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I. INTRODUCTION 

The o b j e c t i v e  o f  t h i s  s tudy  i s  t o  es t imate  t h e  r a d i a t i o n  dose t o  t h e  

popu la t i on  r e s u l t i n g  from t h e  development and widespread use of a r t i f i c i a l  

h e a r t  dev ices powered by t he  rad io i so tope ,  plutonium-238. Th i s  work was 

c a r r i e d  o u t  f o r  t h e  D i v i s i o n  o f  Biomedical  and Environmental Research o f  

t he  Energy Research and Development A d m i n i s t r a t i o n  (ERDA) [ f o r m e r l y  t h e  

U.S. Atomic Energy Commission] as a  p a r t  o f  t h e i r  A r t i f i c i a l  Hea r t  Program. 

For  many decades h e a r t  d isease has been t h e  l ead ing  cause of  death i n  

t h e  Un i t ed  States. Because t h i s  d isease o f t en  occurs i n  persons i n  t h e i r  

p roduc t i ve  years,  death from i t  n o t  o n l y  causes s u f f e r i n g  i n  t h e i r  f am i l i es ,  

b u t  has an adverse economic impact on t h e  n a t i o n  as we l l .  Therefore, t h e  

development o f  a  dev ice  t o  con t i nue  t h e  h e a r t  f unc t i on  a f t e r  normal h e a r t  

f a i l u r e  c o u l d  c o n t r i b u t e  t o  t h e  w e l f a r e  of o u r  soc ie t y .  Powering such a  

dev ice  by means o f  a  t o t a l  l y  implantab le ,  long-1 i v e d  2 3 8 ~ u  power source 

o f fe rs  s u b s t a n t i a l  advantages compared t o  o t h e r  power sources. However, 

these advantages must be weighed a g a i n s t  the  gamma and neu t ron  r a d i a t i o n  

r i s k s  t o  persons i n  t h e  v i c i n i t y  o f  t h e  user. A1 though t h e  dose r a t e  f rom 

any one user  would be v e r y  smal l  (0.01-0.02 mrem/hr a t  10 f t ) ,  c u r r e n t l y  

accepted t heo ry  c o n s e r v a t i v e l y  assumes t h a t  t h e  e f fec ts  o f  low- leve l  

r a d i a t i o n  a re  cumulat ive.  Since severa l  hundreds o f  thousands o f  dev ices 

m igh t  e v e n t u a l l y  be i n  use, i t  i s  impo r tan t  t o  c h a r a c t e r i z e  t h e  dose-to-the- 

popu la t i on  r i s k .  

Development o f  dose- to- the-populat ion es t imates  r e q u i r e s  an a n a l y s i s  

t o  determine t h e  c h a r a c t e r i s t i c s  of those who would use t h e  device, how 

many would be used, how l ong  t h e  r e c i p i e n t s  would l i v e  and what t h e i r  



personal  i n t e r a c t i o n s  w i t h  o t h e r  people  would be. The scope o f  t h i s  s tudy  

i n c l  udes t h e  f o l l o w i n g  p r i n c i p a l  components. 

1.  De te rmina t ion  o f  t h e  cun iu la t i ve  number o f  dev ices  i n  use i n  each 

y e a r  based on es t imates  o f :  

a. Hear t  d i sease  death r a t e s  

b. F r a c t i o n  o f  those  dy i ng  who would be e l i g i b l e  f o r  a  dev ice  

i mpl a n t  

c .  Rate o f  i m p l a n t a t i o n  

d. L i f e  expectancy a f t e r  i m p l a n t  

2. Est imates o f  r a d i a t i o n  dose r a t e s  as a f u n c t i o n  o f  d i s t ance .  

3. C l  ass i  f i  c a t i o n  o f  persons p o t e n t i  a1 l y  exposed. 

4. Est imates o f  i n t e r p e r s o n a l  d i s t a n c e  r e l a t i o n s h i p s  between users  

o f  t h e  dev ices  and o t h e r  persons. 

5. Development o f  a  computer model t o  use t h e  above da ta  t o  c a l c u l a t e  

t o t a l  dose t o  t h e  popu la t i on .  

S ince cons ide rab le  u n c e r t a i n t y  e x i s t s  i n  t h e  p r o j e c t i o n  o f  a r t i f i c i a l  h e a r t  

use, t h e  p o p u l a t i o n  dose r e s u l t s  were developed p a r a m e t r i c a l l y  w i t h  respec t  

t o  f a c t o r s  ( h e a r t  d isease death r a tes ,  l i f e  expectancy, e t c .  ) t h a t  would 

a f f e c t  t h e  number o f  a r t i f i c i a l  hea r t s  i n  use. 



11. SUMMARY AND CONCLUSIONS 

Est imates o f  dose t o  t he  popu la t i on  f rom 238~u-powered a r t i f i c i a l  

hea r t s  were developed us ing  a  c a l c u l a t i o n a l  model c a l l e d  REPRIEVE. This  

model develops t he  p r o j e c t e d  user popu la t ion  by i n c o r p o r a t i n g  assumptions 

regard ing  f u t u r e  h e a r t  disease death ra tes ,  t he  f r a c t i o n  dy ing  who would 

be e l i g i b l e  candidates f o r  a r t i f i c i a l  hear ts ,  popu la t ion  p ro jec t i ons ,  

beginning imp lan t  r a tes ,  death r a t e s  a f t e r  imp lan t  due t o  n a t u r a l  causes, 

and deaths caused by dev ice f a i l u r e .  

The user  popu la t ion  was charac te r i zed  by age, sex, household desc r i p t i on ,  

employment s t a t u s  and occupat ion. Census da ta  on household desc r i p t i ons  

and spec ia l  surveys i n  se lec ted  c i t i e s  prov ided t h e  i n fo rma t i on  necessary 

t o  descr ibe  persons exposed d u r i n g  bo th  household and pub1 i c  a c t i v i t i e s .  

These surveys f u r t h e r  de f i ned  d is tance  and t ime o f  con tac t  f a c t o r s  f o r  

these persons. 

Ca l cu la t i ons  us ing  a  dos imetry  computer code de f i ned  the  r e l a t i o n s h i p s  

between d is tance  and dose. The va l  i d i t y  o f  these c a l c u l a t i o n s  has been 

subs t a n t i  a ted  by experimental  measurements. 

T i m e - i n - a c t i v i t y  data were ob ta ined  from the  I n s t i t u t e  f o r  Soc ia l  

Research a t  t h e  U n i v e r s i t y  o f  Michigan. The data came from a  nat ionwide 

sample o f  households as p a r t  o f  a  m u l t i n a t i o n a l  survey i n  10 count r ies .  

A f t e r  developing t he  user  popu la t ion ,  t h e  REPRIEVE program used t h e  

above data t o  perform popu la t i on  dose ca l cu la t i ons .  The f i n a l  popu la t ion  

dose i s  t he  r e s u l t  o f  approx imate ly  220,000 summations o f  i n d i v i d u a l  

ca l cu la t i ons .  The program expresses t he  r e s u l t s  i n  t ab les  showing 

dose by  t he  age and sex o f  t he  persons exposed as w e l l  as by h e a r t  

r e c i p i e n t  c l a s s i f i c a t i o n s .  

A re fe rence  base case de f ined  ou r  bes t  es t imate  o f  f u t u r e  cond i t ions .  

Other cases examined t h e  e f f ec t  o f  user  popu la t i on  parameters on f i n a l  

popu la t ion  dose. From t h i s  ana l ys i s  we prepared c r e d i b l e  maximum and 

minimum est imates of popu la t i on  dose. Table 1  on t h e  f o l l ow ing  page 

sumnarizes t he  r e s u l t s  of these ca l cu la t i ons .  



TABLE -- 1. Year 2000 Popu la t i on  Dose Est imates 

From 2 3 8 ~ u - ~ o w e r e d  A r t i  f i c i  a1 Hear ts  

Average Dose 
Popu la t i on  Popu la t i on  Dose Percent  Per Person 

Category  Es t imate  man-remlyear of T o t a l  rem/yea r 

Spouses Minimum 21,000 35.4 0.860 
Best  120,000 35.3 0.840 
Maximum 1 52,000 35.5 0.830 

Other  Household Minimum 6,000 10.2 0.173 
Members Bes t  36,000 10.5 0.170 

Maximum 43,000 10.1 0.166 

Non-work Minimum 5,000 9.1 0.0073 
Assoc ia tes  Bes t  31,000 9.1 0.0071 

Maxi mum 39,000 9.1 0.0070 

Work Assoc ia tes  Minimum 6,000 10.8 0.0185 
Bes t  37,000 10.9 0.0175 
Maxi mum 46,000 10.8 0.0178 

General Populace Minimum 20,000 34.4 0 .00008~a)  ( a )  
Bes t  116,000 34.2 0.00044(,) 
Maximum 148,000 34.6 0.00056 

TOTAL IYinimum 58,000 100.00 0.00022 
Best  340,000 Average 0.001 28 
Maximum 428,000 0.00161 

(a )  The e n t i r e  U.S. p o p u l a t i o n  i n  yea r  2000 i s  assumed t o  have r e c e i v e d  
some exposure. 

The number of dev i ce  users  and hence t h e  p o p u l a t i o n  dose appears t o  

reach an e q u i l i b r i u m  l e v e l  a t  about y e a r  2035 o r  50 yea rs  a f t e r  i n i t i a l  

imp lan t s  have begun. The bes t -es t ima te  dose a t  t h i s  p o i n t  i s  approx imate ly  

58% h i g h e r  than  i n  t h e  yea r  2000 o r  535,000 man-remlyear. 

As seen from t h e  t a b l e ,  spouses r e c e i v e  t h e  l a r g e s t  i n d i v i d u a l  doses. 

These amount t o  a ln iost  1 remlyear ,  o r  seven t o  e i g h t  t imes  normal background. 

It i s  i m p o r t a n t  t o  recogn ize  t h a t  most spouses a r e  i n  o l d e r  age groups where 

g e n e t i c  e f f e c t s  a r e  o f  l i t t l e  concern and where o t h e r  compet ing r i s k s  o f  



death  may p r e v a i l  before somat ic r a d i a t i o n  e f f e c t s  a r e  ev i den t .  Furthermore, 

t h e  r i s k  would be a  v o l u n t a r y  r i s k  t h a t  cou ld  be reduced t w o f o l d  o r  more by 

separa te  s l eep ing  arrangements. 

Average dose t o  o t h e r  household members would be s l i g h t l y  h i ghe r  than t h a t  

o f  normal background. However, a  s i g n i f i c a n t  p o r t i o n  o f  i t  would be absorbed 

by yo'ung persons under 18 years  o f  age. 

The dose t o  o t h e r  assoc ia tes  and t o  t h e  genera l  populace, w h i l e  compris-  

i n g  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  t o t a l  p o p u l a t i o n  dose; ranges from about 

20 mremlyear t o  a  f r a c t i o n  o f  an mremlyear on an i n d i v i d u a l  bas is .  

The t o t a l  p o p u l a t i o n  exposure es t imates  range f rom 58,000 man-remlyear t o  

428,000 man-remlyear. Approx imate ly  35% o f  t h i s  i s  t r a n s m i t t e d  t o  i n d i v i d u a l  s  

a t  r a t e s  t h a t  a r e  o n l y  a  f r a c t i o n  o f  1% o f  normal background r a d i a t i o n .  

Approx imate ly  30% i s  t r a n s m i t t e d  t o  i n d i v i d u a l s  a t  r a t e s  t h a t  a r e  i n  t h e  range 

o f  20% t o  200% o f  normal background. The rema in ing  approx imate ly  35% i s  

t r a n s m i t t e d  t o  i n d i v i d u a l s  (spouses) a t  r a t e s  t h a t  a r e  seven t o  e i g h t  t imes  

normal background. 

Development o f  es t imates  o f  h e a l t h  e f f e c t s  t h a t  would r e s u l t  from these 

p o p u l a t i o n  exposure es t imates  was n o t  i nc l uded  i n  t h i s  s tudy.  S u b s t a n t i a l  

o p i n i o n  now e x i s t s ( ' )  t h a t  ho lds  t h a t  t he  BEIR Repor t  es t ima tes (2 )  of h e a l t h  

e f f e c t s  per  man-rem a t  low dose r a t e s  a r e  cons ide rab l y  ove rs ta ted .  Because of  

t h e  l a r g e  u n c e r t a i n t y  r ega rd i ng  h e a l t h  e f f e c t s  a t  low dose r a t e s  an es t ima te  

of h e a l t h  e f f e c t s  was n o t  i nc l uded  i n  t h i s  study. T h i s  s tudy  does, however, 

p rov i de  t he  age -spec i f i c  dose da ta  e s s e n t i a l  f o r  ana l yz i ng  p o t e n t i a l  h e a l t h  

e f fec ts .  Th i s  s tudy  a l s o  c l e a r l y  shows t h a t  t h e  h e a l t h  e f f e c t s  w i l l  be s i g -  

n i f i c a n t l y  l e s s  than t h e  h e a l t h  e f f e c t s  f o r  equal p o p u l a t i o n  exposures r e s u l t -  

i n g  from uni form exposure o f  t h e  p o p u l a t i o n  ( t h e  usual  b a s i s  f o r  c a l c u l a t i n g  

p o p u l a t i o n  h e a l t h  e f f e c t s )  because o f  t h e  d i s p r o p o r t i o n a t e  degree t o  which o l d e r  

age groups a r e  exposed i n  t h e  case o f  t he  a r t i f i c i a l  h e a r t  p o p u l a t i o n  dose. 

The d i f f e r e n c e  i n  t h e  age d i s t r i b u t i o n  o f  t h e  a r t i f i c i a l  h e a r t  p o p u l a t i o n  

dose compared t o  a  p o p u l a t i o n  dose based on a  un i f o rm  exposure o f  t h e  e n t i r e  

U.S. popu la t i on  i s  i l l u s t r a t e d  i n  F i g u r e  1. For  a  un i f o rm  popu la t i on  exposure, 

approx imate ly  75% o f  t h e  dose would be rece i ved  by persons under 50 years  o f  

age, w h i l e  o n l y  50% o f  t h e  dose would be r e c e i v e d  by t h a t  age group i n  t h e  case 



o f  t h e  a r t i f i c i a l  h e a r t  p o p u l a t i o n  dose. T h i s  wou ld  reduce  b o t h  t h e  somat i c  

and g e n e t i c  e f f e c t s  f o r  a  g i v e n  r a d i a t i o n  exposure  compared t o  e f f e c t  e s t i -  

mates based on u n i f o r m  popu l  a t i o n  exposure.  

F i n a l l y ,  c o n s i d e r a t i o n s  o f  t h e  p o p u l a t i o n  exposure  r i s k  s h o u l d  be 

weighed a g a i n s t  t h e  p o t e n t i a l  b e n e f i t  o f  s a v i n g  on t h e  o r d e r  o f  1  m i l l i o n  

man-years o f  1  i f e  b y  t h e  y e a r  2000 and more i n  t h e  y e a r s  t o  f o l l o w .  

-- A R T I F I C I A L  HEART POPULATION 
DOSE DISTRIBUTION TO FEMALES 

- ----- A R T I F I C I A L  HEART POPULATION 
DOSE DISTRIBUTION TO MALES 

- ..- ..... -. DOSE D l  STRI BUT1 ON TO FEMALES 
IF ENTI RE POPULATION EXPOSURE 
WAS UNIFORM 

- DOSE D l  STRI BUTION TO MALES 
IF  ENTI RE POPULATION EXPOSURE 
WAS UNIFORM 

AGE OF PERSONS EXPOSED 

FIGURE 1. Comparison o f  P o p u l a t i o n  Dose D i s t r i b u t i o n  by  Age 
f o r  t h e  A r t i f i c i a l  H e a r t  P o p u l a t i o n  Dose w i t h  t h e  
Dose D i s t r i b u t i o n  f o r  a  U n i f o r m  P o p u l a t i o n  Exposure 



METHODOLOGY 

Th is  s e c t i o n  b r i e f l y  o u t l i n e s  t he  components o f  t h i s  s tudy and t h e i r  

i n t e r r e l a t i o n s h i p s .  The s tudy  scope was o r i g i n a l l y  developed t o  d e f i n e  t he  

p o p u l a t i o n  dose i n  terms o f  t h e  demographic c h a r a c t e r i s t i c s  o f  t h e  dev ice  

r e c i p i e n t s  w i t h o u t  i d e n t i f i c a t i o n  o f  persons exposed. However, because t h e  

age and sex o f  persons exposed a r e  impo r tan t  f a c t o r s  f o r  e s t i m a t i n g  poten- 

t i a l  somatic and gene t i c  e f f e c t s  o f  l ow - l eve l  r a d i a t i o n ,  t h e  scope was5 

l a t e r  broadened t o  i d e n t i f y  t h e  r a d i a t i o n  dose by t h e  age and sex o f  t h e  

person exposed. 

F igure  2 shows t h e  var ious  components o f  t h e  s tudy  as o r i g i n a l l y  

def ined.  P r o j e c t i o n s  o f  f a t a l  h e a r t  d isease inc idence  were combined w i t h  

es t imates  o f  a r t i f i c i a l  h e a r t  candidates t o  develop t h e  p r o j e c t i o n  o f  

annual imp lan ts  by age and sex. An assumed p r o b a b i l i t y  o f  death f o r  each 

dev ice  r e c i p i e n t  age and sex group and an assumed probabi 1  i ty o f  dev ice  

f a i l u r e  were combined w i t h  t he  annual imp lan t  p r o j e c t i o n  t o  develop t h e  

number o f  s u r v i v i n g  dev ice  r e c i p i e n t s  as a  f u n c t i o n  o f  t ime  f o r  each 

imp lan t  year .  Annual summations by age and sex o f  t h e  number o f  s u r v i v -  

i n g  impl  an ts  f rom each impl  a n t  yea r  p rov ided  t h e  cumula t i ve  number o f  

s u r v i v i n g  dev ice  r e c i p i e n t s  i n  each year .  (We assumed t h e  imp lan t  program 

would beg in  i n  1985.) The dev ice  r e c i p i e n t  popu la t i on  was then f u r t h e r  sub- 

d i v i d e d  by occupat ion  and household type,  us i ng  U.S. Census and Cur ren t  

Popu la t ion  Survey (CPS) data.  

I n  simp1 i f i e d  form, t h e  dose c a l c u l a t i o n  f o r  t h e  i n i t i a l  s tudy was: 

Summations o f  (P) x  (T )  x  (C) = Popu la t i on  Dose 

where 

P  = Number o f  dev ice  r e c i p i e n t s  i n  each subgroup, 

T  = Amount o f  t ime spent  i n  a  de f i ned  a c t i v i t y ,  

C = Dose r a t e  t o  o the rs  f rom dev ice  r e c i p i e n t  d u r i n g  a  

d e f i n e d  a c t i v i t y .  

We ob ta ined  t i m e - i n - a c t i v i  ty  data from sampl e  survey r e s u l t s  conducted by 

t h e  U n i v e r s i t y  o f  Michigan, I n s t i t u t e  f o r  Soc ia l  Research (ISR). Data on 



FIGURE 2 .  Population Radiation Exposure Calculations for  Use 
of Nucl ear-Powered Arti f  i  ci a1 Hearts 
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interpersonal distance relationships were collected from surveys among 

Battell e enipl oyees and random popul ations in Rich1 and and Seattl e ,  

Washington. The interpersonal distance data were combined with dose ratc  
versus distance data (calculated with a dosimetry co~iiputer code) in a spe- 

cial  computer program to calculate average dose rates for  each specified 
ac t iv i ty .  Another coniputer model , REPRIEVE, was developed to  calculate the 

nurr~ber of surviving implants and to  combine th is  with the time-in-activi t y  

and dose ra te  data to calculate population dose. Using these calculations 
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FIGLIRE 3. Expansion o f  A n a l y t i c a l  Method t o  I d e n t i f y  
Persons Exposed 

Survey o f  over  40,000 households across t h e  Un i ted  S ta tes  p rov ided  i d e n t i -  

f i c a t i o n  of p o t e n t i a l l y  exposed household members by t h e i r  age, sex, and 

r e l a t i o n s h i p  t o  t h e  p o t e n t i a l  h e a r t  dev ice  r e c i p i e n t .  
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where 

P = Number of persons in a  device r ec ip ien t  group, 

S = Number of persons ( i n  a  defined group) exposed per r e c i p i e n t ,  

T = Amount of time spent  by device r e c i p i e n t  group in  a  defined 

a c t i v i t y ,  

F = Frequency of con tac t  of persons exposed d u r i n g  a  defined 

a c t i v i t y ,  

C = Dose r a t e  t o  persons exposed. 

The t o t a l  population dose cons i s t s  of summations of the  ca lcu la t ions  above 

f o r  work-re1 a ted  and nonwork-related a c t i v i t i e s  plus a  small inc identa l  

random component. This l a s t  coliiponent a r i s e s  from rad ia t ion  t o  not o ther -  

wise i d e n t i f i a b l e  persons who a re  in t h e  general v i c i n i t y  of t h e  device 

r e c i p i e n t .  



I V .  ARTIFICIAL HEART USE PROJECTIONS 

The f i r s t  s t ep  i n  e s t i m a t i n g  t h e  dose- to - the-popu la t ion  i s  p r o j e c t i n g  

t h e  number o f  dev ices i n  use as a  f u n c t i o n  o f  t ime.  Th i s  r e q u i r e s  e s t i ~ i i a t e s  

o f  t h e  f r a c t i o n  o f  p o t e n t i a l  r e c i p i e n t s  i n  each age and sex group who would 

be e l i g i b l e  f o r  imp lan ts ,  t h e  number o f  dev ices implanted,  and r e c i p i e n t  l i f e  

expectancy. The es t ima te  i nc l udes  t h e  f o l l o w i n g  p r i n c i p a l  components: . F r a c t i o n  o f  t h e  persons p r e s e n t l y  dy i ng  who would be e l i g i b l e  

f o r  a r t i f i c i a l  h e a r t  dev ices  ( e l  i g i  b i l  i t y  c o n s i d e r a t i o n s )  . Pro jec ted  f u t u r e  i nc i dence  o f  f a t a l  h e a r t  d i sease  

. Popu la t i on  growth e f f e c t s  

. Imp lan t  r a t e  l i m i t a t i o n s  . Natu ra l  -cause dea th  r a t e s  a f t e r  imp1 a n t  . D e v i c e - f a i l u r e  dea th  r a t e s  

Combinat ion o f  t h e  f i r s t  f o u r  i tems produces t h e  i n i t i a l  imp lan t  e s t i -  

mates. The l a s t  two i tems combine w i t h  t h e  i n i t i a l  imp lan t  es t imates  t o  

produce t h e  f i n a l  r e c i p i e n t  popu la t i ons  as a  f u n c t i o n  o f  t ime .  Each o f  t h e  

above components r e q u i r e s  es t imates  o f  a  f u t u r e  c o n d i t i o n .  Some a l s o  

r e q u i r e  knowledge o f  c o n d i t i o n s  f o r  which t h e r e  i s  no c u r r e n t  da ta  base. 

For  these  reasons we developed t h e  r e s u l t s  p a r a m e t r i c a l l y  encompassing a  

range o f  va lues f o r  each component (except  p o p u l a t i o n  g rowth ) .  The above 

components and t h e  assumptions used i n  t h e i r  development a r e  o u t l i n e d  i n  t h e  

succeeding s e c t i o n s .  

Based on o u r  a n a l y s i s  t h e  t o t a l  number o f  dev ices  t h a t  cou ld  be i n  use 

i n  t h e  y e a r  2000 would range between 34,000 and 260,000 w i t h  a  b e s t  es t ima te  

o f  200,000. Approx imate ly  62% o f  these dev ices  would be imp lan ted  i n  men-- 

most o f  them between t h e  ages o f  45 t o  74. The rema in ing  38% o f  t h e  dev ices 

would be imp lan ted  i n  women p redominan t l y  between t h e  ages o f  50 t o  79. 



A. ELIGIBILITY CONSIDERATIONS 

The b a s i s  f o r  de te rmin ing  t h e  persons e l i g i b l e  t o  r e c e i v e  an a r t i f i c i a l  

h e a r t  were de r i ved  l a r g e l y  f rom t h e  f o l l o w i n g  r e p o r t s :  

1. Card iac Replacement, a  r e p o r t  by Ad Hoc Task Force on Card iac 

Replacement Na t i ona l  Hear t  I n s t i t u t e .  ( 3 )  

2. The T o t a l l y  Imp lan tab le  A r t i f i c i a l  Heart, a  r e p o r t  of t h e  

A r t i f i c i a l  Hear t  Assessment Panel o f  t h e  Na t i ona l  Hear t  and 

Lung Assoc ia t ion .  (4  

3. F i n a l  Sumiiary Report  on S i x  Stud ies Basic t o  Cons idera t ion  o f  

t h e  A r t i f i c i a l  Hear t  Program, Hi t tman Assoc ia tes,  I ~ c . ( ~ )  

The r i s k s  a t t endan t  t o  e n t i r e  ca rd iac  replacement,  even w i t h  t h e  

s u r g i c a l  procedures developed t o  t r a n s p l a n t  human hea r t s ,  a r e  so formida-  

b l e  t h a t  surgeons w i l l  p robab ly  be ext remely  conse rva t i ve  i n  p ropos ing  

such a course of a c t i o n .  Because of t h i s  r i s k ,  i t  i s  assumed t h a t  o n l y  i n  

t h e  event  o f  imminent death would a r t i f i c i a l  h e a r t  irnpl an t s  be at tempted. 

For t h i s  reason, t h e  number of h e a r t  d isease deaths would p rov ide  t h e  upper 

1  i m i t  on number o f  imp1 an ts .  In a d d i t i o n ,  t h e  circumstances sur round ing  

h e a r t  d isease deaths i n d i c a t e  t h a t  t h e  a c t u a l  number o f  candidates f o r  

c a r d i a c  replacement would be much l ess .  Ischemic h e a r t  d isease,  i n c l u d i n g  

coronary h e a r t  d isease  which accounts f o r  t h e  overwhelming m a j o r i t y  o f  

h e a r t  d isease deaths, f r e q u e n t l y  causes death w i t h i n  one hour o f  t h e  onset  

o f  an a t t a c k .  I n  many cases t h i s  would n o t  a l l o w  t ime  t o  ge t  t h e  v i c t i m  t o  

a  h o s p i t a l  where l i f e  c o u l d  be sus ta ined  l o n g  enough t o  a t t emp t  an 

a r t i f i c i a l  h e a r t  imp lan t .  I n  many o f  these deaths t h e r e  i s  a l s o  no p rev ious  

reco rd  o f  severe h e a r t  d isease,  i n d i c a t i n g  t h a t  p r i o r  p r e v e n t a t i v e  a c t i o n  

c o u l d  n o t  have been taken. The conc lus ion  i s  t h a t  o n l y  a  sma l l  percentage 

o f  those dy ing  f rom h e a r t  d isease c o u l d  be cons idered as e l i g i b l e  candidates.  

One o t h e r  c o n d i t i o n  f o r  c a r d i  ac replacement e l  i g i  b i  1  i t y  i s t h e  

absence o f  c o n t r a i n d i c a t i n g  diseases . The presence o f  these d iseases 

would n o t  o n l y  tend t o  s u b s t a n t i a l l y  reduce t he  p r o b a b i l i t y  o f  s u r v i v i n g  



t h e  imp lan t  procedure,  b u t  would l i m i t  t h e  q u a l i t y  o f  l i f e  and l i f e  expec- 

tancy  even i f  t h e  i m p l a n t  ope ra t i on  were success fu l .  

The b e s t  es t ima tes  o f  cand ida te  e l i g i b i l i t y  a v a i l a b l e  were made by t h e  

Ad Hoc Task Force i n  t h e i r  r e p o r t  Card iac Replacement. '3)  Th i s  r e p o r t  was 

o r i e n t e d  m a i n l y  toward ca rd i ac  rep1 acement u s i n g  human h e a r t  t r a n s p l a n t s .  

However, most o f  t h e  da ta  and conc lus ions  a r e  a l s o  a p p l i c a b l e  t o  rep lace-  

ment u s i n g  a r t i f i c i a l  h e a r t s  except t h a t  immuno-suppression i s  no t  a  f a c t o r  

i n  c o n s i d e r i n g  c o n t r a i n d i c a t i  ve diseases. 

The f o l l o w i n g  quote f rom t h e  Ad Hoc Task Force r e p o r t  d e f i n e s  s u c c i n c t l y  

t h e  c r i t e r i a  used t o  d e f i n e  e l i g i b i l i t y .  

"If death  occurs  w i t h i n  one hour  i n  a  p a t i e n t  n o t  
p r e v i o u s l y  known t o  have severe h e a r t  d isease,  t h e r e  i s  
l i t t l e  l i k e l i h o o d  t h a t  i t  cou ld  have been prevented by 
t o t a l  ca rd i ac  replacement,  even i f  adequate temporary 
a s s i s t  dev ices  were r e a d i l y  a v a i l a b l e .  On t h e  o t h e r  
hand, i f  a  l o n g e r  p e r i o d  o f  t i m e  e lapses between onse t  
o f  symptoms and dea th  and i f  an a s s i s t  dev i ce  were 
a v a i l a b l e ,  t o t a l  c a r d i a c  replacement would be a t  l e a s t  
conceivab le .  Therefore,  we have assumed t h a t  a  p a t i e n t  
d y i n g  one o r  more hours a f t e r  admission, b u t  n o t  
unexpectedly,  cou ld  conce ivab ly  have such an a s s i s t  
dev i ce  app l i ed ,  and thus  be a  p o t e n t i a l  cand ida te  f o r  
replacement.  I f  dea th  i s  sudden i n  a  p a t i e n t  p r e v i o u s l y  
known t o  have severe h e a r t  d isease,  t h e r e  i s  a t  l e a s t  
a  chance t h a t  he m igh t  have rece i ved  a  t o t a l  c a r d i a c  
replacement a t  some t i m e  p r i o r  t o  h i s  ab rup t  death."(3,~.6) 

The Ad Hoc Task Force developed t h e i r  e l i g i b i l i t y  es t imates  on a  d isease-  

s p e c i f i c  bas i s  f o r  co ronary  ( i schemic ) ,  hyper tens ive ,  rheumat ic  and o t h e r  

h e a r t  d iseases.  The es t ima te  o f  p o t e n t i a l  candidates hav ing  ischemic h e a r t  

d i sease  was d e r i v e d  f rom da ta  c o l l e c t e d  i n  long- te rm f o l l o w u p  s t u d i e s  i n  

Framingham, MA and Tecumseh, M I .  The d i s t r i b u t i o n  o f  t h i s  co ronary  dea th  

da ta  i n  de te rm in i ng  a r t i f i c i a l  h e a r t  e l i g i b i l i t y  by  t h e  above c r i t e r i a  i s  

shown i n  F i g u r e  4. Th i s  f i g u r e ,  w i t h  m inor  r e v i s i o n s ,  came d i r e c t l y  f rom 

t h e  Ad Hoc Task Force r e p o r t .  The l ow  es t ima te  of seven cand ida tes  o u t  o f  

183 coronary  deaths (3.8%) i n c l u d e s  o n l y  persons i d e n t i f i e d  as hav ing  severe 

co ronary  h e a r t  d i sease  p r i o r  t o  t h e i r  f a t a l  h e a r t  a t t a c k ,  The h i g h  es t ima te  

o f  30 h e a r t  replacement candidates o u t  o f  183 coronary  deaths (16.4%) 
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i n c l udes  20 persons whose candidacy would depend on development o f  a  h e a r t  

a s s i s t  dev ice  and t h r e e  o t h e r  persons who d ied  o u t s i d e  o f  a  h o s p i t a l  and 

who, on rev iew o f  t h e i r  records,  were candidates on c l i n i c a l  grounds. The 

o r i g i n a l  es t imate  was developed w i t h  t h e  p r imary  concern be ing hea r t  t r a n s -  

p l a n t s .  One o f  t h e  main problems would be keeping a  p a t i e n t  a l i v e  u n t i l  a  

donor cou ld  be found. Wi th  an a r t i f i c i a l  hea r t  t h i s  would n o t  be a  problem 

and t h e  h i g h  es t imate  should be more n e a r l y  ach ievable.  

Whi le t h e  Ad Hoc Task Force es t imate  o f  t r a n s p l a n t  candidates appears 

t o  represen t  a  sound bas i s  f o r  es t imates  o f  a r t i f i c i a l  hea r t  candidates, t h e  

da ta  base i s  ve ry  small and does n o t  p rov ide  adequate d e t a i l  by age and sex. 

I n  a d d i t i o n ,  t h i s  es t imate  l i m i t e d  candidates t o  persons under 65  years o l d - -  

p r i n c i p a l l y  because no h e a r t  t r a n s p l a n t s  were at tempted i n  o l d e r  age groups. 

As was po in ted  o u t  i n  t h e i r  study, however, "age per se r a r e l y  prec ludes 

even t h e  most complex i n t r a c a r d i a c  opera t ions  ,"(3yp*4rand a r t i f i c i a l  h e a r t  

imp lan t s  i n  persons over  65  cou ld  p o s s i b l y  account f o r  a  l a r g e  p r o p o r t i o n  o f  

t h e  t o t a l .  

Since e l i g i b i l i t y  es t imates  a re  a  key f a c t o r  i n  e s t i m a t i n g  p o t e n t i a l  

a r t i f i c i a l  h e a r t  use, more d e t a i l e d  s tudy  i s  c l e a r l y  needed t o  p rov ide  a  

broader da ta  base on c o n t r a i  n d i  c a t i  ve c i  rcumstances surrounding ca rd iac  

death, w i t h  t h e  u l  t i n l a te  o b j e c t i v e  o f  b e t t e r  d e f i n i n g  candidate e l i g i b i l i t y  

by age and sex. 

A l though we recognized t h e  l i m i t a t i o n s  i n  t h e  Ad Hoc Task Force data,  

these data were s t i l l  t h e  b e s t  and most r ecen t  a v a i l a b l e  and, t he re fo re ,  

formed t h e  foundat ion  o f  ou r  e l i g i b l e  candidate p r o j e c t i o n s .  Because o f  

t h e  p r e v i o u s l y  mentioned l a c k  o f  age -spec i f i c  d e t a i l ,  t h e  o l d e r  Hi t tman 

Assoc iates r e p o r t ( 5 )  based on a n a l y s i s  o f  c l i n i c a l  records  o f  some 900 

coronary p a t i e n t s  was used t o  es t ima te  age-group r a t i o s  f o r  candidates and 

t o  extend t h e  es t imates  t o  ages beyond age 65  (see Appendix A ) .  Appl i c a -  

t i o n  o f  these  r a t i o s  t o  t h e  Ad Hoc Task Force data developed o u r  age- 

s p e c i f i c  e l i g i b l e  cand ida te  es t imates .  These a r e  l i s t e d  i n  Table 2. 

The A r t i f i c i a l  Hear t  Assessment Panel ( 4 )  a l s o  developed cand ida te  e s t i -  

mates based on t h e  Ad Hoc Task Force data.  They inc reased  t h e  es t imates  



TABLE 2. Mod i f i ed  Est imates o f  A r t i f i c i a l  Hear t  Candidates 

To t a  1 
Candidates by Age and Disease, Percent P o t e n t i  a1 
Ischemic Hyper- Candidates 

Age (coronary )  t e n s i v e  Rheumatic Other i n  1969 

HIGH ESTIMATE 

T o t a l  P o t e n t i a l  
Candidates i n  
1969 

T o t a l  P o t e n t i a l  
Candidates I n  
1969 

LOW ESTIMATE 



o f  candidates who would have d i e d  f rom coronary  h e a r t  d isease by i n c l u d i n g  

persons up t o  age 75. Th i s  inc reased  t h e  number o f  candidates i n  t h i s  d i s -  

ease ca tegory  by 65% f rom 26,000 t o  44,000 per  yea r .  They a l s o  increased 

t h e  f r a c t i o n  o f  e l i g i b l e  cand ida tes  f rom hype r t ens i ve  and rheumat ic  h e a r t  

d iseases, b u t  these changes increased t h e  es t imates  o f  t o t a l  dev ices implanted 

o n l y  s l i g h t l y .  

Our es t imates  o f  t o t a l  dev ices  i n  use a r e  a  l i t t l e  lower  than those o f  

t h e  Assessment Panel, b u t  a r e  e s s e n t i a l l y  i n  agreement i n  s p i t e  o f  a  somewhat 

d i f f e r e n t  bas is .  These es t imates  a r e  compared i n  Table  3. The d e r i v a t i o n  o f  

ou r  a n a l y s i s  and t h e  comparison w i t h  t h e  Assessment Pane l ' s  es t imates  a r e  

exp la i ned  i n  more d e t a i l  i n  Appendix A. 

B. PROJECTED FUTURE INCIDENCE OF FATAL HEART DISEASE 

The nex t  component i n  t h e  a r t i f i c i a l  h e a r t  use p r o j e c t i o n  i s  t h e  p ro -  

j e c t i o n  o f  h e a r t  d i sease  dea th  r a t e s .  Th is  parameter p rov ides  t h e  upper 

1  i m i  t i n  de te rm in i ng  f u t u r e  dev i ce  requi rements  and, t h e r e f o r e ,  becomes ve ry  

impo r tan t  i n  t h e  use p r o j e c t i o n .  

A t  t h e  p resen t  t ime  t h e r e  appears t o  be s u b s t a n t i a l  evidence t o  conc lude 

t h a t  h e a r t  d i sease  has been brought  under c o n t r o l .  

As shown i n  F i g u r e  5, t h e  age-adjusted* death r a t e  o f  ischemic 

( a r t e r i o s c l e r o t i c )  h e a r t  d i sease  appears t o  have peaked and 

* NOTE: Three d i f f e r e n t  measures o f  dea th  r a t e s  a r e  d iscussed i n  t h i s  
r e p o r t :  

1. Crude dea th  r a t e  = t o t a l  deaths i n  a  g iven  yea r  d i v i d e d  by t o t a l  
popu la t i on .  

2. Age-adjusted dea th  r a t e  = t o t a l  deaths weighted f o r  t h e  age 
d i s t r i b u t i o n  o f  t h e  p o p u l a t i o n  i n  a  base y e a r  (1940).  

3 .  Age- and sex-ad justed dea th  r a t e  = t o t a l  deaths weighted f o r  t h e  
age and sex d i s t r i b u t i o n  o f  t h e  p o p u l a t i o n  i n  a  base year  (1940).  

Age-adjusted and age- and sex-ad justed death r a t e s  s u b t r a c t  t he  e f f e c t s  
o f  any aye- o r  age-and-sex-spec i f i c  p o p u l a t i o n  s h i f t s  o c c u r r i n g  over  
t h e  yea rs  by u s i n g  a cons tdn t  p o p u l a t i o n  d i s t r i b u t i o n .  A1 though any 
base y e a r  may be used, t h e  s tandard  p r a c t i c e  i s  t o  use t h e  1940 
popu la t i on .  For  a  h i g h l y  age- and sex-dependent d isease  such as h e a r t  
d isease, a d j u s t e d  dea th  r a t e s  g i v e  a  much more accu ra te  d e s c r i p t i o n  o f  
changes i n  t h e  a c t u a l  r i s k  o f  dea th  ove r  t h e  pas t  35 yea rs  t han  do 
crude death r a t e s .  



begun a  downward t r end .  S i m i l a r  conc lus ions  a r e  reached by 

examining t h e  data p o i n t s  p l o t t e d  on F igu re  6  f o r  crude* (see 

f o o t n o t e  on page 4-7) and age-and-sex-adjusted* (see f o o t n o t e  

on page 4-7) ischemic h e a r t  d isease death r a t e s .  Since t h e  

inc idences  o f  o t h e r  h e a r t  d iseases have been s t e a d i l y  d e c l i n i n g ,  

t o t a l  ( cumu la t i ve )  h e a r t  d isease has been r e c e n t l y  d e c l i n i n g  

even more r a p i d l y  as i n d i c a t e d  i n  F igu re  5. ( 6 )  

A s i m i l a r  conc lus ion  was drawn i n  a  r e p o r t  on male h e a r t  d isease 

deaths by t h e  Metropol  i t a n  L i f e  Insurance Company. (7 

The Nat iona l  Center f o r  Hea l th  S t a t i s t i c s  i n  a  recen t  r e p o r t  

s t a ted ,  "The f o r c e  o f  m o r t a l i t y  f o r  Ischemic h e a r t  d isease 

reached a  peak i n  1963 and then  f i n a l l y  s t a r t e d  downward. l l ( 8 y ~ . 1 0 )  

Dr. Jeremiah Staml e r ,  o f  Northwestern U n i v e r s i t y  , i n d i c a t e d  t h a t  

a  s tudy o f  h e a r t  a t t a c k  death r a t e s  s i n c e  1940 suggests " t h a t  a t  

l o n g  l a s t  a  s t a r t  has been made i n  t u r n i n g  t h e  f l a n k  o f  t h i s  g r e a t  

modern plague. 11 (1  0 )  

Since t h e  downward t r e n d  i n  t o t a l  h e a r t  d isease death r a t e s  i s  o n l y  

beginn ing,  t h e  bas i s  f o r  a  p r o j e c t i o n  i s  q u i t e  l i m i t e d .  Because o f  t h i s ,  

we s t u d i e d  t h e  h i s t o r y  o f  severa l  o t h e r  s i g n i f i c a n t  f a t a l  d iseases (11 )  

which have c l e a r l y  been brought  under c o n t r o l  t o  see i f  c o r r e l a t i o n s  c o u l d  

be developed t h a t  would a i d  i n  p r e d i c t i n g  f u t u r e  f a t a l  h e a r t  d isease 

l e v e l s .  These o t h e r  diseases i nc l uded  t u b e r c u l o s i s ,  d i p t h e r i a ,  t y p h o i d  

fever ,  g a s t r i t i c  d iseases,  i n f l u e n z a ,  pneumonia, and hype r tens i ve  h e a r t  

d isease. 

Developing an equa t i on  which would f i t  t h e  ep idemio log ica l  da ta  o f  bo th  

h e a r t  d isease  and t h e  o t h e r  d iseases s t u d i e d  requ i red  a  combinat ion o f  

l o g i c a l  and h e u r i s t i c  a n a l y s i s .  The o b j e c t i v e  was t o  d e f i n e  some k i n d  o f  

l e a r n i n g  curve  r e l a t i o n s h i p  t h a t  cou ld  be used t o  p r e d i c t  man's a b i l i t y  t o  

c o n t r o l ~ s p e c i f i c  diseases. T h i s  equa t ion  and i t s  development i s  exp la ined  

i n  d e t a i l  i n  Appendix B. The fundamental assumptions behind t h e  equat ion  are:  

1  ) t h e  r a t e  o f  d e c l i n e  i n  death r a t e  w i l l  be p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  

between t h e  peak r a t e  and t h e  r a t e  a t  any l a t e r  t i m e  (an i n d i r e c t  measure o f  



TABLE 3. Comparison of Potential Ar t i f ic ia l  Heart Candidate Estimates 
T o t a l  Hea r t  A r t i f i c i a l  Hea r t  Mod i f i ed  

Disease Assessment Pan 1 Es t imate  Used I n  
Deaths Es t i m a t e ~ ( ~ 7  T h i s  Study 

Candidate C l a s s i f i c a t i o n s  I n  1 9 6 9 ( ~ )  Percen t  Number Percent  Number 

Hi ah Es t imate  

Under Age 65 
A1 1 Hea r t  Diseases Except Congeni ta l  

. Congeni t a l  

Age 65 - 74 
A1 1 Hea r t  Diseases Except Congeni ta l  

Congen i ta l  

Age 75+ 
A l l  Hea r t  Diseases Except Congeni ta l  

P 
Congen i ta l  

I 
CD TOTAL - A l l  Hear t  Diseases 

Low Es t imate  

Under Age 65 
A l l  Hear t  Diseases Except Congeni ta l  198,621 

Congen i ta l  7,884 

Age 65 - 74 195,383 
A l l  Hea r t  Diseases Except Congeni ta l  1  95,383 

Congen i ta l  111 

Age 75+ 
A1 1 Hea r t  D i  seases Except Congeni t a l  345,066 

Congeni t a l  76 

TOTAL - A l l  Hear t  Diseases 747,141 2.2 16,749 1.7 

( a )  Source: Vital S ta t i s t i c s  of the United States (Reference 8 ,  p. 1-174 t o  1-178). 
( b )  Source: The Totally Implantable Ar t i f ic ia l  Heart (Reference 4,  p. 43). 
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FIGURE 5. Age-Adjusted Death Rates f o r  T o t a l  Hear t  Disease and Component 
Diseases n o t  Adjusted f o r  I n t e r n a t i o n a l  C l a s s i f i c a t i o n  o f  Diseases, 
Adapted (ICDA) Revis ions.  Source: M o r t a l i t y  Trends f o r  Leading 
Causes o f  Death (Reference 9, p. 8) ;  V i t a l  S t a t i s t i c s  o f  t h e  
Uni t e d  S ta tes  ( '~eference 6 ) .  
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FIGURE 6. Ischemic ( A r t e r i o s c l e r o t i c )  Hear t  Disease Rates. 
( 8 t h  I n t e r n a t i o n a l  C l a s s . i f i c a t i o n  o f  Diseases, 
Adapted D e f i n i t i o n )  Source: V i t a l  s t a t i s t i c s  
of t h e  Un i t ed  S ta tes  (References 6 and 9 ) .  

knowledge o f  t h e  d isease) ,  and 2 )  t h e  r a t e  o f  d e c l i n e  w i l l  be i n v e r s e l y  

p r o p o r t i o n a l  t o  some exponent ia l  f u n c t i o n  o f  t h e  t ime  elapsed s i nce  t he  peak 

r a t e  was observed (an i n d i r e c t  measure o f  complacency once t h e  inc idence  i s  

s u b s t a n t i a l l y  reduced). 

I n  o r d e r  t o  t e s t  t h e  p r e d i c t i v e  a b i l i t y  of t h i s  equat ion,  h e r e a f t e r  

r e f e r r e d  t o  as t h e  Death Rate Equat ion (DRE), we a p p l i e d  i t  t o  da ta  f o r  t h e  

p r e v i o u s l y  mentioned diseases. A l e a s t  squares a n a l y s i s  showed a  94 t o  98% 

c o r r e l a t i o n  f o r  a l l  these diseases. A 95% o r  b e t t e r  c o r r e l a t i o n  i s  considered 

good. F igu re  7 shows t h e  p r o j e c t i o n  f o r  t u b e r c u l o s i s  a long  w i t h  t h e  data 

p o i n t s  f o r  comparison. A  computer ized c u r v e - f i t t i n g  r o u t i n e  was used t o  

c a l c u l a t e  t h e  cons tan ts  i n  t h e  DRE g i v i n g  an optimum f i t  t o  t h e  data.  Th i s  

corresponds t o  t h e  bes t  f i t  DRE curve  shown i n  F i g u r e  7. These constants  were 
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FIGURE 7. Comparison o f  Ac tua l  Death Rates f o r  Tubercu los is  w i t h  
Death Rates P ro jec ted  by Death Rate Equat ion. Source: 
H i s t o r i c a l  S t a t i s t i c s  o f  t h e  Un i t ed  S ta tes  (Reference 11) 

then  averaged f o r  a l l  o f  t h e  diseases t o  o b t a i n  a  s e t  o f  u n i v e r s a l  constants .  

A complete e x p l a n a t i o n  o f  t h e  Best F i t  and Un iversa l  Constant P r o j e c t i o n s  

a long  w i t h  i l l u s t r a t i o n s  f o r  t h e  o t h e r  d iseases analyzed a r e  i nc l uded  i n  t h e  

d e t a i l e d  exp lana t i ons  i n  Appendix B. 

Recognizing t h a t  t h e  c o r r e l a t i o n  has been t e s t e d  t o  o n l y  a  l i m i t e d  

ex ten t ,  t h e  i n f e r e n c e  i s  t h a t  i t  may be p o s s i b l e  t o  p r o j e c t  t h e  f u t u r e  

inc idence  o f  f a t a l  d iseases by knowing o n l y  t h e  t ime and magnitude o f  t h e  

death r a t e  when t h e  r a t e  f i r s t  s t a r t s  t o  d e c l i n e .  

Us ing t h e  bas i c  form o f  t h e  equat ion,  we developed a  b e s t  es t ima te  

o f  f u t u r e  h e a r t  d isease  inc idence .  To p rov ide  an es t ima te  o f  t h e  maximum 

u n c e r t a i n t y  assoc ia ted  w i t h  these p r o j e c t i o n s ,  t h e  b e s t  es t ima te  was 

b racke ted  w i t h  maximum and minimum p r o j e c t i o n s  rep resen t i ng  t h e  h i g h e s t  

and l owes t  conce ivab le  death r a t e s .  To develop t h e  bes t -es t imate  case, we 



determined va lues f o r  parameters i n  t h e  DRE us ing  age- and sex-spec i f i c  

da ta  on ischemic h e a r t  d isease inc idence.  (Due t o  c l a s s i f i c a t i o n  and 
. I d iagnos is  problems, t o t a l  h e a r t  d isease da ta  cou ld  n o t  be used as exp la ined  

i n  Appendix B.) These va lues  used i n  t h e  equat ion  generated ou r  bes t  

es t imates  o f  f u t u r e  t o t a l  h e a r t  d isease  inc idence .  We made maximum 

es t imates  o f  f u t u r e  h e a r t  d isease i nc i dence  by assuming t h a t  t h e  peaking 

of t h e  crude t o t a l  h e a r t  d isease  death r a t e s  mere ly  represented a  l e v e l i n g  

of f  of  these r a t e s  and t h a t  f u t u r e  crude dea th  r a t e s  would remain cons tan t  

a t  t h e  average r a t e  s i n c e  1965. ( I n d i c a t i o n s  a r e  t h a t  t h e  death r a t e  i s  

c l e a r l y  downward, however. ) 

The d e c l i n i n g  t r ends  i n  h e a r t  d isease and o t h e r  f a t a l  d iseases may be 

o f  a  d i f f e r e n t  na tu re .  For example, once methods of combating and c o n t r o l -  

l i n g  t h e  organism caus ing  an i n f e c t i o u s  d isease were developed, t h e  d isease 

c o u l d  be almost t o t a l l y  e rad i ca ted  over  a  p e r i o d  o f  t ime.  Hear t  d isease,  

on t h e  o t h e r  hand, i s  a  degenera t i ve  d isease.  A t  t h e  p resen t  t ime,  i t  

seems u n l i k e l y  t h a t  t h e  degenerat ion can be reversed o r  permanently h a l t e d  

and w h i l e  t h e  f a t a l  e f f e c t s  o f  h e a r t  d isease may be postponed t o  o l d e r  age 

groups and even s u b s t a n t i a l l y  d imin ished,  n e a r - t o t a l  e r a d i c a t i o n  o f  t h e  

d isease seems a  more remote p rospec t  than  e l i m i n a t i n g  an i n f e c t i o u s  disease. 

For  these  reasons, we concluded t h a t  us i ng  t h e  u n i v e r s a l  p r o j e c t i o n  param- 

e t e r s  de r i ved  from t h e  p r e v i o u s l y  examined f a t a l  d iseases i n  t h e  DRE would 

produce t h e  l i m i t i n g  minimum es t ima te  o f  f u t u r e  h e a r t  d isease death ra tes .  

The agreement o f  t h e  bes t  es t imate  p r o j e c t i o n  o f  f a t a l  h e a r t  d isease 

inc idence  w i t h  t he .mos t  r e c e n t l y  pub l i shed  data has been remarkable. F i gu re  8 
shows a  smoothed p l o t  o f  age-adjusted t o t a l  h e a r t  d isease death r a t e s  f o r  

1950-1 973. ( 9y12 )  We ad jus ted  t h e  data f rom 1950-1967 t o  a  comparable c l a s s i -  

f i c a t i o n  bas i s  w i t h  post -1  967 da ta  by app l y i ng  comparabi 1  i t y  r a t i o s .  .(I31 

P r o v i s i o n a l  da ta  f rom t h e  Na t i ona l  Center f o r  Hea l t h  S t a t i s t i c s  (NCHS) based 

on a  10% sample o f  dea th  c e r t i f i c a t e s  i n  1972 and 1973 r e p o r t e d  age-adjusted 

death r a t e s  o f  249 and 243 deaths11 00,000, r e s p e c t i v e l y .  (12)  Us ing death 

* Appendix B  e x p l a i n s  changes i n  c l a s s i f i c a t i o n  and t h e  c o m p a r a b i l i t y  o f  
data i n  g r e a t e r  d e t a i l .  
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FIGURE 8. Age-Adjusted Death Rate for  Total Heart Disease 
Adjusted t o  the 8th International Classification 
of Diseases, Adapted Revision 

ra tes  in 1965 as a base, our best estimate projection predicted age-adjusted 

death ra tes  of 247 and 242 deaths/100,000 in 1972 and 1973 -- a remarkable 

match. 

The projected age- and sex-adjusted death rates  for  the best maximum 

and minimum cases are i l lus t ra ted  in Figure 9. Final NCHS data on age- and 

sex-adjusted death rates  were only available through 1969. (6) These f i t  the - 
best projection extremely well, however. Final age-only-adjusted death rates  

have been published to  1973, and these a re  also shown on the i l l u s t r a t ion .  (9912) 

Considering that  the age-adjusted death rates are l ikely to  be s l ight ly  lower 

t h a n  age- a n d  sex-adjusted ones (see Figure 6 for  example), these are  a1 so 

l ikely to  f i t  the projection. 
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FIGURE 9. Pro jec ted  Age-and Sex-Adjusted Death Rates f o r  
To ta l  Heart Disease (1 940 Popu la t ion  Bas is )  

We used the  best  es t imate  p r o j e c t i o n  o f  age- and sex -spec i f i c  t o t a l  hea r t  

disease death r a t e s  w i t h  popu la t ion  data from 1965-1973 (14915916)  ,,d 

p ro jec ted  popu la t ion  data f rom 1974 t o  2020 (17918)  t o  develop p r o j e c t i o n s  o f  

crude death r a t e s  through 2020 as i l l u s t r a t e d  i n  F igure  10. P l o t t e d  ac tua l  

crude death r a t e s  from 1960 t o  1973 agree q u i t e  w e l l  w i t h  t he  bes t  est imate 

p ro jec t i ons .  (Au tho r ' s  note: J u s t  p r i o r  t o  p u b l i c a t i o n  a d d i t i o n a l  crude 

death r a t e  data were obtained ( I 9 )  f o r  1974-1975 and p l o t t e d  on F igure  10. 

The agreement o f  the  data w i t h  the  p r o j e c t i o n  i s  remarkable.) 

C. POPULATION GROWTH EFFECTS 

Another component i n  t he  a r t i f i c i a l  hear t  use p r o j e c t i o n  having a  marked 

impact on p ro jec ted  imp lan ts  i s  populat ion.  We assumed t h a t  increases o r  
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FIGURE 10. P ro j ec ted  Crude Death Rates f o r  T o t a l  Hear t  Disease 

decreases i n  t h e  p o p u l a t i o n  o f  an age group would r e s u l t  i n  a  p r o p o r t i o n a t e  

i nc rease  o r  decrease i n  t h e  t o t a l  number of  h e a r t  d i sease  deaths i n  t h a t  age 

group. 

To develop t h e  p o p u l a t i o n  p r o j e c t i o n  t o  t h e  y e a r  2000, we used t h e  s e r i e s  

E  p o p u l a t i o n  p r o j e c t i o n s  pub l i shed  by t h e  Bureau o f  t h e  Census i n  t h e i r  

December 1972 Cu r ren t  Popu la t i on  Repor t .  ( I 8 )  (Se r i es  E  uses a  b i r t h  r a t e  o f  

2.1 b i r t h s  pe r  woman, c l o s e  t o  t h e  c u r r e n t  r a t e . )  These p r o j e c t i o n s ,  however, 

o n l y  p rov i ded  da ta  on f i v e - y e a r  age groups t o  age 75. To es t ima te  t h e  data 

f o r  age groups 75 t o  79, 80 t o  84 and over  85, we developed r a t i o s  f rom a  

p rev i ous  cnesus r e p o r t  i n  November 1971 ( I 7 )  which i nc l uded  these  o l d e r  age 

groups. The a p p l i c a t i o n  o f  these  r a t i o s  t o  t h e  75+ age group t o t a l  i n  t h e  

December 1972 r e p o r t  completed t h e  age- and s e x - s p e c i f i c  p o p u l a t i o n  p r o j e c t i o n s  



t o  t he  yea r  2000. Popu la t ion  p r o j e c t i o n s  i n  2010 and 2020 were g i ven  i n  t h e  

November 1971 r e p o r t ,  and a1 though t h i s  r e p o r t  was soniewhat outdated, we used 

these p r o j e c t i o n s  f o r  l a c k  o f  b e t t e r  data.  

Popu la t ion  p r o j e c t i o n s  have t h r e e  main components: b i r t h  r a tes ,  death 

r a t e s  and m ig ra t i on .  An examinat ion o f  t h e  c h a r a c t e r i s t i c s  of these v a r i a b l e s  

w i l l  g i v e  an i n d i c a t i o n  o f  t h e  r e l i a b i l i t y  o f  ou r  p r o j e c t i o n s .  Recent ly,  t h e  

m i g r a t i o n  v a r i a b l e  has accounted f o r  a  very  smal l  percentage of t he  popula- 

t i o n  and, t he re fo re ,  i s  pos tu l a ted  t o  have l i t t l e  e f f e c t  on our  p r o j e c t i o n s .  

Death r a t e s  have remained q u i t e  cons tan t  over  t h e  pas t  two decades. B i r t h  

r a t e s ,  on t he  o the r  hand, p rov ide  most o f  t h e  v a r i a b i l i t y  i n  t h e  p r o j e c t i o n .  

Since f a t a l  h e a r t  d isease inc idence  i s  n o t  s i g n i f i c a n t  t o  people under 

age 30, our  main concern i s  w i t h  t h e  popu la t i on  o l d e r  than  t h i s  age. Up 

through 1995 a l l  o f  t h e  popu la t i on  age 30 and above has a l ready  been born. 

Therefore,  assu~ii-ing t h a t  t h e  death r a t e s  con t inue  t o  remain a t  r ecen t  l e v e l s ,  

ou r  popu la t i on  p r o j e c t i o n  should be q u i t e  accura te  through 1995. Past t h i s  

t ime  t he  p r o j e c t i o n  becomes, o f  course, i n c r e a s i n g l y  l e s s  c e r t a i n .  

One o t h e r  popu la t i on  phenomenon hav ing a  profound e f f e c t  on t he  pro- 
j e c t e d  a r t i f i c i a l  h e a r t  p o p u l a t i o n  i s  t he  p o p u l a t i o n  "wavefront . "    his 
phenomenon i s  due t o  t h e  r a p i d  r i s e  i n  b i r t h  r a t e s  f o l l o w i n g  World War I1  and 

w i l l  beg in  t o  have a  marked e f f e c t  on age groups e l i g i b l e  f o r  a r t i f i c i a l  

h e a r t  imp lan ts  i n  approx imate ly  1980. Th is  e f f e c t  i s  g r a p h i c a l l y  il l u s t r a t e d  

i n  F igu re  11 which shows a  p l o t  of t h e  popu la t i on  o f  r e s i d e n t  males by 10-year 

age groups (over  35) as a  f u n c t i o n  o f  t ime.  As i nd i ca ted ,  t h e  e f f e c t  o f  t he  

p o p u l a t i o n  wave a t  i t s  peak i s  t o  approx- imately double t he  age -spec i f i c  popu- 

l a t i o n  as i t  passes through each age group. As a  r e s u l t  o f  t h i s  phenomenon, 

t h e  f u t u r e  demand f o r  a r t i f i c i a l  hea r t s  should s u b s t a n t i a l l y  exceed es t imates  

based on c u r r e n t  popu la t i on  f i g u r e s  (o the r  t h i n g s  be ing  equal ). Values o f  t h e  
p o p u l a t i o n  p r o j e c t i o n  used i n  t h i s  s tudy  a r e  shown i n  Table 4. 

D. IMPLANT RATE LIMITATIONS 

A f t e r  t h e  a r t i f i c i a l  h e a r t  dev ice  has been s u f f i c i e n t l y  pe r f ec ted  f o r  

widespread c l i n i c a l  use, i t  w i l l  s t i l l  take  a  few years t o  b u i l d  up t h e  

c a p a b i l i t y  o f  bo th  p ro fess iona l  s u r g i c a l  s t a f f  and i n d u s t r i a l  p roduc t ion .  
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FIGURE 11. Age-Spec i f i c  Resident  Male Popu la t ion  i n  M i l l i o n s ,  1940-2020 
Source: Popu la t ion  P r o j e c t i o n s  (Reference 6, 17, 18)  

I n  t h e  absence o f  more d e f i n i t i v e  data we made t h e  f o l l o w i n g  es t imates :  

C l i n i c a l  i m p l a n t a t i o n  o f  a r t i f i c i a l  h e a r t  dev ices i s  assumed t o  

begin i n  1985 w i t h  100 dev ices be ing implanted i n  t h a t  year .  

The number o f  imp lan t s  i n  each succeeding yea r  w i l l  be doubled 

u n t i l  demand e q u i l i b r i u m  i s  reached. 

F igu re  12 i l l u s t r a t e s  t he  number o f  dev ices imp lan ted  i n  each program 

yea r  us ing  our  h i g h  es t ima te  o f  e l i g i b l e  candidates,  t h r e e  l e v e l s  o f  h e a r t  

d isease inc idence  p r o j e c t i o n s ,  and t h e  above i m p l a n t a t i o n  schedule.  The 

inc rease  i n  imp lan t s  i s  q u i t e  r a p i d  u n t i l  demand e q u i l i b r i u m  i s  reached. 

The rea f t e r ,  t h e  es t ima te  i s  ma in l y  i n f l u e n c e d  by p r o j e c t e d  h e a r t  d isease  and 

p o p u l a t i o n  growth. I n  s p i t e  o f  t h e  s teep n a t u r e  o f  t h e  doub l ing  f u n c t i o n ,  



Age 
Group 

TABLE 4. Age- and Sex-Speci f i c Popu la t i on  P ro jec t i ons ,  1990-2020 
( i n  Thousands) 

1 9 9 0 ( ~  ) 2000( 1 201 0( b, 2 0 2 0 ( ~ )  
Male Female Male Female Male Female Male Female 

( a )  Ages 30-75 obta ined from December 1972 Popu la t i on  P r o j e c t i o n s ,  Ser ies  E (Reference 18) 
Ages 75-79, 80-84, and 85+ ob ta ined by r a t i o s  o f  December 1972, 75+ t o t a l s  
de r i ved  f rom November 1971 Popu la t ion  P ro jec t i ons ,  Ser ies  E. 

( b )  Ages 30-85+ obta ined f rom November 1971 Popu la t ion  P ro jec t i ons ,  Ser ies  E (Reference 1  71 



FIGURE 12. Annual Imp1 a n t  P r o j e c t i o n  (High Est imate of  E l  i g i  b l  e  Candidates) 
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The number o f  a r t i f i c i a l  hea r t  dev ices i n  use a t  any p o i n t  i n  t ime  w i l l  

depend p a r t l y  on t h e  l i f e  expectancy of  t h e  r e c i p i e n t s  a f t e r  imp lan t .  Conse- 

quen t l y ,  i t  i s  impo r tan t  t o  es t ima te  t h e  death r a t e s  a f t e r  imp lan t  as a  func-  

t i o n  o f  t h e  age and sex of t h e  i n d i v i d u a l s  r e c e i v i n g  t h e  dev ice .  Fu r the r ,  

s i nce  no mechanical dev i ce  i s  per fec t ,  i t  i s  a l s o  impor tan t  t o  q u a n t i f y  t h e  

p o s s i b l e  number o f  deaths due t o  dev ice  f a i l u r e ,  which i s  d iscussed i n  t h e  

nex t  sec t i on .  

To develop an es t ima te  o f  s u r v i v a l  f rom n a t u r a l  causes o f  death,  t h e  

e f f e c t  o f  e l i m i n a t i n g  h e a r t  d isease as one o f  those causes must be considered. 

A t  present ,  h e a r t  d isease m o r t a l i t y  i s  such an overwhelming cause o f  dea th  



t h a t  deaths due t o  o t h e r  competing r i s k s  a r e  p robab ly  suppressed t o  some 

degree. I f  t h i s  i s  t h e  case, then e l i m i n a t i o n  o f  h e a r t  d isease m o r t a l i t y  i n  

a r t i f i c i a l  h e a r t  r e c i p i e n t s  would inc rease  r i s k  o f  death f rom o t h e r  causes. 

Th i s  may be e s p e c i a l l y  t r u e  f o r  major  causes o f  dea th  r e l a t e d  t o  hea r t  d isease 

such as ce reb ra l  thrombosis and o t h e r  a r t e r i o s c l e r o t i c  diseases. Notwi thstand-  

i n g  these increases i n  competing r i s k s  of death, e l i m i n a t i o n  of h e a r t  d isease 

would p robab ly  inc rease  t h e  s u r v i v a l  r a t e  i f  a r e c i p i e n t  were cons idered i n  

t h e  same r i s k  o f  death ca tegory  as an i n d i v i d u a l  w i t h  a  n a t u r a l  hear t .  How- 

ever ,  we do n o t  b e l i e v e  t h i s  assumption t o  be reasonable i n  l i g h t  o f  problems 

a t t endan t  t o  use of t h e  dev ice  such as i n c o m p a t i b i l i t y  o f  t h e  dev ice  w i t h  t h e  

blood. We t h e r e f o r e  used a s u r v i v a l  p r o b a b i l i t y  o f  one-ha l f  t h a t  o f  a  normal 

person as a bes t  es t imate  of l i f e  expectancy a f t e r  dev ice  imp lan t .  

The s t a t i s t i c a l  t heo ry  rega rd ing  t h e  p r o b a b i l i t y  o f  dy i ng  and s u r v i v o r -  

s h i p  has been w e l l  developed. The a n a l y s i s  descr ibed by chiang('O) uses t h e  

f o l l o w i n g  steps. The normal p r o b a b i l i t y  o f  dy i ng  d u r i n g  an age i n t e r v a l  i 

(say 30-34) f o r  a  person a t  exac t  age Xi (30)  i s  g i ven  by Equat ion [I] i n  

Table 5. However, s i n c e  t h e  r i s k  of death from va r i ous  causes has been 

a l t e r e d  f o r  an a r t i f i c i a l  h e a r t  r e c i p i e n t  ( t h e  person obv ious l y  cannot now 

d i e  f rom hea r t  d isease) ,  t h i s  p r o b a b i l i t y  must be ad jus ted  t o  r e f l e c t  these 

changes i n  r i s k .  Th i s  i s  performed by Equat ion [2 ]  i n  t h e  same tab le .  Us ing 

t h i s  equat ion,  t h e  r i s k  o f  h e a r t  d isease death can be removed and t h e  r i s k  o f  

competing causes of death increased. A f t e r  t h e  p r o b a b i l i t y  o f  dy i ng  a t  exac t  

age X (30 i n  our  example) has been s a t i s f a c t o r i l y  ad jus ted ,  i t  i s  used i n  l i f e  

t a b l e  c a l c u l a t i o n s  shown i n  Equat ion [3] (21 ) t o  determine t h e  p r o b a b i l i t y  o f  

a  person aged X dy i ng  i n  an age i n t e r v a l  (30-34 i n  our  above example). The 

p r o b a b i l i t y  o f  any person s u r v i v i n g  t o  t h e  n e x t  age i n t e r v a l ,  shown i n  Equa- 

t i o n  [4], i s  i d e n t i c a l  t o  t h e  f r a c t i o n  of t h e  popu la t i on  l i v i n g  i n  one age 

i n t e r v a l  who s u r v i v e  t o  t h e  n e x t  one. App ly ing  these  age -spec i f i c  f r a c t i o n s  

t o  t he  number o f  dev ices implanted i n  a  g i ven  yea r  develops t h e  number o f  

r e c i p i e n t s  s u r v i v i n g  t o  any subsequent year .  

A f t e r  i n i t i a l  u n s a t i s f a c t o r y  a t tempts  t o  es t imate  t h e  inc rease  and 

decrease i n  competing r i s k s  o f  death i n  Equat ion [2], we decided t o  parame- 

t e r i z e  t h e  r e s u l t  by choosing s imple f r a c t i o n s  f o r  C1 t o  a d j u s t  t he  va lues 



TABLE 5. Equat ions Used t o  Determine Su rv i vo rsh ip  o f  
A r t i f i c i a l  Hear t  Rec ip i en t s  A f t e r  Imp lan t  

Normal probabi 1 i t y  o f  dy i ng  
nMi d u r i n g  age i n t e r v a l  i f o r  = Q. = 1 - P .  = 

a person a t  exac t  age Xi 1 1 1 t (T-Fi) nMi 

t o t a l  deaths where Mi = age-spec i f i c  death r a t e  f o r  a l l  causes = total population 

n = l e n g t h  o f  age i n t e r v a l  = 5 years  

Fi = f r a c t i o n  o f  t h e  age i n t e r v a l  l i v e d  by those  who d i e  
d u r i n g  t h e  i n t e r v a l  

Pi = P r o b a b i l i t y  o f  person a t  exac t  age Xi s u r v i v i n g  over  t h e  
e n t i  r e  i n t e r v a l  

Probabi 1 i ty  of dy i ng  d u r i n g  
age i n t e r v a l  i f o r  a person (C1 Mi-C2 M .+C3 MbYi)/Mi 
a t  exac t  age X -  ad jus ted  f o r  = QAi = 1 - (Pi) a y l  

removal and adai  t i o n  o f  
[21 

competing r i s k s .  

where C1 = f a c t o r  t o  a d j u s t  death r a t e  f o r  a l l  causes 

C2 = f a c t o r  t o  reduce death r a t e  f o r  s p e c i f i c  cause a 

C3 = f a c t o r  t o  inc rease  dea th  r a t e  f o r  s p e c i f i c  cause b 

M = a g e - s p e c i f i c  death r a t e  f o r  cause a which i s  be ing  reduced a, i  

Mb,i = a g e - s p e c i f i c  death r a t e  f o r  cause b which i s  be ing  increased 

Pi = c a l c u l a t e d  f rom Equat ion [I] 

Probabi 1 i ty  o f  dy i ng  d u r i n g  
age i n t e r v a l  i f o r  any = QF. = 

' i t 1  

person i n  age i n t e r v a l  i , (1 i f e  1 

t a b l e  c a l c u l a t i o n )  i 

where Si = s t a t i o n a r y  popu la t i on  = n[Li (1-QAi)] t nFiLi (QAi) 
i n  age i n t e r v a l  i 

where Li = number l i v i n g  a t  exac t  age Xi 

QA. = c a l c u l a t e d  f rom Equat ion [2 ]  
1 

P r o b a b i l i t y  of s u r v i v i n g  t o  n e x t  
age i n t e r v a l  f o r  any person i n  age i n t e r v a l  i = PF. = 1 - QFi 

I 141 

Sources: Equat ions 1 and 2: C .  L.  Chiang, I n t r o d u c t i o n  t o  S tochas t i c  Processes 
i n  B i o s t a t i  s t i  cs (Reference 20, pp. 256-258) 

Equat ions 3 and 4: V i t a l  S t a t i s t i c s  o f  t h e  Un i t ed  S ta tes  (Reference 
21, p. 5.6) 



o f  t h e  dea th  r a t e  f o r  a l l  causes. For t h e  reasons p r e v i o u s l y  mentioned i n  

t h i s  sec t i on ,  we assumed a  s u r v i v a l  p r o b a b i l i t y  o f  one-ha l f  t h a t  o f  a  person 

w i t h  a  normal h e a r t  as  a  bes t  e s t i m a t e  (i .e., C1 = 0.5, C2 and C3 = 0 .0 ) .  

We es t imated  the  upper 1  i m i t  o f  s u r v i v a l  p r o b a b i l  i t y  t o  be equal t o  s u r v i v a l  

p r o b a b i l i t y  w i t h  a  normal hea r t .  As a  lower  l i m i t ,  we chose a  one- four th  

s u r v i v a l  p robab i l  i t y  (C1 = 0.25). A  comparison o f  t h e  f r a c t i o n s  s u r v i v i n g  

. over  t ime  f o r  t h e  above t h r e e  es t imates  i s  i l l u s t r a t e d  i n  F i gu re  13. A f t e r  

10 years  o f  dev ice  l i f e ,  approx imate ly  69% o f  d e v i c e  r e c i p i e n t s  would be 

l i v i n g  under t h e  normal p r o b a b i l i t y  o f  dea th  es t imate ,  52% l i v i n g  under t h e  

one -ha l f  normal p r o b a b i l i t y  of dea th  es t imate ,  and 34% l i v i n g  under t he  one- 

f o u r t h  normal es t imate .  T h i s  range o f  es t imates  appears t o  g i v e  reasonable  

va lues  f o r  t h e  l i f e  expectancy o f  dev i ce  r e c i p i e n t s .  Separate c a l c u l a t i o n  

o f  a  s e t  o f  age -spec i f i c  s u r v i v i n g  f r a c t i o n s  f o r  bo th  males and females 

makes t h e  f r a c t i o n s  bo th  age- and s e x - s p e c i f i c .  

DEVICE FAILURE DEATH RATES 

Because o f  i t s  impact on l i f e t i m e  a f t e r  imp lan t ,  e s p e c i a l l y  i n  younger 

age groups, dev ice  f a i l u r e  i s  a  v a r i a b l e  t h a t  needs c a r e f u l  a t t e n t i o n .  Unfor -  

t u n a t e l y ,  few, i f  any, mechanized systems have t h e  o p e r a t i n g  l i f e t i m e s  needed 

t o  develop a  da ta  base f o r  such dev ice  f a - i l u r e  es t imates .  The problem i s  

e a s i l y  understood by cons ide r i ng  t h e  almost unbe l i evab le  amount o f  work accom- 

p l  i shed by t h e  cont inuous,  unat tended o p e r a t i o n  o f  t h e  normal human hea r t .  

I n  t h e  absence o f  such a  da ta  base, we f e l t  t h a t  t h e  bes t  procedure 

was t o  express dev i ce  f a i l u r e  r a t e s  i n  terms o f  a  f r a c t i o n  o f  human h e a r t  

f a i l u r e  r a t e s  ( h e a r t  d isease death r a t e s ) .  A f t e r  c a l c u l a t i o n  o f  many 

a l t e r n a t e  bases, we dec ided t h a t  a  dev ice  r e l i a b i l i t y  o f  one -ha l f  t h a t  o f  

a  normal human h e a r t  bes t  es t imated  p o s s i b l e  f u t u r e  f a i l u r e  r a t e s .  T h i s  

bas i s  r e s u l t s  i n  50% accumulated f a i l u r e s  a t  12 years  and i s  be l i eved  t o  

r ep resen t  an ach ievab le  des ign  goa l  f o r  an a r t i f i c i a l  h e a r t  dev ice.  The 

method used i n  our  a n a l y s i s  and t h e  e f f e c t  o f  ou r  assumptions on t o t a l  

dev ices  i n  use i s  d iscussed i n  t h e  remainder o f  t h i s  sec t i on .  

To develop dev i ce  f a i l u r e  r a tes ,  we c a l c u l a t e d  t h e  a g e - s p e c i f i c  

p r o b a b i l i t y  o f  dea th  as i f  h e a r t  d isease were t h e  o n l y  r i s k  present .  We 
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YEARS AFTER DEVICE IMPLANT 

FIGURE 13. Compari sons o f  L i f e  Expectancy Bases (Wi thou t  
Dev ice F a i l u r e )  f o r  A r t i f i c i a l  Hear t  Rec ip i en t s  

used t h e  method o u t l i n e d  by chiang('O1 f o r  hand1 i n g  compet ing r i s k s .  

Us ing t h i s  t h e o r y  t h e  p r o b a b i l i t y  o f  dev i ce  f a i l u r e  i s  g i ven  by t h e  

f o l l o w i n g  equa t ion .  

Probabi  1  i t y  o f  Fai  1  u r e  i n  I n t e r v a l  

where 

Pi = Normal p r o b a b i l i t y  o f  s u r v i v i n g  f rom age 

i n t e r v a l  i t o  age i n t e r v a l  i t 1  . 
M = Death r a t e  f o r  a l l  cause 

M I  = Death r a t e  f o r  h e a r t  d i sease .  

C1 = Fac to r  t o  a d j u s t  death r a t e  f o r  h e a r t  d i sease ,  



I n  o u r  f i r s t  es t ima te  o f  dev ice  f a i l u r e  r a t e s ,  we assumed t h a t  t h e  dev ice  

would have a  r e 1  i a b i l  i t y  e q u i v a l e n t  t o  t h e  average r e 1  i a b i l i t y  o f  a  normal 

human h e a r t  i n  t h e  r e c i p i e n t  age group ( o r  C1 = 1.0). We used these proba- 

b i l i t y  da ta  w i t h  ou r  m o d i f i e d  age p r o f i l e  i n  t he  REPRIEVE code t o  c a l c u l a t e  

t h e  s u r v i v o r s h i p  o f  10,000 r e c i p i e n t s .  The t o t a l s ,  r ep resen t i ng  t h e  composi te 

m i x t u r e  by age and sex, represented dev ice  r e l i a b i l i t y .  Resu l t s  o f  t h i s  c a l -  

c u l a t i o n  a r e  shown i n  Tab le  6. For  example, t h e  p r o b a b i l i t y  o f  t h e  dev ice  

ope ra t i ng  5  years  would be 89.6%; f o r  10 years ,  77.8%; f o r  15 years ,  64.2%; 

and so on. The d i s t r i b u t i o n  o f  dev ice  r e l i a b i l i t i e s  based on t h i s  c r i t e r i a  

i s  shown as Curve 1  i n  F i g u r e  14. 

Cons ider ing t h e  l e n g t h  o f  cont inuous, unat tended ope ra t i on  w i t h o u t  f a i l -  

u r e  o f  t h e  normal human hea r t ,  we reasoned t h a t  dev i ce  r e 1  i a b i  1  i ty  approaching 

t h i s  i s  n o t  a  c r e d i b l e  p rospec t  i n  t h e  fo reseeab le  f u t u r e .  Assuming t h a t  t h e  

p r o b a b i l i t y  o f  f a i l u r e  i n  a  5-year i n t e r v a l  would be double  t h e  p r o b a b i l i t y  

o f  normal h e a r t  f a i l u r e  ( f r om  h e a r t  d isease) ,  t h e  f r a c t i o n  s u r v i v i n g  as a  

f u n c t i o n  o f  dev ice  age i s  shown as Curve 2  i n  F i g u r e  14. T h i s  r e s u l t s  i n  42% 

f a i l u r e s  i n  10 years  and 50% f a i l u r e s  i n  12 years .  T h i s  b a s i s  i s  b e l i e v e d  t o  

r ep resen t  an ach ievab le  des ign  goa l .  

TABLE 6. Devices Remaining i n  Use Assuming a  Dev ice F a i l u r e  Rate 
Equ i va l en t  t o  t h e  F a i l u r e  Rate o f  a  Normal Human Hea r t  

Year A f t e r  
Imp1 a n t  

0  

5  

10 

Devices 
i n  Use 

10,000 

8,961 

7,777 

Year A f t e r  
Imp lan t  

40 

4 5  

Dev i ces 
i n  Use 

973 

535 

27 0  

123 

46 

14 
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CUMULATIVE USE PROJECTIONS 

We combined t h e  parameters developed i n  t h e  p rev ious  sec t i ons  t o  develop 

t h e  o v e r a l l  p r o j e c t i o n  o f  a r t i f i c i a l  h e a r t  use. The h i g h  e l i g i b l e  cand ida te  

p r o j e c t i o n ,  t he  bes t  es t ima te  h e a r t  d isease p r o j e c t i o n ,  t h e  twice-normal 

p r o b a b i l i t y  o f  death c a l c u l a t i o n ,  and t h e  one-hal f-normal h e a r t  r e1  i a b i  li ty 

dev ice  f a i l u r e  assumption represen t  t h e  bes t  est imates o f  probable f u t u r e  

occurrence. The number o f  dev ices i n  use as a  f u n c t i o n  o f  t ime  us ing  these 

bes t  es t imates  i s  shown i n  F igu re  15 as t h e  bes t  es t ima te  curve. I n  a d d i t i o n ,  

t h e  approximate maximum and minimum use p r o j e c t i o n s  a r e  i n d i c a t e d .  Table 7 

shows t h e  assumptions f o r  these  cases as w e l l  as t h e  approximate number o f  

dev ices i n  use a t  5-year i n t e r v a l s .  I n  t h e  yea r  2000 we p r o j e c t  about 200,000 
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FIGURE 15. Est imates o f  P o t e n t i a l  A r t j f i c i a l  Heart  Use 

devices i n  use w i t h  a  maximum o f  about 260,000 and a  minimum o f  34,000. Th is  

represents a  t o t a l  v a r i a t i o n  o f  +30 t o  -87% from t h e  bes t  est imate ( re fe rence 

base case). 

F igures 16 through 19 show the  e f f e c t  o f  t h e  range o f  assurr~ptions f o r  

t h e  i n d i v i d u a l  parameters. F igu re  16 shows t h e  range o f  dev ices i n  use encom- 

passing t h e  u n c e r t a i n t y  i n  our  est imates o f  f a t a l  hea r t  disease inc idence.  
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Whi le  t h e  maximum and minimum es t imates  o f  d isease i nc i dence  r e f l e c t  a  l a r g e  

range i n  t h e  number o f  dev ices  i n  use ( f r om  100,000 t o  260,000 i n  t he  y e a r  

2000), t h e  c l o s e  f i t  o f  t h e  a c t u a l  data  t o  t h e  bes t  es t ima te  p r o j e c t i o n  o f  

f a t a l  h e a r t  d isease i nc i dence  i n d i c a t e s  a  h i ghe r  p r o b a b i l i t y  f o r  t h e  bes t  

es t imate .  Assuming t h a t  t h e  base case va lues o f  t h e  o t h e r  parameters a l s o  

r e f l e c t  t h e  h i ghes t  p r o b a b i l i t i e s ,  t h e  most p robab le  number o f  dev ices  i n  use 

i n  t h e  y e a r  2000 would be approx i t i la te ly  200,000 ( r e fe rence  base case es t ima te ) .  

The percentage v a r i a t i o n s  cor responding t o  t h e  above ment ioned maximum and 

minimum es t imates  a r e  +30 t o  -50%. 

F i g u r e  17 i n d i c a t e s  t h a t  t h e  h i g h  and low es t imates  o f  e l i g i b l e  cand i -  

dates f o r  dev ices a l s o  span a  wide range o f  t o t a l  dev ices  i n  use. Use o f  t h e  

low es t ima te  lowers  t h e  number o f  dev ices  i n  use t o  about 60,000 i n  t h e  y e a r  

2000 - a  d rop  o f  70% f r om t h e  r e f e r e n c e  base case es t imate .  

A f t e r  dev ice  imp lan t ,  one f a c t o r  a f f e c t i n g  t h e  number o f  dev ices  i.n use 

i s  t h e  l e n g t h  o f  t i m e  t h e  dev i ce  r e c i p i e n t  i s  expected t o  l i v e  a f t e r  i ~ ~ ~ p l a n t  

o r  t h e  n a t u r a l  r i s k  o f  death. The e f f e c t  of t h i s  f a c t o r  i s  shown i n  F i g -  

u r e  18. The assumption o f  a  normal r i s k  o f  dea th  f o l l o w i n g  imp lan t  i s  n o t  

c r e d i b l e  a l t hough  i t  may be cons idered an upper l i m i t  o f  t h e  p r o b a b i l i t y  o f  

s u r v i v a l .  There i s  a l s o  a  l e s s  w e l l - d e f i n e d  p o i n t  on t h e  low s i d e  a t  which 

s u r v i v a l  p r o b a b i l i t y  i s  so low t h a t  t h e  trauma assoc ia ted  w i t h  t h e  dev i ce  

i m p l a n t  i s  f e l t  t o  outweigh t h e  va lue  o f  a d d i t i o n a l  l i f e  gained ( t h i s  i s  

v e r i f i e d  by c u r r e n t  exper ience w i t h  h e a r t  t r a n s p l a n t s ) .  There i s  c u r r e n t l y  

no da ta  t o  determine where t h e  most p robab le  n a t u r a l  r i s k  o f  death l i e s  

between these  extremes. As mentioned, we chose a  va l ue  o f  t w i c e  t h e  normal 

r i s k  o f  n a t u r a l  dea th  f o r  ou r  base case and a  r i s k  of f o u r  t imes  normal f o r  

t h e  lower  l i m i t .  The use p r o j e c t i o n  v a r i a t i o n  o f  t h i s  parameter i s  o n l y  + lo% 
of t h e  r e f e r e n c e  base case i n d i c a t i n g  t h a t  dev ice  use i s  much l e s s  s e n s i t i v e  

t o  t h i s  parameter than t o  p rev i ous  parameters. 

The o t h e r  f a c t o r  t end ing  t o  decrease t h e  number o f  dev ices  i n  use i s  

dev i ce  f a i l u r e .  F i g u r e  19 i l l u s t r a t e s  t h e  e f f e c t  o f  t h e  assumptions o f  no 

dev i ce  f a i l u r e  and of a  f a i l u r e  equal t o  t w i c e  t h e  c u r r e n t  h e a r t  d i sease  death 

r a t e .  The assumption o f  no dev i ce  f a i l u r e  i s  n o t  a  c r e d i b l e  case b u t  i l l u s -  

t r a t e s  t h e  t h e o r e t i c a l  upper limit. Since no c u r r e n t  b a s i s  e x i s t s  f o r  



a n a l y t i c a l l y  e s t i m a t i n g  f a i l u r e  r a t e s ,  we assumed a f a i l u r e  r a t e  o f  t w i c e  

n a t u r a l  h e a r t  f a i l u r e  r a t e s  as a r e a l i s t i c  and ach ievab le  goa l .  Wi thout  a  

dev i ce  f a i l u r e  assumption, t o t a l  dev ices i n  use i n  t h e  year  2000 would be 

increased by 25%. 



V. CLASSIFICATIONS OF ARTIFICIAL HEART USERS 

To o b t a i n  an es t ima te  o f  popu la t i on  dose, t h e  a r t i f i c i a l  h e a r t  popu la t i on  

was subdiv ided i n t o  smal l  groups such t h a t  d a i l y  a c t i v i t i e s  were i d e n t i f i a b l e .  

The p r i n c i p a l  subd i v i s i ons  were by age, sex, employment s ta tus ,  household t ype  

and occupat ion.  F i gu re  20 shows t h e  m a t r i x  r e s u l t i n g  f rom t h e  combinat ion of 

these r e c i p i e n t  c l a s s i f i c a t i o n s .  Th is  m a t r i x  has 1,476 subd i v i s i ons  which 

g i ves  an idea of  t he  d e t a i l e d  na tu re  o f  t h e  r e c i p i e n t  d e s c r i p t i o n s .  The 

exp lana t i on  of  these c l a s s i f i c a t i o n s ,  i n c l u d i n g  t h e  d e r i v a t i o n s  of t h e  data 

base, f o l l ows .  

A. AGE AND SEX 

Since t h e  a r t i  f i c i  a1 h e a r t  use p r o j e c t i o n s  developed i n  t h e  preceding 

s e c t i o n  were done on an age- and sex-speci  f i  c  bas is ,  t h e  r e c i p i e n t  i s  a1 ready 

descr ibed  by age and sex. To rev iew b r i e f l y ,  we determined e l i g i b l e  a r t i f i c i a l  

h e a r t  candidates on t h e  bas i s  o f  age groups, b u t  i n s u f f i c i e n t  da ta  e x i s t e d  t o  

make a  v a l i d  sex d i f f e r e n t i a t i o n .  However, t h e  h e a r t  d isease death r a t e  p ro -  

j e c t i o n s  determined bo th  age- and s e x - s p e c i f i c  est imates o f  t h e  number dy ing  

f rom h e a r t  disease. We a l s o  developed es t imates  o f  1  i f e  expectancy based on 

t h e  age and sex o f  t h e  r e c i p i e n t  a t  t h e  t ime o f  imp lan t .  Device f a i l u r e  r a t e s  

a re  n o t  a  f u n c t i o n  o f  t h e  age o r  sex o f  t h e  r e c i p i e n t s .  Conibinations o f  these 

f ou r  parameters developed t h e  a r t i f i c i a l  h e a r t  use p r o j e c t i o n  by sex and f i v e -  

yea r  age groups. Using o u r  bes t  es t imates  o f  t h e  above parameters, t h e  age and 

sex p r o f i l e  o f  a r t i f i c i a l  h e a r t  users i n  t h e  y e a r  2000 i s  shown i n  F igure  21. 

B. OCCUPATION 

Because o f  s u b s t a n t i  a1 l y  d i f f e r e n t  1  i f e s t y l  es , employed and nonemployed 

r e c i  p i e n t s  should have d i sce rnab l y  d i f f e r e n t  p a t t e r n s  o f  r a d i a t i o n  exposure. 

I n  a d d i t i o n ,  d e f i n i q g  t h e  err~ployment s t a t u s  and occupat ion permi ts  i d e n t i f i c a -  

t i o n  o f  t h e  number o f  r e c i p i e n t s  i n  t h e  work f o r c e  and u l t i m a t e l y  a l l ows  an 

i d e n t i f i c a t i o n  o f  t h e  dose t o  work assoc ia tes .  To c l a s s i f y  t h e  r e c i p i e n t  popu- 

l a t i o n  by employment s t a t u s ,  we assumed t h a t  t h e  employment d i s t r i b u t i o n  would 

be p r o p o r t i o n a l  t o  t h e  employed-unemployed r a t i o  i n  t h e  t o t a l  popu la t ion .  
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FIGURE 20. Subd iv is ions  o f  A r t i f i c i a l  Hea r t  R e c i p i e n t  (AHR) M a t r i x  
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FIGURE 21. Age P r o f i l e  o f  A r t i f i c i a l  Heart  Users i n  t h e  Year 2000 
Using Base Case Parameters 

We f u r t h e r  c l a s s i f i e d  the  employed f r a c t i o n  o f  r e c i p i e n t s  by occupat ion by 

assuming t h a t  t h e i r  occupat ion d i s t r i b u t i o n  by age and sex would . l i k e w i s e  be 

p ropo r t i ona l  t o  t h a t  o f  t h e  t o t a l  populat ion.  The 1970 popu la t ion  census pro- 

v ided the  data f o r  t he  occupat ion r a t i o s  by age and sex. Since t h e  number 

o f  census occupat ions i s  much too  l a r g e  t o  handle i n  d e t a i l ,  we grouped occupa- 

t i o n s  i n  12 major  groups w i t h  subd iv is ions  i n t o  79 occupat ion types--47 pre- 

dominant ly male and 32 predominant ly female. The 12 major  groups and t h e  

number o f  occupat ion c l a s s i f i c a t i o n s  i n  each a re  l i s t e d  i n  Table 8. This  t a b l e  

a l s o  i n d i c a t e s  the  percentage o f  a l l  employed males and females i nc luded  i n  

each major group. As shown, craftsmen and managers a re  the  two l a r g e s t  



TABLE 8. C l a s s i f i c a t i o n  o f  A r t i f i c i a l  Hear t  Rec ip ien ts  by Occupat ion 

Ma1 e Empl oyed Fema 1 e Empl oyed 
S u b d i v i s i o n 2  Males Subd iv is ions  Females 

1 - Profess ional ,  Technica l  8 6 4  9 
and Kindred 

2 - Far~ i iers  and Farm 2 6 1  1  
Managers 

3 - Managers, O f f i c i a l s ,  2  12 2 4 
P r o p r i e t o r s  

4  - C l e r i c a l  and 4 3 6 17 
Kindred Workers 

5 - Sales Workers 3 6 2  8 

6 - Craftsmen, Foremen 11 17 - - 
and Kindred 

7 - Opera t i ves  and Kindred 6 7 7 9 

8 - Se rv i ce  Workers 

9 - Farm Laborers 
and Farmers 

10 - Laborers  1  6 - - 
11 - P r i v a t e  Household Workers - - 1 8 

12 - Not C l a s s i f i e d  - 1 - 30 - 1 2 9 - 
47 100 32 100 

Source: 1970 Census o f  Popu la t ion  (Reference 22) 

occupat ion  groups f o r  men. For women, c l e r i c a l  workers and ope ra t i ves  a r e  t h e  

main occupat ion  types.  The occupat ion  c l a s s i f i c a t i o n s  chosen i n c l u d e  70% o f  

a1 1 male occupat ions and 71% o f  a l l  female occupat ions. A d e t a i l e d  t a b l e  show- 

i n g  each occupat ion  c l a s s i f i c a t i o n  and r e l a t e d  percentage da ta  i s  i n c l  uded i n  

Appendix C. 

C. HOUSEHOLD TYPE 

C l a s s i f i c a t i o n  o f  r e c i p i e n t s  by household t y p e  a1 lows eventual  i d e n t i f i c a -  

t i o n  o f  t h e  dose t o  household members and assoc ia tes  i n  t h e  home. We assumed 



t h a t  the  d i s t r i b u t i o n  o f  household types i n  t he  r e c i p i e n t  popu la t ion  was iden-  

t i c a l  t o  the  d i s t r i b u t i o n  i n  the  e n t i r e  populat ion.  

The standard census tabu la t i ons  f rom which we der ived the  occupation data 

d i d  n o t  prov ide adequate d e t a i l  on households. Each month the  Census Bureau 

surveys some 45,000 households f o r  a  l i m i t e d  amount o f  in fo rmat ion .  I n  March 

of each year  t h i s  c u r r e n t  popu la t ion  survey i s  expanded t o  i nc lude  g rea t  d e t a i l  

on household c l a s s i f i c a t i o n s .  We obta ined the  data tapes f o r  t he  March 1972 

cu r ren t  popu la t ion  survey t o  prov ide t h e  data base f o r  ou r  household type 

c l a s s i f i c a t i o n s .  Computer programs sor ted  the  data i n  terms o f  c h a r a c t e r i s t i c s  

o f  P o t e n t i a l  Heart Recip ients (PHRs ) and Radiat ion Exposure Subjects (RESs ) . 
Table 9  summarizes the  parameters used t o  de f i ne  each PHR and RES and shows 

the  number o f  subd iv is ions  f o r  each parameter. 

TABLE 9. PHR C l a s s i f i c a t i o n s  f o r  t he  Current Populat ion Survey 

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

Age o f  PHR 

Sex o f  PHR 

Household-type o f  PHR 

Household l o c a t i o n  (urban o r  r u r a l )  

Employment s ta tus  o f  PHR 

Age o f  spouse o f  PHR 

Number, age and sex o f  o the r  household 
members r e l a t e d  t o  PHR 

Number, age and sex o f  o t h e r  household 
members no t  r e l a t e d  t o  PHR 

Subd iv is ion  

12 

2  

9  (+ two s u b c l a s s i f i c a t i o n s )  

2  

2  

6 

11 age groups 
2 sexes 

11 age groups 
2 sexes 

Using t h e  above data base, we assigned the  same s e t  o f  household charac- 

t e r i s t i c s  f o r  a  p a r t i c u l a r  age and sex group o f  t he  PHR t o  the  same age and sex 

group i n  the  a r t i f i c i a l  hea r t  r e c i p i e n t  populat ion.*  This a l lowed us t o  iden- 

t i f y  by age and sex the  number o f  household members exposed. 

* Note: Some confusion may e x i s t  i n  t he  readers mind concerning the  d e f i n i t i o n  
o f  a r t i f i c i a l  hea r t  r e c i p i e n t  and PHR. A r t i f i c i a l  hea r t  r e c i p i e n t  r e f e r s  
t o  the  ac tua l  r e c i p i e n t  popu la t ion  and t h e i  r c h a r a c t e r i s t i c s  as developed 
i n  t h e  use p ro jec t i on .  PHR r e f e r s  t o  p o t e n t i a l  users o f  t h e  device and 
i s  u s u a l l y  used i n  con junc t ion  w i t h  persons sampled i n  t he  c u r r e n t  
populat ion.  



The d e f i n i t i o n s  of t h e  n i n e  household c l a s s i f i c a t i o n s  used i n  t h i s  analy-  

s i s  a r e  shown i n  Table 10. The approximate d i s t r i b u t i o n  o f  these  household- 

types i n  t h e  y e a r  2000 i s  i n d i c a t e d  i n  Table 11. (Th i s  i s  approximate due t o  

t h e  s l i g h t l y  d i f f e r e n t  number o f  a r t i f i c i a l  h e a r t  r e c i p i e n t s  i n  each age and 

sex group, depending on t h e  assumptions used i n  t h e  a r t i f i c i a l  h e a r t  use p ro -  

j e c t i o n .  ) The 1 a rges t  r e c i p i e n t  group i s  husband-wife on l y *  households, s i nce  

t h e  a r t i f i c i a l  h e a r t  popu la t i on  comprises a much o l d e r  group than  t h e  popu la t i on  ' .  
as a whole. There are,  however, a s i g n i f i c a n t  number of dev ices i n  persons l i v -  

i n g  i n  l a r g e r  households (Types 2-4) and t h i s  causes some exposure t o  younger 

persons. Young persons may a l s o  be exposed due t o  an o l d e r  person (g rand fa ther ,  

e t c .  ) l i v i n g  i n  a younger f a m i l y  (household Type 7 ) .  I n d i v i d u a l s  1 i v i n g  w i t h  

non re la ted  persons and persons 1 i v i n g  i n  group qua r te r s  a re  a ve ry  smal l  per -  

centage o f  t h e  t o t a l  number o f  r e c i p i e n t s .  Therefore,  these groups do n o t  con- 

t r i b u t e  app rec iab l y  t o  t h e  o v e r a l l  popu la t i on  dose. 

D. OTHER CONSIDERATIONS 

We cons idered a d d i t i o n a l  v a r i a b l e s  i n  d e f i n i n g  t h e  PHR. These were 1 i v i n g  

l o c a t i o n  (u rban- ru ra l  ) and income (h igh ,  medi um and 1 ow). A s t a t i s t i c a l  exami - 
n a t i o n  o f  da ta  and dose r a t e s  i n  urban and r u r a l  f a m i l i e s  i n d i c a t e d  ve ry  few 

s i g n i f i c a n t  d i f f e r e n c e s ,  and t h i s  v a r i a b l e  was then  d e l e t e d  t o  make t h e  da ta  

m a t r i x  f o r  REPRIEVE more manageable. Al though i n te rpe rsona l  d i s t ance  da ta  were 

c o l l  ec ted  i n  i n t e r p e r s o n a l  d i s t ance  surveys (d iscussed i n  Sec t ion  I X )  by 

income l e v e l ,  we d i d  n o t  use i t  as p a r t  o f  t h e  PHR d e s c r i p t i o n .  

* Note: S ince most households have more than  one p o t e n t i a l  h e a r t  r e c i p i e n t  
i n  each household, i t  i s  impo r tan t  t o  no te  t h a t :  

1 . Only one r e c i p i e n t  was assumed i n  each household ( s i n c e  1 ess than  
one person i n  a thousand would have a h e a r t  dev i ce )  . 

2. The person hav ing  t h e  dev ice  i n  t h e  household i s  named i n  t h e  
household t y p e  (e.g., t h e  husband o r  w i f e  i n  household Types 1-4, 
t h e  household head i n  Type 5, t h e  r e l a t i v e ,  se rvan t ,  e tc . ,  i n  
Type 7 and so on). 



TABLE 10. Household C l a s s i f i c a t i o n s  

TYPE 1 - HUSBAND/WIFE HOUSEHOLD 

Husband and Wife o n l y  (Age 30+) 
and - no other  members 

TYPE 2 - HUSBAND/WIFE HOUSEHOLD + ONE OTHER MEMBER 

Husband and Wife (Age 30+) 
and - one o the r  person ( r e l a t e d  o r  n o t )  

TYPE 3 - HUSBAND/WIFE HOUSEHOLD + TWO OTHER MEMBERS 

Husband and Wife (Age 30+) 
and - two other  persons ( r e l a t e d  o r  n o t )  

TYPE 4 - HUSBAND/WIFE HOUSEHOLD + THREE OR MORE OTHER MEMBERS 

Husband and Wife (Age 30+) 
and th ree  o r  more o ther  persons ( r e l a t e d  o r  n o t )  

TYPE 5 - HEAD OF A SINGLE PARENT HOUSEHOLD OR NON-MARRIED FAMILY HEAD 

Head o f  Household (Age 30+) 

Inc ludes:  a )  marr ied, spouse absent 
b )  . widowed 
c )  d ivorced 
d) s i n g l e  

and one o r  more r e l a t e d  members o f  any age o r  
a non-re lated secondary f a m i l y  (Type 5 must 
i nc lude  a t  l e a s t  the  above, b u t  can a l s o  inc lude 
one o r  more non-re lated menibers o f  any age. ) 

TYPE 6 - INDIVlDUAL AGE 30+ LIVING ALONE 

Primary I n d i v i d u a l  L i v i n g  A1 one (Age 30+) 



TABLE 10. (Contd) 

TYPE 7 - PERSON LIVING WITH A FAMILY 

7A - MARRIED PERSON AGE 30+ LIVING WITH A FAMILY 

A l l  Persons (Except Household Head o r  Wi fe ) ,  Age 30+ 
1 i v i n g  w i t h  a household head ( r e l a t e d  o r  n o t )  

Inc ludes :  Head o f  Secondary Fami ly  o r  
Head o f  Sub-Family 
and mar r ied ,  spouse present  

78 - PERSON AGE 30+ LIVING WITH A FAMILY(~) 

A l l  Persons (Except Household Head o r  Wi fe ) ,  Age 30+, 
l i v i n g  w i t h  a f a m i l y  ( r e l a t e d  o r  n o t )  

Inc ludes :  I n d i v i d u a l  o r  
Head o f  Secondary Fami ly  o r  
Head o f  Sub-Family 

a )  ma r r i ed ,  spouse absent 
b )  widowed 
c )  d i vo rced  
d )  s i n g l e  

TYPE 8 - INDIVIDUAL AGE 30+ LIVING WITH OTHER NON-RELATED PERSONS 

A1 1 Persons, Age 30+, 1 i v i n g  w i t h  o t h e r  persons i n  
a household where - no f a m i l y  e x i s t s  

TYPE 9 - PERSONS LIVING I N  GROUP QUARTERS 

9A - ALL PERSONS, AGE 30+, as INMATES OF INSTITUTIONS 

9B - ALL PERSONS, AGE 30+, I N  GROUP QUARTERS AND - NOT 
INMATES OF INSTITUTIONS 

( a )  The d i f fe rence  between household Type 7B and household Type 5 i s  t h a t  
t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t  i n  Type 5 i s  c l a s s i f i e d  by t h e  census as 
t h e  head o f  t h e  household whereas AHRs i n  7B a r e  n o t  household heads. 



TABLE 11. D i s t r i b u t i o n  o f  A r t i f i c i a l  Heart  Recip ients 
i n  Household Type 

Approximate D i s t r i b u t i o n  
Household Type -in Year 2000 

1. Husbandlwife o n l y  

2. Husbandlwife and one o t h e r  member 13-1 4% . 3. Husbandlwife and two o the r  members 8-1 0% 

4. Husbandlwife and th ree  o r  more o t h e r  members 10-11% 

5. Head o f  s i n g l e  paren t  household o r  nonmarried 
f a m i l y  head 

6. I n d i v i d u a l  1 i v i  ng alone 14-1 5% 

7. Person 1 i v i n g  w i t h  a fami ly  (marr ied and s i n g l e )  6- 8% 

8. I n d i v i d u a l  1 i v i n g  w i  t h  nonre l  a ted  persons 1 % 

9. Persons 1 i v i n g  i n  group quar te rs  ( i n s t i t u t i o n s  
and o t h e r )  2- 3% 



V I .  IDENTIFICATION OF RADIATION EXPOSURE SUBJECTS 

Expansion o f  t h e  study scope t o  charac ter ize  t h e  popu la t ion  dose by the  

age and sex of the  Radiat ion Exposure Subject (RES) requ i red  c o l l e c t i n g  addi-  

t i o n a l  data. The Current Populat ion Survey data described i n  the  previous sec- 

t i o n  enabled us t o  make t h i s  i d e n t i f i c a t i o n  f o r  household members. I n  add i t i on ,  

we a l so  i d e n t i f i e d  each RES by t h e  c h a r a c t e r i s t i c s  o f  t h e  r e c i p i e n t  exposing 

him i n c l u d i n g  the  r e l a t i o n s h i p  o f  t he  RES t o  the  r e c i p i e n t .  This a l lows the  

t r a c i n g  o f  most o f  t h e  exposure back t o  the  source c l a s s i f i c a t i o n .  We made 

t h i s  i d e n t i f i c a t i o n  t o  make i t  poss ib le  t o  s tudy the  e f f e c t  o f  con t ro l s  on the  

a c t i v i t i e s  o f  t h e  r e c i p i e n t  i n  terms o f  the  dose e f f e c t  on RES's i n  f requent  

c lose  contact .  

To ob ta in  data i d e n t i f y i n g  household associates, we made p r o v i s i o n  i n  a  

survey performed i n  S a l t  Lake City (discussed i n  Sect ion I X )  t o  record  t h i s  

in fo rmat ion .  

A. SPOUSES 

Using the  household type d e f i n i t i o n s  p rev ious l y  discussed, a  computer s o r t  

o f  t he  Current  Populat ion Survey data determined spouses o f  PHRs by s i x  age 

groups and two sexes. Subsequent dose ca l cu la t i ons  v e r i f i e d  our  expectat ions 

t h a t  t h i s  group o f  RES's received a  much h igher  average dose than any o the r  

group. 

B. OTHER HOUSEHOLD MEMBERS 

This group cons is ts  n o t  o n l y  o f  f am i l y  members, bu t  a l l  o the r  non-heart-  

r e c i p i e n t  persons l i v i n g  i n  t he  household (e.g., grandparents, servants, 

boarders, another fami ly ,  e tc . ) .  I n  c l a s s i f y i n g  these data the  CPS data s o r t  

made separat ions on the  bas is  o f  11 age groups and sex. La te r  examination o f  

doses by age revealed no need f o r  such an expanded age determinat ion and we 

subsequently condensed the  11 groups i n t o  e igh t .  

The dose c a l c u l a t i o n s  revealed a  s i g n i f i c a n t  average dose t o  t h i s  RES 

group i n c l  uding even very young persons. (See sec t i on  on Results f o r  more 

de ta i  1. ) 



C. ASSOCIATES 

Household assoc ia tes  were def ined as persons f r e q u e n t l y  ( a t  l e a s t  seve ra l  

t imes a  y e a r )  i n  t he  v i c i n i t y  o f  t h e  r e c i p i e n t  d u r i n g  household a c t i v i t i e s .  

We used o u r  survey i n  S a l t  Lake City t o  develop i n f o r m a t i o n  on t h e  number o f  

assoc ia tes  p resen t  d u r i n g  each PHR a c t i v i t y  and t h e i r  f requency o f  con tac t .  

We de f i ned  these assoc ia te  da ta  by t h r e e  age groups f o r  each of 15 household 

a c t i v i t i e s  of t h e  PHR. The smal l  s i z e  o f  t h e  da ta  base prevented us f rom mak- 

i n g  any d i f f e r e n t i a t i o n  by sex. 

Work assoc ia tes  a r e  d e f i n e d  as persons i n  t h e  v i c i n i t y  o f  t h e  r e c i p i e n t  

d u r i n g  work a c t i  v i  t i e s .  We assumed t h a t  these persons would be con t i nuous l y  

p resen t  d u r i n g  t h e  e n t i  r e  work ing pe r i od .  Our survey o f  occupat ions developed 

t h e  number o f  work assoc ia tes  and t h e i r  i n t e r p e r s o n a l  d i s t ances  t o  t h e  PHR. 

Since o u r  p rev ious  est- iniates had determined t h a t  occupa t ion  dose abso rp t i on  

was much l e s s  s i g n i f i c a n t  than t h a t  d u r i n g  o t h e r  a c t i v i t i e s ,  we d i d  n o t  charac- 

t e r i  ze work assoc ia tes  by age o r  sex. Subsequent c a l c u l a t i o n s  i n d i c a t e d  t h a t  

t h e  dose t r a n s m i t t e d  d u r i n g  household a c t i v i t i e s  was approx imate ly  f i v e  t imes  

t h a t  t ransn i i  t t e d  d u r i n g  wo rk - re l a ted  a c t i v i t i e s .  

D. GENERAL PUBLIC 

Dose t o  t h e  general  pub1 i c  i s  composed o f :  

1.  Dose t o  persons exposed d u r i n g  p u b l i c  a c t i v i t i e s  such as shopping, 

en te r ta inment ,  e t c .  Th i s  component i s  c l a s s i f i e d  by two age groups 

( i . e . ,  approx imate ly  ove r  o r  under 18 )  and by sex. I nc l uded  i n  t h i s  

component i s  dose t o  household members d u r i n g  these a c t i v i t i e s .  Spe- 

c i a l  random surveys o f  p u b l i c  a c t i v i t i e s  developed these data.  

2. Dose t o  n o t  o the rw i se  i d e n t i f i a b l e  persons randomly l o c a t e d  i n  t h e  

v i c i n i t y  o f  t h e  r e c i p i e n t .  We developed these  da ta  u s i n g  p o p u l a t i o n  

d e n s i t y  f i g u r e s  and a  s p e c i a l  computer code named BINGO. A  desc r i p -  

t i o n  o f  t h i s  c a l c u l a t i o n  and o f  BINGO i t s e l f  i s  i n c l u d e d  i n  Appendix G. 



Since the  eventual number o f  devices i n  use may be subs tan t i a l ,  and 

because o f  the  h igh  degree o f  m o b i l i t y  i n  the  U.S. populat ion,  we assumed t h a t  

a l l  o f  the popu la t ion  would rece ive  some degree o f  exposure. The average 

rece ived by a  member o f  the  general populace would, however, be very low (on 

the  order  o f  one m i  11 i remlyear  o r  l e s s ) .  

The RES m a t r i x  shown i n  F igure 22  i l l u s t r a t e s  the  i n t e r r e l a t i o n s h i p  o f  t he  

f a c t o r s  d e f i n i n g  the  RES's f o r  each r e c i p i e n t .  This f i g u r e  i s  a  fo l low-on t o  

F igure 20 which described r e c i p i e n t  c l a s s i f i c a t i o n s .  As i n d i c a t e d  i n  the l e f t  

column each work o r  nonwork a c t i v i t y  branch occurs f o r  each r e c i p i e n t  c l a s s i  f i -  

cat ion .  V i s u a l i z a t i o n  o f  t he  expansion o f  the  m a t r i x  g ives some comprehension 

o f  t he  enormous amount o f  data needed t o  prov ide RES i d e n t i f i c a t i o n .  





V I I .  TIME-IN-ACTIVITY DATA 

Use-of-t ime data 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 he  a r t i  f i  c i  a1 

hea r t  r e c i p i e n t  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 o f  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 conlprehensive data on use o f  t ime f o r  ou r  purpose were from t h e  

U n i v e r s i t y  o f  M ich igan 's  I n s t i t u t e  f o r  Soc ia l  Research ( ISR). These data repre-  

sented a  nat ionwide sample o f  1,244 households cover ing  a1 1  a c t i v i t i e s  d u r i n g  

a  24-hour p e r i o d  and i nc luded  data 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 data had been c o l l e c t e d  i n  1966 as p a r t  o f  a  

mu1 t i n a t i o n a l  s tudy c a r r i e d  o u t  i n  10 coun t r i es  i n v o l v i n g  13 surveys. (23)  The 

data conta ined i n f o r m a t i o n  on t he  age and sex o f  t h e  persons surveyed, t h e i r  

occupat ion, i d e n t i f i c a t i o n  of age and sex o f  o t h e r  meliibers o f  t he  household, 

e t c .  The use-of - t ime da ta  had 99 a c t i v i t y  c l a s s i f i c a t i o n s  . 
The da ta  were s t o r e d  on computer cards, and we made arrangements w i t h  the  

I S R  t o  o b t a i n  a  spec ia l  data s o r t  t o  meet t he  requirements o f  t he  a r t i f i c i a l  

h e a r t  dose-to-the-popul a t i o n  study. For o u r  purposes, a c t i  v i  t i e s  were grouped 

i n t o  19 nonwork 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 .  Al though 

very few persons over  65 were i nc luded  i n  t he  survey, examinat ion o f  t he  da ta  

i n d i c a t e d  t h a t ,  above age 30, age was n o t  t h e  most s i g n i f i c a n t  f a c t o r  i n  a  

person 's  use o f  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 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 nonwork a c t i v i t i e s  shown i n  Table 12 and 

f i v e  work a c t i v i t i e s  shown i n  Table 13. 

Some da ta  were n o t  avai  1  ab le  i n  c e r t a i n  household types and we used data 

f rom household types as s i m i l a r  as p o s s i b l e  t o  f i  11 t h e  gaps. 

A  more d e t a i l e d  breakdown f o r  men and women 25 and o l d e r ,  w i t h o u t  regard  

t o  household type,  i s  shown i n  Table D.l i n  Appendix D. There t h e  19 nonwork 

a c t i v i t i e s  a re  f u r t h e r  subd iv ided  i n t o  85 a c t i v i t i e s .  

Because o f  t h e  smal l  da ta  base on ages ove r  65, a  smal l  sample o f  use-of- 

t ime  da ta  f rom 57 households was c o l l e c t e d  d u r i n g  t h e  survey o f  i n te rpe rsona l  

d is tances i n  S a l t  Lake City. Due t o  t he  t ime r e q u i r e d  t o  e d i t  and code these 

data, i t  was n o t  processed beyond t h i s  p o i n t .  A  d e s c r i p t i o n  of t h i s  survey i s  

found on page E-15 i n  Appendix E. 



TABLE 12. Nonwork A c t i v i t y  C l a s s i f i c a t i o n s  

Household Pub1 i c  

1  - P repa r i ng  Food 8 - Ea t i ng  ( a )  1  - Shopping and Purchas ing 

2 - C lean ing  House 9 - Res t ing  2  - Nonwork T r i p s  

3 - Laundry, Mending 10 - C h i l d  Care 3 - A d u l t  Educat ion 

4 - Other  House Upkeep 11 - A d u l t  Care 4 - Organ i za t i ona l  A c t i v i t y  

5 - Gardening, Pets  12 - T e l e v i s i o  
(Church ) 

(a 1 V iew ing la )  5 - Soc ia l  and E  t r t a i n m e n t  6 - Sleep 
13 - Other  Pas i e  

A c t i v i t i e s  l a 3  
7 - Personal  Care Le i  su re fa r  6 - Spor ts  and A c t i v e  Le i su re  

(a )  F i ve  a c t i v i t i e s  account f o r  about  94% o f  nonwork a c t i v i t y  dgse. 

TABLE 13. Work A c t i v i t y  C l a s s i f i c a t i o n  

1  - Regular Work 

2  - Meals a t  Work 

3 - Coffee Breaks 

4 - T r i p s  t o  and f rom Work 

5 - Other  



V I  I I. DOS IMETRY CALCULATIOIVS 

Using t h e  QADP5A (24)  computer program, we c a l  c u l  a ted  who1 e  body dose 

r a t e s  t o  a  70 kg  s tandard  man phantom f rom an a r t i f i c i a l  h e a r t  c o n t a i n i n g  a  

30 W, 2 3 8 ~ u  power source. It was subsequent ly determined t h a t  s u f f i c i e n t  

power and l o n g e v i t y  cou ld  be p rov ided  by a  24 W source, which reduced o u r  dose 

r a t e  c a l c u l a t i o n s  t o  80% o f  t h e  o r i g i n a l  values. 

The power source f o r  t h e  24 W h e a r t  dev ice  i s  p r o j e c t e d  t o  c o n s i s t  o f  

53.5 grams o f  s i n t e r e d  medical  grade* 2 3 8 ~ u  ox ide  encapsulated i n s i d e  a  hypo- 

t h e t i c a l  dev ice  hav ing  a  volume o f  approx imate ly  one l i t e r .  The dev ice  p r o t o -  

t ype  used i n  ou r  dos imetry  c a l c u l a t i o n s  cons i s ted  o f  a  s t a i n l e s s  s t e e l  c y l i n d e r  
3  hav ing  a  volume o f  570 cm . Encapsulated w i t h i n  t h e  c y l i n d e r  i n  1  ayers o f  

s t a i n l e s s  s t e e l  and i n s u l a t i o n  ( d e n s i t y  5.0 g / c ~ )  was a  tan ta lum c y l i n d e r  o f  
3  volume 21 cm c o n t a i n i n g  t h e  238~u02.  More r e c e n t  developments i n  p r o t o t y p i c  

dev ice  systems i n d i c a t e  t h a t  q u i t e  a  d i f f e r e n t  dev ice  c o n f i g u r a t i o n  may even- 

t u a l l y  be used. However, f o r  t h e  purposes of  ou r  study, we assumed t h a t  such 

changes would n o t  have a  g r e a t  impact  on dose measurements s i n c e  d i s tance  i s  

a  much g r e a t e r  f a c t o r  i n  de te rmin ing  e x t e r n a l  dose e f f e c t s .  

We assumed the  source was cen te red  a t  (0,0,18) o f  t he  coo rd ina te  system 

shown i n  F iqu re  23. The 2 3 8 ~ u  s ~ e c t r u m  used i n  t h e  OADP5A c a l c u l a t i o n s  i s  
u 

shown i n  Table 14. ( 2 5 y 2 6 )  We determined t h e  source s t r e n g t h  by ca l  c u l  a t i n q  - 
t he  number o f  decavslsec based on t h e  i n i t i a l  2 3 8 ~ u  mass and t h e  h a l f - l i f e .  " .  
We a l s o  determined t h e  2 3 6 ~ u  source s t r e n g t h  by c a l c ~ l a t i n q ( ~ ~ )  t h e  amount of - - 
2 3 6 ~ u  and 2 3 6 ~ u  daughters as a  f u n c t i o n  o f  age assuming 0.3 ppm 2 3 6 ~ u  i n i t i a l l y .  

The decay scheme i s  shown i n  Table 15 (28)  and t h e  f l ux - t o -dose  convers ion f a c -  

t o r s  used f o r  t h e  gamna cases a r e  f rom Rockwell.  (") The neu t ron  spectrum 

used i s  t he  2 3 5 ~  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  dose c o n t r i  bu- 

t i o n  us ing  t h i s  spectrum i n s t e a d  o f  t h e  2 3 8 ~ u  f i s s i o n  spectruni i s  be l i eved  t o  

be l e s s  than 210%. The neutron source s t r e n g t h  was es t imated  a t  3000 neutrons/  

g-sec. (30)  (A neu t ron  source s t r e n g t h  o f  3300 neu t rons lg -sec  inc reases  t h e  

dose by about 3%.) The f l ux - t o -dose  convers ion f a c t o r s  used f o r  t h e  neut rons 

a r e  f rom 10  CFR 20. (31 

* Note: medical  grade i s  90% 238~u02.  



DIMENSIONS IIV CENTIMETERS 

FIGLIRE 23. Standard Man Phantom 



TABLE 14. Pl  u ton i  um-238 Gamna Spectrum 

Energy (keV) 

1 43.49 

2 99 -79 

3 125.15 

4 152.58 

5 158.80 

6 197.30 

7 199.35 

8 201.03 

9 251 .OO 

10 338.60 

G a m  Rays/100 Decays 

3.80 x lo - '  
8.00 

3.80 x 

1.27 1 o - ~  
1.90 x 

1.40 x 

1.90 x 

4.40 x 1 0 ' ~  

1 . l o  x 1 0 - ~  

7.40 

Source: 1-20: J. E. C l  i ne, e t  a1 . , Gamma Rays E m i  t t e d  by the  
F iss ionab le  Nucl ides and Associated Isotopes (Reference 25) 
20-27: R. Gunnik and R. J. Marrow, "Gamma-Ra Energies and 
Absolute Branching I n t e n s i t i e s  f o r  238,239,24~,241pu and 
241~m," (Reference 26). 



TABLE 1 5. P l  u t o n i  um-236 Decay Sche111e 

I sotope Hal f - L i  f e  

Pu-236 2.85 y r  

*Ra-224 3.64 days 

Pb-212 10.64 h r  

**Bi -21 2 60 min 

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

Rn-220 55.3 sec 

Po-21 6 0.145 sec 

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

Source: H. H. Van Tuyl  , C a l c u l a t i o n s  o f  Gamma Dose 
Rates a t  t h e  Sur face o f  P lu ton ium Oxide 
Source (Reference 28) .  

Dose measurements between phantom r e c i p i e n t s  r e p r e s e n t i n g  a dev ice  r e c i p i -  

e n t  and a bys tander  have been made by Dr.  Fred Cross o f  Ba t t e l l e -No r t hwes t  

L a b o r a t o r i e s . ( 3 2 )  F u r t h e r  da ta  p rov i ded  by D r .  Cross a r e  shown i n  t h e  f a r  

r i g h t  column i n  Table  16. When l e a d  b u i l d u p  i s  used f o r  t h e  r e g i o n  o f  t h e  

a r t i f i c i a l  h e a r t  and wate r  b u i l d u p  i s  used f o r  t h e  r e c i p i e n t  phantom i n  t h e  

QADP5A c a l c u l a t i o n s ,  t h e  agreement w i t h  D r .  C ross 's  r e s u l t s  i s  w i t h i n  10 t o  

25X, w i t h  t h e  QADP5A va lues  be ing  h i ghe r  as shown on t h e  f o l l o w i n g  page. Th is  

agreement i s  w i t h i n  t h e  range o f  e r r o r  es t imated  f o r  t h e  phantom measurements. 



TABLE 16. Compari son Between QADP5A Cal c u l  a t i  ons 
and Exper-iniental Measurement f o r  
2 3 8 ~ ~  Gammas 

Dis tance f rom QADP5A 
Center o f  Source Dose  ate(^) 

(ft) (cm) mrem/hr 

2 6  1  0.19 

Values Deduced f m 

mrem/ h r  
IPb )  Dose Measurements 

0.14 

0.051 

0.025 

0.015 

0.010 

( a )  Using l e a d  b u i l d u p  f o r  t h e  dev ice,  wa te r  bu i l dup  f o r  t h e  
phantom. 

( b )  Source: F. T. Cross (Reference 32) 

The dose r a t e  r e s u l t s  f o r  a  30 W a r t i f i c i a l  h e a r t  a re  shown i n  Table 17. 

The r e s u l t s  a r e  c a l c u l a t e d  as a  f u n c t i o n  o f  d i s t ance  f rom t h e  cen te r  o f  t h e  

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

h o r i z o n t a l  d i s t ance  s p e c i f i e d  and t h e  r e s u l  t s  averaged over  a  c ross -sec t i ona l  

area o f  a  s tandard  man phantom t o  g e t  an average whole body dose. S ince t h e  

dev ice  i s  cen te red  on t h e  Z-ax is  o f  t h e  phantom,only s i d e  and f r o n t  measure- 

ments a re  needed. 

For use i n  t h e  dose- to - the-popu la t ion  est imates,  we averaged these 

r e s u l t s  ove r  t h e  f r o n t  and s i d e  d i r e c t i o n s  and summed t h e  r a t e s  f rom each 

r a d i a t i o n  component t o  represen t  a  s i n g l e  average dose r a t e  t o  a  person i n  

t h e  v i c i n i t y  o f  t h e  a r t i f i c i a l  h e a r t  user .  We reduced these  r a t e s  by a  f ac -  

t o r  o f  0.8 t o  correspond t o  dose r a t e s  f rom a  24 W h e a r t  dev ice.  The r e s u l t -  

i n g  dose r a t e s  a r e  shown i n  Table 18 and a re  p l o t t e d  i n  F igure  24. I f  dose 

r a t e s  were expressed i n  terms o f  f r o n t a l  dose on l y ,  they  would be approx i -  

mate ly  50% h ighe r  than  t h e  average i n  t h e  f r o n t  and s i d e  d i r e c t i o n s .  

As w i l l  be noted f rom Table 17, t h e  dose r a t e  f rom a  s i n g l e  dev ice  

increases s u b s t a n t i a l l y  w i t h  t ime f o r  t h e  f i r s t  10 t o  18 years  due t o  t h e  

decay of  t h e  2 3 6 ~ u  i m p u r i t y .  I n  o rde r  t o  i nco rpo ra te  t h i s  e f f e c t  i n t o  

REPRIEVE, we b u i l t  i n  a  c a l c u l a t i o n  which u t i l i z e s  t h e  Bateman equat ions 
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TABLE 18. Tota l  External  Dose Rates from an Implanted 
24 Watt A r t i f  i c ia1  Heart (mrem/hr) 

Distance - Years A f te r  Separat ion 
f t  in .  0  5  10 18 - 
1.31 40 3.4 x  10-I 4.9 x  10-I 5.9 x  10-I  6.3 x  10-I  

t o  approximate the  increase i n  dose r a t e .  The c a l c u l a t i o n  i s  based on the  

assumption t h a t  t he  increas ing  r a d i a t i o n  dose from 2 3 6 ~ u  decay i s  propor- 

t i o n a l  t o  the  q u a n t i t y  o f  2 2 8 ~ h  daughter present.  This assumption i s  v a l i d  

because o f  the very s h o r t  h a l f - l i v e s  o f  t h e  r a d i o a c t i v e  decay-chain members 

subsequent t o  2 2 8 ~ h .  C a l i b r a t i o n  o f  t he  dose r a t e  p red i c ted  by the Bateman 

equations f o r  t h e  s p e c i f i c  device and i t s  l o c a t i o n  i n  the  r e c i p i e n t  i s  

achieved us ing dose r a t e  values der ived from the  QADP5A s h i e l d i n g  code. 

De ta i l ed  c a l c u l a t i o n s  us ing t h e  more soph is t i ca ted  QADP5A code agree w i t h i n  

+5% o f  those p red i c ted  w i t h  the c a l i b r a t e d  Bateman equations. Using t h i s  

model, we weighted the  ca l cu la ted  percentage increase (re1 a t i v e  t o  2 3 8 ~ u  

dose) i n  dose r a t e  f o r  each device age by the  number o f  devices o f  corres-  

ponding age and ca l cu la ted  a  weighted average dose r a t e  f o r  a l l  devices i n  

use. ( Included i n  t h i s  c a l c u l a t i o n  i s  an assumed six-month ~ e r i o d  between 

the  t ime of 2 3 8 ~ u  p u r i f i c a t i o n  and device imp lan t . )  This average increase 

i n  dose r a t e  due t o  2 3 6 ~ u  decay i s  p r i n t e d  o u t  f o r  f i v e - y e a r  i n t e r v a l s .  

Table 19 shows a  rep resen ta t i ve  ou tput  f o r  t h e  yea r  2000 f o r  our  bes t  e s t i -  

mate case. The dose-to-the-populat ion c a l c u l a t i o n  f o r  a  s p e c i f i e d  year  i nco r -  

porates the  2 3 6 ~ u  dose r a t e  f a c t o r  f o r  t h a t  year.  

I n  c a l c u l a t i n g  t h e  change i n  dose r a t e  as a  f u n c t i o n  o f  t ime, we inc luded 

a  c o r r e c t i o n  f o r  decreased r a d i a t i o n  due t o  2 3 8 ~ u  decay as w e l l  as t h e  2 3 6 ~ u  - 
co r rec t i on .  (About 8% o f  t h e  2 3 8 ~ u  decays away i n  10 years. ) Table 20 i s  

rep resen ta t i ve  o f  program ou tpu t  showing t h e  e f f e c t  o f  f u e l  age on 2 3 8 ~ u  dose 

r a t e  weighted f o r  a l l  o f  t he  devices i n  use i n  t h e  year  2000 (best  est imate 
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FIGURE 24. Dose Rates f o r  a 24-W, 2 3 8 ~ u  Power Source 
(53.5 g 2 3 8 ~ ~ 1 ,  3000 p/g sec)  f o r  t h e  
A r t i f i c i a l  Hear t  



? 

QIm 
crm 

CU 

s & 
m  

l-a 

6 s  L < g  Ca h h h h h h  - - ElAl d O O O O O  
c u m m m m m  

m 7  . . . . . .  

c n m m m m m  
m  w m m m m m  

cncncncncncn & I . . . . . .  
E N  0 0 0 0 0 0  

N C U C U C U C U C U  
h h h h h h  

E 1 . : ? ? ? 9 ?  CU 0 0 0 0 0 0  

I D W I D W I D I D  
In c n c n c n c n c n c n  
I E O Y Y T ? O  0 0 0 0 0 0  



case).  I f  j u s t  t he  e f f e ' c t  o f  t h e  inc rease  i n  dose r a t e  due t o  2 3 6 ~ u  decay i s  

des i red,  t h i s  can be ob ta ined  by s imp ly  s u b t r a c t i n g  t h e  a p p r o p r i a t e  va lue  i n  

Table 20 f rom the  corresponding va lue  i n  Table 19. 

Dose r a t e s  f o r  2 3 6 ~ u  concent ra t ions  o t h e r  than 0.3 ppm can be developed 

f rom the  data i n  Table 17 by adding i n  f r a c t i o n s  o r  mu1 t i p l e s  o f  t h e  2 3 6 ~ u  

dose r a t e s  f o r  0.3 ppm i n  p r o p o r t i o n  t o  t he  concen t ra t i on  des i red .  The e f f e c t  

of t h e  2 3 6 ~ u  con ten t  on t he  r e l a t i v e  dose r a t e  f rom an implanted a r t i f i c i a l  

h e a r t  i s  shown i n  F igu re  25. 

TI ME, years 

FIGURE 25. R e l a t i v e  Dose Rate Versus Time f o r  a  S ing le  Device 
as a Funct ion o f  PPM 2 3 6 ~ ~  I n i t i a l l y  Present  



SURVEYS OF INTERPERSONAL RELATIONSHIPS 

A. SUMMARY OF SURVEY MODEL DEVELOPMENT 

Once the  number and demographic d i s t r i b u t i o n  o f  a r t i f i c i a l  heart  r e c i p i -  

ents were establ ished,  t h e i r  in te rpersona l  contacts needed t o  be def ined i n  

order  t o  est imate populat ion dose. A search o f  e x i s t i n g  l i t e r a t u r e  revealed 

no source o f  such in fo rmat ion  i n  enough d e t a i l  f o r  our  needs. Therefore, we 

made plans t o  conduct our own f i e l d  surveys t o  develop the  data base required.  

We considered two poss ib le  method01 og i  es. 

1. D i r e c t  dose measurements 

2. Est imat ion o f  dose by measurement o f  i t s  th ree basic parameters: 

(a)  The d is tance o f  each person exposed from t h e  source (or  r e c i p i e n t )  

(b)  The t ime a t  each d is tance 

( c )  The number o f  persons exposed a t  each distance. 

D i r e c t  measurement o f  popu la t ion  doses would requ i re  d i s t r i b u t i n g  low- 

l e v e l  rad ia t i on -emi t t i ng  devices t o  selected i n d i v i d u a l s  and o u t f i t t i n g  pos- 

s i b l y  contacted persons w i t h  h i g h l y  s e n s i t i v e  counters. Aside from the 

quest ion of whether o r  n o t  such i r r a d i a t i o n  would be permitted, t he  cos t  and 

l o g i s t i c s  o f  such a  technique would make i t  imprac t ica l  f o r  t h i s  study. 

These f a c t o r s  persuaded us not  t o  use d i r e c t  measurement. 

The method chosen, there fore ,  was i n d i v i d u a l  measurement o f  the  th ree  

bas ic  dose parameters and use of a  standard s e t  o f  a c t i v i t i e s  t o  c o r r e l a t e  

these measurements. These a c t i v i t i e s  are  shown i n  Table 12 i n  the  t i rne-in- 

a c t i v i t y  sect ion.  We used the  data c o l l e c t e d  i n  our surveys t o  est imate 

fac tors  (a)  and (c )  above. The U n i v e r s i t y  o f  Michigan data on use o f  t ime 

(developed i n  the  preceding sec t i on )  formed the  basis o f  our est imates o f  

f ac to r  (b), time. 

During t h e  development o f  our survey methodology f o r  c o l l e c t i n g  i n t e r -  

personal d is tance data, D r .  I r w i n  Altman, Chairman o f  the  Psychology Depart- 

ment a t  t h e  U n i v e r s i t y  o f  Utah, served as a  consul tant .  D r .  Al tman's area 

o f  s p e c i a l t y  i s  the  in terpersona l  d is tance aspect o f  psychology. A funda- 

mental precept, suggested by Dr. Altman and u t i l i z e d  i n  our  development o f  



survey  methodology, was t h a t  t h e  d i s t a n c e s  s e p a r a t i n g  people  d u r i n g  t h e i r  

a c t i v i t i e s  a r e  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 i z e ,  

l o c a t i o n  o f  c h a i r s ,  e t c .  

Surveys o b t a i n e d  d a t a  f o r  b o t h  nonwork and work a c t i v i t i e s .  Surveys f o r  

nonwork a c t i v i t i e s  were o f  two types- -surveys f o r  at-home a c t i v i t i e s  and su r -  

veys f o r  pub1 i c  a c t i v i t i e s .  The f o l l o w i n g  paragraphs b r i e f l y  d i s c u s s  each 

o f  these  surveys.  

5. AT-HOME ACTIVITY SURVEYS 

We made s e v e r a l  d i f f e r e n t  surveys f o r  at-home a c t i v i t i e s  t o  t e s t  survey 

techn iques and t o  deve lop a broad d a t a  base. These surveys were conducted 

amorrg B a t t e l l e - N o r t h w e s t  employees and among random p o p u l a t i o n s  i n  R i c h l a n d  

and S e a t t l e ,  Washington, and S a l t  Lake City, Utah. Tab le  21 i n d i c a t e s  t h e  

sample s i z e s  i n  t h e s e  surveys.  

The B a t t e l  l e y  R ich land  and S e a t t l e  surveys c o l l  ec ted d a t a  i n  accordance 

w i t h  t h e  o r i g i n a l  s tudy  scope f o r  use i n  t h e  i n i t i a l  popu la t ion -dose  e s t i -  

mates. A f t e r  t h e  expans ion o f  t h e  s t u d y  scope ( o u t l i n e d  i n  t h e  s e c t i o n  on 

methodology),  we des igned t h e  su rvey  i n  S a l t  Lake City t o  o b t a i n  a d d i t i o n a l  

d a t a  on household members, f r e q u e n t  assoc ia tes ,  and t h e i r  f requency-of -contact  

d u r i n g  at-home a c t i v i t i e s .  S ince  t h e  f i n a l  p o p u l a t i o n  dose c a l c u l a t i o n  now 

depends p r i m a r i l y  on d a t a  f r o m  t h e  S a l t  Lake City survey,  a b a s i c  d e s c r i p t i o n  

o f  i t s  methodology and t h e  da ta  ob ta ined  f o l l o w s .  

A l though  t h e  d a t a  i n  t h e  e a r l i e r  surveys c o u l d  n o t  be used i n  t h e  expanded 

s tudy,  t h e  i n n o v a t i o n s  and techn iques  s u c c e s s f u l l y  t e s t e d  i n  t h e s e  surveys 

formed t h e  b a s i s  f o r  much o f  t h e  S a l t  Lake C i t y  model. The p r e v i o u s  surveys 

had i n d i c a t e d  t h a t  most o f  t h e  dose f o r  t h e  15 at-home a c t i v i t y  t ypes  was 

absorbed d u r i n g  j u s t  f i v e  o f  them - s l e e p i n g ,  e a t i n g ,  t e l e v i s i o n  v iew ing ,  

o t h e r  p a s s i v e  l e i s u r e ,  and home e n t e r t a i n m e n t .  There fo re ,  we des igned t h e  

S a l t  Lake City model t o  c o l l e c t  d a t a  on a l l  o f  t h e  f i v e  ma jo r  a c t i v i t i e s  and 

on one o f  t h e  10  rema in ing  ones on a r o t a t i n g  b a s i s .  The S a l t  Lake C i t y  s u r -  

vey a1 so employed a p r e v i o u s l y  developed mu1 t i  s tage  sampl i ng techn ique  t o  

randomly s e l e c t  households.  



TABLE 21. In te rpersona l  Distance Surveys Completed 
and Sample Sizes 

Telephone Survey ( 5 )  

B a t t e l l e  Survey (49) 

Richland Survey (37) 

S e a t t l e  Survey (96) 

S a l t  Lake C i t y  Survey (393) 

A f t e r  household se lec t ions ,  personal i n te rv iews  w i t h  an a d u l t  household 

member c o l l e c t e d  the  f o l l o w i n g  bas ic  in format ion:  

1. I d e n t i f i c a t i o n  of Po ten t i a l  Heart Recip ients (PHRs) i n  t h e  

household 

2. The number o f  persons p o t e n t i a l l y  exposed by t h e i r  age, sex 

and r e l a t i o n  t o  PHR f o r  each a c t i v i t y  

3 .  The d is tance t o  every person p o t e n t i a l l y  exposed by t h e i r  age, 

sex and r e l a t i o n  t o  PHR f o r  each a c t i v i t y  

4. An est imate o f  frequency-of-presence o f  associates by t h e i r  age, 

sex and r e l a t i o n  t o  PHR f o r  each a c t i v i t y .  

Table 22 i n d i c a t e s  d i s t r i b u t i o n  o f  PHRs sampled i n  the survey by several 

general c l a s s i f i c a t i o n s .  The d i s t r i b u t i o n  o f  urban and r u r a l  respondents was 

approximately p ropo r t i ona l  t o  ac tua l  popu la t ion  cond i t ions .  The survey 

inc luded a g rea te r  p ropo r t i on  o f  males s ince  t h e  r i s k  o f  hear t  disease death 

i s  much g rea te r  f o r  t h i s  sex. We weighted d i s t r i b u t i o n  o f  sampled income 

groups such t h a t  middle income groups were most f requen t l y  sampled. Since 

r i s k  o f  death f o r  hear t  disease d ramat i ca l l y  increases w i t h  age, a much 

h igher  p ropo r t i on  o f  r e t i r e d ,  nonemployed persons would be present i n  the  

a r t i f i c i a l  hear t  populat ion.  Therefore, we c o l l e c t e d  considerable data i n  

t h i s  c l a s s i f i c a t i o n .  Weighting the  sampling i n  t h i s  manner a l lowed us t o  

c o l l e c t  data i n  p ropo r t i on  t o  i t s  relevance t o  the  a r t i f i c i a l  hear t  popu la t ion  

and thereby achieve a b e t t e r  est imate o f  popu la t ion  dose. 

A f t e r  complet ion o f  t h e  S a l t  Lake C i t y  survey t h e  data were processed t o  

develop the necessary f a c t o r s  f o r  i n p u t  i n t o  the  REPRIEVE computer model. 



TABLE 22. A General Breakdown of t h e  S a l t  Lake C i t y  In te , rpersonal  
D is tance  Survey of At-Home A c t i v i t i e s  

Number o f  PHR's Sampled by Loca t i on  

Urban 324 (82%) 

Rural  69 (18%) 

To ta l  393 

Number o f  PHR's Sampled by Sex 

Male 249 (63%) 

Female 144 (37%) 

To ta l  393 

Number o f  PHR's Sampled by  Income Group (Urban Only)  

High 7 8 ( 2 0 % )  

Midd le  184 (47%) 

Low 62 (16%) 

To ta l  324 

Number o f  PHR's Sampled by Employment S ta tus  

Employed: F u l l  180 (46%),  P a r t  12 (3%) 

Nonempl oyed : 201 (51 % )  

T o t a l :  393 



Since dose r a t e  i s  no t  p r o p o r t i o n a l  t o  d i s t ance ,  b u t  v a r i e s  more n e a r l y  as 

t h e  r e c i p r o c a l  o f  d i s t a n c e  squared, t h e  d i s t a n c e  da ta  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 cornb-ined by s imp le  averag ing.  Ins tead ,  computer codes t r ans -  

formed t h e  d i s t ance  da ta  i n t o  dose r a t e  da ta  and t hen  averaged t h e  dose r a t e s  

by a c t i v i t i e s  and o t h e r  PHR demographic c h a r a c t e r i s t i c s  t o  o b t a i n  average 

dose r a t e  f a c t o r s .  The da ta  on t h e  number o f  assoc ia tes  pe r  PHR and t h e i r  

f requency o f  con tac t  were averaged d i r e c t l y  t o  develop these f a c t o r s  f o r  use 

i n  REPRIEVE. 

C. PUBLIC ACTIVITY SURVEY 

We developed o t h e r  survey procedures t o  c o l l e c t  t h e  da ta  necessary t o  

es t ima te  p o t e n t i a l  pub1 i c exposure. Data were c o l l  ec ted  d u r i n g  church, t h e a t e r  

and s p o r t i n g  even t  a t tendance and d u r i n g  shopping , nonwork d r i v i n g  , and a d u l t  

educa t ion  a c t i v i t i e s .  We developed t he  computer program, BINGO, t o  c a l c u l a t e  

t h e  absorbed dose u s i n g  t h e  survey data.  T h i s  program i nco rpo ra tes  Monte 

Ca r l o  methods t o  s e l e c t  a dev ice  r e c i p i e n t  and c a l c u l a t e  absorbed dose r a t e .  

The program r e i t e r a t e s  t h i s  c a l c u l a t i o n  f o r  a l a r g e  nuwber o f  PHRs t o  o b t a i n  

accura te  mean absorbed dose r a t e s  f o r  t h e  sampled s i t u a t i o n .  

S ince  household r e l a t i o n s h i p s  cou ld  n o t  be d i s t i n g u i s h e d  by observa t ion ,  

we i nc l uded  t h e  dose t o  household melnbers d u r i n g  p u b l i c  a c t i v i t i e s  i n  t h e  

ca tegory  o f  dose t o  t h e  genera l  p u b l i c .  

WORK ACTIVITY SURVEY 

For  work a c t i v i t i e s ,  we surveyed r e p r e s e n t a t i v e  occupat ions by personal  

obse rva t i on .  The d i s t a n c e  and number-of-associates da ta  ob ta i ned  p rov i ded  

t h e  data base needed t o  es t ima te  dose r a t e s  t o  work assoc ia tes .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  survey models f o r  each o f  t h e  surveys 

completed appears i n  Appendix E. 



X .  THE REPRIEVE COMPUTER MODEL 

The REPRIEVE computer program u t i l i z e s  a l l  o f  t h e  i n f o r m a t i o n  pre-  

v i o u s l y  developed i n  t h i s  r e p o r t  t o  c a l c u l a t e  dose t o  t h e  popu la t ion .  A t  

t h i s  p o i n t  i t  may be h e l p f u l  i n  understanding t h e  o v e r a l l  o p e r a t i o n  o f  t h i s  

model t o  rev iew F igures  2 and 3 i n  t he  Methodology Sec t ion  a t  t h e  beg inn ing  

o f  t h i s  r e p o r t .  These f i g u r e s  desc r i be  t h e  c o n s t r u c t i o n  o f  t h e  model i n  

general  terms and t h e  process o u t l i n e d  as f o l l o w s .  The program: . Generates an age- and s e x - s p e c i f i c  a r t i f i c i a l  h e a r t  use p r o j e c t i o n  

by p r o j e c t i n g  h e a r t  d isease inc idence,  app l y i ng  e l i g i b l e  cand i -  

da te  f r a c t i o n s ,  and develop ing l i f e  expectancy es t imates .  

. Subdivides f u r t h e r  t h e  above-der ived r e c i p i e n t  popu la t i on  by employ- 

ment s ta tus ,  occupat ion and h o ~ ~ s e h o l  d  types.  . Estimates t h e  number o f  persons exposed (RESs) by t h e i r  age and 

sex and t h e  c h a r a c t e r i s t i c s  of t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t  

exposing them. . Calcu la tes  t h e  p o p u l a t i o n  dose t o  t h e  RESs so def ined and expresses 

t h e  r e s u l t  i n  t a b l e s  by RES and a r t i f i c i a l  h e a r t  r e c i p i e n t  

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

I n  a d d i t i o n ,  t h e  model performs some i n c i d e n t a l  c a l c u l a t i o n s  r e l a t i n g  

t o  t h e  above o b j e c t i v e s .  The immediate ly  f o l l o w i n g  subsect ions e x p l a i n :  

( 1 )  t h e  a r t i f i c i a l  h e a r t  use p r o j e c t i o n ,  ( 2 )  t h e  bas ic  a l g o r i t h m  t o  ca lcu-  

l a t e  popu la t i on  dose, ( 3 )  t he  da ta  m a t r i x  r e q u i r e d  f o r  t he  c a l c u l a t i o n ,  

and ( 4 )  some sample dose c a l c u l a t i o n s .  We a l s o  desc r i be  t h e  o u t p u t  

t a b l e s  used t o  e x h i b i t  t h e  r e s u l t s .  A t  t h e  end o f  t h i s  sec t i on  we have 

i nc l uded  a  d i scuss ion  o f  p o s s i b l e  uses o f  t h e  model. 

A. ARTIFICIAL HEART USE CALCULATIONS 

Since most o f  t h e  c a l c u l a t i o n a l  d e t a i l  has been exp la ined  e a r l  i e r ,  

o n l y  t h e  c a l c u l a t i o n s  and methods used by REPRIEVE w i l l  be rev iewed here. 

E l i g i b l e  cand ida te  f r a c t i o n s  by age and d isease t ype  a r e  en te red  as 

i n p u t  data. The code t hen  accepts, as i n p u t  data, t h e  1969 dea th  r a t e s  f o r  



t h e  f o u r  t ypes  o f  h e a r t  d iseases.  The code a p p l i e s  t h i s  l a t t e r  da ta  t o  t h e  

e l i g i b l e  cand ida te  f r a c t i o n s  t o  develop a  weighted average s e t  o f  cand ida te  

f r a c t i o n s  by age. 

Parameters f o r  t h e  death r a t e  equa t ion  (DRE) a r e  a l s o  i n p u t s  f o r  t h e  

program. Wi th  these parameters, t h e  code uses t h e  DRE t o  develop f r a c t i o n s  

e s t i m a t i n g  t h e  f u t u r e  d e c l i n e  i n  h e a r t  d i sease  death r a t e s  w i t h  t in ie .  

A p p l i c a t i o n  o f  these f r a c t i o n s  t o  a  s e t  o f  age -spec i f i c ,  maximum dea th  

r a t e s  (a1 so i n p u t )  develops t h e  age- and s e x - s p e c i f i c  h e a r t - d i  sease death- 

r a t e  p r o j e c t i o n s .  

Age- and sex -spec i f i c  popu la t i ons  a t  10-year i n t e r v a l s  (e.g., 1990, 

2000, e t c . )  a r e  r e q u i r e d  as i n p u t  da ta  f o r  t h e  model. We a l s o  i nc l uded  t h e  

a b i l i t y  t o  spec i f y ,  a t  t h e  same i n t e r v a l s ,  t h e  percentage o f  a r t i f i c i a l  

hea r t s  which would be n u c l e a r  powered as a  use r  o p t i o n .  Us ing t h e  cand i -  

da te  f r a c t i o n s ,  t h e  h e a r t  d isease dea th - ra te  p r o j e c t i o n s  and t h e  p o p u l a t i o n  

data,  t h e  code c a l c u l a t e s  age- and sex -spec i f i c  imp lan t  p r o j e c t i o n s  a t  10- 

yea r  i n t e r v a l s .  Summing t h e  imp lan t s  by age and sex develops t h e  t o t a l  

imp lan t s  a t  each i n t e r v a l .  Each age- and s e x - s p e c i f i c  component i s  t hen  

d i v i d e d  by t h e  t o t a l  imp lan t s  and m u l t i p l i e d  by 10,000 t o  develop a  coho r t *  

o f  10,000 imp lan t s  by age and sex f o r  each 10-year i n t e r v a l .  

The model then uses t h e  i n p u t t e d  number o f  beg inn ing  imp lan t s  i n  t h e  

f i r s t  program yea r  and a  doub l i ng  f u n c t i o n  t o  c a l c u l a t e  t h e  imp lan t s  i n  t h e  

i n i t i a l  years  u n t i l  t h e  p r o j e c t e d  dev i ce  demand l e v e l  i s  reached. A f t e r  

t h i s  t i m e  t h e  program uses t h e  decennia l  p r o j e c t i o n  ( i  .e., 1990, 2000, 

2010, e t c . )  developed above and an i n t e r p o l a t i n g  r o u t i n e  t o  es t ima te  t o t a l  

imp lan t s  d u r i n g  i n t e r v e n i n g  years .  These imp lan t s  a r e  then  d i v i d e d  by 

10,000 t o  develop t h e  number o f  coho r t s  ( h i s t o r i e s )  imp lan ted  i n  each p ro -  

gram yea r .  A t  t h i s  p o i n t  t h e  program uses t h e  a l go r i t hms  (d iscussed i n  t h e  

s e c t i o n  on Na tu ra l  Death Rates A f t e r  Imp lan t s )  t o  develop f r a c t i o n s  su r -  

v i v i n g  as a  func ton  o f  t h e  r e c i p i e n t ' s  age and sex. I n p u t  da ta  f o r  t h i s  

s e c t i o n  c o n s i s t s  o f  va lues f o r  t h e  v a r i a b l e s  descr ibed  i n  Table  5.  

* Cohor ts  o r  h i s t o r i e s  r e f e r  t o  a  s tandard -s ized  group o f  imp lan t s  
( i  .e., 10,000) d i s t r i b u t e d  by age and sex. 



A s tandard 1  i f e  t a b l e  c a l c u l a t i o n  i s  i nc l uded  i n  these a lgor i thms.  An 

exp lana t i on  o f  l i f e  t a b l e s  and t h e i r  d e r i v a t i o n  may be found i n  t h e  P u b l i c  

Hea l t h  Serv ices r e p o r t  i n  Reference 21. Table 23 shows a  r e p r e s e n t a t i v e  

c a l c u l a t i o n  f o r  males. The f a r  r i g h t  column i n d i c a t e s  t h e  f r a c t i o n  sur -  

v i v i n g  a t  f i v e - y e a r  i n t e r v a l s .  To c a l c u l a t e  t h e  f r a c t i o n  of imp lan t s  sur -  

v i v i n g  dev ice  f a i l u r e ,  t h e  program r e q u i r e s  a  s e t  of dev ice  f a i l u r e  r a t e s  

by age o f  dev ice.  Us ing these f a i l u r e  r a t e s  t h e  code c a l c u l a t e s  t h e  sur -  

v i v a l  r a t e s  f o r  dev ice  ages up t o  10  years.  We assumed t h a t  dev ices s t i l l  

i n  use would be rep laced  a f t e r  10  years  o f  se rv i ce .  Table 24 i n d i c a t e s  t h e  

values o f  these r a t e s  as c a l c u l a t e d  by t he  code. 

The s p e c i f i c  h i s t o r y  ( o r  s u r v i v a l  exper ience)  o f  each coho r t  of  10,000 

dev i ce  imp lan ts  i s  developed by m u l t i p l y i n g  each age and sex c e l l  i n  t h e  

coho r t  by t h e  age- and s e x - s p e c i f i c  na tu ra l - dea th  s u r v i v a l  f r a c t i o n  from 

t h e  1  i f e  t a b l e  and by t h e  s u r v i v a l  f r a c t i o n  f rom dev i ce  f a i l u r e s .  

Table 25 i l l u s t r a t e s  an example s p e c i f i c  h i s t o r y  f o r  males showing sur -  

v i v o r s  a f t e r  imp lan t  a t  f i v e - y e a r  i n t e r v a l s .  Table 26 shows example c a l -  

c u l a t i o n s  f o r  t h e  d e r i v a t i o n  o f  t h i s  h i s t o r y  us ing  t h e  l i f e  t a b l e  and 

s u r v i v a l  r a t e  c a l c u l a t i o n s  i n  Tables 23 and 24. H i s t o r i e s  f o r  bo th  males 

and females a r e  developed and then  summed. The summation h i s t o r y  us ing  o u r  

example i s  shown i n  Table 27. A p i c t o r i a l  r ep resen ta t i on  o f  t h e  same 

h i s t o r y  ( o n l y  us ing  10-year age groups) i s  shown i n  F igu re  26. Th i s  repre -  

s e n t a t i o n  shows q u i t e  v i v i d l y  t h e  l o n g  l i f e  expec ta t i on  o f  t h e  r e l a t i v e l y  

few imp lan ts  i n  t h e  younger age groups and t he  l a r g e  number o f  imp lan ts  i n  

o l d e r  age groups hav ing a  s u b s t a n t i a l l y  s h o r t e r  average l i f e .  

Actua l  s u r v i v i n g  i ~ r ~ p l a n t s  f rom each imp lan t  yea r  a r e  c a l c u l a t e d  by 

m u l t - i p l y i n g  t h e  number o f  s u r v i v i n g  r e c i p i e n t s  i n  each age and sex group i n  

t h e  s p e c i f i c  h i s t o r y  by t he  number o f  h i s t o r i e s  implanted.  Table 28 shows 

t h e  r e s u l t s  o f  t h i s  c a l c u l a t i o n  f o r  each program year .  The s u r v i v a l  

exper ience o f  imp lan t s  i n  each progralil yea r  i s  shown h o r i z o n t a l l y  f rom l e f t  

t o  r i g h t .  (Th i s  may be v e r i f i e d  f o r  1990 u s i n g  o u r  p rev ious  example by 

d i v i d i n g  h i s t o r y  s u r v i v a l  exper iences by 10,000 and mu1 t i p l y i n g  these f rac -  

t i o n s  by t h e  3200 dev ices imp lan ted  i n  1990.) Cumulat ive s u r v i v i n g  imp lan ts  

i n  a  d e s i r e d  yea r  a re  then e a s i l y  c a l c u l a t e d  by summing each column i n  



TABLE 23. L i f e  T a b l e  f o r  Ma le  A r t i f i c i a l  H e a r t  R e c i p i e n t s  

Number 
Living at 
Start of 
Interval 
Lo 

Fraction 
of Age 
Interval 
Li ved 
A( 1) 

Stationary Population 
In This 

In and Later 

Life 
Expectancy 
At Start 

Number 
Dying In 
Interval 
Do 

5-Year 
Survival Age 

Interval 
I 

Dying 
Q(1) 

Interval Intervals 
LS(1) T(I) 

of Interval 
E(I) 

Rate 
P5 (I) 



TABLE 24. S u r v i v a l  Rate f o r  Death 
Due t o  Device Fa- i l  u re  

Age 
0 f 

Device, 
Years 

F r a c t i o n  
Su rv i  v i  ng 

t 0 
Next Year 

Rep1 ace dev ices f o r  s u r v i v o r s  ( r epea t  
c a l c u l a t i o n )  



TABLE 25. 1990 S p e c i f i c  H i s t o r y  f o r  6,339 Rec ip i en t s  - Male 

(J  = Years A f t e r  Imp lan t )  ( I  = Age o f  R e c i p i e n t  a t  t i m e  o f  I m p l a n t )  

TOTAL 



TABLE 26. Example C a l c u l a t i o n  Showing the  D e r i v a t i o n  of S p e c i f i c  H i s t o r i e s  

F r a c t i o n  Number o f  
Su rv i v ing  I n i t i a l  Surv i  v i  ng 

Sex and 5-Year Device Imp1 ants Recip ients 
Age Group II Years Surv i  va l  Fa i 1 ure ( 0  Years N Years 

a t  Time A f t e r  Rate From A f t e r  A f t e r  A f t e r  
o f  Implant  Implant  L i f e  Table N Years Imp1 ant)  Imp1 an t  

MALE : 

30-34 5  .9741 x ,7905 x 8 5 - 6  5  - 

MALE: 

45-49 

MALE : 
55-59 



TABLE 27. 1990 S p e c i f i c  H i s t o r y  f o r  9,999 Rec ip i en t s  - T o t a l  

I /  J 

30- 34 

35-39 

40-44 

45-49 

A 50- 54 
0 
' 55-59 03 

60-64 

65-69 

70- 74 

75- 79 

80-84 

85-89 

90- 94 

95-99 

TOTAL 

( J  = Years A f t e r  Imp lan t )  ( I  = Age o f  R e c i p i e n t  a t  Time o f  I m p l a n t )  





Year o f  
Impldnt 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1997 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

2000 

2001 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

7 W 9  

2010 

201 l 

2012 

201 3 

2014 

2015 

2016 

201 7 

2018 

2019 

2020 

2021 

2022 

2023 

2024 

2025 

zn7s 

2027 

2028 

2029 

2030 

2031 

2032 

2033 

2034 

2035 

TOTAL AT 
YEAR END 

TOTAL AT 
MID-YEAR 

TABLE 28. A r t i f i c i a l  Hear t  Devices i n  Use 
Using Best  Es t imate  Parameters 



Table 28 v e r t i c a l l y  t o  o b t a i n  t h e  t o t a l s  shown a t  t h e  bottom o f  t h e  t a b l e .  

These t o t a l s  a r e  dev ices i n  use a t  t h e  end o f  each f i v e - y e a r  per iod .  To 

es t imate  t h e  average number o f  dev ices i n  use over  t h e  l a s t  yea r  o f ' t h e  

per iod ,  we summed o n l y  h a l f  o f  t h e  l a s t  y e a r ' s  imp lan ts  i n  t h e  t o t a l .  

F i gu re  15 shows t he  range o f  cuniu la t ive number o f  imp lan ts  est imated.  

Th i s  average cumula t i ve  number o f  dev ices i n  use i n  each year  becomes t h e  

a r t i f i c i a l  h e a r t  r e c i p i e n t  popu la t i on  by age and sex i n  t h a t  year .  We then  

subdiv ided t h i s  popu la t i on  by employment s ta tus ,  occupat ion and household 

type, as exp la ined  p rev ious l y ,  so t h a t  dose r a t e s  and persons exposed cou ld  

be i d e n t i f i e d .  The nex t  s e c t i o n  d iscusses t he  dose c a l c u l a t i o n s  i n  REPRIEVE 

and t h e  da ta  m a t r i x  necessary f o r  t h e  c a l c u l a t i o n s .  

B.  DOSE CALCULATIONS 

The nex t  f u n c t i o n  o f  t h e  REPRIEVE model i s  t o  per form t h e  ac tua l  popu- 

l a t i o n  dose c a l c u l a t i o n s .  To b e t t e r  understand t h e  d e t a i l e d  c a l c u l a t i o n  

equa t ion  exp la ined  below, we suggest t h a t  a  rev iew o f  t h e  s i m p l i f i e d  equa- 

t i o n  g iven  i n  Sec t ion  I 1 1  migh t  be h e l p f u l .  

The d e t a i l e d  equa t ion  t o  c a l c u l a t e  popu la t i on  dose i s  g i ven  i n  Table 29. 

The dose ca l  c u l a t i o n  c o n s i s t s  o f  t h r e e  parts--dose d u r i n g  work a c t i v i t i e s ,  

dose du r i ng  nonwork a c t i v i t i e s  and i n c i d e n t a l  random dose. We summed t h e  

dose c a l c u l a t i o n s  i n  t h i s  manner because of  t he  d i f f e r e n t  subsc r i p t s  on t h e  

submatr ices d e f i n i n g  work and nonwork a c t i v i t i e s .  As seen by examinat ion 

o f  Table 29, t h e  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  subsc r i p t s  f o r  each o f  t h e  submatr ice components. A  t o t a l  o f  

f i v e  submatr ices e x i s t  i n  t h e  equat ion .  

1 .  P, t h e  i d e n t i t y  o f  the  a r t i f i c i a l  hea r t  r e c i p i e n t  (AHR) as de f i ned  

by sex, err~ployment s ta tus ,  occupat ion, age, and household type.  

2. S, t h e  i d e n t i t y  o f  t h e  r a d i a t i o n  exposure sub jec t "  (RES) as de f i ned  

by s u b j e c t ' s  r e l a t i o n s h i p  t o  t h e  h e a r t  r e c i p i e n t ,  s u b j e c t ' s  age 

and sex, and h e a r t  r e c i p i e n t ' s  age, sex, household type, employment 

s ta tus ,  and, i n  some cases, a c t i v i t y .  
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3. T, t h e  t ime  spent  by t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t  i n  per fo rming  

d a i l y  a c t i v i t i e s  as de f i ned  by a c t i v i t y ,  household t ype  o r  occupat ion,  

sex and employment s t a t u s  o f  t h e  r e c i p i e n t .  

4. F, t he  f r a c t i o n  o f  an RES group con tac ted  d u r i n g  s p e c i f i c  a c t i v i t i e s  

as de f i ned  by t h e  a c t i v i t y ,  t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t '  s  household 

t ype  and sex and whether o r  n o t  t h e  RES i s  a  c h i l d  o r  a d u l t .  

5. C, t h e  dose f a c t o r  assoc ia ted  w i t h  a  r a d i a t i o n  exposure s u b j e c t  (RES) 

as de f i ned  by a c t i v i t y ,  by t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t ' s  household 

type, sex, and employment s t a t u s  and by whether o r  n o t  t h e  RES i s  a  

c h i l d  o r  a d u l t .  

To a d j u s t  t h e  popu la t i on  c a l c u l a t i o n  t o  account f o r  nonwork a c t i v i t i e s  

when household members a re  n o t  present ,  we developed t h e  F  f a c t o r  m a t r i x  

f rom t h e  S a l t  Lake City survey data.  Th is  f a c t o r  i s  t h e  f r a c t i o n  o f  

spouses and o t h e r  household members p resen t  when t h e  a r t i f i c i a l  h e a r t  r e c i p -  

i e n t  i s  per fo rming  each a c t i v i t y .  The d e r i v a t i o n  o f  t h e  f a c t o r s  f o r  t h e  

o t h e r  submatr ices had been exp la i ned  i n  p rev ious  sec t i ons .  The number o f  

i n t e r s e c t i o n s  r e q u i r i n g  da ta  f o r  each o f  these components i n  t h e  bas i c  dose 

equat ion  i s  shown i n  Table 30. 

TABLE 30. S i z e  o f  C a l c u l a t i o n  Ma t r i ces  

IVonwork Work To ta l  

A r t i f i c i a l  Hear t  Rec ip i en t  Groups, P  528 948 1,476 

Rad ia t i on  Exposure Sub jec t  Groups, S 11,690 79 11,769 

Time i n  A c t i v i t y  Factors ,  T  792 120 91 2  

Frequency o f  Contact,  F  3,096 --- 3,096 

Dose Factors,  C 3,106 120 3,226 

Dose t o  t h e  Popu la t i on  M a t r i x  

The f i n a l  dose t o  t h e  popu la t i on  m a t r i x  i s  comprised o f  221,796 unique sum- 

mat ions of  dose c a l c u l a t i o n s  us ing  these components. 



The l a r g e  s i z e  o f  t h e  submatr ices g i ves  an i n d i c a t i o n  o f  t h e  l a r g e  

amount o f  data needed t o  use t h e  equat ion.  

Age o f  a r t i f i c i a l  h e a r t  r e c i p i e n t  and u rban- ru ra l  1  i v i n g  l o c a t i o n  c l  as- 

s i f i c a t i o n s  were o r i g i n a l l y  among t h e  parameters d e s c r i b i n g  t h e  dose and F 

f a c t o r  submatr ices. However, examinat ion o f  t h e  s i z e  o f  t h e  da ta  ma t r i ces  

needed t o  o b t a i n  t h i s  d e t a i l  i n d i c a t e d  da ta  requirements f a r  beyond t h e  

l i m i t s  o f  t h i s  s tudy.  Subsequent s t a t i s t i c a l  examinat ion o f  dose f a c t o r s  by 

age, l i v i n g  l o c a t i o n  and employment s t a t u s  i n d i c a t e d  t h a t  employment s t a t u s  

was t h e  o n l y  s i g n i f i c a n t  v a r i a b l e  i n  de te rmin ing  dose r a t e s .  Therefore,  we 

dropped dose f a c t o r  c l a s s i f i c a t i o n  by age and 1  i v i n g  l o c a t i o n  enabl i n g  us t o  

reduce ou r  data requi rements t o  a  manageable s i ze .  A d d i t i o n a l  d e t a i l  on t h e  

t e s t i n g  o f  these  f a c t o r s  i s  i nc l uded  on Page E-15 i n  Appendix E.  

A  f a c t o r  t h a t  reduces t h e  need f o r  accura te  data a t  a l l  i n t e r s e c t i o n s  

i s  t h e  ve ry  smal l  e f f e c t  t h a t  many o f  t h e  i n t e r s e c t i o n s  have on t h e  f i n a l  

r e s u l t - - e i t h e r  because o f  a  very  low frequency f o r  an a c t i v i t y  o r  a  very  

smal l  number o f  a r t i f i c i a l  h e a r t  r e c i p i e n t s  i n  a  p a r t i c u l a r  sex-age-household 

type. Because of t h e  ways t h e  surveys have been s t ruc tu red ,  we be1 i e v e  t h a t  

t h e  most impo r tan t  i n t e r s e c t i o n s  have good data.  

I n  s p i t e  o f  o u r  cau t i ous  r e d u c t i o n  i n  data requirements,  some i n t e r -  

sec t i ons  e x i s t  f o r  which we do n o t  have s p e c i f i c  data.  These "ho les"  appear 

ma in l y  a t  i n t e r s e c t i o n s  which a re  n o t  c r i t i c a l  f rom a  r a d i a t i o n  dose stand- 

p o i n t .  We f i l l e d  t h e  m iss ing  i n t e r s e c t i o n s  by match ing m iss ing  i n t e r s e c -  

t i o n  c h a r a c t e r i s t i c s  as c l o s e l y  as p o s s i b l e  w i t h  i n t e r s e c t i a n  c h a r a c t e r i s t i c s  

where data were a v a i l a b l e .  

We have good da ta  on many o f  t h e  m a t r i x  i n t e r s e c t i o n s  which a r e  impor- 

t a n t  f rom t h e  s tandpo in t  a f  f i n a l  impact on t h e  t o t a l  dose t o  t h e  popu la t i on .  

Our sma l l es t  da ta  bases r e l a t e  t o :  1 )  t h e  number o f  assoc ia tes  and f r i e n d s  

p resen t  d u r i n g  fami l y  a c t i v i t i e s  and t h e  i n te rpe rsona l  d is tances  between 

them, 2 )  t h e  t-inie spent  by o l d e r  people i n  f a m i l y  a c t i v i t i e s  ( i f  age i s  

r e l e v a n t  t o  t h e  t ime  f a c t o r ) ,  3 )  data on p u b l i c  a c t i v i t i e s ,  and 4 )  da ta  on 

l e s s  c r i t i c a l  f a m i l y  a c t i v i t i e s .  However, these  smal l  da ta  bases should n o t  

be c r i t i c a l  t o  o u r  es t imates  o f  popu la t i on  dose. A  f i g u r e  showing t h e  



d e t a i l e d  s t r u c t u r e  o f  the  c a l c u l a t i o n  mat r ices  a long w i t h  an accompanying 

explanat ion i s  found i n  Appendix F. Appendix G exp la ins  the  d e r i v a t i o n  o f  

t h e  Inc iden ta l  Random dose component. 

To i l l u s t r a t e  the  dose c a l c u l a t i o n ,  t y p i c a l  values o f  t h e  f a c t o r s  

e n t e r i n g  the  dose equat ion appear i n  s i m p l i f i e d  example c a l c u l a t i o n s  i n  

Tables 31A t o  31C. Each t a b l e  shows t h e  c a l c u l a t i o n  o f  dose per person 

exposed (RES) and dose per  a r t i f i c i a l  hear t  r e c i p i e n t  f o r  a  d i f f e r e n t  house- 

ho ld  type o f  r e c i p i e n t .  Each t a b l e  shows c a l c u l a t i o n s  f o r  f o u r  of t he  19 

nonwork a c t i v i t i e s .  These tab les  i l l u s t r a t e  the  f o l l o w i n g  c h a r a c t e r i s t i c s  

of the  dose ca l cu la t i ons .  

For several household types the  number of household members per 

a r t i f i c i a l  hear t  r e c i p i e n t  i s  contained i n  t h e  d e f i n i t i o n  o f  the  

househol d  type (e.g., one spouse i n  husband-wife o n l y  households, 

one spouse and two o the r  household members i n  husband-wife and two 

o the r  members households and no o the r  members i n  i n d i v i d u a l  1  i v i n g  

alone households). . Frequency o f  contac t  f a c t o r s  were pos tu la ted  t o  be 1.0 f o r  asso- 

c i a t e s  du r ing  c e r t a i n  a c t i v i t i e s  such as home entertainment.  . The t o t a l  dose per  a r t i f i c i a l  hear t  r e c i p i e n t  i s  t h e  r e s u l t  o f  t h e  

i n t e r p l a y  o f  f o u r  f ac to rs - - the  number exposed, t he  frequency o f  

contact ,  t h e  t ime i n  a c t i v i t y  and the  dose r a t e .  The l a r g e  dose 

dur ing  s leeping a c t i v i t y ,  f o r  example, i s  t he  r e s u l t  o f  h igh  dose 

ra tes ,  a  l a r g e  amount o f  t ime spent i n  the  a c t i v i t y  and a  h igh  

frequency o f  contac t  f a c t o r .  Although another a c t i v i t y  such as 

home entertainment exposes more persons, the  small amount o f  t ime 

spent i n  the  a c t i v i t y  and the  low dose r a t e  make t h e  dose absorbed 

dur ing  t h i s  a c t i v i t y  o f  much l e s s  consequence. 

The ac tua l  c a l c u l a t i o n s  are considerably more compl i c a t e d  than shown i n  

t h e  tab les  because o f  t h e  many subscr ip ts  on each o f  t he  above components. 

The summation process i s  made c l e a r e r  by examining the  summation " t r e e "  

shown i n  F igure 27. This  p a r t i c u l a r  t r e e  shows the  c a l c u l a t i o n  o f  popula- 

t i o n  dose by summing f i r s t  over  RES c h a r a c t e r i s t i c s  and then over r e c i p i e n t  



TABLE 51A. Typical  Values o f  Factors Used i n  C a l c u l a t i n g  Popu la t ion  
Dose f o r  Selected A c t i v i t i e s  and Household Types. 

Household Type: Husband/Wife Only (38% o f  a1 1 R H R S ) ( ~ )  

Frequency o f  
RES Contac t  Fac to r  Time Spent By Dose Rate F a c t o r  Dose Per Dose pe r  

A c t i v i t y  R e l a t i o n s h i p  pe r  ( 1 . 0 = 1 0 0 X o f  A H R i n A c t i v l t y  r e m l h r l R E s x ~  RES AHR 
D e s c r i p t i o n  o f  RES t o  AHR &a) Time i n  A c t i v i t y )  (hrs /day)  Y r  j r e m l y r  1 l r e m / y r )  

P repar ing  Spouse 
Meals O H N ( ~ )  

-1 
Associate 

0 
I A Sleep ing  Spouse 
01 0 HM' 

Assoc ia te  

E a t i n g  Spouse 
OHM 
Assoc ia te  

Home 
En te r ta inmen t  Spouse 

0 HM' 
Assoc ia te  

( a )  A r t i f i c i a l  H e a r t  R e c l p l e n t  

( b )  O t h e r  Household Member 



A c t i v i t y  
Desc r i p t i on  

Preparing 
Meals 

4 

0 
I Sleeping 
d 

w 

TABLE 31B. Typ i ca l  Values o f  Fac to r s  Used i n  C a l c u l a t i n g  Popu la t i on  
Dose f o r  Se lec ted  A c t i v i t i e s  and Household Types. 

Household Type: Husband/Wife + Two Other Members (9% o f  a1 1 A H R S ) ' ~ )  

Re la t ionsh ip  
o f  RES t o  AHR 

Spouse 
O H N ( ~ )  
Associate 

Spouse 
OHM 
Associate 

Frequency o f  
RES Contact Fac to r  - 
per ( 1 . 0 = 1 0 0 % o f  
A H R ( ~ )  Time i n  A c t i v i t y )  

Ea t ing  Spouse 1 .O 0.90 
OHM 2.0 0.87 
Assocfate 0-03 0.24 

Home 
Enter ta inment  Spouse \ 1 - 0  1 . O  

OHM 2.0 0.90 
Associate 3.2 1.0 

Time Spent By Dose Rate Factor  
AHR i n  ~ c t i v i t y  d a y  

(hrs/day) rem/hr/persons yr 

Dose Per 
RES 

( rem/yrL 

Dose per 
AIIR 

( remlyr  1- 

(a )  A r t i f i c i a l  Heart  Recip ient  

( b ) Other Household Member 



L %j h 0 al In 

N  
0 0 
0 

0 
0 

w 
0 

000 O O C  000 ul cos 
0 
0 0 0 0 0 

7 

O O C  
0 

* 
C O N  

0 

d 

C L 
Q) -r .c 
E - 
.r PI: I-x 

4 

m 
O O N  

0 

m 
oor- 

0 

O O N  

0 

at - 
V) Y 
a 0 
O Z I  ul 

25 2 

- C-. 
I0 0 



AHR AHR AHR 
ACTIVITY EMPLOYMENT AHR AGE REIATIORSHIP 

1 C U S S  ; 1 STATUS 1 AHR OCCUPATION OR HOUSEHOLD TYPL AHR ACTIVITY OF RE5 TO AHR , , RES SEX , , RES AGE GROUPS 
I I ,  I I .- . . 

WORK ASSOCIATE NOT DIFFERENTIATED 

3. COFFEE BREAKS 

4. TRIPS TO AND FROM WORK 

EMPLOYED 

1. PREPARING FOOD 

DETERMINED BY AHR SEX 

OTHER HOUSEHOLD MLMBER 
1. HUSBAND-WIFE ONLY <zLE 

NOT DIFFERENTIATED 

16. TELEVISION VIEWING 

17. OTHER PASSIVE LEISURE 
, 

la SOCIAL AND ENTLRTAINMENT 

19. ACTIVE LEISURE 

NON-EMPLOYED , 

NOT DIFFERENTI ATED 

I6 AGE GROUPS I 

! L l  AGE GROUPS: 

I l l  AGE GROUPS! 

I 3  ACE GROUPS I 

l 2  AGL GROUPS ! 

! Z A G E G R O U P S I  

FIGURE 27. REPRIEVE Matrix to Obtain Summations of Work and Nonwork 
Components o f  Dose-to-the-Population 



a c t i v i t y ,  household type,  occupat ion,  age, sex, employment s t a tus ,  and 

f i n a l l y  work and nonwork a c t i v i t y  c l a s s .  I l l u s t r a t i o n  o f  t h e  r e s u l t s  o f  t h i s  

summation cou ld  be shown by employment s t a t u s  and sex i n  a  2  x  3  two- 

d imensional  r e s u l t  m a t r i x .  By a l t e r i n g  t h e  o r d e r  o f  t h e  summations, t h e  

p o p u l a t i o n  dose can be examined as a  f u n c t i o n  o f  any d e s i r e d  p a i r  o f  RES 

and/or  r e c i p i e n t  c h a r a c t e r i s t i c s  i n  a  two-dimensional a r r a y .  Table  32 

i l l u s t r a t e s  t h e  va r i ous  k i nds  o f  dose t a b l e s  t h a t  t h e  REPRIEVE program pro-  

v ides .  The f i r s t  seven types  o f  t a b l e s  a l l  p rov i de  i n f o r m a t i o n  on dose t o  

s p e c i f i c  groups o f  RESs. The l a s t  two types p rov i de  i n f o r m a t i o n  on dose 

f rom va r i ous  c l a s s i f i c a t i o n s  o f  a r t i f i c i a l  h e a r t  r e c i p i e n t s .  

Several  o t h e r  t a b l e s  a r e  g iven  as o u t p u t  by REPRIEVE. These are:  

1 .  Tables i d e n t i f y i n g  t h e  va lues o f  t h e  i n p u t  assumptions. 

2 .  A t a b l e  showing t h e  i nc rease  i n  r e l a t i v e  dose r a t e  due t o  2 3 6 ~ u  

daughters  w i t h  t i m e  and t h e  e f f e c t  o f  t h e  dev ice  replacement p e r i o d  

on t h i s  dose r a t e .  

3. A t a b l e  showing t h e  decrease i n  r e l a t i v e  dose r a t e  due t o  2 3 8 ~ u  decay 

and t h e  e f f e c t  o f  t h e  dev i ce  replacement p e r i o d  on t h i s  dose r a t e .  

4. Tables showing t h e  e f f e c t  of dev i ce  replacement p e r i o d  on t h e  annual 

and cumula t i ve  demands f o r  dev ices .  

5. A t a b l e  i n d i c a t i n g  t h e  number o f  dev ices -in use by dev ice  age. 

6. An age and sex p r o f i l e  o f  dev i ce  users  i n  mid-year f o r  a  g i v e n  

program year .  

7. A c a l c u l a t i o n  o f  years  o f  1  i f e  p rov ided  by t h e  a r t i f i c i a l  h e a r t  f o r  

a  g iven  program yea r .  

8. Est imates o f  dev i ce  c o s t  u s i n g  p resen t  va l ue  techn iques .  

9. Tables showing t h e  occupa t ion  and household t ype  d i s t r i b u t i o n  of 

a r t i f i c i a l  h e a r t  r e c i p i e n t s .  

10. Tables showing t h e  number o f  RESs exposed cor respond ing  t o  s i m i l a r  

t a b l e s  showing p o p u l a t i o n  dose. 



TABLE 32. Output Tables from 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  the  Above Three Popu la t i on  Exposure Groups by Age and Household Type o f  Device User. 

Dose t o  the Above Three Popu la t i on  Groups by Household Type and A c t i v i t y  o f  Device User 

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

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

Dose From 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 .  

The last-mentioned tab les  a re  useful i n  i d e n t i f y i n g  the  e f f e c t  o f  

number-of-persons exposed on the  popu la t ion  dose. A complete se t  o f  REPRIEVE 

Tables f o r  t h e  base case i s  shown i n  Appendix I f o r  f u r t h e r  reference.  These 

many tab1 es prov ide  valuable de ta i  1, useful i n  determining the  ef fects of  

a l t e r n a t e  courses o f  ac t i on .  The f o l l o w i n g  sec t i on  b r i e f l y  explores some o f  

these poss ib le  uses. 

C.  POSSIBLE USES OF THE REPRIEVE MODEL 

Both somatic and genet ic  r i s k s  may be o f  poss ib le  concern i n  t h e  wide- 

spread usage o f  a r t i f i c i a l  hear ts .  REPRIEVE a l lows these r i s k s  t o  be e s t i -  

mated by i d e n t i f y i n g  p o t e n t i a l  exposure by age and sex groups. 

REPRIEVE can a l so  be used t o  model t h e  e f fec t  o f  imposing r e s t r i c t i o n s  

on types o f  persons rece i v ing  implants o r  t h e  a c t i v i t i e s  o f  c e r t a i n  r e c i p -  

i e n t  types. 



X I .  RESULTS 

We developed our  bes t  es t imate  o f  popu la t i on  dose us iqg  what we b e l i e v e  

t o  be t he  most probable values o f  t h e  v a r i a b l e  parameters i n  t he  REPRIEVE pro-  

gram. This  case i s  used as a base1 i n e  f o r  comparison and i s  r e f e r r e d  t o  as 

t he  re fe rence  base case -in t h i s  r e p o r t .  Fo l low ing  t h i s  we c a l c u l a t e d  a num- 

ber  o f  REPRIEVE cases t o  develop a s e n s i t i v i t y  ana l ys i s .  Th is  a n a l y s i s  iden-  

t i f i e s  the  e f f e c t s  on popu la t i on  dose o f  h e a r t  d isease inc idence,  e l i g i b l e  

candidate est imates,  dev ice  f a i  1  u re  ra tes ,  n a t u r a l  death r a t e s  a f t e r  implant ,  

and t ime. 

A. BASE CASE ESTIMATE 

The parameters and i nhe ren t  assumptions d e f i n i n g  t he  base case es t imate  

o f  popu la t i on  dose are  l i s t e d  i n  Table 33. Subsequent cases use these, same 

assumptions w i t h  t h e  except ion  o f  t he  changes s ta ted .  

The popu la t i on  dose i n  t h e  yea r  2000 f o r  t h e  base case i s  approxinlately 

339,000 rem/year, as noted i n  Table 34 which summarizes the  r e s u l t s  f o r  t h i s  

case. This  i s  the  average dose r e s u l t i n g  f rom t h e  use o f  an average o f  

201,549 devices du r i ng  the  year  2000. The l a r g e s t  segment o f  t h i s  dose i s  

r ece i ved  by spouses and t h e  general p u b l i c  who r e c e i v e  about 35 and 34%, respec- 

t i v e l y .  Near ly  h a l f  o f  t h e  dose t o  a l l  spouses i s  absorbed by women 50 and 

over  o r  e s s e n t i a l l y  pas t  t h e i r  ch i ld -bear ing  years.  Less than 30% o f  t he  dose 

t o  spouses i s  t o  persons under 50. The average dose t o  spouse i s  approx imate ly  

0.8-0.9 remlyearlperson--approx- in~ately s i x  t imes h ighe r  than  t h a t  o f  t h e  nex t  

l a r g e s t  group, household members, and 1800 t imes t h a t  o f  t h e  average dose t o  

t h e  general populace. However, t h i s  average dose t o  spouse i s  o n l y  about 

seven t o  e i  gh t  t imes normal background. 

Most o f  t he  dose t o  spouse i s  absorbed du r i ng  s leep  as shown i n  Table 35. 

This one a c t i v i t y  accounts f o r  about 75% o f  t h e  t o t a l  average dose. Other 

a c t i v i t i e s  c o n t r i b u t i n g  s i g n i f i c a n t l y   to^ absorbed dose t o  spouse a re  e a t i n g  

and t e l e v i s i o n  viewing. Together these t h r e e  a c t i v i t i e s  account f o r  about 

92% o f  t o t a l  absorbed dose. 



TABLE 33. Assurr~ptions and Parameters Used i n  D e f i n i n g  t h e  
Base Case Es t imate  o f  Dose t o  t h e  Popu la t i on  

ASSUMPTIONS: 

1 .  Devices would o n l y  be imp lan ted  i n  persons i n  danger o f  imminent 
ca rd i ac  death.  

2. I m p l a n t a t i o n  o f  an a r t i f i c i a l  h e a r t  dev ice  would a l l o w  t h e  use r  
t o  r e t u r n  t o  h i s  accustomed h a b i t s  and l i f e s t y l e .  L i f e s t y l e s  
w i l l  remain e s s e n t i a l l y  t h e  same as a t  p resen t  over  t h e  n e x t  
50 years .  

3. A l l  o f  t h e  dev ices  imp lan ted  would be powered by t h e  2 3 8 ~ u  power 
source desc r i bed  i n  t h i s  r e p o r t .  

4. Devices i n  r e c i p i e n t s  s u r v i v i n g  a f t e r  t e n  years  would be rep laced .  

5. The dev ices  ( i  .e., s p e c i f i c a l l y  t h e  2 3 8 ~ u  power sources)  would be 
f a b r i c a t e d  s i x  months p r i o r  t o  imp lan t .  

6. Imp lan ts  would s t a r t  i n  1985 w i t h  100 be ing  imp lan ted  i n  t h a t  yea r .  
The number o f  imp lan t s  i s  success i ve l y  doubled i n  f o l l o w i n g  yea rs  
u n t i l  demand i s  s a t i s f i e d .  

7. The assumptions f o r  t h e  f o l l o w i n g  v a r i a b l e  parameters were used 
t o  develop t h e  base case: 

Parameter 

1 .  Hea r t  d i sease  dea th  r a t e  
p r o j e c t i o n  

2. E l i g i b l e  candidates 

3. Death r a t e s  f rom n a t u r a l  
causes a f t e r  imp lan t  

4. Device f a i l u r e  r a t e s  

5. 2 3 6 ~ u  con ten t  i n  2 3 8 ~ u  

6. Power o u t p u t  (grams of 2 3 8 ~ u )  

7. Program yea r  o f  dose c a l c u l a t i o n  

Value 

Best  es t ima te  

High es t ima te  u s i n g  ou r  
m o d i f i e d  age p r o f i l e  

Twice normal probabi  1 i ty  of 
dea th  

Twice normal h e a r t  f a i l u r e  r a t e  

0.3 ppm 

24 w a t t s  (53.5 g  of 2 3 8 ~ u )  

2000 A.D. 



TABLE 34. Case 1A Dose t o  the  Popu la t ion  i n  t he  Year 2000 f rom 201,549 Radioisotope-Fueled Devices 

Basis: 1. High Candidate Est imate 
2. Best Heart Disease Inc idence Est imate 
3. Natura l  Death Rate = Twice P N D ~ ~ )  
4. Device F a i l u r e  Rate = Twice NHFR(~ ' )  

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

Popul a t i o n  Category Exposed rem/y r the  Popu la t ion  remlyr  

1. Spouses 
Females - Age 49 and Under 30,499 27,464 8.1 0.900 

- Age 50 and Over 70,037 56,649 16.7 0.809 
Males - Age 49 and Under 7,701 7,409 2.2 0.962 

- Age 50 and Over 34,740 28,227 8.3 0.81 3 

- - 2. Other Household Members 
I 
C3 Age 0-17 

18-49 
5 O+ 

3. Non-work Associates 4,305,397 30,744 9.1 0.0071 

4. Work Associates 2,097,850 36,816 10.9 0.0175 

General Populace 

To ta l  

265,000,000 115,989 34.2 0.00044 

265,000,000 (C ) 339,024 100.0 Average 0.001 28 

(a)  P r o b a b i l i t y  o f  normal death 
( b )  Normal hea r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. popu la t ion  i s  assumed t o  have rece ived some exposure 



TABLE 35. Dose t o  A1 1 Spouses Accord ing  t o  A r t i f i c i a l  Hear t  Rec ip i en t  A c t i v i t i e s  
and Household Types ( rem/year)  

A c t i v i t y  

1. Prep. Food 

2. Clean House 

3. Laundry 

House Upkeep 

Gardeni ng 

Sleep 

Personal Care 

E a t i n g  I 

Res t i ng  

C h i l d  Care 

A d u l t  Care 

Home Study 

T e l e v i s i o n  

Reading 

Tel ep hon i ng 

Drop- In V i s i t s  

Home P a r t i e s  

Household Type o f  A r t i f i c i a l  .- Hea r t  Rec ip i en t  

1 2 3 4 5 6 7 8 9 - - - - - - - - - 
T o t a l  Dose For  
A1 1 Households 

Average Dose 
Per Spouse 

61 0 9 105 125 6 1 9 . A c t i v e L e i s u r e  - - - - -  855 0.006 

TOTAL 57937 21027 19605 20305 875 11 9749 0.838 



The dose t o  t h e  general  populace component i s  t h e  r e s u l t  o f  t h e  dose 

absorbed d u r i n g  pub1 i c  a c t i v i t i e s  and t h e  i n c i d e n t a l  random dose o c c u r r i n g  

mos t l y  i n  urban cen te rs .  The scope o f  t h i s  s tudy  a1 lowed o n l y  a  general  iden-  

t i f i c a t i o n  o f  t h e  persons r e c e i v i n g  t h i s  dose segment and i t  i s  assumed t h a t  

t h e  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  popula-  

t i o n .  Using t h i s  assumption t h e  average dose t o  t h e  p o p u l a t i o n  would be about 

0.0013 rem/year, o r  o n l y  1% o f  n a t u r a l  background r a d i a t i o n .  Table  36 shows 

t h a t  most o f  t he  pub1 i c  exposure dose i s  absorbed by a d u l t s  d u r i n g  o rgan iza -  

t i o n a l  a c t i v i t i e s .  S u b s t a n t i a l  amounts o f  dose a re  a l s o  r ece i ved  d u r i n g  non- 

work t r i p s  (mos t l y  t o  f a m i l y  members) and s o c i a l  a c t i v i t i e s .  These t h r e e  

a c t i v i t i e s  account f o r  approx imate ly  85% o f  dose t o  t h e  general  p u b l i c .  Only 

about  14% o f  t h e  dose t o  t h e  p u b l i c  i s  absorbed by persons under 18. 

R e f e r r i n g  aga in  t o  summary Table 34 i t  w i l l  be no ted  t h a t  dose t o  house- 

h o l d  members i s  about  36,000 remlyear  o r  approx imate ly  10% o f  t h e  t o t a l .  

A1 though t h e  t o t a l  and average dose a r e  m a l l  compared t o  t h e  dose t o  spouses, 

t h i s  dose i s  s i g n i f i c a n t  s i nce  about t w o - t h i r d s  o f  i t  i s  absorbed by persons 

under 18. S t i l l ,  t h e  average dose i s  o n l y  on t h e  o r d e r  o f  c u r r e n t  n a t u r a l  

background. About 76% o f  t h e  dose t o  o t h e r  household members i s  absorbed du r -  

i n g  s leep ing ,  e a t i n g  and t e l e v i s i o n  v i ew ing  and i s  about e q u a l l y  d i v i d e d  among 

these a c t i v i  t i e s .  

A l though dose t o  assoc ia tes  and work assoc ia tes  a l s o  each account f o r  

about  10% o f  t h e  p o p u l a t i o n  dose, t h e  average dose t o  these  persons i s  niuch 

l e s s  than  t o  household members. I n  a d d i t i o n ,  much l e s s  i s  absorbed i n  t h e  

younger age group o f  assoc ia tes  as seen by comparing t h e  t o t a l s  i n  t h e  f a r  

r i g h t  column i n  Table  37. A l l  o f  t h e  dose t o  work assoc ia tes  i s  assumed t o  

be absorbed by adul  t s .  

A  cor r~p le te  s e t  o f  t a b l e s  f o r  t h e  base case i s  i n c l u d e d  i n  Appendix I. 

These t a b l e s  g i v e  f u r t h e r  i n o f r m a t i o n  on t h e  number o f  spouses, household 

members and assoc ia tes  exposed by age and sex as w e l l  as a d d i t i o n a l  d e t a i l  

on dose absorbed. 



TABLE 36. Dose t o  General Publ i c  ( I nc l udes  Dose t o  Family Dur ing Publ i c  
A c t i v i t i e s )  Accord ing t o  A r t i f i c i a l  Hear t  Rec ip i en t  A c t i v i t i e s  
and Age o r  Rad ia t i on  Exposure Subjects  (RES) ( remlyear  ) 

Averaqe Per 
Age o f  RES To ta l  f o r   ember o f  

A c t i v i t y  Less Than 18 18 and Over A1 1 Ages General Pub1 i c  

12. Shopping 

13. Nonwork T r i p s  5206 20542 25748 0.0001 0 

14-2. Classroom Educat ion 0 990 990 0.00000 

15. Organi z a t i o n a l  0 46959 46959 0.0001 8 

18-3. Other Soc ia l  9681 16057 25738 0.0001 0 

I n c i d e n t a l  Random 
Exposure 2886 7590 10476 0.00004 

TOTAL 1671 0 88804 11 5989 0.00044 



TABLE 37.  Dose to  Associates of Art if icial  Heart Recipient According 
to Age of Associates and  Age of Recipient (rem/year) 

Tota l  Over 
Age o f  Age o f  A r t i f i c i a l  Hear t  Rec ip ien t  A l l  Ages 

-I 

-I Assoc ia tes - 30-34 - 35-39 - 40-44 - 45-49 .50-54 - - 55-59 - 60-64 - 65-69 - 70-74 - 75-79 - 80-84 o f  AHR 
I 
w 0-1 7 38 163 336 531 1071 1103 1043 1113 1256 886 349 53 7953 

18-49 77 322 686 1125 1678 1843 1826 1978 1810 1403 640 141 13529 

TOTAL 135 574 1215 1973 3589 3995 4011 4462 4754 3808 1809 419 30744 



B. SENSITIVITY ANALYSIS 

Me developed an a n a l y s i s  o f  t h e  v a r i a b l e  parameters i n  t h e  REPRIEVE 

code t o  determine t h e i r  e f f e c t  on dose t o  t h e  popu la t i on .  Th i s  a n a l y s i s  

i s  summarized i n  Table 38. The r e s u l t s  o f  t h e  a n a l y s i s  i n d i c a t e  t h a t  t h e  

popu la t i on  dose es t imates  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  e s t i -  

mates of dea th  r a t e s  due t o  n a t u r a l  causes. These changes o n l y  cause 

v a r i a t i o n s  on t h e  o rde r  o f  +lo-12%. Device f a i l u r e  r a t e s  a r e  a l s o  n o t  

a  very  s e n s i t i v e  f a c t o r  s i nce  t h e  p o s t u l a t e d  extreme case o f  no dev i ce  

f a i l u r e  ( n o t  a  c r e d i t a b l e  case) o n l y  increases t h e  dose es t imates  app rox i -  

mate ly  25%. The e f f e c t  o f  p r o j e c t e d  hea r t  d isease dea th  r a t e s  i s  more 

marked; t h e  dose be ing  n e a r l y  50% lower  f o r  t h e  minimum inc idence  

case and 25% h i g h e r  f o r  t h e  maximum inc idence  case. The es t ima te  

o f  e l i g i b l e  cand ida te  f r a c t i o n s  i s  t h e  most s e n s i t i v e  parameter i n  t h e  

p r o j e c t i o n  decreas ing t h e  dose t o  33% o f  t h a t  r e p o r t e d  f o r  t h e  

base case. 

The approximate minimum dose g i ven  by case 6A, shown on Tab le '39 ,  

corr~bines t h e  low cand ida te  es t ima te  w i t h  t h e  minimum h e a r t  d isease 

inc idence  p r o j e c t i o n .  The dose o f  58,100 rem/year i s  about  17% 

o f  t he  base case dose. The approximate maximum dose (case 2A) i n  t h e  

yea r  2000 i s  428,000 remiyear  o r  26% h ighe r  than our  base es t imates .  The 

r e s u l t s  o f  t h i s  case a r e  sumnarized i n  Table 40. A l though somewhat h i ghe r  

doses can be ob ta ined  by assuming t h a t  t h e  dev ice  would f u n c t i o n  e q u a l l y  

as w e l l  as a  normal human hea r t ,  we do n o t  b e l i e v e  t h i s  t o  be a  c r e d i b l e  

assumption. 

The e f f e c t  o f  t ime on p o p u l a t i o n  dose ( h o l d i n g  t h e  o t h e r  parameters 

cons tan t  a t  base case va lues)  i s  g i ven  by cases 7 through 10. F i g u r e  28 

shows t h i s  inc rease  i n  p o p u l a t i o n  dose g r a p h i c a l l y .  The dose r a t e  under 

these assumptions would inc rease  t o  approx imate ly  535,000 rem/year by 2035 

where i t  approaches e q u i l i b r i u m .  However, improvements i n  energy con- 

v e r s i o n  e f f i c i e n c i e s  d u r i n g  t h i s  t ime would tend  t o  have a  coun te r -  

ba lanc ing  e f f e c t .  Summary t a b l e s  of t h e  p o p u l a t i o n  dose f o r  t h e  

remainder o f  t h e  cases shown i n  Table 38 a re  found i n  Appendix H. 



Case No. 

1A (Base 
Case) 

1 B 
1 C 
1 D 

TABLE 38. Summary o f  Popu la t i on  Dose Est imates f o r  2 3 8 ~ u - ~ o w e r e d  
A r t i f i c i a l  Hear t  Devices 

Number o f  T o t a l  Dose 
E l  i g i  b l  e Hear t  D i  sease Dev ice Na tu ra l  A r t i f i c i a l  t o  t h e  
Candidate Death Rate F a i l u r e  Rate Death Rate Year of  Hear t  Devices P o p u l a t i o n  
Est imate  Est imate  Es t ima te  Est imate  Est imate  I n  Use ( rem lyea r  ) 

High Best Est imate  Twice NHR F* Twice PND** 2000 201,549 339,024 

I 1  11 11 11 11 Equals PND I 0  

11 ' I 1  11 11 11 
220,330 370,216 

4 x PND 11 175,026 294,879 
I 1  I 1  I 1  None Twice PND 247,446 424,063 I I 

High Maximum Twice NHFR Twice PND 
11 11 I 1  . I 1  

2000 258,757 427,947 
Minimum I 1  11 105,306 178,160 

Low Best Est imate  Twice NHFR Twice PND 
I 1  11 I 1  

2000 64,030 110,820 
Maximum 11 I I 11 

I 1  I 1  11 

81,491 138,812 
Minimum 11 I 1  11 33,626 58,100 

High Best Est imate  Twice NHFR Twice PND 
I 1  11 11 I 1  11 

1990 4,160 6,106 
11 11 

11 I 1  I I I 1  11 
201 0 287,544 485,251 

11 I 1  

11 I 1  I 1  11 I 1  
2020 317,746 529,402 

I 1  11 2030 322,835 535,854 

R a t i o  t o  
Popu la t i on  

Dose For 
Base Case 

* Normal Hear t  F a i l u r e  Rate 
** P r o b a b i l  i ty o f  Na tu ra l  Death 



TABLE 39. Case 6A Dose t o  the  Popu la t ion  i n  t h e  Year 2000 from 33,626 Radioisotope-Fueled Devices 

Basis: 1. Low Candidate Est imate 
2. Minimum Heart  Disease Inc idence Est imate 
3. Natura l  Death Rate = Twice P N D ( ~ )  
4. Device F a i l u r e  Rate = Twice N H F R ( ~ )  

Number o f  
People 

Popu la t ion  Category Exposed 

1. Spouses 
Females - Age 49. and Under 5,592 

- Age 50 and Over 12,309 
Males - Age 49 and Under 8 88 

- Age 50 and Over 5,027 

Percent of Average Dose 
Dosage To ta l  Dose t o  Per Person 
rem ly r  t h e  Popu la t ion  rem ly r  

2. Other Household Members 
Age 0-17 

18-49 
5 O+ 

3. Non-work Associates 721,066 5,269 9.1 0.0073 

4. Work Associates 338,976 6,266 10.8 0.0185 

General Populace 

T o t a l  

265,000,000 20,017 34.4 0.00008 

265,000,000 (C ) 58 ;i 00 100.0 Average 0.00022 

(a )  Probab i l  i ty o f  normal death 
(b )  . Normal hea r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.:;. popu la t ion  i s  assumed t o  have rece ived some exposure 



TABLE 40. Case 2A Dose t o  t h e  Popu la t i on  i n  t he  Year 2000 f rom 258,757 Radioisotope-Fueled Devices 

BasiS: 1. High Candidate Est imate 
2. Maximum Hear t  Disease Inc idence E t i m a t e  
3. Natura l  Death Rate = Twice P N D ( ~  5 
4. Device F a i l u r e  Rate = Twice N H F R ( ~ )  

Number o f  Percent of Average Dose 
Peopl e Dosage To ta l  Dose t o  Per Person 

Popu la t ion  Category Exposed remly  r the  Popu la t ion  rem ly r  

1. Spouses 
Females - Age 49 and Under 42,013 37,584 8.8 0.895 

- Age 50 and Over 96,233 77,331 18.1 0.804 
Males - Age 49 and Under 6,106 5,823 1.4 0.954 

- Age 50 and Over 38,825 30,775 7.2 0.793 

2. Other Household Members 
Age 0-17 

18-49 
5 O+ 

3. Non-work Associates 5,558,083 38,883 9.1 0.0070 

4. Work Associates 2,601 ,956 46,189 10.8 0.01 78 

General Populace 

T o t a l  

265,000,000(C) 148,056 34.6 0.00056 

265,000,000 (C ) 427,947 100.0 Average 0.001 61 

(a )  P r o b a b i l i t y  o f  normal death 
(b )  Normal h e a r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. popu la t i on  i s  assumed t o  have rece i ved  some exposure 



0" 402 
Ln 
n 
Z 

2 
3 

0 I 

+- 300 
Z 

r- 
2 
2 
2 2w 
a 
0 
a 
W 

E 
0, 
: loo 
0 0 

FIGURE 28. Ef fect  of Time on Popu la t i on  Dose 
Using Constant Base Case Parameters 

S ince t h e  dose t o  t h e  va r i ous  RES groups i s  a lmost  a  l i n e a r  f u n c t i o n  o f  

t o t a l  p o p u l a t i o n  dose, an approximate i dea  o f  t h e  dose t o  subgroups f o r  cases 

o t h e r  t han  t h e  base case can be s-irnply ob ta ined .  Th i s  i s  done by m u l t i p l y i n g  

t h e  p o p u l a t i o n  dose r a t i o s  (column 8  i n  Tab le  38)  by t h e  dose t o  t h e  des i r ed  

subgroup i n  t h e  base case. 

Table  41 i n d i c a t e s  t h a t  t h e  t o t a l  dose p e r  dev ice - in -use  v a r i e s  w i t h i n  

a  f a i r l y  narrow range ove r  t ime  ( i t  does f o r  t h e  o t h e r  parameters as w e l l ) .  

Therefore,  t h e  t o t a l  popul a t i o n  dose can be rough l y  es t imated  f r om independent 

c a l c u l a t i o n s  o f  dev ices- in-use,  us i ug  t h i s  r a t i o .  

The c a l c u l a t i o n s  j u s t  d iscussed assume a  replacement i n t e r v a l  o f  10  years  

f o r  t h e  h e a r t  dev ices .  Th i s  renews t h e  power source f o r  each use r  and reduces 

t h e  dose because t h e  2 3 6 ~ u  c o n t r i b u t i o n  i s  r e s e t  t o  ze ro  f o r  each s u r v i v i n g  

r e c i p i e n t  a t  10-year  i n t e r v a l s .  I f  t h e  replacement i n t e r v a l  i s  increased,  

t h e  p o p u l a t i o n  dose w i l l  i n c rease  because o f  t he  h i g h e r  c o n t r i b u t i o n  o f  2 3 6 ~ u .  



TABLE 41. Amount o f  Dose Absorbed pe r  Year per  Device-in-Use, 
Using Base Case Parameters 

Popu la t ion  Dosage DoseIDevice 
Year Devices i n  Use ( remlyear  ) R a t i o  

1990 4,160 6,106 1.466 

Th is  e f f e c t  i s  i l l u s t r a t e d  i n  Table 42. The f i r s t  row o f  data represen ts  a 

replacement i n t e r v a l  o f  10  years  as was used i n  t h e  popu la t i on  dose t abu la -  

t i o n s .  The e f f e c t  on p o p u l a t i o n  dose o f  a l onge r  replacell lent i n t e r v a l  can be 

cons idered re1  a t i v e  t o  these 10-year r e p l  acement va lues by comparing t h e  re1  a- 

t i v e  dose ra tes .  For example, 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  inc rease  i n  t he  popu- 

l a t i o n  dose i n  t h e  y e a r  2020 would be i n  t h e  r a t i o  o f  1.34 t o  1.258 o r  6.5%. 

F igure  29 shows a p l o t  o f  t h e  inc rease  i n  t h e  r e l a t i v e  dose r a t e  a t  va r i ous  

dev ice  replacement i n t e r v a l s .  Almost no inc rease  can be observed beyond a 

30-year r e p l  acement i n t e r v a l  . 
Another e f f e c t  o f  t h e  dev ice  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  t h e  REPRIEVE program i s  i t s  e f f e c t  on t h e  t o t a l  annual number o f  imp lan ts  

requ i red .  The more f r equen t  t h e  replacement i n t e r v a l s ,  t h e  more dev ices a r e  

r e q u i r e d  each yea r  t o  p rov ide  n o t  o n l y  t h e  f i r s t  imp lan ts ,  b u t  a l s o  t h e  rep lace-  

ment imp lan ts  f o r  dev ices p r e v i o u s 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  

Table 43. When t h e  replacement i n t e r v a l  i s  s h o r t ,  on t h e  o r d e r  o f  two o r  

t h r e e  years,  t h e  e f f e c t  on imp lan t  requi rements i s  s i g n i f i c a n t .  Rep1 acement 

requi rements reach two t o  t h r e e  t imes those o f  a 10-year replacement i n t e r v a l  

i n  t h e  y e a r  2000. Replacement i n t e r v a l s  beyond 20 years  have a re1  a t i v e l y  

smal l  e f f e c t  on t h e  annual imp1 a n t  requirements.  
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FIGURE 29. Re la t i ve  Dose Rate Versus Time Weighted f o r  A l l  Devices 
i n  Use a t  Varying Device Replacement I n t e r v a l s  
(0.3 ppm 2 3 6 ~ ~ )  

I n  conclusion, t he  pu'rpose of t h i s  r e p o r t  has been t o  develop dose t o  the  

popu la t ion  est imates from widespread use o f  238~u-powered a r t i f i c i a l  hear ts .  

I n  a d d i t i o n  t h i s  r e p o r t  has est imated doses t o  popu la t ion  s~~bgroups  t o  iden-  

t i f y  major areas o f  impact. However, t o  est imate a  r e a l i s t i c  cos t -bene f i t  

associated w i t h  use o f  these a r t i f i c i a l  hear ts ,  t he  popu la t ion  doses need t o  

be expressed i n  terms o f  i n j u r i o u s  hea l th  e f f e c t s .  Such ana lys is  was beyond 

the  scope o f  t h i s  r e p o r t  s ince  i n s u f f i c i e n t  data have r e s u l t e d  i n  major d i f -  

ferences of op in ion  i n  t h i s  area. For example, t he  1972 BEIR committee 

recommended us ing  a  low- leve l  dose model which ex t rapo la tes  hea l th  e f f e c t s  per 

u n i t  r a d i a t i o n  dose l i n e a r l y  f rom h igh  r a d i a t i o n  doses. ( 2 )  This,  o f  course, 

was po in ted  ou t  as a  very conservat ive assumption. 



Rep1 acement  
I n t e r v a l  In 

Years  

TABLE 43. E f f e c t  o f  Device Replacement I n t e r v a l  on Number o f  Implants 

Number o f  I m p l a n t s  Dur ing Program Year 

2000 . 2005 201 0 201 5 2020 ----- 



However, t h e  Na t i ona l  Counci l  on Rad ia t i on  P r o t e c t i o n  has r e c e n t l y  

s t a t e d :  

"The l i n e a r  dose -e f f ec t  hypo thes is  has been coming i n t o  f r equen t  
use i n  analyses i n  which p o p u l a t i o n  exposures a r e  expressed i n  t h e  
fo rm o f  person-rem, i n c l u d i n g  doses o f  1  mremlyr o r  l e s s  t o  popu- 
l a t i o n  groups and doses t o  i n d i v i d u a l  organs, w i t h  l i n e a r  ex t rapo-  
l a t i o n  t o  damage es t imates  th rough  t h e  use o f  t h e  NAS-BEIR committee 
r e p o r t  values. The i n d i c a t i o n s  o f  a  s i g n i f i c a n t  dose r a t e  i n f l u e n c e  
on r a d i a t i o n  e f f e c t s  would make comple te ly  i n a p p r o p r i a t e  t h e  c u r r e n t  
p r a c t i c e  o f  summing o f  doses a t  a l l  l e v e l s  o f  dose and dose r a t e  i n  
t h e  f o rm  o f  t o t a l  person-rem f o r  purposes o f  c a l c u l a t i n g  r i s k s  t o  t h e  
p o p u l a t i o n  on t h e  bas i s  o f  e x t r a p o l a t i o n  o f  r i s k  est-imates de r i ved  
from da ta  a t  h i g h  doses and dose r a t e s .  

The NCRP wishes t o  c a u t i o n  governmental po l i cy -mak ing  agencies o f  
t h e  unreasonableness o f  i n t e r p r e t i n g  o r  assuming "upper limit" 
es t imates  o f  ca r c i nogen i c  r i s k s  a t  a  low r a d i a t i o n  l e v e l ,  d e r i v e d  
f r om l i n e a r  e x t r a p o l a t i o n  f rom da ta  ob ta i ned  a t  h i g h  doses and dose 
r a t e s  as a c t u a l  r i s k s ,  and o f  bas ing  unduly  r e s t r i c t i v e  p o l i c i e s  on 
such an i n t e r p r e t a t i o n  o r  assumption. The NCRP has always endeavored 
t o  ensure p u b l i c  awareness of  t h e  hazards o f  i o n i z i n g  r a d i a t i o n  b u t  
i t  has e q u a l l y  de te r~ i i i ned  t o  i n s u r e  t h a t  such hazards a re  n o t  g r e a t l y  
overest imated.  Undue concern, as w e l l  as care lessness w i t h  r ega rd  . - 
t o  r a d i a t i o n - h a z a r d s ,  i s  cons idered d e t r i m e n t a l  t o  t h e  p u b l i c  
i n t e r e s t .  " t  11 

As i n d i c a t e d  by these two op in ions ,  t h e r e  i s  a  l a r g e  u n c e r t a i n t y  i n  

a s s i g n i n g  h e a l t h  e f f e c t s  t o  person-rem dose l e v e l s  which a r e  consummed o v e r  

wide ranges o f  dose r a t e s .  We, t h e r e f o r e ,  have cons idered i t  beyond t h e  

scope o f  t h i s  a n a l y s i s  t o  make any conc lus ions  as t o  h e a l t h  e f f e c t s  a t t r i l u t -  

a b l e  t o  t h e  p o p u l a t i o n  doses es t imated .  

These r e s u l t s  do g i v e  t h e  p o p u l a t i o n  dose l e v e l s  necessary t o  es t ima te  

h e a l t h  e f f e c t s  and i n d i c a t e  a  ve r y  s u b s t a n t i a l  p o t e n t i a l  b e n e f i t  o f  sav ing  

approx imate ly  one m i l l i o n  man-years o f  l i f e  between 1985-2000 i f  a r t i f i c i a l  

h e a r t  dev ices cou ld  be implemented i n  t h i s  t i m e  per iod .  
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A R T I F I C I A L  HEART E L I G I B I L I T Y  (MODIFIED ESTIMATE) 



APPENDIX A 

ARTIFICIAL HEART ELIGIBILITY 

(MODIFIED ESTIMATE) 

As exp la ined  i n  t h e  main repo r t ,  t h r e e  ~ t u d i e s ( ~ ' ~ ' ~ )  p rov ided  most o f  

t h e  b a s i s  f o r  ou r  es t ima te  o f  cand ida te  e l i g i b i l i t y .  The Nat iona l  Hear t  

I n s t i t u t e  (NHI ) Task Force r e p o r t  on Cardiac ~ e ~ l  a ~ e m e n t ' ~ )  p rov ided  t h e  

bas i c  da ta  summarized i n  Table A.1. The coronary h e a r t  d isease da ta  were 

taken f rom comprehensive s t u d i e s  done i n  Fromingham, MA and Tecumseh, M I .  

An o v e r a l l  average o f  16.4% was found t o  represen t  t h e  p o t e n t i a l  candidates 

among coronary h e a r t  d isease deaths under age 65 w i t h  a  95% con f idence  i n t e r -  

va l  between 11.0 and 21.8%. Other  bases were used t o  es t ima te  p o t e n t i a l  

candidates among o t h e r  h e a r t  d isease ca tego r i es  w i t h  no a t tempt  made t o  e s t i -  

mate v a r i a t i o n s  w i t h  age. 

These data became t h e  beg inn ing  b a s i s  f o r  ou r  es t imates  w i t h  t h e  excep- 

t i o n  o f  t he  da ta  on congen i t a l  h e a r t  d isease. Since most congen i t a l  h e a r t  

d isease v i c t i m s  a r e  i n f a n t s  and young c h i l d r e n ,  t h e  formidable problem of 

a l l o w i n g  f o r  growth would need t o  be so lved  be fo re  a  s i g n i f i c a n t  number of 

candidates would be c o n t r i b u t e d  f rom t h i s  ca tegory .  Therefore,  these f a t a l -  

i t i e s  were n o t  i nc l uded  i n  o u r  cand ida te  es t imates .  

A l though t h e  NHI 's es t imates  o f  e l  i g i  b l e  t r a n s p l a n t  candidates o f f e r  a  

good beg inn ing  b a s i s  f o r  de te rmin ing  a r t i f i c i a l  h e a r t  e l  i g i  b i l  i t y ,  t h e i r  da ta  

base was n o t  broad enough t o  make t h e i r  es t imates  age- and sex -spec i f i c  and 

persons over  65 were n o t  i nc l uded .  Also, c o n d i t i o n s  i n  f u t u r e  t ime  per iods  

may d i f f e r  f rom those i n  1954-1968--the p e r i o d  i n  which t h e  s t u d i e s  were 

made--and t h e  s tudy popu la t i ons  a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  Un i t ed  S ta tes  

as a  whole. On t h e  o t h e r  hand, a  l e s s  c l i n i c a l l y  d e t a i l e d  s tudy  done i n  

Bal t-iniore, Mary1 and* tends t o  c o n f i r m  t h e  p rev ious  concl  usions, 1  ending more 

v a l i d i t y  t o  t h e i r  use. S ince t h e  popu la t i on  dose es t imates  a r e  very  s e n s i t i v e  

* L. K u l l e r ,  A  L i l i e n f i e l d ,  and R.  F isher ,  "Epidemio log ica l  Study o f  Sudden 
and Unexpected Deaths Due t o  A r t e r i o s c l e r o t i c  Hear t  Disease," C i r c u l a t i o n ,  
Vol .  34, p. 1056-1068, 1966. 



TABLE A.1. P o t e n t i a l  Candidates f o r  Hear t  Replacement Among 
Persons Under Age 65 Dying o f  Hear t  Disease i n  t h e  
Un i t ed  S ta tes ,  1967 

P o t e n t i a l  Candidates f o r  
Deaths Under Hear t  Rep1 acement ( a )  Age 65 

Hear t  Disease Un i t ed  S ta tes  High ~ s t i m a t e ' ~ )  Low ~ s t i m a t e ( "  
Diagnosis  1967 Percent  Number Percent  Number 

To ta l  206,403 15.6 32,168 5.7 11,726 

Coronary 158,701 16.4 26,027 3.8 6,031 

Hyper tens ive 12,676 5.0 634 5.0 634 

Rheumatic 8,930 10.0 893 5.0 447 

Congeni t a l  7 , o o o ( ~ )  25.0 1,750 25.0 1,750 

Other  1 9 , 0 9 6 ( ~ )  15.0 2,864 15.0 2,864 

( a )  Assumes r e j e c t i o n  problem has been overcome. 

( b )  Assumes development o f  comple te ly  e f f e c t i v e  emergency a s s i s t  dev ices 
which would a l l o w  extended s u r v i v a l  i n  t h e  t e rm ina l  d isease s t a t e .  

( c )  Assumes i d e a l  m o b i l i z a t i o n  o f  t h e  bes t  medical procedures now a v a i l a b l e ,  
b u t  does n o t  assume t h a t  emergency a s s i s t  dev ices would be a v a i l a b l e .  

( d )  Est imated f rom t h e  t o t a l  congen i t a l  ma l fo rmat ions  o f  c i r c u l a t o r y  system 
i n  1967. 

( d )  Est imated f rom ca tego r i es  421 and 422 (nonrheumatic ch ron i c  endocardi  t i  :, 
and o t h e r  myocard ia l  degenerat ion) ,  and ca tego r i es  430-434 ( o t h e r  
diseases of t h e  h e a r t ) .  

Source: Cardiac Replacement (see Reference 3', p. 1 5 )  



t o  t h e  e l i g i b i l i t y  est imates,  we s t r o n g l y  recommend t h a t  e f f o r t s  be d i r e c t e d  

t o  o b t a i n  more accu ra te  es t imates  o f  e l i g i b i l i t y ,  us i ng  a  d e t a i l e d  s tudy  

employing a  broad da ta  base. 

An e a r l i e r  s tudy  (1965) by Hi t tman Associates,  I ~ c . ( ~ )  a l s o  at tempted t o  

de f ine  a r t i f i c i a l  h e a r t  candidate e l i g i b i l i t y .  Th i s  s tudy  used da ta  f rom a  

medical rev iew of 920 case h i s t o r i e s  and, t h e r e f o r e ,  p rov ided  a  l a r g e  data 

base f o r  age and sex de te rmina t ions .  However, t h e  c r i t e r i a  f o r  e l i g i b i l i t y  

i n  t h e  Hi t tman s tudy were q u i t e  broad r e s u l t i n g  i n  a  candidate es t imate  about 

t h r e e  t imes t h a t  o f  t h e  NHI Task Force. Whi le t h e  t o t a l  number o f  p o t e n t i a l  

dev i ce  r e c i p i e n t s  es t imated  i n  t h i s  s tudy  appeared t o o  l a r g e ,  t h e  d i s t r i b u t i o n  

by age seemed reasonable and i nc l uded  ages beyond 65. 

To develop an es t imated  age p r o f i l e  o f  candidates, we used t h e  NHI Task 

Force percentage es t imates  f o r  h i g h  and l ow  cand ida te  e l  i g i b i l  i t y  (16.4 and 

3.8%, r e s p e c t i v e l y ,  f o r  coronary h e a r t  d isease)  and d i s t r i b u t e d  these us ing  

t h e  age d i s t r i b u t i o n  g iven  by t h e  Hi t tman da ta .  We assumed t h e  m idd le  age 

i n t e r v a l  o f  45-54 t o  be t h e  base i n t e r v a l  i n  making t h i s  d i s t r i b u t i o n .  These 

c a l c u l a t i o n s  a r e  shown i n  Table A.2. 

We p l o t t e d  these  m o d i f i e d  es t imates  by age, drawing a  smooth curve  

th rough t he  po in t s .  F i gu re  A.l shows a  r e p r e s e n t a t i v e  p l o t  o f  t h e  h i g h  e s t i -  

mate. The cand ida te  es t imates  i n  f i v e - y e a r  age groups shown i n  Table 2 i n  

t h e  main r e p o r t  come f rom t h e  m idpo in t  o f  t h e  curves a t  each f i v e - y e a r  i n t e r -  

v a l  i n  t h i s  graph. As t he  t a b l e  i n d i c a t e s ,  t h e  r e s u l t s  f o r  coronary ( i schemic )  

h e a r t  d isease f o r  t h e  35 t o  64 age i n t e r v a l  f a l l  w e l l  w i t h i n  t h e  95% conf idence 

i n t e r v a l  o f  11.0 t o  21.8%. 

Based on 1967 m o r t a l i t y  data,  we conver ted t h e  es t imates  t o  candidates 

pe r  100,000 popu la t i on  i n  each f i v e - y e a r  age group. The t h r e e  es t imates  a r e  

compared on t h i s  b a s i s  i n  F igu re  A.2 f o r  men and women combined. Our mod i f i ed  

es t ima te  i s  shown as a  dashed curve.  The mod i f i ed  age p r o f i l e  i s  t h e  more 

reasonable appear ing o f  t he  t h ree .  N e i t h e r  t he  ab rup t  t e r m i n a t i o n  o f  t h e  NHI 

curve  w h i l e  s t i l l  r i s i n g  s t e e p l y  o r  t h e  sharp f l u c t u a t i o n s  i n  t h e  Hi t tman 

curve  a r e  reasonable expec ta t ions .  However, t h e  -important p o i n t  i s  n o t  t h a t  

t h e  m o d i f i e d  NHI b a s i s  i s  t h e  more reasonable bas is ,  b u t  t h a t  i t  i s  a t  l e a s t  

j u s t  as reasonable as t h e  o r i g i n a l  NHI Task Force bas is .  



TABLE A.2. C a l c u l a t i o n  o f  a  Mod i f i ed  Est imate o f  A r t i f i c i a l  H a r t  Device 
Candidates Using N H I  Task Force and Hit tman ~ a t a ( ~  f 

H i  t tman 
Aqe Group Est imate  

Hi  ttman Est imate High . Low 
Re1 a t i  ve t o  High NHI Low NHI Modif ied, Y n d i f i e d  

Base Aqe ~ r o u p s ( ~ )  Est imate Est imate ~ s t i m a t e \ ~ )  Est imate 

CORONARY HEART DISEASE 

HYPERTENSIVE HEART DISEASE 

1.18 5.0 6.0 
1.18 5.0 Same 6.0 f me 
1 .OO 5.0 as 5.0 as 
0.87 5.0 h igh  4.4 h igh  
0.67 5.0 es t imate  3.4 es t imate  
0.28 5.0 1.4 

RHELIVATIC HEART DISEASE 

OTHER HEART DISEASE 

1.18 15.0 17.7 
1.18 15.0 Same 17.7 Same 
1 .OO 15.0 as 15.0 as 
0.87 15.0 h i g h  13.0 h i g h  
0.67 15.0 es t imate  10.0 es t imate  
0.28 15.0 4.2 

( a )  Expressed as a percentage o f  those dy ing who would be dev ice  candidates.  
( b )  We chose the  base age group as 45 t o  54. 

Sources: H i  t tman Est imate (Reference 5,  p .  11-7) ; N H I  Est imates, 
( ~ e f e r e n c e  3, p. 1 5 ) .  
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Al though  t h e  number o f  candidates i s  inc reased  by t h e  i n c l u s i o n  o f  

persons o v e r  65, t h e  t o t a l  number o f  dev ices  i n  t h e  p o p u l a t i o n  i s  n o t  p ropor -  

t i o n a l l y  inc reased  because o f  t h e  l owe r  l i f e  expectancy i n  t h e  o l d e r  age 

groups. The t o t a l  a c c u m ~ ~ l a t i o n  o f  a r t i f i c i a l  h e a r t s  f o r  ou r  h i g h  e l i g i b i l i t y  

es t ima te  i s  shown i n  F i g u r e  A.3.  Resu l t s  o f  a  para1 l e l  c a l c u l a t i o n  u s i n g  t h e  

NHI es t ima te  i s  a l s o  shown f o r  comparison. Even though approx imate ly  33% 

more cand ida tes  a r e  s p e c i f i e d  us i ng  o u r  m o d i f i e d  bas is ,  t he  t o t a l  a c c ~ ~ m u l a t i o n  

i s  o n l y  about 25% h i g h e r  because o f  t h e  l owe r  average l i f e  expectancy when t h e  

over  65 ages a r e  i n c l u d e d  i n  t h e  cand ida te  group. The t o t a l  number o f  poten- 

t i a l  candidates p r e d i c t e d  i n  1969 us i ng  o u r  m o d i f i e d  es t ima te  was 44,825 f o r  

t h e  h i g h  case and 12,587 u s i n g  t h e  low case. T h i s  es t ima te  became t h e  Dqsic 

f o r  p r e d i c t i n g  e l  i g i  b l e  cand ida tes  i n  a1 1  o f  ou r  subsequent popul a t i o n  do -r 

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

- 
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FIGURE A.3. Comparison of  T o t a l  Devices i n  Use 
Using t h e  NHI and M o d i f i e d  Age 
D i s t r i b u t i o n  



I n  t h e i r  r e p o r t  on t h e  T o t a l l y  Imp lan tab le  A r t i f i c i a l  Heart ,  ( 4 )  t h e  

A r t i f i c i a l  Hear t  Assessment Panel (AHAP) a l s o  improved t h e  NHI est imate.  An 

i l l u s t r a t i o n  o f  AHAP cand ida te  f r a c t i o n s  i s  shown i n  Tab le  A.3. The Assess- 

ment Panel used s1 i g h t l y  h i ghe r  f r a c t i o n s  o f  e l i g i b l e  candidates f o r  rheumat ic ,  

hyper tens ive  and o t h e r  h e a r t  d iseases than  d i d  t h e  NHI Task Force, as seen by 

comparing Tables A.l and A.3. A t  t h e  same t ime  t h e y  s u b s t a n t i a l l y  reduced t h e  

cand ida te  f r a c t i o n  f o r  congen i t a l  h e a r t  d isease. I n  a d d i t i o n ,  t h e  age group 

65 t o  74 f o r  ischemic h e a r t  d i sease  w i t h o u t  hyper tens ion  was inc luded .  Th i s  

l a t t e r  change f a r  outweighed t h e  e f f e c t s  o f  changes i n  t h e  cand ida te  f r a c t i o n s  

and inc reased  t h e  es t ima te  o f  p o t e n t i a l  candidates i n  1969 t o  a  maximum o f  

approx imate ly  50,000. 

Whi le o u r  p r o j e c t i o n s  d i d  n o t  i n c o r p o r a t e  changes i n  cand ida te  f r a c t i o n s  

( o t h e r  than t o  e l  i m i n a t e  congen i t a l  h e a r t  d isease) ,  t h e y  d i d  i n c l u d e  p o t e n t i a l  

candidates up through age 84. Because of  t h i s  l a r g e r  cand ida te  base, o u r  

p r o j e c t i o n s  approximated those of  t h e  Assessment Panel .  To i l l u s t r a t e  t h i s ,  

a  composi te s u m a r y  o f  Tables A.2 and A.3 i s  shown i n  Table  3  i n  t h e  main 

r e p o r t .  S ince o u r  o v e r a l l  cand ida te  percentage es t imates  a r e  n e a r l y  t h e  sanie 

as those o f  t h e  Assessment Panel, we concluded t h a t  bo th  es t imates  substan- 

t i a l l y  agreed. 

The n e x t  c o n s i d e r a t i o n  i s  t h e  d i f f e r e n t i a t i o n  o f  e l i g i b l e  candidates by 

sex. S ince no da ta  by sex were a v a i l a b l e  f rom t h e  H i t tman r e p o r t ,  we s t a t i s -  

t i c a l l y  t e s t e d  t h e  l i m i t e d  co ronary  h e a r t  d isease da ta  ob ta i ned  by NHI f rom 

t h e  Framingham and t h e  Tecumseh s t u d i e s  t o  determine i f  cand ida te  e l i g i b i l i t y  

were a  f u n c t i o n  o f  sex. Based on t h e  a v a i l a b l e  data,  we found no s t a t i s t i -  

c a l l y  s i g n i f i c a n t  d i f f e r e n c e  by sex. Our p r o j e c t i o n s ,  t he re fo re ,  d i d  n o t  

i n c l u d e  sex as a  f a c t o r  i n  de te rm in i ng  e l i g i b i l i t y .  However, t h e  a v a i l a b l e  

da ta  base was ve ry  sma l l ,  and a n a l y s i s  o f  a  l a r g e r  f u t u r e  data base may a l t e r  

t h e  p resen t  conc lus ion .  

As was d iscussed p r e v i o u s l y ,  t h e  e l i g i b l e  cand ida te  f r a c t i o n s  a r e  d i s -  

t i n g u i s h e d  by f o u r  h e a r t  d isease c a t e g o r i e s  as we1 1 as by age. However, o u r  

p r o j e c t i o n  o f  h e a r t  d i sease  dea th  r a t e s  (d iscussed i n  t h e  n e x t  Appendix) used 

o n l y  t o t a l  h e a r t  d isease data.  Therefore,  we es t imated  a s e t  o f  e l i g i b l e  

cand ida te  f r a c t i o n s  by age f o r  t o t a l  h e a r t  d i sease  by we igh t i ng  each d isease-  

s p e c i f i c  f r a c t i o n  by t h e  i nc i dence  o f  t h a t  d i sease  i n  1 9 6 9 ' ~ )  and averag ing  



TABLE A.3. P o t e n t i a l  Candidates f o r  an A r t i f i c i a l  Hear t  
Among Persons Dying o Hear t  Disease, 
Un i t ed  States,  1967(a f 

P o t e n t i a l  Candidates 
Deaths High Est imate Low Est in ia te  

Hear t  Disease Diagnosis  i n  1 969 Percent  Number Percent  Number 

To ta l  363,999 13.8 50,336 4.6 16,749 

Ischemic Hear t  Disease Wi thout  
Hypertension, Under Age 65 1 51 ,948 16.4 24,919 3.8 5,774 

Ischemic Hear t  Disease Wi thou t  
Hypertension, Age 65-74 157,494 11.2 17,639 2.6 4,075 

Ischemic Hear t  Disease Wi th  
Hypertension, Under Age 65 20,376 10.0 2,038 10.0 2,038 

Other  Hyper tens i  ve Hear t  
Disease, Under Age 65 3,622 10.0 362 10.0 362 

Rheumatic Hear t  Disease, 
Under Age 65 8,978 25.0 2,245 15.0 1,347 

Covgen i ta l  Hear t  Disease, 
Under Age 65 7,884 5.0 3 94 5.0 3 94 

Other Hear t  Disease, 
Under Age 65 

( a )  Th i s  t a b l e  corresponds t o  Table 7 o f  t h e  October 1969 Repor t  on Card iac 
Replacement w i t h  c e r t a i n  m o d i f i c a t i o n s .  Because t h i s  t a b l e  i nc l udes  

; p a t i e n t s  65 t o  74 years  o l d  and because t h e  c r i t e r i a  f o r  a r t i f i c i a l  h e a r t  
i m p l a n t a t i o n  a r e  somewhat d i f f e r e n t  than  those  f o r  t r a n s p l a n t a t i o n ,  t h e  
f r a c t i o n  o f  p a t i e n t s  who a r e  candidates f o r  a r t i f i c i a l  hea r t s  has been 
( 1 )  inc reased  fro111 5 t o  10% f o r  p a t i e n t s  dy ing  o f  hyper tens ive  diseases, 
( 2 )  inc reased  f rom 10  t o  25% f o r  p a t i e n t s  dy ing  o f  rheumatic h e a r t  d isease, 
and ( 3 )  decreased f rom 25 t o  5% f o r  p a t i e n t s  dy ing  o f  c o n g e n i t i a l  h e a r t  
d i  sease. 

Source: The T o t a l l y  Imp lan tab le  A r t i f i c i a l  Hear t  (Reference 4, p. 43).  

these over  t h e  f o u r  d isease types. F i gu re  A.4 shows t h e  va l  ue o f  these f r a c -  

t i o n s  ( h i g h  es t ima te )  f o r  each age group. 
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APPENDIX B 

HEART DISEASE DEATH RATE PROJECTIONS 

The f i r s t  s t ep  i n  develop ing death r a t e  p r o j e c t i o n s  was t o  develop an 

equat ion  t o  p r o j e c t  f u t u r e  t o t a l  h e a r t  d isease i nc i dence  and t o  v e r i f y  i t s  

p r e d i c t i v e  a b i l i t y .  We termed t h i s  equa t ion  t h e  Death Rate Equat ion (DRE). 

I n  develop ing t h e  equat ion,  we reasoned t h a t  t h e  r a t e  of  d e c l i n e  o f  a f a t a l  

d isease should be a d i r e c t  f u n c t i o n  o f  t h e  medical  s k i l l  and knowledge accumu- 

l a t e d  a t  any p o i n t  i n  t ime.  The g r e a t e r  t h i s  fund o f  s k i l l  and knowledge, t h e  

more 1 i k e l y  t h a t  a d d i t i o n a l  s k i 1  1 and knowledge w i l l  accumulate and t h e  more 

q u i c k l y  t h e  d isease death r a t e  w i l l  dec l i ne .  A measure o f  t h i s  medical  s k i l l  

and knowledge a t  any p o i n t  i n  t ime should be d i r e c t l y  r e l a t e d  t o  t h e  number 

o f  people be ing "saved" pe r  u n i t  popu la t ion ,  i n  o t h e r  words, t o  t h e  amount 

t h a t  t h e  death r a t e  has been reduced f rom i t s  maximum. 

However, t h e  r a t e  o f  d e c l i n e  should a l s o  be some i nve rse  f u n c t i o n  of 

t ime s i nce  l e s s  concern and e f f o r t  w i l l  be expended w i t h  t ime as t h e  

magnitude o f  t h e  death r a t e  f o r  a p a r t i c u l a r  d isease dec l i nes  and i t s  

importance t o  t he  p u b l i c  d im in ishes .  There i s  no reason  t o  expect t h a t  

t h e  e f f e c t  o f  t ime should be l i n e a r  and a s imple i nve rse  exponent ia l  

e f f e c t  was assumed. 

Mathemat ica l ly ,  t h e  above statements can be expressed as: 

where 

Y = Disease death r a t e  a t  a s p e c i f i c  p o i n t  i n  t ime, 

Ymax = Maximum death r a t e ,  

T = Time measured f rom T = 0 when Y = Ymax, 

K = P r o p o r t i o n a l i t y  cons tan t  r e l a t i n g  t h e  magnitude 
and r a t e  o f  dec l i ne ,  

n = A cons tan t  whose va lue  can mod i fy  t h e  importance 
o f  t ime i n  t h e  equat ion.  



I f  t h e  above d i f f e r e n t i a l  equa t ion  i s  i n t e g r a t e d  and so lved  f o r  Y ,  an 

express ion f o r  t h e  death r a t e  a t  any s p e c i f i c  p o i n t  i n  t ime  i s  de r i ved .  

(1-n)  
Y = Ymax - (A )  exp ( - K ~ n - l  ) 

where 

A = I n t e g r a t i o n  cons tan t .  

Th is  equa t ion  i s ,  i n  e f f e c t ,  a  k i n d  o f  l e a r n i n g  curve  equat ion.  . I t  d e f i n e s  

t h e  p a t h  o f  d e c l i n i n g  i nc i dence  o f  deaths once the  p o i n t  i s  reached when 

s u f f i c i e n t  b a s i c  know1 edge has accumulated t o  b r i n g  a  d i  sease under c o n t r o l  

t o  t h e  e x t e n t  t h a t  death r a t e s  peak and begin t o  d e c l i n e .  I t  should be 

emphasized t h a t  t h e  equat ion  has no va l  i d i t y  f o r  diseases whose dea th  r a t e s  

a r e  i nc reas ing .  An es t ima te  of t h e  maximum death  r a t e ,  Ymax, i s  necessarv 

t o  use t h e  equat ion .  The p r e d i c t i v e  a b i l i t y  o f  Equat ion [21, he rea f t e r  

r e f e r r e d  t o  as t h e  Death Rate Equat ion, was t e s t e d  and found s a t i s f a c t o r y  

as exp la ined  i n  t h e  s e c t i o n  under Minimum Inc idence  P r o j e c t i o n  on page B-17. 

Ue o r i g i n a l l y  used crude t o t a l  h e a r t  d isease dea th  r a t e s  as t h e  raw 

data i n p u t  t o  t h e  DRE f o r  our  h e a r t  d isease inc idence  p r o j e c t i o n s .  Us iug 

crude death r a t e s  assumed t h a t  age s h i f t s  i n  t h e  popu la t i on  would be smal l  

enough t o  have no d i s c e r n i b l e  e f fec t .  Th i s  da ta  on crude t o t a l  h e a r t -  

d isease dea th  r a t e s  showed a  peaking o f  these death r a t e s  i n  t h e  m idd le  

1960's. *(6) However, subsequent da ta  f rom t h e  Na t i ona l  Center f o r  Hea l t h  
S t a t i s t i c s  (NCHS) i n d i c a t e d  t h a t  age-adjusted death r a t e s  f o r  t o t a l  h e a r t  

d isease had been d e c l i n i n g  r e l a t i v e l y  s t e a d i l y  w i t h  no apparent  peak (12)  

(see F igu re  5 i n  t h e  main r e p o r t ) .  

Th i s  d iscrepancy between t h e  dec l  i n i n g ,  age-adjusted h e a r t  d isease 

death r a t e  and t h e  crude h e a r t  d isease  death r a t e  was t h e  r e s u l t  o f  a  

s u b s t a n t i a l  i nc rease  i n  t h e  r e l a t i v e  popu la t ions  i n  t h e  o l d e r  age groups. 

The peaking observed i n  t h e  crude dea th  r a t e  was, t h e r e f o r e ,  a  p o p u l a t i o n  

e f f e c t  -- n o t  a  d e c l i n e  i n  t h e  r i s k  of death.  Since t h e  b a s i s  f o r  p r e d i c t i n g  

t h e  dea th - ra te  d e c l i n e  r e q u i r e s  i d e n t i f i c a t i o n  o f  a  peak i n  t h e  a c t u a l  r i s k  

* See no te  on Page 4-7 f o r  exp lana t i on  of t h e  measures of death r a t e s  
d iscussed i n  t h i s  r e p o r t .  



o f  death (as i n d i c a t e d  i n  t h e  d e r i v a t i o n  o f  t h e  Death Rate Equat ion) ,  we 

mod i f i ed  our  o r i g i n a l  a n a l y s i s .  

I n  o rde r  t o  per fo rm a more d e t a i l e d  a n a l y s i s  on t h e  behavior  o f  t o t a l  

h e a r t  d isease death r a t e s ,  we c o l l e c t e d  a d d i t i o n a l  age- and sex -spec i f i c  

dea th  r a t e  da ta  on t o t a l  h e a r t  d isease and i t s  ma jo r  components -- ischemic 

h e a r t  d isease, hyper tens ive  h e a r t  d i  sease, rheumat ic  h e a r t  d isease, endo- 

and myocardial  h e a r t  d iseases and o t h e r  h e a r t  d iseases. ( 6 )  These data 

a1 1 owed c a l c u l a t i o n  o f  age-adjusted death r a t e s  us ing  10-year age groups 

f o r  t o t a l  h e a r t  d isease and a l l  component h e a r t  d iseases f rom 1950 t o  1969. 

Since t h e  c l a s s i f i c a t i o n  d e f i n i t i o n s  f o r  causes o f  death had changed t w i c e  

d u r i n g  t h i s  t ime  per iod,  i t  was necessary t o  a d j u s t  death r a t e s  t o  a  con- 

s i s t e n t  bas is .  

NCHS develops comparabi 1  i ty r a t i o s  f o r  such adjustments.  These a r e  

comparisons o f  t h e  r e l a t i v e  number o f  deaths assigned t o  each d isease 

ca tegory  i n  t h e  year  p rev ious  and t h e  year  subsequent t o  r e v i s i o n s  i n  

c l a s s i f i c a t i o n s .  We obta ined c o m p a r a b i l i t y  r a t i o s  (12,14) f rom t h e  NCHS, 

f o r  t h e  7 th -8 th  ICDA* r e v i s i o n  i n  1968, t h e  6 th -7 th  r e v i s i o n  i n  1958, and 

t h e  5 th -6 th  r e v i s i o n  i n  1948, and used them t o  a d j u s t  a l l  death r a t e s  t o  

a  presurlied e q u i v a l e n t  8 t h  ICDA r e v i s i o n  bas is .  (Subsequent ana l ys i s ,  

however, showed d isc repanc ies  i n  t o t a l  h e a r t  d i  sease death r a t e s  us ing  

these r a t i o s . )  Th i s  8 t h - r e v i s i o n  s e r i e s  o f  c a l c u l a t e d  age-adjusted dea th  

r a t e s  f o r  t o t a l  h e a r t  d isease forms t he  bas i s  f o r  F i gu re  8 i n  t h e  main 

r e p o r t .  The same p l o t  i n c l u d i n g  t h e  component h e a r t  d iseases i s  shown i n  

F igu re  B. 1. 

From t h i s  l a t t e r  p l o t  i t  was obv ious t h a t  w h i l e  t h e  t o t a l  age-adjusted 

death r a t e  (uppermost 1  i n e )  had been con t i nuous l y  dec l  i n i n g  as repor ted ,  t h e  

age-adjusted death r a t e  f o r  ischemic h e a r t  d isease had been i n c r e a s i n g  t o  a  

peak i n  t h e  1960's.  Th is  was notewor thy s i nce  ischemic ( a r t e r i o s c l e r o t i c * * )  

* 
I n t e r n a t i o n a l  C l a s s i f i c a t i o n  o f  Diseases, Adapted. ** 
The 8 t h  Rev i s i on  ICDA uses t h e  te rm ischemic h e a r t  d iseases t o  i d e n t i f y  
t h e  ma jo r  h e a r t  d isease c l a s s i f i c a t i o n .  T h i s  c l a s s i f i c a t i o n  i nc l udes  
most o f  t h e  deaths t h a t  had p r e v i o u s l y  been c l a s s i f i e d  as a r t e r i o s c l e r o t i c  
h e a r t  d isease p l u s  some from o t h e r  c l a s s i f i c a t i o n s .  
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FIGURE B.1. Age-Adjusted Death Rates f o r  T o t a l  Hear t  Disease and Major  
Corr~ponent Hear t  Diseases Ad jus ted  t o  t h e  8 t h  ICDA Rev i s i on  

Sources: V i t a l  S t a t i s t i c s  o f  t h e  Un i t ed  S ta tes  (Reference 6 ) ;  
M o r t a l i t y  Trends f o r  Leading Causes o f  Death (Reference 9 , 
pp. 60-61 ; Month ly  V i t a l  S t a t i s t i c s  Reports (Reference 12 1 ; 
C o m p a t i b i l i t y  Ra t i os  Based on M o r t a l i t y  S t a t i s t i c s  f o r  t h e  5 t h  
and 6 t h  Rev is ions,  Un i t ed  S ta tes ,  1950 ( ~ e f e r e n c e  1 3 ) ,  p. 217. 



h e a r t  d isease p r e s e n t l y  accounts f o r  about 90% o f  t o t a l  h e a r t  d isease 

deaths. However, we assumed t h a t  s u b s t a n t i a l  dec l i nes  i n  t h e  dea th  r a t e s  

f o r  t he  o t h e r  h e a r t  d iseases may have had enough we igh t  t o  cause t h e  

d e c l i n e  i n  t h e  t o t a l s .  

To check t h i s  assumption, we summed a l l  o f  t he  component age-adjusted 

death r a t e s  a t  two t o  t h r e e  year  i n t e r v a l s  t o  o b t a i n  t h e  t o t a l  age-adjusted 

dea th  r a t e .  As i s  obvious from the  f i g u r e ,  t he  t o t a l  age-adjusted hea r t -  

d isease death r a t e  ob ta ined  by summing 8 th - rev i s i on -ad jus ted  i n d i v i d u a l  

component r a t e s  was cons iderab ly  lower than when us ing  t he  o v e r a l l  8 t h  

r e v i s i o n  comparabi 1 i t y  f a c t o r  a p p l i e d  t o  t o t a l  hear t -d isease dea th  r a t e s .  

Even more s i g n i f i c a n t ,  t h e  t o t a l  h e a r t - d i  sease death r a t e  obta ined by 

summation o f  8 th - rev i s i on -ad jus ted  component r a t e s  i n d i c a t e d  an i nc reas ing  

and peaking o f  t h e  death r a t e  compared t o  t h e  con t i nuous l y  d e c l i n i n g  

t r end  i n  t he  t o t a l  hear t -d isease death r a t e s  ob ta ined  by us ing  t he  o v e r a l l  

comparabil i t y  f a c t o r .  Whi le t h e  cause of  such a  d iscrepancy i s  n o t  com- 

p l e t e l y  understood, we be1 i e v e  i t  t o  r e s u l t  f rom i ncons i s tenc ies  i n  t h e  

d iagnos is  and cod ing  o f  causes o f  death over  t ime.  

Two assumptions a r e  i m p l i e d  when c o m p a r a b i l i t y  r a t i o s  a r e  used t o  

a d j u s t  dea th  s t a t i s t i c s  f rom prev ious  years  t o  a  new c l a s s i f i c a t i o n  bas is .  

F i r s t ,  i t  i s  assumed t h a t  t he  cause-of-death diagnoses have been cons is -  

t e n t l y  made and c o n s i s t e n t l y  and a c c u r a t e l y  s ta ted  on t he  death c e r t i f i c a t e s  

over  t h e  t ime pe r i od .  Second, i t  i s  assumed t h a t  t he  i n t e r p r e t a t i o n  and 

coding o f  causes o f  death on death c e r t i f i c a t e s  t o  ICDA c l a s s i f i c a t i o n s  

have a l s o  been c o n s i s t e n t  and accura te  over  t h e  t ime per iod .  However, i t  i s  

more l i k e l y  t h a t  t h e r e  have been i ncons i s tenc ies  and e r r o r s  i n  bo th  cases. 

I t  i s  a l s o  probable t h a t  t he  i ncons i s tenc ies  and e r r o r s  have dec l i ned  

d u r i n g  t h e  t ime pe r i od .  

Since doc to r s  n o t  o n l y  have v a r y i n g  op in ions ,  b u t  have a l s o  been 

t r a i n e d  a t  va r i ous  p o i n t s  i n  t ime  and, there fo re ,  have va ry i ng  degrees o f  

knowledge o f  t h e  l a t e s t  technology and d e f i n i t i o n s ;  t h e r e  a r e  a l ~ i i o s t  

c e r t a i n l y  some d isc repanc ies  between t h e  nieasured ( recorded)  number o f  

h e a r t  d isease deaths and t h e  ac tua l  number o f  such deaths. Th i s  d iscrepancy 

should, however, be d e c l i n i n g  w i t h  t ime.  L ikewise,  t h e r e  have p robab ly  



been improvements due t o  l e a r n i n g  e f f e c t s  i n  i n t e r p r e t i n g  and coding death 

c e r t i f i c a t e  data.  The probable n e t  r e s u l t  i s  t h a t  d i f f e rences  between 

s t a t i s t i c a l  and a c t u a l  dea th  r a t e s  f o r  s p e c i f i c  c l a s s i f i c a t i o n s  have been 

dec l  i n i r l g .  

F igure  0 . 2  demonstrates how a  d e c l i n i n g  d i f f e r e n c e  between measured 

and a c t u a l  dea th  r a t e s  cou ld  r e s u l t  i n  m i s l ead ing  s t a t i s t i c a l  dea th  r a t e  

t rends .  Two cases a r e  shown: 

Case 1. Measured r a t e s  a r e  h igher  than a c t u a l  r a t e s .  I n  t h i s  

case a  d e c l i n i n g  d i f f e r e n c e  would r e s u l t  i n  a  d e c l i n e  i n  

s t a t i s t i c a l  death r a t e s  w h i l e  t he  ac tua l  r a t e s  cou ld  be e i t h e r  

i n c r e a s i n g  o r  decreas ing.  

Case 2. Measured r a t e s  a r e  lower  than ac tua l  r a t e s .  I n  t h i s  

case a  d e c l i n i n g  d i f f e r e n c e  would r e s u l t  i n  an inc rease  i n  

s t a t i s t i c a l  death r a t e s  w h i l e  t h e  ac tua l  r a t e s  cou ld  be e i t h e r  

i n c r e a s i n g  o r  decreas ing . 

CASE 1 
APPARENT 

APPARENT E - 1 (MEASURED) 

FIGURE B.2. E f f e c t  o f  D e c l i n i n g  Measurement E r r o r  on Apparent 
Trend i n  Hear t  Disease Death Rates 
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I n  t h i s  s i t u a t i o n  one cannot say w i t h  c e r t a i n t y  which of t he  t o t a l  h e a r t  

d isease dea th  r a t e s  i n  F i g u r e  B . l  i s  t h e  most accurate.  Due t o  an 

i n a b i l i t y  t o  r e s o l v e  t h e  d iscrepancy,  we a r e  n o t  a b l e  t o  f u l l y  c o r r e l a t e  

c u r r e n t  t o t a l  h e a r t  d isease death r a t e s  w i t h  ones i n  t h e  1950 's .  

The summations o f  t he  component age-adjusted h e a r t  d isease death 

r a t e s  i n  F igu re  B. l  do, however, agree w i t h  t h e  t o t a l  i n  years  subsequent 

t o  1960. (The nieasurement e r r o r  i s  e i t h e r  smal l  o r  cons tan t . )  T h i s  

r e c e n t  data subs tan t i a tes  a  s t r ong  d e c l i n e  i n  death r a t e s  f o r  t o t a l  

h e a r t  d isease, r ega rd less  o f  whether i t  was p r e v i o u s l y  i nc reas ing  o r  

decreasing. 

F i gu re  B.3 i s  a  p l o t  o f  t h e  age-adjusted death r a t e s  f o r  t o t a l  and 

component h e a r t  d iseases w i t h o u t  ad justments  t o  t h e  8 t h  Rev is ion  ICDA 

bas is .  (6'12)  his i s  t h e  same as F i g u r e  5 i n  t h e  main body o f  t h e  r e p o r t . )  
There i s  a  w e l l - d e f i n e d  maximum o r  peak i n  t h e  a r t e r i o s c l e r o t i c  ( i schemic )  

h e a r t  d isease death r a t e  t h a t  p a r a l l e l s  t he  maximum i n  ischemic h e a r t  

d isease i n  F igu re  B . l ,  where we used c o m p a r a b i l i t y  r a t i o s  t o  conve r t  t h e  

da ta  t o  t h e  8 t h  Rev is ion  I C D A  bas i s .  Whi le we cou ld  n o t  be a b s o l u t e l y  

c e r t a i n  o f  a  peaking i n  t h e  ischemic c l a s s i f i c a t i o n  due t o  t h e  p o s s i b i l i t y  

o f  measurement e r r o r s  w i t h i n  t h i s  d isease d e f i n i t i o n ,  t h e  much narrower 

d e f i n i t i o n  range should s u b s t a n t i a l l y  reduce such e r r o r s .  For t h i s  reason 

we accepted t h e  peaking and dec l  i n e  o f  ischemic death r a t e s  as a  r e a l  

occurrence. 

Since t h e  method developed f o r  p r o j e c t i n g  t r ends  i n  disease death 

r a t e s  depends on i d e n t i f y i n g  t h e  peak death r a t e  year ,  and s i nce  ischemic 

h e a r t  d isease p r e s e n t l y  accounts f o r  about  90% cif t o t a l  h e a r t  d isease 

deaths, we decided t o  u t i l i z e  t h e  da ta  on t h i s  d isease as t h e  bas i s  f o r  

p r o j e c t i n g  t r ends  f o r  t o t a l  h e a r t  d i  sease. 

ISCHEMIC HEART DISEASE DEATH RATE PROJECTIONS 

A1 though t h e  NCHS has pub1 ished( '  2, o n l y  age-adjusted s t a t i s t i c s ,  t h e  

obv ious sex-dependency o f  h e a r t  d isease and n o t i c e a b l e  d i f f e r e n c e s  i n  t h e  

age-adjusted and age- and sex-adjusted death r a t e s  (F igu re  B.4) suggest 

a d j u s t i n g  f o r  sex as we1 1  as age i n  t h e  p r o j e c t i o n s .  A  p l o t  o f  age- and 
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sex-ad justed a r t e r i o s c l e r o t i c  ( i schemic )  h e a r t  d i sease  death r a t e s  f o r  a1 1  

years  i n  t h e ,  p e r i o d  1940-1969, ad jus ted  t o  8 t h  Rev i s i on  ICDA d e f i n i t i o n s  

u s i n g  c o m p a r a b i l i t y  ra t ios !14)  i s  shown i n  F i g u r e  8.4. The f i g u r e  shows a  

marked r i s e  i n  t h e  age- and sex-ad justed dea th  r a t e s  f rom 1939 t o  a  f a i r l y  

we1 1  - de f i ned  peak i n  1965. P l o t s  o f  age-on ly-ad justed 2, and crude ischemic 

h e a r t  d isease death r a t e s ( 6 )  ove r  t h i s  same p e r i o d  a r e  a l s o  shown i n  t h e  same 

f i g u r e .  The d ivergence i n  t h e  crude and age-adjusted r a t e s  shows t h a t  a  s h i f t  

i n  t h e  p o p u l a t i o n  d i s t r i b u t i o n  i s  r espons ib l e  f o r  much o f  t h e  i nc rease  i n  

dea th  r a t e  f o r  t h i s  d isease ove r  t h e  p a s t  20 years .  A  f u r t h e r  a n a l y s i s  by age 

groups r e v e a l s  t h a t  most o f  t h e  inc reased  deaths a r e  i n  t h e  55 and o l d e r  age 

groups, p redominan t l y  between ages 65 and 84. Th i s  p o p u l a t i o n  s h i f t  has 

masked a  peak ing and d e c l i n e  i n  t h e  r i s k  o f  dea th  due t o  a r t e r i o s c l e r o t i c  

( i schemic )  h e a r t  d i sease  beg inn ing  i n  1965. Th i s  peak i n  age- and sex- 

ad jus ted  dea th  r a t e s  f o r  ischemic h e a r t  d isease (IHD) was g e n e r a l l y  con f i rmed 

by t h e  age-on ly-ad justed data from NCHS, ( I 2 )  showing a  peak i n  1963 ( t h e  

l owes t  cu rve  i n  F i g u r e  B.4) .  

To develop f u t u r e  h e a r t  d i sease  ev idence p r o j e c t i o n s ,  we p l o t t e d  t h e  age- 

and s e x - s p e c i f i c  dea th  r a t e s  o f  IHD by 10-year age groups f o r  1950-1969, ( 6 )  

and e x t r a p o l a t e d  t o  1973 by ex tend ing  t h e  smoothed curves.  The e x t r a p o l a t e d  

dea th  r a t e s  enabled c a l c u l a t i o n  o f  an e x t r a p o l a t e d  1973 age- and sex-ad justed 

IHD death r a t e  and, combined w i t h  p o p u l a t i o n  data,  ( I 7 )  a  1973 crude IHD dea th  

r a t e .  The c a l c u l a t e d  c rude  dea th  r a t e  compared c l o s e l y  w i t h  t h e  pub l i shed  (13)  

crude dea th  r a t e  i n  1973. (Only  t h e  t o t a l  c rude dea th  r a t e  f o r  IHD i s  

p r e s e n t l y  a v a i l a b l e . )  The f a c t  t h a t  t h e  p r o j e c t e d  c rude  IHD dea th  r a t e  ( c a l -  

c u l a t e d  f rom t h e  e x t r a p o l a t e d  age- and s e x - s p e c i f i c  IHD dea th  r a t e )  agreed 

w i t h  t h e  a c t u a l  IHD c rude  dea th  r a t e  i n d i c a t e d  t h a t  t h e  e x t r a p o l a t i o n s  were 

v a l i d .  

The e x t r a p o l a t e d  age- and sex-ad justed death r a t e  f o r  1973 combined 

w i t h  s t a t i s t i c a l  age- and sex-ad justed IHD dea th  r a t e s  f rom 1965 t o  1969 (6 )  

(age- and s e x - s p e c i f i c  IHD dea th  r a t e  da ta  subsequent t o  1969 i s  u n a v a i l a b l e )  

became i n p u t  i n t o  a  cu r ve  f i t t i n g  computer r o u t i n e .  The cu rve  f i t t i n g  rou-  

t i n e  uses dea th  r a t e  data t o  f i n d  t h e  optimum va lues o f  t h e  t h r e e  cons tan ts  

A, K, and n  i n  t h e  Death Rate Equat ion (DRE) . Use o f  these  t h r e e  parameters 



FIGURE B.4. Actual and Projected Ischemic (Arteriosclerotic) 
Heart Disease Death Rates. (8th ICDA Definition) 
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i n  t h e  DRE makes i t  d i sease -spec i f i c  f o r  t h e  d isease da ta  used t o  de f ine  

t h e  parameters. A  l e a s t  squares a n a l y s i s  o f  t h e  equa t ion  de r i ved  f o r  IHD 

w i t h  a  peak i n  1965 showed a  c l o s e  f i t  o f  t h e  equat ion  t o  t he  data p o i n t s .  

Once t h e  optimuni DRE f o r  t h e  t o t a l  age- and sex -spec i f i c  IHD dea th  

r a t e  was der ived ,  we a p p l i e d  i t  t o  each o f  t h e  p r e v i o u s l y  p l o t t e d  IHD 

age- and sex -spec i f i c  dea th  r a t e s  beg inn ing  a t  t h e  peak year .  Since t h e  

peaks of t h e  va r i ous  age- and s e x - s p e c i f i c  r a t e s  occurred a t  d i f f e r e n t  

years,  t he  s t a r t i n g  p o i n t s  f o r  t h e  age- and s e x - s p e c i f i c  IHD dea th - ra te  

p r o j e c t i o n s  v a r i e d  fro111 1960 t o  1969. F igures  B.5a-B.5d i l l u s t r a t e  t h e  

behavior  o f  these age- and s e x - s p e c i f i c  death r a t e s  s i n c e  1 9 5 0 ' ~ )  and show 

t h a t  t he  c a l c u l a t e d  p r o j e c t i o n s  c o i n c i d e  w i t h  t h e  o v e r a l l  t r end  o f  t h e  

data.  (The c a l c u l a t e d  p r o j e c t i o n s  a1 so co inc ided  c l o s e l y  w i t h  t h e  p r e l  i m -  

i n a r y  e x t r a p o l a t i o n s .  ) Using these p r o j e c t i o n s ,  we c a l c u l a t e d  bo th  age- 

and sex-adjusted and crude death r a t e s  f o r  t o t a l  IHD f o r  1973. The 1973 

crude death r a t e  p r o j e c t i o n  o f  323 deaths per  100,000 popu la t i on  f o r  I H D  

agreed ve ry  c l o s e l y  w i t h  t h e  a c t u a l  I H D  crude dea th  r a t e  o f  325 (F igu re  

B.4). Th i s  subs tan t i a ted  t h e  v a l i d i t y  o f  t h e  IHD p r o j e c t i o n  a t  l e a s t  f o r  

t h e  near term. The IHD p r o j e c t i o n  can be made e i t h e r  by app l y i ng  t h e  DRE 

t o  t h e  t o t a l  IHD data o r  by app l y i ng  i t  t o  each age and sex group and 

summing these up t o  o b t a i n  t h e  t o t a l .  Both methods y i e l d  a lmost  e x a c t l y  

t h e  same r e s u l t .  (The d i f f e r e n c e  i n  t h e  c a l c u l a t i o n s  i s  due t o  t h e  peaks 

i n  age -spec i f i c  dea th  r a t e s  o c c u r r i n g  i n  va ry i ng  years as opposed t o  a  

s i n g l e  year--1965--for t h e  t o t a l  death r a t e .  ) 

TOTAL HEART DISEASE DEATH RATE PROJECTIONS 

Best  Est imate P r o j e c t i o n  

We assumed t h a t  dec l i nes  i n  death r a t e s  f o r  ischemic hea r t  d isease 

and t o t a l  h e a r t  d isease would be p r e d i c t e d  by t h e  same Death Rate Equat ion 

(DRE) parameters. The death r a t e s  i n  1965 became t h e  maximum o r  s t a r t i n g  

p o i n t  f o r  t h e  p r o j e c t i o n s .  We ad jus ted  age- and sex -spec i f i c  t o t a l  h e a r t  

d isease death r a t e s  f rom 1960 t o  1  969(6) t o  t h e  8 th -Rev is ion  ICDA bas i s  

f o r  f i v e - y e a r  age groups beg inn ing  w i t h  age 30. These a r e  p l o t t e d  i n  

F igures  B.6a-B.6c. Smooth curves were drawn through t h e  p o i n t s  and t h e  
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FIGURE B.5a. Age- and Sex-Speci f ic  Death Rates f o r  Ischemic Hear t  
Disease (Ad jus ted  t o  t h e  8 t h  ICDA Rev is ion)  
Source: V i t a l  S t a t i s t i c s  o f  t he  Un i ted  S ta tes  
(Reference 6 ) 
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FIGURE B.5b. Age- and Sex-Speci f ic  Death Rates f o r  Ischemic Hear t  
Disease (Adjusted t o  t he  8 t h  ICDA Rev is ion)  
Source: V i t a l  S t a t i s t i c s  o f  t he  Un i ted  S ta tes  
(Reference 6)  
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FIGURE B.5c. Age- and Sex-Speci f ic  Death Rates f o r  Ischemic Hear t  
Disease (Adjusted t o  t he  8 t h  Rev is ion)  
Source: v i t a l  S t a t i s t i c s  o f  t he  u n i t e d  States 
(Reference 6 ) 

FIGURE B.5d. Age- and Sex-Speci f ic  Death Rates f o r  Ischemic Hear t  
Disease (Adjusted t o  t h e  8 t h  ICDA Rev is ion)  
Source: V i t a l  S t a t i s t i c s  of t h e  Un i t ed  S ta tes  
(Reference 6 )  
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FIGURE B.6a. Age- and Sex-Speci f ic  Death 
Rates f o r  To ta l  Hear t  Disease 
(Ad jus ted  t o  t h e  8 t h  ICDA 
Rev i s i on )  Source: V i  t a 1  
S t a t i s t i c s  o f  t h e  Un i t ed  S ta tes  
(Reference 6 )  
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FIGURE B.6b. Age- and Sex-Spec i f i c  Death 
Rates f o r  T o t a l  Hear t  Disease 
(Ad jus ted  t o  t h e  8 t h  ICDA 
Rev i s i on )  Source: V i t a l  
S t a t i s t i c s  o f  t h e  Un i t ed  S ta tes  
(Reference 6 )  
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FIGURE B.6c. Age- and Sex-Specif ic Death Rates f o r  To ta l  
Heart  Disease (Adjusted t o  t h e  8 t h  ICDA 
Rev is ion)  Source: V i t a l  S t a t i s t i c s  of t h e  
Un i ted  States (Reference 6 )  

1965 death r a t e  f o r  each age and sex group was ob ta ined from t h e  smoothed 

data. Using p ro jec ted  age- and sex-spec i f i c  populat ions,  we obta ined t h e  

f i n a l  age- and sex-adjusted death r a t e  p r o j e c t i o n s .  A graphic i l l u s t r a t i o n  o f  

t h i s  bes t  es t imate  p r o j e c t i o n  i s  shown i n  F igures 9 and 10 i n  t h e  main r e p o r t  

a long w i t h  ill u s t r a t i o n s  of t h e  maximum and minimum p r o j e c t i o n s  discussed 

. next .  

Maximum Inc idence P ro jec t i ons  

The maximum inc idence p r o j e c t i o n  bas is  assumes t h a t  t he  crude death r a t e  

would remain f i x e d  and t h a t  v a r i a t i o n s  i n  crude death r a t e  data s ince  1965 

were merely random v a r i a t i o n s  (see F igure  6 i n  t he  main r e p o r t  f o r  a  p l o t  o f  



crude t o t a l  h e a r t  d isease death r a t e  da ta  p o i n t s  s i nce  1965).  The f o l l o w i n g  

equa t i on  expresses t h e  re1  a t i o n s h i  p  used t o  o b t a i n  age- and sex-spec i f  i c  

death r a t e s  t o  match t h i s  assumption. 

i 
[ ( ~ e c l  i ne  actor^)* ( ~ e a t h  Ratei ) * (pop 

i 
= Constant Crude Death Rate 

where 

i = Age and sex group 

n  = Year 

and 
Dec l i ne  Factorn = Fac to r  f o r  yea r  n  t h a t  reduces t h e  age- and 

sex -spec i f i  c  death r a t e s  ( coun te rac t i ng  
p o p u l a t i o n  i nc rease )  t o  r e s u l t  i n  cons tan t  
crude dea th  r a t e .  

We chose t he  cons tan t  crude death r a t e  as t h e  average o f  t h e  crude dea th  

r a t e s  f o r  t o t a l  h e a r t  d isease f rom 1965 t o  1973. ( 6 y 1 3 )  A s e t  o f  base age- 

and s e x - s p e c i f i c  dea th  r a t e s  i s  a l s o  necessary.  These base death r a t e s  were 

averages o f  age- and s e x - s p e c i f i c  dea th  r a t e s  f o r  1965 t o  1969. ( 6 )  We assumed 

t h a t  age- and sex -spec i f i c  death r a t e s  would dec l  i n e  u n i f o r m l y  (which appears 

t o  be v e r i f i e d  i n  v iew o f  t h e  c o r r e l a t i o n  between t h e  da ta  p o i n t s  and ou r  bes t  

es t imate  p r o j e c t i o n ) .  Hence, t h e  d e c l i n e  f a c t o r  would be cons tan t  f o r  a l l  age 

and sex groups i n  any yea r  n  and cou ld  be de r i ved  as f o l  lows: 

i 
Constant Crude Death Rate * C (Popi ,n) 

Dec l i ne  Factorn = PI 
[ ( ~ a s e  Age-Sex-Spec. Death Ratei )*(Popi ,,)I 

Dec l i ne  f a c t o r s  were c a l c u l a t e d  f o r  1965, 1970, 1980, 1990, 2000, 2010, and 

2020. 

To c a l c u l a t e  an age- and sex-adjusted death ra te ,  t he  popu la t i on  i n  

Equat ion [ I ]  i s  h e l d  cons tan t  a t  a  base year.  



Age- and Sex-Adjusted Death Rate (1940 Base) = 

. I 

: [(Base Age-Sex-Spec. Death   ate^ )*(popi ,l 940)] i 
(Decl ine Factor,) * : 

i 

[31 

Since t h e  p o r t i o n  o f  Equation [3] w i t h i n  t h e  do t ted  1 ines  i s  independent 

o f  year, p r o j e c t i o n s  o f  t he  age- and sex-adjusted death r a t e s  may be made by 

knowing o n l y  t h e  constant  value f o r  t h e  base year and the  value o f  t he  

dec l i ne  f a c t o r  f o r  each p ro jec ted  year.  

Minimum Inc idence P r o j e c t i o n  

The minimum inc idence case stems from t h e  ana lys i s  used t o  t e s t  t he  

p r e d i c t i v e  a b i l i t y  o f  t he  DRE. Th is  ana lys i s  i s  based on DRE parameter 

values der ived from a p p l i c a t i o n  o f  t h e  DRE t o  data on o the r  diseases. The 

reasons f o r  us ing  t h i s  ana lys i s  as t h e  minimum inc idence case are  o u t l i n e d  

i n  t h e  main t e x t  on page 4-13. 

We t e s t e d  the  p r e d i c t i v e  a b i l i t y  o f  t he  DRE by d e r i v i n g  the  constants 

A ,  K, and n (see page B-2 f o r  a description o f  t h e  equat ion) f o r  tubercu los is ,  

d i p t h e r i a ,  typhoid, i n f l uenza  and g a s t r i t i s  us ing data from 1900-1970, and 

f o r  hyper tensive hea r t  disease us ing  data from 1950 t o  1970. ( I 1  s6) A curve- 

f i t t i n g  computer program opt imized the  ca l cu la ted  constants t o  o b t a i n  the  best 

f i t  t o  t h e  h i s t o r i c a l  data po in t s .  

Using a l e a s t  squares ana lys is ,  t h e  percentage o f  data p o i n t s  expla ined 

by t h e  equat ion ranged from 96 t o  99% f o r  a l l  diseases except i n f l uenza  which 

showed o n l y  an 80% c o r r e l a t i o n .  A 95% o r  b e t t e r  c o r r e l a t i o n  i s  considered 

good. Normal iz ing disease r a t e s  t o  a common base, such as percent o f  peak 

death rate, caused t h e  values o f  t h e  constants A, K y  and n t o  approach each 

o t h e r  f o r  a l l  o f  t h e  above diseases. However, considerable t r i a l  and e r r o r  

adjustment o f  t h e  value o f  t he  constant  A was necessary t o  reach t h i s  

s i t u a t i o n .  



We obta ined  a s i n g l e  va lue  f o r  each constant  by averaging t h e  r e s u l t s  

f o r  a l l  o f  t he  diseases except in f luenza .  I n f l uenza  d i d  n o t  have the  charac- 

t e r i s t i c s  o f  a  s i n g l e  d isease because o f  t he  p e r i o d i c  epidemics t h a t  have 

occurred,  so we excluded it. Using t he  s i n g l e  (un i ve rsa l  ) s e t  o f  constants ,  

we c a l c u l a t e d  a p r o j e c t i o n  f o r  each disease. The agreement w i t h  t h e  ac tua l  

h i s t o r i c a l  data was q u i t e  remarkable. A l e a s t  squares a n a l y s i s  showed a 94 

t o  98% c o r r e l a t i o n  f o r  a l l .  ,The bes t  f i t  p r o j e c t i o n  and t h e  p r o j e c t i o n  based 

on t h e  un i ve rsa l  cons tan t  curves a re  shown a long  w i t h  t he  ac tua l  da ta  p o i n t s  

f o r  comparison i n  F igures B.7a-B.7d. (Tubercu los is  i s  shown i n  F igu re  7 i n  

t he  main t e x t . )  

The minimum p r o j e c t i o n  used t h e  un i ve rsa l  constant  values t o  p r e d i c t  

f u tu re  h e a r t  d isease inc idence.  
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FIGURE B.7a. Comparison o f  Actual  Death Rates f o r  Typhoid w i t h  Death 
Rates Pro jec ted  by Death Rate Equat ion. Source: H i s t o r i c a l  
S t a t i s t i c s  o f  t h e  Un i t ed  States (Reference 11)  
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FIGURE B.7b. Comparison of  Actua l  Death Rates f o r  Hyper tens ive 
Hear t  Disease w i t h  Death Rates P ro jec ted  by Death 
Rate Equation. Source: H i s t o r i c a l  S t a t i s t i c s  o f  
t h e  Un i t ed  S ta tes  (Reference 11 ) 
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FIGURE B.7c. Comparison of Actual Death Rates for Diptheria with 
Death Rates Projected by Death Rate Equation. Source: 
Historical S ta t i s t ics  of the United States (Reference 1 1  ) 

* 

ACTUAL DATA 

U N I V E R S A L  CONSTAIVTS 

I I 

FIGURE B.7d. Comparison of Actual Death Rates for  Gastr i t is  with 
Death Rates Projected by Death Rate Equation. Source: 
Historical S ta t i s t ics  of the United States (Reference 1 1 )  
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APPENDIX C 

OCCUPATION CLASSIFICATION FOR POPULATION DOSE STUDY 

% o f  % o f  
Occupation Employed 

Ma1 e Occupation Groups Class Ma1 e 

Pro fess iona l ,  Technical ,  and Kindred 

1 . Accountants and A u d i t o r s  9.2 0.94 

2. Clergymen 4.9 0.50 

3. Engineers 20.1 2.07 

4. Lawyers and Judges 5.4 0.55 

5. Phys ic ians and Surgeons 5.6 0.58 

6. Teachers, E l  enientary and Secondary 10.1 1.03 

7. Technic ians 6.0 0.62 - 
Sub-Total - C l a s s i f i e d  Pro fess iona l  61.3 6.29 ( 7 )  

8.  Pro fess iona l  , Technical  , and Kindred, 38.7 3.98 
NOT ELSENHERE CLASSIFIED (N.  E .c. ) 

T o t a l  Pro fess iona l  

Farmers and Farm Managers 

9. Farmers 99.1 6.45 ( 1 )  

10. Farmers and Farm Managers, N.E.C. 0.9 0.06 - - 
Tota l  Farmers 100.0 6.51 

Managers, O f f i  c i a 1  s, P r o p r i e t o r s  (Exc . Farm) 

11 . Managers, O f f i c i a l s ,  P rop r i e to rs ,  91.7 11.63 (1)  
Buyers, Department S to re  Heads, and 
Pub1 i c Admi n i  s t r a to rs -Sa l  ar ied-Sel  f- 
Employed 

12. Managers, O f f  i c i  a1 s, P r o p r i e t o r s  8.3 1.05 
(Exc.   arm) N.E.C. - __f_ 

To ta l  Managers 100.0 12.68 

Source: 1970 Census o f  Populat ion:  Occupat ional C h a r a c t e r i s t i c s  
(Reference 22) 



% o f  
Occupat ion 

Class 

% o f  
Empl oyed 

Ma1 e Ma1 e Occupat ion Groups 

C l e r i c a l  and Kindred Workers 

13. Agents , Bank T e l l  e r s  , Cashiers , 
Recep t i on i s t s ,  and Posta l  C le rks  

14. M a i l  C a r r i e r s  and Messengers 

15. Storekeepers,  Shipp ing , Receiving, 
and Stock C le r ks  

Sub-Total - C l a s s i f i e d  C l e r i c a l  

16. C l e r i c a l  and Kindred Workers, N. E.C. 

To ta l  C l  e r i c a l  

Sales Workers 

17. Insurance and Real Es ta te  Agents 
and Brokers 

18. Salesmen and Sales Clerks,  N.E.C. 

Sub-Total - C l a s s i f i e d  Sales Workers 

19. Sales Workers, N.E.C. 

T o t a l  Sales Workers 

Craftsmen, Foremen, and K indred  

20. B r i c k  Masons, Stone Masons, T i l e  
Se t t e r s ,  and Concrete F i n i s h e r s  

21 Carpenters and Cabinetmakers 

22. E l e c t r i c i a n s  

23. Foremen and S t a t i o n a r y  Engineers 

24. Linemen and Servicemen - Telephone, 
Te l  egraph, and Power 

25. Mach in is ts ,  Tool and D ie  Makers 

26. Mechanics-Repair 



X of 
Occupation 

Class 

% of 
Employed 

Ma1 e Male Occupation Groups 

Craftsmen, Foremen, and Kindred (Continued) 

27 .  We1 ders and Flame Cutters 
28 .  Painters 
29. Plumbers and Pipe Fi t te rs  

Sub-Total -Classified Craftsmen 

30. Craftsmen, Foremen, and Kindred, 
N.E .C .  

Total Craftsmen 

O~era t ives  and Kindred 

31 . Assembl e r s  
32 .  Checkers, Examiners, and Inspectors - 

Mfg . 
33.  Del i verymen , Routemen, Truck and 

Tractor Drivers, Motormen - Mine 
and Factory 

34. Mine Operatives and Laborers 
35. Excavating, Grading, Road Machinery, 

Crane, Derrick, and Hoist 
Operators 

Sub-Total-Classified Operatives 

36. Operatives and Kindred, N .  E .C.  

Total Operatives 



% o f  
Ernpl oyed 

Ma1 e 
Occupat ion 

Ma1 e Occupat ion Groups Class 

Se rv i ce  Workers (Exc. Househol d 1 

37. Barbers,  Ha i rd ressers ,  and 
Cosmeta log is ts  

38. Bar tenders ,  Wai ters ,  Counter and 
Foun ta in  Workers 

39. Cooks and K i t chen  Workers 

40. J a n i t o r s ,  Sextons, Housekeepers, 
and Maids 

41. Guards, Watchmen, Doorkeepers, and 
B r i dge  Tenders 

42. Pol  icemen, De tec t i ves ,  S h e r i f f s ,  E t c  

Sub -To ta l -C lass i f i ed  Se rv i ce  Workers 

43. Se rv i ce  Workers (Exc. Household) , 
N. E.C. 

T o t a l  Se rv i ce  Workers 

Farm Laborers  and Foremen 

44. Farm Laborers  

45. Farm Laborers  and Foremen, N.E.C. 

T o t a l  Farm Workers 

46. Laborers,  N.E.C. 

T o t a l  Laborers  

47. Male Occupat ions,  N.E.C. 

T o t a l  Occupat ions C l a s s i f i e d  

T o t a l  Occupat ions Not  C l a s s i f i e d  



% of 
Occupation 

Female Occupation Groups Class 

Professional, Technical, and Kindred 

48. Musicians, A r t i s t s ,  and Teachers of 5.4 

49. Nurses 20.2 

50. Teachers, Elementary and Secondary 46.3 

Sub-Total -Classif ied Professional 71.9 

51. Professional, Technical, and 28.1 
Kindred , NOT ELSEWHERE CLASSIFIED 
(N.E.C.) 

Total Professional 100.0 

Farmers and Farm Manaaers 

52. Farmers and Farm Managers 

Total Farmers 

Managers, Off i cia1 s ,  and Proprietors (Exc. Farm) 

53. Managers, Of f i c i a l s ,  Proprietors,  91.4 
Buyers, Department Store Heads, 
and Public Administrators 

54. Managers, Of f i c i a l s ,  and Proprietors 8 .6  
(Exc. Farm), N . E . C .  

Total Managers 100.0 

% of 
Employed 
Fema 1 e 



% o f  % o f  
Occupat ion Employed 

Class Femal e Female Occupat ion Groups 

C l e r i c a l  and Kindred 

55. Bookkeepers, F i  1 e, P a y r o l l  , and 
Timekeeping C le r ks  

56. Agents, Bank T e l l e r s ,  Cashiers,  
Recep t i on i s t s ,  and Posta l  C le r ks  

57. O f f i c e  Machine Operators and T y p i s t s  

58. Sec re ta r i es  and Stenographers 

59. Telephone Operators  

Sub-Total - C l a s s i f i e d  C l e r i c a l  

60. C l e r i c a l  and Kindred, N.E.C. 

To ta l  C l e r i c a l  

Sal es Workers 

61. Saleswomen and Sales C le rks ,  N.E.C. 

62. Sales Workers, N.E.C. 

To ta l  Sales Workers 

Operat ives and K i  ndred 

63. Assemblers 

64. Checkers, Exanii ners,  Inspec to rs  - Mfg 

65. Dressmakers and Seamstresses (Exc. 
Fac to r y )  

66. Laundry and Dry Cleaning Operat ives 

67. Packers and Wrappers 

68. Sewers, S t i t c h e r s ,  Spinners - 
Mfg. T e x t i l e  

Sub -To ta l -C lass i f i ed  Operat ives 

69. Opera t i ves  and Kindred, N.E.C. 

To ta l  Opera t i ves  



% o f  
Occupat ion 

Female Occupat ion Groups Class 

% o f  
Employed 

Femal e 

P r i v a t e  Household Workers 

70. Babysi t t e r s  , Housekeepers, Laundresses, 
and P r i v a t e  Household Workers, N.E.C. 

To ta l  P r i v a t e  Household 

Serv ice  Workers (Exc. P r i v a t e  Household) 

71. At tendants  and Ushers 

72. Barbers, Ha i rd ressers ,  and 
Cosmeta log is ts  

73. Bar tenders,  Waiters,  Counter and 
Founta in  Workers 

74. Cooks and K i t chen  Workers 

75. J a n i t o r s ,  Sextons, Housekeepers, and 
Maids 

76. P r a c t i c a l  Nurses 

Sub -To ta l -C lass i f i ed  Serv ice  Workers 

77. Serv ice  Workers (Exc. P r i v a t e  Household), 
N.E.C. 

T o t a l  Serv ice  Workers 100.0 

Farm Laborers and Foremen 

78. Farm Laborers and Foremen 

T o t a l  Farm Laborers 

79. Female Occupations, N.E.C. 

T o t a l  Occupations C l a s s i f i e d  

To ta l  Occupations Not C l a s s i f i e d  
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APPENDIX D 

TIME I N  ALL NONWORK ACTIVITIES 

Mean Time (min)  A c t i v i t y  ~ i m e  
Ma1 e Female Male Femal e 

1. Prepar ing Food 
306 Prepar ing Food 9.342 75,550 69.78 68.00 
307 Dishes, Meal Cleanup 4.046 35.559 30.22 32.00 

2. Cleaning House 
308 Indoor  Cleaninq - 
309 Outdoor Chores 

3. Laundry, Mending 
310 Laundrv, I r o n i n a  
311 ~ e n d i 6 ;  clothe; Upkeep 0.168 3.462 10.80 7.43 

4. Other House Upkeep 
312 R e ~ a i r s ,  Maintenance 
314 ~ e i t ,  water supply  0.950 0.129 5.69 0.65 
315 Other  Household 6.384 16.263 38.24 81.95 

5. Gardening, Pets 
313 Garden, Animal Care 2.518 4.638 100.00 100.00 

6. Sleep 
339 Essen t i a l  Sleep ( N i g h t )  453.208 457.917 100.00 100.00 

7. Personal Care 
334 Personal Care 45.799 54.508 80.50 77.14 
335 Personal Medica l  Care 0.233 0.582 0.41 0.82 
342 A l l  Other  Personal 10.864 15.577 19.09 22.04 

8. E a t i n g  
337 Meals a t  Home 
338 Ea t i ng  Out 

9. Res t i n  
d c i d e n t a l  Sleep (Naps) 12.013 9.993 84.83 58.82 . - . -  
341 Res t ing  2.149 6.995 15.17 41.18 

Source: I n s t i t u t e  f o r  Soc ia l  Research, U n i v e r s i t y  o f  Mich igan (Reference 23) 



10. Child Care 
316 A1 1 Babv Care 
31 7 Care to- Chi 1 dren 
318 Schoolwork Help 
31 9 Read/Converse/Ki ds 
320 Indoor Games 
321 Outdoor Games 
322 Medical Care/Kids 
323 Other Child Care 

1 1 .  Other Adult Care 
336 Care to  Adults 

1 2 .  Shopping and Purchasing 
325 Everyday Buying 
326 ~ u r a b l e  ~ u y i n g -  
327 Personal Care Away 
328 Medical Care Away 
329 Gov't Services 
330 Repai r/Cl eani ng Services 
331 Waiting for Purchase 
332 Other Services 

13. Nonwork Trips 
324 Child Care Trips 
333 Shopping Trips 
343 Personal Trips 
351 Adult Education Trips 
361 Organization Trips 
371 Social Trips 
390 Passive Leisure Trips 

14. Adult Education or  Occupation 
Tra i ni n q  
344 Full-Time Classes 
345 Part-Time Classes 
346 Special Lectures 
347 Pol itical/Union Courses 
348 Homework, Study 
349 Instructive Reading 
350 Other, NA Above 

Mean Time (min) Activity ~ i i e  
Ma1 e Femal e Ma1 e Femal e 



15. Organizat ional  A c t i v i t y  
352 Par ty  P a r t i c i p a t i o n  

o f f i c i a l  p a r t i c i p a t i o n  
Other P a r t i c i p a t i o n  
C i  v  i c  Vol un t e e r  Wor k  
Re l ig ious  Club 
Re l ig ious  P rac t i ce  
Job Cornmi t t e e s  
Other Organizat ions 
Other, IVA 

16. Te lev i s ion  
382 Te lev i s ion  

17. Other Passive Le isure  
381 Radio L i s t e n i n g  
383 L i s t e n i ~ g  t o  Records 
384 Reading Books 
385 Reading Magazines 
386 Reading Newspapers 
387 Conversa t i o n ,  Phone 
388 Readi ng , W r i t i n g  L e t t e r s  
389 Thinking, Doing Nothing 

18. Socia l  Entertainment and Other 
Socia l  L i f e  
362 S ~ o r t s  Events 

t airs, Dances, Etc. 
Mov i es 
Theatre, Opera 
Museum, E x h i b i t i o n  
Enter ta in ing ,  V i s i t i n g  
Par ty  \/Meal s  
Bar , Tea room 
Party/Other No Meal 

Mean Time (min) A c t i v i t y  ~ i m e  
Ma1 e  Fema 1  e  Ma1 e  Fema 1  e  



% o f  P r i n c i p a l  

Spor ts  and A c t i v e  L e i s u r e  
372 A c t i v e  Spor ts  

Hunt ing,  F i s h i n g  
Tak ing a Walk 
Hobbies, Col l e c t i o n s  
Women's "Hobbies" 
A r t i s t i c  Work 
Making Music 
Games, Cards 
Other  A c t i v e  L e i s u r e  

Mean Time (min) 
Ma1 e Fema 1 e 

A c t i v i t y  ~ i m e  
Male Femal e 
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APPENDIX E 

DESCRIPTION OF SURVEYS 

The fo l l ow ing  sec t ions  descr ibe the  surveys conducted t o  o b t a i n  data 

on the  in te rpersona l  re1  a t i onsh ips  occu r r i ng  du r ing  normal a c t i v i t i e s .  The 

o r i g i n a l  a c t i v i t y  d e f i n i t i o n s  were der ived by t h e  I n s t i t u t e  f o r  Soc ia l  

Research (ISR) a t  t h e  U n i v e r s i t y  o f  Michigan. I n  o rder  t o  reduce t h i s  l a r g e  

number o f  de f ined a c t i v i t i e s  t o  a  number which cou ld  be handled i n  o u r  sur-  

veys, we regrouped the  data i n t o  l a r g e r  ca tegor ies .  Appendix D 1  i s t s  these 

broad a c t i v i t y  groups and shows t h e  d i v i s i o n  i n t o  s u b a c t i v i t i e s  w i t h  t h e i r  

associated t ime data. 

AT-HOME ACTIVITY 

Surveys o f  B a t t e l  le-Northwest employees and o f  random populat ions i n  

Richland and Seat t le ,  Washington, and S a l t  Lake City, Utah, c o l l e c t e d  data 

on in te rpersona l  re1 a t i onsh ips  f o r  13 at-home a c t i v i t y  categor ies.  (These 

a c t i v i t i e s  are  l i s t e d  i n  Table 12 i n  Sect ion V I I . )  The f o l l o w i n g  sec t ions  

descr ibe these surveys. 

The Telephone Survey 

The i n i t i a l  survey attempted a  r e l a t i v e l y  p rec ise  measurement tech- 

nique us ing  a  random te lephoning method. We in te rv iewed prev ious ly  

se lec ted  B a t t e l l e  employees and made scaled drawings of t h e i r  residences. 

The p a r t i c i p a n t s  were telephoned randomly du r ing  the  day t o  determine 

the  a c t i v i t i e s  o f  the  P o t e n t i a l  Heart Recip ients (PHRs) a t  the  t ime o f  

t he  telephone c a l l  and t h e i r  l oca t i ons  r e l a t i v e  t o  o the r  persons. Know- 

i n g  t h i s  in fo rmat ion ,  p rec i se  measurements cou ld  be made on the  sca le  

drawings and the  in te rpersona l  d is tances c l a s s i f i e d  by a c t i v i t y .  This 

method had the  advantage of subs tan t i a l  accuracy i n  measurement, bu t  

proved t o  be too  t ime consuming, posed d i f f i c u l t i e s  i n  ob ta in ing  coopera- 

t i o n  from unknown persons, and requ i red  too many telephone c a l l s  t o  ob ta in  

meaningful r e s u l t s .  



The B a t t e l l  e  Survey 

We se lec ted  fami 1  i e s  f rom B a t t e l l  e-Northwest 's err~ployee r o s t e r  on t h e  

b a s i s  o f  age and f a m i l y  c h a r a c t e r i s t i c s .  Fo r t y -n i ne  o f  t h e  cand ida tes  con- 

sented t o  p a r t i c i p a t i o n  i n  a  s t udy  o f  f a m i l y  l i v i n g  r e l a t i o n s h i p s .  S ince  

t h e  te lephone survey showed t h a t  ac tua l  obse rva t i on  was t o o  t i m e  consuming, 

we asked survey respondents where members o f  t h e i r  f a m i l i e s  were u s u a l l y  

l o c a t e d  d u r i n g  t h e  a c t i v i t i e s  s p e c i f i e d .  Wh i le  t h i s  method was l e s s  p r e c i s e  

than  t h e  te lephone method, i t  a l lowed much more data t o  be c o l l e c t e d ,  and 

i n f r i n g e d  l e s s  on respondent p r i v a c y .  The cons is tency  i n  rep1 i e s  as t o  

peop le ' s  l o c a t i o n s  d u r i n g  c e r t a i n  a c t i v i t i e s  d u r i n g  t h i s  and subsequent 

surveys formed a  d e f i n i t e  p a t t e r n .  T h i s  l e n t  credence t o  t h e  assumption 

t h a t  t h e  respondents had an accu ra te  i dea  o f  t h e  usual  l o c a t i o n  o f  o t h e r  

f a m i l y  members d u r i n g  common every  day a c t i v i t i e s .  I n  t h i s  and l a t e r  

surveys, we i n s t r u c t e d  i n t e r v i e w e r s  t o  emphasize t h a t  t h e y  were i n t e r e s t e d  

i n  t h e  usual  s i t u a t i o n .  We cons idered t h i s  t h e  b e s t  approach t o  e s t i m a t i n g  

t h e  mean c o n d i t i o n s  w i t h o u t  hav ing t o  make mu1 ti tud inous obse rva t i ons .  

We recogn ized  a t  t h e  o u t s e t  t h a t  t h e  B a t t e l l e  sample p o p u l a t i o n  would 

have some b i a s  i n  it. T h i s  b i a s  occur red  s i n c e  (1 ) respondents  were 

p r e f e r e n t i a l l y  s e l e c t e d  i n  o l d e r  age groups t o  r e f l e c t  t h e  es t imated  age 

d i s t r i b u t i o n  o f  a r t i f i c i a l  h e a r t  r e c i p i e n t s  and ( 2 )  t h e  B a t t e l l e  p o p u l a t i o n  

m i g h t  a l s o  have s i g n i f i c a n t l y  d i f f e r e n t  l i v i n g  h a b i t s  than found i n  a  p u r e l y  

random p o p u l a t i o n  sample. No tw i t hs tand ing  these drawbacks, t h e  p i l o t  surve,v 

used a B a t t e l  l e  p o p u l a t i o n  s i n c e  company workers  would be more respons ive  

and coope ra t i ve  i n  a l l o w i n g  a  s i g n i f i c a n t  i n v a s i o n  o f  t h e i r  p r i v a c y .  S ince 

ques t i ons  were asked on a  comprehensive l i s t  o f  f a m i l y  a c t i v i t i e s ,  i n t e r v i e w s  

o f t e n  l a s t e d  an hour  o r  more. Had company employees n o t  been used, i t  would 

have been d i f f i c u l t  t o  f i n d  such respondents and t o  complete t h e  survey i n  t h e  

c o s t  and t i m e  frame a1 l o t t e d .  

The sample p o p u l a t i o n  cons i s t ed  o f  eve ry  t e n t h  person f rom a  r o s t e r  o f  

B a t t e l l e  employees. L a t e r  we determined t h a t  more respondents were needed 

i n  t h e  o l d e r  age groups and we nonrandomly se l ec ted  enough o l d e r  employees 

t o  we igh t  t h e  sample p o p u l a t i o n  as des i r ed .  



I n  conduct ing each i n te rv iew ,  we c o l l e c t e d  data as i f  each e l i g i b l e  

a d u l t  i n  t he  household were r e s p e c t i v e l y  t he  PHR. We def ined e l i g i b l e  

adu l t s  as those over 30 years o f  age. A f t e r  exp la in ing  the  purpose o f  the  

survey and determining the  c l a s s i f i c a t i o n  o f  t he  PHR ( i  .e., age, sex, e t c . ) ,  

we made and recorded measurements o f  in te rpersona l  d is tances.  A t  t he  

conclus ion of t h e  i n t e r v i e w  we measured the  approximate dimensions o f  t h e  

house. 

The survey inst rument  consis ted o f  a  f r o n t  page wi, th general i n s t r u c -  

t i o n s  and a  data sheet coded f o r  the  var ious  a c t i v i t i e s  on which t h e  

d is tance measurements could be entered. Since no outs ide  in te rv iewers  

were h i red ,  t h i s  simple inst rument  was adequate f o r  t he  needs o f  the  

survey. 

The o n l y  problem i n  survey techniques discovered dur ing  the  B a t t e l  l e  

in te rv iews was an i n e f f i c i e n t  use o f  man power caused by t h e  use o f  measuring 

tapes. To be conducted e f f i c i e n t l y  t he  i n t e r v i e w  requ i red  th ree  i n te rv iewers  -- 
two t o  use the  tapes t o  make the  measurements and one t o  ask the  quest ions and 

record  the  data. The i n t e r v i e w  du ra t i on  was considerably longer when o n l y  

two i n te rv iewers  conducted i t .  

Upon complet ion o f  the  survey, we wrote computer programs t o  conver t  

t he  d is tance data i n t o  dose r a t e s  and t o  c a l c u l a t e  mean dose r a t e s  f o r  each 

a c t i v i t y .  These were cumulat ive dose r a t e s  from the  person considered as 

having the  hea r t  device. 

Using these mean dose r a t e s  the  computer code, REPRIEVE, ca l cu la ted  

an i n i t i a l  est imate o f  popu la t ion  dose. The r e s u l t s  o f  t h i s  i n i t i a l  ca l cu la -  

t i o n  showed t h a t  approximately 98% o f  t he  t o t a l  popu la t ion  dose t o  f a m i l i e s  
occurred i n  f i v e  a c t i v i t i e s - - s l e e p i n g ,  ea t ing ,  t e l e v i s i o n  viewing, o the r  

passive l e i s u r e  and soc ia l .  

The Richland Survey 

I n  order  t o  enlarge the  data base and est imate the  e f fec ts  o f  

the  b ias  i n  t he  B a t t e l  l e  data, random surveys were made i n  Richland 
and Seat t le ,  Washington. Since we a n t i c i p a t e d  d i f f i c u l  ty i n  



o b t a i n i n g  coope ra t i on  i n  S e a t t l e ,  where t h e  B a t t e l  l e  name was r e l a t i v e l y  

unknown, we t ook  a  smal l  p i l o t  sample i n  R i ch l and  t o  t e s t  response t o  

non-use o f  t h e  B a t t e l l e  name. A t  t h e  same t ime  we eva lua ted  a  techn ique  

f o r  staged random sampl ing and cons t ruc ted  a  PHR t a r g e t - m a t r i x .  T h i s  

t a r g e t - m a t r i x  p ropo r t i oned  t h e  p r o s p e c t i v e  PHR sample p o p u l a t i o n  by t h e  

age and f a m i l y  t ype  d i s t r i b u t i o n  o f  A r t i f i c i a l  Hea r t  R e c i p i e n t s  ( d e r i v e d  

f rom t h e  p r e l i m i n a r y  REPRIEVE c a l c u l a t i o n s ) .  We used t h i s  m a t r i x  by 

choosing respondents  f i t t i n g  t h e  d e s c r i p t i o n s  o f  uncompleted c e l l s  i n  t h e  

t a r g e t - m a t r i x  as PHRs f o r  t h e  i n t e r v i e w .  T h i s  weighted t h e  d a t a  c o l l e c t i o n  

i n  p r o p o r t i o n  t o  i t s  r e l evance  t o  t h e  o v e r a l l  dose c a l c u l a t i o n .  

The t i m e  r e q u i r e d  t o  complete B a t t e l  l e  i n t e r v i e w s  i n d i c a t e d  t h a t  t h e  

B a t t e l l e  q u e s t i o n n a i r e  would need t o  be s u b s t a n t i a l l y  reduced i n  l e n g t h .  

C a l c u l a t i o n s  f rom REPRIEVE based on t h e  B a t t e l l e  da ta  had shown t h a t  f i v e  

a c t i v i t i e s  accounted f o r  most o f  t h e  dose as descr ibed  p r e v i o u s l y .  By 
f ocuss ing  on o n l y  these  f i v e  a c t i v i t i e s ,  h e r e a f t e r  des ignated as main 

a c t i v i t i e s ,  i n  t h e  R ich land  and S e a t t l e  ques t i onna i r es ,  we were a b l e  t o  

cons ide rab l y  reduce t h e  r e q u i r e d  i n t e r v i e w i n g  t ime .  

The sampl ing techn ique  used a  census map t o  d e l i n e a t e  census d i s t r i c t s .  

A f t e r  numbering t he  d i s t r i c t s ,  we chose s i x  d i s t r i c t s  t o  be sampled u s i n g  a 

t a b l e  of random numbers. We numbered s t r e e t s  w i t h i n  these d i s t r i c t s  and 

repeated t h e  random process t o  o b t a i n  s t r e e t s  t o  be sampled. The i n t e r -  

v iewers t hen  made one pass on each s t r e e t  i n t e r v i e w i n g  a l l  respondents 

w i l l i n g  t o  p a r t i c i p a t e .  The R i ch land  survey used t h e  same i ns t r umen t  as 

t h e  B a t t e l l  e  su rvey  except  t h a t  t h e  Rich1 and ins t rument  had fewer  ques t ions .  

The B a t t e l l e  name was ment ioned o n l y  when people  s p e c i f i c a l l y  asked f o r  t h e  

i d e n t i t y  o f  t h e  o r g a n i z a t i o n  conduc t ing  t h e  survey. 

Lack o f  response and absence d u r i n g  t h e  day were t h e  main problems 

we encountered i n  t h e  p i l o t  survey i n  R ich land .  A l though  some peop le  d i d  

n o t  admi t  i n t e r v i e w e r s  w i t h o u t  knowing t h e  company name, most were s t i l l  

r e c e p t i v e .  I n  genera l ,  young f a m i l i e s  ( o n l y  a  few o f  which were sampled 

due t o  t h e  low i nc i dence  of h e a r t  d i sease  i n  such f a m i l i e s )  were t h e  most 



responsive.  O lder  f a m i l i e s  were much more h e s i t a n t  about a l l o w i n g  s t rangers  

i n t o  t h e  home. The c lasses o f  people most f r e q u e n t l y  found a t  home du r i ng  

t h e  day were housewives w i t h  c h i l d r e n  and r e t i r e d  couples. Th is  po in ted  

o u t  t h e  p o s s i b l e  need t o  conduct evening i n t e r v i e w s  d u r i n g  t he  S e a t t l e  

survey i n  o r d e r  t o  complete t h e  PHR ta rge t -ma t r i x .  

S e a t t l e  Survey 

The S e a t t l e  survey f o l l o w e d  t h e  same bas i c  format  as d i d  t h e  p i l o t  

R ich land survey. We made an es t ima te  o f  t h e  t o t a l  sample s i z e  and ca l cu -  

l a t e d  a  t a rge t -ma t r i x .  We rando~i l ly  se lec ted  s t r e e t s  us ing  a  c i t y  map 

and census t r a c t s .  One person d i d  t h e  i n t e r v i e w i n g ,  ask ing  t h e  quest ions,  

making t h e  measurements, and e n t e r i n g  t h e  data.  Use o f  a  wheeled measuring 

dev ice  enabled t h e  i n t e r v i e w e r s  t o  make t h e  measurements much more q u i c k l y  

and e a s i l y  than i n  t h e  p rev ious  surveys. 

The main d i f f i c u l t y  encountered i n  t h e  S e a t t l e  survey was t he  l e n g t h  

o f  t ime r e q u i r e d  f o r  i n t e r v i e w i n g .  I n  homes w i t h  mu1 t i p l e ,  e l i g i q l e  PHRs, 

t h i s  was e s p e c i a l l y  t r u e .  A f t e r  c o l l e c t i o n  o f  t h e  data,  we mod i f i ed  t h e  

p r e v i o u s l y  developed computer codes and used them t o  c a l c u l a t e  t h e  dose 

r a t e s  and develop t h e i r  means. We developed a  s t a t i s t i c a l  code t o  analyze 

t h e  mean dose r a t e s  from t h e  B a t t e l  l e ,  S e a t t l e  and Rich land surveys f o r  

t h e  f i v e  main a c t i v i t i e s  p r e v i o u s l y  descr ibed.  We compared these mean dose 

r a t e s  us ing  a  s tandard F  t e s t .  Table E . l  d i s p l a y s  t h e  r e s u l t s  o f  t h i s  t e s t .  

The f i r s t  va lue  i n  each household-type colurr~n i s  a  t a b l e d  va lue  of  t h e  F  

s t a t i s t i c  a t  an a lpha  e r r o r  of 5% ( i  .e., a t  t h i s  F  va lue,  t he  e r r o r  i n  assuming 

t h e  mean dose r a t e s  i n  t h e  sampled c i t i e s  t o  be t h e  same, when i n  a c t u a l i t y  

they  were no t ,  would be 5%). For va lues of t h e  F  s t a t i s t i c  c a l c u l a t e d  f rom 

t h e  da ta  g r e a t e r  than t h e  t a b l e d  F  va lue a t  a  5% e r r o r  l e v e l ,  t he  assump- 

t i o n  o f  no s i g n i f i c a n t  d i f f e r e n c e  between c i t i e s  i s  r e j ec ted .  For ca lcu-  

l a t e d  F  values below t h e  5% e r r o r  l e v e l ,  t h e  assumption i s  accepted. As 

seen by a  comparison o f  F va l  ues i n  Table E . l ,  t h e r e  was no p a t t e r n  o f  s i g -  

n i f i c a n t  d i f f e r e n c e s  between mean dose r a t e s  by a c t i v i t y  and f a m i l y  t ype  

f o r  f o u r  o f  t h e  f i v e  a c t i v i t i e s  based on t he  da ta  c o l l e c t e d .  
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Al though t h e  home en te r ta inment  a c t i v i t y  showed a  s i g n i f i c a n t  

d i f fe rence  i n  mean dose r a t e s  between t h e  B a t t e l l e ,  R ich land and S e a t t l e  

samples, t he  method o f  c a l c u l a t i n g  t h e  dose r a t e  f rom t h e  raw da ta  had 

changed between surveys f o r  t h i s  a c t i v i t y .  Using t he  s t a t i s t i c a l  T  

t e s t  f o r  t h e  d i f f e r e n c e  o f  two means, we made comparisons o f  t h e  mean 

dose r a t e s  f o r  t h e  Rich land and S e a t t l e  da ta  i n  which t h e  c a l c u l a t i o n a l  

bas i s  was t he  same. The r e s u l t s  o f  t h i s  t e s t  a r e  shown i n  Table E.2. 

Using t h e  same comparison l o g i c  as exp la ined  f o r  t h e  F t e s t  above, these  

comparisons showed no p a t t e r n  of s t a t i s t i c a l  d i f f e r e n c e .  Therefore,  we 

concluded t h a t  t h e  change i n  c a l c u l a t i o n a l  techniques caused t h i s  one 

d i f f e r e n c e  observed between t h e  B a t t e l l e  and t h e  Seat t le -R ich land  surveys 

and t h a t  no s t a t i s t i c a l l y  s i g n i f i c a n t  geographica l  d i f f e r e n c e s  i n  mean 

dose r a t e s  e x i s t e d  f o r  any o f  t he  f i v e  a c t i v i t i e s .  

The S a l t  Lake City Survey 

The o b j e c t i v e  o f  t h e  p rev ious  surveys was t h e  i d e n t i f i c a t i o n  o f  t h e  

p o p u l a t i o n  dose by t h e  a r t i f i c i a l  h e a r t  r e c i p i e n t ' s  (AHR's) age, sex, 

employment s ta tus ,  f a m i l y  type, and occupat ion. It was subsequent ly 

dec ided t o  expand t he  i d e n t i f i c a t i o n  o f  dosage t o  i n c l u d e  t h e  age, sex, 

and r e l a t i o n s h i p  t o  t h e  -AHR o f  t h e  persons r e c e i v i n g  t he  r a d i a t i o n .  

(Reasons f o r  t h i s  expansion a r e  ou t1  ined  i n  t h e  s e c t i o n  on Methodology. ) 

To accompl ish t h i s ,  we planned l a r g e  sca le  surveys i n  t h r e e  c i t i e s  across 

t h e  Un i t ed  States.  Time and fund  c o n s t r a i n t s  l a t e r  l i m i t e d  t h i s  t o  one 

survey i n  S a l t  Lake City, Utah. However, t h e  r e s u l t s  o f  t h e  p rev ious  surveys 

o f f e r e d  some bas i s  t o  conclude t h a t  s i g n i f i c a n t  geographica l  d i f f e rences  

m igh t  n o t  e x i s t .  

The S a l t  Lake City survey c o l l e c t e d  da ta  on i n te rpe rsona l  d i s t ances  

accord ing t o  t h e  R a d i a t i o n  Exposure Sub jec t  (RES) c l a s s i f i c a t i o n s  mentioned 

above. However, we used household t ype  c l a s s i f i c a t i o n s  i ns tead  o f  f a m i l y  

t ype  c l a s s i f i c a t i o n s  f o r  PHR i d e n t i f i c a t i o n  f o r  t h e  reasons exp la ined  i n  

t h e  s e c t i o n  on c l a s s i f i c a t i o n .  
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Several c r i t e r i a  determined the  sample populat ion.  We chose t h e  

c i t y  because o f  i t s  l o c a t i o n  and s ize ,  and f o r  t he  ease o f  ob ta in ing  

qua1 i f i e d  i n te rv iewers  through D r .  A1 tman, our  p rev ious l y  re ta ined  consu l tan t .  

The c r i t e r i a  f o r  s e l e c t i n g  census t r a c t s  inc luded mean number of persons per  

household, mean income o f  each household, and mean dens i t y  o f  households 

( i  .e., urban-rura l  c l a s s i f i c a t i o n ) .  A - + 10% range of t he  na t i ona l  average met 

the  c r i t e r i o n  o f  mean number of persons per  household. Th is  insured t h a t  

the  e f f e c t  o f  household s i z e  on t o t a l  dose measurements would be c lose  t o  

what i t  should be n a t i o n a l l y .  The s i g n i f i c a n c e  o f  income l i e s  i n  i t s  

profound e f f e c t  on peoples'  1  i v i n g  hab i t s  and i t s  tendency t o  b e  honiogeneous 

over a  g iven geographical area. 

We def ined th ree  ranges of income fo r  t r a c t s  w i t h i n  S a l t  Lake C i t y  

r e l a t i v e  t o  S a l t  Lake C i t y ' s  o v e r a l l  mean income o f  $8,800. These ranges 

were: 

H i g h I n c o m e = 1 . 2 5 x M e a n I n c o m e o r G r e a t e r = $ 1 1 , 0 0 0 o r g r e a t e r ,  (1 )  

Middle Income = Mean Income x (1 - + 0.1) = $7,900 t o  $9,700, (2 )  
Low Income = 0.75 x  Mean Income o r  Less = $6,600 o r  less .  ( 3 )  

Since no data had been c o l l e c t e d  on poss ib le  d i f f e rences  i n  in te rpersona l  

d is tance pa t te rns  between urban and r u r a l  households , we selected several 

t r a c t s  which were est imated t o  f a l l  w i th in -  t he  r u r a l  d e f i n i t i o n .  Using these 

c r i t e r i a ,  we chose th ree  high-income t r a c t s ,  seven middle-income t r a c t s ,  and 

th ree  low-income t r a c t s  fo r  an urban sample populat ion.  Two census areas 

o u t l y i n g  S a l t  Lake C i t y  i t s e l f  coniprised the  r u r a l  sample popu la t ion .  With 

the  sample popul a t i o n  def ined , we accompl i s  hed c l u s t e r i n g  by numbering the  

s t r e e t s  and us ing a  se t  of random numbers t o  s e l e c t  s t r e e t s  t o  be in terv iewed.  

We designed a  completely new quest ionna i re  f o r  the  S a l t  Lake C i t y  survey. 

The quest ionna i re  design had the  o b j e c t i v e  of c o l l e c t i n g  d e t a i l e d  data i n  as 

simple a  manner as poss ib le  w h i l e  o rgan iz ing  the  record ing  of the  data so t h a t  

i t  could be easi l y  t ransc r ibed  once the  survey was completed. A copy of the  

quest ionna i re  i s  inc luded i n  F igure E.2 a t  the  end of t h i s  Appendix. The 

data gathered i n  t he  quest ionna i re  enabled a  p rec i se  i d e n t i f i c a t i o n  o f  each 



f a m i l y  member and t h e  d i s t ance  t o  each i d e n t i f i e d  member as w e l l  as t o  f r e -  

quent  v i s i t o r s  i n  t h e  home f o r  each a c t i v i t y .  S ince t h e  c o l l e c t i o n  o f  t h i s  

d e t a i l e d  data f o r  a l l  f a m i l y  a c t i v i t i e s  would r e q u i r e  a  s u b s t a n t i a l  amount o f  

t h e  respondents t i m e  ( e s p e c i a l l y  i n  1  arge f a m i l  i e s ) ,  we 1  i m i  t e d  da ta  c o l l e c -  

t i o n  t o  t h e  f i v e  most s i g n i f i c a n t  a c t i v i t i e s  ( s l eep ing ,  ea t i ng ,  t e l e v i s i o n  

v iewing,  pass i ve  l e i s u r e  and s o c i a l )  p l u s  one o f  t e n  o t h e r  a c t i v i t i e s  chosen 

by a  r o t a t i n g  schedule. To o b t a i n  f requency-o f -con tac t  data,  we needed some 

measure o f  how o f t e n  f a m i l y  members were p resen t  d u r i n g  a  s p e c i f i e d  a c t i v i t y  

(performed by t h e  PHR). We accompl ished t h i s  by averag ing,  f o r  each sample 

group, t h e  t o t a l  number o f  f a m i l y  members p resen t  by t h e  number o f  PHRs sam- 

p l ed .  Th i s  n e c e s s i t a t e d  d i f f e r e n t i a t i n g  between t h e  absence o f  an i n d i v i d u a l  

and non-performance o f  t h e  a c t i v i t y  i n  ques t i on .  I f  members o f  t he  household 

were absent,  t h e  i n t e r v i e w e r  en te red  a  zero.  I f  t h e  PHR d i d  n o t  per form t h e  

a c t i v i t y  i n  ques t ion ,  a  s l a s h  was entered.  

Because o f  t h e  a n t i c i p a t e d  s i z e  o f  t h e  S a l t  Lake C i t y  survey, c o l l e g e  

s tuden ts  d i d  t h e  a c t u a l  i n t e r v i e w i n g .  Dr .  Robert  Altman, our  p r e v i o u s l y  

r e t a i n e d  c o n s u l t a n t  from t h e  U n i v e r s i t , ~  of Utah, screened and s e l e c t e d  

t h e  i n t e r v i e w e r s .  Dr. A l tman's  f i e l d  o f  personal  s tudy  i s  i n  t h e  psycho- 

l o g i c a l  aspects  o f  i n t e r p e r s o n a l  d i s t ances  as p r e v i o u s l y  ment ioned and t h e  

i n t e r v i e w e r s  chosen were graduate s t uden t s  under h i s  d i r e c t i o n .  Due t o  

t h i s  a s s o c i a t i o n ,  many o f  these  s tuden ts  a l s o  had a  personal  i n t e r e s t  i n  

t h e  s tudy  o f  i n t e r p e r s o n a l  d i s t ances .  

We h e l d  a p r e l i m i n a r y  meet ing w i t h  t h e  i n t e r v i e w e r s  t o  f a m i l i a r i z e  

them w i t h  t h e  purpose o f  t h e  s tudy  and t o  ar range o t h e r  d e t a i l s .  We a l s o  

he ld  a  t r a i n i n g  sess ion  t h e  day p rev i ous  t o  a c t u a l  i n t e r v i e w i n g .  Owing 

t o  t h e i r  p rev i ous  i n t e r v i e w i n g  exper ience  and f a m i l i a r i t y  w i t h  t h e  s u b j e c t  

area, t h e  i n t e r v i e w e r s  needed o n l y  a  minimum o f  t r a i n i n g .  



The i n t e r v i e w i n g  procedure used was t h e  one we had developed i n  

preceding surveys.  Our p rev i ous  exper ience  had v e r i f i e d  t h a t  i n  o rde r  

t o  keep t h e  i n t e r v i e w  t o  a  reasonable  l e v g t h  o f  t ime,  a  p a i r  of i n t e r v i e w e r s  

was op t ima l ;  one made measurements and t h e  o t h e r  asked ques t ions  and recorded  

t h e  data.  Where p o s s i b l e ,  t h e  i n t e r v i e w i n g  team c o n s i s t e d  o f  b o t h  a  I l lale 

and a  female i n t e r v i e w e r .  We f e l t  t h a t  such a  mixed team would be b e t t e r  

r ece i ved  than  two male i n t e r v i e w e r s  r eques t i ng  permiss ion  t o  e n t e r  t h e  home. 

The teams began t h e i r  i n t e r v i e w i n g  a t  10:OO o ' c l o c k  i n  t h e  morning and 

con t inued  th rough  t h e  a f t e r n o o n  and i n t o  t h e  evening. The i n t e r v i e w e r s  

r e p o r t e d  t h a t  r e c e p t i o n  was poor i n  t h e  morn ing and evening, b u t  good i n  

t h e  a f te rnoon .  As an i n t e r v i e w i n g  team f i n i s h e d  a  s e t  of s t r e e t s ,  t hey  

took  a d d i t i o n a l  s e t s  o f  s t r e e t s  i n  o t h e r  census t r a c t s  u n t i l  a l l  of t h e  

se l ec ted  t r a c t s  had been sampled. I n  some cases i n t e r v i e w i v g  p a i r s  went 

back t o  c o n t a c t  not-at-homes. Each team k e p t  a  r eco rd  o f  house numbers, 

number o f  con tac t s ,  success fu l  c o n t a c t s  and r e f u s a l s .  

Many i n t e r v i e w e r s  had "seeded" t h e i r  areas beforehand w i t h  prepared 

l e t t e r s  e x p l a i n i n g  t h e  purpose o f  t h e  s t udy  and ask ing  f o r  coope ra t i on  

when t h e y  r e t u r n e d  t h e  f o l l o w i n g  day. The seeding procedure worked q u i t e  

w e l l  i n  t h e  poore r ,  low-income areas of t h e  c i t y ,  b u t  proved unnecessary 

i n  t h e  more we l l - t o -do  sec t i ons .  The i n t e r v i e w e r s  a l s o  r e p o r t e d  t h a t  t h e  

respondent was more r e c e p t i v e  when t h e y  i n t r oduced  themselves as s tuden ts  

a t  t h e  U n i v e r s i t y  o f  Utah i n  S a l t  Lake City. 

I n t e r v i e w e r s  had l e t t e r s  o f  i n t r o d u c t i o n  w i t h  them. A t  t h e  door,  t hey  

exp la i ned  b r i e f l y  t h e  purpose of t h e  i n t e r v i e w  and asked f o r  t h e  responden t ' s  

coopera t ion .  A f t e r  be ing  i n v i t e d  i n ,  t h e  i n t e r v i e w e r s  c o l l e c t e d  i n f o r m a t i o n  

on t h e  people  1  i v i n g  i n  t h e  household and then  s e l e c t e d  e l i g i b l e  members of 

t h e  household t o  be PHRs. I n t e r v i e w e r s  based t h e i r  s e l e c t i o n s  on c r i t e r i a  

which they  rece i ved  f rom us each day r e g a r d i n g  t h e  s e c t i o n s  o f  t h e  PHR 

t a r g e t - m a t r i x  needing data.  A f t e r  s e l e c t i n g  each PHR, t h e  i n t e r v i e w e r  

proceeded t o  determine where o t h e r  household members u s u a l l y  were when - t h e  

PHR was per fo rming  t h e  a c t i v i t i e s  i n  ques t ion .  Then t hey  measured d i s t ances  



t o  these l o c a t i o n s  t o  t h e  nea res t  f o o t  f o r  d i s t ances  beyond t e n  f e e t  

and t o  t h e  nea res t  one-hal f  f o o t  f o r  d i s t ances  l e s s  than  t e n  f e e t .  

D is tances were recorded  f o r  each member of t h e  household and f o r  f r e q u e n t  

v i s i t o r s .  I n  o rde r  t o  keep movement i n  t h e  home a t  a  minimum, we had 

grouped t h e  ques t i ons  i n  t h e  q u e s t i o n n a i r e  accord ing  t o  t h e  a c t i v i t i e s  

performed i n  each room. I ns tead  o f  ask i ng  d i r e c t  ques t i ons  on s l eep ing  

d is tances ,  l o c a t i o n s  o f  t h e  beds and bed s i z e s  were noted. 

I n  a d d i t i o n  t o  t h e  d i s t a n c e  da ta  c o l l e c t e d ,  i n t e r v i e w e r s  no ted  whether 

t h e  PHR worked s h i f t s  o r  r e g u l a r  days. I f  t h e  PHR was a  s h i f t  worker,  da ta  

on h i s  at-home a c t i v i t i e s  f o r  each o f  t h e  s h i f t s  worked was c o l l e c t e d ,  s i n c e  

s u b s t a n t i a l l y  d i f f e r e n t  da ta  would l i k e l y  be ob ta ined .  

A t  t h e  end o f  t h e  i n t e r v i e w ,  t h e  teams c o l l e c t e d  da ta  on t h e  house 

s i z e .  Our subsequent a n a l y s i s ,  however, d i d  n o t  i n c o r p o r a t e  t h i s  da ta .  

The f i r s t  day of su rvey ing  demonstrated t h a t  t h e  i n t e r v i e w  t ime  

r e q u i r e d  t o  o b t a i n  da ta  on eve ry  p o t e n t i a l  h e a r t  r e c i p i e n t  i n  each house- 

ho ld  was p r o h i b i t i v e  f o r  any one household.  There fo re ,  we l i m i t e d  t h e  

i n t e r v i e w  t o  one PHR i n  each household. Th i s  had t h e  a d d i t i o n a l  advantage 

o f  r educ ing  t h e  dependency f a c t o r  i n t r oduced  when mu1 t i p l e  PHRs were 

cons idered i n  t h e  same household. Toward t h e  end o f  t h e  i n t e r v i e w i n g  

pe r i od ,  we r e l a x e d  t h i s  r e s t r i c t i o n  f o r  husband-wife-on1 y  households s i n c e  

t h e  a d d i t i o n a l  t ime  r e q u i r e d  t o  i n t e r v i e w  t h e  spouse was smal l  and we 

needed a d d i t i o n a l  samples i n  t h i s  household t ype .  

The f i n a l  d i s t r i b u t i o n  of PHRs i n  t h e  S a l t  Lake City survey i s  shown 

i n  Tab le  E.3. It corresponds remarkably  w e l l  w i t h  t h e  d i s t r i b u t i o n  i n  

t h e  t a r g e t - m a t r i x  shown i n  Tab le  E.4, cons ide r i ng  t h a t  respondents i n  

l e s s  common household t ypes  were d i f f i c u l t  t o  f i n d .  The d i s t r i b u t i o n  

shown emphasizes aga in  t h e  un ique age and sex d i s t r i b u t i o n  o f  persons who 

would be cand ida tes  f o r  t h e  a r t i f i c i a l  hea r t .  



TABLE E.3. M a t r i x  o f  In te rv iewed P o t e n t i a l  Hear t  
Rec ip ien t s  (PHRs) i n  S a l t  Lake City 

Age 

30-39 

40-49 

50- 59 

60-69 

70-79 

8 O+ 

T o t a l  

Household Type 

1 2 3 4 5 6 7 8 To ta l  - - - -- ---- 
MALE - 

1 3  6 7 -  1 2 -  20 

3 8 1 0 1 8  4 - 1  45 

2 5 1 8  9 7 3  2 2 -  66 

4 4 8 4 3 1  3 1 1  65 

34 3 - - 1 3 1 -  42 

8 - - - - 2 1 -  11 
- -  - 
115 40 29 35 615 72 249 

FEMALE 
- - 2 5 2  - - - 9 

4 2 2 6 4 -  - - 18 

6 1 0  1 3 4  6 -  - 30 

22 1 2  - 2  9 5 -  41 

15 - - - - 14 7 - 36 

3 - - - - 5 1 1  10 - - -- --- - - 
50 13 7 14 12 34 13 1 144 



TABLE E.4. T a r g e t - M a t r i x  o f  P o t e n t i a l  H e a r t  R e c i p i e n t s  
f o r  t h e  S a l t  Lake City Survey 

30-39 

40-49 

50- 59 

60-69 

70-79 

80+ 

T o t a l  

30-39 

40-49 

50- 59 

60- 69 

70-79 

80+ 

T o t a l  

Household Type 

1 2 3 4 5 6 7 8 T o t a l  - - - -- ---- 
MALE 

1 1 2 4 0  0 1 0  9 

6 6 8 1 3 1  2 2 1  39 

27 15 11 12 2 6 4 2 79 

4 2 1 2  5 4 3  9 5 2  82 

29 4 1 1 2  8 6 2  53 

4 0 0 0 0  2 1 0  7 
- - - - ---- - 
109 38 27 34 8 27 19 7 269 

FEMALE 

0 0 1  1 0  0 0 0  2 

2 2 2 3 1  1 1 0  12 

7 4 3 3 2  3 2 0  24 

13 4 2 1 3  9 6 1  3 9 

12 2 1 0 4 14 11 1 45 

2 0 0 0 1  4 4 0  11 
- - - --- - 

36 12 9 8 12 31 242 133 



Use o f  Time Survey 

I nc l uded  i n  t h e  S a l t  Lake C i t y  survey was a  survey t o  o b t a i n  use-of -  

t ime  data.  T h i s  survey was u s u a l l y  done i n  c o n j u n c t i o n  w i t h  every  f i f t h  

i n t e r p e r s o n a l  d i s t a n c e  i n t e r v i e w .  I n  t h i s  survey, people  kep t  a  d e t a i l e d  

r e c o r d  o f  t h e  t ime  t hey  spent  i n  a c t i v i t i e s  over  a  24-hour pe r i od .  I n  

o rde r  t o  p r o v i d e  i n c e n t i v e ,  we p a i d  them f i v e  d o l l a r s  f o r  each t i m e  i n t e r -  

v iew completed. The i n t e r v i e w i n g  team, a f t e r  l e a v i n g  t h e  d i a r y  w i t h  t h e  

necessary i n s t r u c t i o n s ,  r e tu rned  t h e  n e x t  day t o  have a  f i n a l  i n t e r v i e w ,  

complete any m iss i ng  p o r t i o n s  o f  t h e  d i a r y  and t o  pay t h e  respondents.  

The r e l u c t a n c y  o f  people  t o  keep a  d i a r y  on Sunday r e q u i r e d  spec ia l  e f f o r t s  

t o  c o l l e c t  da ta  on t h i s  day. 

STATISTICAL ANALYSIS OF DOSE RATES FROM THE SALT LAKE CITY SLIRVEY DATA 

The many f a c t o r s  d e f i n i n g  t h e  PHR generated an ex t reme ly  l a r g e  m a t r i x  

o f  needed da ta  f o r  REPRIEVE. To determine i f  we cou ld  reduce t h e  s i z e  of 

t h i s  m a t r i x ,  we performed a  s t a t i s t i c a l  a n a l y s i s  on t h e  dose r a t e  da ta  

d e r i v e d  f rom t h e  S a l t  Lake C i t y  survey.  T h i s  a n a l y s i s  deter~i i - ined i f  

s i g n i f i c a n t  d i f f e r e n c e s  e x i  s t ed  between PHR age groups, between PHR 1  i v i n g  

l o c a t i o n s ,  and between employed and nonemployed PHRs. Dose r a t e s  a r e  an 

exponen t i a l  f u n c t i o n  of d i s tance ,  and t h e  average dose r a t e s  c a l c u l a t e d  

f rom t h e  da ta  would n o t  have a  normal (Gaussian) d i s t r i b u t i o n .  There fo re ,  

s imp le  comparison o f  dose r a t e s  was n o t  p o s s i b l e .  However, t h e  d i s t a n c e  

measurements and t h e  number o f  people  c o n t r i b u t i n g  t o  dose should  be 

no rma l l y  d i s t r i b u t e d  w i t h i n  ou r  f a m i l y  t y p e  d e f i n i t i o n s .  Therefore,  we 

t e s t e d  these f a c t o r s  s t a t i s t i c a l l y  t o  determine i f  s i g n i f i c a n t  d i f f e r e n c e s  

i n  dose r a t e  would e x i s t  between PHR ages. We reduced t h e  age, household- 

t ype  a c t i v i t y  m a t r i x  t o  t h r e e  age groups, n i n e  household types,  and twen ty -  

two a c t i v i t i e s  i n  o r d e r  t o  o b t a i n  meaningfu l  s t a t i s t i c a l  comparisons. Then 

we analyzed t h e  va r i ance  o f  t h e  mean d i s t a n c e s  and mean number o f  i r r a d i a t e d  

t a r g e t s  u s i n g  t h e  F  s t a t i s t i c  f o r  t h e  reduced m a t r i x .  We made a d d i t i o n a l  

p a i r w i s e  comparisons o f  each age group u s i n g  t h e  s tandard T t e s t  f o r  t h e  

d i f f e r e n c e  o f  two means. Wh i le  i n d i v i d u a l  excep t ions  occurred,  t h e  s t a t i s t i c a l  



r e s u l t s  showed no d e f i n a b l e  p a t t e r n  o f  s i g n i f i c a n t  d i f f e r e n c e  by  PHR age 

f o r  each a c t i v i t y .  

I n  a  s i m i l a r  manner, we t e s t e d  t h e  da ta  t o  determine i f  s i g n i f i c a n t  

d i f f e r e n c e s  b y  urban versus r u r a l  1  i v i n g  l o c a t i o n s  cou ld  be determined.  

For  t h e  u rban - ru ra l  comparison, t h e  a n a l y s i s  o n l y  showed s i g n i f i c a n t  

d i f f e r e n c e s  f o r  about  15% o f  t h e  f a m i l y  a c t i v i t i e s  t es ted .  An examina t ion  
. o f  these d i f f e r e n c e s  revea led  no l o g i c a l  e x p l a i n a b l e  t r e n d .  I n  v iew o f  

t h i s  and t h e  f a c t  t h a t  t h e  r u r a l  sample was a  smal l  one, we concluded t h a t  

t h e  e x i s t i n g  da ta  d i d  n o t  j u s t i f y  t h e  use o f  dose f a c t o r s  separated on an 

u rban - ru ra l  bas i s .  

We a l s o  t e s t e d  t h e  da ta  f o r  employment and non-employment s t a t u s  

o f  t h e  PHR. For  these  groups, 15 t o  30% o f  t h e  f a m i l y  a c t i v i t i e s  t e s t e d  

showed s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s .  Most o f  these d i f f e r e n c e s  

c o u l d  be l o g i c a l l y  exp la ined .  For  example, t h e  a n a l y s i s  showed t h a t  

s i g n i f i c a n t l y  more f a m i l y  members were around non-employed women t h a n  

around employed women d u r i n g  weekday l u n c h  t imes,  a  normal expec ta t i on .  

Due t o  t h e  we igh t i ng  o f  t h e  sample popu la t i on ,  more s i g n i f i c a n t  d i f f e r e n c e s  

occur  i n  husband-wi fe-on ly  f a m i l i e s .  On t h i s  bas i s  we concluded t h a t  t h e  

r e s u l t s  j u s t i f i e d  sepa ra t i ng  t h e  dose f a c t o r s  on an employed-nonemployed 

b a s i s  f o r  husband-wi fe-on ly  f a m i l i e s .  A l though  t h e  same j u s t i f i c a t i o n  does 

n o t  e x i s t  f o r  t h e  o t h e r  f a m i l y  t ypes  owing t o  t h e  smal l  sample s i zes ,  dose 

f a c t o r s  f o r  these  types  p robab l y  f o l l o w  t h e  same p a t t e r n .  The o v e r a l l  

r e s u l t  o f  t h i s  s t a t i s t i c a l  t e s t i n g  was t o  decrease t h e  number o f  dose r a t e  

f a c t o r s  needed f o r  i n p u t  t o  REPRIEVE by a  f a c t o r  o f  f i v e .  



PUBLIC ACTIVITY SURVEYS 

The da ta  on use-of - t ime f rom t h e  U n i v e r s i t y  o f  Mich igan i n d i c a t e d  t h a t  

t h e  most s i g n i f i c a n t  p u b l i c  a c t i v i t i e s  were shopping, non-work t r i p s ,  orga-  

n i z a t i o n a l  a c t i v i t y ,  s o c i a l  and en te r ta inment  a c t i v i t i e s ,  a d u l t  educat ion,  

and spo r t s  and a c t i v e  l e i s u r e  a c t i v i t i e s .  A l i s t  showing t h e  s u b d i v i s i o n  o f  

these  a c t i v i t i e s  i n  g r e a t e r  d e t a i l  i s  i nc l uded  i n  Appendix D. P u b l i c  surveys 

i n  Richland, Sea t t l e ,  and S a l t  Lake City c o l l e c t e d  data on number i n  a t t e n -  

dance and i n te rpe rsona l  d i s t ances  f o r  these a c t i v i t i e s .  From t h i s  data we 

determined dose r a t e s  and t he  number o f  persons exposed per  r e c i p i e n t  f o r  

bo th  sexes and two age groups. We subsequent ly used t h i s  data i n  REPRIEVE 

t o  c a l c u l a t e  popu la t i on  dose d u r i n g  p u b l i c  a c t i v i t i e s .  

The d i f f e r e n t  c o n d i t i o n s  assoc ia ted  w i t h  each a c t i v i t y  necess i t a ted  

us ing  s l i g h t l y  d i f f e r e n t  survey methodologies i n  many cases. A  d e s c r i p t i o n  

o f  each a c t i v i t y  and t h e  methodology used f o l l o w s .  

Shopping 

The use-o f - t ime data (Appendix D) f o r  t h e  va r i ous  types o f  shopping 

a c t i v i t i e s  show t h a t  everyday buying i s  f a r  Illore prominent than  any o t h e r .  

Our measurements were, t h e r e f o r e ,  con f i ned  t o  t h e  most commonly and f r e -  

q u e n t l y  pa t ron i zed  s to res  ( i  . e. , grocery  and v a r i e t y  s to res ) .  

A v a r i e t y  o f  techniques was used t o  make measurements. One photo- 

g raph i c  technique cons i s ted  o f  random po l  a r o i d  snapshots taken f rom behind 

one-way m i r r o r s  ( us i ng  t h e  e x i s t i n g  s h o p l i f t i n g  d e t e c t i o n  system). From 

these we asce r ta i ned  t h e  r e l a t i v e  p o s i t i o n s  o f  people and l a t e r  made 

d i s t a n c e  measurements. Th is  techn ique  had t h e  advantage o f  causing t h e  

l e a s t  d is tu rbance ,  bu t  s u f f e r e d  i n  accuracy s i n c e  photo d e p t h - d i s t o r t i o n  

o f t e n  made t h e  r e l a t i v e  p o s i t i o n s  d i f f i c u l t  t o  es t imate .  An o f f - s h o o t  o f  

t h i s  technique used t h e  cameras d i r e c t l y  i n  t h e  s t o r e  t o  cap tu re  r e l a t i v e  

p o s i t i o n s  f rom two angles. Th i s  a l lowed f a i r l y  accura te  measurements, b u t  

r e s u l t e d  i n  cons ide rab le  d i s r u p t i o n  due t o  c u r i o s i t y  on t h e  p a r t  o f  those 



photographed. Another  techn ique  r e 1  i e d  upon memory t o  r e c a l l  v i s u a l  

obse rva t i ons  o f  random s i t u a t i o n s .  Measurements of r e 1  a t i v e  p o s i t i o n s  

were made immed ia te ly  f o l  1  owing such observa t ions .  Th i s  method caused 

l e s s  d is tu rbance ,  and f a i r l y  accu ra te  measurements cou ld  be made o f  l ow 

peop le -dens i t y  s i t u a t i o n s .  When more than  f ou r  o r  f i v e  persons were 

observed, t h i s  techn ique  f a i l e d  due t o  an i n a b i l i t y  t o  e x a c t l y  r e c a l l  

pos i  ti ons. 

A l though ou r  d i r e c t  i n t e r p e r s o n a l  d i s t ance  observa t ions  covered o n l y  

l i m i t e d  random areas w i t h i n  t h e  shopping environment,  dose r a t e  es t imates  

a l s o  i nc l uded  a  f a c t o r  developed t o  i n c l u d e  dose r a t e s  t o  nonobservable,  

p o t e n t i a l l y  exposed persons o u t s i d e  these areas. We developed t h i s  f a c t o r  

by e s t i m a t i n g  t h e  average people  d e n s i t y  i n  t h e  shopping environment from 

coun ts  o f  t h e  number o f  people  and measurement o f  t h e  environment area. 

An i n t e g r a t i v e  model t hen  used t h i s  average people  d e n s i t y  t o  c a l c u l a t e  

dose r a t e s  t o  nonobservable persons. L a t e r  we used t h e  computer model, 

BINGO, t o  es t ima te  these  dose r a t e s .  These models a r e  exp la i ned  i n  more 

d e t a i l  l a t e r  i n  t h e  Appendix. 

Where poss ib l e ,  we made measurements i n  a  chosen a rea  a t  severa l  

d i f f e r e n t  t imes  o f  day t o  a l l o w  f o r  t h e  e f f e c t  o f  t h e  t i m e  v a r i a b l e .  

Because o f  t h e  wide va r i ance  i n  dose r a t e s  i n  such shopping s i t u a t i o n s  

and t h e  l i m i t a t i o n s  i n  t h e  number o f  measurements t h a t  cou ld  be made, t he  

ac tua l  average dose r a t e s  d u r i n g  such s i t u a t i o n s  cou ld  s u b s t a n t i a l l y  d i f f e r  

from those measured. However, t h e  v e r y  smal l  magnitude of  t h e  average dose 

r a t e ,  ( ~ 0 0 6 5  mrem/hr/RES) i n d i c a t e s  t h a t  even a  wide v a r i a t i o n  would have 

l i t t l e  e f f e c t  on o v e r a l l  p o p u l a t i o n  dose. 

Nonwork T r i p s  , 

Since shopping and en te r t a i nmen t  t r i p s  account f o r  t h e  m a j o r i t y  

of a l l  t i m e  spent  i n  nonwork t r i p  a c t i v i t i e s ,  we used them as rep re -  

s e n t a t i v e  o f  t h e  e n t i r e  category .  We c o l l e c t e d  d is tance ,  number 

and type-of-persons-exposed da ta  by observ ing  t he  occupants o f  au to~ i i ob i l es  

e n t e r i n g  and l e a v i n g  t h e  p a r k i n g  l o t s  o f  these types  o f  es tab l i shments .  I n  

making t h e  obse rva t i ons  we noted t h e  t y p e  o f  c a r  as w e l l  as t h e  sea ts  



occupied so t h a t  t h e  e f f e c t  o f  c a r  s i z e  was considered. We est imated 

i n te rpe rsona l  d i  stances by making measurements o f  sea t ing  space i n  t h r e e  

ranges of c a r  s i zes .  

Since a  r e l a t i v e l y  l a r g e  number o f  observa t ions  cou ld  be made i n  a  

s h o r t  space o f  t ime, and s i nce  t h e  v a r i a t i o n  i n  dose r a t e s  f o r  t h i s  

a c t i v i t y  was smal l ,  t h e  sampled mean dose r a t e  shou ld  be c l ose  t o  t h e  

ac tua l .  

Organ iza t iona l  A c t i  v i  t y  

Since r e l i g i o u s  p r a c t i c e  accounts f o r  more than h a l f  of t h e  t ime 

spent  i n  o rgan i za t i ona l  t ype  a c t i v i t i e s ,  and s i n c e  no o t h e r  a c t i v i t y  con- 

t r i b u t e d  a  s i g n i f i c a n t  i n d i v i d u a l  amount o f  t ime, we chose r e l i g i o u s  

p r a c t i c e  as r e p r e s e n t a t i v e  o f  t h e  e n t i r e  category.  We assumed t h a t  t h e  

b u l k  of  t he  t ime spent i n  re1 i g i o u s  p r a c t i c e  was i n  Sunday serv ices ,  and 

ob ta ined  data on at tendance a t  these se rv i ces  f rom f i v e  d i f f e r e n t  r e l i g i o u s  

denominations. A f t e r  o b t a i n i n g  these  data,  we made measurements of t h e  

s e a t i n g  arrangements i n  t h e  chapel s  and developed sca led drawings. The 

BINGO code (exp la i ned  l a t e r  i n  t h i s  s e c t i o n )  p laced  t h e  average number 

i n  at tendance i n  random s e a t i n g  arrangements de f i ned  by these drawings 

and c a l c u l a t e d  t h e  dose r a t e  f o r  each arrangement. The r e i t e r a t i o n  of 

t h i s  c a l c u l a t i o n  f o r  many s e a t i n g  placements i n  each denominat ional  b u i l d -  

i n g  sampled developed an o v e r a l l  average dose r a t e  f o r  re1  i g i o u s  s e r v i c e  

attendance. 

Soc ia l  and Enter ta inment  A c t i  v i  t i e s  

The use-of-t ime breakdown f o r  t h i s  ca tegory  i n d i c a t e d  t h a t  e n t e r t a i n -  

i n g  and p a r t i e s  w i t h  meals were t h e  most f requent  s u b a c t i v i t i e s  i n  t h i s  

set .  However, because o f  t h e  l a r g e  c o n t a c t  f a c t o r s  i n  o t h e r  s u b a c t i v i t i e s  

such as at tendance a t  s p o r t s  events,  movies, bars,  etc., we judged these 

o t h e r  s u b a c t i v i t i e s  t o  be s i g n i f i c a n t  and i nc l uded  them i n  our  surveys. 

(See Appendix D f o r  a  l i s t  o f  s u b a c t i v i t i e s  i n  t h i s  ca tegory . )  

We c o l l e c t e d  data on room s i z e  and on t h e  number o f  people p resen t  by 

age, sex, and r e l a t i o n s h i p  t o  AHR f o r  t h e  e n t e r t a i n i n g  and v i s i t i n g  sub- 

a c t i v i t y  i n  t h e  at-home a c t i v i t y  surveys. A1 though e a r l y  surveys at tempted 



t o  o b t a i n  a c t u a l  d i s t a n c e  data,  t h e  g r e a t  amount o f  m o b i l i t y  d u r i n g  t h i s  

a c t i v i t y  made us q u e s t i o n  t h e  adequacy o f  a  s i n g l e  r e p r e s e n t a t i v e  measure- 

ment. Therefore,  we measured t h e  area i n  which t h e  a c t i v i t y  was performed 

and used t h e  i n t e g r a t i o n  techn ique  t o  determine t h e  average dose pe r  person. 

L a t e r  t h i s  c a l c u l a t i o n  was checked us i ng  t h e  random placement f e a t u r e  o f  

BINGO t o  c a l c u l a t e  t h e  average dose and t h e  dose r a t e s  ob ta i ned  us i ng  b o t h  

methods were i n  agreement. P a r t i e s  w i t h  meals were easy t o  measure as 

they  had a  d e f i n i t e  sea t i ng  c o n f i g u r a t i o n .  

To c o l l e c t  da ta  on s p o r t i q g  even ts  we surveyed a  ma.jor league base- 

b a l l  game i n  S a l t  Lake C i t y .  Measurement o f  t h e  s tad ium sea t i ng  and a i s l e  

c o n f i g u r a t i o n s  a l l owed  us t o  make sca led  drawings p r i o r  t o  t h e  game. A  

random s e l e c t i o n  o f  seven s e a t i n g  d i v i s i o n s  determined t h e  areas t o  be sampled. 

A t  game t ime  v i s u a l  observa t ions  o f  occupied sea ts  p rov ided  t h e  da ta  

necessary f o r  dose c a l c u l a t i o n s .  To accompl ish PHR i d e n t i f i c a t i o n ,  a d u l t s  

were d i s t i n g u i s h e d  f rom c h i l d r e n  and a l s o  ca tego r i zed  by sex. The BINGO 

program subsequent ly  used t h i s  d a t a  t o  c a l c u l a t e  t h e  average dose per  person. 

The techn ique  used t o  determine dose r a t e s  i n  t h e a t e r  and mot ion  

p i c t u r e  s i t u a t i o n s  i n  R ich land  and S a l t  Lake C i t y  was s i m i l a r  t o  t h a t  

desc r ibed  above. Scaled drawings of mo t i on  p i c t u r e  t h e a t e r s  p rov ided  

p o s s i b l e  sea t i ng  l o c a t i o n s  and obse rva t i ons  determined a c t u a l  c o n f i g u r a t i o n s  

d u r i n g  t h e  f i l m  showing. Es t ima t i ons  o f  dose r a t e s  i n  bar  s i t u a t i o n s  were 

s i m i l a r .  We used t h e  BINGO code i n  a l l  o f  these obse rva t i ons  t o  c a l c u l a t e  

t h e  dose r a t e s .  

Once we had c a l c u l a t e d  t h e  dose r a t e s  f o r  t h e  s u b a c t i v i t i e s ,  we 

weighted them by t h e  t ime  spent i n  each s u b a c t i v i t y  i n  o r d e r  t o  develop an 

o v e r a l l ,  weighted average dose r a t e  p e r  RES f o r  b o t h  AHR sexes. 

Adul t Educat ion 

We ob ta i ned  d a t a  on a d u l t  educa t i on  f r om surveys i n  R i ch l and  and S a l t  

Lake C i t y .  The R ich land  survey, conducted a t  t h e  J o i n t  Center  f o r  

Graduate Study, i n v o l  ved sarnpl i n g  o l d e r ,  p r o f e s s i o n a l  workers.  The 

sample i n  S a l t  Lake City i n v o l v e d  m a i n l y  younger a d u l t s  who were 

comple t ing  h i g h  school  educa t ions .  The survey techniques used were 

i d e n t i c a l  t o  t h e  methods descr ibed  above f o r  s p o r t i n g  events ,  e t c .  



Spor ts  and A c t i v e  L e i s u r e  A c t i v i t i e s  

T h i s  ca tego ry  i s  composed o f  a  group o f  q u i t e  d i v e r s e  a c t i v i t i e s  as 

shown i n  Appendix D. 

I n  c o n s i d e r i n g  t h i s  f r om  t h e  s tandpo in t  o f  r e l a t i v e  amount of t i m e  

spent,  t h r e e  s u b a c t i v i t i e s  were prominent  - -  a c t i v e  spo r t s ,  hobbies, and 

games. S ince t h e  median age o f  persons hav ing an a r t i f i c i a l  h e a r t  i s  

much o l d e r  than  t h e  nor~ i ia l  popu la t i on ,  and s i nce  persons w i t h  such a h e a r t  

a r e  n o t  l i k e l y  t o  be engaged i n  s t renuous s p o r t s  a c t i v i t i e s ,  t h i s  sub- 

a c t i v i t y  i s  n o t  l i k e l y  t o  be a s u b s t a n t i a l  c o n t r i b u t o r  t o  an AHR's use 

of t ime.  Hobbies and games, the re fo re ,  r ep resen t  t h i s  a c t i v i t y  group. 

We hypothes ized t h e  games s i t u a t i o n  t o  c o n s i s t  o f  two couples a t  a  

s tandard s i z e d  card  t a b l e  and c a l c u l a t e d  dose r a t e s  f o r  t h i s  s u b a c t i v i t y .  

The B a t t e l l e  survey p rov ided  t h e  da ta  t o  develop dose r a t e s  d u r i n g  

performance o f  hobbies.  Us ing these  da ta  we then  c a l c u l a t e d  t h e  dose r a t e s  

f o r  t h e  two s u b a c t i v i t i e s  by we igh t i ng  each r a t e  by t h e  r e l a t i v e  t ime - i n -  

s u b a c t i v i  ty and averag ing  them t o  o b t a i n  an o v e r a l l  dose r a t e  f o r  t h e  Spor ts  

and A c t i v e  L e i  su re  ca tegory .  

INTEGRATED AREA CALCULATIONAL MODEL 

The I n t e g r a t e d  Area Model c a l c u l a t e s  dose r a t e s  where a s i n g l e  d i s t a n c e  

measurement i s  n o t  cons idered  r e p r e s e n t a t i v e  o f  t h e  mean d is tance .  The da ta  

i n p u t  c o n s i s t s  o f  t h e  es t imated  d i~nens ions  of a  s i g n i f i c a n t - r a d i a t i o n  zone 

(conver ted  t o  a  c i r c u l a r  area around t h e  dev i ce  r e c i p i e n t )  and t h e  number o f  

people  i n  t h a t  zone. The model assumes t h a t  t h e  peop le -dens i t y  c a l c u l a t e d  

f rom these da ta  i s  cons tan t  and equal t o  t h e  average f o r  a1 1 d i s t ances  ( i  .e., 

t h a t  an equal  amount o f  t i m e  i s  spent a t  each p o s s i b l e  incrementa l  d i s t a n c e  

from t h e  source over  t h e  t o t a l  t ime  o f  exposure).  The model c a l c u l a t e s  dose 

r a t e s  by i n t e g r a t i n g  t h e  dose-d is tance f u n c t i o n  from a minimum r a d i u s  o f  0.5 

f ee t  t o  t h e  o u t e r  r a d i u s  o f  t h e  e f f e c t i v e  r a d i a t i o n  zone and then  mu1 t i  p l y i n g  

t h e  r e s u l t  by t h e  average peopl e-densi  t y .  S ince t h e  dose-d is tance f u n c t i o n  

(as es t imated  us i ng  t h e  QADP5A model) v a r i e s  w i t h  d i s t ance ,  t h r e e  f u n c t i o n s  



a r e  necessary t o  es t ima te  dose r a t e s  -- one cove r i ng  r a d i a l  d i s t ances  f rom 

0 t o  1.5 f e e t ,  one cove r i ng  r a d i a l  d i s t ances  f rom 1.5 t o  9 f e e t ,  and one 

cove r i ng  r a d i a l  d i s t ances  beyond n i n e  f e e t .  D is tances a r e  f rom c e n t e r  o f  

source t o  s u r f a c e  o f  exposed person. The o v e r a l l  equa t ion  i s  g i ven  below. 

200 ft. +/;;:;;) r2Trdr1 
9 ft. 

The main weakness i n  t h e  i n t e g r a t i v e  model i s  t h a t  no a l lowance i s  

made f o r  a t t e n u a t i o n  e f f ec t s .  A1 though few common substances e x h i b i t  

s i g n i f i c a n t  gamma s h i e l d i n g  e f f e c t s ,  c a l c u l a t i o n s  f rom t h e  QADP5A model 

showed a dose r a t e  a t t e n u a t i o n  o f  69% th rough  a normal '  human body. I n  

most s i t u a t i o n s  t h e  p o p u l a t i o n  d e n s i t y  i s  l ow  and t h e  s h i e l d i n g  e f f e c t  

min imal .  However, i n  crowded s i t u a t i o n s ,  such as movie t hea te r s ,  s p o r t s  

even ts  and classrooms, t h e  a t t e n u a t i o n  e f f e c t  th rough  human bod ies  becomes 

s u b s t a n t i a l ;  and use of t h e  i n t e g r a t i v e  model would cons ide rab le  o v e r s t a t e  

t h e  absorbed dose. To ana lyze  these  d i f f i c u l t  s i t u a t i o n s  we developed a 

power fu l  computer model e n t i  tl ed BINGO. 

THE BINGO MODEL 

BINGO i s  a  computer program designed t o  c a l c u l a t e  dose f a c t o r s  f o r  

s i t u a t i o n s  where l a r g e  numbers of peop le  a r e  e i t h e r  i n  s p e c i f i e d  l o c a t i o n s  

w i t h i n  a  de f ined  area o r  where t hey  a r e  randomly l o c a t e d  w i t h i n  a  d e f i n e d  

area.  



A c t i v i t i e s  where people  remain s t a t i o n a r y  d u r i n g  t h e  course of t h e  

a c t i v i t y  i n c l  ude: s p o r t i n g  events ,  t h e a t e r  events ,  church worsh ip  

se r v i ces ,  and c l  assroom s i t u a t i o n s .  S i t u a t i o n s  where people  tend  t o  

move throughout  t h e  course o f  t h e  a c t i v i t y  i nc l ude :  p a r t i e s  i n  t h e  home, 

shopping i n  p u b l i c  p laces ,  v i s i t s  t o  museums o r  e x h i b i t i o n s ,  v i s i t s  t o  

c i r c u s e s  o r  f a i r s ,  dancing, p l a y i n g  o r  p r a c t i c i n g  spo r t s ,  and t h e  general  

pub1 i c .  

BINGO a l l o w s  t h e  user  t o  de f ine  t h e  area s i z e  (e.g., a  room 12 x 14 

f e e t ,  a  b u i l d i n g  200 x  400 f e e t ,  a  segment o f  a  c i t y  7 x  7 m i l e s ,  e t c . ) .  

Th i s  area i s  then  d i v i d e d  i n t o  a  g r i d  system which d e f i n e s  t h e  s i z e  of 

t h e  l o c a t i o n  where people  can be s i t u a t e d  and how c l o s e  they  can be t o  

each o the r .  The g r i d  can be any s i z e  s m a l l e r  than  t h e  area (e.g. ,  

112 x  112 ft., 1 x  1  ft., 10 x  10  f t . ,  e t c . ) .  The program p laces  people  

i n  t h i s  g r i d  by one o f  two methods -- e i t h e r  i n  d e f i n e d  l o c a t i o n s  spec i f i ed  

by i n p u t  da ta  o r  i n  randomly p laced  l o c a t i o n s  v i a  computer ized randomiza t ion  

techniques.  Each person i s  g i v e n  an i d e n t i t y  t o  determine i f  he i s  a  

p o t e n t i a l  r a d i a t i o n  source, o r  j u s t  t h e  p u b l i c  a t  l a r g e .  These i d e n t i t i e s  

a l s o  p e r m i t  t h e  use r  t o  d e f i n e  t h e  sex and age range o f  t h e  i n d i v i d u a l s  i f  

i t  i s  necessary t o  t h e  s o l u t i o n .  

Once t h e  people  have i d e n t i t i e s  and p laces  i n  t h e  g r i d ,  randomizat ion 

techniques p i c k  one of t h e  p o t e n t i a l  r a d i a t i o n  sources. A r o t a t i n g  r a y  then  

scans t h e  area 360 degrees around t h e  source t o  determine t h e  r e l a t i v e  d i s -  

tances t o  o t h e r  people.  T h i s  i s  i l l u s t r a t e d  f o r  a  c lassroom s i t u a t i o n  i n  

F i g u r e  E.1. Th i s  scan a l s o  accounts f o r  a t t e n u a t i o n  o f  t h e  r a d i a t i o n  

th rough  people  based on t h e  number of people  i n  t h e  p a t h  of  t h e  r ay .  The 

a l g o r i t h m  weights  t h e  dose by e s t i m a t i n g  which f r a c t i o n s  o f  t h e  body absorb 

r a d i a t i o n  a t t enua ted  t o  d i f f e r e n t  degrees, ( i .e . ,  p a r t  of an exposed person 

may be exposed by r a d i a t i o n  a t t enua ted  by p rev i ous  passage through one 

person, ano ther  p a r t  by  r a d i a t i o n  a t t enua ted  th rough  two persons, e t c .  ) . 
Dose i s  c a l c u l a t e d  us i ng  t h e  dose-d is tance equa t ions  descr ibed  p r e v i o u s l y .  





The dose g i ven  o f f  by  t h e  source i s  summed and averaged f o r  each c l a s s i f i -  

c a t i o n  by t h e  i d e n t i f i a b l e  t r a i t s  o f  those  r e c e i v i n g  it. A new source i s  

randomly se l ec ted  and t h e  whole process i s  repeated. The new averages a r e  

averaged w i t h  a l l  p reced ing  averages. Th i s  r unn ing  average becomes t h e  

answer a t  t h e  p o i n t  when a user-des ignated convergence c r i t e r i a  i s  reached. 

We used severa l  d e f i n e d  and c a l c u l a t a b l e  examples as base - l i ne  cases t o  

t e s t  t h e  v a l i d i t y  and accuracy o f  t h e  preceding techniques.  

Once BINGO had proven t o  be an accura te  way of c a l c u l a t i n g  dose t o  

t h e  p u b l i c ,  we used i t  t o  check t h e  dose r a t e s  f o r  home en te r ta inment  

a c t i v i t i e s  which had been p r e v i o u s l y  c a l c u l a t e d  us i ng  t h e  I n t e g r a t e d  Area 

model. The purpose of t h i s  r e c a l c u l a t i o n  was t o  determine i f  s h i e l d i n g  

was a prominent  f a c t o r  i n  t h i s  a c t i v i t y .  We p icked  f o u r  households a t  

random and processed each s i n g l y  -- once w i t h  t h e  i n t e g r a t i o n  method and 

t h r e e  t imes w i t h  BINGO. (Because BINGO uses randomi z a t i o n  techniques,  

a t  l e a s t  t h r e e  runs  a r e  necessary t o  converge on a t r u e  average.)  The 

r e s u l t s  a r e  shown i n  Tab le  E.5 and i n d i c a t e  t h a t  no s h i e l d i n g  e f f e c t  i s  

d i s c e r n a b l e  ( i  .e., i t  i s  much sma l l e r  than  t h e  normal va r iance  o f  t h e  

c a l c u l a t i o n s ) .  S ince BINGO a l l ows  t h e  area t o  be represented by i t s  

a c t u a l  d imensions, w h i l e  t h e  i n t e g r a t i o n  techniques work o n l y  w i t h  t h e  

c a l c u l a t e d  area (e.g.  , 12 x 12 and 144, respect ive1.y) , t h e  r e s u l t s  u s i  nq 

t h e  BINGO code a r e  s t i l l  p robab ly  somewhat b e t t e r .  

TABLE E.5. Average Dose Per Household Member 

% o f  
Household BINGO % o f  BINGO % o f  BINGO % o f  BINGO I n t e g r a t i o n  BINGO 
Member Run 1 Ave. Run 2 Ave. Run 3 Ave. Ave. Method ------- Ave. 

38 .218 0 .215 -1.4 .222 1.8 .218 .215 -1.4 



QUESTlnNNAlRE. HOllSEHOLn #--~- Urban 0)- Rural  ( T l r c l e  one) 

He l lo ,  my name i s  . and t h i s  45 
~ . . .  - __~  , We are  both c t u r l r n t ?  a t  the  I l n i v e r s i t v  o f  Utah. Ye a r e  

c u r r e n t l y  conduc t ing  a  research survey f o r  Rat te l le -Nor thwest  i n  connec t ion  w i t h  a r t i f i c i a l  hear t  s tud ies  f o r  t h e  U. 7 .  Atomic Enerqy Comnission 

Ye l e f t  a  l e t t e r  here  yes te rday  t e l l i n s  you t h a t  we planned t o  c a l l  on you today f o r  t h i s  survev .  You a r e  p robab lv  aware t h a t  there  a r e  many 

research p r o j e c t s  designed t o  i n v e s t i q a t e  var ious  s o l u t i o n s  t o  t h e  problem o f  h e a r t  disease. Ve a r e  a f f i l i a t e d  w i t h  one o f  these p r o j e c t s  and 

want t o  ask y o u r  ass is tance .  

Ye would l i k e  t o  come i n ,  ask you some quest ions about your  normal d a i l y  a c t i v i t i e s ,  and take  some measurements o f  t y p i c a l  d is tances  t h a t  

separate members o f  y o u r  f a m i l y  d u r i n g  c e r t a i n  a c t i v i t i e s .  The i n t e r v i e w  w i l l  take  o n l y  about 30 minutes. A11 o f  t h e  i n f o r m a t i o n  we c o l l e c t  w i l l  

be kep t  s t r i c t l y  c o n f i d e n t i a l  and w i l l  n o t  be coded t o  your  name o r  address. Ue have a  l e t t e r  o f  i n t r o d u c t i o n  here t h a t  we would l i k e  t o  show vou, 

s iqned b y  Dr.  Altman, C h a i n a n  o f  t h e  Psychology Department a t  t h e  U n i v e r s i t v  o f  Utah, and by Mr. McKee, who i s  t h e  orouram l e a d e r  f o r  B a t t e l l e -  

Northwest.  May we come i n ?  

As you may know, t h e r e  5s a  g rea t  deal of research goinq on now on nuc lear  Dowered Dacemakers and a r t i f i c i a l  hear ts .  Whi le pacemakers. which 

s imp ly  h e l p  a  person 's  h e a r t  t o  bea t  normal ly,  a re  be ing  used s u c c e s s f u l l y  today, a  c o m ~ l e t e  a r t i f i c i a l  h e a r t  i s  s t i l l  some years away. Because 

h e a r t  disease i s  t h e  lead ing  cause of death i n  t h e  count ry ,  a  l o t  o f  research  i s  be inq  done t o  f i n d  wavs t o  reduce t h i s  death r a t e .  An a r t i f i c i a l  

h e a r t  i s  a  poss ib le  answer. One o f  t h e  problems assoc ia ted  w i t h  a  nuclear-powered h e a r t  i s  t h a t  a  smal l  amount o f  r a d i a t i o n  would be t r a n s m i t t e d  

t o  people near t h e  person hav ing  t h e k a r t  dev ice .  Ve d o n ' t  expect t h a t  t h i s  w i l l  be a  ser ious  hazard, b u t  we want t o  c o l l e c t  i n f o r m a t i o n  t h a t  w i l l  

make i t  p o s s i b l e  f o r  us t o  make r e a l i s t i c  est imates of t h e  hazard. If you were ever  t o  have such a  h e a r t  dev ice ,  t h e  amount o f  r a d i a t i o n  your  f a m i l y  

would rece ive  would depend on how f a r  away from you they were d u r i n g  normal everyday a c t i v i t i e s .  Th is  i s  t h e  reason we want t o  measure t y p i c a l  

d is tances  separa t ing  a d u l t s  from t h e  r e s t  o f  t h e  household d u r i n g  everyday a c t i v i t i e s .  

"We want t o  begin b y  ask ing  ques t ions  about each Person i n  y o u r  home who i s  over 30 years o f  aqe. How many such people a r e  t h e r e  and who a r e  they?" 

1. En te r  i d e n t i t y  under PHR 1, PHR 2, and PHR 3. 

Everyone l i v i n g  and e a t i n g  toge ther  i n  t h e  hous inq  u n i t  i s  counted as a  member o f  t h e  household. Each a d u l t  member over  30 w i l l  be counted one a t  a  
t ime as i f  he i she)  were t h e  " P o t e n t i a l  Hear t  R e c i n i e n t "  (PHR). 

[If t h e  respondent i s  over  30, choose him ( h e r )  as the  f i r s t  P o t e n t i a l  Heart  Rec ip ien t  (PHR); If not ,  beq in  w i t h  any o t h e r  a d u l t  over 39.1 

F i l l  i n  t h e  in fo rmat ion  blanks above by ask ing  t h e  f o l l o w i n g  uues t ions  f o r  each P o t e n t i a l  ~ e a r i  R e c i p i e n t  (PHR). 

2 .  What i s  t h e  age o f  [ t h e  P o t e n t i a l  Heart  Rec ip ien t  (PHR)]? 
3. En te r  t h e  sex of [ t h e  P o t e n t i a l  Hear t  Rec ip ien t  (PHR)]. 
4 .  I s  ( t h e  PHR) emplo ed' (En te r  f u l l - t i m e ,  p a r t - t i m e ,  o r  n o t  employed). 
5 .  Who a r e  t h e  o t h e r  xou;ehold members? (Enter  i d e n t i t y )  ( T h i s  inc ludes  a l l  a d u l t s  o t h e r  than the  z r s  PHR.) 
6. What a r e  t h e  ages o f  a l l  o t h e r  household members besides ( t h e  c u r r e n t  PHR)? 
7 .  En te r  the  sex o f  each of t h e  o t h e r  members under t h e i r  corresponding aue. 
8. En te r  t h e  r e l a t i o n s h i p  o f  each o f  the  o t h e r  household members t o  t h e  P o t e n t i a l  Hear t  Rec iD ien t  (PHR) accord inq  t o  the  code below. 

P  = Parent o r  paren t - in - law o f  t h e  PHR. 
5 = Spouse o f  t h e  PHR. 
C = C h i l d  o f  the  PHR. 

GC = Grandch i ld  o f  t h e  PHR. 
B = (Bro ther ,  s i s t e r ,  b r o t h e r - i n - l a w ,  s i s t e r - i n - l a w )  o f  the  PHR. 

GP = Grandparent o r  grandparent- in- law o f  t h e  PHR. 
0  = Other r e l a t i v e  of t h e  PHR (aunt,  uncle,  cousin,  nephew, niece, e t c . ) .  

NR = Not r e l a t e d  t o  t h e  PHR (employees, lodgers ,  f o s t e r  c h i l d r e n ,  and o t h e r  u n r e l a t e d  oersons) .  

"Now we want t o  ask a  few ques t ions  about var ious  a c t i v i t i e s  engaged i n  by members o f  t h e  household. For each o f  these a c t i v i t i e s ,  we need t o  g e t  an idea  
as t o  where var ious  o t h e r  people i n  t h e  fami ly  a r e  l o c a t e d  i n  t h e  house, and one of us w i l l  a c t u a l l y  measure d is tances  between var ious  l o c a t i o n s .  These 
measurements a re  intended t o  g i v e  us i n f o m t i o n  on d is tance  r e l a t i o n s h i p s  between people i n  t h e  household. 

For each o f  the  a c t i v i t i e s  which fo l low,  except s o c i a l  p a r t i e s .  determine where ( t h e  PHR) i s  when he she i s  e r fo rmin  t h e  a c t i v i t  . Measure the  
d is tances  from ( t h e  PHR) t o  a l l  o t h e r  household members u s u a l l y  p resent  when ( t h e  PHR) i s  per fo rminq  !he i c t i v l t v  i n  qu:stion. ~ach 'd is tance  thus 
measured must be en te red  under t h e  corresponding i d e n t i t y  o f  t h e  Person (Quest ion 15) t o  whom t h e  measurement was made. A lso  f o r  each a c t i v i t y  
except s o c i a l  v i s i t s  and prt lw ask if non-=hers of U3e household are f reouent ly  p resent  when t h e  PHR i s  performing t h e  a c t i v i t y  If yes. e n t e r  
e n t e r  t h e  aoe ,  sex. a p p r u x i m t a  A ls tdnce  t o  (the PHR). ahd how o f t e n  t h e  non-member i s  p resent  when t h e  PHR i s  p e r f o m n g  t h e  a c t i v i i y .  

FIGURE E.2 .  Questionnaire for the Salt Lake City Survey 



PH R - 
1. I d e n t i t y  

2. Age o f  the  PHR 

3. Sex o f  t h e  PHR 

4. I s  ( the  PHR) employed? 

OTHERS 

5. I d e n t i t y  

6. Age o f  o the rs  

7 .  Sex o f  o thers  (M o r  F) 

8. Rela t ionsh ip  t o  PHR 

1 . PREPARING MEALS 

PHR 1 

- - 

-- 

General ly o n l y  women PHR's w i l l  be perform- 
i n g  t h i s  a c t i v i t y .  

1. Enter distances from o ther  household 
members t o  ( t h e  PHR) when she i s  , I I I I I 

i p repar ing 1  unch j 

c l ean ing  up lunch I 
I 
I 

p repar ing b reak fas t  

c lean ing  up b reak fas t  

prepar ing d inner  

c lean ing  up d inner  

2. Are any non-members o f  the  household 
f r e q u e n t l y  present w h i l e  the PHR i s  
doing the  above. If yes, en te r  meal 
and P f o r  prepar ing o r  C f o r  c lean ing  
up, t h e  non-members age, sex, distances 
t o  ( t h e  PHR) and how o f ten  t h e  non- 

- 
I 

I 

F IGURE E.2. (Contd) 

member i s  present.  Meal P o r  C Age Sex Distance Frequency 



-- - - - - - a - - - - - - - _r__---- -- - -- 

2. CLEANING HOUSE 4 
I I 

Only  fema le  PHR's w i l l  be  cons ide red  as pe r -  
f o r m i n g  t h i s  a c t i v i t y  ( u n l e s s  o n l y  male 
PHR's l i v e  i n  t h e  househo ld ) .  

1 .  A re  any househo ld  members u s u a l l y  p r e s e n t  / 
when ( t h e  PHR) i s  c l e a n i n g  house? I f  yes ,  r 
e n t e r  a  check under  each person  p r e s e n t .  1 I 

I 
2 .  What i s  t h e  approx imate  c l o s e s t  d i s t a n c e  1 o f  anyone t o  t h e  PHR when she i s  c l e a n -  

i n g  house? 
I 

3. A re  non-members o f  t h e  househo ld  I 1 
f r e q u e n t l y  p r e s e n t  when ( t h e  PHR) i s  

I 

c l e a n i n g  house? I f  yes ,  e n t e r  how many No. Ron-members Avg. Age Frequency o f  each sex, average age, and how o f t e n  
each non-member i s  p r e s e n t .  ! M F 

I 
I 

On ly  fema le  PHR's w i l l  be cons ide red  as 
p e r f o r m i n g  t h i s  a c t i v i t y  ( u n l e s s  o n l y  ma le  
PHR's l i v e  i n  t h e  househo ld ) .  

3. LAUNDRY 

1 .  Does ( t h e  PHR) spend more t i m e  washing, 
i r o n i n g ,  o r  mending c l o t h e s ?  

1 

2. A re  any househo ld  members u s u a l l y  p r e s e n t  
when ( t h e  PHR) does t h e  most f r e q u e n t  
a c t i v i t y  above. I f  yes, f i n d  PHR's usua l  

Are  any non-members o f  t h e  househo ld  
f r e q u e n t l y  p r e s e n t  when ( t h e  PHR) i s  
d o i n g  t h e  most  f r e q u e n t  a c t i v i t y  above? 
I f  yes ,  e n t e r  each non-member's age, sex, 
d i s t a n c e  t o  PHR, and how o f t e n  each i s  
p resen t  (once a  week, e t c .  ) . 

l o c a t i o n  and e n t e r  d i s t a n c e s  t o  househo ld  
members. 

Age Sex D i s t ance  Frequency 
I I 

F IGURE E.2. (Contd) 

1 1 



4. OTHER HOUSE UPKEEP I 
1.  Does ( t h e  PHR) spend more t ime a t  house- 

h o l d  r e p a i r s  and maintenance, o r  paying 
the  month1 y  b i  11 s?  I 1 

l 
a. If repa i r s ,  what maintenance o r  

r e p a i r s  a r e  needed most o f t e n ?  
Where i s  ( t h e  PHR) w h i l e  doing 
t h i s ?  Where a r e  t h e  o t h e r  household 
members? Enter d is tances.  

b .  If monthly b i l l s .  where does ( t h e  PHR)~ 

2 .  Are any non-members o f  t h e  household 
f requen t l y  present when ( t h e  PHR) does 
l a  o r  l b  above? If yes, en te r  
non-members' age, sex, d i s tance  t o  
( t h e  PHR) , and how o f t e n  the  non-member 
i s  present ( h a l f  t he  t ime, e t c . ) .  I Age Sex Distance Frequency 

Non-member 1  
I 1 

u s u a l l y  db th i s? -where  a re  t h e  o t h e r  .. 
household members? Enter  distances . 

FIGURE E.2. (Contd) 

I 



- - 

5.  GARDENING AND PETS 

I .  Does ( the  PHR)  spend more time gardenin? 1 
(including lawn c a r e ) ,  or  taking care of ! 
pets? 1 - 7  1- 

i I 

Gardening Only 
I 

a .  I f  gardening, what would typical ly be 
the nearest and f a r thes t  distances 
( u p  t o  200 F t . )  of anyone from 
( the  PHR)? ;Farthest :  

I 
I 

How many persons V J O U ~ ~  normally be in , 
between these distances (include 
household members)? iTT-! I-- 

What would be t h e i r  average age 
ranqe? 

I 

Pet Care O n 1  

a .  If pet care ,  where i s  ( t he  PHR) 
usually w:ile doing t h i s .  Where a re  I , , , , , , , 1 
the other  household members? 
Enter dis tances.  

I- 

1 

F IGURE E .2 .  

Are any non-members of the household 
frequently present while ( the  PHR) i s  I 
doing pet care? If yes, enter  each i 
non-members age, sex, dis tance to ' 
PHR, and how often the non-member i s  , 
present (ha l f  the time, e t c . ) .  Age Sex Distance Frequency 

( C o n t d )  

Non-member 1 i- 
I 

Non-member 2 
I 

Non-member 3 , 
I 

lion-member 4 i 



6. SLEEPING I 1 
1. Does ( the  PHR) work s h i f t  .work? 

A. If yes, does ( the  PHR) r egu la r l y  work 
the  same s h i f t ?  

A l .  Yes - en te r  s h i f t  and cont inue 
w i t h  Quest ion 2 below. 

A2. No - go t o  spec ia l  s h i f t  work 
sheet f o r  s leeping. 

2. Does ( the  PHR) s leep i n  the  same bed w i t 1  
any o ther  household member? I f  yes, ask 
a l l  o f  t he  questions below. If no, ask 
on l y  Questions 4 and 5. 

3. YES ONLY 

a. Enter r e l a t i onsh ip  t o  ( the  PHR) o f  
t he  member sleeping- w i t h  t he  PHR. 

Yes - 

I 
S h i f t  

I Yes , No - 
I 

H = Husband C = Ch i l d  1 

W = Wife 0 = Other / 
b. Enter bed type [double ( D ) ,  k ing  (K) ,  1 1 I 

queen (Q) ] ,  if other,  speci fy.  
I I I 

4. a. Enter distances t o  o ther  household 
members when (PHR) i s  s leeping. If 
Questions l a  and l b  were answered, 
l'eave the  d is tance f o r  the member- 
s leeping w i t h  ( the  PHR) blank. 

FIGURE E.2. (Contd) 

b. Are any non-members o f  the household 
f requen t l y  present when ( t he  PHR) i s  
s leeping? If yes, en te r  each non- 
members age and sex, the  distance t o  
the  PHR, how o f t e n  t he  non-member i s  
present (once a week, tw ice a month, . 
e tc . )  Non-member 1 

Non-member 2 

5. Are t he  doors t o  the bedrooms usua l l y  
open o r  c losed when people are 
i n  them? 

Age Sex Distance Frequency 

. 

1 

I I 
.- 

I I 1 



Enter one o f  the  s h i f t s  which the PHR 
works a t  the top  o f  each b lock o f  columns 

household members i n  each b lock.  
I - a t  the  r i g h t .  Enter the  ages o f  a l l  o ther  - 

Ask a l l  o f  the  questions below f o r  each 
s h i f t  and en te r  the  answers i n  the  S h i f t  
appropr ia te  s h i f t  columns. 

6a. SLEEPING FOR ROTATING-SHIFT NORICERS ONLY 

1. Enter the  s h i f t  schedule o f  ( t he  PHR) 
S h i f t  Schedule (1  cyc le )  

S h i f t  Days Worked Days O f f  

3. YES ONLY 

a. Enter r e l a t i o n s h i p  t o  ( t he  PHR) o f  
i 

the member s leeping w i t h  the  PHR. 

. .  . 

2. Does ( t he  PHR) s leep  i n  the  same bed w i t h .  
any o ther  household member? I f  yes, ask 
a l l  o f  the quest ions below. I f  no, ask 
on ly  Questions 4 and 5. 

b. Are any non-members o f  the  household 
f requen t l y  present when ( the  PHR) i s  
s leeping? I f  yes, en te r  each non- 
member's age and sex, the d is tance t o  
the  PHR, how o f t e n  the non-member i s  
present (once a week, tw ice  a month, Sex .Distance Frequency 

e tc . )  Non-member 1 

Non-member 2 
I 

5. Are the  doors t o  the bedrooms usua l l y  
open o r  c losed when people a re  
i n  them? 

Ages o f  o ther  Household Members 

I I 1 
H = Husband C = Ch i ld  I-1 W = Wife 0  = Other 

I 
I 

b. Enter bed type [double (D), k i ng  ( K ) ,  
queen (Q)], i f  other,  spec i fy .  

I I 1  1 I 4. a. Enter distances t o  o ther  household 1 I 1 
members when (PHR) i s  s leeping. I f  I 

I 
F IGURE E . 2 .  ( C o n t d )  

I 

Quest ions 3a and 3b were answered, 
leave the  d is tance f o r  the member 
s leeping w i t h  ( t h e  PHR) blank. 

I 
I I I 

I I I I 1 1 1 



I 

F IGURE E.2. (Contd) 

7. PERSONAL CARE 

1. Where does ( the PHR) usua l l y  a t tend t o  
h is /her  personal care (dressing, brush- 
i ng  teeth, e tc .  ) ?  Where are the o ther  
household members when t he  (PHR) i s  
a t tending t o  h i  s/her personal care? 

Enter d i  stances 

2. Are any non-menhers o f  the household 
frequent ly present when ( the  PHR) i s  
a t tending t o  personal care? If yes, 
enter  age, sex, distance t o  PHR, and 
how often the  non-member i s  present f o r  
each non-member 

Non-member 1 

Non-member 2 

I I 

I 

I 1 

.- Age Sex Distance Frequency 



8. EATING I I I 1 
1. Does ( t he  PHR) work s h i f t  work? I 

A .  Yes - does ( t he  PHR) regu la r l y  work 
the same s h i f t ?  

A1 . Yes - enter  which s h i f t  and 
cont inue w i t h  Quest ion 2 below. 

A2. No - go t o  special  s h i f t  work 
sheet f o r  eat ing.  

2. Are there any weekday o r  weekend meals 
which the PHR does not eat a t  home? I f  
yes, l i n e  out t he  spaces opposite these 
meals below and do not  ask the questions 
per ta in ing  t o  them. 

Ask each p a i r  o f  questions below f o r  both 
weekdays and weekends (unless 1 ined ou t ) .  

3. a. Where does the PHR ea t  BREAKFAST? I 

Yes - No - 

I 

I 
S h i f t  

b. Where are the  others when ( the  PHR) i s  
eat ing? Enter distances on weekdays 

weekends 

4. a. Where does ( the  PHR) eat LUNCH? 1 1 
b. Where are the others when ( the  PHR) i s .  

eat ing? Enter distances on weekdays 

weekends 

5. a. Where does ( t he  PHR) eat  DINNER? 

6. Are non-members o f  t he  household 
f requent ly  present when ( t he  PHR) i s  eat- 
i ng  any o f  the  above meals? I f  yes, enter  
which meal, age and sex o f  each nonmembe~ 
distance t o  t he  PHR, and how o f t en  each 

b. Where are the others when ( the  PHR) i s .  
eat ing? Enter distance on weekdays 

weekends 

i s  present. P 

r 1 

7.  Draw a small sketch o f  the dinner seat ing 
loca t ions  i n  t h i s  space. D e s i ~ n a t e  
Father (F), Mother (M), Chi ldren (C), 
Other (0). 

F IGURE E.2. ( C o n t d )  



8a. EATING FOR ROTATING-SHIFT WORKERS ONLY 

1. Enter one o f  the s h i f t s  which the PHR 
works a t  the  t op  o f  each b lock o f  columns 
a t  the r i g h t .  

Enter the ages o f  a l l  o ther  household 
members i n  each block. 

Ask a l l  o f  the questions below f o r  each 
s h i f t  and enter  answers i n  proper block. 

2 .  Are there any weekday o r  weekend meals 
which the PHR does not eat  a t  home? I f  
yes, 1  i n e  out  the spaces opposite these 
meals below and do no t  ask the questions 
per ta in ing  t o  them. 

Ask each p a i r  o f  questions below f o r  both 
weekdays and weekends (unless 1 i ned ou t ) .  

3. a. Where does the PHR e a t  BREAKFAST? 

b. Where are the  others  when ( the  PHR) i s  
ea t ing?  Enter distances on weekends 

weekdays 

4 .  a. Where does ( t he  PHR) ea t  LUNCH? 

b. Where a re  the  others when ( t he  PHR) i s  
ea t ing?  Enter distances on weekdays 

weekends 

5. a. Where does ( the  PHR) ea t  DINNER? 

b. Where a re  the  o ther  when ( t h e  PHR) i s  
ea t ing?  Enter distances on weekdays 

weekends 

6. Are non-members o f  the household 
f requen t l y  present when ( t he  PHR) i s  eat-  
i n g  any o f  the above meals? I f  yes, en te r  
which meal, age and sex o f  each 
nonmember, d is tance t o  the  PHR, and how 
of ten each i s  present. 

7 .  Draw a small sketch o f  the d inner  seat ing 
loca t ions  i n  t h i s  space. Designate 
Father (F),  Mother (M), Chi ldren (C), 
Other (0) .  

S h i f t  

Meal Age Sex Frequency 
Nonmem. 1 

Nonmem. 2 

Nonmem. 3 

FIGURE E.2. (Contd)  



i 

9. RESTING 

1. Does ( t h e  PHR) ever take naps? If yes, 
where u s u a l l y ?  Where a re  t h e  o t h e r  
household members u s u a l l y  when ( t h e  PHR) 
i s  napping? 

en te r  d is tances 

2. Are any non-members o f  t h e  household 
f r e q u e n t l y  present  when ( t h e  PHR) i s  
napping? I f  yes, e n t e r  each non-member's 
age, sex, d i s tance  t o  t h e  PHR, and how 
o f t e n  t h e  non-member i s  present when 
( the  PHR) i s  napping. 

Non-member 1  

Yes - No - 

1 

Age Sex Distance Frequency 

I 1 I 
I 

10. CHILD CARE 

1. Does ( t h e  PHR) have any o f  t h e  c h i l d  ca re  
r e s p o n s i b i l  i t i e s  below? I f  yes, check 
which ones and c i r c l e  the  one which 
( t h e  PHR) does most o f t e n .  

Baby care 
Dressing, bath ing,  c a r i n g  f o r  o l d e r  c h i l d r e n  

School work he lp  
Reading/ ta lk ing t o  c h i l d r e n  

Indoor  games 
Outdoor games 

Medical care  t o  c h i l d r e n  
Other ( s p e c i f y )  

2 .  Where i s  ( t h e  PHR) when do ing t h e  most 
f requent  a c t i v i t y  above? Where a re  the  
o t h e r  household members ( i n c l u d i n g  
c h i l d r e n  be ing cared f o r ) .  
Enter  d is tances.  

3. Are any non-members o f  t h e  household 
f requen t l y  present when ( t h e  PHR) i s  
do ing t h e  most f requent  a c t i v i t y  above? 
I f  yes, e n t e r  each non-member's age, sex, 
d i s tance  t o  ( t h e  PHR) and how o f t e n  t h e  
non-member i s  present (ha1 f the  t ime, 
e t c . ) .  

Non-member 1 

Non-member 2 

Non-memt~r 3 

Non-member 4 

FIGURE E . 2 .  
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1 1 . CARE TO OTHER ADULTS 

2. Are any non-members o f  t he  household 
f requent ly .  present when ( the  PHR) i s  
car ing f o r  adu l ts?  I f  yes, enter  each 
non-member's age, sex, distance t o  PHR 
and how o f t en  the member i s  present 
( h a l f  the time, e tc . ) .  

Non-member 1 

1 

1. Does ( the  PHR) g ive any care t o  adul ts  
(disabled, unable t o  care f o r  them- 
selves)? I f  yes, where does ( t he  PHR) 
usua l l y  do t h i s ?  Where are t he  other  
household members ( inc lude  adu l ts  being 
cared f o r ) ?  Enter distances. 

Age Sex Distance Frequency - 

FIGURE E.2. ( C o n t d )  

I I I 



Yes - 

FIGURE E.2. ( C o n t d )  

14. HOME STUDY 

1. Has ( t h e  PHR) taken any correspondence o r  
o t h e r  courses r e q u i r i n g  home s tudy i n  the  
l a s t  y e a r ?  

I f  yes, where does ( t h e  PHR) u s u a l l y  
s tudy?  Where a re  t h e  o t h e r  household 
members when ( t h e  PHR) i s  s tudy ing?  
Enter  d is tances.  

2.  Are any non-members o f  t h e  household 
f r e q u e n t l y  present  when ( t h e  PHR) i s  
s tudy ing?  I f  yes, e n t e r  each non-member's 
age, sex, d i s tance  t o  PHR, and how o f t e n  
non-member i s  present  when ( t h e  PHR) i s  
s tudy ing.  

Non-member 1 

Non-merrber 2 

Non-member 3 

Non-member 4 

I 

1 I I - 

Age . Sex Distance Frequency 



16. TV WATCHING 

1. Where does ( t he  PHR) usua l l y  watch TV? 
Where are the o ther  members o f  the house- 
ho ld  when ( the  PHR) i s  watching TV? 

Enter distances t o  household members 

2. Are any non-members o f  the household 
f requent ly  present when ( the  PHR) i s  
watching TV? I f - y e s ,  enter  each 
non-member's age and sex, the distance 
t o  the PHR, and how o f t en  each non-member 
i s  present when ( t he  PHR) i s  watching 
TV ( once a week, e tc .  ). 

HOUSE SIZE 

What are the dimensions o f  the house 

Upper l eve l  (s)  

Basement 

F IGURE E. 2. (Contd)  



2. Are non-members o f  t he  household 
' f r equen t l y  present  when ( t h e  PHR) i s  
read ing? I f  yes, e n t e r  each non-members 
age, sex, d i s t a n c e  t o  ( t h e  PHR) and how 
o f t e n  t h e  non-member i s  present (once a 
week, t w i c e  a month, e t c . ) .  

1 . .Where does ( t h e  PHR) usual l y  s i t  d u r i n g  
l e i s u r e  r e a d i n g  (newspaper, magazines, 
books)? Where a r e  the  o t h e r  household 
members usual 1 y 1 oca ted when ( t h e  PHR) 
i s  read ing.  Enter d is tances t o  household 
members. 

Aqe Sex Distance Frequency 

- 

17. TELEPHONE I I 
1.  Are any household members u s u a l l y  present! 

when ( t h e  PHR) i s  t y p i c a l l y  on t h e  phone7 
I f  yes, e n t e r  a check under each person 
present.  

2. What i s  t h e  c l o s e s t  d i s tance  o f  any one 
t o  ( t h e  PHR) when he/she i s  t a l k i n g  on 
t h e  te lephone? 

3. Are non-members o f  t h e  household 
f r e q u e n t l y  present,  when ( t h e  PHR) i s  
t a l k i n g  on t h e  te lephone? I f  yes, e n t e r  
how many of  each sex,average age, and 
about how o f t e n  each non-member i s  
present  (once a week, e t c . ) ?  No. Non-members Avg. Age Frequency 

M F 

F IGURE E . 2 .  (Contd) 



18-1 DROP-IN VISITS I 
Do f r i e n d s  sometimes j u s t  drop i n  f o r  a  I Yes - 
v i s i t ?  I f  no, go t o  next  page. 

I 
No 

I I I 
How many a d u l t s  o f  age 18 o r  over  
a r e  t y p i c a l  1  y  present?  

,A What a re  t h e i r  approx.  ages? 
men 1 ] 1 

women I 1 
How many c h i l d r e n  do they  u s u a l l y  b r i n g  i f  
any? 

What would be t h e  approx. ages o f  
these c h i l d r e n ?  

Where would ( t h e  PHR) u s u a l l y  s i t ?  Where 
would t h e  household members who a r e  usual 1  y  
t h e r e  s i t ?  Measure and e n t e r  d is tances t o  
household members. I 

Where would t h e  a d u l t  v i s i t o r s  u s u a l l y  s i t ?  
Measure and e n t e r  nea res t  and f a r t h e s  
d i s tance .  $ea res  t 

Far thes t  
Where would t h e  c h i l d r e n  v i s i t o r s  u s u a l l y  
s i t ?  Measure and e n t e r  nearest  and f a r t h e s t  
d i s tance .  Nearest 

Fa r thes t  

FIGURE E.2. (Contd) 



18-2 SOCIAL GATHERINGS I I 
A r e  peop le  i n v i t e d  i n t o  y o u r  home f o r  a  I Yes - No - 
s o c i a l  q a t h e r i n g  ( p a r t y ,  c a r d  games, d i n n e r ,  
home mo"ies, et..)? What do you  do most  of te l -  

How many a d u l t s  o f  each sex u s u a l l y  come a t  
one t i m e ?  

women 

men 

Approx. ages o f  

Approx. number o f  v i s i t i n g  c h i l d r e n ?  h 
Where a r e  y o u r  s o c i a l  g a t h e r i n g s  u s u a l l y  
h e l d ?  Measure and e n t e r  d imens ions  o f  
t h e  a rea .  

(No i n t e r p e r s o n a l  d i s t a n c e s  a r e  measured f o r  1 
t h i s  a c t i v i t y .  ) I 

I 

FIGURE E.2. (Contd) 
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APPENDIX F 

CALCULATION MATRIX FOR DOSE TO THE POPULATION 

Table F . l  i l l u s t r a t e s  t he  d e t a i l e d  c a l c u l a t i o n  m a t r i x  f o r  dose t o  t he  

popu la t ion .  The l e f t  h a l f  o f  t h e  m a t r i x  corresponds t o  t h e  summation t r e e  i n  

t h e  main r e p o r t  (F i gu re  27 )  and shows t he  i d e n t i f i c a t i o n  o f  t he  a r t i f i c i a l  

h e a r t  r e c i p i e n t s  and t h e  exposure sub jec t s .  

The f i v e  main da ta  ma t r i ces  comprise t h e  ca tego r i es  shown across t he  t op  

o f  t h e  t a b l e .  The s u b s c r i p t s  f u r t h e r  d e f i n i n g  each m a t r i x  and t h e i r  values 

f a l l  beneath these headings. The summations a t  t h e  bot tom o f  each m a t r i x  g i v e  

t he  t o t a l  number o f  d i f f e r e n t  da ta  i tems r e q u i r e d  f o r  each and correspond t o  

t h e  t o t a l s  i n  Table 30, p. 10-13. The da ta  d e s c r i b i n g  each c a l c u l a t i o n  seg- 

ment i s  summarized i n  Table F.2 f o r  each da ta  ma t r i x .  



TABLE F.1. Components o f  Dose- to -Popu la t ion  Data M a t r i x  (a  > 
I h n t l t y  of b d l a t l a n  LWsurr  S h J l c t  iRIS1.S R,E. I,K 

l k t l t ~  of mlflclal m n  k l p l ~ n t  (#a). P~ I I: bm RISIA~ T l m S p c n t b y L H ~ l n ~ c t l r i t ~ . ~ ~ , ~  , o M I  FlcquencyofCont rc tFactor .FE~ l ,R , I , I I  
L 

h.brr Of  Am 
RIS I&"tIt. b t r l x  o f  Frequen~y of 

*Lbrr N l d e r  b d e r  I I d e r  N m e r  o f  T i m  b t r i x  By Bmad Dp. Contact Factor% DV HSHLD 
A c t l r l t y  t q l o e n t  o f  Ap. r * c u p l t l a  or I b n t l t j  Re la t lon  o f  Ap. of Sex Ap. L Se: RtS l b n t l t y  Ihtrll by of O ~ ~ u u d t l o n  0 1  ~ S H L O  Type 8 ~ r s v p r  

;la%% S u t a .  S e x .  G m w 1 .  4usd101d 1ms. M t r i x .  TO UQ. G m u p  6 m w s  o f  RLS. RIS and WII l b n t l t l e r .  A c t l r l t l r r .  HSHlO T y p s .  A c t l r l t y  o f  A%. of MS. 
Type I k t l r l t y  s f  DHR 

t I  or^ * Or ' P t , ~ . ~ . m ~  A - - * %.C.X.K.D~M.M 0' o r  t, II and A- o f  R E S .  - - - -  I '~.x .p ,o rn .~  -- F~,~.~.~,I 

8 % O t w r  HSHD I 1  2  22 

12 3  11 132 AISXIIUI 3  I I 

( b l h m ' t  lu r i m e  s e r r n l  41 g m w  r y  b. present dur lng  )i). a c t l r l t l e s  

( " l w  RtS 1d .n t l t y  n t r l x  f o r  r s r o c l # t m  1% n l b s c r l p t d :  $ 
.J.H.M,I 

Id'lTm RtS l h n t l t y  n t r l r  f o r  t k  wllr I s  n b s c r l p u d :  Sl,M,I. 

ie'~h act-1 n-r o f  r t n n  I n t r n c c t l o m  c o n u l a l n p  m l p l c  aU rar  11.169, s l m r  tk IBO: PtSIWII d a u  

IUI f o r  a s s o ~ l a t m  and p n e n l  p h l l c  m d g l l u t d  f o r  bo th  sexes and both  rqlqd and m - ~ l o ~ d  

*"Ice mclple"t, .  

( f ' rhe a ~ t u l  md.r  of m t r l x  In* - t fon  c o n u l n l n g  u n l w  da ta  *I 3.226 s l n c .  th. 5 P h l l c  Dore ~ r c t o r r  
-re d m H c a t d  for -lo@ a d  n a w l o d  d.rlo. ~ r r l p l m t s .  

Dose Factor.  c c  . ' .I.* 
b t r i x  of  OOIL &% 

By H I M 0  r y p  L 001e t a  tw 
k t i v l r y  or UlR and vopu l r t lon  

AM o f  RES. M t r i x .  

(q' lhe Dose Fvctor U t r l x  for the @ l ( c  I s  r B s c r l p t t d :  t 
1.1 



TABLE F.2. Dose t o  t he  Popu la t ion  M a t r i x  Desc r i p t i ons  

I d e n t i t y  o f  A r t i f i c i a l  Heart  Rec ip ien t  (AHR) 

Engaged i n  Work A c t i v i t i e s  -- Age, Sex and D e t a i l e d  Occupation 
(Employed AHRs Only) 

Engaged i n  Non-Work A c t i v i t i e s  -- Age, Sex, Household Type and 
Employment S ta tus  

I d e n t i t y  o f  Rad ia t i on  Exposure Subject  (RES) 

Work Assoc ia te  -- By Deta i  1 ed Occupat ion 

Spouse - - RES: Age; AHR: Age, Sex, Household Type and 
Employment S ta tus  (Sex o f  RES Determined by 
Knowing AHR Sex) 

Other Household -- RES: Age, Sex; AHR: Age, Sex, Household Type 
and Employnient S ta tus  

Associates - - RES: Age; AHR: Broad Age Group, Household Type 
Publ ic-at -Large -- RES: Adu l t  o r  Chi ld ,  Sex; AtlR: A c t i v i t y  

Time Spent by AHR i n  A c t i v i t y  

Time i n  Work A c t i v i t i e s  -- AHR: Sex, Broad Occupation Groups and 
Work A c t i v i t y  

Time i n  Non-Work A c t i v i t i e s  -- AHR: Sex, Household Type, Employment 
Status, and Non-Work A c t i v i t y  

Frequency o f  Contact Fac to r  (F Fac to r )  

F Fac to r  f o r  Spouse - - AHR: A c t i  v i  t y ,  Household Type, Sex 
and Empl oymen t Status 

F Fac to r  f o r  o t h e r  Household -- RES: Adul t - C h i l d  Status;  AHR: A c t i v i t y ,  
tiousehold Type, Sex and Employment 
S ta tus  

F Fac to r  f o r  Associates - - RES: Adul t -Ch i  l d  Status; AHR: A c t i v i t y ,  
Househol d Type, Sex, and Employment 
Status 



TABLE F. 2. (Cont inued)  

Dose Fac to r  (Dose/RES/Uni t Time) 

Dose Fac to r  f o r  Work Assoc ia tes -- AHR: Broad Occupat ion,  Work k c t i v i  t y  
and Sex 

Dose Fac to r  f o r  Spouse - - AHR: A c t i v i t y ,  t lousehold Type, Sex 
and Employment S ta tus  

Dose F a c t o r  f o r  Other  Household -- RES: Adul t -Ch i  1 d S ta tus  ; AHR: A c t i  v i  t y  , 
Househol d Type, Sex and Empl oyment 
S ta tus  

Dose Fac to r  f o r  Assoc ia tes - - RES: Adul t -Ch i  l d  S ta tus ;  AHR: A c t i v i t y ,  
Household Type, Sex and Employment 
S ta tus  

Dose F a c t o r  f o r  Pub1 i c -a t - La rge  -- AHR: A c t i v i t y ,  and Sex 

Dose t o  t h e  Popu la t i on  

Dose t o  lJork Assoc ia te  -- AHR: A c t i v i t y ,  Age, Sex and D e t a i l e d  
Occupat ion 

Dose t o  Spouse - - KES: Age and Sex; AHR: A c t i v i t y ,  
Age, Sex, Household Type arid Employ- 
ment S ta tus  

Dose t o  o t h e r  Household - - RES: Age and Sex; AHR: A c t i v i t y ,  
Age, Sex, Household Type and Employ- 
ment S ta tus  

Dose t o  Assoc ia tes  - - RES: Age; AHR: A c t i v i t y ,  Age, Sex, 
Househol d Type and Empl oyment S ta tus  

Dose t o  Pub1 i c -a t - La rge  - - RES: A d u l t - C h i l d  S ta tus  and Sex; 
AHR: Ac t  i v i  t y  , Age, Sex, House ho l  d 
Type and Employment S ta tus  
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APPENDIX G 

INCIDENTAL RANDOM DOSE CALCULATIONS 

I n  a r r i v i n g  a t  a  f i g u r e  f o r  t o t a l  populat ion dose, one o f  the questions 

ra i sed  was: what are the  l i m i t s  o f  t he  area o f  in f luence surrounding an 
2 

a r t i f i c i a l  heart  user? Since dose i s  p ropor t iona l  t o  l / r  and since popula- 

t i o n  i s  p ropor t iona l  t o  r*. the area o f  in f luence might  appear t o  be 

indeterminant.  It i s  c lea r ,  however, t h a t  t h i s  i s  n o t  the  case. 

Assume f o r  the  sake o f  ana lys is  t h a t  a  more o r  l e s s  un i fo rmly  dense 

popu la t ion  i s  concentrated along concent r ic  c i r c l e s  centered around a  rad ia -  

t i o n  source. The dose t o  the popu la t ion  on a  p a r t i c u l a r  rad ius  i s  propor- 
2 t i o n a l  t o  1 / r  bu t  the popu la t ion  on t h a t  rad ius  i s  p ropor t iona l  t o  r2; 

Q 

i t  i s  p ropor t i ona l  t o  rL minus the  popu la t ion  d i s t r i b u t e d  along a l l  o f  the  

smal ler  r a d i i .  Thus, the  increments o f  absorbed dose t o  the  popu la t ion  

become small e r  and smal l e r  as the  r a d i i  become l a r g e r .  

We est imated the  magnitude o f  t h i s  i n c i d e n t a l  random dose by using the  

computer code BINGO. By using vary ing  people d e n s i t i e s  w i t h  the  random 

placement c a p a b i l i t y  of t h e  code, we generated data on r e l a t i v e  dose 

ra tes  as a  f u n c t i o n  o f  people dens i ty .  Using these data, we est imated 

the  i n c i d e n t a l  random dose i n  met ropo l i tan  centers o f  vary ing s izes.  

Table G . l  shows a  summary o f  the  t o t a l  popu la t ion  doses a t  vary ing people 

dens i t i es .  These c a l c u l a t i o n s  i n d i c a t e  t h a t  the t h e o r e t i c a l  l a s t  1% o f  

absorbed dose may extend a  d ispropor t ionate  d is tance r e l a t i v e  t o  the  rad ius  

where the bu lk  o f  the r a d i a t i o n  i s  absorbed. Since the  dose r a t e  and 

a t tenuat ion  data are n o t  h i g h l y  accurate, we have used the  d is tance where 

99% o f  the  dose i s  absorbed as the  f i g u r e  o f  m e r i t  f o r  eva luat ing  people 

dens i t y  e f f e c t s .  For t h e  h igh  dens i t y  s i t u a t i o n s  shown i n  Columns 1  and 3, 

t h e  rad ius  a t  which 99% o f  t h e  t o t a l  dose i s  absorbed i s  very small (19- 

100 f t )  due t o  t h e  st rong rad ia t i on -a t tenua t ing  e f f e c t  o f  people 's  bodies. 

However, f o r  t he  lower metropol i t a n  area d e n s i t i e s  (excluding the  e f f e c t  o f  

w a l l s  and o ther  obs t ruc t ions) ,  the l i m i t i n g  f a c t o r  on t o t a l  dose absorbed 



TABLE G. 1. 

1  

D e n s i t y  

Peopl e/100 f t  2  

20.0 

E f f e c t  o f  Populat ion Densi ty  on I n c i d e n t a l  Random ( IR )  Dose t o  t h e  Populat ion ( a  > 

Radius a t  Which 
99% o f  Maximum 

IR Dose 
i s  Absorbed 

Example ( f t  1 
Maximum d e n s i t y  
i n  very  crowded 19 
s i t u a t i o n s  

Dens i t y  i n  a  38 
N e a r l y  F i l l e d  
Theatre 

H a l f  F i l l e d  110 
Classroom 

Maximum Urban 2 5  M i .  ( b) 

Popu la t i on  
Dens i t y  (Manhattan) 

Popu la t i on  Dens i t y  ~ 5  M i .  ( b )  
i n  a  Small City 

Maximum Poss ib l e  
I R  

Popu la t i on  Dose 
(mrem/ h r )  

Popu la t i on  Dose A t  
100 f t  o r  a t  99% Radius (Column 3) 
Whichever I s  t he  Sho r t e r  D is tance  
mrem/h r % o f  Maximum 

8.40 E s s e n t i a l l y  100 

5.71 E s s e n t i a l l y  100 

a. The t e rm  I n c i d e n t a l  Random ( IR )  dose i s  used here t o  mean t h e  dose absorbed by a  group o f  people who a r e  p resen t  o n l y  
i n  t h e  genera l  background o f  a  more s p e c i f i c  a c t i v i t y .  I n  h i g h  d e n s i t y  s i t u a t i o n s  t h i s  I R  dose i s  t he  dose t o  t h e  
popu la t i on .  

b .  Maximum IR dose f o r  low d e n s i t y  s i t u a t i o n s  i s  t h e  dose o u t  t o  a  maximum d i s t ance  o t  5 m i l e s  due t o  t he  c u r v a t u r e  o f  
t h e  e a r t h .  Th i s  i s  t h e  l i m i t i n g  d i s t ance  a t  which any r a d i a t i o n  would be absorbed by  any p o r t i o n  o f  a  6 - f t  i n d i v i d u a l  
from a  source 3  f t  above t h e  e a r t h ' s  sur face .  

COMPARATIVE DOSE RATES TO IDENTIFIED RADIATION EXPOSURE SUBJECTS DURING SPECIFIED ACTIVITIES 

(A1 1  dosages shown a r e  f o r  urban employed male A r t i f i c i a l  Hea r t  Rec ip i en t s  1 i v i n g  i n  husband-wi f e  o n l y  fami l i e s )  

Dose 
A c t i v i t y  mrem/hr 

Soc ia l  - V i s i t s  0.84 
Soc ia l  - P a r t i e s  1.61 
Reading 0.22 

A c t i v i t y  mrem/ h r  

E a t i n g  0.52 
S leep ing  t 0.78 
T.V. Watching 0.43 



i s  the curva ture  o f  t he  ear th .  This  can be seen by comparing Columns 5  and 

6  which show the  r e l a t i v e  amounts o f  r a d i a t i o n  absorbed i n  t h e  f i r s t  100 ft 

i n  terms o f  dose r a t e  and percent o f  maximum. 

For the metropol i tan area dens i t i es ,  appreciable con t r i bu t i ons  t o  the  

t o t a l  dose come a t  distances beyond 100 ft. However, the  above ana lys is  

does not  take i n t o  account t h e  e f f e c t  o f  w a l l s  and o the r  obs t ruc t i ons  nor- 

ma l l y  present i n  me t ropo l i t an  areas. Ass~~ming the  equ iva len t  o f  a  6-in'. 

concrete wa l l  a t  100 ft, i t  was found t h a t  t he  dose beyond t h i s  p o i n t  

dropped off  t o  i n s i g n i f i c a n t  l e v e l s .  The assumption o f  such an obs t ruc t i on  

increases i n  va l  i d i  ty, the  more dense the  metropol i tan populat ion;  hence 

the  dose beyond 100 ft w i l l  probably n o t  be s i g n i f i c a n t  i n  h i g h l y  populated 

metropol i t a n  areas. 

I n  the  case o f  smal le r  s ized popu la t ion  centers an o b s t r u c t i o n  d i s -  

tance o f  500 ft o r  t he  equ iva len t  may be a  more appropr ia te  assumption. 

This would increase the  i n c i d e n t a l  random dose f o r  t h i s  case from 0.011 t o  

0.01 5  mrem/hr/AHR. 

By comparing the  dosage l e v e l s  t o  f a m i l y  members and associates ( lower  

p o r t i o n  o f  t ab le )  w i t h  the  i n c i d e n t a l  random dosages, i t  w i l l  be noted 

t h a t  t he  r e l a t i v e  magnitude o f  t h e  l a t t e r  r a t e  i s  very  small f o r  medium 

s ized metropol i t a n  areas and o n l y  becomes s i g n i f i c a n t  f o r  t h e  few areas i n  

the U.S. having d e n s i t i e s  comparable t o  those found i n  New York C i t y .  As 

a  i-esul t o f  these ca l cu la t i ons ,  we in t roduced an added f a c t o r  i n  t he  t o t a l  

popu la t ion  dose t o  account f o r  i n c i d e n t a l  random doses. 

This  f a c t o r  ( t he  l a s t  i tem i n  the  dose-to-the-populat ion equat ion on 

page 10-12) cons i s t s  o f  t he  t o t a l  number o f  AHRs t imes the  i n c i d e n t a l  

random dose r a t e  per AHR. To c a l c u l a t e  t h e  i n c i d e n t a l  random dose r a t e  we 

assumed t h a t  t he  geographical popu la t ion  d i s t r i b u t i o n  o f  AHRs would be the  

same as t h a t  o f  t h e  general populat ion.  This  c a l c u l a t i o n  i s  shown i n  

Table 6.2 .  Using 1970 popu la t ion  dens i t y  data from t h e  U.S. Census, (33) 

we obta ined est imates o f  popu la t ion  dens i ty  as a  f u n c t i o n  o f  c i t y  s ize.  

We developed popu la t ion  dose r a t e s  f o r  these d e n s i t i e s  us ing  t h e  dose r a t e  

a t  100 f t  f o r  c i t i e s  having a  popu la t ion  greater  than 1  m i l l i o n  and us ing  



TABLE 6.2.  I n c i d e n t a l  Random Dose- to - the-Popu la t ion  C a l c u l a t i o n s  

Percent 
o f  t h e  To ta l  Dose Rate Background Percent  

Popu la t ion  Density ( i ) " )  a t  Dens i t y  ( i )  Popu la t i on  Dose o f  T o t a l  
C i t y  S i ze  i n  1970 Peopl e/100 ft2 peopl e/mi2 mrem/hr/AHR mrem/hr/AHR Backqround Dose 

Urban 

1.000 ,ooo+ 

New York C i t y  

Manhattan 
B rook l yn  
Bronx 
Queens 
Rest 

P h i l a d e l p h i a  
Chicago 
D e t r o i t  
Los Angeles 
Houston 

500,000 - 1,000,000 

250,000 - 500,000 

100,000 - 250,000 

50,000 - 100,000 

25,000 - 50,000 

10,000 - 25,000 

5.000 - 10,000 

2,500 - 5,000 

Urban l e s s  than 2,500 

Un inco rpo ra ted  urban 

Rura l  

1,000 - 2,500 

Rura l  l e s s  than 2,500 

Other  r u r a l  

TOTAL 
8760 h r  = 0.225 rem/yr/AHR 

I n c i d e n t a l  Random Dose = 0.02571 mrem/hr/AHR x y, ,000 mrem 

( a )  Est imated 

Source: Popu la t i on  o f  P laces of 2,500 o r  more, 1970 and 1960 (Reference 33)  



t h e  dose r a t e  a t  500 f t  f o r  c i t i e s  with a  population of l e s s  than 1 mi l l i on .  

From these  da ta  we then developed t h e  weighted average population dose r a t e  

of 0.225 rem/year/AHR used in  the  population dose c a l c u l a t i o n s .  



APPENDIX H 

DOSE-TO-THE-POPULATION SUMMARIES 

OF VARIOUS REPRIEVE CASES 



TABLE H.1. Case 1B Dose to  the  Population i n  t h e  Year 2000 from 220,330 Radioisotope-Fueled Devices 

Basis: 1.  High Candidate Estimate 
2. Best Heart Disease Inc ide  c Est imate 1 7  3. Natural Death Rate = PND a 
4. Device F a i l u r e  Rate = Twice N H F R ( ~ )  

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

Population Category Exposed rem/yr the  Population remlyr 

1 .  Spouses 
Females - Age 49 and Under 31,418. 28,514. 7.7 0.908 

- Age 50 and Over 78,753. 64,109. 17.3 0.814 
Males - Age 49 and Under . 7,771. 7,535. 2.0 0.970 

- Age 50 and Over 36,637. 29,896. 8.1 0.816 

2. Other Household Members 
Age 0-17 

18-49 
50+ 

3. Non-work Associates 4,731,132. 34,442. 9.3 0.0073 

4. Work Associates  2,199,332. 39,034. 10.5 0.01 77 

General Populace 

Total 

265,000,000. ( c )  128,573. 34.7 0.00049 

265,000,000. ( c )  370,216. 100.0 Average 0.001 40 

( a )  P robab i l i ty  of normal death 
(b)  Normal hea r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. population i s  assumed t o  have received some exposure 
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TABLE H.3. Case 1D Dose t o  t he  Popu la t ion  i n  t h e  Year 2000 f rom 247,446 Radioisotope-Fueled Devices 

Basis :  1. H igh  Candidate Es t imate  
2. Best  Hear t  Disease Inc idence Es i a t e  
3. Na tu ra l  Death Rate = Twice PND a 
4. Device F a i l u r e  Rate = None 

i T 
Number o f  Percent o f  Average Dose 

People Dosage To ta l  Dose t o  Per Person 
Popul a t  i on Category ~ x p o s e d  rem/yr t h e  Popul a t i o n  rernlyr 

1. Spouses 
Females - Age 49 and Under 36,463. 33,601. 7.9 0.922 

- Age 50 and Over 86,454. 71,542. 16.9 0.828 
Males - Age 49 and Under 9,119. 8,975. 2.1 0.984 

- Age 50 and Over 42,672. 35,428. 8.4 0.830 

2. Other Household Members 
Age 0-1 7 131,884. 24,921 . 5.9 0.189 

18-49 87,814. 14,161. 3.3 0.161 
50+ 34,566. 5,211. 1.2 0.151 

3. Non-work Associates 5,293,428. 38,896. 9.2 0.0073 

4. Work Associates 2,539,459. 45,642. 10.8 0.0180 

General Populace 

T o t a l  

265,000,000.(~) 145,686. 34.4 0.00055 

265,000,000. ( b )  424,053. 100.0 Average 0.001 60 

(a )  Probabi 1 i t y  o f  normal death 
( b )  The e n t i r e  U.S. popu la t i on  i s  assumed t o  have rece i ved  some exposure 



TABLE H.4. Case 3A Dose t o  t h e  P o p u l a t i o n  i n  t h e  Year 2000 f r om 105,306 Radio isotope-Fueled Devices 

Bas is :  1. H igh  Candidate Es t ima te  
2. Minimum Hea r t  Disease I nc i dence  E t i m a t e  
3. Na tu ra l  Death Rate = Twice P N D ( ~  5 
4. Dev ice F a i l u r e  Rate = Twice N H F R ( ~ )  

Number o f  Percen t  o f  
People Dosage T o t a l  Dose t o  

Popu la t i on  Category Exposed rem/y r  t h e  P o p u l a t i o n  

1. Spouses 
Females - Age 49 and Under 16,486. 15,160. 8.5 

- Age 50 and Over 39,131. 32,317. 18.1 
Males - Age 49 and Under 2,446. 2,398. 1.3 

- Age 50 and Over 16,015. 13,033. 7.3 

2. O the r  Household Members 
Age 0-1 7 

18-49 
5 O+ 

3. Non-work Assoc ia tes  2,264,423. 16,430. 9.2 

Average Dose 
Per Person 

r e m l y r  

4. Work Assoc ia tes  

General Populace 

T o t a l  

1,042,262. 19,023. 10.7 0.0183 

265,000,000. (') 61 $91 1. 34.8 0.00023 

265 ,000 .000 . (~ )  178,160. 100.0 Average 0.00067 

(a )  P robab i l  i t y  o f  normal dea th  
( b )  Normal h e a r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. p o p u l a t i o n  i s  assumed t o  have r e c e i v e d  some exposure 
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TABLE H.7. Case 7 Dose t o  t he  Popu la t i on  i n  t h e  Year 1990 f rom 4,160 Radio isotope-Fueled Devices 

Basis :  1. High Candidate Est imate 
2. Best  Hear t  Disease Inc idence Es t imate  
3. Na tu ra l  Death Rate = Twice P N D ( ~ )  
4. Device F a i l u r e  Rate = Twice N H F R ( ~ )  

Number o f  Percent  o f  Average Dose 
People Dosage T o t a l  Dose t o  Per Person 

Popu la t ion  Category Exposed r e m l y r  t h e  Popu la t i on  r e m l y r  

1. Spouses 
Females - Age 49 and Under 649. 51 1. 8.4 0.787 

- Age 50 and Over 1,469. 1,035. 17.0 0.705 
Males - Age 49 and Under 160. 136. 2.2 0.848 - Age 50 and Over 689. 482. 7.9 0.701 

2. Other Household Members 
Age 0-17 

18-49 
5 O+ 

3. Non-work Associates 87,842. 536. 8.8 0.0061 

4. Work Associates 

General Populace 265,000,000. 2,112. 34.6 0.00001 

265,000,000. 6,106. 100.0 Average 0.00002 

( a )  P r o b a b i l i t y  o f  normal dea th  
( b )  Normal h e a r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. p o p u l a t i o n  i s  assumed t o  have rece i ved  some exposure 
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TABLE H.9. Case 9 Dose t o  t h e  Popu la t i on  i n  t h e  Year 2020 f rom 317,746 Radio isotope-Fueled Devices 

Bas is :  1.  H i g h  Candidate Es t imate  
2. Bes t  Hea r t  Disease I nc i dence  Es imate  
3. Na tu ra l  Death Rate = Twice PND 1 a )  
4. Device F a i l u r e  Rate = Twice N H F R ( ~ )  

Number o f  Percen t  o f  Average Dose 
People Dosage T o t a l  Dose t o  Per Person 

Popul a t i o n  Category Exposed r e m l y r  t h e  Popu la t i on  remly  r 

1.  Spouses 
Females - Age 49 and Under 32,771 . 30,149. 5.7 0.920 

- Age 50 and Over 118,927. 98,056. 18.5 0.825 
Males - Age 49 and Under 9,276. 9,092. 1 .7  0.980 

- Age 50 and Over 58,581 . 48,162. 9.1 0.822 

2. Other  Household Members 
Age 0-17 

18-49 
5 O+ 

3. Non-work Assoc ia tes 6,860,783. 51,469. 9.7 0.0075 

4. Work Assoc ia tes 2,950,456. 53,317 10.1 0.181 

General Popul ace 265,000,000. 188,982. 35.7 0.0071 

T o t a l  265,000,000. (') 529,402. 100.0 Averaqe 0.00200 

(a )  P r o b a b i l i t y  o f  normal dea th  
( b )  Normal h e a r t  f a i l u r e  r a t e  
( c )  The e n t i r e  U.S. p o p u l a t i o n  i s  assumed t o  have r e c e i v e d  some exposure 
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