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We heve rensoned that the diversion of a portion of the bloo flow

through aa extracorporeal shunt in an irrndiation field would be helpful

in the study oft

Radiation response of circulatin elements in the peripheral

blood.

b.

C.

Radiation injury of circulating plasma proteins.

Kinetics of blood call production (particularly the lympbo-

cyte fanily).

d. mer-rr of selected leurenian in nninals and nan.

e. Cardiac -rtput and flow through selected organs by radioisotopic

techniques .

Cur first : -per demonstrated the innction of a lynphopenin by ir-

radiation of the blood in an extracorporeal field (1). The second paper

descrihed a hep-rin lyhocytosis an its nechanisa of prnd-ction (2).

The third paper describes the pumping technique in detail < 3) and this 

paper consiers the radistion dosimetry of partial extracorporenl circula

tion of blood through a radiation field.

EKPHRIMKNTAL DESIGN:

Details of the experimental set up hare been zuablished (1,3. For

orientation, a schematic iagram and photographs of the experimental set

up are presented in Figure 1.

The flow rate through the shunt is 300 nl per minute. The dose

rate is approximately 300 r per minute. The transit tine through the ir-

radiation field is about 3 minutes.



Mr—aclatMf:

R total cardiac output

V blood volume of animal i.e. internal circulation volume.

is the wait of time. Hun as the tine taken for a

cell to traverse the external circuit.

volme of external circuit.

This is also numerically equivaleat to the rate of flow

through the externm1 circui t because of the choice of unit

time defined above.

n cells these are the cells in the internal circuit that have

traversed the external circuit n times.

in the following two considerations »f the problem, it is assumed

that:-

a) There is no longitudinal interchange of ce11s in the external

circuit. This is equivalent to postulating that the cells leaving the ex

ternal circuit at time t transits are the same ones that entered at time 

t— I transits.

b) There is instantaneous and uniform mixing in the body. That is

to say that a particular cell having traversed the external circuit and

having just reentered the body has an equal probability i—tri lately there

after of reentering the external circuit.

The work of Nylin and Celander (4> describes a method for the deter-

mination of the "General Dilution Curve", D(t), for erythrocytes in the 

pulmonic portion of the total circulation. Its relationship to the circu

lation time distribution function is shown by the following considerations.
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I(t)at is the fraction of cells haviug circulation time between t

and t•At. It is, then, the ratio of the nuuaber of tagged cells passing

the obsecration point on their first circuit between t and t•At to the

total nmber of tagged cells passing the observation point on their first

circuit. Mathematically, this is expressed by

I(t)At • _DGt)At____
/00 D(t) dt

) teo

l(t) and D(t) differ enIv by a normelization factor that makes

l(t)dt equal to unity 
t=O

Consideration I

I(t) - is the circulation time distribution function from right ventricle

to right ventricle avoiding the external circuit.

L(t)ac - is the fraction of cells having a circulation tine between t and

J(t) - is the circulation time distribution function from external circuit

to external circuit.

N - is the total number of cells per unit volume in the right ventricle.

Fn(t) - is the fraction of n-cells in the right ventricle at tine t.

The total number of n-cells Lenving the right ventricle per unit time at

%(t) - N • R • (1)

Of these, the number that originated in the right ventricle between time

t -P and t -(P• and did not pass through the external circuit is

FnCt-P) • (R-r) • N • I(P)aP • (2)



Note thnt I(P)a P by definition of the circulation time distribution function 

is the fraction of cells having circulation time (fror right ventricle to 

right ventricle, avoiding the external circuit) between times P and P+ A P,

Similarly the number of these cells that originated in the right ven-

tricle betwren time t-Q and t- (Q•6Q) and did pass through the external cir

cuit is
Fn<t-Q) • r • N . J (QAQ (3)

—o0Fn Ct) • N • R - ( Fn (t-P) • (R-r • N • KPMP • • 
. p=o

0D

Fn-1 ( t-Q • r . N • JCQ)dQ

For mathemat ical convenience, substitute •) = 7. • 1
-00.

FnCt) • - R-r 
R

Fn(t-PI(P)dP ♦
P=0

F Fn-1C t-1-Z)J(2°1)d2 (4)
Z=0

The first order Taylor approximations are:-

Fn(t-P) - Fn( t)—P -_d (Mt)]
d t

(5)

Whence notin* that:-

«f*
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00
I(P)dp • 1

P-O (6)

oo
J(Z•1)dz - 1

Z=0

Then from (4), (5) and (6)

d 
dt Fn( t) • r Fn( t) = m F (t-1) - mb d 

dt F «t-1
(7)

where si = r
i(R-r)

b 5
J z_o

OO
7 . J(Z+1)d 7

and
/ OO

i=( p • T(PM P
• Peo

The exceptional equation becomes

d_  Fo(t) ♦ m Fo(t) - 0 
dt (8)

The boundary values are:

Fo (0) = 1 (9)

and Fn (n) - 0 (10)

The solution of (8) is

Fo (t) " exp (-mt) (11)
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%<«> - An(t-n)n
n •

Cn-lha b t-n)1*-1
(m-1).

exp -m( t-n)

(12)

Where A=m + m

The proof of (12) by induction follows. Note that it holds for n a 1.

Assume that it holds for Fn. The sibsequent proof of its validity of

Pn(t) implies its validity for all n.

Let Fn(t)-GnCS) where St- n, Substitution into the right side of 7,

ignoring lower order terns, leads directly to the expression

(13)

where T a A1*”1
$— (iHw^) (14)

and k ■ (« * An-2 • mb ♦ (n— 1) • A
(n828 (n-l)2

• mb * ^Z) • An- • m362 
(n-2)J

(IS)

Taking the Laplace transform of both sides of 7 and using the boundary value

Gn(0)-0, one arrives at the identy

whence

Gn(S) - j (n-1)2
L (p*.)"*1

-k (n-2)2
6’«w)n

(16)

Gn(S) - j • sa - k sn-- 
n (n-1)

exp -mS )

L

(17)

But 
n

An k
sr and -(n1

(n-1)mbAn-1

Thus the expression for P,( t) in 12 is established for all integral ne
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Consideraticn II

N is the total number of cells per unit volume in the circulation.

Fn(t) is the fraction of cells in the internal circulation at time t that

have passed through the external circulation n times.

Note that the flow rate is r units of volume per transit and therefore is

a t transits the flow is At • r units of volume.

The following changes will occur in the small interval of time at following

any time t:

F,Ct)eNeotor n-cells leave the animal's circulation and enter

external circulation. Note that the flow rate is r units of volume per

transit and therefore in at transits the flow isoter units of volume.

b) F , (t-1)eN. ator n-cells enter the nimal°s circulatjoa from

the external circulation. These cells left the animal's circulation as

(n-1)-cells one transit before they re-enter as n-cella.

c) The increase in the number of n-cells in the animal is

FnC t* A t )oN•V - Fn(t)eN•V Since the changes in c) may be attributed to the

effects of a) and b), we obtain

FnC t)eN*V - F^Ct-D-N. ter - Fn<t).N. ter €18)

or

ot
n (t) r.
--------  ' y Fn-1 Ct-1) - Fa’t

This is equivalent to the differential equation

dPnC*) 
dt

r Fn(t) r Fn-ICt-1)
V * ▼

n > 0 (19)

For n=0 one may derive the exceptional equation

GFo(t) r F.(t)
—- ------ ♦ — ■ 0

dt V
(20)
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Now Fo<0)=1 irplies that

FoC t) ■ exp (-E t (21)

By solving the differential equation for n=1,2,3.... successively and 

applying the boundary values Fn (n-1)u0 one obtains the general formula

Fn(t) - rn 
"vh (t-ne1)n exp £ (n-t)n: V 7

(22)

when IEn*? - O then Fn(t) ‘ns its maximzm value, 
dt ’

Note that FnCt) has its maximum value at t=Tn

given by Tn = n V 
r

(23)

and its maxinuma value is

Fn( Tn) - -n", exp/_rn . v
n\
)

(24)

Sarple Calculations

With the following factors:

Blood volume 14.0 liters (V)

External volume 0.9 (r)

Transit time 3.0 minutes

Dose ra te 300 rads/minute

One can compute the sixe of the largest fraction of the blood volume for any 

given dose to this largest fraction. For a dose of 8100 rads to this largest 

fraction the number of transits (n) will be 9. Then from equation (23) the
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total mrber of transits Can be computed.

Tn " _n.V r
9 x 14

■ "O- ...— • (9-1) ■ 148 (total transits).

From equation (22) with the above conditions one can compute the fraction of

the blood which has gone through the external circuit between the imposed

limits of O and 148. The approximate numerical values are tabulated in

Table 1 and converted into dos* for values of n varying fro* 1 to 18.

SUMMARY:

l. In a system where liquids are being punped from and back to a contin

uously mixing reservoir through a radiation field, a nathematical approach

i* presented that will answer the following questions:

hath any constant flow rate and time of pumping through a radia

tion field of any constant intensity, the size and distribution of any fraction 

of the liquid receiving any radiation dose can be computed.

b) If the largest possible fraction of such a liquid is to receive

certain ionising radiation dose; the flow rate and time of irradiation

can be computed.

2. These dose considerations are essential for an understanding of radia

tion effects upon all types of blood cells and macromolecules flowing through 

the radiation field described.

3, This technique will allow a study of radiation injury of blood cell* of 

all types and circulating plasma macromolecules without the complications 

imposed by radiption injury of the tissues since only the extracorporeal 

shunt is irradiated.
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( This techniquc and the Mathematical nnalysis of the dote received in the 

shunt may be directly applicable to problems in pure radiation chemistry where

equilibria between the non-irradi ted reservoir as the irradiation nhunt

can be studied.

5, Although the mathematical zri nciples of Jose computation have been 

worked out in theory, the nectanical computation is so time consumins that

progrsmmins on an approprate digital conuter is essential and has been

accomplished with the Brookhaven National Laboratory Merlin. -
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* I
Table 1. Dose Distribution for 7 Hours and 24 Minutes Irradiation,

*

n P.( 148) 00 ** n F,(148) P2Sa

1 0.001 11 0.106 99

2 0.004 18 12 0.076 108

3 %.013 27 13 0.050 117

5

6

7

8

0.032

0,062

0.097

0.120

0.139

56 14 0.050 126

45

54

63

72

15

16

17

18

0.017

0.008

0.004

0.001

135

153

162

9 0.140 81

10 0,134 90



(* Figure 1, ichenatc diagran of experimental setup and photograph

. of actual arrangenents.
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