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DOSE-TO-THE~-POPULATION EXPOSURE ESTIMATES
FOR USE OF PLUTONIUM-238-POWERED ARTIFICIAL HEARTS

R. W. McKee
L. L. Clark
B. M, Cole

I. INTRODUCTION

The objective of this study is to estimate the radiation dose to the
population resulting from the development and widespread use of artificial
heart devices powered by the radioisotope, plutonium-238. This work was
carried out for the Division of Biomedical and Environmental Research of
the Energy Research and Development Administration (ERDA) [formerly the
U.S. Atomic Energy Commission] as a part of their Artificial Heart Program.

For many decades heart disease has been the leading cause of death 1in
the United States. Because this disease often occurs in persons in their
productive years, death from it not only causes suffering in their families,
but has an adverse economic impact on the nation as well. Therefore, the
development of a device to continue the heart function after normal heart
failure could contribute to the welfare of our society. Powering such a
device by means of a totally implantable, Tong-lived 238Pu power source
offers substantial advantages compared to other power sources. However,
these advantages must be weighed against the gamma and neutron radiation
risks to persons in the vicinity of the user. Although the dose rate from
any one user would be very small (0.01-0.02 mrem/hr at 10 ft), currently
accepted theory conservatively assumes that the effects of low-level
radiation are cumulative. Since several hundreds of thousands of devices
might eventually be in use, it is important to characterize the dose-to-the-
population risk.

Development of dose-to-the-population estimates requires an analysis
to determine the characteristics of those who would use the device, how
many would be used, how long the recipients would live and what their
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personal interactions with other people would be. The scope of this study
includes the following principal components.

1. Determination of the cumulative number of devices in use in each
year based on estimates of:

Heart disease death rates
Fraction of those dying who would be eligible for a device
implant
Rate of implantation
d. Life expectancy after implant

2. Estimates of radiation dose rates as a function of distance.
3. Classification of persons potentially exposed.

4. Estimates of interpersonal distance relationships between users
of the devices and other persons.

5. Development of a computer model to use the above data to calculate
total dose to the population.

Since considerable uncertainty exists in the projection of artificial heart
use, the population dose results were developed parametrically with respect
to factors (heart disease death rates, 1ife expectancy, etc.) that would
affect the number of artificial hearts in use.
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IT. SUMMARY AND CONCLUSIONS

Estimates of dose to the population from 238Pu-powered artificial

hearts were developed using a calculational model called REPRIEVE. This
model develops the projected user population by incorporating assumptions
regarding future heart disease death rates, the fraction dying who would
be eligible candidates for artificial hearts, population projections,
beginning implant rates, death rates after implant due to natural causes,
and deaths caused by device failure.

The user population was characterized by age, sex, household description,
employment status and occupation. Census data on household descriptions
and special surveys in selected cities provided the information necessary
to describe persons exposed during both household and public activities.
These surveys further defined distance and time of contact factors for
these persons.

Calculations using a dosimetry computer code defined the relationships
between distance and dose. The validity of these calculations has been
substantiated by experimental measurements.

Time-in-activity data were obtained from the Institute for Social
Research at the University of Michigan. The data came from a nationwide
sample of households as part of a multinational survey in 10 countries.

After developing the user population, the REPRIEVE program used the
above data to perform population dose calculations. The final population
dose is the result of approximately 220,000 summations of individual
calculations. The program expresses the results in tables showing
dose by the age and sex of the persons exposed as well as by heart
recipient classifications.

A reference base case defined our best estimate of future conditions.
Other cases examined the effect of user population parameters on final
population dose. From this analysis we prepared credible maximum and
minimum estimates of population dose. Table 1 on the following page
summarizes the results of these calculations.
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TABLE 1. Year 2000 Population Dose Estimates

From 238Pu-Powered Artificial Hearts

Average Dose

Population PopuTation Dose Percent Per Person
Category Estimate man-rem/year of Total rem/year
Spouses Minimum 21,000 35.4 0.860
Best 120,000 35.3 0.840
Max imum 152,000 35.5 0.830
Other Household Minimum 6,000 10.2 0.173
Members Best 36,000 10.5 0.170
Maximum 43,000 10.1 0.166
Non-work Minimum 5,000 9.1 0.0073
Associates Best 31,000 9.1 0.0071
Maximum 39,000 9.1 0.0070
Work Associates Minimum 6,000 10.8 0.0185
Best 37,000 10.9 0.0175
Maximum 46,000 10.8 0.0178
General Populace Minimum 20,000 34.4 0.00008%:%
Best 116,000 34.2 0'00044(a)
Max imum 148,000 34.6 0.00056
TOTAL Minimum 58,000 100.00 0.00022
Best 340,000 Average 0.00128
Maximum 428,000 0.00161

(a) The entire U.S. population in year 2000 is assumed to have received
some exposure.

The number of device users and hence the population dose appears to
reach an equilibrium level at about year 2035 or 50 years after initial
impTants have begun. The best-estimate dose at this point is approximately
58% higher than in the year 2000 or 535,000 man-rem/year.

As seen from the table, spouses receive the largest individual doses.
These amount to almost 1 rem/year, or seven to eight times normal background.
It is important to recognize that most spouses are in older age groups where
genetic effects are of 1ittle concern and where other competing risks of
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death may prevail before somatic radiation effects are evident. Furthermore,
the risk would be a voluntary risk that could be reduced twofold or more by
separate sleeping arrangements.

Average dose to other household members would be slightly higher than that
of normal background. However, a significant portion of it would be absorbed
by young persons under 18 years of age.

The dose to other associates and to the general populace, while compris-
ing a significant portion of the total population dose; ranges from about
20 mrem/year to a fraction of an mrem/year on an individual basis.

The total population exposure estimates range from 58,000 man-rem/year to
428,000 man-rem/year. Approximately 35% of this is transmitted to individuals
at rates that are only a fraction of 1% of normal background radiation.
Approximately 30% is transmitted to individuals at rates that are in the range
of 20% to 200% of normal background. The remaining approximately 35% is
transmitted to individuals (spouses) at rates that are seven to eight times
normal background.

Development of estimates of health effects that would result from these
population exposure estimates was not included in this study. Substantial
opinion now exists(]) that holds that the BEIR Report estimates(z) of health
effects per man-rem at low dose rates are considerably overstated. Because of
the Targe uncertainty regarding health effects at Tow dose rates an estimate
of health effects was not included in this study. This study does, however,
provide the age-specific dose data essential for analyzing potential health
effects. This study also clearly shows that the health effects will be sig-
nificantly less than the health effects for equal population exposures result-
ing from uniform exposure of the population (the usual basis for calculating
population health effects) because of the disproportionate degree to which older
age groups are exposed in the case of the artificial heart population dose.

The difference in the age distribution of the artificial heart population
dose compared to a population dose based on a uniform exposure of the entire
U.S. population is illustrated in Figure 1. For a uniform population exposure,
approximately 75% of the dose would be received by persons under 50 years of
age, while only 50% of the dose would be received by that age group in the case
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of the artificial heart population dose. This would reduce both the somatic
and genetic effects for a given radiation exposure compared to effect esti-
mates based on uniform population exposure.

Finally, considerations of the population exposure risk should be
weighed against the potential benefit of saving on the order of 1 million
man-years of 1ife by the year 2000 and more in the years to follow.

100
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ITI. METHODOLOGY

This section briefly outlines the components of this study and their
interrelationships. The study scope was originally developed to define the
population dose in terms of the demographic characteristics of the device
recipients without identification of persons exposed. However, because the
age and sex of persons exposed are important factors for estimating poten-
tial somatic and genetic effects of low-level radiation, the Scope was:
later broadened to identify the radiation dose by the age and sex of the
person exposed.

Figure 2 shows the various components of the study as originally
defined. Projections of fatal heart disease incidence were combined with
estimates of artificial heart candidates to develop the projection of
annual implants by age and sex. An assumed probability of death for each
device recipient age and sex group and an assumed probability of device
failure were combined with the annual implant projection to develop the
number of surviving device recipients as a function of time for each
implant year. Annual summations by age and sex of the number of surviv-
ing implants from each implant year provided the cumulative number of
surviving device recipients in each year. (We assumed the implant program
would begin in 1985.) The device recipient population was then further sub-
divided by occupation and household type, using U.S. Census and Current
Population Survey (CPS) data.

In simplified form, the dose calculation for the initial study was:

Summations of (P) x (T) x (C) = Population Dose

where
P = Number of device recipients in each subgroup,
T = Amount of time spent in a defined activity,
C = Dose rate to others from device recipient during a

defined activity.

We obtained time-in-activity data from sample survey results conducted by
the University of Michigan, Institute for Social Research (ISR). Data on
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|
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ELIGIBLE RELIABILITY |
CANDIDATES ESTIMATES POPULATION DISTANCE
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FIGURE 2. Population Radiation Exposure Calculations for Use

of Nuclear-Powered Artificial Hearts

interpersonal distance relationships were collected from surveys among
Battelle employees and random populations in Richland and Seattle,
Washington. The interpersonal distance data were combined with dose rate
yersus distance data (calculated with a dosimetry computer code) in a spe-
cial computer program to calculate average dose rates for each specified
activity. Another computer model, REPRIEVE, was developed to calculate the
nurber of surviving implants and to combine this with the time-in-activity
and dose rate data to calculate population dose. Using these calculations
and the limited amount of pertinent household data available, initial esti-
mates of dose to children, spouses and other population groups were

developed.

The program was then expanded to obtain additional detail for estimates
of dose to spouses, children, associates and the general public by age and
sex. Figure 3 indicates schematically the additional components needed for
the expanded analysis. Data from the 1972 U.S. Census Current Population
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FIGURE 3. Expansion of Analytical Method to Identify

Persons Exposed

Survey of over 40,000 households across the United States provided identi-
fication of potentially exposed household members by their age, sex, and
relationship to the potential heart device recipient.

With assistance from Dr. Irwin Altman, Chairman, Department of
Psychology, University of Utah, we devised and conducted a survey of
approximately 400 homes in Salt Lake City, Utah, to obtain data to:

1) identify frequent visitors or associates in the home, 2) measure inter-
personal distances between household members and associates, and 3) deter-
mine the frequency of exposure for these groups. These data, in addition
to the previously developed device implant and use-of-time data, provided
the necessary input to a modified and expanded REPRIEVE model. The
expanded calculational basis in simplified form is:

Summations of (P) x (S) x (T) x (F) x (C) = population dose components

for work and nonwork
activities
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where
P = Number of persons in a device recipient group,

S = Number of persons (in a defined group) exposed per recipient,

T = Amount of time spent by device recipient group in a defined
activity,

F = Frequency of contact of persons exposed during a defined
activity,

C = Dose rate to persons exposed.

The total population dose consists of summations of the calculations above
for work-related and nonwork-related activities plus a small incidental
random component. This last component arises from radiation to not other-
wise identifiable persons who are in the general vicinity of the device
recipient.




IV. ARTIFICIAL HEART USE PROJECTIONS

The first step in estimating the dose-to-the-population is projecting
the number of devices in use as a function of time. This requires estimates
of the fraction of potential recipients in each age and sex group who would
be eligible for implants, the number of devices implanted, and recipient 1ife
expectancy. The estimate includes the following principal components:

e Fraction of the persons presently dying who would be eligible
for artificial heart devices (eligibility considerations)

e Projected future incidence of fatal heart disease
o Population growth effects

e Implant rate limitations

o Natural-cause death rates after implant

e Device-failure death rates

Combination of the first four items produces the initial implant esti-
mates. The Tast two items combine with the initial implant estimates to
produce the final recipient populations as a function of time. Each of the
above components requires estimates of a future condition. Some also
require knowledge of conditions for which there is no current data base.

For these reasons we developed the results parametrically encompassing a
range of values for each component (except population growth). The above
components and the assumptions used in their development are outlined in the
succeeding sections.

Based on our analysis the total number of devices that could be in use
in the year 2000 would range between 34,000 and 260,000 with a best estimate
of 200,000. Approximately 62% of these devices would be implanted in men--
most of them between the ages of 45 to 74. The remaining 38% of the devices
would be implanted in women predominantly between the ages of 50 to 79.
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A. ELIGIBILITY CONSIDERATIONS

The basis for determining the persons eligible to receive an artificial
heart were derived largely from the following reports:

1. Cardiac Replacement, a report by Ad Hoc Task Force on Cardiac

Replacement National Heart Institute.(3)

2. The Totally Implantable Artificial Heart, a report of the

Artificial Heart Assessment Panel of the National Heart and

(4)

Lung Association.

3. Final Summary Report on Six Studies Basic to Consideration of

(5)

the Artificial Heart Program, Hittman Associates, Inc.

The risks attendant to entire cardiac replacement, even with the
surgical procedures developed to transplant human hearts, are so formida-
ble that surgeons will probably be extremely conservative in proposing
such a course of action. Because of this risk, it is assumed that only in
the event of imminent death would artificial heart implants be attempted.
For this reason, the number of heart disease deaths would provide the upper
1imit on number of implants. In addition, the circumstances surrounding
heart disease deaths indicate that the actual number of candidates for
cardiac replacement would be much less. Ischemic heart disease, including
coronary heart disease which accounts for the overwhelming majority of
heart disease deaths, frequently causes death within one hour of the onset
of an attack. In many cases this would not allow time to get the victim to
a hospital where 1ife could be sustained long enough to attempt an
artificial heart implant. In many of these deaths there is also no previous
record of severe heart disease, indicating that prior preventative action
could not have been taken. The conclusion is that only a small percentage
of those dying from heart disease could be considered as eligible candidates.

One other condition for cardiac replacement eligibility is the
absence of contraindicating diseases. The presence of these diseases
would not only tend to substantially reduce the probability of surviving
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the implant procedure, but would 1imit the quality of Tife and life expec-
tancy even if the implant operation were successful.

The best estimates of candidate eligibility available were made by the

(3)

oriented mainly toward cardiac replacement using human heart transplants.

Ad Hoc Task Force in their report Cardiac Replacement. This report was

However, most of the data and conclusions are also applicable to replace-
ment using artificial hearts except that immuno-suppression is not a factor
in considering contraindicative diseases.

The following quote from the Ad Hoc Task Force report defines succinctly
the criteria used to define eligibility.

"I1f death occurs within one hour in a patient not
previously known to have severe heart disease, there is
little 1ikelihood that it could have been prevented by
total cardiac replacement, even if adequate temporary
assist devices were readily available. On the other
hand, if a longer period of time elapses between onset
of symptoms and death and if an assist device were
available, total cardiac replacement would be at Tleast
conceivable. Therefore, we have assumed that a patient
dying one or more hours after admission, but not
unexpectedly, could conceivably have such an assist
device applied, and thus be a potential candidate for
replacement. If death is sudden in a patient previously
known to have severe heart disease, there is at least
a chance that he might have received a total cardiac
replacement at some time prior to his abrupt death.(3,p.6)

The Ad Hoc Task Force developed their eligibility estimates on a disease-
specific basis for coronary (ischemic), hypertensive, rheumatic and other
heart diseases. The estimate of potential candidates having ischemic heart
disease was derived from data collected in long-term followup studies in
Framingham, MA and Tecumseh, MI. The distribution of this coronary death
data in determining artificial heart eligibility by the above criteria is
shown in Figure 4. This figure, with minor revisions, came directly from
the Ad Hoc Task Force report. The low estimate of seven candidates out of
183 coronary deaths (3.8%) includes only persons identified as having severe
coronary heart disease prior to their fatal heart attack. The high estimate
of 30 heart replacement candidates out of 183 coronary deaths (16.4%)
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includes 20 persons whose candidacy would depend on development of a heart
assist device and three other persons who died outside of a hospital and
who, on review of their records, were candidates on clinical grounds. The
original estimate was developed with the primary concern being heart trans-
plants. One of the main problems would be keeping a patient alive until a
donor could be found. With an artificial heart this would not be a problem
and the high estimate should be more nearly achievable.

While the Ad Hoc Task Force estimate of transplant candidates appears
to represent a sound basis for estimates of artificial heart candidates, the
data base is very small and does not provide adequate detail by age and sex.
In addition, this estimate lTimited candidates to persons under 65 years old--
principally because no heart transplants were attempted in older age groups.
As was pointed out in their study, however, "age per se rarely precludes

"(3’p'4jﬁgnd artificial heart

even the most complex intracardiac operations,
implants in persons over 65 could possibly account for a large proportion of

the total.

Since eligibility estimates are a key factor in estimating potential
artificial heart use, more detailed study is clearly needed to provide a
broader data base on contraindicative circumstances surrounding cardiac
death, with the ultimate objective of better defining candidate eligibility
by age and sex.

Although we recognized the limitations in the Ad Hoc Task Force data,
these data were still the best and most recent available and, therefore,
formed the foundation of our eligible candidate projections. Because of
the previously mentioned lack of age-specific detail, the older Hittman

(

coronary patients was used to estimate age-group ratios for candidates and

Associates report 5) based on analysis of clinical records of some 900

to extend the estimates to ages beyond age 65 (see Appendix A). Applica-
tion of these ratios to the Ad Hoc Task Force data developed our age-
specific eligible candidate estimates. These are listed in Table 2.

4)

The Artificial Heart Assessment Panel( also developed candidate esti-

mates based on the Ad Hoc Task Force data. They increased the estimates
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Total Potential
Candidates in

1969

Total Potential
Candidates In

1969

Age

30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85+

30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85+

TABLE 2. Modified Estimates of Artificial Heart Candidates
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Total
Candidates by Age and Disease, Percent Potential
Ischemic Hyper- Candidates
(Coronary) tensive Rheumatic Other in 1969
HIGH ESTIMATE
20.5 6.0 12.0 18.0 342
20.0 6.0 12.0 18.0 893
19.2 5.5 11.5 17.0 2,057
17.5 5.5 11.0 16.0 3,636
16.0 5.0 10.0 14.5 5,327
14.8 4.5 9.5 13.5 7,411
11.3 4.0 8.5 11.0 7,730
8.5 3.5 7.5 10.5 7,516
5.7 3.0 6.0 8.5 6,161
2.5 2.0 4.0 6.0 3,116
.5 1.0 1.0 2.0 636
0 0 0 0 0
40,432 368 1,148 2,877 44,825
LOW ESTIMATE
5.0 6.0 6.0 18.0 149
4.7 6.0 6.0 18.0 319
4.6 5.5 5.8 17.0 663
4.0 5.5 5.5 16.0 1,080
3.8 5.0 5.0 14.5 1,562
3.3 4.5 4.8 13.5 2,030
2.6 4.0 4.2 11.0 2,158
2.0 3.5 3.8 10.5 2,171
1.2 3.0 3.0 8.5 1,687
.25 2.0 2.0 6.0 639
0 1.0 .5 2.0 129
0 0 0 0 0
8,767 368 575 2,877 12,587



of candidates who would have died from coronary heart disease by including
persons up to age 75. This increased the number of candidates in this dis-
ease category by 65% from 26,000 to 44,000 per year. They also increased

the fraction of eligible candidates from hypertensive and rheumatic heart
diseases, but these changes increased the estimates of total devices implanted

only slightly.

Our estimates of total devices in use are a little lower than those of
the Assessment Panel, but are essentially in agreement in spite of a somewhat
different basis. These estimates are compared in Table 3. The derivation of
our analysis and the comparison with the Assessment Panel's estimates are

explained in more detail in Appendix A.

B. PROJECTED FUTURE INCIDENCE OF FATAL HEART DISEASE

The next component in the artificial heart use projection is the pro-
jection of heart disease death rates. This parameter provides the upper
limit in determining future device requirements and, therefore, becomes very
important in the use projection.

At the present time there appears to be substantial evidence to conclude
that heart disease has been brought under control.

e As shown in Figure 5, the age-adjusted* death rate of ischemic
(arteriosclerotic) heart disease appears to have peaked and

* NOTE: Three different measures of death rates are discussed in this
report:

1. Crude death rate = total deaths in a given year divided by total
population.

2. Age-adjusted death rate = total deaths weighted for the age
distribution of the population in a base year (1940).

3. Age- and sex-adjusted death rate = total deaths weighted for the
age and sex distribution of the population in a base year (1940).

Age-adjusted and age- and sex-adjusted death rates subtract the effects
of any age- or age-and-sex-specific population shifts occurring over
the years by using a constant population distribution. Although any
base year may be used, the standard practice is to use the 1940
population. For a highly age- and sex-dependent disease such as heart
disease, adjusted death rates give a much more accurate description of
changes in the actual risk of death over the past 35 years than do
crude death rates.
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begun a downward trend. Similar conclusions are reached by
examining the data points plotted on Figure 6 for crude* (see
footnote on page 4-7) and age-and-sex-adjusted* (see footnote
on page 4-7) ischemic heart disease death rates. Since the
incidences of other heart diseases have been steadily declining,
total (cumulative) heart disease has been recently declining
even more rapidly as indicated in Figure 5.(6)

e A similar conclusion was drawn in a report on male heart disease
deaths by the Metropolitan Life Insurance Company.(7)

e The National Center for Health Statistics in a recent report
stated, "The force of mortality for Ischemic heart disease
reached a peak in 1963 and then finally started downward.“(s’p'10)

® Dr. Jeremiah Stamler, of Northwestern University, indicated that
a study of heart attack death rates since 1940 suggests "that at
long last a start has been made in turning the flank of this great

modern p]ague."(]o)

Since the downward trend in total heart disease death rates is only
beginning, the basis for a projection is quite limited. Because of this,
we studied the history of several other significant fatal diseases(]])
which have clearly been brought under control to see if correlations could
be developed that would aid in predicting future fatal heart disease
levels. These other diseases included tuberculosis, diptheria, typhoid

fever, gastritic diseases, influenza, pneumonia, and hypertensive heart
disease.

Developing an equation which would fit the epidemiological data of both
heart disease and the other diseases studied required a combination of
logical and heuristic analysis. The objective was to define some kind of
learning curve relationship that could be used to predict man's ability to
control-specific diseases. This equation and its development is explained
in detail in Appendix B. The fundamental assumptions behind the equation are:
1) the rate of decline in death rate will be proportional to the difference
between the peak rate and the rate at any later time (an indirect measure of
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TABLE 3. Comparison

of Potential Artijficial Heart Candidate Estimates

Artificial Heart
Assessment Panel

Total Heart

Disease
Deaths

Candidate Classifications

Under Age 65
A11 Heart Diseases Except Congenital

.Congenital

Age 65 - 74
A11 Heart Diseases Except Congenital
Congenital

Age 75+
A11 Heart Diseases Except Congenital
Congenital

TOTAL - A11 Heart Diseases

Under Age 65
A11 Heart Diseases Except Congenital

Congenital

Age 65 - 74
A1l Heart Diseases Except Congenital
Congenital

Age 75+
A11 Heart Diseases Except Congenital
Congenital

TOTAL - A1l Heart Diseases

(a) Source: Vital Statistics of the United States (Reference 8, p. 1-174 to 1-178).

198,621
7,884

195,383
1

345,066

76

747,141

198,621
7,884

195,383
195,383

111

345,066

76

747,141

Estimatesib

In 1969(2

Percent Number

Modified
Estimate Used In

This Study

High Estimate

16.3 32,303

Percent

Number

(b) Source: The Totally Implantable Artificial Heart (Reference 4, p. 43).

5.0 394
9.0 17,639
6.7 50,336

Low Estimate

6.4 12,674
5.0 394
2.1 4,075
2.2 16,749

13.8

7.0 13,677
1.1 3,752
6.0 44,825
4.0 7,961
2.0 3,858
0.2 768
1.7 12,587
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FIGURE 6. Ischemic (Arteriosclerotic) Heart Disease Rates.
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Adapted Definition) Source: Vital Statistics
of the United States (References 6 and 9).

knowledge of the disease), and 2) the rate of decline will be inversely
proportional to some exponential function of the time elapsed since the peak

rate was observed (an indirect measure of complacency once the incidence is
substantially reduced).

In order to test the predictive ability of this equation, hereafter
referred to as the Death Rate Equation (DRE), we applied it to data for the
previously mentioned diseases. A Teast squares analysis showed a 94 to 98%
correlation for all these diseases. A 95% or better correlation is considered
good. Figure 7 shows the projection for tuberculosis along with the data
points for comparison. A computerized curve-fitting routine was used to
calculate the constants in the DRE giving an optimum fit to the data. This
corresponds to the best fit DRE curve shown in Figure 7. These constants were
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Death Rates Projected by Death Rate Equation. Source:
Historical Statistics of the United States (Reference 17)

then averaged for all of the diseases to obtain a set of universal constants.
A complete explanation of the Best Fit and Universal Constant Projections
along with illustrations for the other diseases analyzed are included in the
detailed explanations in Appendix B.

Recognizing that the correlation has been tested to only a limited
extent, the inference is that it may be possible to project the future
incidence of fatal diseases by knowing only the time and magnitude of the
death rate when the rate first starts to decline.

Using the basic form of the equation, we developed a best estimate
of future heart disease incidence. To provide an estimate of the maximum
uncertainty associated with these projections, the best estimate was
bracketed with maximum and minimum projections representing the highest
and lowest conceivable death rates. To develop the best-estimate case, we



determined values for parameters in the DRE using age- and sex-specific
data on ischemic heart disease incidence. (Due to classification and
diagnosis problems, total heart disease data could not be used as explained
in Appendix B.) These values used in the equation generated our best
estimates of future total heart disease incidence. We made maximum
estimates of future heart disease incidence by assuming that the peaking
of the crude total heart disease death rates merely represented a leveling
off of these rates and that future crude death rates would remain constant
at the average rate since 1965. (Indications are that the death rate is
clearly downward, however.)

The declining trends in heart disease and other fatal diseases may be
of a different nature. For example, once methods of combating and control-
1ing the organism causing an infectious disease were developed, the disease
could be almost totally eradicated over a period of time. Heart disease,
on the other hand, is a degenerative disease. At the present time, it
seems unlikely that the degeneration can be reversed or permanently halted
and while the fatal effects of heart disease may be postponed to older age
groups and even substantially diminished, near-total eradication of the
disease seems a more remote prospect than eliminating an infectious disease.
For these reasons, we concluded that using the universal projection param-
eters derived from the previously examined fatal diseases in the DRE would
produce the Timiting minimum estimate of future heart disease death rates.

The agreement of the best estimate projection of fatal heart disease
incidence with the most recently published data has been remarkable. Figure 8
shows a smoothed plot of age-adjusted total heart disease death rates for
1950-1973.(9’]2) We adjusted the data from 1950-1967 to a comparable classi-
fication basis with post-1967 data by applying comparability ratios.*(]3)
Provisional data from the National Center for Health Statistics (NCHS) based
on a 10% sample of death certificates in 1972 and 1973 reported age-adjusted

death rates of 249 and 243 deaths/100,000, respective]y.(]z) Using death

* Appendix B explains changes in classification and the comparability of
data in greater detail.
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rates in 1965 as a base, our best estimate projection predicted age-adjusted

death rates 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 illustrated in Figure 9. Final NCHS data on age- and
sex-adjusted death rates were only available through 1969.(6) These fit the
best projection extremely well, however. Final age-only-adjusted death rates
have been published to 1973, and these are also shown on the 111ustration.(9’]2)
Considering that the age-adjusted death rates are Tikely to be slightly Tower

than age- and sex-adjusted ones (see Figure 6 for example), these are also
likely to fit the projection.
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We used the best estimate projection of age- and sex-specific total heart
disease death rates with population data from 1965-1973(1421%:16) anq with
projected population data from 1974 to 2020(]7’]8) to develop projections of
crude death rates through 2020 as illustrated in Figure 10. Plotted actual
crude death rates from 1960 to 1973 agree quite well with the best estimate
projections. (Author's note: Just prior to publication additional crude
death rate data were obtained(]g) for 1974-1975 and plotted on Figure 10.

The agreement of the data with the projection is remarkable.)

C. POPULATION GROWTH EFFECTS

Another component in the artificial heart use projection having a marked
jmpact on projected implants is population. We assumed that increases or
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FIGURE 10. Projected Crude Death Rates for Total Heart Disease

decreases in the population of an age group would result in a proportionate
increase or decrease in the total number of heart disease deaths in that age
group.

To develop the population projection to the year 2000, we used the series
E population projections published by the Bureau of the Census in their
December 1972 Current Population Report.(]8) (Series E uses a birth rate of
2.1 births per woman, close to the current rate.) These projections, however,
only provided data on five-year age groups to age 75. To estimate the data
for age groups 75 to 79, 80 to 84 and over 85, we developed ratios from a
previous cnesus report in November ]971(]7) which included these older age
groups. The application of these ratios to the 75+ age group total in the

December 1972 report completed the age- and sex-specific population projections



to the year 2000. Population projections in 2010 and 2020 were given in the
November 1971 report, and although this report was somewhat outdated, we used
these projections for lack of better data.

Population projections have three main components: birth rates, death
rates and migration. An examination of the characteristics of these variables
will give an indication of the reliability of our projections. Recently, the
migration variable has accounted for a very small percentage of the popula-
tion and, therefore, is postulated to have little effect on our projections.
Death rates have remained quite constant over the past two decades. Birth
rates, on the other hand, provide most of the variability in the projection.
Since fatal heart disease incidence is not significant to people under
age 30, our main concern is with the population older than this age. Up
through 1995 all of the population age 30 and above has already been born.
Therefore, assuming that the death rates continue to remain at recent levels,
our population projection should be quite accurate through 1995. Past this
time the projection becomes, of‘course, increasingly less certain.

One other population phenomenon having a profound effect on the pro-

jected artificial heart population is the population "wavefront." This
phenomenon is due to the rapid rise in birth rates following World War II and

will begin to have a marked effect on age groups eligible for artificial

heart implants in approximately 1980. This effect is graphically illustrated
in Figure 11 which shows a plot of the population of resident males by 10-year
age groups (over 35) as a function of time. As indicated, the effect of the
population wave at its peak is to approximately double the age-specific popu-
lation as it passes through each age group. As a result of this phenomenon,
the future demand for artificial hearts should substantially exceed estimates
based on current population figures (other things being equal). Values of the
population projection used in this study are shown in Table 4.

D. IMPLANT RATE LIMITATIONS

After the artificial heart device has been sufficiently perfected for
widespread clinical use, it will still take a few years to build up the
capability of both professional surgical staff and industrial production.
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In the absence of more definitive data we made the following estimates:

e C(Clinical implantation of artificial heart devices is assumed to
begin in 1985 with 100 devices being implanted in that year.

e The number of implants in each succeeding year will be doubled
until demand equilibrium is reached.

Figure 12 illustrates the number of devices implanted in each program
year using our high estimate of eligible candidates, three Tevels of heart
disease incidence projections, and the above implantation schedule. The
increase in implants is quite rapid until demand equilibrium is reached.
Thereafter, the estimate is mainly influenced by projected heart disease and
population growth. In spite of the steep nature of the doubling function,
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TABLE 4. Age- and Sex-Specific Population Projections, 1990-2020
(in Thousands)

Age 1990(2) 2000(2) 2010(b) 2020(b)
Group Male Female Male Female Male Female Male Female
30-34 10,705 10,585 9,107 9,003 10,729 10,543 10,900 10,704
35-39 9,814 9,801 10,326 10,254 9,877 9,769 11,146 11,002
40-44 8,564 8,723 10,544 10,558 8,951 8,983 10,5692 10,543
45-49 6,603 6,937 9,495 9,678 9,961 10,098 9,585 9,673
50-54 5,319 5,758 8,063 8,494 9,918 10,268 8,448 8,763
55-59 4,787 5,396 5,975 6,632 8,600 9,252 9,011 9,643
60-64 4,637 5,538 4,548 5,354 6,934 7,917 8,484 9,532
65-69 4,065 5,267 3,750 4,782 4,771 5,963 6,784 8,210
70-74 3,070 4,368 3,215 4,543 3,207 4,429 4,869 6,527
75-79 2,085 3,407 2,393 3,851 2,244 3,484 2,829 4,316
80-84 1,186 2,204 1,350 2,486 1,440 2,569 1,446 2,517
85+ 674 1,441 795 1,676 920 1,912 905 1,857

(a) Ages 30-75 obtained from December 1972 Population Projections, Series E (Reference 18)
Ages 75-79, 80-84, and 85+ obtained by ratios of December 1972, 75+ totals
derived from November 1971 Population Projections, Series E.

(b) Ages 30-85+ obtained from November 1971 Population Projections, Series E (Reference 17)
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this increase is not believed to be unreasonable, given adequate economic
incentives and strong public demand once the device is reasonably perfected.

E. NATURAL-CAUSE DEATH RATES AFTER IMPLANT

The number of artificial heart devices in use at any point in time will
depend partly on the 1ife expectancy of the recipients after implant. Conse-
quently, it is important to estimate the death rates after implant as a func-
tion of the age and sex of the individuals receiving the device. Further,
since no mechanical device is perfect, it is also important to quantify the

possible number of deaths due to device failure, which is discussed in the
next section.

To develop an estimate of survival from natural causes of death, the
effect of eliminating heart disease as one of those causes must be considered.
At present, heart disease mortality is such an overwhelming cause of death
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that deaths due to other competing risks are probably suppressed to some
degree. If this is the case, then elimination of heart disease mortality in
artificial heart recipients would increase risk of death from other causes.
This may be especially true for major causes‘of death related to heart disease
such as cerebral thrombosis and other arteriosclerotic diseases. Notwithstand-
ing these increases in competing risks of death, elimination of heart disease
would probably increase the survival rate if a recipient were considered in
the same risk of death category as an individual with a natural heart. How-
ever, we do not believe this assumption to be reasonable in 1ight of problems
attendant to use of the device such as incompatibility of the device with the
blood. We therefore used a survival probability of one-half that of a normal
person as a best estimate of life expectancy after device implant.

The statistical theory regarding the probability of dying and survivor-
ship has been well developed. The analysis described by Chiang(zo) uses the
following steps. The normal probability of dying during an age interval i
(say 30-34) for a person at exact age X; (30) is given by Equation [1] in
Table 5. However, since the risk of death from various causes has been
altered for an artificial heart recipient (the person obviously cannot now
die from heart disease), this probability must be adjusted to reflect these
changes in risk. This is performed by Equation [2] in the same table. Using
this equation, the risk of heart disease death can be removed and the risk of
competing causes of death increased. After the probability of dying at exact
age X (30 in our example) has been satisfactorily adjusted, it is used in life
table calculations shown in Equation [3](2]) to determine the probability of
a person aged X dying in an age interval (30-34 in our above example). The
probability of any person surviving to the next age interval, shown in Equa-
tion [4], is identical to the fraction of the population living in one age
interval who survive to the next one. Applying these age-specific fractions
to the number of devices implanted in a given year develops the number of
recipients surviving to any subsequent year.

After initial unsatisfactory attempts to estimate the increase and
decrease in competing risks of death in Equation [2], we decided to parame-
terize the result by choosing simple fractions for C1 to adjust the values
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TABLE 5. Equations Used to Determine Survivorship of
Artificial Heart Recipients After Implant

Normal probability of dying "Mi
during age interval i for =Q. =1-P, = (1]
a person at exact age X, 1+ (T-Fi) nMi

total deaths
total population

where Mi = age-specific death rate for all causes =

n = length of age interval = 5 years

Fi = fraction of the age interval lived by those who die
during the interval

P. =

Probability of person at exact age Xi surviving over the
entire interval

Probability of dying during
age interval i for a person (C1 M;-C2 M, 5+C3 M 1)/Mi

at exact age X; adjusted for = QAi =1 - (Pi) (2]
removal and addition of .
competing risks.
where C1 = factor to adjust death rate for all causes
C2 = factor to reduce death rate for specific cause a
C3 = factor to increase death rate for specific cause b
Ma i T age-specific death rate for cause a which is being reduced
Mb i = age-specific death rate for cause b which is being increased
Pi = calculated from Equation [1]
Probability of dying during Si+1
age interval i for any =QF; = —— (3]
person in age interval i, (life Si
table calculation)
where S. = stationary population = n[Li (1-QA1)] + nFLLy (QAi)
in age interval i
where Li = number living at exact age Xi
QAi = calculated from Equation [2]
Probability of surviving to next ‘
age interval for any person in age interval i = PFi =1 - QFi [4]

Sources: Equations 1 and 2: C. L. Chiang, Introduction to Stochastic Processes

in Biostatistics (Reference 20, pp. 256-258)

Equations 3 and 4: Vital Statistics of the United States (Reference
21, p. 5.6)
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of the death rate for all causes. For the reasons previously mentioned in
this section, we assumed a survival probability of one-half that of a person
with a normal heart as a best estimate (i.e., C1 = 0.5, C2 and C3 = 0.0).

We estimated the upper 1imit of survival probability to be equal to survival
probability with a normal heart. As a lower limit, we chose a one-fourth
survival probability (C1 = 0.25). A comparison of the fractions surviving
over time for the above three estimates is illustrated in Figure 13. After
10 years of device life, approximately 69% of device recipients would be
1iving under the normal probability of death estimate, 52% living under the
one-half normal probability of death estimate, and 34% Tiving under the one-
fourth normal estimate. This range of estimates appears to give reasonable
values for the 1ife expectancy of device recipients. Separate calculation
of a set of age-specific surviving fractions for both males and females
makes the fractions both age- and sex-specific.

F. DEVICE FAILURE DEATH RATES

Because of its impact on lifetime after implant, especially in younger
age groups, device failure is a variable that needs careful attention. Unfor-
tunately, few, if any, mechanized systems have the operating lifetimes needed
to develop a data base for such device failure estimates. The problem is
easily understood by considering the almost unbelievable amount of work accom-
plished by the continuous, unattended operation of the normal human heart.

In the absence of such a data base, we felt that the best procedure
was to express device failure rates in terms of a fraction of human heart
failure rates (heart disease death rates). After calculation of many
alternate bases, we decided that a device reliability of one-half that of
a normal human heart best estimated possible future failure rates. This
basis results in 50% accumulated failures at 12 years and is believed to
represent an achievable design goal for an artificial heart device. The
method used in our analysis and the effect of our assumptions on total
devices in use is discussed in the remainder of this section.

To develop device failure rates, we calculated the age-specific
probability of death as if heart disease were the only risk present. We
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L. NORMAL PROBABILITY OF NATURAL DEATH
2. ONE-HALF NORMAL PROBABILITY OF NATURAL DEATH
3. ONE-FOURTH NORMAL PROBABILITY OF NATURAL DEATH

]
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FRACTION SURVIVING
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YEARS AFTER DEVICE IMPLANT

FIGURE 13. Comparisons of Life Expectancy Bases (Without
Device Failure) for Artificial Heart Recipients

used the method outlined by Chiang(zo) for handling competing risks.

Using this theory the probability of device failure is given by the
following equation.

Probability of Failure in Interval = 1 - (Pi)(C1 X M1}/M

where

P. = Normal probability of surviving from age
interval i to age interval i+1.

M = Death rate for all cause
Ml = Death rate for heart disease.
C1 = Factor to adjust death rate for heart disease.
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In our first estimate of device failure rates, we assumed that the device
would have a reliability equivalent to the average reliability of a normal
human heart in the recipient age group (or C1 = 1.0). We used these proba-
bility data with our modified age profile in the REPRIEVE code to calculate
the survivorship of 10,000 recipients. The totals, representing the composite
mixture by age and sex, represented device reliability. Results of this cal-
culation are shown in Table 6. For example, the probability of the device
operating 5 years would be 89.6%; for 10 years, 77.8%; for 15 years, 64.2%;
and so on. The distribution of device reliabilities based on this criteria

is shown as Curve 1 in Figure 14.

Considering the length of continuous, unattended operation without fail-
ure of the normal human heart, we reasoned that device reliability approaching
this is not a credible prospect in the foreseeable future. Assuming that the
probability of failure in a 5-year interval would be double the probability
of normal heart failure (from heart disease), the fraction surviving as a
function of device age is shown as Curve 2 in Figure 14, This results in 42%
failures in 10 years and 50% failures in 12 years. This basis is believed to
represent an achievable design goal.

TABLE 6. Devices Remaining in Use Assuming a Device Failure Rate
Equivalent to the Failure Rate of a Normal Human Heart

Year After Devices Year After Devices
Implant in Use Implant in Use
0 10,000 40 973
5 8,961 45 535
10 7,777 50 270
15 6,423 55 123
20 5,011 60 46
25 3,683 65 14
30 2,535 70 2
35 1,627
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@ NORMAL HEART RELIABILITY WITH AGE
DISTRIBUTION OF ARTIFICIAL HEART RECIPIENTS

®0NE-HALF NORMAL HEART RELIABILITY WITH AGE
DISTRIBUTION Of ARTIFICIAL HEART RECIPIENTS

L0 NO DEVICE FAILURE

FRACTION SURVIVING

]
0 5 10 15 20 25 30 35 40 45 50

YEARS OF DEVICE LIFE
FIGURE 14. Comparisons of Device Reliability Bases

G. CUMULATIVE USE PROJECTIONS

We combined the parameters developed in the previous sections to develop
the overall projection of artificial heart use. The high eligible candidate
projection, the best estimate heart disease projection, the twice-normal
probability of death calculation, and the one-half-normal heart reliability
device failure assumption represent the best estimates of probable future
occurrence. The number of devices in use as a function of time using these
best estimates is shown in Figure 15 as the best estimate curve. In addition,
the approximate maximum and minimum use projections are indicated. Table 7
shows the assumptions for these cases as well as the approximate number of
devices in use at 5-year intervals. In the year 2000 we project about 200,000
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FIGURE 15. Estimates of Potential Artificial Heart Use

devices in use with a maximum of about 260,000 and a minimum of 34,000. This

represents a total variation of +30 to -87% from the best estimate (reference
base case).

ngures 16 through 19 show the effect of the range of assumptions for
the individual parameters. Figure 16 shows the range of devices in use encom-
passing the uncertainty in our estimates of fatal heart disease incidence.
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While the maximum and minimum estimates of disease incidence reflect a large
range in the number of devices in use (from 100,000 to 260,000 in the year
2000), the close fit of the actual data to the best estimate projection of
fatal heart disease incidence indicates a higher probability for the best
estimate. Assuming that the base case values of the other parameters also
reflect the highest probabilities, the most probable number of devices in use
in the year 2000 would be approximately 200,000 (reference base case estimate).
The percentage variations corresponding to the above mentioned maximum and
minimum estimates are +30 to -50%.

Figure 17 indicates that the high and Tow estimates of eligible candi-
dates for devices also span a wide range of total devices in use. Use of the
Tow estimate lowers the number of devices in use to about 60,000 in the year
2000 - a drop of 70% from the reference base case estimate.

After device implant, one factor affecting the number of devices in use
is the length of time the device recipient is expected to live after implant
or the natural risk of death. The effect of this factor is shown in Fig-
ure 18. The assumption of a normal risk of death following implant is not
credible although it may be considered an upper Timit of the probability of
survival. There is also a less well-defined point on the low side at which
survival probability is so low that the trauma associated with the device
implant is felt to outweigh the value of additional life gained (this is
verified by current experience with heart transplants). There is currently
no data to determine where the most probable natural risk of death lies
between these extremes. As mentioned, we chose a value of twice the normal
risk of natural death for our base case and a risk of four times normal for
the Tower 1imit. The use projection variation of this parameter is only +10%
of the reference base case indicating that device use is much less sensitive
to this parameter than to previous parameters.

The other factor tending to decrease the number of devices in use is
device failure. Figure 19 illustrates the effect of the assumptions of no
device failure and of a failure equal to twice the current heart disease death
rate. The assumption of no device failure is not a credible case but illus-
trates the theoretical upper limit. Since no current basis exists for
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analytically estimating failure rates, we assumed a failure rate of twice
natural heart failure rates as a realistic and achievable goal. Without a

device failure assumption, total devices in use in the year 2000 would be
increased by 25%.
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V. CLASSIFICATIONS OF ARTIFICIAL HEART USERS

To obtain an estimate of population dose, the artificial heart population
was subdivided into small groups such that daily activities were identifiable.
The principal subdivisions were by age, sex, employment status, household type
and occupation. Figure 20 shows the matrix resulting from the combination of
these recipient classifications. This matrix has 1,476 subdivisions which
gives an idea of the detailed nature of the recipient descriptions. The
explanation of these classifications, including the derivations of the data
base, follows.

A. AGE AND SEX

Since the artificial heart use projections developed in the preceding
section were done on an age- and sex-specific basis, the recipient is already
described by age and sex. To review briefly, we determined eligible artificial
heart candidates on the basis of age groups, but insufficient data existed to
make a valid sex differentiation. However, the heart disease death rate pro-
jections determined both age- and sex-specific estimates of the number dying
from heart disease. We also developed estimates of life expectancy based on
the age and sex of the recipient at the time of implant. Device failure rates
are not a function of the age or sex of the recipients. Combinations of these
four parameters developed the artificial heart use projection by sex and five-
year age groups. Using our best estimates of the above parameters, the age and
sex profile of artificial heart users in the year 2000 is shown in Figure 21.

B. OCCUPATION

Because of substantially different lifestyles, employed and nonemployed
recipients should have discernably different patterns of radiation exposure.
In addition, defining the employment status and occupation permits identifica-
tion of the number of recipients in the work force and ultimately allows an
identification of the dose to work associates. To classify the recipient popu-
lation by employment status, we assumed that the employment distribution would
be proportional to the employed-unemployed ratio in the total population.
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We further classified the employed fraction of recipients by occupation by
assuming that their occupation distribution by age and sex would likewise be
proportional to that of the total population. The 1970 population census pro-
vided the data for the occupation ratios by age and sex.(22) Since the number
of census occupations is much too large to handle in detail, we grouped occupa-
tions in 12 major groups with subdivisions into 79 occupation types--47 pre-
dominantly male and 32 predominantly female. The 12 major groups and the
number of occupation classifications in each are listed in Table 8. This table
also indicates the percentage of all employed males and females included in
each major group. As shown, craftsmen and managers are the two Targest
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TABLE 8. Classification of Artificial Heart Recipients by Occupation

% of % of
Male Employed Female Employed
Subdivisions Males Subdivisions Females
1 - Professional, Technical 8 6 4 9
and Kindred
2 - Farmers and Farm 2 6 1 1
Managers
3 - Managers, Officials, 2 12 2 4
Proprietors
4 -~ Clerical and 4 3 6 17
Kindred Workers
5 - Sales Workers 3 6 2 8
6 - Craftsmen, Foremen 11 17 - -
and Kindred
7 - Operatives and Kindred 6 7 7 9
8 - Service Workers 7 5 7 14
9 - Farm Laborers 2 2 1 1
and Farmers
10 - Laborers 1 6 - -
11 - Private Household Workers - - 1 8
12 - Not Classified 1 30 1 29
47 100 32 100

Source: 1970 Census of Population (Reference 22)

occupation groups for men. For women, clerical workers and operatives are the
main occupation types. The occupation classifications chosen include 70% of
all male occupations and 71% of all female occupations. A detailed table show-
ing each occupation classification and related percentage data is included in
Appendix C.

C. HOUSEHOLD TYPE

Classification of recipients by household type allows eventual identifica-
tion of the dose to household members and associates in the home. We assumed
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that the distribution of household types in the recipient population was iden-
tical to the distribution in the entire population.

The standard census tabulations from which we derived the occupation data
did not provide adequate detail on households. Each month the Census Bureau
surveys some 45,000 households for a limited amount of information. In March
of each year this current population survey is expanded to include great detail
on household classifications. We obtained the data tapes for the March 1972
current population survey to provide the data base for our household type
classifications. Computer programs sorted the data in terms of characteristics
of Potential Heart Recipients (PHRs) and Radiation Exposure Subjects (RESs).
Table 9 summarizes the parameters used to define each PHR and RES and shows
the number of subdivisions for each parameter.

TABLE 9. PHR Classifications for the Current Population Survey

Classification Subdivision
Age of PHR 12
Sex of PHR 2
Household-type of PHR 9 (+ two subclassifications)
Household location (urban or rural) 2
Employment status of PHR 2
Age of spouse of PHR 6
Number, age and sex of other household 11 age groups
members related to PHR 2 sexes
Number, age and sex of other household 11 age groups
members not related to PHR 2 sexes

Using the above data base, we assigned the same set of household charac-
teristics for a particular age and sex group of the PHR to the same age and sex
group in the artificial heart recipient population.* This allowed us to iden-
tify by age and sex the number of household members exposed.

* Note: Some confusion may exist in the readers mind concerning the definition
of artificial heart recipient and PHR. Artificial heart recipient refers
to the actual recipient population and their characteristics as developed
in the use projection. PHR refers to potential users of the device and
is usually used in conjunction with persons sampled in the current
population.
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The definitions of the nine household classifications used in this analy-
sis are shown in Table 10. The approximate distribution of these household-
types in the year 2000 is indicated in Table 11. (This is approximate due to
the slightly different number of artificial heart recipients in each age and
sex group, depending on the assumptions used in the artificial heart use pro-
jection.) The largest recipient group is husband-wife only* households, since
the artificial heart population comprises a much older group than the population
as a whole. There are, however, a significant number of devices in persons liv-
ing in larger households (Types 2-4) and this causes some exposure to younger
persons. Young persons may also be exposed due to an older person (grandfather,
etc.) living in a younger family (household Type 7). Individuals Tiving with
nonrelated persons and persons living in group quarters are a very small per-
centage of the total number of recipients. Therefore, these groups do not con-
tribute appreciably to the overall population dose.

D. OTHER CONSIDERATIONS

We considered additional variables in defining the PHR. These were living
location (urban-rural) and income (high, medium and low). A statistical exami-
nation of data and dose rates in urban and rural families indicated very few
significant differences, and this variable was then deleted to make the data
matrix for REPRIEVE more manageable. Although interpersonal distance data were
collected in interpersonal distance surveys (discussed in Section IX) by
income level, we did not use it as part of the PHR description.

* Note: Since most households have more than one potential heart recipient
in each household, it is important to note that:

1. Only one recipient was assumed in each household (since less than
one person in a thousand would have a heart device).

2. The person having the device in the household is named in the
household type (e.g., the husband or wife in household Types 1-4,
the household head in Type 5, the relative, servant, etc., in
Type 7 and so on).
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TYPE 1

TABLE 10. Household Classifications

HUSBAND/WIFE HOUSEHOLD

TYPE 2

Husband and Wife only (Age 30+)
and no other members

HUSBAND/WIFE HOUSEHOLD + ONE OTHER MEMBER

TYPE 3

Husband and Wife (Age 30+)
and one other person (related or not)

HUSBAND/WIFE HOUSEHOLD + TWO OTHER MEMBERS

TYPE 4

Husband and Wife (Age 30+)
and two other persons (related or not)

HUSBAND/WIFE HOUSEHOLD + THREE OR MORE OTHER MEMBERS

TYPE 5

Husband and Wife (Age 30+)
and three or more other persons (related or not)

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

TYPE 6 -

Head of Household (Age 30+)

Includes: a) married, spouse absent
b) - widowed
c) divorced
d) single

and one or more related members of any age or

a non-related secondary family (Type 5 must
include at least the above, but can also include
one or more non-related members of any age.)

INDIVIDUAL AGE 30+ LIVING ALONE

Primary Individual Living Alone (Age 30+)
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TABLE 10. (Contd)

TYPE 7 - PERSON LIVING WITH A FAMILY

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

A11 Persons (txcept Household Head or Wife), Age 30+
Tiving with a household head (related or not)

Includes: Head of Secondary Family or
Head of Sub-Family
and married, spouse present

7B - PERSON AGE 30+ LIVING WITH A FAMILY(a)

A11 Persons (Except Household Head or Wife), Age 30+,
Tiving with a family (related or not)

Includes: Individual or
Head of Secondary Family or
Head of Sub-Family

a) married, spouse absent
b) widowed

c) divorced

d) single

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

A11 Persons, Age 30+, living with other persons in
a household where no family exists

TYPE 9 - PERSONS LIVING IN GROUP QUARTERS

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

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

(a) The difference between household Type 7B and household Type 5 is that
the artificial heart recipient in Type 5 is classified by the census as
the head of the household whereas AHRs in 7B are not household heads.
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TABLE 11. Distribution of Artificial Heart Recipients

in Household Type

Approximate Distribution

Household Type in Year 2000

1. Husband/wife only 37-39%
2. Husband/wife and one other member 13-14%
3. Husband/wife and two other members 8-10%
4. Husband/wife and three or more other members 10-11%
5. Head of single parent household or nonmarried

family head 5%
6. Individual 1iving alone 14-15%
7. Person living with a family (married and single) 6- 8%
8. Individual Tiving with nonrelated persons 1%
9. Persons 1living in group quarters (institutions

and other) 2- 3%

5-9



VI. IDENTIFICATION OF RADIATION EXPOSURE SUBJECTS

Expansion of the study scope to characterize the population dose by the
age and sex of the Radiation Exposure Subject (RES) required collecting addi-
tional data. The Current Population Survey data described in the previous sec-
tion enabled us to make this identification for household members. In addition,
we also identified each RES by the characteristics of the recipient exposing
him including the relationship of the RES to the recipient. This allows the
tfacing of most of the exposure back to the source classification. We made
this identification to make it possible to study the effect of controls on the
activities of the recipient in terms of the dose effect on RES's in frequent
close contact.

To obtain data identifying household associates, we made provision in a
survey performed in Salt Lake City (discussed in Section IX) to record this
information.

A.  SPOUSES

Using the household type definitions previously discussed, a computer sort
of the Current Population Survey data determined spouses of PHRs by six age
groups and two sexes. Subsequent dose calculations verified our expectations
that this group of RES's received a much higher average dose than any other
group.

B. OTHER HOUSEHOLD MEMBERS

This group consists not only of family members, but all other non-heart-
recipient persons living in the household (e.g., grandparents, servants,
boarders, another family, etc.). In classifying these data the CPS data sort
made separations on the basis of 11 age groups and sex. Later examination of
doses by age revealed no need for such an expanded age determination and we
subsequently condensed the 11 groups into eight.

The dose calculations revealed a significant average dose to this RES
group including even very young persons. (See section on Results for more
detail.)
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C. ASSOCIATES

Household associates were defined as persons frequently (at Teast several
times a year) in the vicinity of the recipient during household activities.
We used our survey in Salt Lake City to develop information on the number of
associates present during each PHR activity and their frequency of contact.
We defined these associate data by three age groups for each of 15 household
activities of the PHR. The small size of the data base prevented us from mak-
ing any differentiation by sex.

Work associates are defined as persons in the vicinity of the recipient
during work activities. We assumed that these persons would be continuously
present during the entire working period. Our survey of occupations developed
the number of work associates and their interpersonal distances to the PHR.
Since our previous estimates had determined that occupation dose absorption
was much less significant than that during other activities, we did not charac-
terize work associates by age or sex. Subsequent calculations indicated that
the dose transmitted during household activities was approximately five times
that transmitted during work-related activities.

D. GENERAL PUBLIC

Dose to the general public is composed of:

1. Dose to persons exposed during public activities such as shopping,
entertainment, etc. This component is classified by two age groups
(i.e., approximately over or under 18) and by sex. Included in this
component is dose to household members during these activities. Spe-
cial random surveys of public activities developed these data.

2. Dose to not otherwise identifiable persons randomly located in the
vicinity of the recipient. We developed these data using population
density figures and a special computer code named BINGO. A descrip-
tion of this calculation and of BINGO itself is included in Appendix G.
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Since the eventual number of devices in use may be substantial, and
because of the high degree of mobility in the U.S. population, we assumed that
all of the population would receive some degree of exposure. The average
received by a member of the general populace would, however, be very Tow (on
the order of one millirem/year or less).

The RES matrix shown in Figure 22 illustrates the interrelationship of the
factors defining the RES's for each recipient. This figure is a follow-on to
Figure 20 which described recipient classifications. As indicated in the left
column each work or nonwork activity branch occurs for each recipient classifi-
cation. Visualization of the expansion of the matrix gives some comprehension
of the enormous amount of data needed to provide RES identification.
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VII. TIME-IN-ACTIVITY DATA

Use-of-time data classified by the characteristics of the artificial
heart recipient and his activities are essential to the development of the
population dose estimates. A number of use-of-time studies have been made,
but the most comprehensive data on use of time for our purpose were from the
University of Michigan's Institute for Social Research (ISR). These data repre-
sented a nationwide sample of 1,244 households covering all activities during
a 24-hour period and included data on Saturday and Sunday activities as well
as weekday activities. These data had been collected in 1966 as part of a
muitinational study carried out in 10 countries involving 13 surveys.(23) The
data contained information on the age and sex of the persons surveyed, their
occupation, identification of age and sex of other members of the household,
etc. The use-of-time data had 99 activity classifications.

The data were stored on computer cards, and we made arrangements with the
ISR to obtain a special data sort to meet the requirements of the artificial
heart dose-to-the-population study. For our purposes, activities were grouped
into 19 nonwork activities and five work activity classifications. Although
very few persons over 65 were included in the survey, examination of the data
indicated that, above age 30, age was not the most significant factor in a
person's use of time. The employment status and household type were far more
significant. The use-of-time classifications utilized were sex, employment
status, household type, and the 19 nonwork activities shown in Table 12 and
five work activities shown in Table 13,

Some data were not available in certain household types and we used data
from household types as similar as possible to fill the gaps.

A more detailed breakdown for men and women 25 and older, without regard
to household type, is shown in Table D.1 in Appendix D. There the 19 nonwork
activities are further subdivided into 85 activities.

Because of the small data base on ages over 65, a small sample of use-of-
time data from 57 households was collected during the survey of interpersonal
distances in Salt Lake City. Due to the time required to edit and code these
data, it was not processed beyond this point. A description of this survey is
found on page E-15 in Appendix E.
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TABLE 12. Nonwork Activity Classifications

Household Public
1 - Preparing Food 8 - Eating(a) 1 - Shopping and Purchasing
2 - Cleaning House 9 - Resting 2 - Nonwork Trips
3 - Laundry, Mending 10 - Child Care 3 - Adult Education
4 - Other House Upkeep 11 - Adult Care 4 - Organizational Activity
5 - Gardening, Pets 12 - Televisiop (Church)
(a) Viewingld) 5 - Social and Eptertainment
6 - Sleep : . Activities(a)
7 - Personal Care 13 - Other Pas?1¥e
Leisureld 6 - Sports and Active Leisure

(a) Five activities account for about 94% of nonwork activity dose.

TABLE 13. Work Activity Classification

Regular Work

Meals at Work

Coffee Breaks

Trips to and from Work
Other

1
2
3
4
5
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VIII. DOSIMETRY CALCULATIONS

Using the QADP5A(24)

rates to a 70 kg standard man phantom from an artificial heart containing a
238

30 W,

power and longevity could be provided by a 24 W source, which reduced our dose

computer program, we calculated whole body dose
Pu power source. It was subsequently determined that sufficient

rate calculations to 80% of the original values.

The power source for the 24 W heart device is projected to consist of

238Pu oxide encapsulated inside a hypo-

53.5 grams of sintered medical grade*
thetical device having a volume of approximately one liter. The device proto-
type used in our dosimetry calculations consisted of a stainless steel cylinder
having a volume of 570 cm3. Encapsulated within the cylinder in layers of
stainless steel and insulation (density 5.0 g/cﬁ% was a tantalum cylinder of

volume 21 cm3 containing the 238

Pu02. More recent developments in prototypic
device systems indicate that quite a different device configuration may even-
tually be used. However, for the purposes of our study, we assumed that such
changes would not have a great impact on dose measurements since distance is
a much greater factor in determining external dose effects.

We assumed the source was centered at (0,0,18) of the coordinate system

shown in Figure 23. The 238

(25,26)

Pu spectrum used in the QADP5A calculations is

shown in Table 14. We determined the source strength by calculating

238Pu mass and the half-1ife.

the number of decays/sec based on the initial (
27)

236 the amount of

236

We also determined the
236

Pu source strength by calculating

Pu and 236Pu daughters as a function of age assuming 0.3 ppm Pu initially.

(28) and the flux-to-dose conversion fac-

(29)

The decay scheme is shown in Table 15
tors used for the gamma cases are from Rockwell. The neutron spectrum

235U fission spectrum built into QAD. The error in dose contribu-
238

used is the
tion using this spectrum instead of the Pu fission spectrum is believed to
be less than #10%. The neutron source strength was estimated at 3000 neutrons/
g-sec.(30) (A neutron source strength of 3300 neutrons/g-sec increases the
dose by about 3%.) The flux-to-dose conversion factors used for the neutrons

are from 10 CFR 20.(3])

238

* Note: medical grade is 90% PuOZ.
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TABLE 14.

Energy (keV)

1 43
2 99
3 125,
4 152.
5 158
6 197
7 199
8 201
9 251
10 338
11 350.
12 416.
13 439
14 742.
15 766.
16 786
17 808.
18 810
19 852
20 883
21 904
22 926
23 942
24 940.
25 1001
26 1041
27 1085
Source: 1-20:

.49
.79
15
58
.80

.30
.35

.03

.00

.60
69
87
.86
77
35
.03
70

.50
.20
.20
.34

.73

.02

12
.10
.90

.40

J. E. Cline, et al.

Plutonium-238 Gamma Spectrum

Gamma Rays/100 Decays

3.80
8.00
3.80
1.27
1.90
1.40
1.90
4.40
1.10
7.40
2.40
2.80
3.60
6.
2
7
1
1
2
1
6
6
5
1
1
2
2

50

.80
.20
.20
.30
.10
.30
21
.15
.26
.03
.30
.29
.29

WX O OX X OX X X X X X X X X X X X X X x X x X X X X X X

-2
-3
-6
-3
-6

10
10
10
10
10

1076
1076
107®
1076
1077
107°
1076
107
1076
107°
1076
107°
1076
1076
107°

10
-7

Gamma Rays Emitted by the

Fissionable Nuclides and Assoc1ated Isotopes {Reference 25)

20-27:

R. Gunnik and R. J. Marrow;A'Gamma Ra

Energies and

Absolute Branching Intensities for 238,239, ;240 »241py and
240 pm," (Reference 26).
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TABLE 15. Plutonium-236 Decay Scheme

Isotope Half-Life
Pu-236 2.85 yr
U-232 72 yr
Th-228 1.91 yr
*Ra-224 3.64 days
Pb-212 10.64 hr
**Bj-212 60 min
Pb-208 stable
*Included as part
of Ra-224
Rn-220 55.3 sec
Po-216 0.145 sec
**Included as part
of Bi-212
T1-208 3.1 min
Po-212 0.304 ypsec

Source: H. H. Van Tuyl, Calculations of Gamma Dose
Rates at the Surface of Plutonium Oxide
Source (Reference 28).

Dose measurements between phantom recipients representing a device recipi-
ent and a bystander have been made by Dr. Fred Cross of Battelle-Northwest
Laboratories.(32) Further data provided by Dr. Cross are shown in the far
right column in Table 16. When lead buildup is used for the region of the
artificial heart and water buildup is used for the recipient phantom in the
QADP5A calculations, the agreement with Dr. Cross's results is within 10 to
25%, with the QADP5A values being higher as shown on the following page. This
agreement is within the range of error estimated for the phantom measurements.
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TABLE 16. Comparison Between QADP5A Calculations
and Experimental Measurement for
38pu Gammas

Distance from QADP5A Values Deduced from
Center of Source Dose Rate(a) Dose Measurements{b
(ft) (cm) mrem/hr mrem/hr_
2 61 0.19 0.14
4 122 0.064 0.051
6 183 0.030 0.025
8 244 0.017 0.015
10 305 0.011 0.010

(a) Using lead buildup for the device, water buildup for the
phantom.
(b} Source: F. T. Cross (Reference 32)

The dose rate results for a 30 W artificial heart are shown in Table 17.
The results are calculated as a function of distance from the center of the
phantom (Z-axis). An array of dose points are calculated vertically at the
horizontal distance specified and the results averaged over a cross-sectional
area of a standard man phantom to get an average whole body dose. Since the
device is centered on the Z-axis of the phantom,only side and front measure-
ments are needed.

For use in the dose-to-the-population estimates, we averaged these
results over the front and side directions and summed the rates from each
radiation component to represent a single average dose rate to a person in
the vicinity of the artificial heart user. We reduced these rates by a fac-
tor of 0.8 to correspond to dose rates from a 24 W heart device. The result-
ing dose rates are shown in Table 18 and are plotted in Figure 24. If dose
rates were expressed in terms of frontal dose only, they would be approxi-
mately 50% higher than the average in the front and side directions.

As will be noted from Table 17, the dose rate from a single device
increases substantially with time for the first 10 to 18 years due to the
decay of the 236Pu impurity. In order to incorporate this effect into

REPRIEVE, we built in a calculation which utilizes the Bateman equations
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TABLE 18. Total External Dose Rates from an Implanted
24 Watt Artificial Heart (mrem/hr)

Distance ~ Years After Separation

Tt . 0 5 10 T8

1.31 40  3.4x10°" 49x107  s5.9x10  6.3x10

1.64 50 2.6x10°0 3.7x107"  45x107 4.7 x 107!

3.28 100 8.8x107%  1.3x100  1.5x107" 1.6 x 107

6.56 200 2.6 x 102 3.6 x107%  4.3x102 4.6 x 1072
16.4 500 4.3x10° 6.0x10°  7.3x107%  7.7x71073
32.8 1000 1.1x10%  1.5x103  1.8x10? 1.9x107°
164 5000 4.3x 10> 6.0x107°  7.3x107° 7.8 x107°

to approximate the increase in dose rate. The calculation is based on the

assumption that the increasing radiation dose from 236

228

Pu decay is propor-
tional to the quantity of Th daughter present. This assumption is valid
because of the very short half-lives of the radioactive decay-chain members
subsequent to 228Th. Calibration of the dose rate predicted by the Bateman
equations for the specific device and its location in the recipient is
achieved using dose rate values derived from the QADP5A shielding code.
Detailed calculations using the more sophisticated QADP5A code agree within
+5% of those predicted with the calibrated Bateman equations. Using this
238Pu
dose) in dose rate for each device age by the number of devices of corres-
ponding age and calculated a weighted average dose rate for all devices in
use. (Included in this calculation is an assumed six-month period between
the time of 238

in dose rate due to

model, we weighted the calculated percentage increase (relative to

Pu purification and device implant.) This average increase
236Pu decay is printed out for five-year intervals.
Table 19 shows a representative output for the year 2000 for our best esti-

mate case. The dose-to-the-population calculation for a specified year incor-

236

porates the Pu dose rate factor for that year.

In calculating the change in dose rate as a function of time, we included
a correction for decreased radiation due to 238Pu decay as well as the 236Pu
correction. (About 8% of the 238

representative of program output showing the effect of fuel age on 238Pu dose

Pu decays away in 10 years.) Table 20 is

rate weighted for all of the devices in use in the year 2000 (best estimate
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case). If just the effect of the increase in dose rate due to 236Pu decay is
desired, this can be obtained by simply subtracting the appropriate value in
Table 20 from the corresponding value in Table 19.

236

Dose rates for Pu concentrations other than 0.3 ppm can be developed

from the data in Table 17 by adding in fractions or multiples of the 236Pu

dose rates for 0.3 ppm in proportion to the concentration desired. The effect

of the 236Pu content on the relative dose rate from an implanted artificial

heart is shown in Figure 25.

20
Q3ppm236Pu
o
<C
[0 4
3 0.2 ppm 236Pu
[}
S
=
= 23
& 0.1ppm “" Pu g
L0 | | | |
5 10 15 20

TIME, years

FIGURE 25. Relative Dose Rate Versus Time for a Single Device
as a Function of PPM 236py Initially Present




IX. SURVEYS OF INTERPERSONAL RELATIONSHIPS

A. SUMMARY OF SURVEY MODEL DEVELOPMENT

Once the number and demographic distribution of artificial heart recipi-
ents were established, their interpersonal contacts needed to be defined in
order to estimate population dose. A search of existing literature revealed
no source of such information in enough detail for our needs. Therefore, we
made plans to conduct our own field surveys to develop the data base required.
We considered two possible methodologies.

1. Direct dose measurements

2. Estimation of dose by measurement of its three basic parameters:
(a) The distance of each person exposed from the source (or recipient)
(b) The time at each distance
(c) The number of persons exposed at each distance.

Direct measurement of population doses would require distributing low-
level radiation-emitting devices to selected individuals and outfitting pos-
sibly contacted persons with highly sensitive counters. Aside from the
question of whether or not such irradiation would be permitted, the cost and
logistics of such a technique would make it impractical for this study.
These factors persuaded us not to use direct measurement.

The method chosen, therefore, was individual measurement of the three
basic dose parameters and use of a standard set of activities to correlate
these measurements. These activities are shown in Table 12 in the time-in-
activity section. We used the data collected in our surveys to estimate
factors (a) and (c) above. The University of Michigan data on use of time
(developed in the preceding section) formed the basis of our estimates of
factor (b), time.

During the development of our survey methodology for collecting inter-
personal distance data, Dr. Irwin Altman, Chairman of the Psychology Depart-
ment at the University of Utah, served as a consultant. Dr. Altman's area
of specialty is the interpersonal distance aspect of psychology. A funda-
mental precept, suggested by Dr. Altman and utilized in our development of
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survey methodology, was that the distances separating people during their
activities are primarily determined by their environment; that is, room size,
location of chairs, etc.

Surveys obtained data for both nonwork and work activities. Surveys for
nonwork activities were of two types--surveys for at-home activities and sur-
veys for public activities. The following paragraphs briefly discuss each
of these surveys.

B. AT-HOME ACTIVITY SURVEYS

We made several different surveys for at-home activities to test survey
techniques and to develop a broad data base. These surveys were conducted
among Battelle-Northwest employees and among random populations in Richland
and Seattle, Washington, and Salt Lake City, Utah. Table 21 indicates the
sample sizes in these surveys.

The Battelle, Richland and Seattle surveys collected data in accordance
with the original study scope for use in the initial population-dose esti-
mates. After the expansion of the study scope (outlined in the section on
methodology), we designed the survey in Salt Lake City to obtain additional
data on household members, frequent associates, and their frequency-of-contact
during at-home activities. Since the final population dose calculation now
depends primarily on data from the Salt Lake City survey, a basic description
of its methodology and the data obtained follows.

Although the data in the earlier surveys could not be used in the expanded
study, the innovations and techniques successfully tested in these surveys
formed the basis for much of the Salt Lake City model. The previous surveys
had indicated that most of the dose for the 15 at-home activity types was
absorbed during just five of them - sleeping, eating, television viewing,
other passive leisure, and home entertainment. Therefore, we designed the
Salt Lake City model to collect data on all of the five major activities and
on one of the 10 remaining ones on a rotating basis. The Salt Lake City sur-
vey also employed a previously developed multistage sampling technique to
randomly select households.

9-2



TABLE 21. Interpersonal Distance Surveys Completed
and Sample Sizes

e Telephone Survey (5)
e Battelle Survey (49)
e Richland Survey (37)
e Seattle Survey (96)

e Salt Lake City Survey (393)

After household selections, personal interviews with an adult household
member collected the following basic information:

1. Identification of Potential Heart Recipients (PHRs) in the
household

2. The number of persons potentially exposed by their age, sex
and relation to PHR for each activity

3. The distance to every person potentially exposed by their age,
sex and relation to PHR for each activity

4. An estimate of frequency-of-presence of associates by their age,
sex and relation to PHR for each activity.

Table 22 indicates distribution of PHRs sampled in the survey by several
general classifications. The distribution of urban and rural respondents was
approximately proportional to actual population conditions. The survey
included a greater proportion of males since the risk of heart disease death
is much greater for this sex. We weighted distribution of sampled income
groups such that middle income groups were most frequently sampled. Since
risk of death for heart disease dramatically increases with age, a much
higher proportion of retired, nonemployed persons would be present in the
artificial heart population. Therefore, we collected considerable data in
this classification. Weighting the sampling in this manner allowed us to
collect data in proportion to its relevance to the artificijal heart population
and thereby achieve a better estimate of population dose.

After completion of the Salt Lake City survey the data were processed to
develop the necessary factors for input into the REPRIEVE computer model.
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TABLE 22. A General Breakdown of the Salt Lake City Interpersonal
Distance Survey of At-Home Activities

e Number of PHR's Sampled by Location

Urban 324 (82%)
Rural 69 (18%)
Total 393

e Number of PHR's Sampled by Sex

Male 249 (63%)
Female 144 (37%)
Total 393

e Number of PHR's Sampled by Income Group (Urban Only)

High 78 (20%)
Middle 184 (47%)
Low 62 (16%)
Total 324

e Number of PHR's Sampled by Employment Status

Employed: Full 180 (46%), Part 12 (3%)

Nonemployed: 201 (51%)
Total: 393
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Since dose rate is not proportional to distance, but varies more nearly as

the reciprocal of distance squared, the distance data for duplicate situations
could not be combined by simple averaging. Instead, computer codes trans-
formed the distance data into dose rate data and then averaged the dose rates
by activities and other PHR demographic characteristics to obtain average
dose rate factors. The data on the number of associates per PHR and their
frequency of contact were averaged directly to develop these factors for use
in REPRIEVE.

C. PUBLIC ACTIVITY SURVEY

We developed other survey procedures to collect the data necessary to
estimate potential public exposure. Data were collected during church, theater
and sporting event attendance and during shopping, nonwork driving, and adult
education activities. We developed the computer program, BINGO, to calculate
the absorbed dose using the survey data. This program incorporates Monte
Carlo methods to select a device recipient and calculate absorbed dose rate.
The program reiterates this calculation for a large number of PHRs to obtain
accurate mean absorbed dose rates for the sampled situation.

Since household relationships could not be distinguished by observation,
we included the dose to household members during public activities in the
category of dose to the general public.

D. WORK ACTIVITY SURVEY

For work activities, we surveyed representative occupations by personal
observation. The distance and number-of-associates data obtained provided
the data base needed to estimate dose rates to work associates.

A detailed description of the survey models for each of the surveys
completed appears in Appendix E.
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X. THE REPRIEVE COMPUTER MODEL

The REPRIEVE computer program utilizes all of the information pre-
viously developed in this report to calculate dose to the population. At
this point it may be helpful in understanding the overall operation of this
model to review Figures 2 and 3 in the Methodology Section at the beginning
of this report. These figures describe the construction of the model in
general terms and the process outlined as follows. The program:

e Generates an age- and sex-specific artificial heart use projection
by projecting heart disease incidence, applying eligible candi-
date fractions, and developing life expectancy estimates.

e JSubdivides further the above-derived recipient population by employ-
ment status, occupation and household types.

e Estimates the number of persons exposed (RESs) by their age and
sex and the characteristics of the artificial heart recipient
exposing them.

e Calculates the population dose to the RESs so defined and expresses
the result in tables by RES and artificial heart recipient
classifications.

In addition, the model performs some incidental calculations relating
to the above objectives. The immediately following subsections explain:
(1) the artificial heart use projection, (2) the basic algorithm to calcu-
late population dbse, (3) the data matrix required for the calculation,
and (4) some sample dose calculations. We also describe the output
tables used to exhibit the results. At the end of this section we have
included a discussion of possible uses of the model.

A. ARTIFICIAL HEART USE CALCULATIONS

Since most of the calculational detail has been explained earlier,
only the calculations and methods used by REPRIEVE will be reviewed here.

Eligible candidate fractions by age and disease type are entered as
input data. The code then accepts, as input data, the 1969 death rates for
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the four types of heart diseases. The code applies this latter data to the
eligible candidate fractions to develop a weighted average set of candidate
fractions by age.

Parameters for the death rate equation (DRE) are also inputs for the
program. With these parameters, the code uses the DRE to develop fractions
estimating the future decline in heart disease death rates with time.
Application of these fractions to a set of age-specific, maximum death
rates (also input) develops the age- and sex-specific heart-disease death-
rate projections.

Age- and sex-specific populations at 10-year intervals (e.g., 1990,
2000, etc.) are required as input data for the model. We also included the
ability to specify, at the same intervals, the percentage of artificial
hearts which would be nuclear powered as a user option. Using the candi-
date fractions, the heart disease death-rate projections and the population
data, the code calculates age- and sex-specific implant projections at 10-
year intervals. Summing the implants by age and sex develops the total
implants at each interval. Each age- and sex-specific component is then
divided by the total implants and multiplied by 10,000 to develop a cohort*
of 10,000 implants by age and sex for each 10-year interval.

The model then uses the inputted number of beginning implants in the
first program year and a doubling function to calculate the implants in the
initial years until the projected device demand level is reached. After
this time the program uses the decennial projection (i.e., 1990, 2000,
2010, etc.) developed above and an interpolating routine to estimate total
implants during intervening years. These implants are then divided by
10,000 to develop the number of cohorts (histories) implanted in each pro-
gram year. At this point the program uses the algorithms (discussed in the
section on Natural Death Rates After Implants) to develop fractions sur-
viving as a functon of the recipient’'s age and sex. Input data for this
section consists of values for the variables described in Table 5.

* Cohorts or histories refer to a standard-sized group of implants
(i.e., 10,000) distributed by age and sex.
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A standard 1ife table calculation is included in these algorithms. An
explanation of 1ife tables and their derivation may be found in the Public
Health Services report in Reference 21. Table 23 shows a representative
calculation for males. The far right column indicates the fraction sur-
viving at five-year intervals. To calculate the fraction of implants sur-
viving device failure, the program requires a set of device failure rates
by age of device. Using these failure rates the code calculates the sur-
vival rates for device ages up to 10 years. We assumed that devices still
in use would be replaced after 10 years of service. Table 24 indicates the
values of these rates as calculated by the code.

The specific history (or survival experience) of each cohort of 10,000
device implants is developed by multiplying each age and sex cell in the
cohort by the age- and sex-specific natural-death survival fraction from
the 1ife table and by the survival fraction from device failures.

Table 25 illustrates an example specific history for males showing sur-
vivors after implant at five-year intervals. Table 26 shows example cal-
culations for the derivation of this history using the life table and
survival rate calculations in Tables 23 and 24. Histories for both males
and females are developed and then summed. The summation history using our
example is shown in Table 27. A pictorial representation of the same
history (only using 10-year age groups) is shown in Figure 26. This repre-
sentation shows quite vividly the long life expectation of the relatively
few implants in the younger age groups and the large number of implants in
older age groups having a substantially shorter average 1ife.

Actual surviving implants from each implant year are calculated by
multiplying the number of surviving recipients in each age and sex group in
the specific history by the number of histories implanted. Table 28 shows
the results of this calculation for each program year. The survival
experience of implants in each program year is shown horizontally from left
to right. (This may be verified for 1990 using our previous example by
dividing history survival experiences by 10,000 and multiplying these frac-
tions by the 3200 devices implanted in 1990.) Cumulative surviving implants
in a desired year are then easily calculated by summing each column in
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TABLE 23. Life Table for Male Artificial Heart Recipients

v-0L

Number Fraction Stationary Population Life
Living at Number of Age In This Expectancy 5-Year
Age Proportion Start of Dying In Interval In and Later At Start Survival
Interval Dying Interval Interval Lived Interval Intervals of Interval Rate
I Q(1) L(I) D(I) A(1) LS(1) T(1) E(I) P5(1)
30-34 .0225 .100000 2,255 .52 494,589 3,297,708 33.0 L9741
35-39 .0308 97,745 3,014 .54 481,794 2,803,120 28.7 .9620
40-44 .0466 94,731 4,417 .54 463,498 2,321,325 24.5 .9422
45-49 .0716 90,314 6,469 .54 436,694 1,857,828 20.6 9101
50-54 .1106 83,846 9,276 .53 397,431 1,421,134 16.9 .8627
55-59 .1676 74,570 12,499 .52 342,852 1,023,703 13.7 .7990
60-64 .2444 62,071 15,170 .52 273,946 680,852 11.0 .7181
65-69 . 3357 46,901 15,746 52 196,713 406,906 8.7 .6159
70-74 .4536 31,155 14,131 .51 121,152 210,192 6.7 .4998
75-79 .5890 17,024 10,027 .51 60,553 89,040 5.2 . 3658
80-89 . 7055 6,997 4,936 .48 22,150 28,487 4.1 .2512
85-89 .8364 2,061 1,723 .45 5,563 6,338 3.1 .1329
90-94 .9517 337 321 .41 739 774 2.3 .0468
95-99 .9583 16 16 .40 35 35 2.2 .0196
100+ 1.0000 1 1 .20 1 1 1.0 0.0000



TABLE 24. Survival Rate for Death
Due to Device Failure

Age Fraction
of Surviving
Device, to
Years Next Year
0 1.000
1 _ .959
2 917
3 .875
4 .833
5 .7905
.7479
7 .7055
8 .6635
9 .6210
10 .5785

Replace devices for survivors (repeat
calculation)
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TABLE 25. 1990 Specific History for 6,339 Recipients — Male
(J = Years After Implant) (I = Age of Recipient at time of Implant)

1/d 0 5 10 15 20 25 30 35 40 45 50 55 60 65
30-34 85 65 36 27 14 10 5 3 1 0 0 0 0 0
35-39 205 156 85 61 30 19 8 4 1 0 0 0 0 0
40-44 394 293 154 105 49 28 10 4 1 0 0 0 0 0
45-49 539 388 194 123 51 25 7 2 0 0 0 0 0 0
50-54 711 485 224 127 45 18 4 1 0 0 0 0 0 0
55-59 966 610 253 123 36 10 1 0 0 0 0 0 0 0
60-64 1,092 620 221 87 18 4 0 0 0 0 0 0 0 0
65~-69 1,112 541 156 45 7 1 0 0 0 0 0 0 0 0
70-74 814 322 68 14 1 0 0 0 0 0 0 0 0 0
75-79 355 103 15 2 0 0 0 0 0 0 0 0 0 0
80-84 66 13 1 0 0 0 0 0 0 0 0 0 0 0
85-89 0 0 0 0 0 0 0 0 0 0 0 0 0 0
90-94 0 0 0 0 0 0 0 0 0 0 0 0 0 0
95-99 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TOTAL 6,339 3,596 1,407 714 25] 115 35 14 3 0 0 0 0 0



L-01

Sex and
Age Group
at Time
of Implant

MALE:
30-34

MALE:
45-49

MALE:
55-59

TABLE 26. Example Calculation Showing the Derivation of Specific Histories

Fraction
Surviving Initial
5-Year Device Implants
N Years Survival Failure (0 Years
After Rate From After After
Implant Life Table N Years Implant)
5 L9741 X .7905 X 85
5 .9101 X .79
10 X .8627 X .5785 X 539

5 .7990 X .79
10 » .7181 X .5785 ——

15 === .6159 X .7905 X 966

Number of
Surviving
Recipients
N Years
After

Implant

65

194

123



8-01

TABLE 27. 1990 Specific History for 9,999 Recipients — Total
(J = Years After Implant) (I = Age of Recipient at Time of Implant)

I/d 0 5 10 15 20 25 30 35 40 45 50 55 60 65
30-34 148 114 64 48 26 19 10 6 2 0 0 0 0 0
35-39 319 244 134 98 50 33 15 8 3 1 0 0 0 0
40-44 581 436 233 163 79 48 19 9 2 0 0 0 0 0
45-49 789 576 295 195 86 46 15 5 1 0 0 0 0 0
50-54 1,067 746 359 217 85 39 10 3 0 0 0 0 0 0
55-59 1,324 864 378 199 65 22 3 0 0 0 0 0 0 0
60-64 1,610 967 376 169 42 10 1 0 0 0 0 0 0 0
65-69 1,793 956 316 110 20 3 0 0 0 0 0 0 0 0
70-74 1,462 663 170 41 4 0 0 0 0 0 0 0 0 0
75-79 744 261 46 6 ] 0 0 0 0 0 0 0 0 0
80-84 162 39 3 0 0 0 0 0 0 0 0 0 0 0
85-89 0 0 0 0 0 0 0 0 0 0 0 0 0 0
90-94 0 0 0 0 0 0 0 0 0 0 0 0 0 0
95-99 0 0 0 0 0 0 0 0 0 0 0 0 0 0
TOTAL 9,999 5,866 2,374 1,246 457 220 73 31 8 1 0 0 0 0
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TABLE 28. Artificial Heart Devices in Use
Using Best Estimate Parameters

Y
I;i_ﬂl{ 1985 19%0 1995 2000 2005 200m 2005 2020 2025 2030 2035
1985 100 59 24 12 5 K 1 0 n 0 0
1986 131 54 2R 1 5 " 1 n 0 0
1987 29 124 64 25 12 4 ? 0 0 0
1988 647 284 186 58 27 10 4 1 0 0
1989 1,838 648 33 134 63 23 to 3 ! 0
1990 3,200 1.877 760 399 146 70 23 0 3 0
1991 4.180 1,740 904 342 161 55 24 6 1
1992 9.303 3.982 2.n57 792 370 131 56 15 4
1993 20,692 9,073 4,667 1,843 R63 Ot 13 a1 13
1994 35,999 16,232 2,38 3,364 1,579 577 244 76 k4
1995 10,069 24,017 10,93 5,428 7,055 1,006 337 132 36
1996 26.623 o 5.119 2.180 1,146 393 164 1]
1997 29,571 12.980 £.915 2.754 1.323 477 196 52
1998 32,702 13,729 7,808 1,192 1.53? 553 233 64
1999 36,231 16,715 8,837 1,699 1,777 662 281 80
2000 40,135 24,056 10,020 5.437 2,659 1,007 337 132
2001 26,847 11,515 6,169 2,400 1,156 396 166
2002 29,967 13,071 7,017 2,795 1,342 484 199
2003 11,397 15,082 7.973 3,260 1,564 565 238
2008 37,237 17,179 9,082 2,801 1,826 680 <289
2005 41,503 25,105 10,492 5,653 2,096 98¢ 307
2006 27,983 12,019 6,421 2,448 1,153 389
2007 11,174 13,768 7,296 2,860 1,386 463
2008 34,675 15,725 8,313 3,348 1,570 542
2009 38,568 17,953 9,496 3,928 1,840 660
2010 42,878 25,937 10,840 5,840 2,165 1,020
201 28,858 12,39 6,622 2.525 1,189
2012 32,092 14,174 7,511 2,944 1,385
2013 35,630 16,160 8,543 3,841 1,614
2014 39,567 18,417 9,782 4,030 1,888
2015 43,912 25,996 10,574 5,542 2.016
2016 29,039 12,168 6,322 2,356
2017 32,820 13,976 7,207 2,770
2018 36,156 15,996 8,234 3,282
2019 40,320 18,348 9,440 3,785
2020 44,947 26,608 10,823 5,672
2021 29,584 12,396 6,441
2022 32,874 14,172 7,308
2023 36,492 16,145 8,3
2024 40,506 18.433 9,484
2025 44,937 26,608 10,823
2026 29,588 17,36
2027 32,878 14,172
2028 36,492 16,145
2029 20,506 18,433
2030 44,947 26,608
2031 29,584
2032 : 32,874
2033 36,492
2034 40,506
2035 i 44,947
TOTAL AT To R 113,254 221,626 275,828 309.015 E,—;Et; 540.251 344,79; 345,337 345,172
YEAR END
TOTAL AT
MID-YEAR 50 4,166 93,219 201,558 254,676 287,574 306,833 nrn 322,323 322,863 322,698
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Table 28 vertically to obtain the totals shown at the bottom of the table.
These totals are devices in use at the end of each five-year period. To
estimate the average number of devices in use over the last year of ‘the
period, we summed only half of the last year's implants in the total.
Figure 15 shows the range of cumulative number of implants estimated.

This average cumulative number of devices in use in each year becomes the
artificial heart recipient population by age and sex in that year. We then
subdivided this population by employment status, occupation and household
type, as explained previously, so that dose rates and persons exposed could
be identified. The next section discusses the dose calculations in REPRIEVE
and the data matrix necessary for the calculations.

B. DOSE CALCULATIONS

The next function of the REPRIEVE model is to perform the actual popu-
lation dose calculations. To better understand the detailed calculation
equation explained below, we suggest that a review of the simplified equa-
tion given in Section III might be helpful.

The detailed equation to calculate population dose is given in Table 29.
The dose calculation consists of three parts--dose during work activities,
dose during nonwork activities and incidental random dose. We summed the
dose calculations in this manner because of the different subscripts on the
submatrices defining work and nonwork activities. As seen by examination
of Table 29, the calculation becomes complex because of the many classifi-
cations or subscripts for each of the submatrice components. A total of
five submatrices exist in the equation.

1. P, the identity of the artificial heart recipient (AHR) as defined
by sex, employment status, occupation, age, and household type.

2. S, the identity of the radiation exposure subject (RES) as defined
by subject's relationship to the heart recipient, subject's age
and sex, and heart recipient's age, sex, household type, employment
status, and, in some cases, activity.
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3. T, the time spent by the artificial heart recipient in performing
daily activities as defined by activity, household type or occupation,
sex and employment status of the recipient.

4, F, the fraction of an RES group contacted during specific activities
as defined by the activity, the artificial heart recipient's household
type and sex and whether or not the RES is a child or adult.

5. C, the dose factor associated with a radiation exposure subject (RES)
as defined by activity, by the artificial heart recipient's household
type, sex, and employment status and by whether or not the RES is a
child or adult.

To adjust the population calculation to account for nonwork activities
when household members are not present, we developed the F factor matrix
from the Salt Lake City survey data. This factor is the fraction of
spouses and other household members present when the artificial heart recip-
ient is performing each activity. The derivation of the factors for the
other submatrices had been explained in previous sections. The number of
intersections requiring data for each of these components in the basic dose
equation is shown in Table 30.

TABLE 30. Size of Calculation Matrices

Nonwork Work Total

Artificial Heart Recipient Groups, P 528 948 1,476
Radiation Exposure Subject Groups, S 11,690 79 11,769
Time in Activity Factors, T 792 120 912
Frequency of Contact, F 3,096 -—- 3,096
Dose Factors, C 3,106 120 3,226

20,479
Dose to the Population Matrix 221,796

The final dose to the population matrix is comprised of 221,796 unique sum-
mations of dose calculations using these components.
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The large size of the submatrices gives an indication of the large
amount of data needed to use the equation.

Age of artificial heart recipient and urban-rural living location clas-
sifications were originally among the parameters describing the dose and F
factor submatrices. However, examination of the size of the data matrices
needed to obtain this detail indicated data requirements far beyond the
limits of this study. Subsequent statistical examination of dose factors by
age, living location and employment status indicated that employment status
was the only significant variable in determining dose rates. Therefore, we
dropped dose factor classification by age and 1iving location enabling us to
reduce our data requirements to a manageable size. Additional detail on the
testing of these factors is included on Page E-15 in Appendix E.

A factor that reduces the need for accurate data at all intersections
is the very small effect that many of the intersections have on the final
result--either because of a very low frequency for an activity or a very
small number of artificial heart recipients in a particular sex-age-household
type. Because of the ways the surveys have been structured, we believe that
the most important intersections have good data.

In spite of our cautious reduction in data requirements, some inter-
sections exist for which we do not have specific data. These "holes" appear
mainly at intersections which are not critical from a radiation dose stand-
point. We filled the missing intersections by matching missing intersec-
tion characteristics as closely as possible with intersectiaon characteristics
where data were available.

We have good data on many of the matrix intersections which are impor-
tant from the standpoint of final impact on the total dose to the population.
Our smallest data bases relate to: 1) the number of associates and friends
present during family activities and the interpersonal distances between
them, 2) the time spent by older people in family activities (if age is
relevant to the time factor), 3) data on public activities, and 4) data on
less critical family activities. However, these small data bases should not
be critical to our estimates of population dose. A figure showing the
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detajled structure of the calculation matrices along with an accompanying
explanation is found in Appendix F. Appendix G explains the derivation of
the Incidental Random dose component.

To illustrate the dose calculation, typical values of the factors
entering the dose equation appear in simplified example calculations in
Tables 31A to 31C. Each table shows the calculation of dose per person
exposed (RES) and dose per artificial heart recipient for a different house-
hold type of recipient. Each table shows calculations for four of the 19
nonwork activities. These tables illustrate the following characteristics
of the dose calculations.

e For several household types the number of household members per
artificial heart recipient is contained in the definition of the
household type (e.g., one spouse in husband-wife only households,
one spouse and two other household members in husband-wife and two
other members households and no other members in individual Tiving
alone households).

e Frequency of contact factors were postulated to be 1.0 for asso-
ciates during certain activities such as home entertainment.

e The total dose per artificial heart recipient is the result of the
interplay of four factors--the number exposed, the frequency of
contact, the time in activity and the dose rate. The large dose
during sleeping activity, for example, is the result of high dose
rates, a large amount of time spent in the activity and a high
frequency of contact factor. Although another activity such as
home entertainment exposes more persons, the small amount of time
spent in the activity and the low dose rate make the dose absorbed
during this activity of much less consequence.

The actual calculations are considerably more complicated than shown in
the tables because of the many subscripts on each of the above components.

The summation process is made clearer by examining the summation "tree"
shown in Figure 27. This particular tree shows the calculation of popula-
tion dose by summing first over RES characteristics and then over recipient
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TABLE 31A. Typical Values of Factors Used in Calculating Population
Dose for Selected Activities and Household Types.
Household Type: Husband/Wife Only (38% of all AHRs)(a)
Frequency of
A RES ?ontact Factor- Time Spent By Dose Rate Factor Dose Per Dose per
ctivity Relationship per 1.0 = 100% of AHR in Activity day RES AHR
Description of RES to AHR AHR(2) Time in Activity) (hrs/day) rem/hr/RES x yr (rem/yr)  (rem/yr)
Preparing Spouse 1.0 0.8 0.015 0.0156 0.0156
Meals OHN(b) 0 0 1.3 0 n 0
Associate 0.15 0.24 0.0014 0.00042 0.00006
Sleeping Spouse 1.0 1.0 0.08 0.64 0.64
OHM 0 0 8.0 0 0 0
Associate 0.08 0.20 0.002 0.003 0.0003
Eating Spouse 1.0 0.95 0.045 0.06 0.06
OHM 0 0 1.4 0 0 0
Associate 0.08 0.20 0.048 0.013 0.0M
Home
Entertainment Spouse 1.0 0.81 0.028 0.0059 G.005%
OHM 0 0 0.26 0 0 0
Associate 3.0 1.0 0.018 0.0047 0.014

(a) Artificial Heart Recipient
{b) Other Household Member



L1-0L

TABLE 31B. Typical Values of Factors Used in Calculating Population
Dose for Selected Activities and Household Types.

Household Type: Husband/Wife + Two Other Members (9% of all AHRs)(a)

Frequency of

’ RES Contact Factor- Time Spent By Dose Rate Factor Dose Per Dose per
Activity Relationship per (1.0 = 100% of AHR in Activity x day RES AHR
Description  of RES to AHR  AHR(2) Time in Activity) (hrs/day) rem/hr/persons © “yr (rem/yr)  (rem/yr)
Preparing Spouse 1.0 0.69 0.0125 0.016 0.016
Meals OHN(b) 2.0 0.61 1.8 0.1 0.11 0.22
Associate 0.16 0.2 0.001 0.00036 0.00006
Sleeping Spouse 1.0 1.0 0.117 0.913 0.913
OHM 2.0 1.0 7.8 0.006 0.047 0.094
Associate 0.05 0.76 0.004 0.031 0.0016
tating Spouse 1.0 0.90 0.04 0.051 0.051
OHM 2.0 0.87 1.43 0.046 0.057 0.114
Associate 0.03 0.24 0.04 0.014 0.0004
Fome 1.0 1.0 0.024 0.005 0.005
Entertainment ) . . . . .
Sﬁﬂuse 2.0 0.90 0.22 0.024 0.005 0.010
Associate 3.2 1.0 0.027 0.006 0.019

(a) Artificial Heart Recipient
(b) Other Household Member
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FIGURE 27'. REPRIEVE Matrix to Obtain Summations of Work and Nonwork
Components of Dose-to-the-Population



activity, household type, occupation, age, sex, employment status, and
finally work and nonwork activity class. I1lustration of the results of this
summation could be shown by employment status and sex in a 2 x 3 two-
dimensional result matrix. By altering the order of the summations, the
population dose can be examined as a function of any desired pair of RES
and/or recipient characteristics in a two-dimensional array. Table 32
illustrates the various kinds of dose tables that the REPRIEVE program pro-
vides. The first seven types of tables all provide information on dose to
specific groups of RESs. The last two types provide information on dose
from various classifications of artificial heart recipients.

Several other tables are given as output by REPRIEVE. These are:

1. Tables identifying the values of the input assumptions.

2. A table showing the increase in relative dose rate due to 236Pu

daughters with time and the effect of the device replacement period
on this dose rate.

3. A table showing the decrease in relative dose rate due to 238Pu decay
and the effect of the device replacement period on this dose rate.

4. Tables showing the effect of device replacement period on the annual
and cumulative demands for devices.

5. A table indicating the number of devices in use by device age.

6. An age and sex profile of device users in mid-year for a given
program year.

7. A calculation of years of 1ife provided by the artificial heart for
a given program year,

8. Estimates of device cost using present value techniques.

9. Tables showing the occupation and household type distribution of
artificial heart recipients.

10. Tables showing the number of RESs exposed corresponding to similar
tables showing population dose.
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Dose
Dose
Dose
Dose
Dose
Dose
Dose
Dose
Dose

TABLE 32. Output Tables from REPRIEVE

to Spouses by Age of Each Partner and Number of Spouses by Age of Each Partner.

to Other Household Members by Age and Sex of Both Device User and Household Members.

to Associates of Device User According to Age of Associates and Age of Device User.

to the Above Three Population Exposure Groups by Age and Household Type of Device User.
to the Above Three Population Groups by Household Type and Activity of Device User.

to Work Associates by Age of Device User and Work Activity. ]

to General Public by Age Group and Age and Activity of Device User.

From Device User by Household Type, Activity and Sex of Device User.

From Device User by Age and Sex or Household Type of Device User for all Work and

Non-Work Activities.

The last-mentioned tables are useful in identifying the effect of
number-of-persons exposed on the population dose. A complete set of REPRIEVE
Tables for the base case is shown in Appendix I for further reference. These
many tables provide valuable detail, useful in determining the effects of

alternate courses of action. The following section briefly explores some of
these possible uses.

C.

POSSIBLE USES OF THE REPRIEVE MODEL

Both somatic and genetic risks may be of possible concern in the wide-
spread usage of artificial hearts. REPRIEVE allows these risks to be esti-
mated by identifying potential exposure by age and sex groups.

REPRIEVE can also be used to model the effect of imposing restrictions
on types of persons receiving implants or the activities of certain recip-
ient types.
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XI. RESULTS

We developed our best estimate of population dose using what we believe
to be the most probable values of the variable parameters in the REPRIEVE pro-
gram. This case is used as a baseline for comparison and is referred to as
the reference base case in this report. Following this we calculated a num-
ber of REPRIEVE cases to develop a sensitivity analysis. This analysis iden-
tifies the effects on population dose of heart disease incidence, eligible
candidate estimates, device failure rates, natural death rates after implant,
and time.

A. BASE CASE ESTIMATE

The parameters and inherent assumptions defining the base case estimate
of population dose are listed in Table 33. Subsequent cases use these same
assumptions with the exception of the changes stated.

The population dose in the year 2000 for the base case is approximately
339,000 rem/year, as noted in Table 34 which summarizes the results for this
case. This is the average dose resulting from the use of an average of
201,549 devices during the year 2000. The largest segment of this dose is
received by spouses and the general public who receive about 35 and 34%, respec-
tively. Nearly half of the dose to all spouses is absorbed by women 50 and
over or essentially past their chiid-bearing years. Less than 30% of the dose
to spouses is to persons under 50. The average dose to spouse is approximately
0.8-0.9 rem/year/person--approximately six times higher than that of the next
largest group, househoid members, and 1800 times that of the average dose to
the general populace. However, this average dose to spouse is only about
seven to eight times normal background.

Most of the dose to spouse is absorbed during sleep as shown in Table 35.
This one activity accounts for about 75% of the total average dose. Other
activities contributing significantly to absorbed dose to spouse are eating
and television viewing. Together these three activities account for about
92% of total absorbed dose.



TABLE 33. Assumptions and Parameters Used in Defining the

Base Case Estimate of Dose to the Population

ASSUMPTIONS:

1.

Devices would only be implanted in persons in danger of imminent
cardiac death.

Implantation of an artificial heart device would allow the user
to return to his accustomed habits and lifestyle. Lifestyles
will remain essentially the same as at present over the next

50 years.

238

A11 of the devices implanted would be powered by the Pu power

source described in this report.

Devices in recipients surviving after ten years would be replaced.

The devices (i.e., specifically the 238
fabricated six months prior to implant.

Implants would start in 1985 with 100 being implanted in that year.

Pu power sources) would be

The number of implants is successively doubled in following years
until demand is satisfied.

The assumptions for the following variable parameters were used
to develop the base case:

Parameter

~N O OB

Heart disease death rate
projection

Eligible candidates

Death rates from natural
causes after implant

Device failure rates

236Pu content in 238Pu

238

Power output (grams of Pu)

Program year of dose calculation

Value

Best estimate

High estimate using our
modified age profile

Twice normal probability of
death

Twice normal heart failure rate
0.3 ppm

24 watts (53.5 g of
2000 A.D.

238Pu)



TABLE 34. Case 1A Dose to the Population in the Year 2000 from 201,549 Radioisotope-Fueled Devices

Basis: 1. High Candidate Estimate
2. Best Heart Disease Incidence Estimate
3. Natural Death Rate = Twice PND{(a),
4. Device Failure Rate = Twice NHFR(b)
Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
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 0.813
= 2. Other Household Members
L Age 0-17 109,814 20,297 6.0 0.185
18-49 71,998 11,325 3.3 0.157
50+ 27,954 4,104 1.2 0.147
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 265,000,000 ) 115,989 34.2 0.00044
Total 265,000,000 () 339,024 100.0 Average 0.00128

(a) Probability of normal death
(b) Normal heart failure rate
(c) The entire U.S. population is assumed to have received some exposure
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TABLE 35. Dose to All Spouses According to Artificial Heart Recipient Activities
~ and Household Types (rem/year)
Household Type of Artificial Heart Recipient Total Dose For Average Dose
Activity 1 2 3 4 5 6 7 8 9 A11 Households Per Spouse
1. Prep. Food 1088 221 121 15 19 1463 0.010
2. Clean House 70 23 19 31 1 144 0.001
3. Laundry 128 11 13 13 3 170 0.001
4. House Upkeep 143 125 1 40 1 3N 0.002
5. Gardening 4 2 0 0 0 7 0.000
6. Sleep 43202 15473 15732 15444 823 90675 0.634
7. Personal Care 208 107 255 112 5 686 0.005
8. Eating /5092 1849 1043 1048 4 9036 0.063
9. Resting 307 90 25 7 3 432 0.003
10. Child Care 34 6 512 1 3 556 0.004
11. Adult Care 434 0 0 0 3 437 0.003
14-1. Home Study 4 1 2 0 0 8 0.000
16. Television 3972 2337 17 2763 2 10245 0.072
17-1. Reading 886 396 286 233 0 1801 0.013
17-2. Telephoning 163 44 30 21 0 . 257 0.002
18-1. Drop-In Visits 1176 200 205 324 1 1906 0.013
18-2. Home Parties 47 131 84 127 0 759 0.005
19. Active Leisure 610 9 105 2 6 855 0.006
TOTAL 57937 21027 19605 20305 875 119749 0.838




The dose to the general populace component is the result of the dose
absorbed during public activities and the incidental random dose occurring
mostly in urban centers. The scope of this study allowed only a general iden-
tification of the persons receiving this dose segment and it is assumed that
the distribution of this dose is reasonably uniform across the entire popula-
tion. Using this assumption the average dose to the population would be about
0.0013 rem/year, or only 1% of natural background radiation. Table 36 shows
that most of the public exposure dose is absorbed by adults during organiza-
tional activities. Substantial amounts of dose are also received during non-
work trips (mostly to family members) and social activities. These three
activities account for approximately 85% of dose to the general public. Only
about 14% of the dose to the public is absorbed by persons under 18.

Referring again to summary Table 34 it will be noted that dose to house-
hold members is about 36,000 rem/year or approximately 10% of the total.
Although the total and average dose are small compared to the dose to spouses,
this dose is significant since about two-thirds of it is absorbed by persons
under 18. Still, the average dose is only on the order of current natural
background. About 76% of the dose to other household members is absorbed dur-
ing sleeping, eating and television viewing and is about equally divided among
these activities.

Although dose to associates and work associates also each account for
about 10% of the population dose, the average dose to these persons is much
less than to household members. In addition, much less is absorbed in the
younger age group of associates as seen by comparing the totals in the far
right column in Table 37. All of the dose to work associates is assumed to
be absorbed by aduits.

A complete set of tabies for the base case is included in Appendix I.
These tables give further inofrmation on the number of spouses, household
members and associates exposed by age and sex as well as additional detail
on dose absorbed.



TABLE 36. Dose to General Public (Includes Dose to Family During Public
Activities) According to Artificial Heart Recipient Activities
and Age or Radiation Exposure Subjects (RES) (rem/year)

Average Per

Age of RES Total for Member of

Activity Less Than 18 18 and Over A1l Ages General Public
12. Shopping 1823 4256 6078 0.00002
13. Nonwork Trips 5206 20542 25748 0.00010
14-2. Classroom Education 0 990 990 0.00000
15. Organizational 0 46959 46959 0.00018
18-3. Other Social 9681 16057 25738 0.00010

Incidental Random

Exposure 2886 7590 10476 0.00004
TOTAL 16710 88804 115989 0.00044
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TABLE 37.

Dose to Associates of Artificial Heart Recipient According

to Age of Associates and Age of Recipient (rem/year)

Age of Age of Artificial Heart Recipient
Asspciates 30-34 35-39 40-44 45-49 . 50-54 55-59 60-64 65-69 70-74 75-79 80-84
0-17 38 163 336 531 1071 1103 1043 1113 1256 886 349
18-49 77 322 686 1125 1678 1843 1826 1978 1810 1403 640
50+ 2 89 193 318 840 1048 1141 1371 1687 1519 820
TOTAL 135 574 1215 1973 3589 3995 4011 4462 4754 3808 1809

85+

53
141
215

419

Total Over
A11 Ages

of AHR

7953
13529
9262

30744



B. SENSITIVITY ANALYSIS

We developed an analysis of the variable parameters in the REPRIEVE
code to determine their effect on dose to the population. This analysis
is summarized in Table 38. The results of the analysis indicate that the
population dose estimates are relatively insensitive to changes in esti-
mates of death rates due to natural causes. These changes only cause
variations on the order of #10-12%. Device failure rates are also not
a very sensitive factor since the postulated extreme case of no device
failure (not a creditable case) only increases the dose estimates approxi-
mately 25%. The effect of projected heart disease death rates is more
marked; the dose being nearly 50% lower for the minimum incidence
case and 25% higher for the maximum incidence case. The estimate
of eligible candidate fractions is the most sensitive parameter in the
projection decreasing the dose to 33% of that reported for the

base case.

The approximate minimum dose given by case 6A, shown on Table 39,
combines the low candidate estimate with the minimum heart disease
incidence projection. The dose of 58,100 rem/year is about 17%
of the base case dose. The approximate maximum dose (case 2A) in the
year 2000 is 428,000 rem/year or 26% higher than our base estimates. The
results of this case are summarized in Table 40. Although somewhat higher
doses can be obtained by assuming that the device would function equally
as well as a normal human heart, we do not believe this to be a credible
assumption.

The effect of time on population dose (holding the other parameters
constant at base case values) is given by cases 7 through 10. Figure 28
shows this increase in population dose graphically. The dose rate under
these assumptions would increase to approximately 535,000 rem/year by 2035
where it approaches equilibrium. However, improvements in energy con-
version efficiencies during this time would tend to have a counter-
balancing effect. Summary tables of the population dose for the
remainder of the cases shown in Table 38 are found in Appendix H.
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TABLE 38. Summary of Population Dose Estimates for 238Pu-Powered
Artificial Heart Devices

Number of Total Dose Ratio to

Eligible Heart Disease Device Natural Artificial to the Population

Candidate Death Rate Failure Rate Death Rate Year of Heart Devices Population Dose For

Case No. Estimate Estimate Estimate Estimate Estimate In Use (rem/year) Base Case
1A (gase) High Best Estimate Twice NHR F* Twice PND** 2000 201,549 339,024 1.00

ase

1B " " " oo Equals PND ) 220,330 370,216 1.09
1C ! poon " oo 4 x PND " 175,026 294,879 .87
1D " " " None Twice PND " 247,446 424,063 1.25
2A High Max imum Twice NHFR Twice PND 2000 258,757 427,947 1.26
3A " Minimum v " ! " 105,306 178,160 .53
4A Low Best Estimate Twice NHFR Twice PND 2000 64,030 110,820 .33
5A " Maximum v " " " 81,491 138,812 .41
6A " Minimum v ! " . 33,626 58,100 7
7 High Best Estimate Twice NHFR Twice PND 1990 4,160 6,106 .02
8 " " " o " " 2010 287,544 485,251 1.43
9 " " . e " " 2020 317,746 529,402 1.56
10 " " " v " " 2030 322,835 535,854 1.98

* Normal Heart Failure Rate
** Probability of Natural Death
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TABLE 39.

Case 6A Dose to the Population in the Year 2000 from 33,626 Radioisotope-Fueled Devices

Basis: 1. Low Candidate Estimate
2. Minimum Heart Disease Incidence Estimate
3. Natural Death Rate = Twice PND(a)
4. Device Failure Rate = Twice NHFR(D)
Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
1. Spouses
Females - Age 49 and Under 5,592 5,218 9.0 0.933
- Age 50 and Qver 12,309 10,310 17.7 0.838
Males - Age 49 and Under 888 885 1.5 0.997
- Age 50 and Over 5,027 4,156 7.2 0.827
2. Other Household Members
Age 0-17 18,158 3,397 5.8 0.187
18-49 11,734 1,876 3.2 0.160
50+ 4,696 710 1.2 0.151
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 265,000,000 (c) 20,0173 34.4 0.00008
Total 265,000,000 () 58,100 100.0 Average 0.00022

o~
O T
— e

Probability of normal death
_Normal heart failure rate

The entire U.:. population is assumed to have received some exposure
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TABLE 40.

Case 2A Dose to the Population in the Year 2000 from 258,757 Radioisotope-Fueled Devices

Basis: 1. High Candidate Estimate
2. Maximum Heart Disease Incidence E§timate
3. Natural Death Rate = Twice PND(a
4. Device Failure Rate = Twice NHFR(b)
Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
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 0-17 134,984 24,201 5.7 0.179
18-49 90,337 13,861 3.2 0.153
50+ 36,112 5,243 1.2 0.145
~3. Non-work Associates 5,558,083 38,883 9.1 0.0070
4, Work Associates 2,601,956 46,189 10.8 0.0178
General Populace 265,000,000 (c) 148,056 34.6 0.00056
Total 265,000,000 (c) 427,947 100.0 Average 0.00161

(a)
(b)

Probability of normal death
Normal heart failure rate

(c) The entire U.S. population is assumed to have received some exposure
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FIGURE 28. Effect of Time on Population Dose
Using Constant Base Case Parameters

Since the dose to the various RES groups is almost a linear function of
total population dose, an approximate idea of the dose to subgroups for cases
other than the base case can be simply obtained. This is done by multiplying
the population dose ratios (column 8 in Table 38) by the dose to the desired
subgroup in the base case.

Table 41 indicates that the total dose per device-in-use varies within
a fairly narrow range over time (it does for the other parameters as well).
Therefore, the total population dose can be roughly estimated from independent
calculations of devices-in-use, using this ratio.

The calculations just discussed assume a replacement interval of 10 years

for the heart devices. This renews the power source for each user and reduces

236

the dose because the Pu contribution is reset to zero for each surviving

recipient at 10-year intervals. If the replacement interval is increased,

the population dose will increase because of the higher contribution of 236Pu.
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TABLE 41. Amount of Dose Absorbed per Year per Device-in-Use,
Using Base Case Parameters

Population Dosage Dose/Device
Year Devices in Use (rem/year) Ratio
1990 4,160 6,106 1.466
2000 201,549 339,024 1.682
2010 287,544 485,251 1.687
2020 317,746 529,402 1.666
2030 322,835 535,854 1.660

This effect is illustrated in Table 42. The first row of data represents a
replacement interval of 10 years as was used in the population dose tabula-
tions. The effect on population dose of a longer replacement interval can be
considered relative to these 10-year replacement values by comparing the rela-
tive dose rates. For example, if a 20-year replacement interval were to be
assumed rather than a 10-year replacement interval, the increase in the popu-
lation dose in the year 2020 would be in the ratio of 1.34 to 1.258 or 6.5%.
Figure 29 shows a plot of the increase in the relative dose rate at various
device replacement intervals. Almost no increase can be observed beyond a
30-year replacement interval.

Another effect of the device replacement interval that can be identified
with the REPRIEVE program is its effect on the total annual number of implants
required. The more frequent the replacement intervals, the more devices are
required each year to provide not only the first implants, but also the replace-
ment implants for devices previously in use. This effect is detailed in
Table 43. When the replacement interval is short, on the order of two or
three years, the effect on implant requirements is significant. Replacement
requirements reach two to three times those of a 10-year replacement interval
in the year 2000. Replacement intervals beyond 20 years have a re1ative1y
small effect on the annual implant requirements.
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FIGURE 29. Relative Dose Rate Versus Time Weighted for A1l Devices
in Use at Varying Device Replacement Intervals
(0.3 ppm 236py)

In conclusion, the purpose of this report has been to develop dose to the

population estimates from widespread use of 238

Pu-powered artificial hearts.
In addition this report has estimated doses to population subgroups to iden-
tify major areas of impact. However, to estimate a realistic cost-benefit
associated with use of these artificial hearts, the population doses need to
be expressed in terms of injurious health effects. Such analysis was beyond
the scope of this report since insufficient data have resulted in major dif-
ferences of opinion in this area. For example, the 1972 BEIR committee
recommended using a low-level dose model which extrapolates health effects per

(2)

unit radiation dose linearly from high radiation doses. This, of course,

was pointed out as a very conservative assumption.
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TABLE 43.

Effect of Device Replacement Interval on Number of Implants

?gg;igg?e?ﬁ Number of Implants During Program Year
Years 1985 1990 1995 2000 . 2005 2010 2015 2020 2025 2030 2035
2 100 3978 65737 120614 147180 164167 174319 180376 182324 182861 182593
3 100 3491 50074 87798 104697 116842 123882 128194 129511 126543 129665
5 100 3259 41970 64924 75966 83579 87904 90524 91419 91545 91561
7 100 3200 40353 49246 57136 64102 67380 69536 659878 69870 70029
10 100 3200 40093 40895 51511 53044 56460 57869 57954 58275 58129
20 100 3200 40069 40135 41508 43024 45967 47006 47043 47115 46999
30 100 3200 40069 40135 41503 42878 43913 44970 45284 45284 45254
40 100 3200 40069 40135 41503 42878 43912 44947 44950 44950 44983
50 100 3200 40069 40135 41503 42878 43912 44947 44947 44947 44947
60 100 3200 40069 40135 41503 42878 43912 44947 44947 44947 44947



However, the National Council on Radiation Protection has recently
stated:

“The Tlinear dose-effect hypothesis has been coming into frequent

use in analyses in which population exposures are expressed in the
form of person-rem, including doses of 1 mrem/yr or less to popu-
lation groups and doses to individual organs, with linear extrapo-
lation to damage estimates through the use of the NAS-BEIR committee
report values. The indications of a significant dose rate influence
on radiation effects would make completely inappropriate the current
practice of summing of doses at all levels of dose and dose rate in
the form of total person-rem for purposes of calculating risks to the
population on the basis of extrapolation of risk estimates derived
from data at high doses and dose rates.

The NCRP wishes to caution governmental policy-making agencies of

the unreasonableness of interpreting or assuming "upper Timit"
estimates of carcinogenic risks at a low radiation level, derived
from linear extrapolation from data obtained at high doses and dose
rates as actual risks, and of basing unduly restrictive policies on
such an interpretation or assumption. The NCRP has always endeavored
to ensure public awareness of the hazards of ionizing radiation but
it has equally determined to insure that such hazards are not greatly
overestimated. Undue concern, as well as carelessness with regard
to radiation hazards, is considered detrimental to the public
interest."{I)

As indicated by these two opinions, there is a large uncertainty in
assigning health effects to person-rem dose levels which are consummed over
wide ranges of dose rates, We, therefore, have considered it beyond the
scope of this analysis to make any conclusions as to health effects attribut-
able to the population doses estimated.

These results do give the population dose levels necessary to estimate
health effects and indicate a very substantial potential benefit of saving
approximately one million man-years of 1ife between 1985-2000 if artificial
heart devices could be implemented in this time period.
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APPENDIX A

ARTIFICIAL HEART ELIGIBILITY
(MODIFIED ESTIMATE)

(3,4,5)

As explained in the main report, three studies provided most of

the basis for our estimate of candidate eligibility. The National Heart

(3)

basic data summarized in Table A.1. The coronary heart disease data were

Institute (NHI) Task Force report on Cardiac Replacement provided the

taken from comprehensivé studies done in Fromingham, MA and Tecumseh, MI.

An overall average of 16.4% was found to represent the potential candidates
among coronary heart disease deaths under age 65 with a 95% confidence inter-
val between 11.0 and 21.8%. Other bases were used to estimate potential
candidates among other heart disease categories with no attempt made to esti-
mate variations with age.

These data became the beginning basis for our estimates with the excep-
tion of the data on congenital heart disease. Since most congenital heart
disease victims are infants and young children, the formidable problem of
allowing for growth would need to be solved before a significant number of
candidates would be contributed from this category. Therefore, these fatal-
ities were not included in our candidate estimates.

Although the NHI's estimates of eligible transplant candidates offer a
good beginning basis for determining artificial heart eligibility, their data
base was not broad enough to make their estimates age- and sex-specific and
persons over 65 were not included. Also, conditions in future time periods
may differ from those in 1954-1968--the period in which the studies were
made--and the study populations are not representative of the United States
as a whole. On the other hand, a Tess clinically detailed study done in
Baltimore, Maryland* tends to confirm the previous conclusions, lending more
validity to their use. Since the population dose estimates are very sensitive

* L. Kuller, A Lilienfield, and R. Fisher, "Epidemiological Study of Sudden
and Unexpected Deaths Due to Arteriosclerotic Heart Disease," Circulation,
Vol. 34, p. 1056-1068, 1966.
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TABLE A.1. Potential Candidates for Heart Replacement Among
Persons Under Age 65 Dying of Heart Disease in the
United States, 1967

Potential Candidates for

Deaths Under (a)

Heart Replacement

e (6) 6]

Heart Disease United States High Estimate Low Estimate
Diagnosis 1967 Percent  Number Percent = Number
Total 206,403 15.6 32,168 5.7 11,726
Coronary 158,701 16.4 26,027 3.8 6,031
Hypertensive 12,676 5.0 634 5.0 634
Rheumatic 8,930 10.0 893 5.0 447
Congenital 7,000(d) 25.0 1,750 25.0 1,750
Other 19,096(e) 15.0 2,864 15.0 2,864

(a) Assumes rejection problem has been overcome.

(b) Assumes development of completely effective emergency assist devices
which would allow extended survival in the terminal disease state.

(c) Assumes ideal mobilization of the best medical procedures now available,
but does not assume that emergency assist devices would be available.

(d) Estimated from the total congenital malformations of circulatory system
in 1967.

(d) Estimated from categories 421 and 422 (nonrheumatic chronic endocarditis
-and other myocardial degeneration), and categories 430-434 (other
diseases of the heart).

Source: Cardiac Replacement (see Reference 3, p. 15)
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to the eligibility estimates, we strongly recommend that efforts be directed
to obtain more accurate estimates of eligibility, using a detailed study
employing a broad data base.

(5)

define artificial heart candidate eligibility. This study used data from a

An earlier study (1965) by Hittman Associates, Inc. also attempted to
medical review of 920 case histories and, therefore, provided a large data
base for age and sex determinations. However, the criteria for eligibility

in the Hittman study were quite broad resulting in a candidate estimate about
three times that of the NHI Task Force. While the total number of potential
device recipients estimated in this study appeared too large, the distribution
by age seemed reasonable and included ages beyond 65.

To develop an estimated age profile of candidates, we used the NHI Task
Force percentage estimates for high and low candidate eligibility (16.4 and
3.8%, respectively, for coronary heart disease) and distributed these using
the age distribution given by the Hittman data. We assumed the middle age
interval of 45-54 to be the base interval in making this distribution. These
calculations are shown in Table A.2.

We plotted these modified estimates by age, drawing a smooth curve
through the points. Figure A.1 shows a representative plot of the high esti-
mate. The candidate estimates in five-year age groups shown in Table 2 in
the main report come from the midpoint of the curves at each five-year inter-
val in this graph. As the table indicates, the results for coronary (ischemic)
heart disease for the 35 to 64 age interval fall well within the 95% confidence -
interval of 11.0 to 21.8%.

Based on 1967 mortality data, we converted the estimates to candidates
per 100,000 population in each five-year age group. The three estimates are
compared on this basis in Figure A.2 for men and women combined. Our modified
estimate is shown as a dashed curve. The modified age profile is the more
reasonable appearing of the three. Neither the abrupt termination of the NHI
curve while still rising steeply or the sharp fluctuations in the Hittman
curve are reasonable expectations. However, the important point is not that
the modified NHI basis is the more reasonable basis, but that it is at least
Just as reasonable as the original NHI Task Force basis.



TABLE A.2. Calculation of a Modified Estimate of Artificial Heart Device
Candidates Using NHI Task Force and Hittman Data(@

Hittman Estimate High - Low
Hittman Relative to High NHI Low NHI Modified, A Medified
Age Group Estimate Base Age Groups(b) Estimate Estimate Estimate\?)Estimate

CORONARY HEART DISEASE

- 34 50 1.25 16.4 3.8 20.5 4.8
35 - 44 48 1.20 16.4 3.8 19.6 4.6
45 - 54 40 1.00 16.4 3.8 16.4 3.8
55 - 64 32 0.80 16.4 3.8 13.0 3.0
65 - 74 18 0.45 16.4 3.8 7.3 1.7
75 - 84 2.6 0.065 16.4 3.8 1.1 0.25

HYPERTENSIVE HEART DISEASE

- 34 1.18 5.0 6.0
35 - 44 35.5 1.18 5.0 Same 6.0 Tome
45 - 54 30 1.00 5.0 as 5.0 as
55 - 64 26.1 0.87 5.0 high 4.4 high
65 - 74 20.3 0.67 5.0 estimate 3.4 estimate
75 - 84 8.3 0.28 5.0 1.4

RHEUMATIC HEART DISEASE

- 34 1.18 10.0 5.0 12.0 6.0
35 - 44 35.5 1.18 10.0 5.0 12.0 6.0
45 - 54 30.0 1.00 10.0 5.0 10.0 5.0
55 - 64 26.1 0.87 10.0 5.0 8.7 4.4
65 - 74 20.3 0.67 10.0 5.0 6.7 3.4
75 - 84 8.3 0.28 10.0 5.0 2.8 1.4

OTHER HEART DISEASE

- 34 1.18 15.0 17.7
35 - 44 35.5 1.18 15.0 Same 17.7 Same
45 - 54 30.0 1.00 15.0 as 15.0 as
55 - 64 26.1 0.87 15.0 high 13.0 high
65 - 74 20.3 0.67 15.0 estimate 10.0 estimate
75 - 84 8.3 0.28 15.0 4.2

(a) Expressed as a percentage of those dying who would be device candidates.
{b) We chose the base age group as 45 to 54,

Sources: Hittman Estimate (Reference 5, p. II-7); NHI Estimates,
(Reference 3, p. 15).
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Although the number of candidates is increased by the inclusion of
persons over 65, the total number of devices in the population is not propor-
tionally increased because of the lower 1ife expectancy in the older age
groups. The total accumulation of artificial hearts for our high eligibility
estimate is shown in Figure A.3. Results of a parallel calculation using the
NHI estimate is also shown for comparison. Even though approximately 33%
more candidates are specified using our modified basis, the total accumulation
is only about 25% higher because of the lower average life expectancy when the
over 65 ages are included in the candidate group. The total number of poten-
tial candidates predicted in 1969 using our modified estimate was 44,825 for
the high case and 12,587 using the low case. This estimate became the basir
for predicting eligible candidates in all of our subsequent population do.-
calculations.

500
400 |-
MODIFIED BASIS
(BASE CASE)
300 |-

NHI BASIS

TOTAL DEVICES IN USE, IN THOUSANDS

0 —_ | J 1
1985 1995 2005 2015

FIGURE A.3. Comparison of Total Devices in Use
Using the NHI and Modified Age
Distribution
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In their report on the Totally Implantable Artificial Heart,(4) the
Artificial Heart Assessment Panel (AHAP) also improved the NHI estimate. An

illustration of AHAP candidate fractions is shown in Table A.3. The Assess-
ment Panel used slightly higher fractions of eligible candidates for rheumatic,
hypertensive and other heart diseases than did the NHI Task Force, as seen by '
comparing Tables A.1 and A.3. At the same time they substantially reduced the
candidate fraction for congenital heart disease. In addition, the age group
65 to 74 for ischemic heart disease without hypertension was included. This
latter change far outweighed the effects of changes in the candidate fractions
and increased the estimate of potential candidates in 1969 to a maximum of
approximately 50,000.

While our projections did not incorporate changes in candidate fractions
(other than to eliminate congenital heart disease), they did include potential
candidates up through age 84. Because of this larger candidate base, our
projections approximated those of the Assessment Panel. To illustrate this,
a composite summary of Tables A.2 and A.3 is shown in Table 3 in the main
report. Since our overall candidate percentage estimates are nearly the same
as those of the Assessment Panel, we concluded that both estimates substan-
tially agreed.

The next consideration is the differentiation of eligible candidates by
sex. Since no data by sex were available from the Hittman report, we statis-
tically tested the limited coronary heart disease data obtained by NHI from
the Framingham and the Tecumseh studies to determine if candidate eligibility
were a function of sex. Based on the available data, we found no statisti-
cally significant difference by sex. Our projections, therefore, did not
include sex as a factor in determining eligibility. However, the available
data base was very small, and analysis of a larger future data base may alter
the present conclusion.

As was discussed previously, the eligible candidate fractions are dis-
tinguished by four heart disease categories as well as by age. However, our
projection of heart disease death rates (discussed in the next Appendix) used
only total heart disease data. Therefore, we estimated a set of eligible
candidate fractions by age for total heart disease by weighting each disease-
specific fraction by the incidence of that disease in 1969(8) and averaging
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TABLE A.3. Potential Candidates for an Artificial Heart

Among Persons Dying o
United States, 1967(a

g Heart Disease,

Potential Candidates

Deaths High Estimate Low Estimate
Heart Disease Diagnosis in 1969 Percent Number Percent  Number
Total 363,999 13.8 50,336 4.6 16,749

Ischemic Heart Disease Without
Hypertension, Under Age 65 151,948 16.4 24,919 3.8 5,774
Ischemic Heart Disease Without
Hypertension, Age 65-74 157,494 11.2 17,639 2.6 4,075
Ischemic Heart Disease With
Hypertension, Under Age 65 20,376 10.0 2,038 10.0 2,038
Other Hypertensive Heart
Disease, Under Age 65 3,622 10.0 362 10.0 362
Rheumatic Heart Disease,
Under Age 65 8,978 25.0 2,245 15.0 1,347
Congenital Heart Disease,
Under Age 65 7,884 5.0 394 5.0 394
Other Heart Disease,
Under Age 65 13,697 20.0 2,739 20.0 2,739

(a) This table corresponds to Table 7 of the October 1969 Report on Cardiac

Replacement with certain modifications.

Because this table includes

patients 65 to 74 years old and because the criteria for artificial heart
implantation are somewhat different than those for transplantation, the
fraction of patients who are candidates for artificial hearts has been
(1) increased from 5 to 10% for patients dying of hypertensive diseases,
(2) increased from 10 to 25% for patients dying of rheumatic heart disease,
and (3) decreased from 25 to 5% for patients dying of congenitial heart

disease.

Source: The Totally Implantable Artificial Heart (Reference 4, p. 43).

these over the four disease types.
tions (high estimate) for each age group.
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APPENDIX B

HEART DISEASE DEATH RATE PROJECTIONS

The first step in developing death rate projections was to develop an
equation to project future total heart disease incidence and to verify its
predictive ability. We termed this equation the Death Rate Equation (DRE).

In developing the equation, we reasoned that the rate of decline of a fatal
disease should be a direct function of the medical skill and knowledge accumu-
Tated at any point in time. The greater this fund of skill and knowledge, the
more likely that additional skill and knowledge will accumulate and the more
quickly the disease death rate w111 decline. A measure of this medical skill
and knowledge at any point in time should be directly related to the number
of people being "saved" per unit population, in other words, to the amount
that the death rate has been reduced from its maximum.

However, the rate of decline should also be some inverse function of
time since less concern and effort will be expended with time as the
magnitude of the death rate for a particular disease declines and its
importance to the public diminishes. There is no reason to expect that
the effect of time should be linear and a simple inverse exponential
effect was assumed.

Mathematically, the above statements can be expressed as:

dy _ _y (Ymax - Y) [1]
dt ™
where

Y = Disease death rate at a specific point in time,

Ymax = Maximum death rate,
T = Time measured from T = 0 when Y = Ymax,
K = Proportionality constant relating the magnitude

and rate of decline,

n = A constant whose value can modify the importance

of time in the equation.
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If the above differential equation is integrated and solved for Y, an
expression for the death rate at any specific point in time is derived.

(1-n)
Ymax - (A) exp (:EIHTTE_) [2]

Integration constant.

—<
I

where
A

This equation is, in effect, a kind of Tearning curve equation. -It defines
the path of declining incidence of deaths once the point is reached when
sufficient basic knowledge has accumulated to bring a disease under control
to the extent that death rates peak and begin to decline. It should be
emphasized that the equation has no validity for diseases whose death rates
are increasing. An estimate of the maximum death rate, Ymax, is necessary
to use the equation. The predictive ability of Equation [2], hereafter
referred to as the Death Rate Equation, was tested and found satisfactory
as explained in the section under Minimum Incidence Projection on page B-17.

We originally used crude total heart disease death rates as the raw
data input to the DRE for our heart disease incidence projections. Using
crude death rates assumed that age shifts in the population would be small
enough to have no discernible effect. This data on crude total heart-
disease death rates showed a peaking of these death rates in the middle
1960‘5.*(6) However, subsequent data from the National Center for Health
Statistics (NCHS) indicated that age-adjusted death rates for total heart
disease had been declining relatively steadily with no apparent peak(]2)

(see Figure 5 in the main report).

This discrepancy between the declining, age-adjusted heart disease
death rate and the crude heart disease death rate was the result of a
substantial increase in the relative populations in the older age groups.
The peaking observed in the crude death rate was, therefore, a population
effect -- not a decline in the risk of death. Since the basis for predicting
the death-rate deciine requires identification of a peak in the actual risk

* See note on Page 4-7 for explanation of the measures of death rates
discussed in this report.
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of death (as indicated in the derivation of the Death Rate Equation), we
modified our original analysis.

In order to perform a more detailed analysis on the behavior of total
heart disease death rates, we collected additional age- and sex-specific
death rate data on total heart disease and its major components -- ischemic
heart disease, hypertensive heart disease, rheumatic heart disease, endo-
and myocardial heart diseases and other heart diseases.(6) These data
allowed calculation of age-adjusted death rates using 10-year age groups
for total heart disease and all component heart diseases from 1950 to 1969.
Since the classification definitions for causes of death had changed twice
during this time period, it was necessary to adjust death rates to a con-
sistent basis.

NCHS develops comparability ratios for such adjustments. These are
comparisons of the relative number of deaths assigned to each disease
category in the year previous and the year subsequent to revisions in
classifications. We obtained comparability ratios(]2’14) from the NCHS,
for the 7th-8th ICDA* revision in 1968, the 6th-7th revision in 1958, and
the 5th-6th revision in 1948, and used them to adjust all death rates to
a presumed equivalent 8th ICDA revision basis. (Subsequent analysis,
however, showed discrepancies in total heart disease death rates using
these ratios.) This 8th-revision series of calculated age-adjusted death
rates for total heart disease forms the basis for Figure 8 in the main
report. The same plot including the component heart diseases is shown in
Figure B.1.

From this latter plot it was obvious that while the total age-adjusted
death rate (uppermost 1ine) had been continuously declining as reported, the
age-adjusted death rate for ischemic heart disease had been increasing to a
peak in the 1960's. This was noteworthy since ischemic (arteriosclerotic**)

*
International Classification of Diseases, Adapted.

*%
The 8th Revision ICDA uses the term ischemic heart diseases to identify
the major heart disease classification. This classification includes
most of the deaths that had previously been classified as arteriosclerotic
heart disease plus some from other classifications.
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heart disease presently accounts for about 90% of total heart disease
deaths. However, we assumed that substantial declines in the death rates
for the other heart diseases may have had enough weight to cause the
decline in the totals.

To check this assumption, we summed all of the component age-adjusted
death rates at two to three year intervals to obtain the total age-adjusted
death rate. As is obvious from the figure, the total age-adjusted heart-
disease death rate obtained by summing 8th-revision-adjusted individual
component rates was considerably lower than when using the overall 8th
revision comparability factor applied to total heart-disease death rates.
Even more significant, the total heart-disease death rate obtained by
summation of 8th-revision-adjusted component rates indicated an increasing
and peaking of the death rate compared to the continuously declining
trend in the total heart-disease death rates obtained by using the overall
comparability factor. While the cause of such a discrepancy is not com-
pletely understood, we believe it to result from inconsistencies in the
diagnosis and coding of causes of death over time.

Two assumptions are implied when comparability ratios are used to
adjust death statistics from previous years to a new classification basis.
First, it is assumed that the cause-of-death diagnoses have been consis-
tently made and consistently and accurately stated on the death certificates
over the time period. Second, it is assumed that the interpretation and
coding of causes of death on death certificates to ICDA classifications
have also been consistent and accurate over the time period. However, it is
more likely that there have been inconsistencies and errors in both cases.
It is also probable that the inconsistencies and errors have declined
during the time period.

Since doctors not only have varying opinions, but have also been
trained at various points in time and, therefore, have varying degrees of
knowledge of the latest technology and definitions; there are almost
certainly some discrepancies between the measured (recorded) number of
heart disease deaths and the actual number of such deaths. This discrepancy
should, however, be declining with time. Likewise, there have probably



been improvements due to learning effects in interpreting and coding death
certificate data. The probable net result is that differences between

statistical and actual death rates for specific classifications have been
declining.

Figure B.2 demonstrates how a declining difference between measured

and actual death rates could result in misleading statistical death rate
trends. Two cases are shown:

Case 1. Measured rates are higher than actual rates. In this
case a declining difference would result in a decline in

statistical death rates while the actual rates could be either
increasing or decreasing.

Case 2. Measured rates are lower than actual rates. In this
case a declining difference would result in an increase in

statistical death rates while the actual rates could be either
increasing or decreasing.

CASE 1
APPARENT
.,  (MEASURED)
. A
o
=
ACTUAL
= N
D .
L
2 /
% APPARENT/*
S | (MEASURED)
o CASE 2
Ld
X

TIME

FIGURE B.2. Effect of Declining Measurement Error on Apparent
Trend in Heart Disease Death Rates




In this situation one cannot say with certainty which of the total heart
disease death rates in Figure B.1 is the most accurate. Due to an
inability to resolve the discrepancy, we are not able to fully correlate
current total heart disease death rates with ones in the 1950's.

The summations of the component age-adjusted heart disease death
rates in Figure B.1 do, however, agree with the total in years subsequent
to 1960. (The measurement error is either small or constant.) This
recent data substantiates a strong decline in death rates for total
heart disease, regardless of whether it was previously increasing or
decreasing.

Figure B.3 is a plot of the age-adjusted death rates for total and
component heart diseases without adjustments to the 8th Revision ICDA

(6,12) (This is the same as Figure 5 in the main body of the report.)

basis.
There s a well-defined maximum or peak in the arteriosclerotic (ischemic)
heart disease death rate that parallels the maximum in jschemic heart
disease in Figure B.1, where we used comparability ratios to convert the
data to the 8th Revision ICDA basis. While we could not be absolutely
certain of a peaking in the ischemic classification due to the possibility
of measurement errors within this disease definition, the much narrower
definition range should substantially reduce such errors., For this reason
we accepted the peaking and decline of ischemic death rates as a real

occurrence,

Since the method developed for projecting trends in disease death
rates depends on identifying the peak death rate year, and since ischemic
heart disease presently accounts for about 90% of total heart disease
deaths, we decided to utilize the data on this disease as the basis for
projecting trends for total heart disease.

ISCHEMIC HEART DISEASE DEATH RATE PROJECTIONS

Although the NCHS has pub]ished(]z) only age-adjusted statistics, the
obvious sex-dependency of heart disease and noticeable differences in the
age-adjusted and age- and sex-adjusted death rates (Figure B.4) suggest
adjusting for sex as well as age in the projections. A plot of age- and
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sex-adjusted arteriosclerotic (ischemic) heart disease death rates for all
years in the period 1940-1969, adjusted to 8th Revision ICDA definitions

using comparability ratiosg14) is shown in Figure B.4. The figure shows a
marked rise in the age- and sex-adjusted death rates from 1939 to a fairly

)

over this same period are also shown in the same

well-defined peak in 1965. Plots of age—on]y—adjusted(]2 and crude ischemic

(6)

figure. The divergence in the crude and age-adjusted rates shows that a shift

heart disease death rates

in the population distribution is responsible for much of the increase in
death rate for this disease over the past 20 years. A further analysis by age
groups reveals that most of the increased deaths are in the 55 and older age
groups, predominantly between ages 65 and 84. This population shift has
masked a peaking and decline in the risk of death due to arteriosclerotic
(ischemic) heart disease beginning in 1965. This peak in age- and sex-
adjusted death rates for ischemic heart disease (IHD) was generally confirmed
by the age-only-adjusted data from NCHS,(]Z) showing a peak in 1963 (the
lowest curve in Figure B.4).

To develop future heart disease evidence projections, we plotted the age-
and sex-specific death rates of IHD by 10-year age groups for 1950—1969,(6)
and extrapolated to 1973 by extending the smoothed curves. The extrapolated
death rates enabled calculation of an extrapolated 1973 age- and sex-adjusted

(17) 3 1973 crude IHD death
(13)

IHD death rate and, combined with population data,
rate. The calculated crude death rate compared closely with the published
crude death rate in 1973. (Only the total crude death rate for IHD is
presently available.) The fact that the projected crude IHD death rate (cal-
culated from the extrapolated age- and sex-specific IHD death rate) agreed
with the actual IHD crude death rate indicated that the extrapolations were
valid.

The extrapolated age- and sex-adjusted death rate for 1973 combined
with statistical age- and sex-adjusted IHD death rates from 1965 to 1969(6)
(age- and sex-specific IHD death rate data subsequent to 1969 is unavailable)
became input into a curve fitting computer routine. The curve fitting rou-
tine uses death rate data to find the optimum values of the three constants
A, K, and n in the Death Rate Equation (DRE). Use of these three parameters
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in the DRE makes it disease-specific for the disease data used to define
the parameters. A least squares analysis of the equation derived for IHD
with a peak in 1965 showed a close fit of the equation to the data points.

Once the optimum DRE for the total age- and sex-specific IHD death
rate was derived, we applied it to each of the previously plotted IHD
age- and sex-specific death rates beginning at the peak year. Since the
peaks of the various age- and sex-specific rates occurred at different
years, the starting points for the age- and sex-specific IHD death-rate
projections varied from 1960 to 1969. Figures B.5a-B.5d illustrate the
behavior of these age- and sex-specific death rates since 1950(6) and show
that the calculated projections coincide with the overall trend of the
data. (The calculated projections also coincided closely with the prelim-
inary extrapolations.) Using these projections, we calculated both age-
and sex-adjusted and crude death rates for total IHD for 1973. The 1973
crude death rate projection of 323 deaths per 100,000 population for IHD
agreed very closely with the actual IMD crude death rate of 325 (Figure
B.4). This substantiated the validity of the IHD projection at least for
the near term. The IHD projection can be made either by applying the DRE
to the total IHD data or by applying it to each age and sex group and
summing these up to obtain the total. Both methods yield almost exactly
the same result. (The difference in the calculations is due to the peaks
in age-specific death rates occurring in varying years as opposed to a
single year--1965--for the total death rate.)

TOTAL HEART DISEASE DEATH RATE PROJECTIONS

Best Estimate Projection

We assumed that declines in death rates for ischemic heart disease
and total heart disease would be predicted by the same Death Rate Equdtion
(DRE) parameters. The death rates in 1965 became the maximum or starting
point for the projections. We adjusted age- and sex-specific total heart
disease death rates from 1960 to 1969(6) to the 8th-Revision ICDA basis
for five-year age groups beginning with age 30. These are plotted in
Figures B.6a-B.6c. Smooth curves were drawn through the points and the



90 —

] [ ]
MALES 85+ ry o
B 8000 |- ’_.-"':’:3.,,
3 ..
5 700
pun)
a.
2 .
g 6000 -
g . -,
A A
& 5000 Pl MALES 75-84
wy
=
<
= 000
o
w
<<
o
= 3000
@ ot
B
b — e S Sole N
000 -
20 g MALES 65-74 Te—
i ) T R N N | S | L 1 | 1 i

1939 1244 1948 1952 1956 1960 1964 1968 1972

FIGURE B.5a. Age- and Sex-Specific Death Rates for Ischemic Heart
Disease (Adjusted to the 8th ICDA Revision)
Source: Vital Statistics of the United States
(Reference 6 )

10 |-

1200 FEMALES 65-74

a0l - _\ -
R A

2001~ FEMALES 55-64

DEATH RATE (DLATHS PER 100,000 POPULATION

TS S U TN S U M S SN ES S R
1939 1944 1948 1952 1956 1960 1964 1968 1972

FIGURE B.5b. Age- and Sex-Specific Death Rates for Ischemic Heart
Disease (Adjusted to the 8th ICDA Revision)
Source: Vital Statistics of the United States
(Reference 6)




FIGURE B.5d.

= 10 -
(@)
=
3
g O MALES 35-44
(a8
g
g 100 [~
s
i %0 [ a
jmat
=
S ot
=
< . FEMALES 45-54
z
b 70 ¢
[an]
60 ! I I 1 | | L | | L I | L
1940 1944 1948 1952 1956 1960 1964  1%8 1972
FIGURE B.5c. Age- and Sex-Specific Death Rates for Ischemic Heart
Disease (Adjusted to the 8th Revision)
Source: Vital Statistics of the United States
(Reference 6)
=
(@]
=
S s |
a.
o
a.
g8 L
g
=
v FEMALES 35-44
z
b Jr&-__ ta . A
——— A Y A, Aleeemeessesansestcans
- A pie TV Y VORI U B
< MALES 25-34
o ™
o=
= 10 4 oo TTTu=w
o 5 e s A T M
1940 1946 1952 1958 1964 1970

Age- and Sex-Specific Death Rates for Ischemic Heart

Disease (Adjusted to the 8th ICDA Revision)
Source: Vital Statistics of the United States
(Reference 6)




vL-4

11, 000

10, 000

[ d
-———
— —~ -
- [ ] -

MALES AGE 85+

had Py

90004 o -3
FEMALES AGE 85+
80001
7000}
) MALES AGE 80-84

6000 & A
50001_L_ FEMALES AGE 80-84

T~

-
-
‘s*~--~
o T,
A

A a A

A

DEATH RATE (DEATHS PER 100,000 POPULATION IN AGE AND SEX GROUP)

20! | |

MALES AGE 70-74

3000}— \ . . 4

x 'y —h

o«
MALES AGE 75-79

O A — e < FEMALES AGE 75-79
I DS DA S N

1960 1962

FIGURE B.6a.

1964 1966 1968 1970

Age- and Sex-Specific Death
Rates for Total Heart Disease
(Adjusted to the 8th ICDA
Revision) Source: Vital
Statistics of the United States
(Reference 6)

MALES AGE 65-69
2000 |- a
= 4/__‘_“\\
=
D — A
S
g |
w -
2 FEMALES AGE 70-74
b e,
I S S
< 100 |- I o N
= R MALES AGE 60-64
5 4 |
g Ld ry A A
2 L
(=W
(@]
o |
g FEMALES AGE 65-69
- 1000 |- ¢
] ) S
o = ¢ v-*-.&""-
g 4 —t
% -
= B MALES AGE 55-59
=] MALES AGE 50-54
E }E-
o 500 ————-
= -
= | MALES AGE 45-49 FEMALES AGE 60-64
fan)
4
kA4 __FEMALES AGE 55-59
Pt} AT N TN N N S M
1960 1962 1964 1966 1968 1970

FIGURE B.6b.

Age- and Sex-Specific Death
Rates for Total Heart Disease
(Adjusted to the 8th ICDA
Revision) Source: Vital
Statistics of the United States
(Reference 6)




200

1!“"*-~-- -
L i NMALES AGE 40-44
“~\ /
150
e

FEMALES AGE 50-54

100 - FEMALES AGE 45-47
P
‘.-*-.-.‘ L -
[~ o
a MALES AGE 35-39
X 4 A .
—— L,
"FEMALES AGE 40-44
50 Fmgm——eat .
A —

[~ FEMALES AGE 35-39

=ty

- . ‘:/HMMBA&3&M
-

| | | | | | | | | L

1960 19%2  19%4 1966 198 1970

FIGURE B.6c. Age- and Sex-Specific Death Rates for Total
Heart Disease (Adjusted to the 8th ICDA
Revision) Source: Vital Statistics of the
United States (Reference 6)

MAILES AGE 30-34

DEATH RATE (DEATHS PER 100, 000 POPULATION IN AGE AND SEX GROUP

1965 death rate for each age and sex group was obtained from the smoothed
data. Using projected age- and sex-specific populations, we obtained the
final age- and sex-adjusted death rate projections. A graphic illustration of
this best estimate projection is shown in Figures 9 and 10 in the main report
along with illustrations of the maximum and minimum projections discussed
next.

Maximum Incidence Projections

The maximum incidence projection basis assumes that the crudeé death rate
would remain fixed and that variations in crude death rate data since 1965
were merely random variations (see Figure 6 in the main report for a plot of
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crude total heart disease death rate data points since 1965). The following
equation expresses the relationship used to obtain age- and sex-specific
death rates to match this assumption.
i
> BDec]ine Factor_)x(Death Rate.)x{Pop. ﬂ
n ! 1L,N 2 - Constant Crude Death Rate

i
(Pop, )
2 PP [1]

where
Age and sex group

—
1]

Year

>
it

and
Decline Factor_ = Factor for year n that reduces the age- and
n sex-specific death rates (counteracting
population increase) to result in constant
crude death rate.

We chose the constant crude death rate as the average of the crude death

rates for total heart disease from 1965 to 1973.(6’13) A set of base age-

and sex—spécific death rates is also necessary. These base death rates were
averages of age- and sex-specific death rates for 1965 to 1969.(6) We assumed
that age- and sex-specific death rates would decline uniformly (which appears
to be verified in view of the correlation between the data points and our best
estimate projection). Hence, the decline factor would be constant for all age

and sex groups in any year n and could be derived as follows:

i
Constant Crude Death Rate » > (Pop; )

Decline Factor = — 1.0 2]

}:‘ [(Base Age-Sex-Spec. Death Ratei)*(Popi,n)]

Decline factors were calculated for 1965, 1970, 1980, 1990, 2000, 2010, and
2020.

To calculate an age- and sex-adjusted death rate, the population in
Equation [1] is held constant at a base year.
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Age- and Sex-Adjusted Death Rate (1940 Base) =
SRR LTI LL R R L PR RE LT T TR LR RLERES
3 [(Base Age-SextSpec. Death Ratei)*(Popi,]940)]

(Decline Factorn) .

oooooooooooooooooooooooooooooooooooooooooooooooooooooo

[3]
Since the portion of Equation [3] within the dotted lines is independent
of year, projections of the age- and sex-adjusted death rates may be made by
knowing only the constant value for the base year and the value of the
decline factor for each projected year.

Minimum Incidence Projection

The minimum incidence case stems from the analysis used to test the
predictive ability of the DRE. This analysis is based on DRE parameter
values derived from application of the DRE to data on other diseases. The
reasons for using this analysis as the minimum incidence case are outlined
in the main text on page 4-13,

We tested the predictive ability of the DRE by deriving the constants
A, K, and n (see page B-2 for a description of the equation) for tuberculosis,
diptheria, typhoid, influenza and gastritis using data from 1900-1970, and
for hypertensive heart disease using data from 1950 to 1970.(]1’6) A curve-
fitting computer program optimized the calculated constants to obtain the best
fit to the historical data points.

Using a Teast squares analysis, the percentage of data points explained
by the equation ranged from 96 to 99% for all diseases except influenza which
showed only an 80% correlation. A 95% or better correlation is considered
good. Normalizing disease rates to a common base, such as percent of peak
death rate, caused the values of the constants A, K, and n to approach each
other for all of the above diseases. However, considerable trial and error
adjustment of the value of the constant A was necessary to reach this
situation.
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We obtained a single value for each constant by averaging the results
for all of the diseases except influenza. Influenza did not have the charac-
teristics of a single disease because of the periodic epidemics that have
occurred, so we excluded it. Using the single {(universal) set of constants,
we calculated a projection for each disease. The agreement with the actual
historical data was quite remarkable. A Teast squares analysis showed a 94
to 98% correlation for all. .The best fit projection and the projection based
on the universal constant curves are shown along with the actual data points

for comparison in Figures B.7a-B.7d. (Tuberculosis is shown in Figure 7 in
the main text.)

The minimum projection used the universal constant values to predict
future heart disease incidence.

40

B ACTUAL DATA
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FIGURE B.7a. Comparison of Actual Death Rates for Typhoid with Death
Rates Projected by Death Rate Equation. Source: Historical
Statistics of the United States (Reference 11)
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APPENDIX C

OCCUPATION CLASSIFICATION FOR POPULATION DOSE STUDY

% of % of
Occupation Employed
Male Occupation Groups Class Male
Professional, Technical, and Kindred
1. Accountants and Auditors 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. Physicians and Surgeons 5.6 0.58
6. Teachers, Elementary and Secondary 10.1 1.03
7. Technicians 6.0 0.62
Sub-Total-Classified Professional 61.3 6.29 (7)
8. Professional, Technical, and Kindred, 38.7 3.98
NOT ELSEWHERE CLASSIFIED (N.E.C.)
i —————— T =]
Total Professional 100.0 10.27
Farmers and Farm Managers
9. Farmers 99.1 6.45 (1)
10. Farmers and Farm Managers, N.E.C. 0.9 0.06
Total Farmers 100.0 6.51
Managers, Officials, Proprietors (Exc. Farm)
11. Managers, Officials, Proprietors, 91.7 11.63 (1)
Buyers, Department Store Heads, and
Public Administrators-Salaried-Self-
Employed
12. Managers, Officials, Proprietors 8.3 1.0%
(Exc. Farm) N.E.C.
Total Managers 100.0 12.68

Source: 1970 Census of Population: Occupational Characteristics
(Reference 22)
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% of

Occupation
Male Occupation Groups Class
Clerical and Kindred Workers
13. Agents, Bank Tellers, Cashiers, 17.3
Receptionists, and Postal Clerks
14, Mail Carriers and Messengers 8.0
15. Storekeepers, Shipping, Receiving, 16.2
and Stock Clerks
Sub-Total-Classified Clerical 41.5
16. Clerical and Kindred Workers, N.E.C. 58.5
Total Clerical 100.0
Sales Workers
17. Insurance and Real Estate Agents 20.0
and Brokers
18. Salesmen and Sales Clerks, N.E.C. 77.2
Sub-Total-Classified Sales Workers 97.2
19. Sales Workers, N.E.C. 2.8
Total Sales Workers 100.0
Craftsmen, Foremen, and Kindred
20. Brick Masons, Stone Masons, Tile 2.5
Setters, and Concrete Finishers
21 Carpenters and Cabinetmakers 10.5
22. Electricians 4.0
23. Foremen and Stationary Engineers 17.7
24. Linemen and Servicemen - Telephone, 2.5
Telegraph, and Power
25. Machinists, Tool and Die Makers 8.
26. Mechanics-Repair 24.6

C-2

% of
Employed
Male
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% of
: Occupation
Male Occupation Groups Class
Craftsmen, Foremen, and Kindred (Continued)
27. Welders and Flame Cutters 4.0
28. Painters 4.5
29. Plumbers and Pipe Fitters 3.7
Sub-Total-Classified Craftsmen 82.0
30. Craftsmen, Foremen, and Kindred, 18.0
N.E.C.
Total Craftsmen 100.0
Operatives and Kindred
31. Assemblers 3.8
32. Checkers, Examiners, and Inspectors - 3.3
Mfg.
33. Deliverymen, Routemen, Truck and 22.7
Tractor Drivers, Motormen - Mine
and Factory
34. Mine Operatives and Laborers 3.7
35. Excavating, Grading, Road Machinery, 4.2
Crane, Derrick, and Hoist
Operatars
Sub-Total-Classified Operatives 37.7
36. Operatives and Kindred, N.E.C. 62.3
Total Operatives 100.0

C-3

% of

Employed
Male

0.84
0.94
0.78

17.30
3.81

21.11

0.70
0.63

4.25

0.69
0.79

7.06
11.65

18.71

(10)

(5)



Male Occupation Groups

Service Workers (Exc. Household)

37.

38.

39.
40.

41.

42.

43.

Barbers, Hairdressers, and
Cosmetalogists

Bartenders, Waiters, Counter and
Fountain Workers

Cooks and Kitchen Workers

Janitors, Sextons, Housekeepers,
and Maids

Guards, Watchmen, Doorkeepers, and
Bridge Tenders

Policemen, Detectives, Sheriffs, Etc.
Sub-Total-Classified Service Workers

Service Workers (Exc. Household),
N.E.C.

Total Service Workers

Farm Laborers and Foremen

44.
45.

Farm Laborers
Farm Laborers and Foremen, N.E.C.

Total Farm Workers

Laborers (Exc. Farm and Mine)

46.

47.

Laborers, N.E.C.
Total Laborers
Male Occupations, N.E.C.
Total Occupations Classified

Total Occupations Not Classified

C-4

% of

Occupation

Class

8.8

10.7
25.0

100.0
100.0
100.0

% of
Employed
Male
0.52
0.66

0.64
1.49

0.69




Female Occupation Groups

Professional, Technical, and Kindred

48, Musicians, Artists, and Teachers of

49, Nurses

50. Teachers, Elementary and Secondary
Sub-Totai-Classified Professional

51. Professional, Technical, and
Kindred, NOT ELSEWHERE CLASSIFIED
(N.E.C.) .

Total Professional

Farmers and Farm Managers

52. Farmers and Farm Managers

Total Farmers

Managers, Officials, and Proprietors (Exc. Farm)

53. Managers, Officials, Proprietors,
Buyers, Department Store Heads,
and Public Administrators

54. Managers, Officials, and Proprietors
(Exc. Farm), N.E.C.

Total Managers

% of
Occupation

Class

5.4
20.2
46.3

71.9
28.1

100.0

100.0
100.0

8.6

100.0

% of
Employ

ed
e

Femal

0.71
2.65
6.07

9.43
3.68

|

13.11

o
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o

|

o
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o
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S
o

S
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(1)



Female Occupation Groups

Clerical and Kindred

55. Bookkeepers, File, Payroll, and
Timekeeping Clerks

56. Agents, Bank Tellers, Cashiers,
Receptionists, and Postal Clerks

57. Office Machine Operators and Typists
58. Secretaries and Stenographers
59. Telephone Operators

Sub-Total-Classified Clerical
60. Clerical and Kindred, N.E.C.

Total Clerical

Sales Workers

61. Saleswomen and Sales Clerks, N.E.C.
62. Sales Workers, N.E.C.

Total Sales Workers

Qperatives and Kindred

63. Assemblers

64. Checkers, Examiners, Inspectors - Mfg.

65. Dressmakers and Seamstresses (Exc.
Factory)

66. Laundry and Dry Cleaning Operatives
67. Packers and Wrappers

68. Sewers, Stitchers, Spinners -
Mfg. Textile

Sub-Total-Classified Operatives
69. Operatives and Kindred, N.E.C.

Total Operatives

C-6

% of

Occupation

Class

16.5

10.9

9.0
25.1
5.5

67.0
33.0
100.0

% of

Employed
Female

4.24

2.80

2.30
6.45
1.41

17.20

1.34
1.16
0.72



% of % of
Occupation Employed
Female Occupation Groups Class Female
Private Household Workers
70. Babysitters, Housekeepers, Laundresses, 100.0 8.11 (1)
and Private Household Workers, N.E.C.
Total Private Household 100.0 8.11
Service Workers (Exc. Private Household)
71. Attendants and Ushers 11.2 1.58
72. Barbers, Hairdressers, and 9.8 1.38
Cosmetalogists
73. Bartenders, Waiters, Counter and 24.4 3.46
Fountain Workers
74. Cooks and Kitchen Workers 21.5 3.04
75. Janitors, Sextons, Housekeepers, and 20.0 2.84
Maids
76. Practical Nurses 7.9 1.11
Sub-Total-Classified Service Workers 94.8 13.41 (6)
77. Service Workers {(Exc. Private Household), 5.2 0.73
N.E.C.
Total Service Workers 100.0 14.14
Farm Laborers and Foremen
78. Farm Laborers and Foremen 100.0 1.14 (1)
Total Farm Laborers 100.0 1.14
79. Female Occupations, N.E.C. 100.0 7.27
Total Occupations Classified 71.05 (25)
Total Occupations Not Classified 28.95
100.00
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APPENDIX D

TIME IN ALL NONWORK ACTIVITIES

% of Principal

Mean Time (min) Activity Time
Male Female Male Female
1. Preparing Food
306 Preparing Food 9.342 75.550 69.73 68.00
307 Dishes, Meal Cleanup 4.046 35.559 30.22 32.00

2. Cleaning House
308 Indoor Cleaning 3.822 59.681 49.26 96.08
309 Qutdoor Chores 3.937 2.438 50.74 3.92

3. Laundry, Mending
310 Laundry, Ironing . 388 43.119 89.20 92.57
311 Mending, Clothes Upkeep 0.168 3.462 10.80 7.43

—t

4. Other House Upkeep
312 Repairs, Maintenance
314 Heat, Water Supply
315 Other Household

.361 3.453 56.07 17.40
.950 0.129 5.69 0.65
. 384 16.263 38.24 81.95

O W

5. Gardening, Pets
313 Garden, Animal Care 2.518 4.638 100.00 100.00

6. Sleep
339 Essential Sleep (Night) 453,208 457 .917 100.00 100.00

7. Personal Care

334 Personal Care 45,799 54 .508 80.50 77.14

335 Personal Medical Care 0.233 0.582 0.41 0.82

342 A1l Other Personal 10.864 15.577 19.09 22.04
8. Eating

337 Meals at Home 59.348 61.426 78.95 89.91

338 Eating Out 15.826 6.891 21.05 10.09
9. Restin

340 Incidental Sleep (Naps) 12.013 9.993 84.83 58.82

341 Resting 2.149 6.995 15.17 41.18

Source: Institute for Social Research, University of Michigan (Reference 23)



10.

11.

12.

13.

14.

Child Care

316
317
318
319
320
321
322
323

A1l Baby Care

Care to Children
Schoolwork Help
Read/Converse/Kids
Indoor Games
Qutdoor Games
Medical Care/Kids
Other Child Care

Other Adult Care

336

Care to Adults

Shopping and Purchasing

325
326
327
328
329
330
331
332

Everyday Buying

Durable Buying

Personal Care Away
Medical Care Away

Gov't Services
Repair/Cleaning Services
Waiting for Purchase
Other Services

Nonwork Trips

324
333
343
351
361
371
390

Child Care Trips
Shopping Trips
Personal Trips

Adult Education Trips
Organization Trips
Social Trips

Passive Leisure Trips

Adult Education or Occupation

Training '

344
345
346
347
348
349
350

Full-Time Classes
Part-Time Classes
Special Lectures
Political/Union Courses
Homework, Study
Instructive Reading
Other, NA Above

Mean Time (min)

% of Principal
Activity Time

D-2

Male Female Male Female
2.164 19.749 18.35 39.19
1.621 16.733 13.75 33.20
0.618 3.611 5.24 7.16
0.589 2.808 5.00 5.57
5.164 2.034 43.79 4.04
0.881 0.789 7.47 1.57
0.000 1.160 0.00 2.30
0.755 3.514 6.40 6.97
2.935 7.010 100.00 100.00
0.956 16.778 40.17 41.33
0.931 0.925 3.41 2.28
0.950 2.190 3.48 5.39
0.801 1.669 2.94 4.11
0.595 0.720 2.18 1.77
1.656 2.292 6.07 5.65
1.709 1.151 6.27 2.84
9.679 14.869 35.48 36.63
3.530 5.796 7.95 12.30
6.061 20.200 36.17 42.88
8.151 6.514 18.36 13.83
1.176 0.976 2.65 2.07
4,321 4.209 9.73 8.93
1.134 9.419 25.08 19.99
0.029 0.000 0.06 0.00
1.398 0.255 15.54 6.07
1.740 1.621 19.34 38.59
0.000 0.424 0.00 10.09
0.975 0.000 10.84 0.00
3.065 1.061 34.07 25.26
0.650 0.000 7.23 0.00
1.168 0.840 12.98 19.99



% of Prihcipa]

Mean Time (min) Activity Time

Male Female Male Female
Organizational Activity
352 Party Participation 0.157 0.204 1.15 1.02
353 O0Official Participation 0.021 G6.102 0.15 0.51
354 Other Participation 0.881 1.141 6.46 5.68
3556 Civic Volunteer Work 1.048 1.788 7.68 8.91
356 Religious Club 1.195 2.613 8.76 13.01
357 Religious Practice 6.941 9.321 50.88 46.43
358 Job Committees 0.000 0.000 0.00 0.00
359 Other Organizations 2.010 1.817 14.73 9.05
360 Other, NA 1.390 3.090 10.19 15.39
Television
382 Television 103.748 79.177 100.00 100.00
Other Passive Leisure
381 Radio Listening 4,776 3.209 7.60 4.48
383 Listening to Records 1.122 .0.800 1.79 1.12
384 Reading Books 4.971 5.861 7.91 8.19
385 Reading Magazines 6.488 4.277 10.33 5.97
386 Reading Newspapers 26.790 20.632 42.65 28.82
387 Conversation, Phone 12.891 23.319 20.52 32.57
388 Reading, Writing Letters 3.365 8.623 5.36 12.04
389 Thinking, Doing Nothing 2.415 4.874 3.84 6.81
Social Entertainment and Other
Social Life
362 Sports Events 1.411 0.399 2.44 0.63
363 Fairs, Dances, Etc. 3.878 4,015 6.71 6.30
364 Movies 2.809 1.503 4.86 2.36
365 Theatre, Opera 0.629 0.144 1.09 0.23
366 Museum, Exhibition 0.398 0.102 0.69 0.16
367 Entertaining, Visiting 31.031 37.896 53.69 59.51
368 Party W/Meals 11.683 18.008 20.22 28.28
369 Bar, Tearoom 5.795 0.272 10.03 0.43
370 Party/Other No Meal 0.157 1.341 0.27 2.10
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% of Principal

Mean Time (min) Activity Time
Male Female Male Female
19. Sports and Active Leisure

372 Active Sports 7.662 3.367 31.52 13.54
373 Hunting, Fishing 3.239 0.204 13.32 0.82
374 Taking a Walk 1.348 0.995 5.55 4.00
375 Hobbies, Collections 3.564 0.535 14.66 2.15
376 Women's "Hobbies" 0.000 12.969 0.00 52.13
377 Artistic Work 0.860 0.521 3.54 2.09
378 Making Music 0.744 0.788 3.06 3.17
379 Games, Cards 4.486 4.503 18.45 18.10
380 Other Active Leisure 2.407 0.995 9.90 4,00
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APPENDIX E

DESCRIPTION OF SURVEYS

The following sections describe the surveys conducted to obtain data
on the interpersonal relationships occurring during normal activities, The
original activity definitions were derived by the Institute for Social
Research (ISR) at the University of Michigan. In order to reduce this large
number of defined activities to a number which could be handled in our sur-
veys, we regrouped the data into larger categories. Appendix D Tists these
broad activity groups and shows the division into subactivities with their
associated time data.

AT-HOME ACTIVITY

Surveys of Battelle-Northwest employees and of random populations in
Richland and Seattle, Washington, and Salt Lake City, Utah, collected data
on interpersonal relationships for 13 at-home activity categories. (These
activities are listed in Table 12 in Section VII.) The following sections
describe these surveys.

The Telephone Survey

The initial survey attempted a relatively precise measurement tech-
nique using a random telephoning method. We interviewed previously
selected Battelle employees and made scaled drawings of their residences.
The participants were telephoned randomly during the day to determine
the activities of the Potential Heart Recipients (PHRs) at the time of
the telephone call and their locations relative to other persons. Know-
ing this information, precise measurements could be made on the scale
drawings and the interpersonal distances classified by activity. This
method had the advantage of substantial accuracy in measurement, but
proved to be too time consuming, posed difficulties in obtaining coopera-
tion from unknown persons, and required too many telephone calls to obtain
meaningful results.
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The Battelle Survey

We selected families from Battelle-Northwest's employee roster on the
basis of age and family characteristics. Forty-nine of the candidates con-
sented to participation in a study of family living relationships. Since
the telephone survey showed that actual observation was too time consuming,
we asked survey respondents where members of their families were usually
Tocated during the activities specified. While this method was less precise
than the telephone method, it allowed much more data to be collected, and
infringed Tess on respondent privacy. The consistency in replies as to
people's locations during certain activities during this and subsequent
surveys formed a definite pattern. This Tent credence to the assumption
that the respondents had an accurate idea of the usual Tocation of other
family members during common every day activities. In this and later
surveys, we instructed interviewers to emphasize that they were interested
in the usual situation. We considered this the best approach to estimating
- the mean conditions without having to make multitudinous observations.

We recognized at the outset that the Battelle sample population would
have some bias in it. This bias occurred since (1) respondents were
preferentially selected in older age groups to reflect the estimated age
distribution of artificial heart recipients and (2) the Battelle population
might also have significantly different Tiving habits than found in a purely
random population sample. Notwithstanding these drawbacks, the pilot survey
used a Battelle population since company workers would be more responsive
and cooperative in allowing a significant invasion of their privacy. Since
questions were asked on a comprehensive list of family activities, interviews
often Tasted an hour or more. Had company employees not been used, it would
have been difficult to find such respondents and to complete the survey in the
cost and time frame allotted.

The sample population consisted of every tenth person from a roster of
Battelle employees. Later we determined that more respondents were needed
in the older age groups and we nonrandomly selected enough older employees
to weight the sample population as desired.
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In conducting each interview, we collected data as if each eligible
adult in the household were respectively the PHR. We defined eligible
adults as those over 30 years of age. After explaining the purpose of the
survey and determining the classification of the PHR (i.e., age, sex, etc.),
we made and recorded measurements of interpersonal distances. At the
conclusion of the interview we measured the approximate dimensions of the
house.

The survey instrument consisted of a front page with general instruc-
tions and a data sheet coded for the various activities on which the
distance measurements could be entered. Since no outside interviewers
were hired, this simple instrument was adequate for the needs of the
survey.

The only problem in survey techniques discovered during the Battelle
interviews was an inefficient use of man power caused by the use of measuring
tapes. To be conducted efficiently the interview required three interviewers --
two to use the tapes to make the measurements and one to ask the questions and
record the data. The interview duration was considerably longer when only
two interviewers conducted it.

Upon completion of the survey, we wrote computer programs to convert
the distance data into dose rates and to calculate mean dose rates for each
activity. These were cumulative dose rates from the person considered as
having the heart device.

Using these mean dose rates the computer code, REPRIEVE, calculated
an initial estimate of population dose. The results of this initial calcula-
tion showed that approximately 98% of the total population dose to families
occurred in five activities--sleeping, eating, television viewing, other
passive leisure and social.

The Richland Survey

In order to enlarge the data base and estimate the effects of
the bias in the Battelle data, random surveys were made in Richland
and Seattle, Washington. Since we anticipated difficulty in
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obtaining cooperation in Seattle, where the Battelle name was relatively
unknown, we took a small pilot sample in Richland to test response to
non-use of the Battelle name. At the same time we evaluated a technique
for staged random sampling and constructed a PHR target-matrix. This
target-matrix proportioned the prospective PHR sample population by the

age and family type distribution of Artificial Heart Recipients (derived
from the preliminary REPRIEVE calculations). We used this matrix by
choosing respondents fitting the descriptions of uncompleted cells in the
target-matrix as PHRs for the interview. This weighted the data collection
in proportion to its relevance to the overall dose calculation.

The time required to complete Battelle interviews indicated that the
Battelle questionnaire would need to be substantially reduced in Tength.
Calculations from REPRIEVE based on the Battelle data had shown that five
activities accounted for most of the dose as described previousiy. By
focussing on only these five activities, hereafter designated as main
activities, in the Richland and Seattle questionnaires, we were able to
considerably reduce the required interviewing time.

The sampling technique used a census map to delineate census districts.
After numbering the districts, we chose six districts to be sampled using a
table of random numbers. We numbered streets within these districts and
repeated the random process to obtain streets to be sampled. The inter-
viewers then made one pass on each street interviewing all respondents
willing to participate. The Richland survey used the same instrument as
the Battelle survey except that the Richland instrument had fewer questions.
The Battelle name was mentioned only when people specifically asked for the
identity of the organization conducting the survey.

Lack of response and absence during the day were the main problems
we encountered in the pilot survey in Richland. Although some people did
not admit interviewers without knowing the company name, most were still
receptive. In general, young families (only a few of which were sampled
due to the low incidence of heart disease in such families) were the most
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responsive. Older families were much more hesitant about allowing strangers
into the home. The classes of people most frequently found at home during
the day were housewives with children and retired couples. This pointed

out the possible need to conduct evening interviews during the Seattle
survey in order to complete the PHR target-matrix.

Seattle Survey

The Seattle survey followed the same basic format as did the pilot
Richland survey. We made an estimate of the total sample size and calcu-
lated a target-matrix. We randomly selected streets using a city map
and census tracts. One person did the interviewing, asking the questions,
making the measurements, and entering the data. Use of a wheeled measuring
device enabled the interviewers to make the measurements much more quickly
and easily than in the previous surveys.

The main difficulty encountered in the Seattle survey was the length
of time required for interviewing. In homes with multiple, eligihle PHRs,
this was especially true. After collection of the data, we modified the
previously developed computer codes and used them to calculate the dose
rates and develop their means. We developed a statistical code to analyze
the mean dose rates from the Battelle, Seattle and Richland surveys for
the five main activities previously described. We compared these mean dose
rates using a standard F test. Table E.1 displays the results of this test.
The first value in each household-type column is a tabled value of the F
statistic at an alpha error of 5% (i.e., at this F value, the error in assuming
the mean dose rates in the sampled cities to be the same, when in actuality
they were not, would be 5%). For values of the F statistic calculated from
the data greater than the tabled F value at a 5% error level, the assump-
tion of no significant difference between cities is rejected. For calcu-
lated F values below the 5% error level, the assumption is accepted. As
seen by a comparison of F values in Table E.1, there was no pattern of sig-
nificant differences between mean dose rates by activity and family type
for four of the five activities based on the data collected.
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Although the home entertainment activity showed a significant
difference in mean dose rates between the Battelle, Richland and Seattle
samples, the method of calculating the dose rate from the raw data had
changed between surveys for this activity. Using the statistical T
test for the difference of two means, we made comparisons of the mean
dose rates for the Richland and Seattle data in which the calculational
basis was the same. The results of this test are shown in Table E.2.
Using the same comparison logic as explained for the F test above, these
comparisons showed no pattern of statistical difference. Therefore, we
concluded that the change in calculational techniques caused this one
difference observed between the Battelle and the Seattle-Richland surveys.
and that no statistically significant geographical differences in mean
dose rates existed for any of the five activities.

The Salt Lake City Survey

The objective of the previous surveys was the identification of the
population dose by the artificial heart recipient's (AHR's) age, sex,
employment status, family type, and occupation. It was subsequently
decided to expand the identification of dosage to include the age, sex,
and relationship to the-AHR of the persons receiving the radiation.
(Reasons for this expansion are outlined in the section on Methodology.)
To accomplish this, we planned large scale surveys in three cities across
the United States. Time and fund constraints later limited this to one
survey in Salt Lake City, Utah. However, the results of the previous surveys
offered some basis to conclude that significant geographical differences
might not exist.

The Salt Lake City survey collected data on interpersonal distances
according to the Radiation Exposure Subject (RES) classifications mentioned
above. However, we used household type classifications instead of family
type classifications for PHR identification for the reasons explained in
the section on classification.
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Several criteria determined the sample population. We chose the
city because of its location and size, and for the ease of obtaining
qualified interviewers through Dr. Altman, our previously retained consultant.
The criteria for selecting census tracts included mean number of persons per
household, mean income of each household, and mean density of households
(i.e., urban-rural classification). A + 10% range of the national average met
the criterion of mean number of persons per household. This insured that
the effect of household size on total dose measurements would be close to
what it should be nationally. The significance of income lies in its
profound effect on peoples' living habits and its tendency to be homogeneous
over a given geographical area.

We defined three ranges of income for tracts within Salt Lake City
relative to Salt Lake City's overall mean income of $8,800. These ranges
were:

High Income = 1.25 x Mean Income or Greater = $11,000 or greater, (1)
Middle Income = Mean Income x (1 + 0.1) = $7,900 to $9,700, (2)
Low Income = 0.75 x Mean Income or Less = $6,600 or less. (3)

Since no data had been collected on possible differences in interpersonal
distance patterns between urban and rural households, we selected several
tracts which were estimated to fall within the rural definition. Using these
criteria, we chose three high-income tracts, seven middle-income tracts, and
three low-income tracts for an urban sample population. Two census areas
outlying Salt Lake City itself comprised the rural sample population. With
the sample population defined, we accomplished clustering by numbering the
streets and using a set of random numbers to select streets to be interviewed.

We designed a completely new questionnaire for the Salt Lake City survey.
The questionnaire design had the objective of collecting detailed data in as
simple a manner as possible while organizing the recording of the data so that
it could be easily transcribed once the survey was completed. A copy of the
questionnaire is included in Figure E.2 at the end of this Appendix. The
data gathered in the questionnaire enabled a precise identification of each
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family member and the distance to each identified member as well as to fre-
quent visitors in the home for each activity. Since the collection of this
detailed data for all family activities would require a substantial amount of
the respondents time (especially in large families), we limited data collec-
tion to the five most significant activities (sleeping, eating, television
viewing, passive leisure and social) plus one of ten other activities chosen
by a rotating schedule. To obtain frequency-of-contact data, we needed some
measure of how often family members were present during a specified activity
(performed by the PHR). We accomplished this by averaging, for each sample
group, the total number of family members present by the number of PHRs sam-
pled. This necessitated differentiating between the absence of an individual
and non-performance of the activity in question. If members of the household
were absent, the interviewer entered a zero. 1If the PHR did not perform the
activity in question, a slash was entered.

Because of the anticipated size of the Salt Lake City survey, college
students did the actual interviewing. Dr. Robert Altman, our previously
retained consultant from the University of Utah, screened and selected
the interviewers. Dr. Altman's field of personal study is in the psycho-
logical aspects of interpersonal distances as previously mentioned and the
interviewers chosen were graduate students under his direction. Due to
this association, many of these students also had a personal interest in
the study of interpersonal distances.

We held a preliminary meeting with the interviewers to familiarize
them with the purpose of the study and to arrange other details. We also
held a training session the day previous to actual interviewing. Owing
to their previous interviewing experience and familiarity with the subject
area, the interviewers needed only a minimum of training.



The interviewing procedure used was the one we had developed in
preceding surveys. Our previous experience had verified that in order
to keep the interview to a reasonable length of time, a pair of interviewers
was optimal; one made measurements and the other asked questions and recorded
the data. Where possible, the interviewing team consisted of both a male
and a female interviewer. We felt that such a mixed team would be better
received than two male interviewers requesting permission to enter the home.

The teams began their interviewing at 10:00 o'clock in the morning and
continued through the afternoon and into the evening. The interviewers
reported that reception was poor in the morning and evening, but good in
the afternoon. As an interviewing team finished a set of streets, they
took additional sets of streets in other census tracts until all of the
selected tracts had been sampled. 1In some cases interviewing pairs went
back to contact not-at-homes. Each team kept a record of house numbers,
number of contacts, successful contacts and refusals.

Many interviewers had "seeded" their areas beforehand with prepared
letters explaining the purpose of the study and asking for cooperation
when they returned the following day. The seeding procedure worked auite
well in the poorer, low-income areas of the city, but proved unnecessary
in the more well-to-do sections. The interviewers also reported that the
respondent was more receptive when they introduced themselves as students
at the University of Utah in Salt Lake City.

Interviewers had letters of introduction with them. At the door, they
explained briefly the purpose of the interview and asked for the respondent's
cooperation. After being invited in, the interviewers collected information
on the people Tiving in the household and then selected eligible members of
the household to be PHRs. Interviewers based their selections on criteria
which they received from us each day regarding the sections of the PHR
target-matrix needing data. After selecting each PHR, the jnterviewer
proceeded to determine where other household members usually were when the
PHR was performing the activities in question. Then they measured distances




to these Tocations to the nearest foot for distances beyond ten feet

and to the nearest one-half foot for distances less than ten feet.
Distances were recorded for each member of the household and for frequent
visitors. In order to keep movement in the home at a minimum, we had
grouped the questions in the questionnaire according to the activities
performed in each room. Instead of asking direct questions on sleeping
distances, locations of the beds and bed sizes were noted.

In addition to the distance data collected, interviewers noted whether
the PHR worked shifts or regular days. If the PHR was a shift worker, data
on his at-home activities for each of the shifts worked was collected, since
substantially different data would 1ikely be obtained.

At the end of the interview, the teams collected data on the house
size. Our subsequent analysis, however, did not incorporate this data.

The first day of surveying demonstrated that the interview time
required to obtain data on every potential heart recipient in eachlhouse—
hold was prohibitive for any one household. Therefore, we 1imited the
interview to one PHR in each household. This had the additional advantage
of reducing the dependency factor introduced when multiple PHRs were
considered in the same household. Toward the end of the interviewing
period, we relaxed this restriction for husband-wife-only households since
the additional time required to interview the spouse was small and we
needed additional samples in this household type.

The final distribution of PHRs in the Salt Lake City survey is shown
in Table E.3. It corresponds remarkably well with the distribution in
the target-matrix shown in Table E.4, considering that respondents in
less common household types were difficult to find. The distribution
shown emphasizes again the unique age and sex distribution of persons who
would be candidates for the artificial heart.



TABLE E.3. Matrix of Interviewed Potential Heart
Recipients (PHRs) in Salt Lake City

Household Type

Age 1 2 3 4 5 6 _7 8 Total
MALE
-39 1 3 6 7 - 1 2 - 20
5-49 3 8 10 18 1 4 - 1 45
5-5 25 18 9 7 3 2 2 - 66
60-69 44 8 4 3 1 3 1 1 65
70-79 3% 3 - - 1 3 1 - 4
80+ 8 - - - - 2 1 - 1N
Total TI5 40 29 35 6 15 7 2 749
FEMALE
-39 - - 2 5 2 - - - 9
50-49 4 2 2 6 4 - - - 18
5-5 6 10 1 3 4 - - 30
60-69 22 2 - 2 5 - 4]
70-79 15 - - - - 14 7 - 36
80+ < 1110
Total 50 13 7 14 12 38 13 T T4



TABLE E.4. Target-Matrix of Potential Heart Recipients
for the Salt Lake City Survey

Household Type

Age 1 2 3 4 5 6 7 8 Total
MALE
-39 1 1 2 4 0 0 1 0 9
40-49 6 6 8 13 1 2 2 1 39
50-59 27 15 11 12 2 6 4 2 79
60-69 42 12 5 4 3 9 5 2 8
7079 29 4 1 1 2 8 6 2 53
80+ 4 0o o0 0 0 2 1 0 7
Total 709 38 27 34 8 27 19 7 269
 FEMALE
-39 0 0 1 1 0 0 0 0 2
40-49 2 2 2 3 1 1 1 0 12
50-59 7 4 3 3 2 3 2 0 24
60-69 13 4 2 1 3 9 6 1 39
7079 12 2 1 0 4 14 11 1 45
80+ 2 0 0 0 1 4 4 0 N
Total 36 12 9 8 12 31 28 2 133



Use of Time Survey

Included in the Salt Lake City survey was a survey to obtain use-of-
time data. This survey was usually done in conjunction with every fifth
interpersonal distance interview. In this survey, people kept a detailed
record of the time they spent in activities over a 24-hour period. 1In
order to provide incentive, we paid them five dollars for each time inter-
view completed. The interviewing team, after leaving the diary with the
necessary instructions, returned the next day to have a final interview,
complete any missing portions of the diary and to pay the respondents.

The reluctancy of people to keep a diary on Sunday required special efforts
to collect data on this day.

STATISTICAL ANALYSIS OF DOSE RATES FROM THE SALT LAKE CITY SLURVEY DATA

The many factors defining the PHR generated an extremely large matrix
of needed data for REPRIEVE. To determine if we could reduce the size of
this matrix, we performed a statistical analysis on the dose rate data
derived from the Salt Lake City survey. This analysis determined if
significant differences existed between PHR age groups, between PHR Tliving
locations, and between employed and nonemployed PHRs. Dose rates are an
exponential function of distance, and the average dose rates calculated
from the data would not have a normal (Gaussian) distribution. Therefore,
simple comparison of dose rates was not possible. However, the distance
measurements and the number of people contributing to dose should be
normally distributed within our family type definitions. Therefore, we
tested these factors statistically to determine if significant differences
in dose rate would exist between PHR ages. We reduced the age, household-
type activity matrix to three age groups, nine household types, and twenty-
two activities in order to obtain meaningful statistical comparisons. Then
we analyzed the variance of the mean distances and mean number of irradiated
targets using the F statistic for the reduced matrix. We made additional
pairwise comparisons of each age group using the standard T test for the
difference of two means. While individual exceptions occurred, the statistical



results showed no definable pattern of significant difference by PHR age
for each activity.

In a similar manner, we tested the data to determine if significant
differences by urban versus rural Tiving Tocations could be determined.
For the urban-rural comparison, the analysis only showed significant
differences for about 15% of the family activities tested. An examination
of these differences revealed no logical explainable trend. 1In view of
this and the fact that the rural sample was a small one, we concluded that
the existing data did not justify the use of dose factors separated on an
urban-rural basis.

We also tested the data for employment and non-employment status
of the PHR. For these groups, 15 to 30% of the family activities tested
showed statistically significant differences. Most of these differences
could be logically explained. For example, the analysis showed that
significantly more family members were around non-employed women than
around employed women during weekday lunch times, a normal expectation.
Due to the weighting of the sample population, more significant differences
occur in husband-wife-only families. On this basis we concluded that the
results justified separating the dose factors on an employed-nonemployed
basis for husband-wife-only families. Although the same justification does
not exist for the other family types owing to the small sample sizes, dose
factors for these types probably follow the same pattern. The overall
result of this statistical testing was to decrease the number of dose rate
factors needed for input to REPRIEVE by a factor of five.



PUBLIC ACTIVITY SURVEYS

The data on use-of-time from the University of Michigan indicated that
the most significant public activities were shopping, non-work trips, orga-
nizational activity, social and entertainment activities, adult education,
and sports and active leisure activities. A 1ist showing the subdivision of
these activities in greater detail is included in Appendix D. Public surveys
in Richland, Seattle, and Salt Lake City collected data on number in atten-
dance and interpersonal distances for these activities. From this data we
determined dose rates and the number of persons exposed per recipient for
both sexes and two age groups. We subsequently used this data in REPRIEVE
to calculate population dose during public activities.

The different conditions associated with each activity necessitated
using slightly different survey methodologies in many cases. A description
of each activity and the methodology used follows.

Shoppin

The use-of-time data (Appendix D) for the various types of shopping
activities show that everyday buying is far more prominent than any other.
Our measurements were, therefore, confined to the most commonly and fre-
quently patronized stores (i.e., grocery and variety stores).

A variety of techniques was used to make measurements. One photo-
graphic technique consisted of random polaroid snapshots taken from behind
one-way mirrors (using the existing shoplifting detection system). From
these we ascertained the relative positions of people and later made
distance measurements. This technique had the advantage of causing the
least disturbance, but suffered in accuracy since photo depth-distortion
often made the relative positions difficult to estimate. An off-shoot of
this technique used the cameras directly in the store to capture relative
positions from two angles. This allowed fairly accurate measurements, but
resulted in considerable disruption due to curiosity on the part of those



photographed. Another technique relied upon memory to recall visual
observations of random situations. Measurements of relative positions
were made immediately following such observations. This method caused
less disturbance, and fairly accurate measurements could be made of low
people-density situations. When more than four or five persons were
observed, this technique failed due to an inability to exactly recall
positions.

Although our direct interpersonal distance observations covered only
limited random areas within the shopping environment, dose rate estimates
also included a factor developed to include dose rates to nonobservable,
potentially exposed persons outside these areas. We developed this factor
by estimating the average people density in the shopping environment from
counts of the number of people and measurement of the environment area.

An integrative model then used this average people density to calculate

dose rates to nonobservable persons. Later we used the computer model,

BINGO, to estimate these dose rates. These models are explained in more
detail later in the Appendix.

Where possible, we made measurements in a chosen area at several
different times of day to allow for the effect of the time variable.

Because of the wide variance in dose rates in such shopping situations
and the limitations in the number of measurements that could be made, the
actual average dose rates during such situations could substantially differ
from those measured. However, the very small magnitude of the average dose
rate, {00065 mrem/hr/RES) indicates that even a wide varjation would have
little effect on overall population dose.

Nonwork Trips

Since shopping and entertainment trips account for the majority
of all time spent in nonwork trip activities, we used them as repre-
sentative of the entire category. We collected distance, number
and type-of-persons-exposed data by observing the occupants of automobiles
entering and leaving the parking lots of these types of establishments. 1In
making the observations we noted the type of car as well as the seats
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occupied so that the effect of car size was considered. We estimated
interpersonal distances by making measurements of seating space in three
ranges of car sizes.

Since a relatively large number of observations could be made in a
short space of time, and since the variation in dose rates for this
activity was small, the sampled mean dose rate should be close to the
actual.

Organizational Activity

Since religious practice accounts for more than half of the time
spent in organizational type activities, and since no other activity con-
tributed a significant individual amount of time, we chose religious
practice as representative of the entire category. MWe assumed that the
bulk of the time spent in religious practice was in Sunday services, and
obtained data on attendance at these services from five different religious
denominations. After obtaining these data, we made measurements of the
seating arrangements in the chapels and developed scaled drawings. The
BINGO code (explained later in this section) placed the average number
in attendance in random seating arrangements defined by these drawings
and calculated the dose rate for each arrangement. The reiteration of
this calculation for many seating placements in each denominational build-
ing sampled developed an overall average dose rate for religious service
attendance.

Social and Entertainment Activities

The use-of-time breakdown for this category indicated that entertain-
ing and parties with meals were the most frequent subactivities in this
set. However, because of the large contact factors in other subactivities
such as attendance at sports events, movies, bars, etc., we judged these
other subactivities to be significant and included them in our surveys.
(See Appendix D for a list of subactivities in this category.)

We collected data on room size and on the number of people present by
age, sex, and relationship to AHR for the entertaining and visiting sub-
activity in the at-home activity surveys. Although early surveys attempted
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to obtain actual distance data, the great amount of mobility during this
activity made us question the adequacy of a single representative measure-
ment. Therefore, we measured the area in which the activity was performed
and used the integration technique to determine the average dose per person.
Later this calculation was checked using the random placement feature of
BINGO to calculate the average dose and the dose rates obtained using both
methods were in agreement. Parties with meals were easy to measure as

they had a definite seating configuration.

To collect data on sporting events we surveyed a major league base-
ball game in Salt Lake City. Measurement of the stadium seating and aisle
configurations allowed us to make scaled drawings prior to the game. A
random selection of seven seating divisions determined the areas to be sampled.
At game time visual observations of occupied seats provided the data
necessary for dose calculations. To accomplish PHR identification, adults
were distinguished from children and also categorized by sex. The BINGO
program subsequently used this data to calculate the average dose per person.

The technique used to determine dose rates in theater and motion
picture situations in Richland and Salt Lake City was similar to that
described above. Scaled drawings of motion picture theaters provided
possible seating locations and observations determined actual configurations
during the film showing. Estimations of dose rates in bar situations were
similar. We used the BINGO code in all of these observations to calculate
the dose rates.

Once we had calculated the dose rates for the subactivities, we
weighted them by the time spent in each subactivity in order to develop an
overall, weighted average dose rate per RES for both AHR sexes.

Adult Education

We obtained data on adult education from surveys in Richland and Salt
Lake City. The Richland survey, conducted at the Joint Center for
Graduate Study, involved sampling older, professional workers. The
sample in Salt Lake City involved mainly younger adults who were
completing high school educations. The survey techniques used were
identical to the methods described above for sporting events, etc.
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Sports and Active Leisure Activities

This category is composed of a group of quite diverse activities as
shown in Appendix D.

In considering this from the standpoint of relative amount of time
spent, three subactivities were prominent -- active sports, hobbies, and
games. Since the median age of persons having an artificial heart is
much older than the normal population, and since persons with such a heart
are not likely to be engaged in strenuous sports activities, this sub-
activity is not likely to be a substantial contributor to an AHR's use
of time. Hobbies and games, therefore, represent this activity group.

We hypothesized the games situation to consist of two couples at a
standard sized card table and calculated dose rates for this subactivity.
The Battelle survey provided the data to develop dose rates during
performance of hobbies. Using these data we then calculated the dose rates
for the two subactivities by weighting each rate by the relative time-in-
subactivity and averaging them to obtain an overall dose rate for the Sports
and Active Leisure category.

INTEGRATED AREA CALCULATIONAL MODEL

The Integrated Area Model calculates dose rates where a single distance
measurement is not considered representative of the mean distance. The data
input consists of the estimated dimensions of a significant-radiation zone
(converted to a circular area around the device recipient) and the number of
people in that zone. The model assumes that the people-density calculated
from these data is constant and equal to the average for all distances (i.e.,
that an equal amount of time is spent at each possible incremental distance
from the source over the total time of exposure). The model calculates dose
rates by integrating the dose-distance function from a minimum radius of 0.5
feet to the outer radius of the effective radiation zone and then multiplying
the result by the average people-density. Since the dose-distance function
(as estimated using the QADP5A model) varies with distance, three functions



are necessary to estimate dose rates -- one covering radial distances from
0 to 1.5 feet, one covering radial distances from 1.5 to 9 feet, and one
covering radial distances beyond nine feet. Distances are from center of
source to surface of exposed person. The overall equation is given below.

1.5 ft. 9 ft.
Dose Rate = Peoplie Density =* (i‘g;; (2nrdr) + (i'gg) (27rdr)
) (%)
| 1.5 ft.
200 ft.
+ (g:gé) (2nrdr)
(™)
9 ft.

The main weakness in the integrative model is that no allowance is
made for attenuation effects. Although few common substances exhibit
significant gamma shielding effects, calculations from the QADP5A model
showed a dose rate attenuation of 69% through a normal human body. In
most situations the population density is low and the shielding effect
minimal. However, in crowded situations, such as movie theaters, sports
events and classrooms, the attenuation effect through human bodies becomes
substantial; and use of the integrative model would considerable overstate
the absorbed dose. To analyze these difficult situations we developed a
powerful computer model entitled BINGO.

THE BINGO MODEL

BINGO is a computer program designed to calculate dose factors for
situations where large numbers of people are either in specified locations
within a defined area or where they are randomly located within a defined
area.
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Activities where people remain stationary during the course of the
activity include: sporting events, theater events, church worship
services, and classroom situations. Situations where people tend to
move throughout the course of the activity include: parties in the home,
shopping in public places, visits to museums or exhibitions, visits to
circuses or fairs, dancing, playing or practicing sports, and the general
public.

BINGO allows the user to define the area size (e.g., a room 12 x 14
feet, a building 200 x 400 feet, a segment of a city 7 x 7 miles, etc.).
This area is then divided into a grid system which defines the size of
the Tocation where people can be situated and how close they can be to
each other. The grid can be any size smaller than the area (e.g.,

1/72 x 1/2 ft., 1 x 1 ft., 10 x 10 ft., etc.). The program places people

in this grid by one of two methods -- either in defined Tocations specified
by input data or in randomly placed locations via computerized randomization
techniques. Each person is given an identity to determine if he is a
potential radiation source, or just the public at large. These identities
also permit the user to define the sex and age range of the individuals if
it is necessary to the solution.

Once the people have identities and places in the grid, randomization
techniques pick one of the potential radiation sources. A rotating ray then
scans the area 360 degrees around the source to determine the relative dis-
tances to other people. This is illustrated for a classroom situation in
Figure E.1. This scan also accounts for attenuation of the radiation
through people based on the number of people in the path of the ray. The
algorithm weights the dose by estimating which fractions of the body absorb
radiation attenuated to different degrees, (i.e., part of an exposed person
may be exposed by radiation attenuated by previous passage through one
person, another part by radiation attenuated through two persons, etc.).
Dose is calculated using the dose-distance equations described previously.
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The dose given off by the source is summed and averaged for each classifi-
cation by the identifiable traits of those receiving it. A new source is
randomly selected and the whole process is repeated. The new averages are
averaged with all preceding averages. This running average becomes the
answer at the point when a user-designated convergence criteria is reached.
We used several defined and calculatable examples as base-line cases to
test the validity and accuracy of the preceding techniques.

Once BINGO had proven to be an accurate way of calculating dose to
the public, we used it to check the dose rates for home entertainment
activities which had been previously calculated using the Integrated Area
model. The purpose of this recalculation was to determine if shielding
was a prominent factor in this activity. We picked four households at
random and processed each singly -- once with the integration method and
three times with BINGO. (Because BINGO uses randomization techniques,
at least three runs are necessary to converge on a true average.) The
results are shown in Table E.5 and indicate that no shielding effect is
discernable (i.e., it is much smaller than the normal variance of the
calculations). Since BINGO allows the area to be represented by its
actual dimensions, while the integration techniques work only with the
calculated area (e.g., 12 x 12 and 144, respectively), the results using
the BINGO code are still probably somewhat better.

TABLE E.5. Average Dose Per Household Member

Household BINGO % of BINGO % of BINGO % of BINGO Integration élﬁgo

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
152 .235 5.4 23] 3.6 .203 -9.0 .223 .205 -8.1
g1 .262 1.9 .258 0.4 .251 -2.3 .257 .240 6.6
78 72 -2.3 .180 2.3 .175 -0.6 .176 .163 -7.4
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QUESTIONNAIRE, HOUSEHOLD #_ Urban or Rural (Circle one)

Hello, my name is ,and this s . We are both students at the Unfversity of ltah. We are
currently conducting a research survey for Battelle-Northwest in connection with artificial heart studies for the U. 5. Atomic Energy Commission.
We left a letter here yesterday telling you that we planned to call on you today for this survey. You are probably aware that there are many
research projects designed to investigate various solutions to the problem of heart disease. We are affiliated with one of these projects and
want to ask your assistance.

We would like to come in, ask you some questions about your normal daily activities, and take some measurements of typical distances that
separate members of your family during certain activities. The interview will take only about 30 minutes. All of the information we collect will
be kept strictly confidential and will not be coded to your name or address. We have a letter of introduction here that we would 1ike to show vou,

sianed by Dr. Altman, Chairman of the Psychology Department at the University of Utah, and by Mr. McKee, who is the proaram leader for Battelle-
Northwest. May we come in?

As you may know, there is a great deal of research going on now on nuclear powered pacemakers and artificial hearts. While pacemakers, which
simply help a person's heart to beat normally, are being used successfully today, a complete artificial heart is still some years away. Because
heart disease is the leading cause of death in the country, a Tot of research is being done to find wavs to reduce this death rate. An artificial
heart is a possible answer. One of the problems associated with a nuclear-powered heart is that a small amount of radiation would be transmitted
to people near the person having the teart device. We don't expect that this will be a serious hazard, but we want to collect information that will
make it possible for us to make realistic estimates of the hazard. If you were ever to have such a heart device, the amount of radiation your family
would receive would depend on how far away from you they were during normal everyday activities. This is the reason we want to measure typical
distances separating adults from the rest of the household during everyday activities.

"We want to begin by asking questions about each person in your home who is over 30 years of age. How many such people are there and who are they?"
1. Enter identity under PHR 1, PHR 2, and PHR 3.

Everyone living and eating together in the housing unit is counted as a member of the household. Fach adult member over 30 will be counted one at a
time as if he {she) were the "Patential Heart Recinient" {PHR).

(If the respondent is over 30, choose him (her) as the first Potential Heart Recipient (PHR); §f not, begin with any other adult over 30.]
Fi11 in the information blanks above by asking the following questions for each Potential Heart Recipient (PHR).

What is the age of [the Potential Heart Recipient (PHR)]?

Enter the sex of [the Potential Heart Recipient (PHR)].

Is (the PHR) employed? (Enter full-time, part-time, or not employed).

Who are the other household members? (Enter identity) (This includes all adults other than the current PHR.}

what are the ages of all other household members besides {the current PHR}?

Enter the sex of each of the other members under their corresponding age.

Enter the relationship of each of the other household members to the Potential Heart Recipient (PHR) according to the code below.

[ Y W TRY N

P = Parent or parent-in-law of the PHR.

S = Spouse of the PHR.

C = Child of the PHR.

GC = Grandchild of the PHR.

B = (Brother, sister, brother-in-law, sister-in-law) of the PHR.

GP = Grandparent or grandparent-in-law of the PHR.

0 = Other relative of the PHR (aunt, uncle, cousin, nephew, niece, etc.). .

NR = Not related to the PHR (employees, lodgers, foster children, and other unrelated oersons).

"Now we want to ask a few questions about various activities engaged in by members of the household. For each of these activities, we need to get an idea
as to where various other people in the family are Tocated in the house, and one of us will actually measure distances between various locations. These
measurements are intended to give us information on distance relationships between peopie in the household.

For each of the activities which follow, except social parties, determine where (the PHR) js when he (she) is performing the activity. Measure the
distances from (the PHR) to all other household members usually present when (the PHR) is performing the activity in question. Each distance thus
measured must be entered under the corresponding identity of the person (Question #5) to whom the measurement was made. Also for each activity
except soclal visits and parties, ask if non-members of the household are frequently present when the PHR is performing the activity. If yes, enter
enter the agce, sex, approximate distance to (the PHR), and how often the non-member is present when the PHR is performing the activity.

FIGURE E.2. Questionnaire for the Salt Lake City Survey
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PHR PHR 1
1. Identity
2. Age of the PHR
3. Sex of the PHR

4. Is (the PHR) employed?

OTHERS

5. Identity 1

Age of others T }

6
7. Sex of others (M or F)
8

Relationship to PHR

1. PREPARING MEALS

Generally only women PHR's will be perform-
ing this activity.

1. Enter distances from other household
members to (the PHR) when she is

preparing breakfast

cleaning up breakfast

preparing lunch

N
T

cleaning up lunch | i

preparing dinner

!

. R i
cleaning up dinner L
i

2. Are any non-members of the household
frequently present while the PHR is
doing the above. If yes, enter meal '
and P for preparing or C for cleaning
up, the non-members age, sex, distances
to (the PHR) and how often the non-

member is present. Meal P or C Age Sex Distance

Frequency

Non-member )

Non-member 2

Non-member 3[

FIGURE E.2. (Contd)

m
!
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2. CLEANING HOUSE ¢
Only female PHR's will be considered as per-
forming this activity (unless only male
PHR's Tive in the household).

1. Are any household members usually present

when (the PHR) is cleaning house? If yes,
enter a check under each person present.

[

1]

I

2. What is the approximate closest distance
of anyone to the PHR when she is clean-
ing house?

3. Are non-members of the household
frequently present when {the PHR) is
cleaning house? If yes, enter how many
of each sex, average age, and how often

S

No.

Non-members

Avg. Age

Frequency

each non-member is present.

M F

]

———r-

3. LAUNDRY

Only female PHR's will be considered as
performing this activity (unless only male
PHR's 1ive in the household).

1. Does (the PHR) spend more time washing,
ironing, or mending clothes?

2. Are any household members usually present
when (the PHR) does the most frequent
activity above. If yes, find PHR's usual
location and enter distances to household

members.

L1 ]

1]

1]

|

3. Are any non-members of the household
frequently present when {the PHR) is
doing the most frequent activity above?
If yes, enter each non-member's age, sex,
distance to PHR, and how often each is
present (once a week, etc.).

Age

Sex

Distance

Frequency

Non-member 1

|

i
!

FIGURE E.2.
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4., OTHER HOUSE UPKEEP
1. Doez (the PHR) spend more time at house-
hold repairs and maintenance, or paying |
the monthly bills? ! l |

a. If repairs, what maintenance or
repairs are needed most often?
Where is (the PHR) while doing

is? Wh h hold
monbers? Enter distances, . [ T T [ T T [T T

b. If monthly bills, where does (the PHR)

usually do this? Where are the other — i
household members? Enter distances. l Jgf LA, [ L L, [ L

2. Are any non-members of the household
frequently present when (the PHR) does
1a or 1b above? If yes, enter
non-members' age, sex, distance to
{the PHR), and how often the non-member

is present (half the time, etc.). Age Sex Distance Frequency

Non-member 1

Non-member 2

Non-member 3

Non-member 4

FIGURE E.2. (Contd)
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5. GARDENING AND PETS

Does (the PHR) spend more time gardening
(including lawn care), or taking care of
pets?

Gardening Only

a.

If gardening, what would typically be
the nearest and farthest distances

(up to 200 Ft.) of anyone from
(the PHR)?

How many persons would normally be in
between these distances (include
household memhers)?

What would be their average age
range?

Pet Care Only

a.

If pet care, where is (the PHR)
usually while doing this. Where are
the other household members?

Enter distances.

Are any non-members of the household
frequently present while (the PHR) is
doing pet care? If yes, enter each
non-members age, sex, distance to
PHR, and how often the non-member is
present (half the time, etc.).

Non-member 1
Non-member 2
Non-member 3
Non-member 4

FIGURE E.

d

INearest:

iFarthest:
|

!
—

[

LI 0[]

Age Sex

Distance

Frequency

2. (Contd)
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6. SLEEPING
1. Does (the PHR) work shift work? " Yes No

A. If yes, does (the PHR) regularly work
the same shift?

Al. Yes - enter shift and continue !
with Question 2 below. Shift

A2. No - go to special shift work
sheet for sleeping. |

2. Does (the PHR) sleep in the same bed with Yes No
any other household member? If yes, ask ‘ ; ' |
all of the questions below. If no, ask
only Questions 4 and 5.

3. YES ONLY

a. Enter relationship to (the PHR) of
the member sleeping- with the PHR. ‘ ' ;

H = Husband C = Child — | ,
Other _J - ! i

n o
non

W = Wife 0

b. Enter bed type [double (D), king (K), \ l l
queen (Q)], if other, specify. ‘ | |

4. a. Enter distances to other household
members when (PHR) is sleeping. If ‘ . |
Questions 1a and 1b were answered,

i i
leave the distance for the member
sleeping with (the PHR) blank. [ 441 L47 [; [, AAI 144, l, ‘[
b. Are any non-members of the household ,
frequently present when (the PHR) is
sleeping? If yes, enter each non-
members age and sex, the distance to
the PHR, how often the non-member is

present (once a week, twice a month, Age Sex Distance Frequency
etc.)

—

Non-member 1

Non-member 2

5. Are the doors to the bedrooms usually

open or closed when people are —
in them? : | I

FIGURE E.2. (Contd)

E-31



6a. SLEEPING FOR ROTATING-SHIFT WORKERS ONLY

1.

Enter the shift schedule of (the PHR)

Enter one of the shifts which the PHR
works at the top of each block of columns
at the right. Enter the ages of all other
household members in each block.

Shift Schedule (1 cycle)

Ask all of the questions below for each
shift and enter the answers in the
appropriate shift columns.

. Does (the PHR) sleep in the same bed with

any other household member? If yes, ask
all of the questions below. If no, ask
only Questions 4 and 5,

3. YES ONLY

a. Enter relationship to (the PHR) of
the member sleeping with the PHR.

H = Husband C = Child
W = Wife 0 = Other

b. Enter bed type [double (D), king (K),
queen (Q)], if other, specify.

a. Enter distances to other household
members when (PHR) is sleeping. If
Questions 3a and 3b were answered,
leave the distance for the member
sleeping with {the PHR) blank.

b. Are any non-members of the household
frequently present when (the PHR) is
sleeping? If yes, enter each non-
member's age and sex, the distance to
the PHR, how often the non-member is
present (once a week, twice a month,
etc.) Non-member 1

Non-member 2

5. Are the doors to the bedrooms usually

open or closed when people are
in them?

Shift Days Worked Days Off
Shift

Ages of other Household Members

T i

1

T T T T T T 1

Age Sex Distance Frequency

]

|

FIGURE E.2. (Contd)
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7. PERSONAL CARE '

1. Where does (the PHR) usually attend to
his/her personal care (dressing, brush-
ing teeth, etc.)? Where are the other
household members when the (PHR) is
attending to his/her personal care?

Enter distances L Jﬁ 41 Ail;, [ LAA, [ [ LA,

2. Are any non-members of the household :
frequently present when (the PHR) is
attending to personal care? If yes,
enter age, sex, distance to PHR, and

how often the non-member is present for : :
each non-member Age Sex  Distance Frequency

Non-member 1

Non-member 2 L

FIGURE E.2. (Contd)
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8. EATING
. Does (the PHR) work shift work?

A. Yes - does (the PHR) regularly work
the same shift?

Al. Yes - enter which shift and
continue with Question 2 below.

A2. No - go to special shift work
sheet for eating.

. Are there any weekday or weekend meals
which the PHR does not eat at home? If
yes, lipe oput the spaces opposite these
meals below and do not ask the questions
pertaining to them.

Ask each pair of questions below for both
weekdays and weekends (unless Tined out).

. a. Where does the PHR eat BREAKFAST?

b. Where are the others when (the PHR) is
eating? Enter distances on weekdays

weekends
. a. Where does (the PHR) eat LUNCH?

b. Where are the others when {the PHR) is
eating? Enter distances on weekdays

weekends
a. Where does (the PHR) eat DINNER?

b. Where are the others when {the PHR) is
eating? Enter distance on weekdays

weekends

. Are non-members of the household

frequently present when (the PHR) is eat-
ing any of the above meals? If yes, enter
which meal, age and sex of each nonmember,
distance to the PHR, and how often each
is present.

. Draw a small sketch of the dinner seating
locations in this space. Designate

Father (F), Mother (M), Children (C),
Other (Q).

Yes

Shift

No

* Meal

Age Sex

Frequency

Nonmem. 1

Nonmem. 2

Nonmem. 3

FIGURE E.2. (Contd)
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8a.

EATING -FOR ROTATING-SHIFT WORKERS ONLY

Enter one of the shifts which the PHR
works at the top of each block of columns
at the right.

Enter the ages of all other household
members in each block.

Ask all of the questions below for each
shift and enter answers in proper block.

. Are there any weekday or weekend meals

which the PHR does not eat at home? If
yes, line out the spaces opposite these
meals below and do not ask the questions
pertaining to them.

Ask each pair of gquestions below for both
weekdays and weekends (unless lined out).

. a. Where does the PHR eat BREAKFAST?

b. Where are the others when (the PHR) is
eating? Enter distances on weekends

weekdays

. a. Where does (the PHR) eat LUNCH?

b. Where are the others when (the PHR) is
eating? Enter distances on weekdays

weekends

. a. Where does (the PHR) eat DINNER?

b. Where are the other when (the PHR) is
eating? Enter distances on weekdays

weekends

. Are non-members of the household

frequently present when (the PHR) is eat-
ing any of the above meals? If yes, enter
which meal, age and sex of each
nonmember, distance to the PHR, and how
often each is present.

. Draw a small sketch of the dinner seating

locations in this space. Designate

Father (F), Mother (M), Children (C),
Other (0).

Shift

I

L [ T 1

Age

Sex

Frequency

Nonmem. 1

Nonmem. 2

Nonmem. 3

FIGURE E.2. (Contd)
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1.

. Are any non-members of the household

9. RESTING

Does (the PHR) ever take naps? If yes,
where usually? Where are the other
household members usually when {the PHR)

Yes

No

is napping?
enter distances

N

frequently present when (the PHR) is
napping? If yes, enter each non-member's
age, sex, distance to the PHR, and how
often the non-member is present when

(the PHR) is napping.

Age Sex

Distance Frequency

Non-member 1

] {

Dressing, bathing, caring for older children

2. Where is (the PHR) when doing the most

. Does {the PHR) have any of the child care

. Are any non-members of the household

10. CHILD CARE

responsibilities below? If yes, check
which ones and circle the one which
{the PHR) does most often.

Yes

Baby care

School work help
Reading/talking to children

Indoor games

Qutdoor games

Medical care to children
Other (specify)

frequent activity above? Where are the
other household members (including

No

children being cared for).
Enter distances.

frequently present when (the PHR} is
doing the most frequent activity above?
If yes, enter each non-member's age, sex,
distance to (the PHR) and how often the
non-member is present (half the time,
etc. ).

Age Sex

Distance

Frequency

Non-member 1 (

Non-member 2

Non-membar 3

Non-member 4

FIGURE E.2.

(Contd)
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11. CARE TO OTHER ABULTS

1. Does (the PHR) give any care to adults
(disabled, unable to care for them-
selves)? If yes, where does (the PHR)
usually do this? Where are the other
household members (include adults being
cared for)? Enter distances.

2. Are any non-members of the household
frequently present when {(the PHR) is
caring for adults? If yes, enter each
non-member's age, sex, distance to PHR
and how often the member is present

I

(half the time, etc.). | Age Sex Distance Frequency
Non-member 1
Non-member 2
Non-member 3
‘Non-member 4
FIGURE E.2. (Contd)
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14. HOME STUDY ' '

1. Has (the PHR) taken any correspondence or
other courses requiring home study in the ‘
last year? Yes ~ No

If yes, where does (the PHR) usually
study? Where are the other household
members when (the PHR) is studying?

1

Enter distances. AJ AJ 4[ Agi l ' AL ;] l

2. Are any non-members of the household
frequently present when (the PHR) is
studying? If yes, enter each non-member's
age, sex, distance to PHR, and how often
non-member is present when (the PHR) is

studying. Age Sex Distance Frequency

Non-member 1

Non-member 2

Non-member 3

Non-member 4

FIGURE E.2. (Contd)

E-38




16, TV WATCHING | l

1. Where does (the PHR) usually watch TV? ' |
Where are the other members of the house- |

hold when (the PHR) is watching TV? l

|

|

|
Enter distances to household members LA, [ [ [ ng,lf

2. Are any non-members of the household
frequently present when (the PHR) is
watching TV? If yes, enter each
non-member's age and sex, the distance
to the PHR, and how often each non-member
is present when (the PHR) is watching
TV { once a week, etc.). Age Sex Distance Frequency

Non-member 1

Non-member 2

Non-member 3

Non-member 4

HOUSE SIZE
What are the dimensions of the house

Upper level(s) ]

Basement ]

FIGURE E.2. (Contd)
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17. READING

. Where does (the PHR) usually sit during
leisure reading (newspaper, magazines,
books)? Where are the other household
members usually located when (the PHR)

is reading. Enter distances to household
members .

I

|

[

. Are non-members of the household
‘frequently present when (the PHR) is
reading? If yes, enter each non-members
age, sex, distance to (the PHR) and how
often the non-member is present (once a
week, twice a month, etc.).

Age Sex Distance

Frequency

Non-member 1

Non-member 2

Non-member 3

17. TELEPHONE

. Are any household members usually present
when (the PHR) is typically on the phone?

If yes, enter a check under each person
present,

I

]

1]

. What is the closest distance of any one

to {the PHR) when he/she is talking on
the telephone? \

. Are non-members of the household
frequently present, when (the PHR) is
talking on the telephone? If yes, enter
how many of each sex,average age, and
about how often each non-member is
present (once a week, etc.)?

No .

Non-members Avg. Age

Frequency

F

|

FIGURE E.2.

E
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18-1 DROP-IN VISITS

Do friends sometimes just drop in for a Yes
visit? If no, go to next page. No
How many adults of age 18 or over
are typically present? men
women ‘

What are their approx. ages?
men

women

How many children do they usually bring if
any?

these children?

|

|
What would be the approx. ages of ::::::::::1

|

Where would (the PHR) usually sit? Where
would the household members who are usually

ﬁgﬁgghzig?mZEgzggf and enter distahces to { ;f A[j [47 LAi | ] l L

Where would the adult visitors usually sit?
Measure and enter nearest and farthes*
distance. earest

Farthest

Where would the children visitors usually
sit? Measure and enter nearest and farthest
distance. Nearest

Farthest

FIGURE E.2. (Contd)
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18-2 SOCIAL GATHERINGS

Are people invited into your home for a

Yes
social gathering (party, card games, dinner, L

,—___—_I

home movies, etq.)? What do you do most ofted?

How many adults of each sex usually come at
one time? men

women

Approx. ages of men
women

Approx. number of visiting children?

Where are your social gatherings usually
held? Measure and enter dimensions of
the area.

(No interpersonal distances are measured for
this activity.)

FIGURE E.Z2.
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APPENDIX F

CALCULATION MATRIX FOR DOSE TO THE POPULATION

Table F.1 illustrates the detailed calculation matrix for dose to the
population. The left half of the matrix corresponds to the summation tree in
the main report (Figure 27) and shows the identification of the artificial
heart recipients and the exposure subjects.

The five main data matrices comprise the categories shown across the top
of the table. The subscripts further defining each matrix and their values
fall beneath these headings. The summations at the bottom of each matrix give
the total number of different data items required for each and correspond to
the totals in Table 30, p. 10-13. The data describing each calculation seg-
ment is summarized in Table F.2 for each data matrix.



TABLE F.1.

Ident{ty of Radiation Exposure Subject (“Es"SR,E.l.l.hm,n

Components of Dose-to-Population Data Matrix

Identtty of Artificial HR
dentity of Artificial heart Reciplent (MR), Ppy ¢ pory RES/A
RES Identit.
Number Mmber of AHR v
Activity  Employment of Age Occupation or Identity ~ Relation  of Age  of Sex  Age & Sex  RES Identity Katrix by
Class Status, Sex, Growps, Household Types, » Matrix, To AR, Groups roups. of RES,* RES and AR Identities,
E X Korl PorH 1K BorH ] £ X DorH M
Mork Eoployed Male 12 a7 564 Work Assoc, 1 1 1 47 (Ks1)
female » L) 32 (ko)
a8 79
Non-bork Employed Male 12 3 60 Spouse 6 1 6 360
8 96 Other HSHLD n 2 22 2,112
iz n 132 Assoclates 3 t 3 1,7824¢)
.
12 n 132 Public 2 2 toa 20(e}
1) 4274
Female ~- seme 25 employed Male -- 132 4,274
Non-Employed  Male -- sume as employed Male -- 132 4,278
_In Fema le -- same as employed Male -- 132, 4,274
N
TR 1,4% 17.ste)

(8)pose to the Population = Work Activity Dose » Non-Work Activity Dose + Incidental Random Dose

CEEFER (el (o) (o)  FE3

where J = f(K) and §' = f(9) and [RDR » Incidents) Random Dose Rate.

(h]wun‘t sum since several RES groups may be present during AMR activitfes.

(<)ine RES 1dentity matrix for associotes I3 subscripted: Sy 4o |-

{91 RES tdentity matrix for the public 15 subscriptad: Sq y ;-

rz 2§ lz%(”[.I,K.H)(SR,E.I.KorJ,H.N.I)(T[.X.N.l)(FE.X.N.I.!)(CE_Ln_x_n) . ?‘F‘?%(’E.l.x.n) (1RoR)

(')TM actud] number of matrix intersections containing unique data was 11,769, since the 1802 RES/AMR data
items for assoctutes and general public were duplicated for both sexes and both esployed and non-esplayed

device recipients.

. .
( )The actud] nusber of metrix intersectioms containing unique data wes 3,226 since the 5 Public Dase Factors
were duplicated for employed and nom-esployed davice recipignts.

(9}he Dose Factor Matrix for the public fs subscripted: C

1,1

Time Spent by AHR in Activity,

Te,x,8%0mH,1

Frequency of Contact Factor,

(a)

Fe X HIN

Dose Factor,

Matrix of Frequency of

Nuober Numer of Time Matrix By froad Age Contact Factors by HSHLO
of Occupation or HSHLO Type 4 Groups Type & Activity of AHR
Activities, HSHLD Types, Activity of AWA, of RES, and Age of RES,
1 # oru T, N -
E.X,0%0rH,1 LM, LN
s 12 60 _
60 _
120
18 5 30 - 90
18 8 144 2 288
18 l 198 2 396
5 i 55 — _
198(8) 7
128 774
198 774
198 774
N2 3,006

Matrix of Dose Factors
By HSHLD Type &
Activity of AHR and
Age of RES,

4
_ EASorN
60

60

120

%0

288

(9l

779

779

124

779

32"

Cex00m. 1.

Dose to the
Population
Matrix.,

%2,E XK BorH.M L

2,820

1,920

4,740

6,480
38,016
128

2,640

54,264

54,268

221,196



%

TABLE F.2. Dose to the Population Matrix Descriptions

Identity of Artificial Heart Recipient (AHR)

Engaged in Work Activities -- Age, Sex and Detailed Occupation
(Employed AHRs Only)

Engaged in Non-Work Activities -- Age, Sex, Household Type and
Employment Status

Identity of Radiation Exposure Subject (RES)

Work Associate -- By Detailed Occupation

Spouse -- RES: Age; AHR: Age, Sex, Household Type and
Employment Status (Sex of RES Determined by
Knowing AHR Sex)

Other Household -- RES: Age, Sex; AHR: Age, Sex, Household Type
and Employment Status

Associates -- RES: Age; AHR: Broad Age Group, Household Type

Public-at-Large -~ RES: Adult or Child, Sex; AHR: Activity

Time Spent by AHR in Activity

Time in Work Activities -- AHR: Sex, Broad Occupation Groups and
Work Activity

Time in Non-Work Activities -- AHR: Sex, Household Type, Employment
Status, and Non-Work Activity

Frequency of Contact Factor (F Factor)

F Factor for Spouse ~--  AHR: Activity, Household Type, Sex
: and Employment Status

F Factor for other Household -- RES: Adult-Child Status; AHR: Activity,
Household Type, Sex and Employment

Status

F Factor for Associates -- RES: Adult-Child Status; AHR: Activity,
Household Type, Sex, and Employment
Status

F-3



Dose Factor (Dose/RES/Unit Time)

TABLE F.Z2.

Dose Factor for Work Associates -

Dose

Dose

Dose

Dose

Dose to

Factor for Spouse

Factor for Other Household -

Factor for Associates

Factor for Public-at-Large -

the Population

Dose

Dose

Dose

Dose

Dose

to Work Associate

to Spouse

to other Household

to Associates

to Public-at-Large

F-4

(Continued)

AHR: Broad Occupation, Work Activity
and Sex

AHR: Activity, Household Type, Sex
and Employment Status

RES: Adult-Child Status; AHR: Activity,
Household Type, Sex and Employment
Status

RES: Adult-Child Status; AHR: Activity,
Household Type, Sex and Employment
Status

AHR: Activity, and Sex

AHR: Activity, Age, Sex and Detailed
Occupation

RES: Age and Sex; AHR: Activity,
Age, Sex, Household Type and Employ-
ment Status

RES: Age and Sex; AHR: Activity,
Age, Sex, Household Type and Employ-
ment Status

RES: Age; AHR: Activity, Age, Sex,
Household Type and Employment Status

RES: Adult-Child Status and Sex;

AHR: Activity, Age, Sex, Household
Type and Employment Status



APPENDIX G

INCIDENTAL RANDOM DOSE CALCULATIONS




APPENDIX G

INCIDENTAL RANDOM DOSE CALCULATIONS

In arriving at a figure for total population dose, one of the questions
raised was: what are the 1imits of the area of influence surrounding an
artificial heart user? Since dose is proportional to 1/r2 and since popula-
tion is proportional to rz. the area of influence might appear to be

indeterminant. It is clear, however, that this is not the case.

Assume for the sake of analysis that a more or less uniformly dense
population is concentrated along concentric circles centered around a radia-
tion source. The dose to the population on a particular radius is propor-
tional to 1/r2 but the population on that radius is not proportional to rz;
it is proportional to r2 minus the population distributed along all of the
smaller radii. Thus, the increments of absorbed dose to the population
become smaller and smaller as the radii become larger.

We estimated the magnitude of this incidental random dose by using the
computer code BINGO. By using varying people densities with the random
placement capability of the code, we generated data on relative dose
rates as a function of people density. Using these data, we estimated
the incidental random dose in metropolitan centers of varying sizes.

Table G.1 shows a summary of the total population doses at varying people
densities. These calculations indicate that the theoretical last 1% of
absorbed dose may extend a disproportionate distance relative to the radius
where the bulk of the radiation is absorbed. Since the dose rate and
attenuation data are not highly accurate, we have used the distance where
99% of the dose is absorbed as the figure of merit for evaluating people |
density effects. For the high density situations shown in Columns 1 and 3,
the radius at which 99% of the total dose is absorbed is very small (19-
100 ft) due to the strong radiation-attenuating effect of people's bodies.
However, for the lower metropolitan area densities (excluding the effect of
walls and other obstructions), the Timiting factor on total dose absorbed
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TABLE G.1. Effect of Population Density on Incidental Random (IR) Dose to the Popu]ation(a)

1 2 3 4 5 6
Radius at Which
99% of Maximum Maximum Possible Population Dose At
Density IR Dose IR 100 ft or at 99% Radius (Column 3)
> is Absorbed Population Dose Whichever Is the Shorter Distance
People/100 ft Example (ft) (mrem/hr) mrem/hr % of Maximum
20.0 Maximum density
in very crowded 19 8.40 8.40 kssentially 100
situations
10.0 Density in a 38 5.71 5.71 Essentially 100
Nearly Filled
Theatre
2.5 Half Filled 110 2.54 2.50 98
Classroom
0.25 Maximum Urban w5 i, (0 0.57 0.38 67
Population
Density (Manhattan)
0.01 Population Density 5 Mi.(b) 0.024 0.01 ! 46
in a Small City (0.015 at 500 ft)

a. The term Incidental Random (IR) dose is used here to mean the dose absorbed by a group of people who are present only
in the general background of a more specific activity. In high density situations this IR dose is the dose to the

population.
b. Maximum IR dose for low density situations is the dose out to a maximum distance ot 5 mites due to the curvature of

the earth. This is the 1imiting distance at which any radiation would be absorbed by any portion of a 6-ft individual
from a source 3 ft above the earth's surface.

COMPARATIVE DOSE RATES TO IDENTIFIED RADIATION EXPOSURE SUBJECTS DURING SPECIFIED ACTIVITIES
(A11 dosages shown are for urban employed male Artificial Heart Recipients 1living in husband-wife only families)

Dose
Activity mrem/hr Activity mrem/hr
Social - Visits 0.84 Eating 0.52
Social - Parties 1.61 Sleeping r 0.78

Reading 0.22 T.V. Watching 0.43



is the curvature of the earth. This can be seen by comparing Columns 5 and
6 which show the relative amounts of radiation absorbed in the first 100 ft
in terms of dose rate and percent of maximum.

For the metropolitan area densities, appreciable contributions to the
total dose come at distances beyond 100 ft. However, the above analysis
does not take into account the effect of walls and other obstructions nor-
mally present in metropolitan areas. Assuming the equivalent of a 6-in.
concrete wall at 100 ft, it was found that the dose beyond this point
dropped off to insignificant levels. The assumption of such an obstruction
increases in validity, the more dense the metropolitan population; hence
the dose beyond 100 ft will probably not be significant in highly populated
metropolitan areas.

In the case of smaller sized population centers an obstruction dis-
tance of 500 ft or the equivalent may be a more appropriate assumption.
This would increase the incidental random dose for this case from 0.011 to
0.015 mrem/hr/AHR.

By comparing the dosage levels to family members and associates (lower
portion of table) with the incidental random dosages, it will be noted
that the relative magnitude of the latter rate is very small for medium
sized metropolitan areas and only becomes significant for the few areas in
the U.S. having densities comparable to those found in New York City. As
a result of these calculations, we introduced an added factor in the total
population dose to account for incidental random doses.

This factor (the last item in the dose-to-the-population equation on
page 10-12) consists of the total number of AHRs times the incidental
random dose rate per AHR. To calculate the incidental random dose rate we
assumed that the geographical population distribution of AHRs would be the
same as that of the genera1 population. This calculation is shown in
Table G.2. Using 1970 population density data from the U.S. Census,(33)
we obtained estimates of population density as a function of city size.

We developed population dose rates for these densities using the dose rate

at 100 ft for cities having'a population greater than 1 million and using

G-3
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TABLE G.2. Incidental Random Dose-to-the-Population Calculations
Percent
of the Total . . . Dose Rate Background Percent
) ) Population Population Dens1t14£1)(a) at Density (i) Population Dose of Total
City Size in 1970 People/100 ftl Peop]e/mi2 mrem/hr/AHR mrem/hr/AHR Background Dose
Urban
1,000,000+
New York City
Manhattan 0.76 0.243 67,808 0.34 0.00258 10.0
Brooklyn 1.28 0.133 37,013 0.17 0.00218 8.5
Bronx 0.72 0.128 35,721 0.16 0.00115 4.5
Queens 0.98 0.066 18,393 0.088 0.00086 3.3
Rest 0.14 0.018 5,138 0.025 0.00004 0.2
Philadelphia 0.96 0.054 15,164 0.072 0.00069 2.7
Chicago 1.66 0.054 15,126 . 0.072 0.00120 4.7
Detroit 0.74 0.039 10,953 0.051 0.00038 1.5
Los Angeles 1.39 0.021 6,073 0.028 0.00039 1.5
Houston 0.60 0.010 2,841 0.015 0.00009 0.4
9.23 37.3
500,000 - 1,000,000 6.40 0.025 6,838 0.034 0.00218 8.5
250,000 -~ 500,000 5.10 0.019 5,284 0.026 0.00133 5.2
100,000 - 250,000 7.0 0.017 4,652 0.023 0.00161 6.3
50,000 - 100,000 8.2 0.018 5,152 0.025 0.00205 8.0
25,000 - 50,000 8.8 0.016 4,499 0.022 0.00194 7.5
10,000 - 25,000 10.5 0.012 3,302 0.017 0.00179 7.0
5,000 - 10,000 6.4 0.010 2,834 0.015 0.00096 3.7
2,500 - 5,000 4.0 0.0095 2,649 0.014 0.00056 2.2
Urban less than 2,500 0.4 ~0.0095(3) 2,649 0.014 0.00006 0.2
Unincorporated urban 7.5 ~0.0095 () 72,649 0.014 0.00105 4
4.3 0.02306 52.7
Rural
1,000 - 2,500 3.3
Rural less than 2,500 1.9
Other rural 2].326 z ~0.010* 0.00265 10.0
TOTAL 100.0 0.02571 100.0
8760 hr 1 rem

Incidental Random Dose

(a) Estimated

0.02571 mrem/hr/AHR x

yr

X 1,000 mrem

Source: Population of Places of 2,500 or more, 1970 and 1960 (Reference 33)

= 0.225 rem/yr/AHR



the dose rate at 500 ft for cities with a population of less than 1 million.
From these data we then developed the weighted average population dose rate
of 0.225 rem/year/AHR used in the population dose calculations.
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APPENDIX H

DOSE-TO-THE-POPULATION SUMMARIES

OF VARIQUS REPRIEVE CASES




L-H

Basis:

1. High Candidate Estimate
2. Best Heart Disease Incidence Estimate

3. Natural Death Rate

= PND\a

4. Device Failure Rate = Twice NHFR(b)

TABLE H.1. Case 1B Dose to the Population in the Year 2000 from 220,330 Radioisotope-Fueled Devices

Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
1. Spouses
Females - Age 49 and Under 31,418. 28,514, 7.7 0.908
- Age 50 and QOver 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 0-17 114,388. 21,225. 5.7 0.186
18-49 77,027. 12,237. 3.3 0.159
50+ 31,265. 4,651. 1.3 0.149
3. Non-work Associates 4,731,132, 34,442, 9.3 0.0073
4. Work Associates 2,199,332. 39,034. 10.5 0.0177
General Populace 265,000,000.(C) 128,573. 34.7 0.00049
Total 265,000;006.(C) 370,216. 100.0 Average (.00140

(a) Probability of normal death
(b) Normal heart failure rate

(c) The entire U.S. population is assumed to have received some exposure
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TABLE H.3. Case 1D Dose to the Population in the Year 2000 from 247,446 Radioisotope-Fueled Devices

Basis: 1. High Candidate Estimate
2. Best Heart Disease Incidence Es? Tate
3. Natural Death Rate = Twice PND\a
4. Device Failure Rate = None
Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
1. Spouses
Females - Age 49 and Under 36,463. 33,601. 7.9 0.922
- Age 50 and QOver 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 0-17 131,884. 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 265,000,000.(b) 145,686, 34.4 0.00055
Total 265,000,000. P} 424,053, 100.0  Average 0.00160

(a) Probability of normal death
(b) The entire U.S. population is assumed to have rece1ved some exposure
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Basis:

1. High Candidate Esti

mate

2. Minimum Heart Disease Incidence Eitimate

3. Natural Death Rate
4. Device Failure Rate

Twice PND(a
Twice NHFR(b)

TABLE H.4. Case 3A Dose to the Population in the Year 2000 from 105,306 Radioisotope-Fueled Devices

Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
1. Spouses
Females - Age 49 and Under 16,486. 15,160. 8.5 0.920
- Age 50 and Over 39,131. 32,317. 18.1 0.826
Males - Age 49 and Under 2,446, 2,398. 1.3 0.980
- Age 50 and Qver 16,015. 13,033. 7.3 0.814
2. Other Household Members
Age 0-17 53,623. 9,883, 5.5 0.184
18-49 36,527. 5,781, 3.2 0.158
50+ 14,828. 2,223, 1,2 0.150
3. Non-work Associates 2,264,423, 16,430. 9.2 0.0073
4. Work Associates 1,042,262. 19,023. 10.7 0.0183
General Populace 265,000,000.(C) 61,911, 34.8 0.00023
Total 265,000.000.(C) 178,160. 100.0  Average 0.00067

Probability of normal death
Normal heart failure rate

—~— e~
O o
— e e

The entire U.S. population is assumed to have received some exposure
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TABLE H.7. Case 7 Dose to the Population in the Year 1990 from 4,160 Radioisotope~Fueled Devices

(a) Probability of normal death
(b) Normal heart fajlure rate

Basis: 1. High Candidate Estimate
2. Best Heart Disease Incidence Estimate
3. Natural Death Rate = Twice PND(a)
4. Device Failure Rate = Twice NHFR(b)
Number of Percent of Average Dose
~ People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
1. Spouses
Females - Age 49 and Under 649. 511. 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 2,350. 376. 6.2 0.160
18-49 1,427. 196. 3.2 0.137
50+ 546. 70. 1.1 0.128
3. Non-work Associates 87,842. 536. 8.8 0.0061
4. Work Associates 42,253, 651. 10.7 0.0154
General Populace 265,000, 000. (€) 2,112, 34.6 0.00001
265,000, 000. (¢ 6,106. 100.0 Average 0.00002

(c) The entire U.S. population is assumed to have received some exposure
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TABLE H.9. Case 9 Dose to the Population in the Year 2020 from 317,746 Radioisotope-Fueled Devices

Basis: 1. High Candidate Estimate
2. Best Heart Disease Incidence Estimate
3. Natural Death Rate = Twice PND(a)
4. Device Failure Rate = Twice NHFR(b)
Number of Percent of Average Dose
People Dosage Total Dose to Per Person
Population Category Exposed rem/yr the Population rem/yr
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. 0Other Household Members
Age 0-17 136,183. 25,727. 4.9 0.189
18-49 105,718. 17 ,553. 3.3 0.166
50+ 44,629. 6,893. 1.3 0.154
. 3. Non-work Associates 6,860,783, 51,469. 9.7 0.0075
4. MWork Associates 2,950,456. 53,317 10.1 0.181
General Populace 265,000,000. ¢)  188,982. 35.7 0.0071
Total 265,000,000.(C) 529,402. 100.0 Average 0.00200

(a) Probability of normal death
(b) Normal heart failure rate
(c) The entire U.S. population is assumed to have received some exposure
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