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FOREWORD 

Th i s  r e p o r t  presents  r e s u l t s  of a  s tudy conducted by B a t t e l l e ,  P a c i f i c  

Northwest Labo ra to r i es  (Ba t t e l l e -No r thwes t )  under reques t  f o r  Re la ted  Ser- 

v i ces  TDO-615 f rom the  AEC t o  c a r r y  o u t  t h e  s tudy f o r  ARC0 Nuclear  Company i n  

accordance w i t h  t h e  terms and c o n d i t i o n s  o f  ou r  Prime Cont rac t  AT(45-1)-1830. 
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DOSE-TO-THE-POPULATION ESTIMATES FOR USE OF 

RAD I 0 1  SOTOPE POWERED CARDIAC PACEMAKERS 

R. W. McKee 
L. L. C la rk  
B. M. Cole 
R. A. L ibby 

I. INTRODUCTION 

The purpose o f  t h i s  r e p o r t  i s  t o  develop est imates o f  t he  r a d i a t i o n  

dose t o  t he  popu la t ion  t h a t  would r e s u l t  f rom wide use o f  card iac  pace- 

makers powered by small q u a n t i t i e s  o f  plutonium-238. A rad io i so tope  

powered card iac  pacemaker (RPCP) requ i res  o n l y  a  few ten ths  o f  a  gram of 

Pu-238 f o r  i t s  power source and most o f  t he  r a d i o a c t i v e  decay energy i s  

converted t o  heat. However, t he re  i s  a  small component of ex te rna l  gamma 

and neutron r a d i a t i o n  emi t ted  from these devices. For example, t he  dose 

r a t e  a t  a  d is tance o f  t h ree  f e e t  from an implanted RPCP i s  on the  order  

of 0.001 mremlhr. Since the re  may be several  hundred thousands o f  these 

devices even tua l l y  i n  use, i t  i s  i r r~por tant  t o  cha rac te r i ze  the  dose-to- 

the-populat ion r i s k .  Development o f  these est imates requ i res  assumptions 

regard ing  who w i l l  use the  device, how many w i l l  be i n  use, how long  t h e  

users w i l l  l i v e ,  and de termina t ion  o f  how they w i l l  i n t e r a c t  w i t h  t h e  

r e s t  o f  t he  populat ion.  It has been poss ib le  t o  adapt t he  r e s u l t s  o f  a  

comprehensive ana l ys i s  o f  a  s i m i l a r  problem, t he  dose-to-the-populat ion 

est imates f o r  Pu-238 powered a r t i f i c i a l  hear ts  c a r r i e d  o u t  under t he  

AEC's a r t i f i c i a l  hea r t  program, t o  t h i s  pacemaker ana lys is .  

The scope o f  t h i s  study inc luded the  f o l l o w i n g  p r i n c i p a l  components: 

1. P ro jec t i ons  of rad io i so tope  powered pacemaker use as a  f u n c t i o n  

o f  t ime based on est imates o f  t he  r a t e  o f  imp lan ta t i on  and l i f e  

expectancy o f  r e c i p i e n t s .  

2. Dosimetry c a l c u l a t i o n s  t o  est imate the  ex te rna l  dose r a t e s  t rans -  

m i t t e d  t o  o thers  f rom an implanted rad io i so tope  powered pacemaker. 



3. Dose-to-the-populat ion c a l c u l a t i o n s  based on data developed 

i n  Items 1  and 2 and u t i l i z i n g  a  computer program (REPRIEVE) 

and i n te rpe rsona l  t ime and d i s tance  data developed f o r  dose- 

to - the-popu la t ion  s tud ies  c a r r i e d  o u t  as a  p a r t  o f  the  AEC's 

A r t i f i c i a l  Heart  Program. 

Since the re  a re  s u b s t a n t i a l  u n c e r t a i n t i e s  r e l a t i n g  t o  t he  number and 

c h a r a c t e r i s t i c s  o f  the RPCP users, the  r e s u l t s  a re  developed pa ramet r i ca l l y .  



11. SUMMARY AND CONCLUSIONS 

Estimates o f  the  popu la t ion  dose were developed i n  terms o f  an equi -  

l i b r i u m  f i r s t - i m p l a n t  r a t e  o f  10,000 1973-equivalent RPCP implants per 

year  ad jus ted  f o r  popu la t ion  increases i n  f u t u r e  years. This  i s  be l ieved 

t o  approximate the  c u r r e n t  demand p o t e n t i a l .  However, r e s u l t s  can be 

ad jus ted  t o  o the r  demand l e v e l s  by tak ing  mu1 t i p l e s  o r  f r a c t i o n s  i n  pro-  

p o r t i o n  t o  t he  est imated demand. It was assumed t h a t  implants would s t a r t  

i n  1975 w i t h  250 i n  t h a t  year  and would double each year  t h e r e a f t e r  u n t i l  

the  maximum o r  e q u i l i b r i u m  r a t e  was reached i n  approximately 1981. Three 

f i r s t - i m p l a n t  age p r o f i l e s  i d e n t i f i e d  as A, B and C p r o f i l e s  were de f ined  

t o  represent  t he  range o f  ages a t  f i r s t  imp lan t  t h a t  can be p red i c ted  based 

on c u r r e n t  implant  data. The in te rmed ia te  age P r o f i l e  B represents t he  

most l i k e l y  o r  bes t  est imate. Normal l i f e  expectancy was assumed. Based 

on these assumptions, i t  was ca l cu la ted  t h a t  there  would be from 130,000 

t o  208,000 RPCPs i n  use i n  year  2000 (per  10,000 1973-equivalent implants 

per year  ) . 
Whole-body dose r a t e s  t o  a standard man phantom from two d i f f e r e n t  

implanted RPCP sources were ca l cu la ted  us ing the  QAD P5A computer program. 

The two sources were the  Medtronic Model 9000 us ing  0.15 grams Pu-238 and 

the  ARC0 Nuclear RPCP us ing  0.40 grams Pu-238. The RPCP sources were 

assumed t o  be implanted i n  a standard man phantom i n  t he  l e f t  abdominal 

reg ion  near t h e  surface. Dose r a t e s  from the  source were ca l cu la ted  i n  

f o u r  d i r e c t i o n s  and averaged t o  represent  a s i n g l e  average dose r a t e  t o  a 

person i n  t he  v i c i n i t y  of a  pacemaker user. I n  terms o f  f r o n t a l  dose only ,  

dose r a t e s  would be 50 t o  100% higher  than the  average i n  f o u r  d i r e c t i o n s .  

The RPCP use p ro jec t i ons  and dosimetry c a l c u l a t i o n s  prov ided i n p u t  f o r  

t h e  REPRIEVE computer program f o r  the  dose-to-the-populat ion ca l cu la t i ons .  

The procedure used i n  REPRIEVE d i v i d e s  the  user popu la t ion  i n t o  small sub- 

groups whose use-of- t ime and in te rpersona l -d is tance r e l a t i o n s h i p s  w i t h  

o t h e r  people dur ing  d a i l y  a c t i v i t i e s  can be de f ined  based on data from 
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sample survey s tud ies .  The dose c o n t r i b u t i o n  by each subgroup i s  ca lcu-  

l a t e d  and a  summation,of t he  dose c a l c u l a t i o n s  f o r  a l l  o f  t he  subgroups 

prov ides the  popu la t ion  dose. The computer program outpu t  prov ides a  

breakdown o f  t he  dose by age and sex f o r  s i g n i f i c a n t  c l a s s i f i c a t i o n s  o f  

persons who rece i ve  t h e  dose such as spouses, members o f  the  household, 

work associates,  e t c .  The est imates assume t h a t  1  i v i n g  and behaviora l  

pa t te rns  remain e s s e n t i a l l y  as they  a re  today and t h a t  an implanted RPCP 

does n o t  change bas i c  hab i t s .  

A number o f  R E P R I E V E  cases were ca l cu la ted  t o  i d e n t i f y  the e f f e c t s  o f  

t h e  type  o f  RPCP, the age p r o f i l e  a t  f i r s t - i r n p l a n t ,  the  imp lan t  r a t e ,  and 

the  Pu-236 conten t  o f  f u e l  on the  popu la t ion  dose i n  the  year  2000. Cases 

were a l s o  run  t o  compare popu la t ion  dose i n  t he  year  2020 w i t h  the  year  

2000. Resul ts  o f  these c a l c u l a t i o n s  f o r  t he  year  2000 a r e  s u m a r i z e d  i n  

the  f o l l o w i n g  t a b l e :  

TABLE 1. Year 2000 RPCP Populat ion Dose Est imates Per 10,000 
1973-Equivalent F i r s t  Implants Per Year 

Average Dose 
Dose Percent Per Person 

Populat ion C a t e g o r l  rem/yr o f  To ta l  mrem/y r 

Spouses 

Other Household 
Members 

Non-work Associates 200 9  
t 0 t o  

500 16 

Work Associates 

General Populace 600 33 0.002 
t o  t 0 t o  

2000 4 3  0.007 
- 

TOTAL 1,400 100 Average 0.005 
t o  t o  

6,000 0.02 
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The t o t a l  popu la t ion  dose ranges from 1400 remlyear t o  6,000 remlyear. 

Because o f  t he  l a r g e r  source s i z e  i n  t he  ARC0 Nuclear RPCP, t he  popu la t ion  

doses ca l cu la ted  were approximately tw i ce  as g rea t  as those ca l cu la ted  

w i t h  t h e  Medtronic Model 9000. The o ther  major f a c t o r  a f f e c t i n g  the  range 

and t o t a l  popu la t ion  dose i s  t he  age p r o f i l e  a t  t h e  f i r s t  implant .  With 

t h e  younger age p r o f i l e  t he re  a re  more s u r v i v i n g  users a t  t he  year 2000, 

and popu la t ion  dose i s  h igher  than w i t h  t he  o l d e r  age p r o f i l e .  

Spouses rece i ve  the  g rea tes t  i n d i v i d u a l  doses b u t  these range o n l y  up 

t o  15 o r  16 mrem per  year,  w h i l e  t he  o ther  household members rece i ve  on the  

order  of 1  t o  3  mrem per year.  Doses t o  both nonwork associates and work 

associates a r e  i n  t he  range o f  a  few ten ths  o f  mrem per  year.  The dose t o  

the  general populace, which accounts f o r  33 t o  43% o f  the  t o t a l  popu la t ion  

dose, averages o f l l y  two t o  seven micro rems per  person per year.  None o f  

t he  exposures t o  any group appears t o  be excessive and i t  was concluded 

t h a t  the popu la t ion  dose from RPCPs does n o t  represent  a  s i g n i f i c a n t  r i s k .  



RPCP USE PROJECTIONS 

Estimates o f  the  market f o r  rad io iso tope powered pacemakers vary 

widely  ranging from a  few thousands per year  t o  as many as 50,00O/yr. The 

basis  used i n  t h i s  study was developed from rev iew o f  a  r e p o r t  on a  one-day 

techn ica l  meeting on the  s ta tus  o f  l o n g - l i f e  card iac  pacemakers he ld  a t  t he  

Nat ional  I n s t i t u t e  o f  Heal th on May 8, 1973;") and d iscussions w i t h  B. I .  

G r i f f i n  of Medtronic Incorporated and S. Kolenik,  ARCO Nuclear Company. 

The i n c e n t i v e  f o r  developing the  rad io iso tope powered pacemaker i s  i t s  long 

l i f e  expectancy, a t  l e a s t  10 years, compared t o  the  c u r r e n t  two-year l i f e  

o f  b a t t e r y  powered pacemakers . However, t he  rad io i so tope  device fue led  

w i t h  Pu-238 w i  11 cos t  on the order  o f  $5,000, which i s  about f i v e  t imes the  

cos t  o f  the b a t t e r y  u n i t .  Furthermore, there  appear t o  be good prospects 

f o r  producing b a t t e r y  powered u n i t s  w i t h  l i f e  expectancies of f i v e  years o r  

more. Thus, there  i s  room f o r  considerable d i f f e r e n c e  o f  op in ion  regarding 

the  market f o r  RPCPs. 

Although accurate market data were n o t  ava i l ab le ,  i t  appears t h a t  the  

cu r ren t  market p o t e n t i a l  i n  the  U.S. f o r  convent ional pacemakers, i n  terms 

of f i r s t  implants,  may be as h igh  as 50,000 per year o r  more. There a l s o  

seems t o  be general agreement t h a t  rad io iso tope powered pacemakers can 

expect t o  capture a t  l e a s t  10 t o  20 percent o f  t h a t  market. This  leads t o  

a  market est imate o f  5,000 t o  10,000 f i r s t - i m p l a n t  RPCPs per  year.  Thus, 

a  bas is  equ iva len t  t o  10,000 i n  1973 bu t  adjusted i n  f u t u r e  years f o r  

changes i n  the  popu la t ion  was adopted f o r  t h i s  study. The age and sex spe- 

c i f i c  r a t e  o f  RPCP implants equ iva len t  t o  10,000 f i r s t  implants i n  1973 

i s  held constant,  b u t  t h e  t o t a l  number increases beyond 10,00O/yr i n  l a t e r  

years because o f  increases i n  s p e c i f i c  popu la t ion  age groups. 

It i s  a l s o  essen t i a l  t o  de f i ne  the  age and sex d i s t r i b u t i o n  o r  p r o f i l e  

of the  RPCP r e c i p i e n t s .  Data on 554 Medtronic RPCP implants worldwide and 

147 Medtronic RPCP implants i n  t h e  Uni ted States were obta ined from 

B. I .  G r i f f i n  and data on approximately 50 ARCO Nuclear RPCP implants were 



obta ined from S. Kolenik.  Data on the  age d i s t r i b u t i o n  a t  t h e  t ime o f  t h e  

f i r s t  imp lan t  f o r  convent ional pacemakers were obta ined from a  paper by 

M. ~ e f e b v r e " )  based on data f o r  804 convent ional pacemaker implants f rom 

1969 t o  June 30, 1972 a t  t h e  Imp lan ta t ion  Center a t  L i l l e ,  France. These 

data a re  a l l  shown on Figure 1. 

There i s  a  subs tan t i a l  d i f f e r e n c e  between the age d i s t r i b u t i o n s  f o r  

the nuc lear  devices compared t o  t he  convent ional b a t t e r y  powered devices. 

Whether o r  n o t  t h i s  l a r g e  d i f f e r e n c e  w i l l  cont inue when RPCPs are  gene ra l l y  

a v a i l a b l e  i s  debatable. There i s  some support  f o r  the view t h a t  t he  aver- 

age age o f  RPCP implants w i  11 tend t o  increase as the RPCPs become more 

ava i l ab le .  Because o f  these u n c e r t a i n t i e s  regard ing  age p r o f i l e ,  i t  has 

been t r e a t e d  as a  parameter i n  t h i s  ana lys is .  Three age p r o f i l e s  have been 

def ined. P r o f i l e  A, the  youngest group, i s  based on t h e  Medtronic and ARC0 

Nuclear experiences i n  the Uni ted States. P r o f i l e  C, the o l d e s t  group i s  

equ iva len t  t o  the  convent ional pacemaker age p r o f i l e .  P r o f i l e  B  represents 

an age group mid-way between A and C and i s  be l ieved t o  represent  the  more 

l i k e l y  RPCP age p r o f i l e .  These p r o f i l e s  are i nd i ca ted  on Figure 1  and 

d e t a i l e d  i n  Table 2. The implant  data show a  r a t i o  o f  male t o  female 

implants o f  approximately 60140 and t h i s  r a t i o  was assumed across a l l  age 

groups. 

M. Lefebvre a l s o  compared the  s u r v i v a l  r a t e s  o f  pacemaker implantees 

over the  past  ten  years w i t h  t he  normal popu la t ion  and found t h a t  a f t e r  an 

i n i t i a l  pe r i od  of t h ree  months, when the  s u r v i v a l  r a t e  i s  poor, t h e  pace- 

maker users have a  l i f e  expectancy equal t o  o r  poss ib l y  even somewhat 

b e t t e r  than the normal popu la t ion .  Based on t h i s  ana lys is ,  a  normal l i f e  

expectancy was assumed f o r  RPCP users. This ,  i n  e f f e c t ,  de letes the h igh  

r i s k  group who d i e  i n  the f i r s t  three-month pe r i od  a f t e r  imp lan t  from the  

RPCP popu la t ion  i n  t h i s  ana l ys i s  and imp l i es  a  t o t a l  imp lan t  r a t e  some- 

what h igher  than s ta ted .  

The number o f  RPCP implants was ad jus ted  f o r  changes i n  popu la t ion  

w i t h  t ime. The age-spec i f i c  implant  r a t e  was assumed t o  be constant  and 



- 

- 

554. MEDTRONI C - R PC P I MPLANTS 
WORLDWIDE 

- 
PROF1 LE "A" BASED ON 

147 MEDTRON I C 
R P C P  IMPLANTS I N  U.S.  - 

R P C P  IMPLANTS 

- 

AGE AT '(I M E  OF I M P l A N T  

FIGURE 1 . Radi o i  sotope-Powered-Cardiac-Pacema ker Imp1 a n t  
Age D i s t r i b u t i o n  Data and Assumptions 



Age 
Group 

TOTAL 

TABLE 2. RPCP Age P r o f i l e  Assumptions 

D i s t r i b u t i o n  by Age, % 

~ r o f i  1 e A ( ~ )  P r o f i l e  6 (b  P r o f i l e  c(') 

1.1 

0.2 

a. Youngest, based on 147 Medtronic RPCP implants i n  t h e  U.S. 
b. In te rmed ia te  age p r o f i l e .  
c. Oldest,  based on convent ional pacemaker implants.  ( 2 )  



the  t o t a l  imp lan t  r a t e  was obta ined by mu1 t i p l y i n g  the  age-spec i f i c  imp lan t  

r a t e  by the  popu la t ion  i n  an age group. If, f o r  example, t he re  a r e  t w i c e  

as many i n  an age group i n  t he  year  2000 as the re  were i n  1973 then the re  

would be tw i ce  as many RPCP f i r s t - i m p l a n t s  ca l cu la ted  i n  t h a t  age group 

f o r  t he  y e a r 2 0 0 0  as f o r  t he  year  1973. I n  e f f e c t ,  the  th ree  age p r o f i l e s  

de f ined  i n  F igu re  1  and Table 2  a r e  assumed t o  be 1973-age p r o f i l e s .  F ig -  

u r e  2  shows how t h e  popu la t ion  i n  se lec ted  age groups i s  expected t o  change 

i n  t h e  years ahead. Subs tan t ia l  increases i n  t he  age groups of i n t e r e s t  

a r e  apparent and t h i s  i m p l i e s  an inc reas ing  imp lan t  r a t e .  

A growth pe r i od  was assumed between the  t ime when the  RPCPs would be 

l i censed  f o r  general  use and the  t-ime when the  ~iiaximu~ii o r  e q u i l i b r i u m  imp lan t  

r a t e  would be reached. It was assumed t h a t  implants would s t a r t  i n  1975 

w i t h  250 i n  t h a t  year  and would double each year  t he rea f te r  u n t i l  t h e  maxi- 

mum o r  e q u i l i b r i u m  r a t e  was reached. The c a l c u l a t e d  numbers of new RPCP 

implants,  us ing  t h i s  assumption and c o r r e c t i n g  f o r  changes i n  popu la t i on  as 

j u s t  descr ibed, i s  shown a t  f i ve -yea r  i n t e r v a l s  f o r  the  t h r e e  age p r o f i l e s  

i n  Table 3. Th is  shows, assuming age i s  t he  p r i n c i p a l  f a c t o r  i n  de f i n i ng  

pacemaker demand, t h a t  a  p o t e n t i a l  demand f o r  10,000 i n  1973 w i l l  be equiva- 

l e n t  t o  13,000 t o  14,000 i n  year  2000 and more than 18,000 i n  t h e  year  2020. 

There i s ,  because of t he .age  groups under cons idera t ions ,  a  r e l a t i v e l y  small 

u n c e r t a i n t y  i n  t he  popu la t ion  p r o j e c t i o n s  s ince  f o r  t he  most p a r t  t h i s  i s  a  

ma t te r  o f  p r e d i c t i n g  s u r v i v a l s  r a t h e r  than b i r t h  ra tes .  The development of 

o t h e r  procedures f o r  t r e a t i n g  h e a r t  disease may reduce requirements f o r  

pacemakers and tend t o  counterac t  t h e  e f f e c t  o f  inc reas ing  numbers o f  o l d e r  

persons. However, t he  assumption here i s  t he  conserva t ive  one r e l a t i v e  t o  

c a l c u l a t i n g  dose- to- the-populat ion f rom RPCPs. 

The f i r s t  p a r t  o f  t he  REPRIEVE computer program t h a t  was used t o  c a l -  

c u l a t e  dose- to- the-populat ion takes the  data on p ro jec ted  requirements, age 

d i s t r i b u t i o n ,  and 1  i f e  expectancy and calcu lat ,es t he  t o t a l  accumulated 

number o f  RPCP users a t  f i ve -yea r  i n t e r v a l s .  These r e s u l t s  a r e  shown i n  

Table 4  and p l o t t e d  i n  F igure  3. This shows t h a t  the  10,000 equ i va len t  f i r s t  
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FIGURE 2. United States Population Projections by Age Groups, 
1970-2020, Series E, (U .S. Census Bureau, Publications 
Series P-25, No. 493, December 1972). 



TABLE 3. Est imated Annual Number o f  New RPCP Implants  
a t  5-Year I n t e r v a l s  Based on an E q u i l i b r i u m  
(Maximum) Imp lan t  Rate Equ iva len t  t o  10,00O/yr 
i n  1973 

Annual Rate o f  New I m ~ l a n t s  

Year ~ r o f i  1  e  A ( ~ )  P r o f i l e  B  ( b  p r o f i l e  c(') 

a. Youngest 
b. I n te rmed ia te  
c.  O ldes t  



TABLE 4. Est imated Mid-Year To ta l  Number o f  RPCP's i n  Use a t  
5-Year I n t e r v a l s  Based on an Equ'i 1  i b r i u m  I t r~p lan t  Rate 
Equ iva len t  t o  10,00O/yr i n  1973 

Cumulat ive RPCP Users 

Year p r o f i l e  A ( ~ )  P r o f i l e  B  ( b )  P r o f i l e  C ( C  1 

a. Youngest 
b. I n te rmed ia te  
c. O ldes t  
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implants i n  1973, a l l ow ing  f o r  a  growth per iod,  r e s u l t  i n  a  range o f  

130,000 t o  over 200,000 users by t h e  year 2000 and poss ib l y  as many as 

350,000 i n  t he  year 2020. 

The REPRIEVE computer program a l so  ca l cu la tes  an age d i s t r i b u t i o n  f o r  

t h e  cumulat ive users a t  a  s p e c i f i e d  p o i n t  i n  t ime. Resul ts  o f  t h i s  ca l cu la -  

t i o n  f o r  t he  th ree  imp lan t  age p r o f i l e s  i n  t he  year  2000 a r e  shown i n  

F igure 4. Th is  i s  t he  cumulat ive r e s u l t  o f  annual add i t i ons  t o  the  RPCP 

popu la t ion  and t h e i r  removal by death through na tu ra l  causes. ( I t  was 

assumed t h a t  dev ice f a i l u r e  would n o t  be a  cause o f  death). 
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FIGURE 4 .  Age D i s t r i b u t i o n  o f  RPCP Users i n  t h e  Year 2000 



I V .  DOSIMETRY CALCULATIONS 

Whole body dose r a t e s  t o  a standard man phantom from two d i f f e r e n t  

Pu-238 implanted pacemaker sources were ca l cu la ted  us ing the  QAD-P5A compu- 

t e r  program. The two sources analyzed were the  Medtronic Model 9000 RPCP 

using 0.15 g o f  Pu-238 and the  ARCO Nuclear RPCP using 0.40 g o f  Pu-238. 

D e t a i l s  o f  t he  source c h a r a c t e r i s t i c s  were obta ined from ARCO Nuclear, 

Medtronic Inc., D. W. Cole o f  AEC D i v i s i o n  o f  Biomedical and Environmental 

Research, and from publ ished repor ts .  (3 ,4 

The Medtronic Model 9000 uses an A l c a t e l  GIPSIE b a t t e r y  as i t s  power 

source. The power source cons i s t s  o f  150 mg o f  Pu-238 (Max. o f  0.6 ppm 

Pu-236) as a pressed Pu-Sc p e l l e t  encapsulated i n  a tanta lum case w i t h  a 

minimum w a l l  th ickness of one mm. Th is  capsule i s  i n  t u r n  sealed i n  an 

ou te r  P t - I r  capsule w i t h  a minimum w a l l  th ickness o f  1.25 mm. Both capsules 

a re  he rme t i ca l l y  sealed by e l e c t r o n  beam welding. The i n n e r  capsule has a 

v o i d  space t o  a l l o w  f o r  hel ium bui ldup.  The capsule i s  9 mn O.D. and 10 mm 

loog. The e n t i r e  pacemaker u n i t  i s  sealed i n  a 0.5 mn t h i c k  ou te r  t i t a n i u m  

case approximately 7.1 cm i n  diameter and 2.6 cm wide. 

The power source f o r  t h e  ARCO Nuclear RPCP cons i s t s  o f  400 mg o f  s i n -  

t e red  medical grade(5)  Pu-238 oxide. Th is  p e l l e t  i s  encapsulated i n  t h ree  

successive metal c y l i n d e r s  (1 m, 0.5 mm and 0.5 m t h i c k  r e s p e c t i v e l y )  o f  

tantalum, Haste l loy  "C"  and t i t an ium,  each sealed by TIG welding. The Pu02 

p e l l e t  diameter i s  3.9 mn and i t ' s  l eng th  i s  4.5 mm. The capsule i s  8.8 rnm 

O.D. and 38 mm long. The capsule i s  surrounded by an 8 mm t h i c k  thermopi le  

made up o f  l a y e r s  o f  woven s i l i c a t e  g lass  ya rn  and thermocouple wi res.  The 

e n t i r e  pacemaker u n i t  i s  sealed i n  a 0.64 mn t h i c k  ou te r  t i t a n i u m  case. 

The RPCP sources were assumed t o  be implanted i n  a standard man phantom ( 6  

shown i n  F igure 5. Both sources were centered a t  (4,-8,27) r e l a t i v e  t o  t he  

o r i g i n  o f  t he  coord ina te  system i n d i c a t e d  i n  F igure  5, o r  i n  t he  l e f t  abdomi- 

nal  r eg ion  near the  sur face which i s  understood t o  be t h e  p re fe r red  l oca t i on .  

The Pu-238 spectrum used i s  shown i n  Table 5. ( 7 y 8 )  The source 

s t reng th  was determined by c a l c u l a t i n g  the  number o f  decayslsec based on 

the  i n i t i a l  Pu-238 mass and the  h a l f - l i f e .  The Pu-236 source s t reng th  and 
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TABLE 5. Plutonium-238 Gamna Spectrum ( a )  

Energy (keV) Gamna Rays/ 1 00 Decays 

a. 1-20, Reference 7; 20-27, Reference 8 



spectrum were determined by c a l c u l a t i n g ( g )  t he  amount o f  Pu-236 and Pu-236 

daughters as a functi.on of age assuming 0.3 ppm Pu-236 i n i t i a l l y .  The decay 

scheme i s  shown i n  Table 6, and the  f lux - to -dose conversion fac to rs  used 

f o r  t h e  gamma cases a r e  from Rockwell. ' )  The neutron spectrum used i s  t he  

U-235 f i s s i o n  spectrum b u i l t  i n t o  QAD. The e r r o r  i n  t he  neutron dose c o n t r i -  

b u t i o n  r e s u l t i n g  from use o f  t h e  U-235 f i s s i o n  spectrum r a t h e r  than the  

Pu-238 f i s s i o n  spectrum i s  be l ieved t o  be l e s s  than + lo%. The neutron source 

s t reng th  f o r  t he  ARC0 Nuclear device was based on medical-grade Pu-238 ox ide  

s p e c i f i c a t i o n s  as out1 ined  i n  LA-4940") o r  3300 neutrons/gram-second. The 

neutron source s t r e n g t h  f o r  t he  Medtronic device, however, was taken as 

4500 neutronslgram-second as i n d i c a t e d  i n  a previous study f o r  Medtronic.  (4 )  

The Medtronic source i s  a plutonium-scandium a l l o y  prepared i n  France and 

apparent ly  may c o n t a i n  more l i g h t  element i m p u r i t i e s  than t h e  USAEC medical-  

grade s p e c i f i c a t i o n  and hence produces more a,n neutrons. The f lux - to -dose 

conversion f a c t o r s  used f o r  t h e  neutrons a re  from 10 CFR 20. (1 2) 

V a l i d a t i o n  o f  t he  c a l c u l a t i o n  procedure has been performed f o r  an a r t i -  

f i c i a l  hea r t  Pu02 source by comparing the  QAD-P5A values t o  those obta ined 

exper imenta l l y  i n  phantom measurements by F. T. Cross. 3, Usi ng 1 ead 

bu i l dup  f a c t o r s  f o r  t he  reg ion  o f  t he  a r t i f i c i a l  hea r t  (a l i m i t a t i o n  o f  QAD 

b u t  a reasonable approxfmation) and water bu i l dup  f a c t o r s  f o r  t h e  phantom, (14) 

t h e  agreement between QAD-P5A 27-group r e s u l t s  and t h e  experimental  r e s u l t s  

i s  w i t h i n  15%, w i t h  t h e  QAD-P5A values being h igher .  

The dose r a t e  r e s u l t s  f o r  the  two pacemakers a re  shown i n  Table 7 and 

Table 8. The r e s u l t s  a re  g iven  as a f u n c t i o n  o f  d i s tance  f rom t h e  center  

o f  t h e  phantom (Z-ax is ) .  An a r r a y  o f  dose p o i n t s  were c a l c u l a t e d  v e r t i c a l l y  

a t  the  h o r i z o n t a l  d is tance s p e c i f i e d  and t h e  r e s u l t s  were averaged over t h e  

c ross-sec t ion  area o f  a standard man phantom t o  ge t  an average whole body 

dose. Because t h e  source i s  n o t  centered on t h e  Z-axis o f  t he  phantom, dose 

r a t e s  were c a l c u l a t e d  on bo th  the  r i g h t  and l e f t  s ides as w e l l  as i n  f r o n t  

and behind t h e  phantom. For use i n  t h e  dose- to- the-populat ion est imates 

these ca l cu la ted  r e s u l t s  i n  f o u r  d i r e c t i o n s  were then averaged t o  represent  

a s i n g l e  average dose r a t e  t o  a person i n  t he  v i c i n i t y  o f  a pacemaker user.  

These average r e s u l t s  a r e  shown i n  Tables 9 and 10 and a re  p l o t t e d  i n  



TABLE 6. P l  u tonium-236 Decay Scheme (10) 

I so tope  Hal f - L i f e  

* Inc luded  as p a r t  
o f  Ra-224 

+ 
Rn -220 

+ 
PO-21 6 

** Inc luded as p a r t  
o f  Bi-212 

2.85 y r  

72 y r  

1.91 y r  

3.64 days 

10.64 h r  

60 min 

s t a b l e  

55.3 sec 

0.145 sec 

3.1 min 

0.304 psec 



TABLE 7. External  Dose Rates t o  A Standard Man Phantom 
Fram An Implanted ARC0 RPCP (mrernlhr) 

Dis tance Pu-238 Pu-236  amm mas(^) 
c m Gammas 0 Year 5 Year 10 Year 18 Year 

Neutrons (b 
Only 

R i g h t  
Side 

L e f t  
Side 

40 
5 0 

100 
F ron t  200 

5 00 
1000 
5000 

Back 

a. Ca l cu la t i ons  based on 0.3 ppm Pu-236. 

b. Neutron dose r a t e  based on 3,300 neutrons/gram/second. 



TABLE 8 . Ex te rna l  Dose Rates t o  A Standard Man Phantom From 
An Imp1 anted Medtroni  c Model 9000 RPCP (mrem/hr) 

D is tance  Pu-238 Pu-236 Ganimas (a Neutrons ( b  
cm Gammas 0 Year 5 Year 10 Year 18 Year Only 

40 8.6~10:: 8.9~10:: 4.7~10:: 8.2~10:: 9.4~10:: 1 . l x l O  - 4 
5 0 6 . 9 ~ 1 0 - ~  7 . 3 ~ 1 0 - ~  3 . 7 ~ 1 0 ~ ~  6 . 4 ~ 1  o-4 ~ . ~ x I O - ~  1 . 0 ~ 1  o - ~  

R i g h t  100 2 . 9 ~ 1  o-5 3 . 2 ~ 1  0-6 1 . 5 ~ 1  o-5 2. ~ X I O - ~  Z . ~ X I O - ~  6 . 2 ~ 1 0 - ~  

Side 200 ~ . I X I O - ~  1 . 1 ~ 1 0 - ~  4 . 7 ~ 1 0 - ~  ~ . ~ x I O - ~  9 . 1 ~ 1 0 - ~  2 . 4 ~ 1  o - ~  
500 I . ~ x I O - ~  1 . 9 ~ 1 0 - ~  8. I X I O - ~  1 . 4 ~ 1 0 - ~  1 . 6 ~ 1  Oe6 4 . 8 ~ 1  o - ~  

1000 4 . 1 ~ 1 0 - ~  4 . 8 ~ 1 0 ~ ~  2 .ox1 Om8 ~ . ~ x I O - ~  4 . O X ~ O _ ~  1. 2x1 o - ~  
5000 1 . 4 ~ 1 0  1 . 6 ~ 1 0  7 . 2 ~ 1 0  1 . 3 ~ 1 0  1 . 4 ~ 1 0  4.1 x10- 

40 1.7~10:: 2.0~10:: 8.7~10:: 1.5~10:: 1 .7~10:: 5 . 9 ~ 1  o - ~  4 
5 0 I . ~ x I O - ~  1 - 5 ~ 1 0 ~ ~  6 . 6 ~ 1  0-4 1 . 1 ~ 1 0 - ~  1 .3xIOm4 5 . 3 ~ 1  o - ~  

L e f t  100 4 . 8 ~ 1  0-4 5. 7 ~ 1 0 - ~  2 . 3 ~ 1  0-5 3 . 9 ~ 1  o-4 4 . 5 ~ 1  0-4 2 . 4 ~ 1  0-5 

Side 2 00 1 . 4 ~ 1 0 - ~  1 . 7 ~ 1 0 - ~  6 . 5 ~ 1  Oe5 1 . 1 ~ 1 0 - ~  1 . 2 ~ 1 0 -  7 . 7 ~ 1  o - ~  
500 2 . 3 ~ 1 0 - ~  2 . 7 ~ 1  o-8 I.IXIO-~ I . ~ x I O - ~  Z.IXIO-~ 1 3x1 016 

1000 5 . 6 ~ 1 0 ~ ~  6 . 8 ~ 1 0 ~ ~  2 . 6 ~ 1  0-8 4 . 5 ~ 1 0 ~ ~  5 . 2 ~ 1  o - ~  3 . 3 ~ 1 0  
5000 1 . 9 ~ 1 0  2 . 3 ~ 1 0  9 . 3 ~ 1 0  1 . 6 ~ 1 0  1 . 8 ~ 1 0  1 .1~10 -  

40 3.3~10:: 4.0~10:: 1.6~10:: 2.6~10:: 3.0~10:: 3.0~10-: 
5 0 2 . 3 ~ 1  0-4 Z . ~ X I O - ~  1 .1 x1Oe4 1 . 8 ~ 1 0 - ~  Z.IXIO-~ Z. IXIO-~ 

100 6 . 6 ~ 1 0 - ~  ~ . I X I O - ~  3 . 1 ~ 1 0 - ~  5 . 2 ~ 1  0-4 6 .Ox1 Om4 5 . 9 ~ 1  o - ~  
F r o n t  2 00 1 .7x1 Oe5 Z.IXIO-~ 8 . 0 ~ 1  0-5 1 . 4x10m5 1 .5x1 Om5 1 .5x10m5 

500 2 . 8 ~ 1 0 - ~  3 . 4 ~ 1  Om8 1 . 3 ~ 1 0 - ~  2 . 2 ~ 1  om6 2 . 5 ~ 1  0-6 2 . 4 ~ 1  016 
1000 6 . 7 ~ 1  Om7 8 . 3 ~ 1 0 - ~  3 . 1 ~ 1 0 ~ ~  5 . 3 ~ 1  0-7 6 . 0 ~ 1  0-7 5 . 9 ~ 1 0  
5000 2 . 4 ~ 1 0  2 . 9 ~ 1 0  . 1 . 1 ~ 1 0  1 . 9 ~ 1 0  2 . 2 ~ 1 0  2 . 0 ~ 1 0 -  

40 9.9~10:: 1 . 0 5 x l 0 6 ~  5.1~10:: 8.8~10:: 
50 7 . 6 ~ 1  Om4 8 . 4 ~ 1 0 : ~  3 . 9 ~ 1 0 - ~  6 . 8 ~ l O - ~  

100 2 . 9 ~ 1  o-5 3 . 2 ~ 1 0  1 . 5 ~ 1 0 - ~  2 . 5 ~ 1 0 - ~  
Back 200 8 . 8 ~ 1 0 - ~  1 . O X I O ~ ~  4 . 4 ~ 1  o-6 7 . 6 ~ 1  0-5 

5 00 1 . 5 ~ 1 0 - ~  1 . 8 ~ 1 0 - ~  7 . 7 ~ 1  0-6 1 - 3 ~ 1 0 ~ ~  
1000 3 . 8 ~ 1 0 - ~  4 . 4 ~ 1 O - ~  1 . 9 ~ 1 0 - ~  ~ . ~ x I O - ~  
5000 1 . 3 ~ 1 0  1 . 4 ~ 1 0  6 . 8 ~ 1 0  1 . 2 ~ 1 0  1 . 3 ~ 1 0  ' 3 . 2 ~ 1 0 -  

a .  C a l c u l a t i o n s  based on 0.3 ppm Pu-236. 

b. Neutron dose r a t e  based on 4,500 neutrons/gram/second. 
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Figures 6 and 7. If dose r a t e s  were expressed in terms of the  f ronta l  dose 

only, they would be 50 t o  100% higher than the average of the dose r a t e s  in  

four di rect ions .  

Dose r a t e s  fo r  Pu-236 concentrations other than 0.3 ppm can be devel- 

oped from the  data in  Tables 7-10 by adding in f rac t ions  or  multiples of the  

Pu-236 dose r a t e s  f o r  0.3 ppm in proportion t o  the concentration desired.  

In calcula t ing the change in dose r a t e  as  a function of time, a correction 

fo r  decreased radia t ion due t o  the Pu-238 i s  included a s  well a s  a correc- 

t ion fo r  increased radiat ion due t o  Pu-236 daughters. (About 8% of the 

Pu-238 decays away in 10 years . )  The e f f e c t  of the Pu-236 content on the 

re la t ive  dose r a t e  t o  others from an implanted RPCP i s  shown in Figure 8. 



BNWL- 1858 





- 

- 0.6 ppm Pu-236 

- 

- 

- 

- 

- 

- 

- 
0.2 ppm Pu-236 

- 

0.1 ppm Pu-236 

I 

T IME SINCE REFINING, YEARS 

FIGURE 8. E f f e c t  o f  Pu-236 Content on Re la t i ve  Dose Rate t o  Others 
From an Implanted RPCP 



V. DOSE-TO-THE-POPULATION METHODOLOGY 

The RPCP use p r o j e c t i o n s  and t h e  dos imetry  c a l c u l a t i o n s  j u s t  d iscussed 

p rov ide  t he  i n p u t  f o r  t h e  REPRIEVE computer program f o r  t h e  dose-to-the- 

popu la t i on  c a l c u l a t i o n .  The REPRIEVE computer program and t h e  use of t ime  

and t h e  i n t e r p e r s o n a l  d i s t ance  da ta  necessary f o r  i t s  u t i l i z a t i o n  were 

developed i n  s t u d i e s  c a r r i e d  o u t  as p a r t  o f  t he  AEC's a r t i f i c i a l  h e a r t  p ro -  

gram t o  develop es t imates  o f  popu la t i on  dose f o r  use of a r t i f i c i a l  hea r t s .  

T h i s  program was adapted w i t h  m inor  mod i f i ca t i ons  t o  t h e  pacemaker dose-to- 

the-popul a t i o n  c a l c u l a t i o n .  

The bas i c  approach i s  t o  d i v i d e  t h e  user  popu la t i on  i n t o  smal l  sub- 

groups whose use o f  t ime  and i n te rpe rsona l  d i s t ance  r e l a t i o n s h i p s  w i t h  

o t h e r  people d u r i n g  d a i l y  a c t i v i t i e s  can be de f i ned  based on data f rom 

sample survey s tud ies .  The dose t r a n s m i t t e d  by members of each subgroup 

i s  c a l c u l a t e d  and a  summation of the  dose c a l c ~ ~ l a t i o n s  f o r  a l l  o f  t he  sub- 

groups p rov ides  t h e  p o p u l a t i o n  dose. The program was w r i t t e n  and da ta  

c o l l e c t e d  i n  s u f f i c i e n t  d e t a i l  t o  p rov ide  n o t  o n l y  t he  t o t a l  p o p u l a t i o n  

dose b u t  a l s o  a  breakdown o f  t he  dose by age and sex f o r  s i g n i f i c a n t  

c l a s s i f i c a t i o n s  o f  sub jec t s  who r e c e i v e  t h e  dose, such as spouses, members 

of  t h e  household, work assoc ia tes,  e t c .  

The o v e r a l l  s t r u c t u r e  o f  t he  dose-to- the-popul a  ti on es t i m a t i  ng proce- 

dure, t h e  e s s e n t i a l  i n f o r m a t i o n  r e q u i r e d  f o r  t h e  est imates,  and t he  

sequence o f  procedures t o  develop t h e  est imates,  a re  i l l u s t r a t e d  schemat- 

i c a l  l y  i n  F igu re  9. The procedure f o r  c a l c u l a t i n g  t he  cumula t i ve  number 

o f  s u r v i v i n g  r e c i p i e n t s  and the  c a l c u l a t i o n  o f  t h e  dose versus d i s tance  

data has a l r eady  been descr ibed. Th is  s e c t i o n  descr ibes t he  procedure f o r  

s u b d i v i d i n g  t h e  r e c i p i e n t  user  popu la t i on  by household and occupat ion 

group and t h e  f i n a l  popu la t i on  dose c a l c u l a t i o n .  

A. HOUSEHOLD TYPE AND OCCUPATION CLASSIFICATIONS 

Once t h e  number o f  s u r v i v i n g  RPCP r e c i p i e n t s  by age and sex has been 

c a l c u l a t e d  f o r  a  p a r t i c u l a r  year,  i t  i s  assumed t h a t  t h e  members of each 

age and sex c l a s s i f i c a t i o n  a r e  d i s t r i b u t e d  by household t ype  and occupat ion 
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w i t h i n  t h a t  c l a s s i f i c a t i o n  i n  t h e  same p ropo r t i ons  as t h e  e n t i r e  popu la t i on  

i n  t h a t  age and sex c , l a s s i f i c a t i o n .  The s u r v i v i n g  r e c i p i e n t s  a re  f i r s t  

subd iv ided  by employed and nonemployed c l a s s i f i c a t i o n s .  Then t h e  employed 

c l a s s i f i c a t i o n  i s  f u r t h e r  subd iv ided  by s p e c i f i c  occupat ion groups. Th is  

leads u l t i m a t e l y  t o  i d e n t i f i c a t i o n  of r a d i a t i o n  exposure o f  work assoc ia tes .  

Both t h e  employed and non-employed c l a s s i f i c a t i o n s  a re  subd iv ided  by house- 

ho ld  t ype  and t h i s  leads t o  i d e n t i f i c a t i o n  o f  t h e  r a d i a t i o n  exposure o f  

members o f  t h e  household and o t h e r  assoc ia tes .  

Two sources o f  da ta  a re  u t i l i z e d  f o r  these c l a s s i f i c a t i o n s .  The 1970 

census p rov ides  t h e  bas i c  da ta  f o r  c l a s s i f i c a t i o n  o f  employed persons by 

occupat ion.  However, t h e  normal census t a b u l a t i o n s  do n o t  p rov ide  adequate 

d e t a i l s  f o r  t h e  des i r ed  household c l a s s i f i c a t i o n s .  Each month t he  Census 

Bureau surveys some 45,000 households f o r  a  l i m i t e d  amount o f  i n f o r m a t i o n  

on employ~nent and o t h e r  i n fo rma t i on .  I n  March o f  each y e a r  t h i s  c u r r e n t  

popu la t i on  survey i s  expanded t o  i n c l u d e  g r e a t e r  d e t a i l  on household c l a s -  

s i f i c a t i o n s .  The data tapes f o r  t h e  March 1972 c u r r e n t  popu la t i on  survey 

were ob ta ined  f rom t h e  Census Bureau and were so r t ed  f o r  t h e  s p e c i f i c  d i s -  

t r i b u t i o n  i n f o r m a t i o n  needed f o r  t he  dose- to- the-populat ion ana l ys i s .  

Major  occupat ion c l a s s i f i c a t i o n s  were se lec ted  t h a t  would i d e n t i f y  a t  

l e a s t  70% o f  employed persons. These c l a s s i f i c a t i o n s  a r e  t a b u l a t e d  by 

major  c l a s s i f i c a t i o n s  i n  Table 11 and t h e  number o f  subd i v i s i ons  i n  each 

c l a s s i f i c a t i o n  i s  a l s o  shown i n  t h i s  t a b l e :  47 occupat ion  subd i v i s i ons  

f o r  males and 32 s u b d i v i s i o n s  f o r  females. 

The RPCP users a r e  c l a s s i f i e d  by n i ne  household types. These house- 

h o l d  types  and t h e  approximate d i s t r i b u t i o n  o f  RPCP users i n  t h e  yea r  2000 

a r e  shown i n  Table 12. Because t h i s  user  group i s  a  much o l d e r  group than  

t h e  popu la t i on  as a  whole, t h e  l a r g e s t  group i s  t he  husbandlwi fe-on ly  

household. There are,  however, a  s i g n i f i c a n t  number who a re  d i s t r i b u t e d  

i n  t h e  l a r g e r  households and t h i s  leads  t o  some r a d i a t i o n  exposure o f  

younger persons. I n  t h e  case o f  exposure o f  ve ry  young persons, t h i s  i s  

o f t e n  a  s i t u a t i o n  where an o l d e r  person l i v e s  w i t h  a  younger f a m i l y .  The 



TABLE 11.  Classification of RPCP Users by Occupation 

Ma1 e 
Major Classifications Subdivisions 

Professional, Technical and Kindred 

Farmers and Farm Managers 

Managers, Officials, Proprietors 

Clerical and Kindred Workers 

Sales Workers 

Craftsmen, Foremen and Kindred 

Operatives and Kindred 

Service Workers 

Farm Laborers a n d  Foremen 

Laborers 

Private Household Workers 

Not E l  sewhere Cl assi fied 

TOTAL 

Fema 1 e 
Subdivisions 



TABLE 12. C l a s s i f i c a t i o n  o f  RPCP Users by Household Type 

Household Types 

1. HusbandIWife Only Household 

2. HusbandIWife and One Other Member 

3 .  HusbandIWife and Two Other Members 

4. HusbandIWife and Three o r  More Members 

5. Head o f  a S ing le  Parent Household o r  Non-Married Family Head 

6. I n d i v i d u a l  L i v i n g  Alone 

7. Person L i v i n g  w i t h  a Family (Marr ied and S ing le )  

8. I n d i v i d u a l  L i v i n g  w i t h  Other Non-Related Persons 

9. Persons L i v i n g  i n  Group Quar te rs  ( I n s t i t u t i o n s  and Other) 

Approximate 
D i s t r i b u t i o n  
I n  Year 2000 



c l a s s i f i c a t i o n  system i d e n t i f i e s  t he  household t ype  r e l a t i v e  t o  t h e  age and 

sex and employment s t a t u s  o f  the  RPCP user  and i n  a d d i t i o n  i d e n t i f i e s :  

( a )  t h e  age o f  the, spouse o f  t he  user,  and (b)  t h e  number, age, and sex 

of o t h e r  household members. 

B. USE-OF-TIME DATA 

Use-of- t ime da ta  c l a s s i f i e d  by t he  c h a r a c t e r i s t i c s  o f  t h e  RPCP user  

and h i s  a c t i v i t i e s  a r e  e s s e n t i a l  t o  t he  development of t he  popu la t i on  dose 

est imates.  A  number o f  use-of - t ime s tud ies  have been made, b u t  t he  most 

comprehensive da ta  on use o f  t ime f o r  ou r  purposes were found a t  t h e  Un i -  

v e r s i t y  of M i ch igan ' s  I n s t i t u t e  f o r  Soc ia l  Research ( ISR).  The da ta  

represented a  na t ionwide  sample o f  1,244 households cover ing  a l l  a c t i v i t i e s  

du r i ng  a  24-hour pe r i od  and i nc l uded  d a t a  on Saturday and Sunday a c t i v i t i e s  

as w e l l  as weekday a c t i v i t i e s .  These da ta  had been c o l l e c t e d  i n  1966 as 

p a r t  o f  a  m u l t i n a t i o n a l  s tudy  c a r r i e d  o u t  i n  t e n  c o u n t r i e s  i n v o l v i n g  13 s u r  

veys . ( I 5 )  They con ta ined  i n f o r m a t i o n  on t h e  age and sex o f  t he  persons 

surveyed, t h e i r  occupat ion, i d e n t i f i c a t i o n  o f  age and sex o f  o t h e r  members 

of t h e  household, e t c .  The use-of- t ime data were c l a s s i f i e d  by 99 

a c t i v i t i e s .  

The da ta  were s t o r e d  on computer cards and arrangements were made w i t h  

t h e  ISR t o  o b t a i n  a  spec ia l  s o r t  o f  these da ta  t o  meet t h e  requirements o f  

t h e  a r t i f i c i a l  h e a r t  dose- to- the-populat ion study. For  ou r  purposes, 

a c t i v i t i e s  were grouped i n t o  19 non-work a c t i v i t i e s  and f i v e  work a c t i v i t y  

c l a s s i f i c a t i o n s .  Examinat ion o f  t h e  da ta  a f t e r  an i n i t i a l  s o r t  i n d i c a t e d  

t h a t ,  above age 30, age was n o t  a  s i g n i f i c a n t  f a c t o r  i n  a  persons 's  use of 

t ime. The employment s t a t u s  and household type  were f a r  more s i g n i f i c a n t .  

The f i n a l  use-of - t ime c l a s s i f i c a t i o n s  u t i l i z e d  were sex, employment s ta tus ,  

household type, and t h e  19 non-work a c t i v i t i e s  shown i n  Table 13 and f i v e  

work a c t i v i t i e s  shown i n  Table 14. The use-of - t ime da ta  ob ta ined  f o r  t he  

a r t i f i c i a l  h e a r t  popu la t i on  dose s tudy were used w i t h o u t  m o d i f i c a t i o n  f o r  

t he  RPCP popu la t i on  dose study. 
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C. INTERPERSONAL DISTANCE DATA 

No source o f  data was loca ted  t h a t  prov ided data on in te rpersona l  d i s -  

tance r e l a t i o n s h i p s  o f  people i n  var ious  a c t i v i t i e s  i n  anywhere near enough 

d e t a i l  f o r  t h e  dose-to-the-populat ion ca l cu la t i ons .  I t  was necessary t o  

develop a methodology and c o l l  e c t  these data through spec ia l  sample surveys. 

For t h i s  purpose, consu l t i ng  ass is tance f rom D r .  I r w i n  Altman, Chairman o f  

the  Psycho1 ogy Department, U n i v e r s i t y  o f  Utah, was obtained. A fundamental 

precept  u t i l i z e d  i n  these surveys was t h a t  t he  d is tances separat ing people 

dur ing  t h e i r  a c t i v i t i e s  i s  p r i m a r i l y  determined by t h e i r  environment; t h a t  

i s ,  room s ize ,  l o c a t i o n  o f  c h a i r s  and tab les ,  e t c .  

The procedure t h a t  was developed f o r  t h e  household a c t i v i t y  data con- 

s i s t e d  o f  se l  e c t i  qg households by a mu1 t i - s t a g e  c l  us te red  sampl i ng tech- 

nique, and i n t e r v i e w i q g  members o f  t h e  household t o  determine where they 

were u s u a l l y  loca ted  dur ing  t h e  s p e c i f i e d  a c t i v i t i e s .  Th is  was then f o l -  

lowed by a measurement o f  d is tances between these l oca t i ons .  The r e s u l t s  

showed good reproduci  b i  1 i t y .  

Other procedures were developed f o r  t h e  p u b l i c  a c t i v i t y  data and spe- 

c i a l  computer rou t i nes  were w r i t t e n  t o  handle these s i t u a t i o n s .  Data were 

c o l l e c t e d  on spacing o f  people dur ing  church, thea t re ,  and spo r t i ng  event 

attendance, and dur ing  random shopping a c t i v i t i e s .  The computer programs 

w r i t t e n  t o  analyze these s i t u a t i o n s  were designed t o  randomly s e l e c t  any 

person i n  a p u b l i c  a c t i v i t y  group as the  user o f  t he  r a d i o a c t i v e  device. 

For t h e  work a c t i v i t y  data, rep resen ta t i ve  occupat ions were surveyed 

and measurements were taken o f  d is tances separat ing people du r i ng  t h e i r  

normal work a c t i v i t i e s .  

In te rpersona l  d is tance surveys were c a r r i e d  ou t  i n  Richland and 

Seat t le ,  Washington and i n  S a l t  Lake C i t y ,  Utah. The l a r g e s t  survey was 

c a r r i e d  o u t  i n  t he  S a l t  Lake C i t y  area w i t h  approximately 400 households 

sampled. The survey procedures were designed t o  concentrate data c o l l e c -  

t i o n  on s i t u a t i o n s  t h a t  would c o n t r i b u t e  most s i g n i f i c a n t l y  t o  popu la t ion  

dose. 



Since dose r a t e  i s  n o t  p ropo r t i ona l  t o  d is tance b u t  va r i es  more n e a r l y  

as the  r e c i p r o c a l  of t h e  d is tance squared, t h e  survey data f o r  d u p l i c a t e  

s i t u a t i o n s  cou ld  n o t  be combined by simple d is tance averaging. Instead, 

each s i t u a t i o n  was converted t o  a  dose r a t e  i n  terms o f  an a r t i f i c i a l  h e a r t  

source and t h e  dose r a t e s  were averaged. For t he  RPCP c a l c u l a t i o n s ,  i t  was 

determined t h a t  t he  r a t i o  between t h e  a r t i f i c i a l  hea r t  dose r a t e  and t h e  

RPCP dose r a t e  was a  constant  over  a l l  d is tances o f  i n t e r e s t  so t h a t  i t  was 

poss ib le  t o  use t h e  dose f a c t o r s  developed i n  t he  a r t i f i c i a l  hea r t  ana l ys i s  

f o r  t h e  RPCP a n a l y s i s  by app ly ing  a  cons tan t  f a c t o r  t h a t  co r rec ted  f o r  t he  

d i f f e rences  i n  source r a d i a t i o n .  

The dose r a t e  data f o r  a l l  o f  t h e  household a c t i v i t i e s  were c l a s s i f i e d  

by a c t i v i t y  and t h e  sex and household t ype  o f  t he  RPCP user  and h i s  employ- 

ment s t a t u s  and by t h e  age and r e l a t i o n s h i p  o f  t he  persons exposed t o  t he  

r a d i a t i o n .  The dose r a t e  data f o r  p u b l i c  a c t i v i t i e s  were c l a s s i f i e d  by 

a c t i v i t y  only .  The dose r a t e  data f o r  work a c t i v i t i e s  were c l a s s i f i e d  by 

a c t i v i t y  and occupat ion. 

D. REPRIEVE COMPUTER PROGRAM 

The bas ic  equat ion used i n  t h e  REPRIEVE computer program t o  c a l c u l a t e  

popu la t ion  dose i s  r e l a t i v e l y  simple and can be s ta ted  as f o l l o w s :  

Dose t o  t h e  Popu la t ion  = Summations o f :  (P) x  (S) x  (T)  x  (F)  x  (C) 
where 

P = Number o f  Persons i n  a  Device Rec ip ien t  Group. 

S  = Number o f  Exposure Subjects  per  Device Rec ip ien t .  

T  = Time Spent i n  an A c t i v i t y .  

F  = F r a c t i o n  o f  t he  Time Spent i n  an A c t i v i t y  when t h e  Exposure 

Subject  i s  Present. 

C = Dose Rate f o r  the  A c t i v i t y .  

The c a l c u l a t i o n  becomes complex because o f  t h e  many c l a s s i f i c a t i o n s  o r  sub- 

s c r i p t s  f o r  each o f  t h e  components i n  t h e  bas ic  equat ion. The number of 

values f o r  each o f  t he  components i n  t he  bas ic  dose equat ion t h a t  r e s u l t s  

i n  a  f i n a l  dose-to-the-populat ion m a t r i x  o f  240,000 components i s  shown 
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i n  Table 15. The f i n a l  dose t o  t he  popu la t ion  i s  the  r e s u l t  of successive 

sequent ia l  summations o f  dose c a l c u l a t i o n s  w i t h  respec t  t o  each o f  t he  f o l -  

1  owi ng i tenis : 

3  age groups o f  r a d i a t i o n  exposure subjects  i n  p u b l i c  a c t i v i t i e s ,  

29 age, sex and r e l a t i o n s h i p  c l a s s i f i c a t i o n s  o f  members o f  dev ice 

user households, 

198 c l a s s i f i c a t i o n s  o f  household a c t i v i t i e s  by household type, 

4  sex and employment s ta tus  and 12 age group c l a s s i f i c a t i o n s  o f  

dev ice users. 

The ac tua l  sun~iiiation i s  somewhat more compl i c a t e d  because, f o r  example, the  

above l i s t  does n o t  i nc lude  the  occupat ion c l a s s i f i c a t i o n  o r  work a c t i v i t y  

c l a s s i f i c a t i o n s .  

The program i s  w r i t t e n  t o  p rov ide  considerable d e t a i l  i n  t he  breakdown 

o f  t h e  dose t o  the  populat ion.  Table 16 i l l u s t r a t e s  the  var ious kinds o f  

d e t a i l e d  tab les  t h a t  the  REPRIEVE program prov ides.  

TABLE 15. Size o f  C a l c u l a t i o n  Matr ices 

Number 
Subniatrix Symbol o f  Values 

Device Rec ip ien t  Groups P 1  ,500 

I d e n t i t y  o f  Rad ia t ion  Exposure Subjects S 11,600 

Time i n  A c t i v i t y  T  1  ,900 

Frequency o f  Assoc ia t i  on F  4,000 

Dose Factor  C 4,300 

TOTAL 23,300 

Dose t o  t he  Populat ion M a t r i x  D 240,000 



TABLE 16. Output Tables f rom REPRIEVE 

Dose t o  Spouses by Age o f  Each Par tner  and Number o f  Spouses by Age o f  Each Par tner .  

Dose t o  .Other Household Members by Age and Sex o f  Both Device User and Household Members. 

.Dose t o  Associates o f  Device User According t o  Age o f  Associates and Age o f  Device User. 

Dose t o  t h e  Above Three Populat ion Exposure Groups by Age and Household Type o f  Device User.  

Dose t o  t h e  Above Three Populat ion Groups by Household Type and A c t i v i t y  o f  Device User. 
h 
7 

0 
Dose t o  Work Associates by Age o f  Device User and Work A c t i v i t y .  

Dose t o  General P u b l i c  by Age Group and Age and A c t i v i t y  o f  Device User. 

Dose f rom Device User by Household Type, A c t i v i t y  and Sex o f  Device User. 

Dose f rom Device User by Age and Sex o r  Household Type o f  Device User f o r  a l l  Work and Non-work 

A c t i v i t i e s .  
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V I .  RESULTS 

A number o f  REPRIEVE cases were ca l cu la ted  t o  i d e n t i f y  t he  e f f e c t s  

o f  t he  type o f  RPCP, the  age p r o f i l e  a t  f i r s t  implant ,  the imp lan t  r a t e ,  

and the  Pu-236 content  o f  the f u e l  on the  popu la t ion  dose i n  the yea r  

2000.* Cases were a l so  run t o  cornpare popu la t ion  dose i n  t he  year  2020 

w i t h  yea r  2000. These r e s u l t s  are summarized i n  Table 17 and show the  

t o t a l  popu la t ion  dose t o  be i n  t he  raqge o f  a  few thousands o f  rem per  

yea r  per  10,000 1973-equivalent implants per  year .  A  more d e t a i l e d  

t a b l e  f o r  each case i s  presented i n  Tables 18-28. These more d e t a i l e d  

tab les  show r e s u l t s  i n  terms o f  dose t o  spouses by sex and two age groups, 

dose t o  o t h e r  household members by th ree  age groups, and dose t o  asso- 

c i a tes ,  work associates, and t h e  general p u b l i c  w i t h o u t  regard t o  sex 

o r  age. None o f  the  exposures o f  any group appears t o  be excessive. 

Spouses rece ive  the  g rea tes t  i n d i v i d u a l  doses b u t  these range up t o  

on l y  15 o r  16 mremlyear. The average dose t o  the general populace 

i s  on the  order  o f  a  few mic ro  remslyear. 

No at tempt  was made i n  t h i s  ana l ys i s  t o  p r e d i c t  o r  p r o j e c t  market 

shar ing  between the  ARCO Nuclear and Medtronic devices. Presumably each 

would have a  share as w e l l  as o the r  ~ i ianu fac tu rer  designs n o t  s p e c i f i c a l l y  

examined. The resu l  t s  a re  presented i n terms o f  10,000 1973-equi va l  e n t  

implants per  year  f o r  each device above and can be combined i n  p ropo r t i on  

t o  one's i n d i v i d u a l  view o f  the  fu tu re .  For purposes o f  d iscuss ing  the  

resu l  t s  o f  the  ca l cu la t i ons ,  Cases 74-1 and 74-3 a re  considered the  base 

cases. They represent  ARCO and Medtronic devices r e s p e c t i v e l y  , each w i t h  

0.3 ppm o f  Pu-236 i n  the  f u e l  and implant-age p r o f i l e  B. 

With 0.3 ppm Pu-236 i n  the  f u e l  o f  each device the  ARCO Nuclear 

device produces 2.25 t imes as much popu la t ion  dose as the  Medtronic 

device. When the  Medtroni c  device i s  f ue led  w i t h  p lutonium con ta in ing  

* The popu la t ion  dose est imates discussed here  a r e  based on c a l c u l a t i o n s  
t h a t  assume 1  i v i  ng and behaviora l  pa t te rns  remain essent i  a1 l y  as they 
are today and t h a t  an implanted RPCP does n o t  change one's  bas i c  h a b i t s .  
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0.6 ppm Pu-236 (Case 74-5) t he  popu la t i on  dose i s  increased approx imate ly  

20 percen t  and t h e  r e l a t i v e  dose f rom t h e  two dev ices i s  reduced f rom 

2.25: l  t o  1 .9 : l .  

When t h e  younger age p r o f i  1 e A i s  assumed (Cases 74-7 and 74-8) , 
the  e f f e c t  i s  t o  inc rease  t he  number o f  devices i n  use i n  t h e  yea r  2000 

because of t he  longer  l i f e  expectancy o f  t he  average RPCP user .  The 

r e s u l t  i s  an inc rease  o f  35 percen t  i n  t he  popu la t i on  dose. When the  

o l d e r  age p r o f i l e  C i s  assumed (Cases 74-9 and 74-10), t he  e f f e c t  i s  

j u s t  t h e  oppos i te  and t he  popu la t i on  dose i s  reduced by 30 percent .  

I n  Cases 74-11 and 74-13 t h e  e q u i l i b r i u m  imp lan t  r a t e  i s  increased 

from 10,000 t o  20,000 1973-equiva lent  imp lan ts  p e r  yea r .  These r e s u l t s  

demonstrate t h a t  even though t he  i n t r o d u c t i o n  r a t e  i s  t h e  same i n  1975- 

1980, t h e  c o n t r o l l i n g  f a c t o r  o f  popu la t i on  dose by t h e  yea r  2000 i s  t he  

e q u i l i b r i u m  r a t e .  The r a t i o  o f  dose t o  t he  base cases i s  1.95:l which i s  

o n l y  s l i g h t l y  l e s s  than t he  r a t i o  o f  e q u i l i b r i u m  imp lan t  r a t e s  (2 :1) .  

Cases 74-2 and 74-4 i n d i c a t e  t h a t  a 56 percen t  inc rease  i n  annual 

popu la t i on  exposure between t h e  years  2000 and 2020 cou ld  be expected 

assuming a1 1 f a c t o r s  cons tan t  except  t he  p o p u l a t i  on growth e f f e c t s .  

However, improvements i n  t h e  e f f i c i e n c y  o f  conve r t i ng  t h e  r a d i o a c t i v e  

energy t o  e l e c t r i c  energy over  t h i s  p e r i o d  would tend t o  counterbalance 

t h i s  e f f e c t .  Furthermore, as p r e v i o u s l y  discussed, o t h e r  t rea tment  

procedures may reduce pacemaker use a t  some t ime  i n  t h e  f u t u r e .  

Examinat ion o f  Tables 18-28 shows t h a t  t h e  l a r g e s t  s i n g l e  component 

o f  popu la t i on  dose i s  t h a t  t o  t h e  genera l  populace which v a r i e s  from 

33 t o  43 percent  o f  t h e  t o t a l .  Th i s  component which ranges f r om 600 t o  

2000 man remslyear i n  t h e  y e a r  2000 ( p e r  10,000 1973-equivalent imp lan ts  

per  yea r )  i s ,  however, l e s s  than  one ten-thousandth o f  n a t u r a l  background 

r a d i a t i o n .  Th i s  component i s  t he  r e s u l t  o f  t he  p u b l i c  a c t i v i t i e s  

(Table 13) o f  t h e  RPCP users and t h e  i n c i d e n t a l  random exposure r e s u l t i n g  

from popu la t i on  d e n s i t y  e f f e c t s  mos t l y  i n  urban centers .  There i s  no 

way t o  i d e n t i f y  t he  exposed sub jec t s  f u r t h e r  and i t  i s  assumed t h a t  t he  

d i s t r i b u t i o n  o f  t h i s  dose i s  reasonably un i f o rm  across t h e  e n t i r e  

popu la t ion .  



TABLE 18. Case 74-1 Dose t o  t h e  Popu la t ion  i n  t h e  Year 2000 From 
170,000 Radioisotope Powered ARCO-Design Cardiac Pacemakers 

Basis:  1. Imp lan t  Age P r o f i l e  B. 

2. E q u i l i b r i u m  New Imp lan t  Rate (Equ iva len t  1973) = 10,000 RPCP/Year 

3. Pu-236 Content o f  Fuel = 0.3 ppm. 

4. RPCPs a re  rep laced a t  10-year i n t e r v a l s .  

Number o f  Percent o f  Average Dose 
Peopl e Dosage Tota l  Dose To Per Person 

Popul a ti on Category Exposed rem/yr The Popul a t i  on rem/y r 

1. Spouses 

Females - Age 49 and Under 19,500 294 0.01 5 
Females - Age 50 and Over 53,500 71 6 0.013 

Males - Age 49 and Under 6,500 106 2.3 0.016 
Males - Age 50 and Over 28,600 380 8.3 0.013 

2. Other Household Members 

Age 0 - 17 
Age 18 - 49 
Age 50+ 

3. Non-Work Associates 3,696,000 51 1 11.2 0.0001 

4. Work Associates 1,287,000 393 8.6 0.0003 
m 

5. General Populace 265,000,000 (a )  1,686 37.1 0.000006 Z = 
r 
I 

TOTAL 265,000,000 ( a )  4,550 1 00.0 Average 0.00002 03 
A 

vl 
03 

a. The e n t i r e  U.S. popu la t ion  i s  assumed t o  have rece ived some exposure. 
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TABLE 20. Case 74-5 Dose t o  t h e  Populat ion i n  the  Year 2000 From 
170,000 Radioisotope Powered Medtronic-Design Cardiac 
Pacemakers 

Basis: 1. Implant Age P r o f i l e  B. 

2. Equi l  i b r i um New-Implant Rate (Equivalent  1973) = 10,000 RPCP/Yr.  

3. Pu-236 Content o f  Fuel = 0.6 ppm. 

4. RPCPs are  replaced a t  10-year i n t e r v a l s .  

Number o f  Percent o f  Average Dose 
Peopl e Dosage Tota l  Dose t o  Per Person 

Popul a t i o n  Category Exposed rem/y r The Populat ion rem/yr 

1. Spouses 
P 
0, 

Females - Age 49 and Under 
Females - Age 50 and Over 

Males - 49 and Under 
Males - 50 and Over 

2. Other ~ o u s e h o l d  Members 

Age 0 - 17 
Age 18 - 49 
Age 50+ 

3. Non-Work Associates 

4. Work Associates 

5. General Populace 

TOTAL 100.0 Average 0.00001 OJ ~1 
03 

a. The e n t i r e  U.S. popu la t ion  i s  assumed t o  have received some exposure. 
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TABLE 22. Case 74-8 Dose t o  t h e  Population i n  t h e  Year 2000 From 
208,000 Radioi sotope Powered Medtronic-Desi gn Cardiac 
Pacemakers 

Basis:  1. Implant Age P r o f i l e  A. 

2. Equilibrium New Implant Rate (Equivalent  1973) = 10,000 RPCP/Year 
3. Pu-236 Content of  Fuel = 0.3 ppm. 

4. RPCPs a r e  replaced a t  10-year i n t e r v a l s .  

Number o f  Percent  of  Average Dose 
People Dosage Total Dose t o  Per  Person 

Population Category Exposed remlyr The Population remlyr 

1. Spouses 

Females - Age 49 and Under 41,300 277 0.007 
P 
a~ Females - Age 50 and Over 54,500 326 0.006 

Males - Age 49 and Under 15,700 113 4.2 0.007 
Ma1 e s  - Age 50 and Over 37,400 229 8.5 0.006 

2. Other Household Members 

Age 0 - 17 
Age 18 - 49 
Age 50+ 

3. Non-Work Associa tes  4,328,000 235 8 .7  0.0001 

4. Work Associa tes  

5. General Populace 

TOTAL 

m 
265,000,000 (a ) 886 32.8 0.000003 z F 

I 

265 ,000 ,000 ' (~ )  2,703 100.0 Average 0.00001 2 a~ 
VI 
00 

a .  The entire U.S. population is  assumed t o  have received some exposure. 



TABLE 23. case 74-9 Dose t o  the  Populat ion i n  t he  Year 2000 From 
131,000 Radioisotope Powered ARCO-Desi gn Cardiac Pacemakers 

Basis: 1. Implant  Age P r o f i l e  C. 

2. Equ i l  i brium New-Implant Rate (Equivalent  1973) = 10,000 RPCP/Yr. 

3. Pu-236 Content o f  Fuel = 0.3 ppm. 

4. RPCPs are  replaced a t  10-year i n t e r v a l s .  

Number o f  Percent o f  Average Dose 
Peopl e Dosage Tota l  Dose t o  Per Person 

Popul a t i  on Category Exposed rem/yr The Popul a t i  on rem/yr 

1. Spouses 

Females - Age 49 and Under 5,400 8 2 0.015 
P Females - Age 40 and Over 43,400 57 0 0.01 3 
cO 

Males - Age 49 and Under 1,700 27 0.9 0.01 6 
Males - Age 40 and Over 17,300 21 7 6.9 0.01 3 

2. Other Household Members 

Age 0 - 17 
Age 18 - 49 
Age 50+ 

3. Non-Work Associates 2,988,000 489 15.6 0.0002 

4. Work Associates 51 2,000 160 5.1 0.0003 

5. General Populace 265,000,000(~) 1,343 42.7 0.000005 m 
Z 

TOTAL 265,000,000(~) 3,145 100.0 Average 0.00001 A ? I 

03 
ul 
03 

a. The e n t i r e  U.S. populat ions i s  assumed t o  have received some exposure. 
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TABLE 25. Case 74-11 Dose t o  t h e  Population in t h e  Year 2000 From 
332,000 Radioisotope Powered ARCO-Design Cardiac Pacemakers 

Basis: 1.  Implant Age P r o f i l e  B. 

2. Equi 1 i brium New-Implant Rate ( ~ q u i v a l e n t  1973) = 20,000 RPCPIYr.  

3. Pu-236 Content o f  Fuel = 0.3 ppm. 

4. RPCPs a r e  replaced a t  10-year i n t e r v a l s .  

Population Category 

1.  Spouses 

Females - Age 49 and Under 
Females - Age 50 and Over 

Males - Age 49 and Under 
Males - Age 50 and Over 

2. Other Household Members 

Age 0 -  17 
Age 18 - 49 
Age 50+ 

3. Non-Work Associates  

4. Work Associates  

5. General Populace 

TOTAL 

Number o f  
People Do sage 
Exposed remly r 

Percent  of  Average Dose 
Total Dose t o  Per Person 
The Population remly r 

A 

100.0 
03 

Average 0.00003 ~l 
03 

a .  The e n t i r e  U.S. population i s  assumed t o  have received some exposure. 
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The nex t  l a r g e s t  corr~ponent o f  dose i s  t h a t  t o  the spouses o f  RPCP 

users. It v a r i e s , i n  t o t a l  f rom 29 t o  35 percent  o f  t he  t o t a l  popu la t ion  

dose. The average dose per  spouse i s  about 15 mremlyear f o r  t he  ARCO 

Nuclear RPCP and about 7 mremlyear f o r  the  Medtronic Model 9000 RPCP. 

This  i s  on ly  one-tenth t o  one-twent ieth o f  n a t u r a l  background r a d i a t i o n .  

Female spouses account f o r  two- th i rds  o f  t he  t o t a l  because the re  would 

be more male RPCP users. Most o f  t h e  female spouses would be o l d e r  than 

the  maximum c h i  ld -bear ing  age o f  49 years ( U . S .  Census assumption). Only 

a very small p ropo r t i on  o f  female spouses, 2 t o  9 percent,  would be i n  t he  

peak ch i l d -bea r ing  years below age 35. 

Other household members besides spouses account f o r  8 t o  13 percent 

o f  t h e  t o t a l  popu la t ion  dose. The average dose per  o t h e r  household 

member i s  about 3 mremlyear f o r  t he  ARCO Nuclear device and about 1.5 

mremlyear f o r  the  Medtronic device. A s i g n i f i c a n t  p ropo r t i on  o f  these 

o the r  household members a re  i n  t he  0-1 7 yea r  age category, p a r t i c u l a r l y  

when the  younger implant-age p r o f i l e  (A) i s  assumed. 

The o the r  two groups i d e n t i f i e d  i n  Tables 18-28 a r e  non-work asso- 

c i a t e s  ( f r iends ,  neighbors, e tc .  ) who rece i ve  on the  order  o f  0.1 mrem/ 

year  and work associates who rece i ve  0.1 t o  0.3 mremlyear. Non-work 

associates account f o r  9 t o  16 percent o f  t h e  t o t a l  popu la t ion  dose w h i l e  

work associates account f o r  5 t o  11 percent o f  t he  popu la t ion  dose. 

An est imate of 200 cancer deaths per  m i l l i o n  man-rems of popu la t ion  

dose can be der ived  from the  recent  BEIR r e p o r t .  ( I 6 )  Apply ing t h i s  r a t i o  

t o  the  t o t a l  popu la t ion  dose est imated f o r  RPCPs leads t o  an es t imate  o f  

an u l t i m a t e  e f f e c t  o f  approxiniately one a d d i t i o n a l  death pe r  year  i n  t he  

U.S .  per  10,000 1973-equivalent RPCP implants per  year .  I f  the  age of 

those r e c e i v i n g  t h e  dose were taken i n t o  account t h e  est imate would be 

even lower. The present  death r a t e  from cancer i s  353,0001yr. Thus, t he  

p o t e n t i a l  popu la t i on  dose f rom RPCPs does no t  appear t o  represent  a s i g -  

n i f i c a n t  added r i s k .  

The c a l c u l a t i o n s  j u s t  discussed assume a replacement i n t e r v a l  o f  

10 years f o r  t he  RPCPs. Th is  renews t h e  power source f o r  each user  

and reduces t h e  dose because t h e  Pu-236 c o n t r i b u t i o n  i s  r e s e t  t o  zero 



f o r  each RPCP user  a t  10-year i n t e r v a l s .  If t h e  replacement i n t e r v a l  

i s  increased, t h e  popu la t i on  dose w i l l  increase because o f  t he  h ighe r  

c o n t r i b u t i o n  o f  Pu-236. Th is  e f f e c t  i s  i l l u s t r a t e d  f o r  age p r o f i l e  B 

i n  Tables 29 and 30 f o r  the  ARCO Nuclear RPCP and the  Medtronic RPCP 

respec t i ve l y .  The f i r s t  row o f  data i n  each t a b l e  represents a replace-  

ment i n t e r v a l  o f  10 years as was used i n  t he  popu la t i on  dose tabu la t i ons .  

Thus the  e f f e c t  o f  a l onge r  replacement i n t e r v a l  should be considered 

r e l a t i  ve t o  these 10-year r e p l  acement va l  ues . For exampl e, r e f e r r i  ng 

t o  Table 29 f o r  an ARCO Nuclear RPCP, i f  a 20-year replacement i n t e r v a l  

were t o  be assumed r a t h e r  than a 10-year replacement i n t e r v a l ,  t he  

increase i n  the  popu la t i on  dose i n  the  y e a r  2000 would be i n  t he  r a t i o  

o f  1.4 t o  1.259, o r  11 percent .  

The Pu-236 e f f e c t  i s  s l i g h t l y  d i f f e r e n t  f o r  age p r o f i l e s  A and C 

than those shown i n  Tables 29 and 30, b u t  n o t  s u f f i c i e n t l y  d i f f e r e n t  

t o  j u s t i f y  i n c l  udi  ng separate tab1 es . For  example , comparable va l  ues 

f o r  age p r o f i l e  A are 1 t o  3 percent  h ighe r  and f o r  age p r o f i l e  C a re  

1 t o  3 percent  lower than those i n  Tables 29 and 30. 

Another e f f e c t  o f  t h e  device replacement i n t e r v a l  t h a t  can be 

i d e n t i f i e d  w i t h  the  REPRIEVE program i s  i t s  e f f e c t  on the  t o t a l  annual 

number o f  imp1 ants requ i red .  The more f requent  t he  r e p l  acement i n t e r v a l s  , 
the  l a r g e r  the  number o f  devices requ i red  each yea r  t o  p rov ide  n o t  on l y  

t he  f i r s t  imp lan ts  b u t  the  replacement implants f o r  devices p rev ious l y  

i n  use. Th is  e f f e c t  i s  d e t a i l e d  i n  Tables 31-33 f o r  t h e  th ree  age 

pro f i les - -A ,  B and C. When the  replacement i n t e r v a l  i s  sho r t ,  on the  

o r d e r  o f  2 o r  3 years, the  e f f e c t  on imp lan t  requirements i s  s i g n i f i -  

can t  w i t h  replacement requirements reaching 6 t o  8 t imes the  f i r s t  

imp lan t  r a t e  i n  t h e  yea r  2000. Replacement i n t e r v a l s  beyond 20 years 

have a r e l a t i v e l y  small e f f e c t  on the  annual imp lan t  requirements. 



TABLE 29. Ef fect  o f  RPCP Replacement I n t e r v a l  on Re la t i ve  Dose Rate f o r  ARC0 RPCP w i t h  0.3 ppm Pu-236 

Basis: 1. Case 74-1. 

2. Implant Age P r o f i l e  B. 

3. Equi l  i b r i um New-Implant Rate (Equivalent  1973) = 10,000 R P C P I y r .  

Rep1 acemen t 
I n t e r v a l  Year o f  Program 
I n  Years 1975 1980 1985 1990 1995 2000 2005 201 0 201 5 2020 ' 2025 

10 1.000 1.053 

Note: S t a i r s t e p  l i n e  shows d i v i s i o n  between values p o t e n t i a l l y  a f f ec ted  by replacement i n t e r v a l .  Values below o r  t o  the 
l e f t  o f  t h i s  l i n e  are  n o t  a f fec ted .  

Average Dose Rate Re la t i ve  t o  New RPCP 

1.174 1.253 1.239 1.259 1.252 1.258 1.256 1.257 1.259 

Average Dose Rate Due t o  Pu-238 Only, Re la t i ve  t o  New RPCP 

2 0 1.000 1.053 1.175 1.309 1.383 1.400 1.380 1.384 1.392 1.395 1.397 

3 0 1.000 1.053 1.175 1.309 1 .384 1.419 1.432 1.429 1.420 1.421 1.428 

V1 
4 

40 ' 1.000 1.053 1.175 1.309 1 .384 1.419 1.432 1 .434 1.434 1.432 1 .434 

5 0 1.000 1.053 1.175 1.309 1.384 1.419 1.432 1.434 1.434 1.434 1.437 

6 0 1 .OOO 1.053 1.175 1.309 1.384 1.419 1.432 1.434 1.434 1.434 1.437 

10 1.000 0.991 0.978 0.969 0.970 0.968 0.969 0.969 0.969 0.969 0.968 

20 1 .OOO 0.991 0.977 0.962 0.948 0.942 0.945 0.945 0.944 0.943 0.942 

30 1.000 0.991 0.977 0.962 0.948 0.937 0.929 0.925 0.927 0.927 0.926 

4 0 1.000 0.991 0.977 0.962 0.948 0.937 0.928 0.923 0.918 0.916 
w 

0.916 z, 
5 0 1.000 0.991 0.977 0.962 0.948 0.937 0.928 0.923 0.918 0.915 

r 
0.912 

6 0 1.000 0.991 0.977 0.962 0.948 0.937 0.928 0.923 0.91 8 0.915 
03 

0.912 



TABLE 30. E f f e c t  o f  RPCP Replacement I n t e r v a l  on Re la t i ve  ~ o s e * ~ a t e  f o r  Medtronic RPCP w i t h  0.3 ppm Pu-236 

Basis: 1. Case 74-3 

2. Implant Age P r o f i l e  B. 

3. Equ i l i b r i um New-Implant Rate (Equivalent  1973) = 10,000 RPCP/yr. 

R e ~ l  acement 
I n t e r v a l  Year o f  Program 
I n  Years 1975 1980 1985 1990 1995 2000 2005 201 0 201 5 2020 2025 

Average Dose Rate Re la t i ve  t o  New RPCP 

Note: S t a i r s t e p  l i n e  shows d i v i s i o n  between values p o t e n t i a l l y  a f f e c t e d  by replacement i n t e r v a l .  Values below o r  t o  t h e  
l e f t  of t h i s  l i n e  are  n o t  af fected.  

10 1.000 1.040 

Average Dose Rate Due t o  Pu-238 Only, Re la t i ve  t o  New RPCP 

10 1.000 0.991 0.970 0.968 0.969 0.969 0.969 0.969 0.968 

20 1 .OOO 0.991 0.977 0.962 0.948 0.942 0.945 0.945 0.944 0.943 0.942 

3 0 1.000 0.991 0.977 0.962 0.929 0.925 0.927 0.927 0.926 

1.133 1.194 1.183 1.198 1.193 1 . I97  1.196 1 . I97 1.199 

40 1 .OOO 0.991 0.977 0.962 0.948 0.937 0.928 0.923 
Z 

0.918 0.91 6 0.916 

20 1 .OOO 1.040 1.134 1.237 

5 0 1.000 0.991 0.977 0.962 0.948 0.937 0.928 0.923 0.918 0.91 5 0.912 2 
6 0 1.000 0.991 0.977 0.962 0.948 0.937 0.928 0.923 0.918 0.915 0.972 

1.293 1.305 1.290 1.293 1 .299 1.301 1 .303 

3 0 1.000 1.040 1.134 1.237 1.293 1.319 1.327 1 ,324 1.318 1.319 1.324 

Ln 
w 

4 0 1.000 1.040 1.134 1.237 1.293 1.319 1.327 1.328 1.327 1.325 1.326 

5 0 1.000 1.040 1.134 1.237 1.293 1.319 1.327 1.328 1.327 1.326 1.328 

60 1.000 1.040 1.134 1.237 1.293 1.319 1.327 1.328 1.327 1.326 1.328 
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TABLE 32. Effect of Device Replacement Interval on Total Annual Number of Implants for Age Profile B 

Basis: 1. Case 74-1. 

2. Equilibrium New-Implant Rate (Equivalent 1973) = 10,000 RPCPIyr. 

Rep1 acement 
Interval Number of Implants During Program Year 
In Years 1975 1985 1 990 2000 2 005 2010 . 201 5 2020 2025 1980 - 1995 - 

- - 
VI 
w 

Note: Stairstep 1 ine shows division between values potentially affected by replacement interval. Values below or to the 
left of this line are not affected. 



TABLE 33. E f f e c t  o f  Device Replacement I n t e r v a l  on Tota l  Annual Number o f  Implants f o r  Age P r o f i l e  C 

Basis: 1. Case 74-9 

2. Equ i l i b r i um New-Implant Rate (Equivalent  1973) = 10,000 RPCPIyr. 

Rep1 acemen t 
I n t e r v a l  Number o f  Imp1 an ts  Dur ing Program Year 
I n  Years 1975 1980 1985 1990 1995 2000 2005 201 0 201 5 2020 2025 

- 
03 
ul 

Note: S t a i r s t e p  l i n e  shows d i v i s i o n  between values p o t e n t i a l l y  a f f e c t e d  by replacement i n t e r v a l .  Values below o r  t o  t he  
l e f t  of t h i s  l i n e  are no t  a f fec ted .  
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