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Introduction.

i described in several papers by H evesy1, 2’ 3, it is possible
to use radioactive phosphorus (P 32) in the determ ination of 

the total am ount of circulating erythrocytes in  the organism  by 
labelling the red  blood corpuscles in vitro.

The aim  of the presen t w ork is to point out som e circum 
stances th a t m ight contribute to a m ore ra tiona l view both  on 
the labelling of the red  blood corpuscles and  on the conditions 
for the preservation of constant activity in the blood corpuscles, 
thereby  considering especially the application of labelled blood 
corpuscles in  the determ ination of the blood volum e.

E arlie r investigations by m eans of this m ethod, p rim arily  by 
Hevesy and  collaborators, have show n th a t determ inations on 
the sam e patient can be m ade w ith an  uncertain ty  of 5—10 per 
cent and  th a t the results are consistent w ith blood volum e deter
m ination by  m eans of CO and  T-1824 on norm al persons. Nylin 
and  cow orkers have carried  out num erous experim ents4, 6 w ith 
the P 32 m ethod. Thus, Nylin has determ ined the changes in  the 
circulating of blood before an d  after pulm onectom y and  before 
and  after application of a tou rn iquet to an  extrem ity, w hereby 
the blood volum e in  the lungs and  in a lim b, respectively, could 
be m easured. Owing to special conditions to w hich we shall 
re tu rn  later, this au thor finds that in  the blood corpuscles the 
activity rem ains practically  constant for 1—2 hours, an d  utilizes 
the experience to exam ine the changes in  the blood volum e 
during this period, e. g. in  patients w ith h eart diseases. Kelly 
et. a l. ' have arrived  at results in  accordance w ith those of Nylin. 
Recently Reeve and  V eal8, w hen com paring the results from  
the P 32 m ethod w ith those gained by m eans of the T-1824 m ethod, 
w ere able to show consistency. However, these authors propose
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a technique som ew hat different from  th a t used by H evesy and  
by Nylin. After activation of the blood they rem ove the p lasm a 
previous to injecting the sam ple into the vein. This is done u nder 
the consideration th a t the labelled blood corpuscles alone are 
ind ispensable for the determ ination of the total am ount of 
erythrocytes an d  that, therefore, the presence of the p lasm a in  
activity determ inations is superfluous an d  even harm fu l. In  their 
investigations Reeve an d  Veal find th a t the cleaned erythrocytes 
lose som e of their activity both  in vitro an d  still m ore in vivo, 
the activity decreasing w ith 5 and  9 per cent, respectively, 
w ithin 60 m inutes.

Technique.

In  our experim ents the m easurem ent of the blood volum e 
was carried  out in  the following way. A sam ple of blood from 
a patien t is shaken  in  a bottle containing radioactive phosphorus. 
Shaking should  be perfo rm ed  very cautiously so that the blood 
corpuscles are kept u n d er as physiological conditions as pos
sib le; it has to be done in a therm ostat in  order that the procedure 
m ay pass fairly  quickly, cf. H evesy and  Hahn1. After two h o u rs’ 
shaking the am ount of inactive phosphorus exchanged with 
active phosphorus is so large th a t the activity in the corpuscles 
is abou t the sam e as that in the p lasm a (per cc.). W hen the activ
ated blood corpuscles are injected into the patients vein an d  the 
activity p roduced  in the blood after its com plete m ixture with 
the injected sam ple is m easured, it will be possible from  the 
dilution found to calculate the total am ount of blood corpuscles 
according to the following equation

X =  P ' a"’

w here X is the am ount of blood corpuscles present, p is the 
injected am ount of blood corpuscles, an d  A and  a are the activities 
of the blood corpuscles in  the injected sam ple an d  in the patients 
blood after the mixing, respectively.

T he m easurem ent of the radioactivity  in the sam ples was 
originally carried  out as a determ ination of the activity per 
gram  of phosphorus. The blood corpuscles were destroyed by
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boiling in  nitric acid an d  su lphuric  acid, a certain  quantity  of 
phosphate was added  and , finally, the phosphate was precipitated  
as am m onium  m agnesium  phosphate w ith F iske’s solution. 
A lready in 1945 Nylin suggested to m easure the activity on 
dried  an d  pulverized blood corpuscles. Recently, K. Zerahn9 
has fu rther sim plified the m ethod by m easuring directly on the 
centrifuged blood corpuscles after having placed them  in  cuvettes. 
According to Zerahn, these cuvettes are m ade of a steel ring 
w ith bottom  an d  lid either of cover glass, 0.1—0.2 m m . thick, 
or of thin alum in ium  foil. Having acquired som e experience one 
finds no special difficulties in  filling and  cleaning the cuvettes, 
w hich  is done through one or two holes in  the steel ring. The 
radioactivity  is m easured  w ith an  ap p ara tu s  as described by 
Ambrosen, Madsen, Ottesen , an d  Zerahn10 by m eans of an 
autom atic arrangem ent sim ilar to the one described in th a t paper.

Discussion.

As stated by H evesy et al. in  accordance w ith Halpern, 
Eisenmann et a l.11 an d  Taylor et a l.12, the activation of the 
blood corpuscles is due to an  exchange between the inorganic 
phosphate of the blood corpuscles an d  th a t of the p lasm a, and 
by  an  incorporation  of inorganic corpuscle phosphate into 
organic acid soluble phosphorus com pounds. According to 
H evesy an d  Aten13, both  these processes together are, at least 
in  the beginning, directly p roportional to the difference between

/P 32\  . . .the specific activity [ ^  j of the p lasm a an d  the specific activity

of the blood corpuscles, depending on a constant denoted as the 
penetration  factor a.

It is evident, however, th a t the penetration of P 32 into the 
blood corpuscles m ust be a reversible process, radioactive 
phosphorus from  the p lasm a being exchanged w ith inactive 
phosphorus of the blood corpuscles, an d  vice versa.

This can be expressed m ore clearly by the following equation :

dx =  — b • x • dt +  a • (1 — x) • d t, (2 )

w here it is m erely ind icated  th a t the increase in  activity of the 
blood corpuscles, dx, is the resu lt of P 32 entering the blood
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corpuscles, a - ( l —x), and  of P 32 leaving the blood corpuscles, 
b • x, a an d  b being coefficients for the processes involved and  
1 being the total concentration of P 32 in  the blood.

By integration of equation (2) we obtain

X =
a +  b

C • e— (a + b) t (3)

w here C is a constant;

if X =  0, w hen  t =  0, then  C =  -- , an d  the equation (3 )
becom es

X =
a +  b ( 1 e - ( a  +  b ) t ) ; (4)

if X = — b
1 w hen  t =  0, then  C =  ^ ^  . Subsequently , we obtain

X -r-  • (a  +  b • e— (a + b)t
)• (5)

E quations (4) and  (5) are expressions of the activation process 
in  blood, starting with the total activity presen t in the p lasm a 
an d  in the red  blood corpuscles, respectively. The coefficients 
a and  b can be explained in the following way. W hen X is very 
sm all, p ractically  no radioactive phosphorus will leave the 
corpuscles. From  equation (2) one gets

“  =  a for X =  0; 
dt

a therefore expresses the slope at the beginning of the curve for 
the equation (4). Sim ilarly, we get

=  — b for X =  1,

w hich m eans that — b expresses the slope at the beginning of 
a curve representing the diffusion of P 32 from  the corpuscles 
into the p lasm a (equation  (5)). If, in equations (4) and  (5), 
t =  oo, we get

a
a +  b

X =
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w hich m eans th a t bo th  curves app roach  this value. For 
the special problem  here discussed, a is m uch larger th an  
b since the am ount of exchangeable phosphorus is m uch 
larger in the corpuscles th an  in  the p lasm a. Fig. 1 gives 
three exam ples of curves representing three different sets of 
values for a an d  b.

t im e  in  hours  
Fig. 1. Theoretical curves.

The lower curves illustrate the equation x
a +  b 

1
(1 — e_(a + b)t).

The upper curves illustrate the equation x  =  --------(a +  b e + b *̂).a +  b
Curve A and a  corresponding to a — 0.37, b =  0.03.
Curve B and (3 corresponding to a =  0.30, b =  0.03.
Curve C and y  corresponding to a =  0.17, b =  0.16.

From  these considerations it appears th a t the activation 
process is independen t of the absolute activity of the blood 
corpuscles an d  the p lasm a, bu t dependent only on the relation 
between the activity of the blood corpuscles an d  th a t of the 
plasm a. This m eans th a t the course of the process will not be 
changed w hen fresh blood from  the sam e person is added, in w hich 
case the blood corpuscles and  the p lasm a w ould be equally  
diluted. According to the assum ptions underlying the calculations 
above it m akes no difference w hether the activity is d istributed 
uniform ly in the blood corpuscles or some corpuscles have 
m ore and  some less activity.

If, however, p lasm a or physiological NaCl solution is added
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only, the relation betw een the activity of the p lasm a and  th a t 
of the blood corpuscles will be different and, consequently, the 
course of the process will be changed.

Experimental.

In  o rder to elucidate w hether this theory  is in  accordance 
w ith actual conditions, experim ents in vitro were carried  
out. Newly d raw n blood kept in  paraffinated  bottles to w hich 
h ep a rin  had  been added  was used. After addition  of P 32 of 
negligible weight the bottles were carefully  shaken  in the therm o
stat at 37° C. At convenient in tervals sam ples w ere d raw n and  
sharp ly  centrifuged, an d  the activity of the blood corpuscles and  
the p lasm a was determ ined. Cuvettes of the type described 
previously were used in  these experim ents.

Fig. 2 gives an  illustration of the increase in  activity of the 
blood corpuscles. By m easuring the activity in  percentage of 
the total activity o f the blood, the hem atocrit value is taken  
into account and , therefore, m ore constant conditions are obtained 
for the ind iv idual curves, w hich still, however, show some 
differences. The average curve of 12 such experim ents is shown 
an d  com pared  w ith the theoretical curve for a =  0.37 and 
b =  0.03. Ind iv idual values for four different experim enting 
curves are given as points of various k inds (Fig. 2 a), the expe
rim enting error being about ±  2 °/0. The value of b is obtained 
by draw ing curves on the diffusion of P 32 from  the blood 
corpuscles. F irst, the blood corpuscles are activated; then  the 
blood is sharp ly  centrifuged, the p lasm a rem oved w ith a p i
pette, and  the blood corpuscles are resuspended  in  a cooled 
physiological NaCl solution. This process is repeated  and, after 
a second centrifugation an d  rem oval of the NaCl solution, in 
active p lasm a from  the patien t from  w hom  the blood sam ple 
was d raw n is added. The blood is shaken in the usual w ay in 
the therm ostat, sam ples being rem oved for the determ ination of 
the activity of the p lasm a and  the corpuscles. T he average for 
b as obtained from  two experim ents is 0.03 (Fig. 2 b). Hilde 
L evi14 in her experim ents has obtained curves only slightly 
deviating from  these.

A com parison between the curves in Fig. 2 showrs th a t the



Nr. 1 9

agreem ent between the theoretical an d  the experim ental curves 
is satisfactory. However, the experim ental curve does not rise 
to higher values th an  0.86, while the theoretical m axim um  for 
a == 0.37 and  b =  0.03 is 0.93, according to the above-m entioned

expression --------. This can  be accounted for in  the following

way. W hen exam ining freshly d raw n blood, the am ount of acid

Fig. 2. Experimenting curves.
The lower curves representing Fig. 2 a.
The upper curve representing Fig. 2 b.
The dotted line gives the theoretical curve for a =  0.37, and b =  0.03. 
The full line gives the average values for 12 experiments.
The different points showing individual values of 4 experiments.

soluble phosphorus (w hich includes th a t am ount of phosphorus 
w hich is easily exchangeable w ithin the tim e of observation) 
in the p lasm a and  the blood corpuscles is found  to be about 
38 an d  3 mg °/0, respectively. These figures are in  good agreem ent 
w ith the values found for a an d  b. But in  the course of 4 h o u rs’ 
incubation at 37° C. som e of the phosphorus com pounds of 
the blood corpuscles are  destroyed w ith the resu lt th a t the 
am ount of inorganic phosphate of the p lasm a is increased to

about 5 m g°/0,. T his phenom enon dim inishes the re la tion  —, and

consequently  the curve does no m ore rise to the sam e level.
T hus, it seems p robab le  th a t the blood in vitro reacts as 

calculated  from  the theoretical considerations. Indeed , if som e
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activated blood is m ixed with a larger am ount of inactive blood 
an d  the activity of the blood corpuscles is investigated, it is 
found that the changes of the activity are not influenced by 
this dilution w hich does not change the relative activities of the 
p lasm a and  the blood corpuscles.

Different results are obtained w hen these proportions are 
changed, for instance by diluting the p lasm a w ith physiological 
NaCl solution, as show n in Fig. 3. Curve 2 m akes it clear that 
if so m uch NaCl solution is added  that the activity of the p lasm a

I
decreases to — of the activity of the blood corpuscles, the

activity of the blood corpuscles rem ains constant. If only ha lf 
as m uch NaCl solution is added , the activity of the blood cor
puscles is hard ly  changed either. If we dilute w ith still less 
NaCl solution, the activity of the blood corpuscles continues to 
increase, though m ore slowly th an  before. If we dilute so highly

th a t the activity of the p lasm a decreases to less than  ~  of the
20

activity of the blood corpuscles, the corpuscles will lose some activity 
until a balance is restored (Fig. 3, 3). These experim ental results 
are in agreem ent w ith the theoretical considerations outlined above.

W hen attem pting to utilize these experiences at the ap 
plication of the radioactive blood corpuscles in the determ ina
tion of the blood volum e in vivo we find th a t the blood after 
activation for two hours is not yet in balance, i. e. the activity 
of the blood corpuscles is still increasing. On injection in the 
vein, the radioactive blood will be diluted w ith inactive blood 
of the sam e com position, w hereby the activation process will not 
be affected. However, a special circum stance has to be taken  
into consideration, viz. the activity of the p lasm a w hich  is 
p resent m ain ly  as inorganic phosphate will, after the injection, 
d istribute not only over the plasm a, bu t also over the extracellu lar 
fluid and the activity will decrease correspondingly. If  we follow 
the activity of the blood corpuscles and  of the p lasm a after 
injection of the activated blood, we find that the activity of the 
blood corpuscles rem ains constant during the first hou r (cf. 
also (5 )), while the activity of the p lasm a even after com pletion 
of the m ixing continues to decrease very rap id ly  during the first 
10 m inutes; from  then on the activity still decreases, though at
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a slower rate. The steep decrease in the p lasm a activity during 
the first 10 m inutes, w hich is show n in Fig. 7, is an  expression 
of the exchange of inorganic phosphate between p lasm a and  
extracellular fluid (cf. H ah n  an d  H e v e s y 1j). T hus the activity 
of the p lasm a in the course of a very short tim e will decrease 
to about one fifth of the activity of the blood corpuscles, and 
according to results show n in Fig. 2 and  3 the activity of the

tim e in  hours
Fig. 3. Curves showing the effect of diluting.

1) 5 cc. labelled blood to 30 cc. inactive blood. (Experimenting error ± 2  °/0)
2) 20 cc. labelled blood to 50 cc. phys. saline. ( — — ± 2 ° /0)
3) 20 cc. labelled blood to 250 cc. — — ( — — ± 5 °/0)

Hematocrit value 44°/0.

blood corpuscles will consequently  rem ain  alm ost unchanged. 
The activity of the p lasm a, however, will, as m entioned above, 
continue to decrease as a resu lt of the interchange of the p lasm a 
phosphate w ith in tracellu lar phosphate and  through excretion.

If  the activity of the p lasm a decreases m uch  below one tenth  
of the activity of the corpuscles, then  the latter will dim inish  
som ewhat. As already  m entioned, R e e v e  an d  V e a l  proposed 
to rem ove the p lasm a from  the blood corpuscles prior to the 
injection. Following this p rocedure, as w as to be expected, a 
loss of activity is observed in  one hour.

As m entioned before, it can be show n th a t blood kept in  a 
therm ostat undergoes a change. If  we follow the experim ental 
curve in  Fig. 2 for 8—10 hours, we see th a t it deviates still m ore 
from  the theoretical curve. Fig. 4 shows how  the curve now
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begins to fall, reaching quite a new  balance w hich rem ains 
constant for m ore than  48 hours. This fall precedes any 
hem olysis, since in  m ost cases no red-colouring of the p lasm a 
can be observed until after 10 h o u rs’ shaking, w hen it begins 
very faintly  an d  then  increases steadily. Neither does one see 
any  changes in the hem atocrit value nor on the red  blood picture. 
The phenom enon m ust be regarded  as an expression of changes

Fig. 4. Curves showing labelling of the red blood corpuscles.
•  fresh blood.
x blood stored at 37° for 270 min.
A blood stored at 37° for 470 min.
O blood activated for 37° for 90 min., replacing the plasma 

with inactive plasma.

inside the blood corpuscles, in the first p lace p robab ly  w ith 
regard  to the sensitive enzym atic system regulating the p hosphory la
tion processes. This is also ind icated  by an accom panying steep 
increase in inorganic phosphate of the p lasm a, as show n in 
Table 1.

A closer exam ination of these conditions shows that the 
decrease in  the activity of the blood corpuscles is directly depen
dent on the tim e during w hich the blood is kept at 37° C. If  the 
blood corpuscles were p laced in  a therm ostat for 4 hours before 
addition  of P 32, and  then  shaken , the resu lt is seen on Fig. 4, 
w hich also shows the course of the activation w hen the blood 
before activation w as kept in a therm ostat for 8 hours. A curve 
like th a t does not reach  beyond the values corresponding to the 
secondary balance.
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The shape of the activation curve of the blood corpuscles 
treated  w ith P 32 thus indicates a w ay of estim ating the extent to 
w hich the blood is changed during storage.

It might, however, be th a t such a change was p roduced  as 
a consequence of the fact that the blood consum ed some su b 
stance im portan t for the processes involved. Here, one m ight

tim e  in  hours
Fig. 5. Activity curves showing the effect of glucose.

Dotted line representing blood to which glucose was added during incubation. 
Full line representing blood to which no glucose was added.

th in k  of oxygen, for instance. However, as the bottles containing 
the blood are m ade so as to secure an  am ple supp ly  of oxygen, 
no analysis of the air was perform ed. A nother substance, the 
presence of w hich is of equal im portance in this respect, is glu
cose. As is well know n, the glucose content of the blood decreases 
ra th e r rap id ly  during incubation  at 37°. This is show n in Table 1 
w here glucose content of the blood is seen to fall from  about 
80 %  to about 20 %  in the course of a few hours. The effect of 
an  addition of glucose to the blood is also show n by Table 1, 
w hich  dem onstrates th a t the presence of a high concentration 
of glucose in  the blood reduces the loss of P 32 by the cor
puscles. But even if the loss of glucose is rep laced , the corpuscle 
activity still decreases as shown in Fig. 5 indicating that some 
change has taken  place in  the blood.

If blood is stored at room  tem peratu re  for 24 hours we obtain
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T a b l e  1.

With Glucose Without Glucose

Min. P
mg'/.

Glucose
mg0/„ Min. P

mg »/.
Glucose 
mg %

0 2.9 70 0 2.9 70
77 29 77 54

137 3.1 25 137 3.3 156
316 4,7 316 4.4
441 8.7 441 6.0
515 14.7 515 8.2
563 25 563 150

an activation curve sim ilar to th a t of blood kept at 37° C for 
8 ho u rs; if however, glucose is added  in suitable am ounts, the 
activation curve is found  to be identical to that ob tained  for 
freshly draw n blood, dem onstrating that no irreversib le change 
takes place w ithin 24 hours at room  tem perature.

It is not surprising  that glucose p lays an im portan t p art in

9  blood with heparin.
O blood with acid citrate-glucose solution, 
x blood with 3 °/0 citrate.
A blood with 2 °/00 fluoride.

the activation o f the corpuscles as glycolytic processes are invol
ved in the incorporation of P 32 into the organic acid soluble 
phosphorous compounds. In an experiment in which fluoride
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was added  to the blood the ra te of in trusion of P 32 into the blood 
corpuscles was found  to be m uch reduced. This is show n in 
Fig. 6, w hich also dem onstrates the behaviour of blood containing 
3 °/0 citrate or acid citrate-glucose solution, respectively. None of 
these substances seem to influence the interchange m echanism  of 
the corpuscles.

Conclusion.

From  the results above, the following conclusions m ay be draw n. 
To obtain a constant activity of the blood corpuscles, the activity 
of the blood corpuscles m ust be about 10 tim es as large as the 
activity of the plasm a (per cc.).T his equilib rium  can  be tem porarily  
obtained in vivo by injecting blood of alm ost equal activity of 
the blood corpuscles an d  the plasm a, since the activity of the 
p lasm a decreases after an  exchange with the extracellu lar fluid. 
According to Fig. 2, an  activation of about 2 hours at 37° C. is 
requ ired  to obtain this ratio  betw een the activities in the blood. 
It appears, however, th a t blood in vitro kep t at 37° C. g radually  
undergoes a change, so that a shorter tim e of activation is prefer-

Fig. 7. Curves showing the activity of the blood corpuscles (full line) and the 
plasma (dotted line) following injecting in  vino.

A following injection of blood labelled for 120 min.
B following injection of blood labelled for 75 min.
C following injection of blood labelled for 40 min.

able. By activating for one hour, only, the activity of the p lasm a 
appears to be relatively too high in  the beginning, bu t in  the 
course of some minutes it decreases sufficiently not to cause an
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increase in activity of the blood corpuscles, due to the continual 
cellu lar up take an d  excretion of phosphate. If, however, the blood 
is activated for h a lf  an  ho u r only, the activity of the p lasm a 
will cause an  increase in  the activity of the blood corpuscles 
(Fig. 7). Still, it is possible to reduce the tim e of activation con
siderab ly  by rem oving some of the activity of the p lasm a. This 
can be done by centrifuging the blood, as suggested by R e e v e  
an d  V e a l . But while these authors w ash the corpuscles in  cooled 
physiological saltw ater to rem ove all the p lasm a, thereby  easily 
dam aging the red  blood corpuscles, the above considerations 
seem  to indicate th a t it is m ore reasonable to rem ove only the 
greater p a rt of the p lasm a after very delicate centrifugation. 
W hich  m ethod is to be p re ferred—either activating for one 
h o u r or activating for about 20 m inutes and  centrifuging of the 
blood — will depend  upon the results to be obtained  in vivo by 
each m ethod.

Summary.

1. Theoretical considerations in connection w ith the deter
m ination of the blood volum e by  m eans of erythrocytes labelled 
with P 32 are p u t forw ard, and  their correctness tested by m easure
m ent of the ra te of interchange betw een p lasm a an d  blood 
corpuscles in experim ents carried  out in vitro.

The results obtained  perm it a satisfactory explanation of the 
data  ob tained by various experim enters.

2. The ra te  of loss of P 32 by the activated corpuscles was 
found  to increase m arkedly  in blood incubated  at 37° for m ore 
th an  5 hours. Addition of glucose reduces the rate of loss of 
P 32 by the corpuscles.

3. The m ost favourable w ay of obtaining labelled corpuscles 
is discussed.

The present investigations w ere carried  out at the University 
Surgical Clinic C., Copenhagen, and  at the Institute for Theoretical 
Physics, U niversity of Copenhagen. I w ish to th an k  the heads 
of these institutions, Professor E. D a h l - I v e r s e n  an d  Professor 
N ie l s  B o h r  for their continuous interest and  encouragem ent. 
I am  especially indebted  to Professor G. H e v e s y  for most v a lu 
able guidance an d  advice th roughout the w ork.
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