. It is probable that the obeervatione on serum l ipoprotein lev& in 

anhale following t o t a l  body Irradiat ion may be car r ied  over t o  man thou@ the 

time malea may be different. Almos t  every pat ient  who developed a tibraboo-. 

cytopenia aseociated with a bleeding tendency ehowed en increaee in claar ing 

factor a t  that  time. 
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5 .  The rate of transport of electrolytes into the lumen of the dog 

bowel i s  conetant and independent of the concentration within the lumen. Tbe 

rate of absorption from the lumen is  proportianal t o  the concentration within 

the lumen i n  the JeJunum and ileum. 

aeeociated with water absorption. Preliminary etudiee would auggeet that 

Irradiation altere theee mechanieme qualitatively but not quantitatively. 

Maximal act iv i ty  In  the colon is 
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INTRODUCTION 

To date twelve persons have received t o t a l  body irradiation. Three of 

these patients have received two courses* 

t o t a l  torso i r radiat ion.  

generator, HVL=3. 

lower half of the body, anter ior  and posterior. 

a l l  cases was about 290 cm and the dose ra te  was between 5 and 7 r/min. 

general, coproporphyrin excretion, serum lipoprotein levels,  and formed ele-  

ments of the peripheral blood were measured. 

mador studies wae not perforaed. 

One patient is included who received 

Radiation was done with the 1 MeV General Electric 

3mm Pb, and was delivered through four ports, upper and 

The target  skin distance in 

I n  

In a f e w  instance8 one of the 

- 

All persons receiving t o t a l  body i r radiat ion were patients a t  the Memorial 

Center, with widespread cancer. 

dence of renal  or hepatic dysfunction was included in the investigative 

group nor was any person included who showed evidence of bone marrow 

impairment. 

However, no person showing biochemical evi- 

No person included in the series had received x-ray therapy or  chemotherapy 

f o r  a t  least s i x  weeks prior t o  the present investigation. 

selected who had no complaints referable t o  t h e i r  disease process. 

Patients were 

The t o t a l  dose delivered ranged from 20 r t o  150 r; a l l  doses were measured 

in air  a t  the mid-plane of the body. 

yet completed and a t  best  w i l l  be approximations because of the  varying 

anterior-posterior diameter from head t o  foot.  

completed before publication of t h i s  work. 

Calculations of volume doses a re  not 

Such calculations w i l l  be 

For purpoees of organlzation, %hie report will be divided in to  four psr ts :  

1. Clinical  observations. 2. Hematological and Coproporphyrin studies. 3. 

Lipoprotein studies. 4. Electrolyte studies. 
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1 CLINICAL OBSERVATIONS 

Patients receiving more than 50 r t o t a l  body i r rad ia t ion  complained of 

weakness one t o  two hours following i r rad ia t ion .  

the f irst  twenty-four hours t o  t h i r ty - s ix  hours. 

ro le  the  physical and psychic r igors  of the  i r r ad ia t ion  played in the  production 

of t h i s  complaint. 

receiving lower doses did not complain of weakness. 

This complaint persisted f o r  

It is d i f f i c u l t  t o  know what 

It is f e l t  t ha t  t h i s  is not the only reason, because those 

Only three persans experienced any nauasc and Tromiting. Onset of nausea 

was within one how following completion of radiation. Vomiting usually 

- s t a r t ed  two t o  three hours thereaf ter .  In one patient,  (C.LeC.), the vomiting 

subsided spontaneously wi-thin eight  hours but a i l d  naueea and anorexia per- 

s ie ted  f o r  24 hours. One patient,  (M.D.), had rather severe nausea and 

vomiting f o r  the f i r s t  48 t o  72 hours post-irradiation. This subsided without 

medication. 

6th, 7th and 8 th  days; hoiiever, t h i s  followed the o r a l  administration of 

t r ace r  amounts of C14 labeled Trytophane, which had produced vomiting on a 

previous administration. 

The pat ien t  again experienced severe n a u ~ e a  and vomiting on the 

The th i rd  pat ient ,  (B.C.), had such severe nausea and 

vomiting that on the t h i r d  day it was deemed necessary t o  give Thorazine, 25 

mgm, i . m .  t . i .d.  and, hence, nothing can be said of the subsequent symptomatology. 

S ix  patient8 developed severe thrombocytopenia. The maximum ef fec t  oc- 

curring about 28 days post- i r radiat ion (more detailed diecuseion will be found 

in the following sect ion) .  

tendencies, (J.N., M.H.,* B.C.,* A.MacA.,* M.D., and W.J.+#) .  

Of these six patients,  four developed hemorrhagic 

It is Important 

t o  note that the first three of these had subsequent radiat ion therapy t o  large 

ports between the time they received t o t a l  body i r r ad ia t ion  and the time they 

showed a thrombocytopenia. The la t te r  three pa t ien ts  had received either 

*Hemorrhagic tendencies. 
#Not otherwise included i n  th i s  report, having been irradiated so recently t h a t  

complete data are not  available.  
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t o t a l  body i r rad ia t ion  (A-MacA.) o r  nitrogen mustard therapy two months o r  

more before t o t a l  body i r radiat ion (M.D. and W.J.). 

a l l  had normal peripheral blood counts pr ior  t o  receiving t o t a l  body i r radia-  

t ion.  

a l l  were given 120 r or more. 

The latter three patients 

With t h e  exception of JON., who received 75 r t o t a l  body irradiation, 

The incidence of symptomatology (1) and thrombocytopenia (2) in this 

seriee is less than that reported amongst those expoeed in the Marshall 

Islands, even though the doses c a  reported are  about comparable. These d i f -  

ferences may be due t o  a .--.a1 difference i n  volume dose, the time over which 

the dose was delivered, or  the bone marrow depreselon from the isotope inges- 

t ion.  

be due to,  o r  be augmented by, the duet ingested. 

The severe naueea and vomiting reported i n  th i e  group could conceivably 

Two cases of lymphosarcoma (A.MacA. and D.R.) had dramatic regression of 

t h e i r  diseases. These were the only caees that showed any change i n  the 

neoplastic process. 

2. HEMATOLOGY AND COPROPORPHYRIN STUDIES 

INTRODUCTION. The e f fec t  of ionizing radiation on the formed elements of 

the blood has been the subject of investigation f o r  many years and the r e s u l t s  

of studies in t h i e  area have formed the principal c r i t e r i a  f o r  radiation 

damage. 

the e a r l i e s t  evidence of radiation damage would appear t o  be a decrease in the 

number of c i rculat ing lymphocytes. 

From the etudiee c i t ed  in the l i t e r a tu re  and from our own obeervations, 

The blocd p la te le t s  are next in the order 

of sensi t ivi ty ,  followed by a decrease i n  the number of c i rculs t ing granulo- 

cytes. Finally, the red blood c e l l s  decrease as the pancytopenic picture 

develops 
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It would appear t ha t  t h e  f a l l  in t he  numbers of c i rcu la t ing  mature c e l l s  

is secondary t o  damage t o  the  reticulo-endothelial  syetem and t o  the bone 

marrow. 

the decrease is caused by a direct effect on the  c i rcu la t ing  elements themselves. 

Conversely, there i s  l i t t l e  evidence to s u p w r t  the hypothesis thst 

RESULTS. From the experiments conducted i n  t h i s  investigation, it is 

apparent t h a t  the time lag between the administration of t o t a l  body radiation 

and the f a l l  in the c i rcu la t ing  c e l l s  i s  greater i n  humans than it I s  i n  

experimental animals ('1. The decrease in the  white ce l l  count i s  seldom 

apparent before the  t h i r d  week post-irradiation. 

reach maximal depression before the fourth o r  f i f t h  week. 

In most case8 it does not 

The l a g  i n  p l a t e l e t  depression is even greater than t h a t  seen i n  the 

white cells. 

weeks rather than days. 

t h i r t een  pat ients  studied are presented in Figures 1 t o  13. 

noted tha t  ordinate scales  are d i f fe ren t  on the various graphs. 

The long life span of the mature red blood c e l l  i s  undoubtedly responsible 

When it occurs, however, i t s  duration is longer, usually l a s t ing  

Detailed graphs of the hematologic a l t e r a t ions  in the  

It should be 

f o r  the very late occurrence of anemia following ionizing i r r ad ia t ion -  Unless 

t o t a l  ap las ia  of the red c e l l  precursors takes place, there must be a lapse of 

one red c e l l  half- l i fe  (60 days) before obvious c l i n i c a l  anemia could be ex- 

pected t o  occur. 

Previous radiat ion i n s u l t  t o  the bone marrow, even in the presence of a 

normal hematological picture,  i e  a real hazard t o  the individual exposed t o  

t o t a l  body radiation. 

received l o c a l  x-ray therapy o r  had been exposed t o  so-called "radiomimetic 

agents" such as nitrogen mustard o r  t r ie thylene  melamine pr ior  t o  total  b W  

Several of the pa t ien ts  studied in this group had 
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i r rad ia t ion .  

picture pr ior  t o  exposure, t h e i r  response t o  the  dosage administered was 

Although a l l  of theln had a normal peripheral  blood and bone marrow 

def in i te ly  exags ra t ed  both in duration and extent .  

This danger cannot be too strongly emphasized since we have no obJective 

c r i t e r i o n  t o  date by means of which w e  can predict the degree of hematological 

response in pat ien ts  who have received previous i r rad ia t ion .  

INTRODUCTION. In an e f f o r t  t o  f ind  a more sensi t ive index of radiation 

e f fec t  than the formed elements of the  blood, a study of the response of the 

precursors of hemoglobin to  ionizing radiat ion was begun in our laboratory 

several  years ago. 

excretion of coproporphyrin in t he  urine and i n  the  feces was increaeed follow- 

ing  therapeutic dose levels  of isotopic o r  l o c a l  x-radiation(3). This  increase 

occurfed a t  doeege levels  which did not produce a change in the formed elements 

of the blood. 

During the course of t h i s  etudy it was found that the  

The present etudy was begun t o  evaluate t h i s  obeervation more c r i t i c a l l y  

and t o  quant i ta te ,  i f  possible, the radiat ion dosage i n  terms of coproporphyrin 

excretion 

It is  not t h e  intent ion of this r e p r t  t o  give a detailed description of 

the  metabolism of the porphyrins. 

of protoporphyrin I X  is essen t i a l  to  the understanding of the possible mechanisms 

by which the observed increase i n  coproporphyrin excretion is produced. 

However, a short  discussion of the  synt tes ie  

From i n  v i t r o  and in vivo experiments it has been shown tha t  the synthesis 

of the porphyrin r ing  and the introduction of the prosthetic groups which 

characterize the specif ic  porphyrine follow immutable and i r reversable  l ines .  
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I n  the process of synthesizing heme Fisher(') found t h a t  he could remove 

carboxyl groups from uroporphyrin t o  produce coproporphyrin bu t  t h a t  the 

reverse react ion of r eca rbay la t ion  was not possible. Similarly, t o  produce 

heme, two ca rbowl  grmps are removed from the coproporphyrin r ing  before the 

introduction of iron. 

hypothesis for the  explanation of the presence of the coproporphyrin stereoisomer 

III during the  degradation of hemoglobin a f t e r  hemolysise The work of Lemberg(5) 

The reverse of t h i s  process has been an a t t r ac t ive  

has conclusively shown, however, t h a t  the porphyrin r ing  of the  hemoglobin 

molecule i s  opened i n  the  alpha posit ion before it loees i t s  i ron.  Thus, an 

increase in coproporphyrin excretion following hemolysis cannot be explained 

in t h i s  way. 

RESULTS. Two independent and physiologically dissimilar hypotheses may 

be considered as possible e t io logica l  agents in the  increased coproporphyrin 

excretion which follows ionizing i r rad ia t ion .  

The f i r s t  i s  the  so-called dual hypothesis of Fisher(4) which states t h a t  

fo r  every moiety of porphyrin stereoisomer III formed, a small bu t  def in i te  

quantity of stereoieomer I i s  concomitantly synthesized. According t o  t h i s  

theory, the  excretion of coproporphyrin I i s  in d i rec t  proportion t o  the  amount 

of hemoglobin produced. Therefore, anything which w i l l  increase the synthesis 

of hemoglobin w i l l  a t  the  same time increase the production and consequent 

excretion of coproporphyrin I. 

experiments with phenylhydrazine hemolysis in dogs when he observed an increase 

i n  coproporphyrin excretion occurring during the recovery period when t h e  

ret iculocyte  count was a t  i t s  maximum. 

Dobriner(5) confirmed t h i e  hypothesis in h i s  
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From the  present stuLLie8 it would not appear t ha t  this f ac to r  is 

responsible f o r  the observed increase in coproporphyrin excretion. 

has been no corre la t ion  between ret iculocyte  rise and increaee in copropor- 

There 

phyrin excretion in the  pat ients  who have received t o t a l  body i r rad ia t ion .  

has any other  evidence of increased hemoglobin anabolism been observed. 

Nor 

A second POsBible mechanism f o r  the increaeed coproporphyrin excretion 

following i r r ad ia t ion  can be seen in t h e  intermediary metabolism of 

protoporphyrin. Should the reaction: 

Coproporphyrin 111-------------- Protoporphyrin I X  
decarboxylase 

be adversely influenced by ionizing i r radiat ion,  the production of hemoglobin 

would decrease and an excess of coproporphyrin I11 followed by increased 

. excretion of t h i s  porphyrin would r e su l t .  Moreover, the increase i n  copro- 

porphyrin excretion would take place during the period of maximal radiation 

effect rather thsn  during the recovery phase. 

It is t h i s  second mechanism which is coneidered t o  be responsible f o r  the 

increased coproporphyrin excretion observed in these studies. 

3. LIPOPROTEIN STUDIES 

REASON FOR STUDY. In rabbits receiving severe whole body i r rad ia t ion ,  

an ea r ly  increase in the serum turb id i ty  (cawed by chylomicrons) is prognostic 

of le thal  damage. 

a t  th i s  time, one t o  two days after the i r rad ia t ion ,  there is a block i n  the 

ser ia l  conversion of la rger  t o  smaller l ipoproteins which i e  a par t  of the 

normal fa t  transport system(7) Since heparin i e  involved in the "clearing 

factor" mechanism which is responsible f o r  t h i s  conversion, heparin deficiency 

Detailed l ipoprotein analyses of such Beta have shown tha t  

has been suggested. 
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Changes i n  l i p i d  transport following severe whole body i r radiat ion have 

also been observed i n  dogs(8). 

effect  of therapeutic doses on the serum lipoproteins of patients.  

It therefore seemed important t o  determine the 

METHODS. Fasting blood samples are  taken before i r radiat ion and one, 

three, and s i x  days afterward. Additional samples are  taken a f t e r  fur ther  

intervals  of time, whenever it is considered necessary. 

fo r  turbidi ty  i n  the spectrophotometer a t  65 mu, and stored a t  4OC. with the 

addition of 1:10,000 methiolate f o r  not more than two weeks. 

of the lipoproteins 7.05 m l .  of serum are  mixed with 3.45 ml. of NaCl (density 

1.1855) t o  give a solvent density of 1.063. 

preparative ultracentrifuge for  16 hours a t  40,000 R.P.M. a t  about 5OC. The 

lipoproteins of density l w e  than 1.063 which are concentrated i n  the top 

layer, are  collected with a hypodermic needle and specially designed syringe(9), 

and transferred t o  a 5 m l .  graduate. 

t e i n  content measured from the s ize  of the f lo ta t ion  boundaries obtained i n  

the analyt ical  ultracentrifuge by the Gofman technique. 

i s  separated Into 3 fractions,  Sf 2 - 10, Sf 11 - 20, and Sf 21 - lo@. 
casionally a fourth component, Sf 100 - 4C0, i s  observed. 

are  made by the procedure described i n  1952(10). 

determined(l1) i n  the whole serum and in the lipoproteins of density greater 

than 1.063, (found i n  the lower layers of the centrifuge tubes), and the "low- 

density lipoprotein cholesterol" calculated by difference. 

low-density lipoprotein cholesterol levels  have usually been f a i r l y  close t o  

one-third the t o t a l  low-density lipoproteins measured I n  the ultracentrifuge. 

This agrees with the known chemical composition of these lipoproteins. 

The serum i s  checked 

For the separation 

Themlutions are then run in the 

The volume i s  recorded and the lipopro- 

The lipoprotein spectrum 

Oc- 

The calculations 

The t o t a l  cholesterol I s  

The calculated 
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It has therefore not seemed necessary t o  measure the low-density cholesterol 

directly,  since t h i s  would necessitate taking Considerably larger  samples of 

blood 

RESULTS. The resu l t s  obtained on the individual patients are shown i n  

Figure8 14  through 27. 

neither of whom showed c l in i ca l  signe of radiation damage, the lipoprotein 

levels remained constant within the errors of the method. Four patients, 

( JIN- , 0.D , B - C  and M.D ) , showed ear ly  changes indicative of increased 

clearing factor  act ivi ty ,  and two patients, (A .MacA , and C .I&. ) , showed 

decreased ac t iv i ty .  

patient o r  the  nature of h i s  disease. 

I n  two patients, (V.M., 120 r, and Y.D., 20 r) ,  

No dis t inct ion could be made e i the r  on the sex of the 

In f ive  patients,  (M.H., J.N., AIMacA., B.C., and M.D.), l ipoprotein 

analyses were made a t  a time whea c l in i ca l  signs of radiation damage were 

present. 

t ion  with the direction or  extent of the  lipoprotein changes seen immediately 

a f t e r  the i n i t i a l  treatment. 

patients had received additional radiation after day 6 and the development of 

Four had some elevation in clearing ac t iv i ty .  There was no correla- 

This was not t o  be expected, since most of these 

c l i n i c a l  eymptome 

DISCUSSION. The changes i n  serum lipoproteine which appear a f t e r  thera- 

peutic doses of i r radiat ion a re  of course not as  c lear  cut  ae the  changee seen 

i n  animals a f t e r  l e tha l  doses. 

t o  have decreased on the 3.,Alrd day following treatment, while i n  others an 

apparent increase was seen. 

balance between l ip ids  added t o  and removed from the circulation, it would 

appear tha t  the dosee used i n  these pat ients  can cause this balance to swing 

In some patients clearing ac t iv i ty  appeared 

Since the circulat ing lipoproteins represent the 
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sometimes one way and sometimes the other.  

of radiat ion the l i p i d  traneport  

Whether t h i s  is the result of a deficiency i n  the transport  o r  an overloading 

In rabbi ts  receiving lethal doses 

syetem is usually inadequate f o r  i t s  load(3). 

of the syetem Is s t i l l  unknown. Atheroscleroeie is produced in rabbite by 

feeding maesive doses of choleeterol t o  these normally herbiverous animals. 

Also, the plasma lipoproteins of the dog differ great ly  from thoee of the 

human, the dog having a much larger  proportion of the  l i p i d  preeent as 

alpha l ipoprotein.  The many l i p i d  and l ipoprotein studiee now being carried 

out on animals in connection with s tudies  of atheroecleroels are therefore 

frequently c r i t i c i z e d  as not being applicable t o  human physiology- Since the 

same criticism might be leveled a t  studiee of irradiation effects on the  l ipo-  

protein metabolism of animals, one valuable r e su l t  of t he  present study is  the 

observation t h a t  the  l ipoprotein changes found i n  humans soon after i r rad ia t ion  

may be similar t o  thoee Been I n  animals. 

The second obeelrvation of importance is tha t  almost every pa t ien t  who 

ehowed hemorrhagic tendencies and a thrombocytopenia had an increase i n  c lear ing 

f ac to r  a c t i v i t y  a t  that time. A l l  pat ients  who had bleeding tendencies had 

thrombocytopenia of suf f ic ien t  severi ty  t o  account f o r  the hemorrhagic mad- 

fee ta t ions  observec?. If the  increased clear ing f ac to r  a c t i v i t y  seen i n  these 

ps t len te  is a r e su l t  of a hyperheparinemia, it reinforces the euggestion that 

post-Irradiat ion hemorrhage may be the reeul'; of an increase in c i rcu la t ing  

heparin in ad4itlon to ,  o r  aseoclated with, the  throabocytownia. 

4. ELECTROLYTE STUDIES. Electrolyte t ranefers  acroes the lumen of the bowel 

have been measured for  various levels of the dog bowel. 
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EXpERlMENTIiL IdEZHODS Chronic Thiry-Vella loops(12) of the  appropriate 

segment of bowel were surgical ly  prepared. 

cm. i n  length and were taken from t h e  mid-portion of the respective regions. 

Colon loopp were about 15 cm. i n  length. 

ing a segment which was drained by one major vessel .  

then anastomosed t o  t h e  skin as f i s tu la  sites. 

ing bowel was established by end t o  end anastomosis. 

Jedunal and i l ea l  segments were 30 

The length was determined by select-  

The ends of the loop were 

The continuity of the  remain- 

All experiments were performed under intravenous pentothal anesthesia, 

5 mg./kg. of body w t .  

i n to  each end of the  i so la ted  loop and the balloons auf f ic ien t ly  inf la ted  80 

as t o  prevent leakage of any f l u i d s  introduced i n t o  the lumen of the gut, b u t  

not t o  a degree which might compromise the  blood supply of the segment. Wit3 

t h i s  arrangement solutions could be introduced a t  one end and withdrawn o r  

col lected a t  the other  end i n  a controlled manner. 

In a l l  experiments #24 Foley catheters  were introduced 

Sodium concentration i n  the  col lected samples was determined by means of 

a standard flame photometer(l3) or  on a NaI a c i n t i l l a t i o n  counter when Na24 

was used. 

of the Sendroy method(14) and C02 was measured i n  a Van Slyke apparatus(l5).  

Chloride determinations were according t o  Van Slyke's modification 

24 Na and K42 were u t i l i zed  t o  measure d i rec t iona l  shift of mdium o r  

potassium i n t o  the  perfusate from the  plasma o r  the disappearance of the ion 

from the perfusate. 

Polyvynalpyrolidon ( W?) , o r  mixtures of e lectrolyte8 of varying concentrations 

maintained a t  i so tonic i ty  by MgSO4 and MgC12. 

Solutions used f o r  perfusion were ieotonic MgS04, 

I r rad ia t ions  were done using 250 kv x-rays (HVL 2.0 mm cu.). Loops were 

localized wi th  barium perfusion and lateral  and anterior-posterior diagnostic 

Washington National Record Center 
Oilice of  the Army Surgeon General 
Record Group 112 
Accession #: 6W 2 161 
Box#: 123 



-12- 

films. Each I r rad ia t ion  was so designed a s  t o  include the en t i r e  i so la ted  

loop b u t  t o  keep the i r rad ia t ion  t o  the  normal bowel a t  a minimum. This was 

done so that there  would be no radiation-induced vomiting or  diarrhea t o  alter 

the plasma e lec t ro ly te  balance. 

RESULTS AND DISCUSSION. The mechanisms of transport  of e lectrolytes  In 

the jejunum and ileum are qual i ta t ively the same though quant i ta t ively different ,  

and hence r e s u l t s  of the experiments w i l l  be discussed together. 

If isotonic  or  hypertmic MHO4 is introduced in to  the lumen and is 

sampled as a function of time the e lec t ro ly te  concentration6 are found t o  

increase reaching a constant and charac te r i s t ic  leve l .  I n  the  jejunum this 

level  i s  between 130 and 140 meq/L and is essent ia l ly  equal t o  the plasma 

concentratione. 

chloride.  

Chloride pa ra l l e l s  the eodium and exceeds plasma leve ls  of 

Equilibrium is reached in about 90 minutes as is shown in Figure 

23. A similar rise I s  seen in the  ileum with Na leve ls  reaching approximately 

120 meq/L and the C1 r ie lng  t o  only one-half the sodium value. Bicarbonate is 

t he  other  cat ion present. 

The exponential form would suggest t h a t  the rate of Na s h i f t  In to  the bowl  

is constant and t h a t  the t ransfer  from the lumen t o  the plasma i e  proportional 

t o  the  concentration of sodium in t he  lumen(16?.17r18). Such an analysis gives 

rise t o  the equation: 
N8 IC1 (1 - @ - W )  

rr, 
where: Na Sodium concentration in t he  lumen a t  any time, t. 

K1 
% = rate of Na s h i f t  out of the lumen. 

rate of Na s h i f t  In to  the  lumen. 
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The value of K1 can be obtained from the slope a t  the or ig in  and the 

value of Q then calculated from the equilibrium corcentration. 

curve obtained from such a calculat ion is a l s o  shown in Figure 27. 

The theore t ica l  

To ver i fy  the dynamic nature of t h i s  equilibrium, a mixture of e lec t ro ly tes  

of composition ident ica l  with the equilibrium mixture was Introduced In to  the 

lumen. The rate of appearance of Na24 was measured and the meq. of plasma 

sodium which t h i s  a c t i v i t y  represented was calculated from the plasma speecific 

ac t iv i ty .  

Figures 28 and 29. 

R e s u l t s  of a typ ica l  je junal  and i l ea l  experiment are shown in 

Also shown in Figure 29 i s  the calculated curve and the slope 

of the or ig in  is indicated. 

The i so la ted  loop may be perfused with MeSOb o r  other  solutions of salt 
rates. 

mixtures a t  varying perfusion/ In both jejunum (Fig. 30) and ileum (Fig. 31) 

the concentration of e lec t ro ly tes  in the col lected perfusate decreases with 

increasing perfusion rate. 

the reciprocal  of the perfusion rate (min./cc) a l inear ly  increaeing re la t ion  

is obtained indicat ing that the concentration of e lec t ro ly tes  in the col lected 

If the concentration is plot ted as a function of 

perfusate is d i rec t ly  proportional t o  the time which the perfueate is in con- 

t a c t  with the bowel wall. 

Dogs were given Na24 twenty-f our hours before experiments were performed 

t o  permit equi l ibrat ion of the t r ace r  w i t h  the  ex t race l lu la r  eodium. Loops 

were then perfueed a t  a constant rate (1.58 cc/min.) with solutions contaicing 

varying concentrations of eodium. 

appropriate amount of M@O4. 

The ton ic i ty  wae kept constant with the 

Total  sodium (Nai) put i n t o  the lumen could be 

calculated from the concentration,as measured on t he  flame photometer,times 

the  volume perfused. Similarly the t o t a l  sodium in t he  col lected perfusate 

1 - --- - - --- - ---- - 
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(Nao) may be calculated from the flame photometer measurement of the concen- 

t ra t ion .  

obtained from the  CPM in the collected perfusate divided by the  plasma specific 

ac t iv i ty  

The t o t a l  plasma sodium shifted in to  the lumen (Nap-L ) may be 

Clearly, the t o t a l  sodium ia  the collected perfusate is equal to  the 

t o t a l  sodium perfused plus the amount shif ted in to  the lumen from the plasma 

minus whatever sodium was shif ted back into the plasma from the lumen (NaL,p). 

Hence, we obtain the equation: 

Nao = Nai - Na Na 
L-P P -L 

where: 
Nao= t o t a l  eodium in the  collected perfusate 

Nai= t o t a l  sodium in perfusing eolution 

NaL-p t o t a l  sodium ehifted from lumen to  the plasaa 

Nap-L = t o t a l  sodiwn shif ted from plasma t o  the lumen 

All quantit ies in t h i s  equation can be measured d i rec t ly  except f o r  

NaL,p. 

sodium in and out of the lumen can be meaeured. 

in both jejunum and ileum the t ransfer  of sodium from the lumen t o  the  plasma 

is  d i rec t ly  proportional t o  the concentration of sodium within the lumen, and 

the s h i f t  of sodium from body stores into the lumen i e  independent of the 

concentration within the bowel. 

The equation may be solved f o r  t h i s  quantity, and hence the sh i f t s  of 

Figures 32 and 33 show tha t  

Electrolyte handling in the colon is markedly different ,  i n  that  concec- 

t r a t ion  gradients can be maintained acrosa the colonic m u c ~ e a ( ~ g ) .  

s t r ik ing  feature  of the colon is the large water absorption when isotonic 

solutions are  introduced. 

The most 
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Isotonic solutions containing varying concentrations of potassium tagged 

with K42 were introduced into the  isolated loop and sampled a8 a function of 

time. 

ac t iv i ty  are a measure of the  meq/L of i n i t i a l  potassium remaining. 

potaseium could be measured on the flame photometer. 

t o t a l  potassium rose s l i gh t ly  regardless of t h e  concentrcition which was in t ro-  

duced and the potassium which ~ 8 6  introduced f e l l  s l i gh t ly  

calculations similar t o  those outlined above, the t o t a l  potassium shift can be 

measured. 

plasma 

The techniques do not permit any statement t o  be made about t h e  plasma t o  

lumen t ransfer .  

measuring e l ec t ro ly t e  t ransfer  must be worked out. 

The counts per minute of any sample when divided by the  i n i t i a l  specific 

The t o t a l  

In a l l  experiments the 

(Fie. 34).  Using 

- In  a l l  casos the t o t a l  potaseium sh i f t i ng  from the colon i n t o  the 

found t o  be proportional t o  the concentration of potaseium i n s t i l l e d .  

Becauee of the marked water absorption, better methods of 

Because of t he  extensive work which was required t o  develop techniques 

f o r  the study of the normal physiology of the in tes t ine ,  only preliminary 

radiat ion s tudies  have been done. 

doses of 500 and 1000 r have shown no qual i ta t ive  changes i n  electrolyte 

t ransfer  mechanims. Quant i ta t ive differences do exist. No def in i t ive  e ta te -  

ment can be made at  t h i s  t h e  as t o  the magnitude of these changes. 

a t  higher doses, where extensive damage 16  done t o  the gut epithelium, breakdown 

of t ransport  mechanism may occur- 

Isolated lo@ps of jeJunum and ileum receiving 

Moreover 

SUMMARY AND CONCLUSIONS 

1. Thirteen pat ients  have been studied following t o t a l  body i r rad ia t ion  

wi th  doses ranging from 20 -150 r using a l te ra t ions  i n  the  formed elements of 

t h e  blood, coproporphyrin excretion i n  the  urine, and changes In the serum 

lipoprotein leve ls  as objective criteria. 
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2. There was a decrease in the formed elements of the blood with the time 

of f a l l  being i n  the order of lymphocytes, platelets ,  and granulocytes. 

maximum depression occurred a t  about the fourth week after i r radiat ion in con- 

t r a s t  t o  the experimental animal data which show a maximal depression in the 

formed elements of the  blood a t  two weeks. 

severe In patients who had received previous t o t a l  body i r radiat ion o r  

"radiomimetic" drugs. 

the mili tary se t t ing  and tha t  pereons who have received one exposure i n  the 

range of 100 r should not be re-exposed within a t  least 6-8 weeks. Th i s  is 

- not a conservative estimate and fur ther  investigation along this l ine  w i l l  be 

pursued 

The 

The degree of depression was more 

It is f e l t  that this  is of considerable importance i n  

-. 

3 .  Increased coproporphyrin excretion in the  urine has not been a 

syetematic finding. \hen it does occur the increase occurs within the  f i rs t  

few days and i n  some instances within the f irst  few hours. In  general, even 

though the leve l  of excretion in any 24 hour period did not exceed the upper 

l i m i t  of normal, t he  in tegra l  excretion post-irradiation was increased. It 

is f e l t  tha t  radiation damage blocks the decarboxylation of coproporphyrin I11 

t o  protoporphyrin IX with c subsequent increase in the excretion of copropor- 

phyrin 111. 

4. It i s  probable t h a t  the observations on serum lipoprotein levels in 

animals following t o t a l  body i r rad ia t ion  may be carr ied over t o  man though the 

time scales may be different .  Almost every patient who developed a thrombo- 

cytopenia associated with a bleeding tendency showed an increase in clearing 

factor  a t  t ha t  time. 
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5. The r a t e  of t ransport  of e l e c t r o l y t e s  i n t o  the lumen of the dog 

bowel i s  conetant and independent of the concentration within the lumen. The 

rate of absorption from the lumen i e  proportional t o  the concentration within 

the lumen in the Jejunum and ileum. 

aeeociated with water absorption. Preliminary s tudiee would suggeet that 

i r r a d i a t i o n  a l t e r e  these mechanisms q u a l i t a t i v e l y  but not quant i ta t ively.  

Maximal a c t i v i t y  in the colon i s  
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