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ABSTRACT

Objective To evaluate the long-term net economic
impact of the California Tobacco Control Program.
Methods This study developed a series of dynamic
models of smoking-caused mortality, morbidity, health
status and healthcare expenditures. The models were
used to evaluate the impact of the tobacco control
programme. Qutcomes of interest in the evaluation
include net healthcare expenditures saved, years of life
saved, years of treating smoking-related diseases
averted and the total economic value of net healthcare
savings and life saved by the programme. These
outcomes are evaluated to 2079. Due to data limitations,
the evaluations are conducted only for men.

Results The California Tobacco Control Program resulted
in over 700000 person-years of life saved and over
150000 person-years of treatment averted for the 14.7
million male California residents alive in 1990. The value
of net healthcare savings and years of life saved resulting
from the programme was $22 billion or $107 billion in
1990 dollars, depending on how a year of life is
discounted. If women were included, the impact would
likely be much greater.

Conclusions The benefits of California’s Tobacco
Control Program are substantial and will continue to
accrue for many years. Although the programme has
resulted in increased longevity and additional healthcare
resources for some, this impact is more than outweighed
by the value of the additional years of life. Modelling the
programme’s impact in a dynamic framework makes it
possible to evaluate the multiple impacts that the
programme has on life, health and medical expenditures.

INTRODUCTION
The California Tobacco Control Program (CTCP)
was established in 1989'7® using a portion of the
tax revenues generated as a result of the Tobacco
Tax and Health Protection Act, Proposition 99.
With an annual budget of roughly $100 million, the
CTCP became the largest comprehensive tobacco
control programme in the world."® The $0.25/
pack increase in tobacco taxes, which funded the
programme went into effect in January 1989.
Several other components were launched in spring
1990: a statewide anti-tobacco media campaign,
community-based interventions and school-based
prevention programmes. From the beginning, the
CTCP has emphasised a strategy of changing social
norms to make tobacco use less desirable, less
acceptable and less accessible.* > The ultimate goal
is to reduce tobacco-related diseases, poor health
and deaths in California.®

A number of studies have been undertaken to
evaluate the impact of the CTCP”~** Most of them

focused on process indicators such as amount of
funding and the scope of programme implementa-
tion, smoking outcome measures such as per capita
cigarette consumption and smoking prevalence,
and percentage of population protected by smoke-
free homes or workplaces. A few studies examined
the health benefit of the CTCP. Fichtenberg and
Glantz'® found that the CTCP was associated with
an immediate reduction in deaths from heart
disease. Another study reported that from 1989 to
1999, the CTCP was associated with a 6% reduc-
tion in lung cancer incidence.!” Only one study
evaluated the economic effect of the CTCP, esti-
mating that the programme saved $86 billion in
2004 dollars of healthcare expenditures between
1989 and 2004.'® However, the long-term economic
effect of the CTCE, including reduced smoking-
related diseases (SRDs) and reduced smoking-
related deaths, has not been documented.

To the extent that the CTCP successfully reduces
the incidence of SRDs, it would save smoking-
attributable healthcare expenditures (SAEs). The
SAEs in California were estimated at $8.6 billion for
1999" and $8.7 billion for 1993.2° These estimates,
referred to as ‘gross’ SAEs?' were based on an
annual cost of smoking approach.? The reduction
in number of premature deaths may impose addi-
tional healthcare expenditures during the prolonged
years of life for people with avoided premature
death. The tobacco industry refers to the potential
saving from premature death as the ‘death
benefit’ > * Cost of smoking estimates which take
into consideration the expenditures net of the
death benefit are referred to as ‘net’ SAEs.?!

The issue of the ‘gross’ versus ‘net” SAEs was first
raised by Leu and Schaub.?® They estimated the
lifetime cost of smoking by simulating the medical
cost history of Swiss men with and without ciga-
rette smoking. They concluded that the extra years
of costs experienced by the longer-lived non-
smoking cohort approximately balanced out the
higher costs during each year of the smokers’
shortened lives. Barendregt et al?® used a dynamic
method to estimate the effects of smoking cessa-
tion on healthcare costs over time in Finland and
found that if all smokers quit, healthcare costs
would be lower at first but after 15 years there
would be a net increase in healthcare costs.
Hodgson® used a life cycle approach to estimate
the lifetime cost of smoking in the US and found
contradictory evidence. His results showed that
ever smokers incurred higher lifetime medical
expenditures than never smokers even after
adjusting for never smokers’ additional years of life.
In the debate over whether to use the ‘gross’ or ‘net’
SAEs, Warner et al*! suggested that the net measure
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is the logically correct one if the question of interest is how
much greater a nation’s healthcare expenditures are with
smoking compared with the absence of smoking.

It is important that evaluations of public health programmes
such as the CTCP consider the impact of the programme over
time and capture the impact on mortality or longevity. For
example, smoking cessation even late in life has been shown to
increase life expectancy.?®* Excluding this aspect of the
programme from an evaluation is implicitly placing a value of
0 on life. Thus the value of lives saved and prolonged must be
taken into account, in addition to changes in healthcare
expenditures. The objective of this study is to evaluate the long-
term net economic impact of the CTCP using models designed
to capture both these effects.

Because it is virtually impossible to separate the impact of the
tobacco tax increase from the impact of other tobacco control
activities undertaken by the CTCE, we consider them together.
Four outcome measures are considered: (1) years of life saved, (2)
years of treating SRDs averted, (3) net healthcare expenditures
saved after adjusting for additional healthcare expenditures for
people who live longer due to not smoking and (4) total
economic value of net healthcare expenditures saved and years
of life saved. The evaluation is conducted on a cohort consisting
of all men who resided in California in 1990. Since those who
did not take up smoking or who quit smoking due to the CTCP
would enjoy health benefits long into the future, we used an
evaluation period from 1990 through 2079, the year when the
youngest in 1990 would turn age 90.

METHODS
Data sources
This study relies on four data sources.

National Academy of Sciences—National Research Council
(NAS-NRC) Twin Registry

This is the largest national twin registry in the US. It consists of
adult male twins born between 1917 and 1927 both of whom
served in the military, mostly during World War II. Two ques-
tionnaires were mailed to registry members in 1967—1969 and
1983—1985 to collect information on registrants’ smoking habits
at the time of survey. The registrants’ mortality status was
periodically obtained from the computerised records of the US
Department of Veterans Affairs (DVA),®' 32 which was notified
of the death of approximately 98% of World War II veterans by
relatives or morticians who sought to claim a burial allowance.
The Twin Registry data with mortality status followed-up
through November 1999 was used to estimate the dynamic
smoking-attributable mortality model. We did not use the cause
of death information.

National Medical Expenditure Survey (NMES-2)

This is a national household survey conducted in 1987 which contains
detailed data for 34459 individuals on smoking history, healthcare
utilisation and expenditures, reasons for service use (diagnosis), source
of payment, health status and history of certain diseases.®® The
NMES-2 data were used to estimate the dynamic smoking-attribut-
able morbidity, health status and healthcare expenditures models. We
adjusted the expenditures to 1990 dollars using the medical care
component of the Consumer Price Index (CPI).*

Tobacco Use Supplement to the Current Population Survey
(TUS-CPS)

This is a national survey targeting adults aged 15 and older. It
is sponsored by the National Cancer Institute and adminis-
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tered as part of the CPS, the US Census Bureau’s continuing
labour force survey.®* It contains detailed information cigarette
smoking history and other tobacco use. The sampling design
allows producing state-specific and national estimates.’®
The 1992/93, 1995/96, 1998/99 and 2001/02 TUS-CPS data
were used to estimate population smoking initiation and
cessation rates for California and other states in the evaluation
analysis.

California Tobacco Survey (CTS)

This is a telephone survey of California residents that collects
information about tobacco use behaviour and tobacco-related
beliefs, attitudes and knowledge.®® ® The 1990 CTS Adult File
(ages 18+), Youth File (ages 12—17) and the child sample (ages
0—11) from the Screener file were used to construct a cohort of
all California male residents aged 0 and older for the evaluation
analysis. The study cohort consisted of a weighted total of
14711966 males of age 0 and older.

Statistical analysis

Analyses in this study were conducted using several statistical
software packages. Mathematica®® was used to derive and esti-
mate the dynamic smoking-attributable mortality model and to
predict the four outcome measures. LIMDEP V.8.0*" was used to
estimate the dynamic smoking-attributable morbidity, health
status and healthcare expenditures models. SAS/STAT V.8.2%?
was used to estimate the population smoking initiation and
cessation rates.

Dynamic models of smoking

We developed a series of dynamic models to describe the impact
of smoking on mortality, morbidity, health status and healthcare
expenditures for men aged 40 and older. The lower boundary of
age 40 was chosen because most SRDs begin to appear at this
age. Figure 1 contains a flowchart showing the estimation
process for these models.

The smoking-attributable mortality model

This describes the dynamic relationship between an individual’s
smoking history and his annual probability of death. It is at the
core of all the other models because it yields an estimated index
for an individual’s expected tobacco exposure, given his smoking
history (age started smoking, cigarettes smoked per day, age
quit). Subsequent morbidity, health status and healthcare
expenditures models are all functions of this tobacco exposure
index. These models are dynamic in the sense that the tobacco
exposure index changes as an individual’s smoking behaviour
changes over time.

The dynamic smoking-attributable mortality model begins by
deriving a theoretical distribution of the tobacco exposure index,
which is the solution to a two-equation system of stochastic
differential equations describing the body’s ability to accumu-
late and purge tobacco toxins in relationship to smoking
behaviour and ageing over time.

dltoxc(t)]/dt = dp — v (t) (1)
dpe(0)]/dt = — 79— 711 toxe(t) + 0 AW, @)

The first equation is an instantaneous accounting identity
stating that the time rate of change of cumulative tobacco
exposure for a current smoker (denoted by subscript c) at time t
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Figure 1 Flowchart of the estimation process for the dynamic models

of smoking. Mortality model: the input includes two key variables for
each respondent, (a) smoking history and (b) mortality status (including
the date of death). From the mortality model, the parameters of the
expected tobacco exposure index and the hazard rate are estimated.
Given these parameters, the expected tobacco exposure index is
derived. Morbidity models (including two models, one for high risk
smoking-related diseases (SRDs) and another for low risk SRDs): the
two key input variables are (a) the expected tobacco exposure index and
(b) the SRDs treatment status. Health status model: the input is the
same as that for the morbidity models. The output is the expected health
status. Healthcare expenditure models (including three models
separately for individuals with high risk SRDs, individual with low risk
SRDs and individuals without SRDs): the input is the same as that for
the morbidity models and for health status model plus two additional
variables, (a) expected health status and (b) smoking history.

is equal to the difference between a smoker’s momentary intake
of tobacco exposure at time t (ie, the product of tobacco dosage
per pack, 0, and packs of cigarettes smoked per day, p) and his
momentary body purging of tobacco toxin at time t, .(t). The
second equation describes the time rate of change of a current
smoker’s body purging of tobacco toxin. It is specified as
a function of: (1) a constant, which represents the reduction in
purge ability due to ageing 7o, (2) the cumulative tobacco
exposure, 7Y; tox(t), with the assumption that the body’s
purging ability declines with more tobacco exposure and (3) an
instantaneous white noise term, W,. To simplify the estimation
process, we assume tobacco dosage per pack equals 1 and
tobacco exposure at time 0 is 0.

This two-equation system is the same for former smokers
except that, in equation 1, the momentary exposure term, 0 p, is
absent and the initial value of momentary body purging at the
time when a former smoker quits has the same expected value as
a current smoker with an identical smoking history. This spec-
ification implies that the tobacco exposure level accumulated in
the body of former smokers would be diminished over time after
they quit smoking.

The solution to equations 1 and 2 describes the expressions of
the expected value and variance of the tobacco exposure index in
the population with the same smoking history.*® Supplemen-
tary appendix 1 derives the full theoretical distribution of this
exposure index in detail.
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The third equation in this analysis is a dynamic normal
survival model specified as:

Die* (t) = g(t) + {(t) ®3)

This equation states that the propensity to die by age t, Die*
(t), is the sum of the expected propensity to die by age t, g(t),
and a normally distributed random error term. The term g(t) is
a function of an individual’s age and the expressions of his
expected tobacco exposure index at age t. Based on equation 3,
and the expressions of the expected value and variance of the
tobacco exposure index solved from equations 1 and 2, we
derived the expressions of the hazard rate. Supplementary
appendix 2 contains detailed description for the specification of
equation 3 and the hazard rate formulation. We then estimated
the parameters of the expected tobacco exposure index and the
hazard rates with the maximum likelihood methods using the
NAS-NRC Twin Registry data. Supplementary appendix 3
presents the detailed estimated parameters.

The smoking-attributable morbidity model

This includes two equations describing the propensity of being
‘currently treated’ for two groups of SRDs in a year. The first
equation is for the group of high relative risk SRDs including
lung cancer, laryngeal cancer and chronic obstructive pulmonary
disease.** The second equation is for the group of low relative
risk SRDs such as coronary heart disease, stroke and all other
SRDs.** Both equations are specified as a function of individual’s
age and the expected tobacco exposure index. We estimated the
morbidity model with a Probit model* using the NMES-2 data.
See supplementary appendix 3 for the estimated parameters.

The smoking-attributable health status model

This describes the probability distribution of individual’s self-
reported health status (excellent, good, fair, poor) for individuals
who are not currently treated for any SRDs. It is specified as
a function of an individual’s age and the expected tobacco
exposure index. We estimated the health status model with an
ordered Probit model using the NMES-2 data. See supplemen-
tary appendix 3 for the estimated parameters.

The smoking-attributable healthcare expenditures model

This describes the total healthcare expenditures of an individual
in a year, and is estimated using the NMES-2 data for three
groups of individuals stratified by disease status. For those
currently treated for high relative risk SRDs, an individual’s
expected total expenditures are estimated as the average total
expenditures of all individuals who have the same smoking
status in this group. For those currently treated for low relative
risk SRDs, an individual’s annual total expenditures are
modelled as a function of ever smoker status and his expected
poor health status. This model was estimated using the ordinary
least squares (OLS) method. For those not currently treated for
any SRDs, a two-part model* is used to describe the propensity
of having healthcare expenditures (first-part model) and the
logarithm of the magnitude of annual expenditures for those
with positive expenditures (second-part model). The first-part
and second-part models are specified as functions of an indi-
vidual’s age, the expected tobacco exposure index, smoking
status and expected poor health status. We estimated the first-
part model with a Probit model and the second-part model with
the OLS method. See supplementary appendix 3 for the model
specification and estimated parameters.
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Evaluation of the economic impact of the CTCP

We evaluated the economic impact of the CTCP over the full
life of a cohort of all 1990 California male residents obtained
from the 1990 CTS data. For each year, we estimated two sets
of predictions for each outcome measure. The first set was
estimated under the CTCP (the factual situation). The second
set was estimated under the assumption that the CTCP did not
exist (the counterfactual situation). The effects of the CTCP
were measured as the difference between these two sets of
predictions.?® Specifically, this evaluation consists of three
steps.

Simulate smoking initiation and cessation rates

In order to estimate the two sets of predictions, the population
smoking behaviour of the cohort under the factual and coun-
terfactual situations from 1990 to 2079 was simulated. We
focused on two measures of smoking behaviour: smoking initi-
ation and successful cessation.

We calculated the yearly smoking initiation and cessation
rates during the period of 1981—1999 using the TUS-CPS data.
Never smokers were defined as those who answered ‘no’ to the
question: ‘Have you smoked at least 100 cigarettes in your entire
life?” Those who answer ‘yes’ were ever smokers. Ever smokers
were asked, ‘How old were you when you started smoking
cigarettes fairly regularly?” Ever smokers were also asked
whether they currently smoked. If not, they were defined as
former smokers and were further asked: ‘About how long has it
been since you last smoked cigarettes fairly regularly?’ We
adopted previously developed techniques*’ ™2 to calculate yearly
smoking initiation rates and cessation rates. First, we recon-
structed each respondent’s smoking status retrospectively for
each year before the year of the survey, from 1981 to 1999.
Consistent with another recent study, we assumed respondents’
state of residence did not change over time during this recon-
struction period.”® Second, we calculated smoking initiation
rates for three age groups (11—15, 16—18 and 19—22) separately
for California and for all other states by dividing the weighted
number of respondents who started smoking in a given year by
the weighted number of non-smokers in the beginning of that
year. Third, cessation rates were calculated by dividing the
weighted number of long-time quitters with at least 6 months
of abstinence who quit smoking in a given year by the weighted
number of respondents who were current smokers in the
beginning of that year. The cessation rates were calculated for
four age groups (20—34, 35—44, 45—54 and 55+) for California
and all other states. Finally, these crude rates were smoothed
using a 3-year moving average.

For each age group, a time series model of California’s
smoothed initiation (or cessation) rates during 1981—1999 was
specified as a function of all other states’ smoothed initiation (or
cessation) rates, a dummy variable measuring the effect of the
CTCP (value of 1 since 1989; 0 otherwise), and a time trend,
using a method similar to that employed by Fichtenberg and
Clantz.'S By including the rate for all other states in the model,
we controlled for changes in the California rate due to national
changes in risk factors. The simulated initiation (or cessation)
rates under the factual situation were given by the predicted
values from this model, and the simulated initiation (or cessa-
tion) rates under the counterfactual situation were also given by
the predicted values from this model except that the dummy
variable for the CTCP was assumed to be 0 in 1989 and later
years. After 1999, age-specific factual and counterfactual initia-
tion and cessation rates were assumed to be at their respective
1999 levels.

Tobacco Control 2010;19(Suppl 1):i68—i76. doi:10.1136/tc.2008.029421

Simulate mortality, morbidity, health status and healthcare
expenditures

The simulated smoking initiation and cessation rates and the
estimated parameters from the dynamic models of smoking
were applied to the California cohort to simulate their lifetime
outcomes under the factual and counterfactual situations. For
each year from 1990 to 2079, we began to simulate who dies or
survives for individuals aged 40 and older. If an individual
survives or is not yet 40 years old, we simulated who takes up or
quits smoking and who remains at their previous year’s smoking
status, and estimated the expected tobacco exposure index. For
individuals aged 40 and older who survives, we simulated who is
currently treated for high or low relative risk SRDs and who is
not, and for those not treated, what each individual’s expected
health status is. We then predicted each individual’s healthcare
expenditures. All of these simulations were performed under the
factual and counterfactual situations. Supplementary appendix
4 contains details of the design of the simulations.

Estimate the effects of the CTCP on four outcome measures
Given the above simulation results, we used four different
algorithms to estimate the effects of the CTCP on four outcome
measures: (1) years of life saved, (2) years of treating SRDs
averted, (3) net healthcare expenditures saved after adjusting for
additional healthcare expenditures for people who live longer
due to not smoking and (4) total economic value of net
healthcare expenditures saved and years of life saved.

In the first algorithm, an individual is dropped from the
factual and the counterfactual simulations when he dies in
either simulation. Therefore, this algorithm derives ‘gross’
healthcare savings without considering the impact of potential
prolonged years of life due to the CTCP. This is similar to what
is assumed in the annual cost of smoking studies of national and
state estimates of smoking-attributable expenditures,'? 20 44 94 59

In the second algorithm, individuals who die in the factual or
counterfactual simulation are still included in the other simu-
lation until they die or reach age 90. Because more individuals
live longer due to the health benefit of the CTCP, those addi-
tional years of life lead to additional healthcare expenditures.
Therefore, this algorithm derives ‘net’ healthcare savings due to
the CTCP, analogous to the lifetime cost of smoking studies,* %/
by taking into account the reduced smoking-attributable health-
care expenditures during the years while people are alive and the
additional non-smoking-related healthcare expenditures during
the prolonged years of life.

The third and fourth algorithms consider the value of lives
saved by the CTCP in addition to net healthcare savings.
Because premature deaths from smoking usually occur among
older people who have relatively low market earnings, we valued
years of life using a willingness-to-pay (WTP) approach. While
early WTP studies implied the value of life ranging from $3
million to $7 million,*® Sloan et a/* used a conservative value of
$100000 per life year to estimate the economic losses from
smoking-related mortality. We adopted $100000 per year to
value the life year in 1990 with adjustments depending on each
person’s disease treatment and health status: $100000 for
excellent health, $80000 for good health, $50 000 for fair health
and $25 000 for poor health or being treated for SRDs. The only
difference between the third and fourth algorithms is the
discount rate used to calculate the present value of expected life
years saved (see below).

An alternative approach for considering the value of life is to
calculate disability adjusted life years (DALYs) or quality
adjusted life years (QALYs). While formally calculating DALY's
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or QALY's was beyond the scope of our study due to the lack of
data availability, we have taken into account the dimensions of
the quantity and quality of life that DALYs and QALYs capture
by assigning different values for a year of life based on disease
and health status in our third and fourth algorithms.

Discounting
In all four algorithms, the present value of healthcare expendi-
tures saved by the CTCP was estimated by taking into account
discounting as performed in the lifetime costs of smoking liter-
ature.?” 2 °7 %8 First, considering the potential growth in future
healthcare expenditures, we expressed each person’s future
stream of annual healthcare expenditures during his expected
‘lifetime’ from age 40 to age 90 by inflating the 1990 value of the
predicted healthcare expenditure by 2% per year. The growth
rate of 2% is approximately the difference in average annual
growth rate between the CPI for medical care and the CPI for all
urban consumers during 1990—1999.% Second, this future
stream of predicted expenditures was discounted by the rate of
time preference at 3% per year to derive the present value of the
lifetime expenditures. For any person, the healthcare expendi-
tures saved by the CTCP equalled the present value of the life-
time expenditures under the counterfactual situation minus the
present value of the lifetime expenditures under the factual
situation. Total healthcare expenditures saved for all male Cali-
fornians were obtained by summing savings across individuals,
taking into account sampling weights in the 1990 CTS data.
In the third algorithm, we discounted the value of future life
years by the rate of time preference using 3% per year.” In the
fourth algorithm, we discounted the value of future life years by
discount rates that approximated the differential probabilities of
death among individuals of different smoking statuses. As an
approximation, we discounted a year of a current smoker’s life
by 2%, a year of a former smoker’s life by 1.5% and a year of
a never smoker’s life by 1%.

RESULTS

The estimated probability of survival given age and smoking
history is illustrated in figure 2. The more exposure to tobacco
a person has had, as measured by number of decades smoked (or
formerly smoked) and by packs per day smoked, the lower the
probability that he will be alive.

Figure 2 Probability of survival for
men with different smoking histories. Piobability of Survival
Seven survival curves denote different 5 G .
smoking histories: n, never smoker; ..., ﬂlﬁ?'{jﬁmm_
former smoker who smoked 1 pack/day [F€23P5 s,
for 10 years since age 17 and quit at oe b ‘2,01
age 27; -—-, former smoker who Tt 2,
smoked 1 pack/day for 20 years since

age 17 and quit at age 37; — —,former

smoker who smoked 1 pack/day for 08
30 years since age 17 and quit at age

47; 5, current smoker who smoked [
0.5 pack/day since age 17; 1, current 07
smoker who smoked 1 pack/day since [
age 17; 2, current smoker who smoked b
2 pack/day since age 17. Age 17 was 08 b
chosen because it is the mean age I
when male smokers began to smoke.

Figure 3 shows the observed, predicted and simulated smoking
cessation rates for California males during 1981—1999 for four
age groups. The young adult group (20—34) had the highest
increase in cessation rates—from about 2% in 1981 to over 5% in
1999—and was most responsive to the CTCP in cessation
especially after 1995, as measured by the difference between the
predicted cessation rates under the factual situation and the
simulated cessation rates under the counterfactual situation.
Figure 4 shows the observed, predicted and simulated smoking
initiation rates for three age groups. The initiation rates for
California males were lower than those for all other states,
especially for the group aged 16—18. For the groups aged 11—15
and 19—22, their initiation rates declined noticeably after 1995
and the reduction was related to the implementation of the
CTCPE.

Table 1 shows the estimated economic benefits of the Cali-
fornia CTCP for the 1990 cohort followed until death. Almost
three-quarters of a million person-years of life are saved. In
addition, 141426 person-years of treatment for the high relative
risk SRDs and 16240 person-years of treatment for the low
relative risk SRDs are averted.

Using our first algorithm, we estimate that the CTCP saved
$1.438 billion dollars (in 1990 dollars) in healthcare costs over
the period from 1990 through 2079. The estimate is statistically
significant at p value <0.05, two-tailed test.

Our second algorithm yields an estimate of ‘net’ healthcare
savings from the CTCP, including the additional healthcare
expenditures associated with living longer due to the CTCP. The
present value of the net savings for healthcare expenditures was
estimated as —0.144 billion (in 1990 dollars), but is not statis-
tically significant.

Based on the third and fourth algorithms, we derived two
estimates for the total economic value of net healthcare savings
and years of life saved due to the CTCP, valuing a year of life at
$100 000 with adjustments for individual’s disease treatment and
health status. From the third algorithm, our estimated present
value of the total net healthcare resources saved plus the value of
years of life saved was $22.443 billion (in 1990 dollars). From the
fourth algorithm, we estimated that the CTCP would generate
$107.418 billion (in 1990 dollars) of total savings including net
healthcare saving and the value of life saved. Both estimates are
statistically significant at p value <0.05, two-tailed test.

Survival Curves_

L 1 i 3 LY i n

- Decades Beyond Age 17
5 5 6, 5 N n
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Figure 3 Smoking cessation rates for men in California and all other states by age, 1981—1999. The actual rates (dots) represent the 3-year moving
average of the observed cessation rates for California (CA) and all other states (OTH). The predicted CA rates mean the predicted cessation rates from
the time series model under the factual situation. The simulated CA rates mean the predicted cessation rates from the time series model under the

counterfactual situation.

DISCUSSION

Our results highlight the importance of developing a compre-
hensive measure for evaluating the impact of a tobacco control
programme that considers the value of healthcare resources
used, and also the value of years of life saved and of improved
health status associated with not smoking. A comparison of the
‘gross’ healthcare expenditures to the ‘net’ healthcare expendi-
tures shows that when the healthcare costs resulting from
longer life are considered, the healthcare savings from the CTCP
disappear. However, these approaches ignore the value of having
people live longer and healthier. When a value for life is included,
the total economic value of the benefits from the CTCP amounts
to $22.4 billion in 1990 dollars. This is more than a 15-fold
increase over the estimate of the ‘gross’ healthcare savings and
a very different result from the ‘net’ healthcare savings, which
ignore the value of life. This value is equivalent to $35.5 billion

Tobacco Control 2010;19(Suppl 1):i68—i76. doi:10.1136/tc.2008.029421

in 2007 dollars (adjusted by the CPI). When an individual’s
probability of death is used to discount the years of life, the
CTCP would generate $107.4 billion in 1990 dollars, a 75-fold
increase over the estimate of the ‘gross’ healthcare savings. This
value is equivalent to $170.2 billion in 2007 dollars. Given that
a key public health outcome is improved health, the value of life
saved and improved health should be central to evaluating the
destructive effects of smoking, the single most important
preventable public health hazard.

During the first decade of the programme, the CTCP spent
about $1.2 billion dollars (A Roeseler, California Department of
Public Health, California Tobacco Control Program, personal
communication, 2005). This is dwarfed by the total economic
value of the net healthcare savings, lives saved and health
improved due to the programme. However, it must be noted
that our estimates result from the combined effect of the
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Figure 4 Smoking initiation rates for men in California and all other states by age, 1981—1999. The actual rates (dots) represent the 3-year moving
average of the observed initiation rates for California (CA) and all other states (OTH). The predicted CA rates mean the predicted initiation rates from
the time series model under the factual situation. The simulated CA rates mean the predicted initiation rates from the time series model under the

counterfactual situation.

tobacco tax increase and other components of the CTCP
including the statewide media campaigns, community-based
interventions and school-based prevention programmes.

There are several limitations to this study. First, women were
not included in the analysis because longitudinal data on female
mortality and smoking were unavailable. However, we postulate
that the economic effects of the CTCP for women would be on
the order of two-thirds the size of the effects for men because
the smoking prevalence rate for women was approximately 69%
of the rate for men in California.'” Thus, the total economic
value of the CTCP including men and women may be consid-
erably larger than our estimates. Further research is needed to
include women in the evaluation so that a fuller understanding
of the importance of tobacco control programmes can be
obtained. Second, for the period from 2000 to 2079, we assumed
that smoking initiation and cessation rates remain at their 1999
levels. For these rates to remain constant beyond 1999, tobacco
control efforts must be sustainable. Future research could
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explore how the economic impact of the CTCP is sensitive to
post 1999 smoking rates. Third, in the analyses of yearly
smoking initiation rates and cessation rates, we assumed the
state of residence for the respondents of the TUS-CPS data was
unchanged. A recent study which compared the cessation rates
between California and a group of comparison states pointed
out that a large movement of former smokers from California to
other states during the study period would artificially inflate the
estimated cessation rate in other states, and vice versa.>® Further
research is needed to explore the smoking population’s move-
ment between states so as to determine the direction of
potential bias due to such assumption. Fourth, the simple
specification of a single dummy variable for the CTCP in the
smoking initiation and cessation equations implies that the
effect of the programme was constant over time. However, it
has been reported that the impact of the CTCP on smoking
prevalence rates was stronger during the early 1990s than during
the late 1990s, implying that the impact of the CTCP on
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Table 1 Estimated economic impact of the California Tobacco Control
Program (CTCP) over a 90-year evaluation period from 1990 through
2079

Outcome measures Predicted value SE
A. Years of life saved (person-years) 712966* 60590
B. Years of treatment saved (person-years):
High relative risk smoking-related 141426* 5903
diseases
Low relative risk smoking-related 16240 13617
diseases
C. Healthcare expenditures saved (in billions):
Algorithm 1: ‘gross’ healthcare savings $1.438* $0.227
without accounting for the impact of
prolonged years of life due to the CTCP
Algorithm 2: ‘net’ healthcare savings —$0.144 $0.217

after adjusting for additional healthcare

expenditures associated with

prolonged years of life due to the CTCP
D. Total economic value of ‘net’ healthcare savings and years of life saved, assuming
a year of life is valued at $100 000 with adjustments for disease treatment and health
status (in billions):

Algorithm 3: present value of life years $22.443% $1.118
discounted at 3%
Algorithm 4: present value of life years $107.418* $1.629

discounted at 2% for current smokers,
1.5% for former smokers and 1% for
never smokers

All monetary values are in 1990 dollars.
*Statistically significant at p value <0.05, two-tailed test.

smoking initiation and cessation rates might not be constant
over time.® Nevertheless, even with this limitation, our results
are in general consistent with the findings from a study by
Messer and Pierce e al®® which showed that from 1980 to 1999,
cessation rates increased most for the young (age 20—34), and
this age group also showed the greatest difference between
California and the comparison states. Finally, we did not include
any impact of the CTCP on secondhand smoke exposure,
though data have shown a substantial decrease in exposure over
time.

Tobacco control programmes are costly. However, the benefits
of the programmes are substantial and continue to accrue for
many years. Although those who are persuaded not to smoke
will live longer, have better health status and require additional
healthcare resources during their additional years of life, this
impact is outweighed by the value of additional years of life and
better health. Public health programmes need to be evaluated
with healthcare costs, additional years of life and improved
health considered as important outcomes.

What this paper adds

» This paper develops a series of dynamic models of smoking
behavior and consequences that analyze the impact of
smoking initiation and cessation on morbidity, mortality,
health status, and healthcare expenditures over the lifetime of
Californians.

» The models are used to evaluate the impact of the first decade
of the California Tobacco Control Program on males.

» The findings indicate that when the value of increased
longevity is included, the program saved $22—$107 billion,
depending on how life is valued.
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Evaluation of the Economic Impact of California®s Tobacco
Control Program: A Dynamic Model Approach--Appendix 1: A
theoretical distribution of the tobacco-exposure of cigarette
smokers when cigarettes are assumed to be a fixed product.

Leonard S. Miller

She rang under my feet like an empty Huntley &
Palmer biscuit-tin kicked along a gutter; she was
nothing so solid in make, and rather less pretty in
shape, but | had expended enough hard work on her
to make me love her. No influential friend would
have served me better. She had given me a chance
to come out a hit--to find out what | could do. No,
| don't like work. | had rather laze about and think
of all the fine things that can be done. | don't like
work--no man does--but | like what isin the work,--
the chance to find yourself. Your own reality--for
yourself, not for others--what no other man can
ever know. They can only see the mere show, and
never can tell what it really means.

Joseph Conrad,

Heart of Darkness

1. Introduction

The 25th Surgeon General's report proclained that "true sci-
entific understanding of the health effects of tobacco" were
achieved in the 20th century" (U S. Departnent of Health and
Human Services, 1989). Mjor stepping stones in this understand-

ing include Broders' (1920) link between tobacco use and lip
cancer; Lonbard and Doering's (1928) I|ink between snoking and
cancer; and Pearl's (1938) |ink between snoking and a shorter

life span. By 1957, the national Study G oup on Snoking and
Heal th (1957) concluded that the relationship between snoking
and lung cancer was causal. In a very short time, the Royal
Col | ege of Physicians(1962) began to extended the adverse of
effects of tobacco to a host of other diseases. The anal ysis
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reported here is a part of this unfolding of our scientific
understanding of the relationship between snoking cigarettes
and health. The act of snoking draws tobacco-toxin exposure
into the lungs. The nore packs-per-day snoked, the nore years
one snokes, the deeper one inhales, the higher the tars per
cigarette the greater the anmount of tobacco-exposure deposited
in the body. Countervailing this snoker's ingestion process is
a biological processes whose purpose is to expel extrinsic
objects from the body. These two processes yield a resultant
| evel of tobacco-toxin exposure in a snoker's body at any tine.
The purpose of this appendix is to derive the theoretical distri
bution of these body resident tobacco-exposures for both cur-
rent and forner cigarette snokers, given particular snoking his-
tories, and assum ng that cigarettes have been a constant prod-
uct (fixed level of tars per cigarette). | then present an out-
line of how knowl edge of this distribution will be used to
study the effect of snoking on health outcones.

The tobacco-exposure distribution to be derived here arises
from consideration of a stochastic dynam cally described accunu-
| ation process. Formally, the process is described by a stochas
tic differential equation system Section 2 explicates the two
equation accunulation process for current cigarette-snokers.
The process is described and a summary of its solution is pre-
sent ed. The Mathematica program for the conplete current-
snoker solution is presented in Appendix 1 to this appendiXx.
Section 3 parallels Section 2; its focus is on the stochastic
dynam c tobacco-exposure accunulation process for former
ci garette-snokers. Again, the process is described and a sum
mary of its solution is presented. The Mathematica program for
the conplete fornmer-snoker solution is presented in Appendix 2
to this appendi x.

The anal yses show that resident tobacco-exposures are nor-
mal ly distributed and that they have a heterogeneous vari ance.
Cl osed form expressions for the expected value and the variance
of these distributions are derived. The tobacco-exposure distri
bution resulting from the analysis of a current cigarette-
snoker is a function of five paraneters; the distribution result
ing from the analysis of a former-cigarette snoker is a func-
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tion of one additional paraneter. In section 4, | briefly out-
line how the paranmeters of these distributions are to be esti-
mat ed and how the expressions of the nonents of the tobacco-
exposure distributions will be used to explain the effect of
cigarette snoking on diseases caused by snoking and on health
st at us.

Why engage in such an effort? As Lewontin (2003) suggests,
the answer m ght cone from consideration about the work such a
theoretical distribution would provide? "Science and Sinplic-
ity", New York Review of Books, May 1, 2003, pp.39-42). Ofer-
ing two classes of answers to this work question, he begins
with, "Sonetines theoretical structures are nothing but cal cul at
ing devices..." Indeed, that is precisely the principal use
that will be made of the tobacco-exposure distribution derived
her e. As outlined in Section 4, in the chapters to follow,
enpirical exercises apply the expected value of this distribu-
tion to estimate the consequence of snoking on health outcones.
For each age and snoking history, | estinmate the effect of snok-
ing on the probability of death. Then, based on the estimated
paranmeters, the distributions of exposure are predicted and
used to estinate the effect of a particular snoking history on:
(1) the probability of being currently treated for each of two
cl asses of snoking related diseases (SRDs); (2) the distribu-
tion of self-reported health status for those not currently
treated for SRDs; and on (3) the narginal cost of treatnent
Recogni zing that all of this has been done nmany tines before,
see Max () for a review of studies and for the range of
obt ai ned estimates, what can be |learned from the effort to be
constructed? First, because the full information about an indi-
vidual's snoking history is not incorporated into existing
cross sectionally based estinmates of the consequence from snok-
ing, the existing estimates contribute little to understanding
t he econoni ¢ consequences of changes in snoking behavior. One
of the principal benefits from such an effort is the know edge
gained from replacing the presently enployed calculating
devices with the calculating device that will be derived here.

In efforts to understand the economi c costs of snoking, the
usual "calculating device" allocates individuals into snoking
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hi story categories with current, fornmer, and never-snoker being
the categories nobst comonly enployed. Since there is rela-
tively little variation in the age when snoking is initiated,
when an estimated fractional allocation of nedical expenditures
to snmoking is age/ gender and snoking status specific, estimtes
for current-snokers are probably reasonably accurate. However,
the age when an individual quits snoking is not part of the
exi sting specifications for former-snokers and the effect of
this variation is not deducible fromthe estimtes obtained for
f or mer - snokers. One consequence is that existing studies nake
al nrost no contribution to understanding the econom c benefits
arising from snoking cessation prograns. The possible conplica-
tions and the observed averages serve to further confuse. In
fact, annual estinmates of the level of expenditure or of the
snoking attributable fraction for forner snokers are often
greater than annual estimates for current snokers. If one
bel i eves snoking is unanbi guously detrinental to health, these
findings are only understandable when recognition is made of
the fact that snokers quit for different reasons. Sone snokers
become sick with a snoking related disease. Upon physician's
advise, they quit. Their increased nedical expenditures are
associated with their snoking rel ated di sease. Wile these addi
tional expenditures are appropriately allocatable to snoking,
they do not reflect their newy initiated category of "former-

snoker." Other snokers have a revelation about the inportance
of health on their own and their famly's well-being and they
gquit as a neans to an end. These individuals may also nake

greater use of discretionary medical expenditures, but these
addi ti onal mnedi cal expenditures arise froma change in the quit-
ter's demand for health services. These expenditures are not
al l ocatabl e to tobacco-usage either.

In addition to the lack of a conplete description (or of
the major dinmensions of) an individual's snoking history,
anot her inportant dinension about snoking history that is omt-
ted from nost of the extant specifications focuses on dosage.
If one is concerned with the econom c benefits associated with
snoki ng cessation prograns, as the sponsors of this research
are, one would want to be able to estimate the health benefits
that acconmpany a reduction in sonme of the populations' daily
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consunption of cigarettes, and/or the health benefits associ-
ated with quitting for particularly critical periods of tine,

such as during the period that a woman is pregnant. Si nce
dosage is not integrated into the ~current "conputational
devi ses", any benefits derived from dosage reduction are not

addressable with the existing snoking conputational devises.

Prograns established to pronote cessation in snoking behav-
ior reap benefits when they reduce the snoking attributable phys
i cal outcomes requiring nedical services. The econom c eval ua-
tion of these prograns require being able to estinmate the reduc-
tion in nedical services caused by snoking, given snoking his-
tory. To estimate such results is precisely the point of this
effort. The theoretical "work" makes feasible estimates of the
physi cal consequences of snoking on a full (perhaps fuller is a
better way to put it) statenent about an individual's snoking
hi story.

Lewontin's (2003) second category for theory work is that
it "...help(s) us "understand” a process whose outcone has been
observed but whose dynami cal details are not known from experi -
ment or observation.”™ For the topic at hand, Lewontin is dis-
cussing science as understood by scientists. There has been a
great deal of work of |ate understanding the dynam c process of
snoki ng induced cellular abnormality devel opnent (REF to | atest
surgeons general report). For exanple, exposure to a nunber of
things in everyday life, from sunlight to cigarette snoke, can
degrade DNA, but our bodies have devel oped nechanisnms to mti-
gate this damage (Sarah Graham Scientific Anerican.com News,

Sept enber 03, 2003). Li vneh and coll eagues (Journal of the
Nat i onal Cancer Institute) studied the role of a repair enzyne
known as OGGlL in preventing lung cancer. OGGL del etes DNA

parts that have been damaged by oxygen radicals. The theoreti-
cal tobacco-exposure distribution derived here neither makes,
nor is intended to nmake any contribution to the scientific under
standing of the dynam c biologic process leading to disease at
the heart of the material under discussion. Here, the theory
offered is nmerely a metaphor for the biol ogical process.

However, the dimnishnment in health, the diseases and the
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deat hs caused by snoking are the single nost preventable public
health hazard. The popul ation of snokers is the group nost in
need of understanding the true consequences of snoking behav-

ior. Some argue that the negative effects of snoking are com
nmon know edge and snoking is an expression of rational consumner
choi ce (REF). Yet studies show that few have good estinmates
about the details of these negative effects (REF). It could

very well be that biological netaphors effectively transmt the
essence of the biological process and contribute toward convey-

ing a general sense of wunderstanding. Comput ati on devi ses
based on believabl e/ under st andabl e netaphors are nore likely to
lead to believable results. The cl oser the metaphor's struc-

ture is to the true underlying scientific process, the nore cred
i ble the conputational device, the nore general "understanding”

can be derived fromthe conputed know edge. In addition to the
wor k of understanding, belief serves as a source for judge-
nment s. Judges, juries, legislatures, public health bureau-
crats, individuals, everyone of us needs to understand the
heal th destructive consequences of snoking. It is toward this

understanding that the work of the theory derived here is
addr essed.

2. A description of the tobacco-exposure
accumulation process of current cigarette-
smokers.

For current-snokers, the level of tobacco-exposure and the
tinme rate of <change of this level are denoted toxc[t] and
toxc'[t], respectively. The first truth about the postul ated
t obacco- exposure accunul ati on process (alternatively, read equa-
tion describing the process) is an accounting identity that
describes the tine rate of change of the Ievel of tobacco-expo-

sure in the body of a current-snoker. At each nonent t, the
change in tobacco-exposure level 1is sinply the difference
bet ween t he t obacco- exposure I ngest ed t hr ough snoki ng

cigarettes and the tobacco-exposure purged from the body
t hrough the body's natural process to rid itself of foreign mate
rial. It is helpful to think of the nonent of tinme denoted by
t as a day in the life of a current-snoker. |In such a tenpora
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framework, the ingestion of tobacco-exposure is given by the
product of the exposure per pack of cigarettes, denoted by ¢,
and the nunmber of packs of cigarettes the current-snoker snokes
in a day, denoted by p. Thus, at tinme t, tobacco-exposure inges
tion is given by & p.

Wiile it is clear that neither & nor p have necessarily
been constant over the snoking history of any individual, to
sinplify | assune that both the exposure-per-pack, & and the
packs- per-day snoked have been constant over an individual's
snoki ng history.

At tine t, the rate any current-snoker is able to purge hin
or herself of tobacco-exposures is denoted v [t].

Gven this notation describing ingestion and purging, the
accounting identity describing the time rate of change of the
accurul ati on of tobacco-exposures for a current-snoker at tinme
t is given by equation [2.1],

[2.1] toxc ' [t] =6 p - ve[t].

Factors that affect the purge rate constitute the second
hal f of the tobacco-exposure accunul ati on process. The second
truth (equation) about the exposure accunulation process
describes the tinme rate of change of the tobacco-exposure purge

rate. For current snokers, the tine rate of change of the
purge rate is denoted by v [t] . | assune three factors
effect the tine rate of change of the purge rate. The first
factor is aging. Aging causes a decline in all the body's
somatic functioning; aging causes the body to be less effi-
cient. Mre to the point, aging causes a decline in the body's
ability to purge itself of exposure, including tobacco-expo-
sures. Accordingly, | assunme that the tinme rate of change in

the purge rate declines at a constant rate with aging. This
rate i s denoted by 0.

Second, | assune that the |evel of accunul ated tobacco-expo-
sures in the body negatively affects the efficiency with which
t he body expels tobacco-exposures. I ncreasi ng tobacco-exposure
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| evel s cause a decline in the purge rate. A unit change in accu
nmul at ed tobacco-exposures causes a yl decline in the body's
purge rate.

Third, | assume that individuals have different somatic reac
tions to tobacco-exposures. This variability in reaction (think
allergic variability) is captured by incorporating a random pro-
cess into the description of the tine rate of change of an indi-
vidual 's purge rate.

The random el enents incorporated into this description of
the change in the purge rate are instantaneous. | assume that
this instantaneous randommess is described by a Wener process,
which is a standardized Brownian notion process. If o
denotes the standard deviation of a Brownian notion process at
time t, and if dw. denotes the tine rate of change of a Wener
process at tine t, o, dw. denotes the nagnitude of the resol u-
tion of the instantaneous random shocks occurring at t. |Incorpo
rating these three effects results in the description of the
time rate of change in the current snoker's purge rate given by
equation [2.2],

[2.2] v [t] = -y - vitox[t] + o¢ dwe, Wth y>0, ¥;>0, and
o >0.

There are two initial conditions on this accunulation
system First, the body's tobacco-exposure |evel when snoking
is initiated, toxc[0], equals zero. This analysis assunes away
second- hand snoke effects. Second, the initial purge rate,
v¢[0], is an unknown paraneter of the problem and denoted vco.
These initial conditions are described by equation [2. 3]

0

Vco

[2.3] X0 = (“’XC[O] ):

ve [0]

A Solution to the stochastic description of the current-
smokers tobacco accumulation process

Here, | present a solution for the dynam c stochastic differ
ential equation system given by equations [2.1] through [2.3].
The solution yields know edge about the distribution of tobacco-
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exposures and purge rate inplied by the tobacco-exposure accumnu-
| ation process described above. | begin by representing equa-
tions [2.1]-[2.3] in matrix form For notational purposes, |et
dX[t] denote a vector describing the first derivatives of the
principal variables in the accumul ation process of the current-
cigarette snoker. Its first elenent is the time rate of change
of the body's tobacco-exposures; its second elenent is the tine
rate of change of the purge rate,

[2.4] aX[t] =

Let A denote the matrix relating the derivatives of the vari-
ables to their magnitudes,

0 -1
[2.5] A = (_Yl ; )
Let H denote a matrix of the constants in the description of
the system

2o ne (7))

Let K denote the matrix of constants nultiplying the Wener
process for each equation in the system

0
[2.7] K = (OC).
X0, the initial values of the system were given by equation
[2.3] above. And let w¢ indicate a Wener process at tine t.

For a very different framework, Oksendal (2000) presented a
solution to a problem with sanme mathematical structure as the
stochastic differential system under analysis here.(Stochastic
Differential Equations, An Introduction with Applications, 5th
Edi tion, Springer, pp. 64-65) . If the exposure accunul ation pro-
cess unfolds between tine t0O and tinme t, X[t], the nagnitudes
of the accunul ated tobacco-exposures and the purge rate, is
gi ven by equation [2.8],
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[ 2. 8] X[t] = Matri xXExXp[A (t —-tg)]. X0+

Matri XEXp[A (t -tg)]. Matri XxExp[-A (t -tg)]. K w[t] +
t

Mat ri xExp [A (t —to)].JMatrixExp[—A s].H ds +

to
t

Mat ri xExp [A (t —to)].JI\/atrixExp[—As] CA.K.w[s] ds.
to

Note that MatrixExp[<arg>] evaluates the power series for the
exponential function wth ordinary powers replaced by the
mat ri x <ar g> (Wl fram 1996, p. 846) . Recogni ze t hat
to=0andtox.[0] =0, the closed form solutions for the magni-
tude of tobacco-exposures and the purge rate, respectively,
sinplify to equations [2.9a] and [2.9b] (the Mathematica deri va-
tion of this answer is contained in Appendix 1 to this
appendi x) .

[2.9a]toxc[t] =

. etﬁ[(_uet L) v+ (146 ) VAT (6= veo)
{-(sinh[t V31 | oo (e - wo)) / (VL )]

|+

[2.9b] ve[t] =
{\/L (—Si nh[t \/7(T] 7(0+\/)(T<p6+008h[t \/}(T] (—pé+vco)))} +

¥l

{Cosh[t v/¥1 | oc (w -wo)}

The instantaneous random white noise of the Wener pro-
cesses integrates over tine to a Normally distributed randon
variable with a heterogeneous variance. In these expressions,
the term (wt -wp) represents a Wener process between tinme O
and tinme t. Wener processes of duration t have expected val -
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ues equal to zero, and variances equal to o, where o in this
analysis is given by o2

For expository purposes, | have separated the expressions
on the right-hand side (RHS) of equations [2.9a] and [2.9b],
with curled brackets, "{}". The first term (on the RHS) of

each of these expressions is the expected value of the magni-
tude described at tine t, the body's tobacco-exposures at tine
t in equation [2.9a]; the body's purge rate at tine t in equa-

tion [2.9Db]. Each expected value describes its value after a
snoking duration of length t, with a dosage of p packs of
cigarettes snoked per day. The second term in each of the

above expressions is a random variable, the difference between
an individual's true tobacco-exposure |evel and his expected
t obacco- exposure level ([2.9a]; the difference between an indi-
vidual's true purge rate and his expected purge rate, given the
snoki ng history described by t and p.

Gven values for 1, 0, &, veo, and o2, the paraneters
of the tobacco-exposure accunulation system tobacco-exposure
and purge-rate levels are linear transformations of a nornal
random variable. Accordingly, the tobacco-exposure and purge
rate levels are normally distributed. Since the variance of a
constant tines a random variable is equal to the product of the
square of the constant and the variance of the random vari abl e,
the wvariance of the tobacco-exposure |evel, denoted by

o%toxc [t ], 1S given by equation [2.10a],

t Si nh[t \/yTro’g‘}’

¥l

[2.10a] 02toxc [t ]= {

and the variance of the purge rate, denoted by o2, .[t], is
gi ven by equation [2.10b],

[2.100] o2 (t] = {t Cosh[t +/31 ]Zog}.

Sinh[<arg>] and Cosh[<arg>] are respectively the hyperbolic
sine and hyperbolic cosine of the argunent <arg> (Wl fram

11
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1996, p.731).

3. A description of the tobacco-exposure accumulation process
of former cigarette-smokers.

The subscript ¢ was used in the presentation of Section 2
above to denote the current snoker's nodel. Here, the subscript
f will be used to denote the former-snokers nodel. Fundamen-
tally, the nodel describing a forner-snoker is based on the
same mat hematical structure as the nodel describing a current
snoker. However two variable values are different, one parane-
ter is allowed to be different, and the initial values of the
magni t udes of the system an individual's |evel of tobacco-expo-
sures and his purge rate are different. W begin with the
changes in the variable values. First, tinme for the former
snmoker is a count of the time of abstention, not time of snok-
ing. The variable u denotes the length of time of abstinence.
The time when a current-snoker quit is denoted by te (think e
for end). When a current-snoker transitions to a fornmer-snoker,

t=te, u=0. For a fornmer-snoker, the current-snoker's nodel
applies for the period in which he snoked, that is, fromt=0 to
t=te. Take two individuals who are identical with the single

exception that one stopped snmoking at tine te, 0 <te <t. The
value t for the current snoker equals te + u for the forner
snoker . The second variable value that changes in the former-
snoker's nodel is the dosage neasure, the packs-per-day snoked.
During the period of abstention zero packs-per-day are con-

sumed. Thus, the ingestion described in the time rate of
change of the tobacco-exposure accounting identity during the
former-snoker's abstention period has a value of zero. Si nce
the body's purging process continues to operate, simlar to

Section 2 above, equation [3.1], describes the tinme rate of
change in the tobacco-exposure |evel wthout ingestion, but
with a continuing purging process. Recall, tinme, denoted by u,
nmeasures the duration of the abstention period,

[3.1] toxs'[u] = - vi¢[Uu].
The bi ol ogi cal metaphor does not change when the individual

changes snoking status. The tinme rate of change in the formner-
snoker's purge-rate, v [u], remains affected by the sane
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three factors that affect the tine rate of change in the purge-
rate of a current-snoker. However, | allow for the possibility
that the instantaneous random process during the period of absti
nence can have a different standard deviation than the standard
devi ation operating during the period of cigarette consunption.
Equation [3.2] specifies the tine rate of change of the purge
rate of a fornmer snoker,

[3.2] vy '[u]l = -y - vitoxg[u] + of dwy, Wth >0, ¥1>0, and
o >0.

The third difference between the current and fornmer snok-
er's nodels is the description of the values of the nagnitudes
of the variables of the system when the system begins; the ini-
tial conditions of the system The initial condition for a cur-
rent snoker was the description of the stochastic differential
system at time t equal to zero. The initial condition for a
former-snoker is the description of the stochastic differential
systemat tine t equal to te (u=0). Wen a current-snoker tran-
sitions to a former snoker, his expected |evel of tobacco-expo-
sures and his expected purge-rate equals its value as a current
snoker, see equations [2.9a] and [2.9b] above. Equation [ 3. 3]
describes the initial conditions at the noment a current-snoker
transitions to a fornmer snoker,

2

t oxs [u = 0] {— eyl Yo +

e

[1oael®

(_1+e2te Yl)

V¥l (p & - veo)

b+

{_ﬁT(Sinh[te%rT] oc (Wt —w0>)}’

[3 3] X0 = =

13
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vi [U = 0] {Ji_(—SHﬂﬂted?r]yO+

Y1

VAL (po+Coshlte VAL | (-po+ven)))} -

{Cosh[te\/yl ] Oc (Wt —a)o)}.

Simlar to equation [2.4], the vector of first derivatives
of the variables of the system evaluated at tine u, is denoted
by aX{u]. It is given by equation [3.4],

[3.4] dXu] =

t ox; [u]]
vi[ul )

As in the description of a current-snoker, the matrix A is
the matrix of coefficients relating the derivatives of the vari-
ables to their nmagnitudes, the matrix H is the matrix of con-
stants relating the derivatives to their magnitudes. These
matrices are the sanme in both systens. The matrix K is the
matri x of constants nultiplying the Wener processes associ at ed
with each of the two equations in the system The only differ-
ence between the matrix K in a current-snoker's nodel and the
matrix Kin a forner-snoker's nodel is the subscript on the stan
dard deviation of the white noise process. Equation [3.5] is
the appropriate representation of the K matrix for a former-
snmoker' s nodel .

[3.5] K = (0).

Of

The essence of the solution to this systemis again given
by equation [2.7]. Equations [3.6a] and [3.6b] present the
sinplified closed form solutions for the nagnitude of the
t obacco- exposures and the purge-rate, respectively, for a
f or mer - snoker . The full Mathematica derivation of this answer
is contained in Appendix 2 to this appendix).

[ 3. 6a] toxg[u,te] =
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[ [etewlt g etew it p AT ssinh[uvil |
2
(_1+e(te+u>\/yT) Yo + (_1+62 (te+u)\/YT) 4/7{1 (P S - Veo) }Jr
{ = (—Si nh[u Vvl ] Of (wu—wo))} +{Cosh[u vyl } etoxc[te]}
Ta
+

{_ L (Sinh[u+/ 1] ew[te])}'

¥l

[ 3. 6b] vi[u, te] =

[ (p"/31 sCosh[u" A1 ] -Sinh[(te+u) Vil |vo+

1

ﬁ

V¥l Cosh|(te+u) vyl ] pp6+vww} +
{Cosh[u Vvl ] of (wy —wo)} +

[-V3L sinh[uvid | eroxclte])
{Coshu/v1 | ec(tel].

Compl etely anal ogous to the solution equations in Section 2
above, | have separated the expressions on the RHS of equations
[3.6a] and [3.6b] with curled brackets, "{}". The first expres-
sion in each equation is the expected value of the respective
magni tude, given estinmated paraneter values and values for how
long the former-snoker snoked, te, and how long a respondent
abst ai ned from snoking, u. The second expressions are the ran-
dom errors resulting from the Wener process for a former-
snoker. The third expressions are the consequence of the devia-
tion between the true tobacco-exposure |evel and the expected
t obacco- exposure | evel when the current-snoker transitions to a
f or mer - snoker. This deviation was then acted upon by the
former-snoker's stochastic dynam c tobacco-exposure accunul a-
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tion process. The fourth (last) expressions are the conse-
guence of the deviation between the true purge-rate |evel and
the expected purge-rate |evel, again when the current-snoker

transitions to a forner-snoker. This deviation, again, was sub-
sequently acted upon by the forner-snoker's stochastic dynam c
t obacco- exposure accunul ati on process.

Gven values for y1, Y0, &, veo, 0%, and o?, the parame-
ters of a forner-snoker's tobacco-exposure accunul ati on system
t he tobacco-exposure and purge-rate levels are |inear transfornma
tions of normal random variables. Accordingly, these tobacco-
exposure and purge-rate levels are normally distributed. The
vari ances of these respective levels are denoted o% o [U, te],
and 0% oxf [U]. Again, for identification purposes, the right-
hand ternms of equations [3.7a] and [3.7b], expressions for
t hese variances, are separated with curly brackets. The first
term on the RHS of equations [3.7a] and [3.7b], respectively,
is the variance of the Wener process acting on the exposure
| evel and purge rate, respectively. The second terns are the
vari ance induced by the initial difference between the true and
expect ed tobacco-exposure levels. The third terns are the vari -
ance induced by the initial difference between the true and
expected purge rate,

2

pesmlefa L [ re cosh[u vl | sinh[te Vil | 2]} +

[3.7a] o%ioxf [U, tE]=
]

[4 (teCosh[teVyT]ZSi nh{u /1 ]203)}'

{uCosh[U\/yT] ofz} + {teSi nh[te\/yT]ZSi nh[u\/yT]zog} +

{teCosh[tex/yT]ZCosh[u v1 ]203}.

4. Towards achieving a calculation device based on these theo-
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retic tobacco-exposure distributions.

Incorporating the theoretic tobacco-exposure distribution
into behavioral specifications

Al'l of the enpirical analyses to followin this study esti-
mate the effect of snoking on health and cost rel ated outcones.
The derived distribution of accunulated tobacco-exposures is
used as a tobacco-exposure index to portray a history of snok-
i ng behavi or. In all of the analyses, the propensity for the
occurrence of the health or cost outcone under analysis is set
equal to parameter weighted neasures of the observation's age
and his accumrul ated tobacco-exposure |evel. The coefficient
wei ght ed expected | evel of tobacco-exposures are a RHS variable
in the specification of the expected propensity under analysis;
the coefficient weighted difference between the true and
expected | evel of tobacco-exposures is, in effect, part of the
random error of the nodel.

The feasibility of this plan requires (1) recognition that
at least a part of the random error term in each nodel has a
normal distribution; and (2) estinates of the paranmeters of the
exposure accunulation nodel, so that the expected exposure
level and its variance can be estinmated and incorporated into
t he anal yses. In the next appendix to follow a survival node
is proposed that has the appropriate error distributions. I
call it a Normally Distributed Survival Mdel. The nodel is

difficult to estimate and starting values are quite critical
In Chapter Three | suggest nethods that one can enploy to achieve starting
values to use with estimating the proposed Probit Survival Model. Chapt er
Four presents a sinple use of the Probit Survival Mdel. The propensity to
die is estimated for two classes of never-snokers, those who have had no
hi gher education and those who have had sone hi gher education. Higher educa-
tion is being used as a proxy for social class, which is a proxy for access
to health care services. Chapter Five presents estinmates of the propensity
to die for current snokers based on the Probit Survival Mdel specifica-
tion. The estimates for the never-snokers are used to characterize the
effect of age and health care access. The nodel estinates the paraneters
of a sinplified version of the current-snokers nodel. Chapter Six presents
estimates of the propensity to die for forner-snokers, again based on the
Probit Survival Mdel and again with estinates for the never-snokers charac-
terizing the effect of age and health care access. The somewhat sinplified
version of the current smokers nodel is extended to represent the forner
snokers.
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Wth the obtained tobacco-exposure paraneter estinates, given an individ-
ual's snoking history, it is possible to calculate expected I|evels of
t obacco- exposures and standard deviations in those |evels. The next three
anal yses are based on these cal cul ated val ues. In Chapter Seven, | esti-
mate the probability of being currently treated for a class of snoking
rel ated diseases (lung cancer, esophageal cancer, and chronic obstructive
pul monary di sease) that conpared to never-snokers have a high relative risk

due to snmoking. In Chapter Eight the exercise is repeated for the class of
snoking related diseases (all of the remaining snoking related diseases)
that have a relatively low relative risk due to snoking. In Chapter N ne,

for a sanple that is not currently treated for a snoking related disease |
estimate the effect of snoking on self-reported poor health status.

These anal yses allow conparisons between a w der selection of snpking
histories than is usually nade. They also allow correction for sanple sel ec-
tion due to death, obtaining a nore accurate (and unbi ased) estinmate of the
relative risk of current treatnent statuses induced by various intensities
of snoki ng behavi or. The set of analyses also allows correction for the
additional contributor to sanple selection, current treatnent status, to
yield an unbiased estimate of the effect of snobking on the probability dis-
tribution of self-reported poor health status.

Chapter Ten estimates a nedical expenditure nodel for people who are
not currently treated for a snmoking related disease. Again, snoking status
is based on the distribution of tobacco-exposures. The specification is
able to differentiate anong the tobacco-exposure effect of the demand for
nedi cal services and any change in denmand for nedical services that accom
pany a shift in snmoking status fromcurrent to former.

Chapter Eleven uses all of the derived nbdels to estimate the expected
deaths, the distribution of expected snoking related disease treatnent, and
the distribution of the self-reported health status of California's popul a-
tion for a considerable period into the future. Chapter Eleven estinates
t he snmoking preval ence rates and quit rates that California mght have had,
if its Tobacco Prevention Program had not existed, and Chapter Twelve com
pares the sinulations perforned on California's population to the simla-
tions performed on California's population without its tobacco prevention
program to estimate the econonic and physical benefits from the progran
over the decade of the nineteen nineties.

Appendix 1.1: Solution Tfor Current
Smoker
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The nodel to be solved, representing the generalized
t obacco- exposure accunul ation nodel for the current-snoker
is as foll ows:

toxc' [t] =6 p - vel[t],
ve' [t] = -y0 - vatox[t] + o¢ dw,

wher e: tox[t]= accunulated |evel of tobacco originating
exposures in the body;

ve[t] = body purge rate;

yo= drift rate in the body's purging ability due to
agi ng;

yi=drift rate in the body's purging ability due to expo-
sure accunul ati on;

o= standard devi ation of the Wener stochastic process;

dw¢= Wener process at tine t;

& = density of exposures per pack of cigarettes;

p = packs of cigarettes snoked per day.

The vector of first derivatives evaluated at tine t is
ax{t],

dX[t] = {{toxc " [t]}, {vc [t]}}
{{toxc [t ]}, {ve'[t]}}

MatrixForm[%]

toxe’ [t] )
ve [t]

A is the matrix relating the derivatives of the variables
in the nodel to the variables in the nodel

A = {{01 _1}1 {_71’ 0}}
{{01 _1}! {_Yla O}}

MatrixForm[%]

-y
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His a matri x of constants,

H={{6p}, {-¥0}}
{{po}, {-vo}}

Kis a matrix of constants nmultiplying the Wener processes
associated wth each equati on,

K= {{0}, {oc}}
{{0}, {oc}}

X0 denotes the matrix of starting val ues,

X0 = {{toXc0}, {vco}}
{{toXco}, {vcol}

W indicates the Wener process (Standardized Brownian
Mot i on)

W= {{w}}

{{w}}

The next four operations are the four parts of the solution.

MatrixExXp[A (t - tp)]-X0

er\/yT (t-to) (1+e2 1 <t*t°>)toxcof

2

Vco

e (t-to) (,1+ez A (t-to)

2yl

1
{——e’\/YT (t-to) [_1+<e2 7 “40)] ¥l toXeo +

)

1
—_ e V¥l (t-to) [1+e2 Yl (t-tg)
2
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MatrixEXp[A (t-tg)]- MatrixExp[-A (t-1ty)]-K.W
[103,

1 2 1 2
{(__ezﬁato) (_1+ezﬁ<t—to> L D2 tto) 1+e2JYT<”°>J J

4 4

)

MatrixExp[A (t-tg)]-
Integrate[MatrixExXp[-A s]-H, {s, ty, t}]

(-5

(*1+@2 ¥l (t—tg))

eV (tto)

poé (Oosh{t \/YT] 7Oosh{\/>f71t0” +

11 (7Si nh{t N }+Si nh[«/yl tOH voll+
VY

il ((EVYT (t-to) [1+ez A (tfto)] Si nh{% [yl —to)]
Y.

o sosh| [ ko] sian[ D[ 1o o) ]

{E e*\/va(t*W (l+e2 vl “*t°>) po (Oosh[t \/yil} —Oosh{\/yilto}) +

2
(-Sinh[t /31 | +Sinh[+/3T to]) vo
VL

1
(e’m (t-to) [—l+<e2 v “’t")) Si nh[E Ayl (t —to)}

1
Nazt

[p ¥l 5003h[;\/yT<t+t0)]-3inh[%\/yT<t+t0)h0)]}}
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MatrixExXp[A (t -tg)]-
Integrate[MatrixExp[-As] - A. K. W, {s, ty, t}]

e*\/ﬁfl (t-to) (_1+62 ¥l (tfto))

(s
w (—Oosh[t \/yT] +®sh[\/yTto]) oc) +

e\ (t-to) [1+ez A (t-to)

1
21
(7Si nh[t \/YT] +Si nh{ w1 IOH ocJ},
{Ee-\/va (t-to) (1+62JYT<140>) w (—Cosh[t \/YT} +COSh[\/YTt0]) Oc —

2

1

T e (teto) (_1+e2 A (t-to)
2

w

w

-si nh |t \/YT] +Si nh{\/yTto]) oc}}

The solution of the nmagnitudes is the sum of the four parts
given directly above,

X[t] = %9 + %10 + %11 + %12

{{Eeﬁ (t-to) (1+e2 1 “*“ﬂ)toxco—

2

1
2471

pé(Oosh[t \/yT]—Oosh[\/yTto])+
e (-sinh[t /31 | +Sinh[\[x1 to]] v
%
t (e*WT“*w [1+e2 a <HO>] Si nhﬁﬁ (t ~to) |
¥l 2
[p 1 5003h[%\/y7<t+t0)]-Sinh[£\/7{T<t+t0)hoJ]—

2

(e\/trl (t-to) [_1+ez n <t—to>J

+

el (t-to) (_1+@2 A (t-to)

Vco 1

e\t (tto)

2+/¥1l 2+/¥1l

[_1+e2 n o))y (~cosh[t /s | +Cosh[ /11 to]] oc) .

! (e—x/ﬂ (t-to) [1+e2 A (tto)
2+/Y1

(-sinh[t /51 ] esinn[\[x1 to]) Oc)}.

w
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1 e
{——e' vl (t-to) (—1+e2 7 “'t")J ¥l toXgo +

p& (Cosh|t \[y1 | -Cosh|\[¥1 to])

(-Sinh[t /1 | +Sinh[~/¥1 to]) ¥o
Va1

1
e’m(t’t‘)) [—l+e2 1 “’t‘”)Si nh[E«/}(I (t —to)}

1
T e et [1+ez A <t—to>]

2

1
/¥l

[p vl 5003h[;\/771<t+t0>]Sinh[i\/Tluuo)ho)%

1
T e o) (1+e2 dtto) |y o
2
1 2
[ez ¥l (t-to) (71+e2 ¥l (tfto>) +
1 2
~ e 2\ (t-to) (1+<e2 vl (t-to) W o +
4
1 e
Ee' ¥l (t-to) [1+e2 I (t-to) | (—Cosh{t A/ ¥l }+Cosh{ ¥l toh Oc —
o o (_1+ez A (tto) ]
2

(-sinh[t /31 | +sinn[\[x1 to]) oc}}

At tine t, o would denote the difference between the W ener
process at t and the Wener process at 0O

%13 /. w - (We - Wo)

{{Eeﬁ (t-to) (1+ez n “*“ﬂ)toxco—

2

1
2471

poé (Oosh[t \/yT] —Oosh[\/yTto]) +
(-sinh[t /31 | +Sinh[\[x1 to]] v

(e\/ﬂ (t-to) [_1+ez a <t—to>J

+

A/ ¥l
1 1
= (efﬁ (t-to) [1+e2 W <HO>] Si nh{g YLt *to)}
Y.

[p vl 5005h[%¢71<t+t0)]_5inh[§\/71<t+to>ho)]—

e (t-to) (_1+@2 A (t-to)

2+/¥1

Vco
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1
2+/Y1

(e—x/ﬂ (t-to) [,1+e2\/7r1 <t—to>)

[~oosh|t /52 |+ Cosh [/ to]] e (- 11w)le s (wIl) ]+

1
2+/Y1

(G,JYT (t-to) [1+ez a (tfto)] (7Si nh{t \/YT] +Si nh{ ¥1 to])

o (—{{w}}ow{w}}t))},

1
2

2

(-Sinh[t /31 | +Sinh[\/5T to]) ¥o

1
—_ e Nl (t-to) [1+e2 ¥l (t—to)]

{——e’VYl (t-to) [—l+<e2 s <t’t°)) ¥l toXeo +

+

poé (Oosh{t \/yT] —Oosh{\/yilto]

VAl

VAL

1 1
(e’\/YT (t-to) [—l+<ez\/7T“’t°)) Si nh[E A ¥l (t —to)}

[p v 6CDSh[%—VGZ_<t+t0)]—Sinh[;—J;I_(t+t0)}yOU v

N| -

1
4

—_—

1 2
T2 o) (1+e2\/ﬂ <t—to>)
4

1

e\ (t-to) (1+ez A (tto)

Yeco +

2
e—Z\/yl (t-to) (—1-%—@2\/7{1 (t—to)) +

Oc (-{{w}}lo+ {{w}}t) +

Eeaﬁfa4w “+e2vl“4w](-thﬁAJ;f}+0Bth;rtd)

oc (= {{w}}o+ {{w}l}) —iem (t-to) [—l+<e2 v “"‘”)
(-sinh[t /31 | +sinh[\[31 to]) o (- (1w)lo+ (10))0) }]

Setting the starting values for toxc and t equal to their

known val ues,

t he sol ution equations becone:
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{{toXc[t]}, {vc[t]l}} =%14 /. {toXc,o -» 0, ty - 0}

1

{{YT vl (1+e )Slnh
/vl 5Oosh[tv;_l]5inh[t\/2¥_l]yo 2J1T
Y-
[et a [71+em ﬂ) 05 (-1 Coshlt \/YT])Sinh[i/\/_lyT} Yo
Y

et vl (—l+<e2t Y1)vc0

1
2+/¥1 72\/}{1
(eftJyT [—l+e2t ﬂ) (1-003h[t N ])oc (—{{w}}0+{{w}}t>]_
1
_ e—t\/yT(lheZt yl)Sinht Y1 | oc (-{{w}}o+ {{w}} )) :
2T [ ] o+ (@) |}
1 t +/v1
{77 et Vil (—l+e2t 7fl)Sinh{ ¥ }
V1 2
t /Y1 t /Y1
p /vl 500sh[ ’ }_Sinh[ ! ]Yo .
2 2
1 Sinh[t /31 | v
Zetint [1+e2‘ Yl] pé(—1+COSh{t«/7/1”— [ % .
2 Nen
_ e—t 1 [1 i eZt ¥l Veo +
[_Ee-m v1 (_1+ezt 71)2+£e_2t w1 (1+e21 yl)z]
4 4

Oc (={{w}}o+ {{w}}) +

Lt 1+t ] (1-cosh[t 3L ) oo (- {1wddo+ (wbio) +

2

Lt [—l+«32t ﬂjsmh[t ot ] ee (- ttwiio+ (wo )

2
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FullSimplify[%15]

{{H tr[(lﬂetr]

[-1ve Yl)\/YT(pé—VcoJfUc({{w}}o—{{w}}tHJ]}y
[sinn[t 3| vo 7

(p&+Cosh[t \[y1 | (-p&+veo+ae (- {{whlo+ ({w}t)) )] }}

{\/Y—l

Note that in the expression for tox.[t]the Wener pro-
cess is going backward and needs to be changed. First iden-
tify the coefficient on the Wener process. What foll ows
is the expected val ue of toxc[t],

%16[[1]1] /- ({{w}}o- {{w}}¢) » O

B 200510 ]

{2){1

The difference between the whole expression for toxc[t] and
the expected value of toxc[t] is the random error in the
expression for toxc[t]

%16[[1]] - %17

g [ (e ™ e e ) o]
etJYT[[lwetM]zYo*
2yl
(1+621J_)\/7 (po- vco+oc({{w}}o—{{w}}ﬁ))]}
FullSimplify[%]

{Sinh[tx/yl ]Oc({{w}}o{{w}}t>}
/¥l

Multiply this term by -1 and change the signs in the
W ener processes.
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-1%19

{ Sinh[t /31 | oc ({{w}}o—{{w}m}
Ayl

Sinh[t vl | o (- {{w}}o + {{w}})

{

}

Ayl
{ Sinh[t \/~1 | oc (—{{w}}w{{w}}t)}
Va1

Accordingly, ( from %7 and 9%9), the following is the
correct statenment for toxc[t], (seeQut[26] bel ow),

e ((-1+etﬁ)2m+

1
loa
(—1+cl-22t 71)'\/7_1(p6—vco)JJ}+

{ Sinh[t\/x_l] oc (-{{w}}o+ {{w}}¢)
vyl
{21;1 e‘t\/YT((—1+et Yl)zy/o+(—l+e2tﬁJ\/7{T(pé—vco)J]—

Sinh[t \/¥1 | oc (-{{w}}o+{{w}}t)}
VAL

Returning to the expression for v¢[t], its expected value is:

%16[[2]1] /- ({{w}}e - {{w}}o) » O

(7Si nh[t \/yT} yo+\/yT (pé+Oosh{t \/yT} (,p5+vc0)))}

( 1
V1

The difference between the whole expression for v.[t] and
t he expected value of vc[t] is the randomerror in the expres
sion for v¢[t],
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%16[[2]] - %23
(—Si nh{t \/yil} 7(0+\/)/T (p6+Oosh[t \/)/T] (—p6+vco)))+
T (7Sinh{t JYT} Yo +

VAL [p+Coshft /31 | (-p6+veo+oe (-{{wilo+ ({0} )]}

{_WT

FullSimplify[%]
[oosht \[x1 | oe (- (10} )0+ 110} 3e) ]

The expression for the solution to the problem is as
fol | ows:

(%22, %23 + %25)

1 2
{{ﬁ (—l+etﬁ] y0+(—1+e2tﬁ) A/ YL (PS-vVeo)
Y-

Sinh[t \/¥1 ] oc <—{{w}}o+{{w}}t>}
Vvl |

{ﬁ (—Si nh{t \/7{71} Yo+\/yT (p6+Oosh[t \/yT] (—p5+vco)>) +
Cosht \[v1 | oo (- (1w} )0+ T10}10) }]

We can express this solution as the sum of its expected
values and its error. The expected value results from set-
ting the random error equal to zero. Taking the result
from above, (where in the statenent to follow the first
parts are the expected values and the second parts are the
error terns,

e JYT

J
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1 2
{{— etV ((-1+et‘”'1) Yo +
2yl

(-1+<e2t 71)'\/}’_1(p5-vc0)]]+
etoxc [t1}, {% (-sinh[t V1 ] vo +

¥yl

VA1 (p5+Cosh[t«/x_1] (—p6+vco))) +evc[t]}}

— General ::spelll: Possible spelling error: new synbol
nane "toxc" is simlar to existing synbol "tox". More...
1

g [/ (2w ] e 2 0]
eroxe [t ],

{V?f (-sinh[t \1 [ vo /s (po+cCosh[t [ | (-ps+ven)])
ev [t1}}

The random errors are given by

Sinh[t V¥l | oc (- {{w}}o+ {{w}}0) }
a ’
{cosh[t V1 ] oc (- {{w}}o + {{w}}0) }}]

H‘Si nhit V31 | oc <—{{w}}o+{{w}}t>}
= |
{cosh[t \[y1 | oo (- (1w} 3o+ (10130) }]

The followng expressions (Qut[27] -evaluated at

describe the starting value for tox:[0], v[0], in equation

[1.14]
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(o (=™ ((r2ee™)

2

Yo + (—1+e2t ‘/"T) V¥l (p6—vco)]) +
€toxc [t ]},

[—— (-Sinh[t V¥ ] 70+ VFT (p6+Cosh[t V¥T ] (P 6+ veo))) +

¥l

€, [t ]}}

{{211 etV [(_1+et\/YTJ2YO+(—l+fEZt Yl)\/YT(pé_VCO> J'*'
Y-
€toxc[t}}!
{vlT (-sinh[t \/51 [vo+/[s1 [po+Cosht \[31 | (-p&+veo) )+
Y

ev [t1}}

The variances of toxc[t]andvc[t] are the variance of these
error terns. This expression is the variance squared tines
t.

{{[_«/x_l (Sinh[t V¥1 ] oc Sqrt [t])] }

{ (Cosh[t V3T Jee sart t1)°}}

i

t Sinh[t 31 |° o2 2

b {t cosh[t [ | o2}}

¥l

This is a check to insure that the expected value of
toxeo = O.

2
etV ((—1+et‘l"1) Yo +

{271
(—1+e2t *1)«/71 (p6—vco)JJ} /.-t-0

{0}
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Appendix 1.2:Solution for a Former-Smoker

The nodel to be solved represents the generalized tobacco-
exposure accunul ation nodel for a fornmer snoker is as fol-

| ows:
toxg'[u] = - v¢[u],
vi' [ul = -y - yitox[u] + ofdwy,
wher e:
vi[u] = body purge rate for forner snokers at tinme u

i nto abstinence;

toxg[u]= the accunulated |evel of tobacco originating
exposures in the body at tinme u;

yo= drift rate in the body's purging ability due to
agi ng;

yi=drift rate in the body's purging ability due to expo-
sure accumnul ati on;

o¢= standard devi ation of the Wener stochastic process;

dw = Wener process at tine u;

& = density of exposures per pack;

p = packs of cigarettes snoked per day.

The vector of first derivatives evaluated at tine u
is dX u]
dX[u] = {{tox¢" [Ul}, {ve" [U]}}
{{toxg [ul}, {vi[ul}}

MatrixForm[%]

t 0X; [u]]
vi [U]

Ais the matrix relating the variable to its derivative.
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A = {{01 _1}1 {_71’ 0}}
{{01 _1}! {_Yla O}}

MatrixForm[%]
0 —1)
(—yl 0
His a matrix of constants relating the derivatives to the
magni tudes of the variabl es. magni t udes

H={{0}, {-¥0}}
{{0}, {-vo}}

Kis a matrix of constants nultiplying the Wener processes
associated with each equati on.

K= {{0}, {of}}
{{0}, {or}}
X0 denotes the matrix of starting val ues.

X0 = {{toXfo}, {vfo}}
{{toXso}, {viol}}

Wi ndi cates the Wener process (Brownian Mtion).

W= {{w}}
{{w}}

The next four operations are the four parts of the solution
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{

{{ E e‘\/YT (U-to) E e\/YT w‘“‘”) t OXfo +
E ce’%fT (U-to) % e\/YT (u-Uo) Vfo}}

MatrixEXp[A (U -uUg)]-X0
2 2
e (u-uwo) 5l usug) }
VO [
2Vvyl 2Vyl
% eVl (U-to) \/oq % <eJ7fT (U-to) /41 ) t OXfo +
2
MatrixXEXp[A (U -Ug)]- MatrixExXp[-A (u-ug)]-K.W

E efﬁ (u-uo) % (e\/7(T (UUO)J

2

B B B TR TS R W (TR TRy

2Vyl 2Vyl

Ee*\/Yl (U-up) +%e Y1 (UUO))

2
@_\/YT (Uu-ug) (e\/YT (u-up)

- +

2Vyl 2Vyl

CUUf},

2
Ee*\/}/l (u-Up) +%e\/?fl (UU0>) "

2

{

ef\/YT (U-Up) (EJYT (U-Uo)

- +

2VYl 2Vyl

%e—\/va (u-uo) \/YT— % eV (u-Uo) \/YT

)
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MatrixEXp[A (U -ug)]-
Integrate[MatrixExXp[-A s]-H, {s, Ug, U}]

[{-(g el e gl ]

e UV (1+<e2” 71) e 0(1+<ezv7{1 “0)

— Y —
241 241 0

ef\/YT (U-up) eﬁ (u-up)
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MatrixEXp[A (U -ug)]-
Integrate[MatrixExp[-As] - A.K_. W, {s, Ug, U}]

{{(—%euﬁ(l+e2u Yl)+%(e\/yTuo (1+ez ol uo))
el Ul 51 (ueug)

2Vyl 2Vyl
%e«/yl (u-ug) 1 \/7 u-up) J
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e U r (1+e2u "1 ) e /¥1 uo <1+e2“/7f1 uo)
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{%e vl (u-to) 1 \/7““) Ece’“' (1+<e2“ )+
> g (1+<e2 v ) w of +
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_ 2/v1 ’ 2/v1

%e\/YTUUO\/— \/yTuuo\/—

a))

The solution of the nmagnitudes is the sum of the four parts
given directly above

X[t] = %9 + %10 + %11 + %12

{{ % e\ (u-uo) % eVl <UUo>J t 0Xfg -
1 7\/}/T u-up) 1 r u-uo) )
E (S
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5 e—«/yl (u-up) /Yl _ % e\/Yl (U-Uo) '\/Yl ) t OXfo —
E (e*\/YT (U-Uo) E e\/‘{T (UUO))

2 2

{

e U (_1_+62u A ) e /¥ o (—1-+e2 A uo)

- +

2Vyl 2Vyl

1

= et ) (g 1 eVl (u-uo) N
2 2

o))

At tinme u, w denotes the difference between the Wener pro-
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cess at u and the Wener process at u=0
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e V1

of (-{{w}}to+ {{w}ly) -
° 2Vyl

e

J)

Set the starting values for toxgu,te] and v¢u,te] equal to
t he val ues the individual had when he/she stopped snoking

~1+ %! )

of (-{{w}}to+ {{w}l}y)

{{toxs[u, te]}, {ve[uU, te]}} = %15 /. {toxfo N

2
{— e'te\/z[(—l+ete 71) 70+(—1+e2te\/“_1)
2yl
V¥l (P S - vco) ]"'etoxc[te]},
1 i
YV§0 —>{ (—Slnh[te'\jxl ] Yo+ VYl
¥l

(p5+Cosh[te«/7_1] (—p5+vco))) +evc[te]}}

— Ceneral ::spell 1:
Possi bl e spelling error: new synbol nane
"toxc" is simlar to existing synmbol "tox".
— Ceneral ::spell 1:
Possi bl e spelling error: new synbol nane
"vc" is simlar to existing symbol "v".
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FullSimplify [%]
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¥l Si nh [U \/—] Etoxc [t €] \/7C03h [U \/7—]

(PO +or (-

The expected value of

({©}}o+ {{w}hy) +ewte])) }}}]

toxf [u, te]and v¢[u,te] are found by

setting all Wener processes and random errors equal to

Zero.

% /- {(-{{w}}o+ {{
€toxc[te]l » O, €

P

(ef(te+u) A/ Y1

w}}y) » O,

2etew L b AT sSinh[uid |+
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(_1+@(te+u)«/yl ) Yo +

(—1 +e2

(e
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V¥1 Cosh|

=001 VAL (- veo)

I

(P31 6Cosh[u~1 | -Sinh[(te+u) V3l | vo+
(te +u) Vil | (—p6+vco)>}}}

The Wener process here is given by all of the terns, mnus

t he expected val ues,
to zero

and then setting the other two errors
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(%17 - 9618) /. { etoxc [te] - O, evc [te] b d O}
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2Y1
(—1-1—@2 (te+u)\/YT) 4/)/1 <p5_VCO> _
e<te+u)ﬁ\/7(1 Si nh[u vyl }
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V¥l
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FullSimplify[%19]

Sinh[uv 1l | or ({{w}}o- {{w}}y)
{{Cosh[u~d | or (~{{w)lo+ ({0} }}]

In the above statenent of the Wener process for
tox; [u, te], the Wener process is going backward. Mul tiply
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a7

this term by -1 and <change the signs in the Wener pro-
cesses. Call these errors etoxf [U] @and e "' [U], respectively.

-Sinh[u V1 ] of (- {{w}}o+ {{w}},)

Vvl
Cosh[u Vyl ] of (- {{w}}o+ {{w}}u)}

{ Sinh[uvyl | of (-{{w}}o+ {{w}}y)
vyl
Cosh U1 | or (- {{w})o+ ({w))u)}
The coefficient on the eioxc[te]error is found by taking the

whol e expression, subtracting off the expected values, the
W ener process, and setting e, [te] -0
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FullSimplify[%22]

H{COSh[u \/YT] €toxc [T €] }},
{{_\/YTSi nh[u \/YT] Etoxc [t €] }}}

The coefficient on the e, [te] is found by taking the whole
expression, subtracting off the expected values, the Wener

Process,

and setting cioxc[t€e] =0
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FullSimplify[%]

{{{_Sinh[uxﬁgfﬂ ecte]
vyl

This is a check. Do all the conponents add up to the whol e?
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FullSimplify[%26]
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W now derive the variance of the Wener process. Start
with the process
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The variance of the Wener process is
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The whol e error termthat includes eioxc[t€]1S
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{{-VL sinh[uvd ] eroxe (el }} )
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The vari ance of these terns are

{(cosh[uval]) "2 V[ etoxcltell,
(-2 sinh[uv31 |) "2 V[ eroxctell}

2
[Cosh[u31 ]" Vietoxc [tel ],
_ 2
Yyl Si nh[U‘\/}(l ] V[€Etoxc [te”}
Next is the expression of V[etoxc[te€] fromAppendi x 1:
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Putting them together
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The variance of this termis
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vyl
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{Si nhlu~/+1 ]2 View [te]]

2
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Next is the expression of V[e,[te] fromTRDRPL. nb:
{te cosn|[te V31 |” o2}
[te cosh[te Vi1 |” 2]
Putting them toget her
[ Sinh[uv¥1 |
VAL
(cosh[u~~+2 |)~2 {te cosh|[te v31 |” o2}]
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i v b
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nQ {te Cosh [te \/x_l]z c@} ,

The variance of {toxs[te,u], v¢[te,u]l} is equal to the sunm
of the variances of the three error terns in its expression
(9R9 + Y83 + UB7)
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FullSimplify[%]
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Evaluation of the Economic Impact of California®s Tobacco
Control Program: A Dynamic Model Approach--Appendix 2: A
dynamic, normally distributed survival analysis of the
relationship between aging, smoking history, and the mortality

of men.
Leonard S. Miller
Introduction
In this appendix, | derive a survival nodel that makes use of the expressions

for the index of tobacco-exposure resulting from an individual's snoking history-
derived in Appendix 1. Based on this survival nodel, expressions for the probabil -
ity of living and dying are derived for never-snokers, current snokers, and fornmer-
smokers. The likelihood function for a sanple of individuals based on these proba-
bilitieis serves to estimte the paraneters of the survival nodel, which include
the paraneters of the tobacco-exposure index.

General ly, sunmarizing snoking history with the tobacco exposure index, and the
calculations that estinmate the effect of snoking on norbidity, health status and
medi cal costs that derive from usage of this index to summarize snoking history
make three inprovenments over snoking status as the operative description of the
ef fect of snoking behavior on health outcones. The first inprovenent focuses on
the level of information about an individual's snoking history. This exercise
allows for greater detail about the relationship between variations in snoking behav-
ior and about their causal effect on health outcomes. Details about an individu-
al's snoking history can be incorporated into the neasure used to sunmarize an indi-
vi dual 's snoking behavior, the |evel of accunul ated tobacco-exposure of an ever-
smoker. The neasure permits any conbination of starting and stopping snoking tines
and any daily dossage |evel, neasured as packs of cigarettes snoked per day.

The second i nmprovenent focuses on the causal effect of snoking on the deteriora-
tion of health outcomes. This inprovenent is nmeant to address the fact that esti-
mat es of the snoking attributable nedical services are often greater for forner
smokers than they are for current snokers. |In theory, this should not be the case
In this analysis, the derived neasure of snobking's ability to damage health, the



2 | Appendix 2 TRDRPwriteup2.nb

i ndex of tobacco-exposure, incorporates theoretical distinctions between current
and forner-snokers that cause the expected danage to be less for forner-snokers
conpared to current snokers, given all other dinensions of snoking history are the
same. The effects due to snmoking status, especially current-snoker versus forner-
smoker, of the relationship between snoking behavior and health outcones that are
to be estimated based on this nodel are not a "curve fit" exercise that best
descri bes the snpking status-health outcone data. Rather, the estimates best fit
the relationship between the effects of snoking behavior and health outcone
expressed by the theory expressed in Appendix 1. In that theory the process describ-
i ng tobacco-exposure inplies that toxin levels fall when a current-snoker quits his
smoking habit. If a former-snoker has his actual costs greater than a current-
snoker, it results fromthe randommess in life, or the randomess in response to
t obacco.

The third inmprovenment focuses on the sanple selection bias that is always pre-
sent in analyses of the effect of snmoking on health outconmes. Recognize that analy-
ses of the health effects of snmoking are performed on living populations. Death
causes sanple selection bias anong living cohorts--alive responders are always the
stronger nenbers of any original cohort because they are the group |east affected
by snoking behavior. Consequently, the "all other things equal" assunption between

never - snbkers and ever-snokers is never net. Because the propensity to die for
snokers is higher, the sanple of snokers who remain alive is always inherently
stronger than the sample of alive never-snokers. Thus, the estinmated negative

effects of snoking on health outcones are al ways under st at ed.

The met hod devel oped here is best described as a dynamic normally distributed
survival analysis; or, perhaps, a dynamic Probit nodel. Rather than estinmate the
probability of an event occurring over a defined period of tinme, as in the Probit
nodel , the dynam c nornal survival nodel estimates the probability of an event occur-
ring over an open ended, unfolding period of time. |In this survival nodel: (1) the
event of interest--in this case death--either occurs or it does not occur; (2) the
propensity for the event to have occurred by tine wis specified as equal to the
expected value of the propensity of the event plus a random error term (3) the
vari abl es specifying the expected value can vary continuously with tine; (4) the
error termat time w has a normal distribution, with (5) an expected value equal to
zero, and (6) a variance that can vary with tine.

If a respondent is an ever-snoker, his tobacco-exposure level is specified as
equal to its expected value plus a random error. The expected val ue of tobacco-
exposure, and the distribution of the random errors (the difference between the
true value and the expected value) were derived in Appendix 1. Si nce the random
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error has a Normal distribution, the nethod and specification of the enpirical analy-
sis explained here is built on survival analyses that are based on random errors
that have a Normal distribution

A survival analysis (Kal bfleisch & Prentice, 1980) is developed in this Nornal
framework. The particular survival analysis devel oped here is of particular inter-
est because it nelds two historic lines of quantitative nmethods: limted dependent
vari abl e methods, which have been extensively developed by econonetricians
(Maddal a, 1983), and survival analysis nethods, which have been extensively devel -
oped by denobgraphers, biostatisticians/epidemologists, and engineers. 1In Section
2, | analytically construct a dynam c survivor nodel from a Probit |ike node
describing the propensity to be dead at a particular time win the randomlife span
indicated by the variable T of a respondent. The propensity to die is specified as
a linear sum of the expected value of an individual's propensity to experience the

criterion event and a normally distributed random error. As in a survival nodel
the nodel describes the distribution of a respondent's life span ("tinme to fail-
ure"). The dynamic character of the resulting analysis is apparent in two ways.

Rat her than focusing on whether death {occurred, did not occur} over a defined
fixed period of tinme, as in the Probit nodel, the period under analysis is increas-
ing with the passage of tine, as in a survival analysis. Thus the Probit |ike speci-
fication of the propensity to be dead at each nonent of tinme is transfornmed into a
survival analysis describing the randomlife span variable T. This transformation
is acconplished in the relationship between the propensity to be dead and the haz-
ard rate, the instantaneous rate of failure (also known as the force for nortality
and the failure rate) at each nonment w

Variations anong paranmetric survival npbdels focus on the functional formtrans-
lating a nodel's hazard rate into its survival function, the nodels description of
the probability that a respondent will live at least until tinme T. 1In the various
nmodel s used in practice, hazard rates are either constants (such as in the exponen-
tial nodel, (Chiang, 1980)), functions of constants and powers of tinme (such as in
the Weibull nodel, 1939), nultivariate--weighted linear sums of fixed characteris-
tics (Tumm, Hannan, & Groeneveld, 1980), characteristics that vary at discrete
points of time (Petersen, 1986a, 1986b), or, to a limted degree, characteristics
that can be functions of time (Cox, 1972). Al of the standard nodels (that | am
aware of) yield closed form expressions for survivor functions and probability den-
sity functions of T. The analysis devel oped here nakes use of technol ogical and
software devel opnents. The analytically challenging event probability expressions
are derived usi ng Mathematica (Mathematica, Version 7.1, 2008). In the present analy-
sis, the probability expressions for the never-snoker are closed form expressions-
,but the probability expressions for current and former snokers are not and nuneri-

|3
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cal integration methods nust be used in the estinmation of the nodel's coefficients.

In the analysis to follow, the determi nants of the expected val ue of the propen-
sity die at nonent w, denoted by g[w], and the standard error of the random term of
this propensity, denoted by ow, are functions of tine and of paranmeters describ-
ing the cigarette snoking tobacco-exposure process. The analysis in Section 2
focuses on nelding the Probit and Survival analyses. General probabilistic expres-
sions for the observed sanple events are obtained; that is, for the survivor func-
tion--the probability that a |life span exceeds the time of data collection (a right
censored event), and the probability density function of the life span T at nonent
of death t. To render these probability expressions applicable to the problem at
hand, nore detailed specifications are required before it is possible to construct
the likelihood function for the observed sanple. Section 3 presents a set of back-
ground conmmrents that relate to how the specifications are to be made.

While the age of a respondent is observed, if the respondent is an ever-
smoker, his accunul ated tobacco-exposure is not observed. In Appendix 1, | pre-
sented the devel opnment of expressions for the theoretical distribution of tobacco-
exposure of ever snokers. To render this Appendi x "sel f-contained", a sunmmary of
the relevant closed form expressions is contained in Section 3. The tobacco-expo-
sure distribution depends on: (1) an individual's snoking behavior (when snoking
was initiated, what was its intensity (packs per day snoked), if and when did a
respondent quit); (2) on paraneters describing the distribution of tobacco-expo-
sure, which require estimation; and (3) on randommess that is internal to the snok-
ing process (depth of inhalation, an individual's inherent reaction to tobacco-
toxin ingestion, variation in toxins per pack by brand, etc.). These tobacco-expo-
sure effects are present in the propensity to die for ever-snmokers. Second-hand
snoke is not considered in this study. The expected |evel of tobacco-exposure is
incorporated into the specification of the expected propensity to die by tinme w
(g[w); the randommess associated with a respondent's snoking history is incorpo-
rated into the random error of the propensity to die for ever-snokers, and conse-
quently, effects the standard error of the propensity to die, ow, of respondants
in ever-snoker groups. The randomerrors in the propensity to die for ever-snokers
i nclude both the random error describing everyone's random chance in life (the ran-
dom error in the never-snokers propensity to die equation) and the random error
describing an individual's random response to snoking. For every snoking history
group, the resulting random error in the propensity to die has a Normal distribu-
tion (Kotz, Balakrishnan, & Johnson, 2000).

The specifications assune that never-snokers form the basis of the description
bet ween age and death for snokers and never-snokers. Based on the general proba-
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bilistic expressions devel oped in Section 2 and the specification of the nodel, the
probability expressions devel oped for never-snokers, current-snokers, and forner-
snokers in Sections 4, 5, and 6. For never-snokers, the expected propensity to die
by tine wis specified in Section 4 as a linear function of age and age-squared as
well as a random variable that increases with tine. The basic randommess in the
propensity to die for never-snokers is the randommess representing the vicissitudes
of life. This randommess is also present in the nornmal random variable of the
propensity to die for respondents who are ever-snokers. For current-snokers, the
expected propensity to die by time wis specified in Section 5 as equal to the
expected propensity to die by tine w for the never-snoker plus a linear function of
the current-snoker's tobacco-exposure. The random variable is equal to the random
vari abl e of the never-snoke, plus the product of the coefficient on the expected
tobacco-toxin and the difference between the actual tobacco toxin level for the

i ndi vidual and the expected value of his tobacco exposure. This difference is a
random vari abl e whose vari ance was derived in Appendix 1. For forner-snokers, the
expected propensity to die by time wis specified in Section 6 as equal to the
expected propensity to die by tine w for the never-snoker, plus the expected propen-
sity to die for current snokers by tine te--the time the individual ended snoking--
pl us the expected value of the propensity to die for former snokers who have bab-
stained from smoking for tine u. The random variable has a conponent from each

t hese expressions.

Section 2: A dynamic Normal survival model.

Let T represent a random vari able denoting the life span of a respondent (tine
to failure) and let F[T<=w] denote the probability that a respondent will die prior
to time w F[T<=w] is the probability distribution of T. Let h[w] + 4] denote
the probability that an individual will die within the interval [w, w + 2). h[ w]
denotes the rate of dying at tine w. In the older literature h[w] is known as the
"force of nortality" (Gonpertz, 1825; Makeham 1860); in later literature h[w is
known as the hazard rate or the failure rate (Kal bfleisch & Prentice, 1980). ( A
represents second order effects. (o is a function of A, it tends to zero faster
than A tends to zero (Chiang, 1980).

The nodern theory of survivor analysis derives from the construction of the
differential equation describing how the distribution of the life span T changes
over time. To the best of nmy know edge, this approach was first offered for the
Poi sson process by Feller (1957). |If an individual dies prior to the time w + A
the probability of this event can be expressed by F[ T<=w+/]. The respondent nust
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either have died prior to w, with probability F[T<=w], or if he lived to tine w,
the event has a probabilty (1 - F[T<=t]), then he nust have di ed between w and w +
A wWith probability (h[w] + d24]). The probabilistic statenent detailing these
possibilities is given by equation [2.1],

[2.1] F[T<=w+a] = F[T<=w] + (1 - F[T<=w])(h[w] + O 2]).

Rearranging terns (moving F[T<=w] to the left side of the equality), dividing
through by A and taking the limt as A goes to zero yields the differential equa-
tion describing the tinme rate of change of the distribution of T. The probability
density function of T (denoted by f[wj) follows fromthese operations and is given
by equation [2.2a], where the distribution function is subject to the initial condi-
tion that it is equal to 0 when the process begins, F[T=0]=0. Equation [2.2.2b]
represents this initial condition,

[2.2a] f[w] =d/dw F[T<=w] = (1 - F[T<=w]) h[w],
subject to
[2.2b] F[ T=0] =0.

The solution to equations [2.2a], subject to [2.2b], defines the survival func-
tion, the probability that time to death exceeds tine w. This probability, denoted
by G T>w] is given by equation [2.3],

w
[2.3] dT>w = (1- F[T<=w]) = Exp[-[ h[d ad.
0

We begin by constructing the propensity of a respondent to be dead at sone tine
w, 0 <w<t. The propensity to be dead at wis denoted death*[w]. Assune that
the propensity to be dead at wis the sum of the expected value of the propensity
evaluated at tinme w, denoted by g[w], and a random error at tine w, denoted by
o{w . \Whether the individual is dead or alive at time w (1 or 0, respectively) is
a measure of the observable event "the observation is dead or alive at time w',
respectively. If the propensity to be dead is greater than zero, an observed
measure will be one, and vise-a-versa. FEquation [2.4a], defines the propensity to
be dead at tinme w Equation [2.4b] defines the relationship between an individu-
al's propensity score and his observabl e nmeasure death[w]; equation [2.4c] defines
the distribution of the randomvariable at time w,
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[2.4a] death*[w] = g[W] + ¢(W;

wher e:

g[w] is the expected value at tine w of the respondent's propensity to have
died by time w

dw] is a randomvariable at tinme w
[2.4b] death*[w] {> < 0, death[w] = {1, 0},
and

[2.4¢c] W ~ Normal [0, o?[w]].

Wth the exception that a Probit nodel expresses equations [2.4a] through
[2.4c] for a fixed interval of tine rather than for a particular time w equations
[2.4a] through [2.4c] describe the Probit nodel, which perhaps suggests the Probit
nane for the survival nodel under devel oprent.

In survival analyses, the hazard rate is defined as the ratio of the rate of
change of the probability of dying to the probability of being alive. Wth this
propensity score, the maxi mum probability of being alive is neasured by the distribu-
tion function evaluated at a propensity to die equal to the value zero. Tine rates
of change in this probability will also occur at this propensity value. The descrip-
tion of the propensity to be dead by tinme winplies that the propensity score has a
normal distribution with a mean g[w] and a variance o?[w]. This distribution
inmplies that equation [2.1] can be stated in Normal distribution terns as equation
[2.9],

[2.5] (1 - a[(death*[w + al-g[w + 2])/dw + 2]) =
(1 - o (death*[w-g[W)/[wW]) +
o (death*[w-g[wW)/dw] (h[w + J4]),

where ¥ ] is the normal distribution function. Replicating the steps that led from
equation [2.1] to equation [2.2] yields an expression for the hazard rate of this
problem that is--rearrange terns, divide by A and take the limt as A goes to
zero--and then (1) evaluate the expressions at death*[w] =0, and (2) solve for the
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hazard rate, h[w. Equation [2.6] describes the hazard rate at tinme w for this
probl em

[2.6] hiwl = ow(a[glW/o[wWi])/(L1-a[glw/o[w])
= {(1dw) dalw/dwi] (owgiw] / owl)} /
(1-a-g[w/o[wW]),

where ¢[] is the nornal probability density function and 8, denotes the partial
derivative with respect to w.

The survival function, T>w], and the probability density function, f[T=w], of
the random life-span variable T are, respectively, the probability that a respon-
dent was alive when the data were collected at tine w, and the probability that a
respondent lived until tine w, and then died at tine w. These are the probabili-
ties of the observed events that are associated with the life and death of the
respondents under anal ysis. Based on the survival function and the hazard rate
(equations [2.3] and [2.2a], above) the probability of survival and the probability
density function expressions are given by equations [2.7a] and [2.7b],

t
[2.7a] G T>t] = (1 - F[T<=t]) = Exp[- [ h[w] aw],
0

and
[2.7b] f[t] = dda F[T<=t] = T>t] h[t].

The likelihood expression for a sanple is the product of the probabilities asso-
ciated with each of the observed events in a sanple. Explicit devel opnent of the
likelihood function for this problem requires further specification, which will
begin to be made in Section 4. Section 3 presents background considerations that
af fect the specification of the nodel.

Section 3: Background considerations about time, tobacco-exposure, and
heterogeneity.

It is useful to begin a discussion of the specific inplenmentation of the nobdel
wi th background consi derations about how time is notated and treated in the nodel.
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The zero point of tinme is taken to be the nean age that American nmale's begin to
snoke, 17 years of age (REF to NMES). Mbreover, tine is neasured in decades. Thus
the age of a 40 year old is neasured with a tine value of 2.3 decades, ((40 -
17)/10).

Prior to age 35 or 40 (depending on the specific disease) epidemologists do
not generally attribute negative effects of snoking behavior on health, especially
its effect on snoking related di seases (Sammet, ?7???). Consistent with this frane-
wor k, paranmeter estimations, both in the nortality nodel under discussion, and in
the snoking rel ated disease nodels (see Appendix 3), are based on respondents who
are at |east 40 years of age (2.3 decades in the age units used in the study's tine
measur e) .

Time has different relevant nmeanings within the different snoking statuses.
The notation to be developed will account for all of these differences. Mor e
specifically, in the specification to be devel oped for never-snokers, tinme repre-
sents age; in the specification to be devel oped for current-snokers, time repre-
sents both age and tinme snoked; and in the specification to be devel oped for forner-
smokers, tinme represents age, the duration of tinme snoked, and the duration of tine
a respondent abstai ned from snoking. As equation [2.4.3] below will show, the
expected value of the propensity to be dead at time w for never-snokers is speci-
fied as a linear function of age and age-squared. For current and forner snokers,
the specification of the propensity to be dead includes these sane never-snoker
terns. Additionally, the specification includes a coefficient weighted expected
| evel of tobacco-exposure, which estinates the effect of snoking history on the
propensity to die. The propensity to be dead al so has a random variable and the
variance of this random variable affects an ever-snoker's probability of dying. 1In
every respondent's propensity to be dead, the random variable includes a term associ -
ated with the random variable in the never-snokers propensity to be dead. This term
represents the general vicissitudes of life. For ever-snokers, additionally, the
error termincludes the product of the coefficient on the tobacco-exposure variable
in the expected propensity to be dead and a random vari able nmeasuring the differ-
ence between a recipient's true tobacco-exposure |level and his expected tobacco-
exposure level, given his snoking history. Thus the variance of the random vari -
able in an ever-snoker's propensity to be dead includes the square of the coeffi-
cient on the tobacco-exposure neasure in the expected value of the ever-snoker's
propensity and the variance of the difference between the true and expected tobacco-
exposure in the body of the ever-snoker

As depicted in equations [2.7a] and [2.7b] above, the notation used in the sur-

lo
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vival function and probability density functions, respectively, describe the
observed events--lived between tine 0 and w (where w represents the final observa-
tion), or died at tine w, (here wrepresents tinme of death, which is after the acqui-
sition of snoking history, but before the final observation about death in 1999.
These probability expressions include exponentials of the integral of the negative
of the hazard function over the relevant tinme period. Based on this data set, the
integration is actually over the age of each respondent from the initial snoking
history acquisition, to either the respondent's age at death, or his age when the
final accumul ation of death data was conpl eted

To represent both age, and duration of snoking (and for a forner-snoker, period
of abstention) in the sane integration over observed tinme, | created a recipient

specific coefficient "o" to represent a transformation of a recipient's decades of
age into his decades of snoking duration. That is, "o" equals the difference
between a respondent's duration of snoking and his age. Consequently, age + «
equal s duration of snoking. For current-snokers, the integration in the surviva
function occurs over the recipient's age (w) to his age at death or age at the tine
of final data collection (w + followup tine). However, the tinme dinensions in a
current-snoker's tobacco-toxin expression are neasuring snoking tine. Thus during
the period under analysis the |evels of tobacco-exposure are being evaluated for
the years the respondent snoked; from(age + ) to (age + followup time + o). Sim-
larly, the tinme dinensions in a fornmer-snoker's tobacco-toxin expression are neasur-
i ng decades of abstention, given decades snoked, and the |evels of tobacco-exposure
are being evaluated between the years the respondent had abstained at his age when
observation started to the years the respondent had abstai ned when observation
ceased. The decades a forner-snoker snoked are denoted by te. The decades he subse-
quently abstained from snoking are denoted by u. The integration for forner-snok-
ers is over an abstention period (respondents are classified as former-snokers on
their base-line interview). Thus the tinme they snoked, te, is a given, and the
duration of abstention from snoking variable, u, expressed in ternms of age as u =
w+ o - te, is integrated over the age of the respondent during his snoking absten-
tion and either his age at tine at death or at final data collection

Wth tenporal notation explained, it is possible to understand equations
[3.1a] and [3.1b], closed form expressions describing the expected |evel and the
variance, respectively, of the |level of tobacco-exposure for a current-snoker at
age w during the observation period in the NAS-NRC data. Equations [3.2a] and
[3.2b] report these same expressions for fornmer-snokers. The derivations of these
expressions were nmade in Appendix 1. Here, these expressions are to be taken as
gi ven.
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[3.1a] toxc[w, o] =

2
Yo +

e (Wro) Va1 ((_1+G(W+or)\wl )

1+ e2 (W+Ot)\/YT) /¥l (pé—vco)J)}+

Etoxc [W+a];

wher e:
[3. 1b] croxe W al~ N[O, [ % ((wea) Sinh[(wea) VA ]Zog)}] =
N[O, C5toxc2[t]]-

[3.2a] tox;[u, te] =
1
251

e (- tew)) Vil (_2e<re+u>ﬂpmasi nh[u~/+1 | +

2

_1+e(te+u)\/y1 Yo +

(_1+62(te+u)\/yT)\/YT(pé_vco)JJ + Erox [U, TE];

wher e:
[ 3. 2b] Etoxf [U, t€]~

N[O, Yil (%te (-2+Cosh[2 (te-u)+/¥1 |+ Cosh[2 (te + u) +/¥1 |)

o2 +U Si nh[u ¥l ]ZonH =

N[O! o_t()sz[u!te]]'

In a Probit nodel with a honbgenous variance, the propensity equation is inplic-
itly "standardi zed". The assuned error termis unit variance is achieved by inplic-
itly dividing the propensity expression by the (unknown) standard error of the ran-
dom error term The inmplicit division renders the coefficients in the expected
val ue "standardi zed" and the nodel with a random error that has a variance equal to
one. In a Probit nbdel with heterogenous variance, inplicitly a sinmlar step is
t aken. The heterogenous variance nmight be specified as the exponential of a
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wei ghted |inear sum of characteristics, say Exp[Zy]. Feasibility of parameter esti-
mation requires that Z not have a colum of one's, which would be nmultiplying an
intercept termin the vector y (Green, 1990). If YO were the coefficient on an

intercept, and if the remaining part of the variance's Zy description were parti -
tioned to separate YO fromthe renmining products of gamma coefficients and their Z
variables, the latter of which will be denoted by Zlyl, then [Zy]= Exp[0]

Exp[ Z1¥l]. The absence of Exp[¥0] is equivalent to having divided the specifica-
tion of the propensity score by the square root of Exp[¥0] (i.e., Exp[y0/2], to
remove Exp[y0] fromthe variance specification.

For the never-snokers in this study, the variance arising from integrating
white noise over tine, for exanple from age 40, neasured as 2.3, to age 46,
measured as 2.9, is o0%,0.6. The never-snoker's death propensity equation is
divided by o, and the variance of the random error in the propensity of a never-
snoker by age w is expressed as the value of his age, w For current and former-
snokers, additionally, the variance includes a term associated with the coefficient
wei ghted variance in the distribution of tobacco-toxins in the body. Thus the coeffi-
cients on the variables in the expected level of the propensity to be dead by age w
are "standardi zed" by the standard deviation in the vicissitudes of life. Addition-
ally, the coefficients indicating the constants in the propensity to be dead for
every snoking status, whose description is yet to be made, are simlarly standard-
i zed.

= Section 4: The probability that a never-smoker lives longer than the final data collection
date, or that he dies between the initial base-line and the final data collection date.

A never-snoker's age (neasured in the units of the problem-decades, with zero equal
to 17 years of age)--is represented by the variable w. | specify the expected val ue
of the propensity to be dead by age w (or what would be age w if the person were

alive) as the sum of the product of a constant, nl, and the individual's age (w), and

the product of a second constant, n2, and the square of the individual's age (wz).
Equation [4.1] presents the relevant equation,

[4.1] death*,[W] =nl w + n2 w2 + cu[W,

where ch[wW ~ N[O, W.



Appendix 2 TRDRPwriteup2.nb | 13

A point to enphasize here, which is true for the specifications of the nodel for
all snoking status groups, is that this is a dynamc nodel. Al of the variables in
the expected value of the propensity to be dead, as well as the variance of the error
in the propensity to be dead are changing continuously as the respondent ages. Wth
respect to the error term c¢o[W, | have assuned that a white noise process underlies
the random error expressed in the propensity to be dead. As commented on in Section
3 above, | have also assunmed that the propensity specification has been standardized
by the size of the standard deviation of the Brownian notion (white-noise) process.
Hence, the eta coefficients are to be understood as standardized. It follows that
the hazard-rate for the never-snoker at age wis given as follow

The hazard-rate for a never-snoker, the ratio of the tinme rate of change in the proba-
bility of dying at age w, divided by the probability of living at age w, is given (in
Mathematica notation) by equation [4.2],

[4. 2]
hn=D[CDF[I\IorrTaIDistribution[0, \/W] (nlw +n2 WZ)]W]/
(1JHﬂMMNDﬁHmemP,VWL(mW+¢vH”

w2 2)?
@*% (nl+2Wn2 wn1+w2nz)

V2w 2+/2 w2

EEREEnEE=)

The survival function for a never - snokes at age "ulag" (which is the upper linmt of
the integration over age), is the probability that the never - snoker wll Ilive
beyond age = ulage, given that he was alive at a base - line age, |lage (lower -
limt of the integration over age). It is equal to the exponential of the integra

of the negative of the hazard - rate over the period of observation, fromllage, the
age of the respondent at base - line, to ulage, the age of the respondent when observa-
tion is complete, which is either (1) when follow - up is conpleted; or (2) age at
death. The Mathematica expression for the survival function is given by equation [4

. 3],

[4 .3]
On =
o (W”“z“fv"z)z (n1+2 wn2  wrlew? nz)
Exp[lntegrate[— - ¥2 Vw V:;?;WZZ , {w, I'l agei n66, ul age}, Assunptions -
e )

{El enent [{I | agei n66, ul age}, Real s] &I | agei n66 < ul age &&I | agei n66 >O}]]
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-1+ Erf[ sfulage (nl+ ulage n2)
V2

11agein66 1+1lagein66 n2
—1+Erf[\/ g (nl+1lag n)]

V2
The hazard-rate eval uated at age of death is given by equation [4.4],

[4. 4]

ht, =h, /. w- ul age

| age rl+ul age? n2 )2
.- (ul ag Zuluageg 2) (771+2 ul age 12 ul age nl +ul age® ’72)

\/2 +/ul age 2+/2 ul age®?

Vi (14} (-1-Erf [uese ety 1))

The probability density function of the random |ife span for a never
snoker is the product of the hazard-rate evaluated at tine of death and
the survival function evaluated to the tine of death, equation [4.5],

[4.5]

fn:htn On

(ul age n1 +ul age? nz)z
@7 2 ul age

ml +2ulagen2 ul age nl +ul age? n2 ]
\/2 +/ulage 2 /2 ul age3/2
[—1+Erf {x/ulage (rj:ulagenZ) ” /
2
\J11agein66 (nl +11agei n66 rn2) ]
V2

|

NG —1+Erf[

2
[1+£ [—1—Erf {ulagenl +ul age nz}
2 A2 +/ul age
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= Section 5: The dynamic Normal survival model for Current-Smokers.

The nonenclature in the distribution of tobacco-exposure, is as follows: The vari-

able wis a nmeasure of a respondent's age (in decades after age 17). The distribu-

tion of tobacco-exposure of current snokers at age w after snmoking is initiated is

Normal . Its expected value and variance are given by equation [5.1], (see Appendix 1
for its derivation):

[5.1]

2
tOXe [W + a] ~ N[(L (e*Ww)WT((-l»fe(Ww)‘/vT) 70+(-1+e2<w+“>‘/YT) AL (p6—vC0)J)J

2yl

¥l

[ (W+a) Si nh[(W+a) V¥l ]20(:2]]

wher e:

wis the age of the respondent;

a is the difference between the tine the respondant initiated snmoking
and his age (neasured in the units of the problem so that w+ o is the dura
tion a respondent snoked;

YO is the trend in the time rate of change of the
purge rate;

¥l is the marginal effect of a unit of tobacco-exposure on the tinme
rate of change of the purge rate;

vc0 is the purge rate when snoking is initiated,

p is the packs of cigarettes snoked per day;

6 is the toxins per pack snoked, and

oc? is the square of the standard deviation of the
Browni an notion process of the random variable in the specification of the
time rate of change of the purge-rate. This Brownian notion process has been
"standardi zed" by the standard deviation of the Brownian notion process of
describing the vicitudes of life, which is the dynanmi c process |eading to the
propensity to die by tine w for a never-snoker, and applies to all respon
dents.

Equation [5.2.a] is the expression for the expected val ue of toxc[w+ o],

[ 5. 2a]

2
toXc [W+ a] = [ (e-(wwz)‘/‘rT ((_l+e(w+a)‘/7T) ¥0 + (_1+e2(W+a)‘/7rT) —\/71 (pé—vCO)))]

2yl
e (-wee) VoL ((—1+e<""“">m)2¥0 + (—1+e2 (W) \/"T) \/yT (pé—vCO))

2yl
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and equation [5.2.b] is the expression for the tinme rate of change of the expected
val ue of toxc[w+ al,

[5. 2b]

toxc " [W+ a] =D[toXc[W+ a], W]

1

T
2yl 2yl

e(—wfoz)\/er (Ze(ww)\/vrT (71+e(W+O!)\/YT) YO /¥l +2 2 (W+a)\/7TY1 (pé—vCO))

2
e<*W*a>W((-1+e<W+a>WT) y0+(—1+e2(w*a)m>x/7(1 (pé—ch)]

Equation [5.2.c] is the expression for the standard deviation of the error termin
the latent index of death, denoted otox.[w+ o],

[ 5. 2c]

otoxc[W+ a] = Sqrt[w + 132 [ .
Y.

(W+a) Sinh[(w+a) Ayl ]2002]]

2

(W+a) n320c?Si nh[(w+oc) \/yT}
vl

W +

and equation [5.2.d] is the expression for the time rate of change in the standard
deviation of latent index of death, denoted otox;[w+ o],

[5.2d]

otoXc " [W+ a] = D[otoXc[W+ a], W]

1e -2 2 (wea n3zoc2(:osh[<W+a) Jyl }
¥1
2
2 2 Q;
Sinh| (wea) 1 |+ TS nhgiwa) [ ] /
(W+a) 132 oc? Si nh[(w+a) N r
2| W+

¥1
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Equation [5.2.e] is the expression for the tinme rate of change in the probability of
dyi ng,

[ 5. 2€]

D[CDF[NormalDistribution[0, otoxc[wW+ a]], (nlw + n2 w? + n3 toXc[W+ al) ], w]

1

o

e
Wil +W2 12 +

2yl

(w+ar) 132 oc? Si nh[(ww) vVl }2 ]
¥l

—~ (Wryl + W2 +

1 @<—W—a)V7{TU3 ((—1+<e(w+o‘)m)2y0 n

(—1 + @2 (wra) WT) vyl (p 6 - vCO)))

1
Vvl

Si nh[(W+ o) Vyl ] +
n32 oc? Sj nh[(W+oc) Vvl ]2 /

y1

1+ 2 (W+a) 3% oc? Cosh| (w+a) V¥l |
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(2\/? (W+ il (W+ o) n32 oc?
Y

2 3/2
Sinh| (w+a) Vil | ) ] ;

nl +2wn2 - 1 e (W) Vol n3

231
((—1+(€<W+O{>\/YT)2)/O N (_1+(e2 (W+a)\/yT)

vyl (pé&-w0) 211 ce<‘W‘O‘>\/YTr73
Y

e e Al RV

+

\/(W+ il (W+a) n3%oc?Si nh[(W+ a) Vvl ]2>>
v

Equation [5.3] is the expression for the hazard rate for current snokers. In the
operation to follow, the conmponent expressions, equations 5.2a-e, developed directly
above, as well as the estimated parameters for never-snokers, are substituted into

the hazard rate expression,

[5. 3]
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hc = D[CDF[Nor mal Di stribution[0, otoxc[w+ a]], (mlw +n2 W + ndtoxc[w+ al)], w]/
(1 - COF[Nor mal Di stribution[0, otoxc[w+ all, (nlw + n2 W + n3toxc[w+ al)]) /.

1
{t OXc [W+ a] » —— (e‘(‘”“") Val
2yl

2
((—l+e(""*"‘)\/“T) ¥0 + (—1+e2 (W*"‘)\/“‘T) vyl (pé—vCO))), toxe' [W+ al] -»
1

24¥l
(e—<w+a)«/yT (2e(w+a>«/xT (_1+e(W+a)‘/7T) ¥0 VAL +2 e ) Vol o (pé_vco)))’

1

2
(e‘(w+“)m((—l+e(w+“)m) 70+(—1+e2(""”")\/“T)'\/7T(p6—VCO)))+2 n
Y-

(W+a) n3%2 oc? Sinh[ (w+a) V¥l |
¥l

2
)

ot OX¢c [W+ a] » | W+

2 (Ww+a) n32 oc? Cosh[(wwz) Vyl ] Si nh[(w+a) Vyl ] B2 oc2Si nh[(W+a) V¥l ]2
+
vyl ¥l } /

(W+a) 132 oc? Si nh[(w+a) V¥l ]2
24 W+

¥l

+

ot oX ' [W+ a] »

{61, nl »-1.5681, n2 - 0.2205}
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eY|-|]|-1.5681" w+0.2205 W +
2yl

2
e(‘w‘“)“j"TnS ((—1+e(w+“)VYT) ¥0 + (—1 + @2 (W”‘)“/"T) ¥l (p—ch)])

2 (W+a) r]SZOCZCOSh[(W+a) \/7T] Si nh[(w+a) \/7T]
+ +
T
243/2

2
732 oc? Sinh [ (w+ a) \/YT] W+ o) 732 0c? Sinh [ (w+ a) \/YT]
") ]/ 2'\/?[W+ ) +

e Vil 3 ((_1+e(w+a) B~ )270 . (_1+e2 (wra) Vvl ) ¥1 (p—ch))
-1.5681" +0.441 w- +

2+[v1

1

2116(-W-Q)V71 773 (Ze(w+a)\/11 (_l+e(w+a)v~,{l ) YO Yl +2€2 (Wra) Vvl ),1 (p —VCO)) /
Y-
2
(W+a) 132 cc? Si nh[(W+ a) 4/ ¥l ]
V2 W+ /
¥l

e (-W-a) Vil n3

1
Vrx |1+ 2 |-1-FErf [(—1.5681‘ w+0.2205" WP +
2 2yl

[(—1+e(w+“)v’T)270+(—1+e2(w+“)v’T) ¥l (p—vCO))]/

(W+a) n32 oc? Si nh[(w+a) \/yT]z
.

¥yl

V2 4| w
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where: Y =
2
(_1. 5681° w+ 0.2205" WA + ™ e (W) Vil 3 ((_1+e<w+a>WT 40 +
Y
2
(—1+<e2<""*a)\/7fT)\/yT(p—vCO)))/

(W+awﬁ2m29nhhw+a)vﬂ.f

vl

2 |W+

The survival function for a current-snoke at age "ulage" (which is the upper linmt of

the integration over age), is the probability that the current-smoker will Ilive
beyond ul age (upper-linmt of the integration over age), given that the respondent was
alive at the base-line--his age in 1966, |lagein66 (lower - limt of the integration

over age--the respondent's age in 1966). The survival function is equal to the expo-
nential of the integral of the negative of the hazard - rate over the period of obser-
vation, fromllage to the age of the respondent when observation is conplete, which

is either: (1) the respondent's age when followup is conpleted (his age in 1999); or
(2) his age at death. The Mathenatica expression for the survival function is given
by equation [5.4]. The Hold[] function tells Mathematica not to evaluate the expres-
sion. It will be evaluated when the individuals age, w, and his adjustnent for when
he started snoking, o are substituted in.

[5. 4]

gC=Exp[Hold-Nlntegrate[

1 2
-le" |- [—1.5681‘w+0.2205‘ w? + > eV 3 ((-1+e<w+a>\/ﬂ)
R 1

¥O0 + —l+e2(W+°‘)\/”_l) Vyl (p—VCO)JJ
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1+

2 (W+ a) n3% oCZCOSh[(W+a) V¥l ]
¥yl

Sinh[(W+a) “/Y_l] * n32 OCZSinh[(W+a) \/7_1]2 /

vyl
24 3/2
(W + a) n32 oCZSinh[(W+a) vyl ]
2 VZ W + +
¥yl
[—1-5681‘ +0.441" w - e(W-0 V¥l 3
2Vyl

((—1+e(w+°‘) vl )Zw + (—l+e2 (w+a) \/YT) V¥l (p—vCO)) +

1 e(—W—ot) \/71 n3 (2 e(W+a) ¥l (_1 + e(W+o¢) ¥l )
2yl
YO VAT #2670 Vi g (p—ch))]/
2
(W + a) n32 oCZSinh[(W+a) Vyl ]
V2 W+ /
¥l

1
2yl

1
Vo |1+ 5 “1- Erf[(—1-5681‘ W+ 0.2205" w? +



Appendix 2 TRDRPwriteup2.nb | 23

2
e(—W—a) '\hrl 773 ((_1 + e(W+o¢) '\[71 ) TO +

(—1+e2(w+"‘)‘/7_1) N (p—vCO)JJ/

(W + a) n32 cCZSinh[(W+a) Vyl ]2

V2 q|w+ ]

¥l

{w, Ilagein66, ulage}]”

—  ({ —2 —\ — \
e(Wa g || g (W) 331 ] w+‘71+ez (Wea) [ ¥1 J v p-veo) ‘
{ \ )

-1. 5681 w+0. 2205 W2 + 1+

2y

(w+a) 132 oc2 Sinh| (w+a)
22 W
%

Hol d | NI nt egrate{—

€

c =

Exp[Hold [NIntegrate [- (Exp[-Y] ((-AB) /C+ (D/E))) /F, {w, Ilagein66 , ulage}]]

A=[-1.5681"w+0.2205" w2 +
2yl

2
e(-w-a) Vil 3 ((-1+e<w+a>vaT) 0 + -1+ e? (e V1) \/wT(p—vCO))]

2 (w+a) oc?Cosh[ (w+a) V¥l | Sinh[(Ww+a) 4/¥1 ] oc?Sinh[(w+a) /¥1 ]2
B= 1+ +
New 7

3/2

|

2

(W+a) oc?Sinh[ (W+a) V1 ]
vyl

C= 2'\/7[W+

D=-1.5681"+0.441" w+

1 2 1
3 [-—e<-W-a>W—1((-1+e<W+a>‘/*T) 70+(-1+e2<w+a>W_1)«/xT(p-vc0))+
W 241

e(—W—a)‘/r_l (ze(W+a)“/Y_1 (_1+e(W+a)‘/v_l) 0 '\/7{_1+2@2 (W+a)’\/1_171 (p—vCO))




24 | Appendix 2 TRDRPwriteup2.nb

(W+a) oc? Sinh[ (w+a) V1 ]2

vyl

E='\/? W+

1
F=vn |1+ — -1—Erf[ -1.5681" w+0.2205" w? +
2 2yl

2
eHm@V7rn3((-1+eWm>Vﬁ) ,O+(-1+e2Wm>VH)-J?F(p-»coﬂ]//

V7 lws (W+a) oc? Sinh[ (W +a) \/71]2 ]

vyl

To construct the probability density function of the |ife-span, the proba-
bility of living until tine ulage and then dying at tine ulage, we need
the hazard-rate evaluated at tinme of death. This value is given by equa-
tion [5.5],

[5.5]

ht. =hc /. w- ul age
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e [- [ -1.5681" ul age +0.2205" ul age? +

1 e(-ulage-a) vyl 3 ((_1+e(ulage+a)\/,1 )2)0 . (_1+ez (ul age+a) V¥l ) ¥1 (p-vCO))
2yl
1
1+ 2 (ul age + a) r]32002008h[(u|age+a) \/ ¥l ] Si nh[(ulage+a) 4/ ¥l ] +
¥l

32 oc? Si nh[(ul age + a) \/XT]Z

; 1

243/2
(ul age +a) 32 ac? Si nh[(ul age +a) A/ ¥1 ]
22 |ul age + +
vl
1 i
-1.5681" +0.441" ul age - ———e(-V1age-a) Vil 3

2+[v1

((_1+e(ulage+a)\lyl )Zw + (—l +e2 (ul age+a) Vyl ) 71 (p—ch)) + 1 e(-ulage-a)\/yl
2yl

T]3 (2 e(U| age+a) Vyl (_1 +e(u| age+a) Vyl ) Y0 ¥l +2 e2 (ul age+a) V¥l ¥l (p —VCO))]/

2
(ul age + a) n32 oc? Si nh[(ul age +a) \/ ¥l ]
V2 4|ul age + /

¥l

1
Vr [1+ = |-1-FErf [[-1.5681‘ ul age + 0. 2205" ul age? +
2

%e(-ulage-a)mrﬁ ((_l_'_e(ulagewz)\/yT)sz . (—l+e2 (uIage+a)\/yT) ol (p—ch)]]/
Y-
V2 ul age +

¥l

(ul age + a) 32 oc 2 Si nh[(ul age + a) \/7T]2 J]J
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The probability density function of the random life span for a current
snmoker is the product of the hazard-rate evaluated at tine of death and
the survival function evaluated to the tine of death, equation [5.6],

[5.6]
fc = htc Oc

f. can be obtained by substitution

m Section 6: The dynamic Normal survival model for Former-Smokers.

In the analysis of the survival of former snmokers, as with the other snok-
ing statuses all time is nmeasured in decades. te is the tine the individ-
ual snoked, u is the time he abstained from snoking. wis his age, past
17 and « is the tinme adjustnment to convert age into time snoked. More-
over, te + u = w + «. The distribution of tobacco-exposure of forner-
snokers at age w, (u + te - «) in decades beyound age 17, is Normal. Its
expected val ue and variance are given by equation [6.1], (see Appendix 1
for derivation). Note that both the expected val ue and the variance are conposed
of two terns. The first term (in both) is the expected tobacco-exposure and variance
that occured while the former-snoker was a current snoker. The second termis the

"contribution" of the former-snoker's abstention to his tobacco exposure and its vari-
ance,

[6. 1]
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tox; [u|te]~

ete Vil ((—1+e‘e ﬂ)Zxo+(—1+e2teWT)«/xT(pé-vm)
N[ 2yl !

_{_e-amuywz‘(_1+euv;r)((_1+eatem>v;r)

2yl

Yo +

\/7{T((—1+etem) (_1+e(te+u)V7T) p6—(1+e(2te+”)\/VT) vco))] ,

1 1
[ — (Zte (-2+Cosh[2 (te -u) 4/¥1 | +Cosh[2 (te + u) /¥ ])o§)+
Y-

usi nh[u«/xT]zalel ]

In addition to the age and snoking related ternms discussed inmrediately
above,
YO is the trend in the tine rate of change of the
purge rate;
¥l is the marginal effect of a unit of tobacco-toxin
on the tinme rate of change of the purge rate
vc0 is the purge rate when snoking is first initiated
p is the packs of cigarettes snoked per day;
5 is the toxins per pack snoked, and
oc? & o2 are, respectively, the square of the
standard devi ati on of the Browni an notion process of the random
variable in the specification of the tine rate of change of the
purge-rate for current and former snokers. This Brownian
not i on process has been "standardi zed" by the standard deviation
of the Br owni an noti on process of describing the vicitudes of life,
which is the dynam c process leading to the propensity to die
by time wfor a never-snoker, and applies to all respondents.
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The propensity for a fornmer-snoker to be dead by age w (in decades),
gi ven he snoked for te decades is specified by equation [6.2],

[6.2] death*[u|te,a] = nl (u+te-a) + n2 (u+te-a)2 + n3 E[toxc[te]]

+ 4 E[tox;[u|te]] + Julate],

wher e:
E[] is the expectati on operator;

c[ule,te] is a random variable with a Normal distribution whose
expected val ue equals zero; and whose variance at age w, for a

f ormer - snoker who snoked a duration te decades equals the quan-
tity ( See Appendix 1),

Vic[u|a te]] = (U+te-a) + 132 (Yil (zte (-2+Cosh[2 (te-u) ¥l |+
Cosh[2 (te + u) Vvl ]))) 0 + 42 (u'sinh[u~/+1 }20?)
As in Section 5 above, we now detail expressions for

rate. From equation [6.1] the expected val ue of
is given by equation [6.3],

t he components of the hazard
the former-snokers tobacco exposure

[ 6. 33a]

1
oxs = (m

VT (-4 V) s (<142 V) VAT (po-veo) || +

(%e-(tem)«/y_l(_l_'_eu 71) ((_1+e(2te+U)Vr_1) ¥o + Vyl
R f

((_1+etem) (_1+e(te+u)\/yT) 06- (1+e(2te+u) «/YT) Vco))]

+ ! (e(*te*w\/)’T (—1+<EU\/YT)

2¥1 2yl
((_1+e<2te+u)%{T) Yo+\/YT ((_1+eteM) (_1+e<te+u)%fT) p&- (1+(e(2te+u)\/7{T) Vco))

2
e’tem((—l+e‘em) y0+(—l+<e2te\/YT)\/yT(p6—vco)]




Appendix 2 TRDRPwriteup2.nb | 29

Equation [6.3b] is the expression for the tinme rate of change of the expected val ue
of toxg [u]te],
[6.3b]

tox¢" =D[tOoX ¢, U]

wlYT elteu I (L1 e@tew V| g

([T [t o fp et )
NlYTe(teume (14 ) [[c1se@tem VT ) o

Y [[FLe e (C1eeten T ) po (1h e VT | g | 4
the(teu)m (14T (el2ten T [ v

\/YT(e<te+u>W(_1+e‘eWT)p vl 5—e<2‘9*”>mﬁvco))

From the remarks for equation [6.2], equation [6.3c] is the expression for the stan-
dard deviation of the error termin the latent index of death, ¢w o | te],denoted
ot oxs [W+ o],

[ 6. 3c]

1 /1
ctoxf=Sqrt[ (u+te-a) + n3? (—1 (Z te (—2+Cosh[2 (te - u) Vyl ] +
Y

Cosh[2 (te + w) VAT |) o2) ) +me* (usinn[u V3T ]" oF) |

te+u-a+

!

ten32 (-2+Cosh|[2 (te-u) /1 Cosh|2 (te+u) /¥l 2 2
n ( + [ 4)/1}‘*' [ + - ]>Gc+ur7428i nh[u (—Yl} sz
Y

Equation [6.3d] is the expression for the tine rate of change in the standard devia-
tion of the error termin the |latent index of death, denoted otox;',

[ 6.3d]
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ten32 (-2+Cosh[2 (te-u) v/¥1 | +Cosh[2 (te+u) v/¥1 |) o2
UtOXf.=D[\/ (te+u-a) + 71 +
Y-

und?Sinh[u «/7_1]201%], u]

e e (2 [z o) | 2 sonfz eew) i ] -
Y-

2u [ 2 cosh[u it | sinh[u [ | a2 sinn[ufa | o] /

tend2 (-2+Cosh[2 (te-u) /¥l | +Cosh[2 (te+u) /¥l |) o2
2\/ te+u-oa+ - +
-

und? s nh[u\/yilrafz

Equation [6.3e] is the expression for the tinme rate of change in the proba-
bility of dying,

[ 6. 3e] oPr[death)/ou =

D[(I)F[Nor mal Di stribution [O,

1 (1
Ssart [(u + te - a) + 732 (x_l (Zte (-2+Cosh[2 (te-u) Vol | +

Cosh[z (te + u) «/YT]))) o2 + 42 (u Si nh[u«/yT]zofz)]],

nl (te+u-a) + 2 (te + u-a)?+

2
e-teVal ((—l+ete“/"T) Yo + (—1+e2te“/7T) Ayl (pé—vco))

n3 +
2yl

Yo +

- %e-(te»fu)w/yT (_l+eu«/~,«T) ((_l+e(2te+u)\/7T)
Y

VA ([-1ee ) (c1ueten V) poo (1aetew VL) vco))] ], u]
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1
! e-(A/B)

Vo

Lcx-:'te\/7’Tr]3 ((—1+etev’T)270 + (—l +e2tev’T) —\/7T

[—[[(te+u-a) M+ (te+u-a)n2+
2yl

1 e(_te_u)w/yT(_1+euw/yT)n4((_l+e(2te+u)\/yT)

(p5-Vco)] +
2yl

Yo +

Vot ((~1ee® V) (1a et VAT ) p o (14 e@ten VAT ) vco))]
[1+411ten32 (-2 vl Sinh[2 (te-u) \/yT]+2\/7TSinh[2 (te+u) \/YT])agaf

Y-

2uq/yl r;4200$h[u\/7_1] Si nh[u\/)«T] o? +n4? Si nh[u\/)«_l]zofz)]/
411ter;32 (-2+Oosh[2 (te -u) \/7_1]+Oosh[2 (te +u) \/7T])o§+
Y-
2 1372

Un428inh[U'\/7T] ofz] ]+

[ZVZ_(te+u-a+

-1+e!

e(-te-u) w/yT+u«/1Tn4 (( 218+u)\/1T)

[n1+2(te+u—a)r]2+ Yo +

2+[v1

\/YT ((—1 +e‘e‘/“T) (—1+e(te+“)V’T) pé- (1+e(2te+“)v’T) Vco)) -

1

2+[v1
—\/7T ((—l +e‘e\/"T) (—1+e(te*“)V7T) ps- (l+e(21e+”)\/YT) Vco)) +

e(-te-u) Vil (_1+euv~;1 ) n4 (e(Zte+u)\/yl ¥l

e(—te—u)ﬂ/yT (_1+eu1/7T) n4 ((_1 +e(2te+u)V7T) ¥o +

1

Yo +
2yl

'\/71 (e(te"”) Vb (-1+<1=.te 1 ) pA/yl 6-e@ter) Vvl ’\/Yl Vco)) /

[VZ_\/[te+u—a+ ! ten3? (—2+Cosh[2 (te -u) \/yT]+Cosh[2 (te+u)\/7T])a§+
4¥1
una?si nh[uxle]chz]]]

where (A / B) is defined as follows :
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2
[(te+u-a) r]l+('[e+u-c:¢)2772+;«.{e'te“‘l n3 ((—1+e[e‘7l) 70+(-1+e2[e‘71) ¥yl (p6—vco)]+
Y-

Le(—te—u)w/xT (_1+eu‘/1T) nd ((_1+e(2te+u>«/yT)

2yl

Yo +

,\/TT((_1+ete\/yT) (_1+e(te+u)\/yT) ps&- (l+e(2te+u)\/yT) vco)) 2/
tem¥(-2+thP(te-u)J;f]+03hp(te+u)v;f])ﬁ+
4yl
un423inh[U\/7T]zaf2]] /.
{6-1, nl > -1.5681, n2 » 0.2205, n3 » 0.1107, yo -~ O,

¥l » Exp[-21.5052],
veo » -1.7248, 0. » Exp[-27.16081}

1

[2 [te+u—a+

(A/B) =
(2587. 691333548374\ e-OA 000021389722677666222" te (_ 1+ eOA 000042779445355332445" te) (1- 7248‘ + p) - 1. 5681‘
(te+u-a) +0.2205" (te+u-a)?+23375.71213684168" 0 000021389722677666222" (-te-u)

(_1 + eO. 000021389722677666222" u) (1 7248 (1 + e0. 000021389722677666222" (2te+u)) +

(_1 + eOA 000021389722677666222 te) (_ 1+e

0. 000021389722677666222" (te+u)) p) T)4)2/

(2 (t e+U-a+1. 714959287456654" *"-17 te (-2 + Cosh[0. 000042779445355332445" (te -u)] + Cosh[
0.000042779445355332445" (te+u)]) +u r742 Si nh[0.000021389722677666222" u] 2 ofz))
(<<l>>)2

Set::write: Tag Times in ——— is Protected. >
B

The hazard rate for former snokers, hg, is the ratio of the tine rate of change in the
probability of dying, divided by the probability of living, equation [6.4],

[ 6. 4]
hf = LG—A/B
Vo
2
[—[((te+u—a) nl + (te+u—a)2n2+ﬂe"emn3 ((—1+etem) Yo + (—1+e2tev*T)
Y-

VAL (P 8- veo) +$e<-re-u>ﬁ(_1+euﬁ)m ((r1+e@tem )
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1
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241
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211 e(_te_u)\/)«T (_1+eu ¥l ) 174 (e(2t8+u)‘\/7T,\/),TYO+
Y
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1
[ﬁ\/((u +te - a)+ ten3? (-2+Cosh[2 (te-u) +/¥1 ] +Cosh|

4 ¥1

2 (te+u) Vvl ]) oZ+um?si nh[ux/xl ]chz)]

(1-CDF[I\lorrraIDistribution[0, Sqrt [(u+te—a) + n3°

(i (ite (-2+Oosh[2 (te-u) «/XT] +

¥yl \4
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[nl (te +u -a)+n2 (te + U -a)? +

1 2
n3 (2 le‘teVYT ((—l+etem) Xo+(-l+e2tem)V71 (p5-Vc0))]+
Y-

%e-(tem)m (_1+eu ¥l ) ((_1+e(2te+u)\/yT) Yo +
Y.

VAT ([-1+e V) (~14 oo V) oo (1se@tem VAT ) VCO))]]]) /.

{6-1 nl -»-1.5681, n2 -0.2205, n3 »0.1107, yg~» O,
¥l -» Exp[-21.50524], v,o-» -1.7248, o -» Exp[-27.1608]}
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he = (e—(A/B)
(_ ((2587 7430878925893" e—O. 00002138929488749056" te (_1 + eO. 00004277858977498112" te) (1 7248 + p) _
1.5681° (te+u-a) +0.2205 (te+u-a)?+
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0. 00002138929488749056" u)
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The survival function for a former-snoker, the exponential of the inte-
gral of the negative of the hazard-rate over the period of observation,
is given by equation [6.5]]. Note that this equation requires nunerical

net hods to carry out.

[6. 5]

gf = Exp[Hold[NIntegrate[-h¢, {u, O, ulage}]]]
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The hazard-rate for former-snokers evaluated at tine of death is given by
equation [6. 6],

[6.6]

ht; = hs /. u->ul age
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The probability density function of the random variable "life span" for
former-snokers is the product of the hazard-rate evaluated at tine of

death and the survival function evaluated at tinme of death, equation

[6.7],

[6.7]
ftf = htf [oF;

whi ch can be obtained by substitution.
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Evluation of the Economic Impact of California's Tobacco Control Program: A Dynamic Model
Approach--Appendix 3 : Parameter Estimates for the Mortality, Morbidity, Health Status and
Expenditure Models.

Leonard S.Miller

m Section 1: The Mortality Model.

See Appendix 2 for the specification of the nortality nodel and for the nethod used
to estimate the parameters of the nodel.The order of estimation of the no9rtality
nmodel’ s paraneters is as follows : the never snoker paraneters are estimated first;
then, the current snoker’ s paraneters are estimated, given the never snoker’ s parane-
ter estimates; finally, the single fornmer snoker paraneter, the standard devi ation of
the forner snoker’ s variance is estinmated, given the never snoker’ s and the current

snoker’ s paraneters.Table 1 presents the full information (for never snokers) and
limted information (for current and forner snokers) maxi num |ikelihood estinates of
the paraneter estimates for the nortality nodel.Figure 1 illustrates the survival
nmodel , given its estinmates.Figure 1 depicts the probability of survival for men wth
six different smoking histories : (1, tan) a current - snoker 2 packs per day; (2,
lime) a current - snmoker 1 pack per day; (3, blue) a forner - snoker, 20 years, 1

pack per day; (4, green) a current - snoker, 1/2 pack per day; (5, purple) a former -
smoker, 10 years, 1 pack per day; and (6, red) a never - snoker.One of the products
of the nortality nodel is the estimation of the paraneters of the tobacco - exposure
index which is used to represent the snoking history of individuals.Figure 2 illus-
trates the nmodel’ s tobacco - exposure index for current and former snokers with
habits of % and 2 packs a day. Expected index neasures summarize an individual’ s snok-
ing history in the norbidity, health status, and cost nodels to foll ow

Tabl el. Paranet er Estimates for Mortal ity Model

Par anet er Esti mat e St dev t —-val ue Source
Never - Snokers nl 1.5681 . 0787 19.917 a.
n2 0. 2205 .0114 19. 275
Current - Snmokers n3 0. 1107 0.0111 9.951 bh.
vl = Exp[AL] Bl - 21.5052 0.113 -190.2

Veo ~1.7248 0.183 - 9.405
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oc = EXp[R2] 32 -27.1608 0.182 -149.3
For mer - Snokers n4 0. 0394 0. 00796 4.950 c.
of = EXp[B3] B3 -9.891 10989.8 -0.0009

a.= mathematica files//Twi nsnev3.nb ;
b.= mathematica files//Tw nscur61. nb
c.= mathematica files//Tw nsfor31. nb

m Figurel: Probability of Survival, Given Age and Smoking History

{Decades of age>17--Males 2.3 to 7. decades}
——l |

4 5 6 7

Probability of Survival for Males vs_Decades after age 17
( Sour ce=Twi nsf or 31. nb)

The order of the survival curves Figure 1 from bottomto top, evaluated at age 77 (6
decades), is as follows :

or ange = current - snoker 2 packs per day

linme = current - snoker 1 pack per day

teal blue = former - snoker, 30 years, 1 pack per day
green = current - snoker, 1/2 pack per day

light blue = former - snoker, 30 years, 1 pack per day
dark blue = forner - snoker, 20 years, 1 pack per day
purpl e = former - snoker, 10 years, 1 pack per day

red = never - snpoker
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Figure 2: Tobacco-Exposure, Current and Former smoker s (20 years), ¥2and 2 packs/day

2.5}
2l
1.5
, e
e ————
—o-5t

Tobacco Exposure Index for Males

The order is Figure 2,

Eval uated at age 77 (6 decades),
purpl e = former -
dark bl ue = former -
i ght blue = former -
green = current -
lime = current -
or ange = current -

m Section 2. Models of the Probability of
Diseases.

Section 2 presents paranmeter est

status (within a year) for

caused di seases into groups based on their

| abeled LC5 has a relative odds
being currently treated for
- snoker
two. Table 2 lists the ICD -

frombottomto top,

an LCF disease is ten tinmes the relative odds for
being treated. The group | abeled CHD5 has a relative odds
9 codes for the two groups.

vs.Decades of age after age 17
is as follows :
frombottomto top :

snoker, 10 years, 1 pack per day
snoker, 20 years, 1 pack per day
snoker, 30 years, 1 pack per day

snoker, 1/2 pack per day

snoker 1 pack per day

snoker 2 packs per day

being Currently Treated for Two Classes of Smoking Caused

imates in the nodels to predict current treatnent

snoki ng caused diseases. W have separated the snoking

conparable relative odds ratios. The group
ratio of around ten—the relative odds of a snoker
a never
rati o of around
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m Table2: Smoking Caused Diseaseswith their ICD - 9 designations.

Disease Group Disease Name and ICD - 9
CodeClass 1 : LC5 Il ung cancer (162), Ilaryngeal cancer (161),
chronic obstructive pul nonary disease (491 - 2, 496)

Class 2 : CHD5 at heroscl erosi s/aortic aneurysm (440 - 441, 444),
bl adder cancer (188), cerebrovascul ar di sease(430 - 438),
wi th sequel ae : henipl egi a and heni paresis (342),
coronary heart disease (410 - 414, 427 - 428),
wi th sequel ae : cardi omyopat hy and congestive heart
failure (425), esophageal cancer (150), ki dney
cancer (189), oral cancer (140 - 141, 143 - 149),
other arterial disease, buerger’ s disease (443.1),
peri pheral vascul ar di sease (443.9),
pancreatic cancer (157), and stomach cancer (151)

The probability of being currently treated in any year for each class is specified by
the respective equati ons,

ProbLC5 = CDF[ Normal Di stribution[0O, (Exp[¢l curr + 2 form) 1/2], (B0 + 3L Age + 33
toxc + p4 toxff + p5 toxfu)]

ProbCHD5 = CDF[ Nornmal Di stribution[0O, (Exp[¢l curr + ¢2 fornl) 1/2], (R0 + Bl Age + R
Age2 + B3 toxc + p4 toxff + 35 toxfu)]

where CDF is the normal distribution function

curr is 1 if a current snoker, O otherw se;

formis 1 if a former smoker, 0 otherw se

age is neasured as decades after age 17

toxc is the expected toxin exposure index |evel of the

current snoker;

toxff is the expected toxin exposure index |evel of the

former snoker at the tine he stopped snoking; and

toxfu is the expected toxin exposure index |evel of the

former snmoker in decades after quitting. Table 3 presents paranmeter estimates for the
LC5 nmodel and Table 4 presents paraneter estinmates for the CHD5 nodel
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m Table3: Parameter Estimatesfor the Current Annual Treatment of L C5 Diseases (Source 7192001c55.nb)

Vari abl e Par anet er Esti mate St andard Error t - value
Current snoker
in var ol - 0.214 0.184 - 1.163

For mer snoker

in var w2 - 0.034 0. 208 - 0.164
Const ant 30 - 3.349 0.272 - 12.314
Age in
decades >17 51 0. 200 0. 0489 4,091
t oxc 33 0. 0637 0. 00905 7.040
t oxff B4 0. 0839 0. 0345 2.435
t oxfu 35 - 0.00978 0. 0360 - 0.273

(Source 719200l c55. nb)

m Figure3: Theprobability of annual current treatment (that is, being treated within a year) for L C5, given age and smoking
behavior. (Sour ce:/M ale Diseases/|c5gr aphsfinal 55.nb)

{Prob of LC5--Male }

0.175

0.125 f

0.075

0.05 F

0.025
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m Bottomto top (evaluated at 6 decades after age 17):
never - snoker, (red)
forner-snoker, 10 yr, 1 pk/day (purple)
former-snoker, 20 yr, 1 pk/day (dark bl ue)
former-snoker, 30 yr, 1 pk/day (light blue)
current-snoker, 1/2 pk day (green)
current-snoker, 1 pk/day (line)
current-snmoker, 2 pks/day (tan)

= Tabled: Parameter Estimatesfor the Current Annual Treatment of CHD5 Diseases

Vari abl e Par anet er Esti mat e St andard Error t - value
Current snoker
in var ol - .128 0. 165 - 0.781

For mer snoker

in var 2 - . 113 0.184 - 0.618
Const ant 30 - 3.925 0. 417 - 9.409
Age in
decades >17 51 0. 805 0.172 4. 669
Age- squar ed 32 -0. 0544 0.0177
t oxc 33 0. 022 0. 00725 7.0402
t oxf f Je%! 0. 0315 0. 0208 2.435
toxfu 35 -0. 0034 0. 0215 - 0.273

(Source : 8252004 chd54.nb)



m Figure4: The probability of annual treatment for CHDS5, given age and smoking behavior

0.3

0.25 [

0.05 |

{Prob ot CHD5--Male }

Bottomtotop (eval uat ed at 7 decades of snoki ng history) :

3

4 5

never -snoker (red)
former -snoker, 10yr, 1pk /day (purple)
former -snoker, 20yr, 1pk /day (blue)

former - snoker,
current -snoker,
current -snoker,
current -snoker,

30yr, 1pk/day (light blue)
1/ 2pack /day, (green)
1 pack / day, (linme)
2 packs / day, (tan)

Appendix 3.nb | 7
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m Section 3: Models of Self-Reported Poor Health Status

Sel f - Reported poor-health status is nodel ed as an ordered probability nodel.

Health* = (B30 + g1 age + B3 toxc + 34 toxff + 35 toxfu) + ¢
where ¢ ~ NO, Exp (¢l curr + ¢2 form]

where Health* is the latent index of poor health status and (in the discussion
bel ow) Health*” is the expected value of the latent index of poor health status;

The paraneters ul and (2 (in Table 4) are boundary val ues of the |atent index of self-
reported poor-health status between good and fair and between fair and poor health
status, respectively;

The probability of excellent, good, fair, and poor health are given by:
CDF[ - Heal t h**],

CDF[ 11- Heal t h*”~] - CDF[ - Heal t h**],

CDF[ 1i2- Heal t h*~] - CDF[ p1- Heal t h**],

and 1- CDF[(2-Health*"], respectively.

m Table5: Parameter Estimatesfor the Poor Health Status model

Vari abl e Par anet er Esti mat e St andard Error t-val ue
Current snoker
in variance ol -0.129 0.0711 -1.81

For mer snoker

in variance w2 -0.136 0. 0755 -1.795
Const ant 30 -0.425 0. 0581 -7.315
Age (in decades

>17) Jéil 0. 244 0. 0165 14. 815
Toxc 33 0. 0349 0. 00326 10. 688
Toxf f Je! 0. 0228 0.0123 1.851
Toxfu 35 -0. 00425 0. 0102 -0.415

Boundary val ues

bet ween good

and fair pl 1.438 0. 0416 34.542
Boundary val ues

between fair

and poor p2 2. 452 0. 0699 35. 068

(Source:/home/len/mathematica filessMale poor health/7232004ph3.nb)
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m Figureb5: Latent Index of Poor Health Statusasa function of age and smoking history

{Latent index of poor health status--Males}

1.5

- Graphics -

Latent Index of Poor Health Status
Bottomto Top (evaluated 7 decades after average onset of snoking age (17)
red = never - snoker
purple = former - snoker, 10 years
dark blue = former - snoker, 20 years
light blue = fornmer - snoker, 30 years
green = current snoker, 1/2 pack/day
lime = current snoker, 1 pack/day
tan = current snoker, 2 packs/day

(Source: poorhealthgraphs3.nb)
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= Figure6A: Probability of self-reported excellent health asa function of age and smoking history (Source: poor healthgraphs3.nb)

{Prob of excellent health status--Male }

- Graphics -

Probability of self-reported excellent health vs decades after age 17
red=never - snoker
pur pl e=f or ner - snoker, 10 years
dark bl ue=fornmer-snmoker, 20 years
i ght blue=forner-snoker, 30 years
green=current snoker, 1/2 pack/day
Iight green=current snoker, 1 pack/day
orange=current snoker, 2 packs/day

m Figure6B: Probability of self-reported good health as a function of age and smoking history (Source: poorhealthgraphs3.nb)

{Prob ot good health--Nal e}

0.5 /’—\
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- Graphics -

Probability of self-reported good health vs decades after age 17
red=never - snoker
pur pl e=f or ner - snoker, 10 years
dark bl ue=fornmer-snmoker, 20 years
I'i ght bl ue=forner-snmoker, 30 years
green=current snoker, 1/2 pack/day
Iight green=current snoker, 1 pack/day
orange=current snoker, 2 packs/day

m Figure6C: Probability of self-reported fair health asa function of age and smoking history (Source: poor healthgraphs3.nb)

{Prob of fair health--Mle}

0.35F

0.3}

0.2

- Graphics -

Probability of self-reported fair health vs decades after age 17
red=never-smoker
purple=former-smoker, 10 years
dark blue=former-smoker, 20 years
light blue=former-smoker, 30 years
green=current smoker, 1/2 pack/day
light green=current smoker, 1 pack/day
orange=current smoker, 2 packs/day
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= Figure6D: Probability of self-reported poor health asa function of age and smoking history (Source: poor healthgraphs3.nb)

{Prob of poor health--Ml e}

Probability of self-reported poor health vs decades after age 17
red=never - snoker
pur pl e=f ormer - smoker, 10 years
dark bl ue=forner-snmoker, 20 years
I'i ght bl ue=forner-snoker, 30 years
green=current snoker, 1/2 pack/day
Iight green=current snoker, 1 pack/day
orange=current smoker, 2 packs/day

m Section 4: Annual Health Care cost models as functions of dynamic smoking variables .

m Parameter Estimatesfor Expected Medical Expendituresfor Current LC5 Treatment

Since current-treatnment is determned by hospital ICD-9 codes, and since all cur-
rently treated respondents have either hospital stays or have had |aboratory work
done, currently-treated respondents all have positive expenditures. The cost for LC5
treatnent was estimated with the determnminants of the logarithm of annual expenditures
for respondents with LC5 treatnment. Only treatnment for LCS5 mattered. Log expendi -
tures equaled 7.847. The t value was 62.6. The smearing coefficients for retransfor-
mat i on40, calculated by snoking status, were: never-snokers’ snearing coefficien-
t=1.0138; current-snokers’ smearing coefficient=3.366; and former-snokers’ snearing
coefficient=3.326.

Log[expenditure] = (B0 ) + €

where &~ N[0, o°]

" "Esti mate" " gE" "TSt at " " Pval ue"
"Constant " 7.84688 0.12542 62. 5652 0 '

RSquar ed - 0, Adj ustedRSquared - 0, Esti matedVari ance - 2. 7685}

{Par anet er Tabl e —
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= Table6: Parameter Estimatesof the Expected L ogarithm of M edical Expendituresfor Current Treatment of LC5

Vari abl e Paraneter Esti mate Sta Error t - value Smoki ng St at us
¢ = Smearing
Coef fi ci ent
Const ant 30 7.847 0.125 62 .6 Never 1 .0138

Current 3 .366
For mer 3 .326

= Figure7A: Expected medical expenditure on maleswho weretreated within the year for LC5 (Source:/male
expenditur es/7232004explc52.nb)

{Expected med exp for LC5 Currently Treated Ml es}

8000 f

7000 ¢

6000 f

5000 ¢

4000

3000

- Graphics

Bottomto top (at 6.4 decades after mean initiation time (17 years))
never - snoker (red)
former - smokers, (purple)
current - snokers, (light green)
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m Parameter Estimatesfor Expected Logarithm of Medical Expendituresfor CHD5 Treatment

The CHD5 cost npdel estimated the determinants of the logarithm of annual expendi-
tures for respondents with CHD5 treatnment. Health expenditures were found to be a
function of ever-snoker status and the expected latent index of poor health status.
Note that the expected poor health status nmpdel, which was estinmated with persons not
currently treated, was here used with the people currently treated for CHD5 to obtain
an expected value. As seen above, the expected |latent index of poor health status is
a function of tobacco exposure. The nore exposure the higher the expected poor
health status, the higher expected CHD5 expenditures. The never-snoker’s snearing
coefficient equaled 2.918, the current-snoker’s snearing coefficient equaled 3.397,
and the forner-snoker’s smearing coefficient equal ed 2.830.

Log[expenditure | expenditure > 0] = B0 + Bl ever +pB2 healthstar + €

"Estimte"  "SE" "TStat"  "PVal ue"
" Const ant " 7.81761 0.217024 36.0219 0
{ParameterTable 5 . g o s inver  -0.307497° 0. 1624249  -1.8932  0.059
"Heal th*" 0.42511 0. 199207 2.13401  0.033

RSquar ed - 0. 0109, Adj ustedRSquared - 0.0076", Esti mat edVari ance - 2. 326,

m Table7:Parameter Estimatesfor Expected Medical Expendituresfor Current Treatment of CHD5

Vari abl e Parameter Estimate Sta Error t - value Smoki ng St at us
T = Smearing
Coeffi ci ent
Const ant 30 7.8176 0.2170 36.02 Never 2.918
Ever snoker
St at us Bl -0.3075 0. 1624 -1.893 Current 3.3970

heal t h*" B2 0.4251 0.1992 2.134 For mer 2. 830
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= Figure7B: Medical Expendiutre of malesannually treated for CHD5 (Sour ce:/male expenditur es/7232004expCHD52.nb)

{Expected nmed exp for CHD5 Currently Treated Males, curr,1/2pk/day}

12000

10000 f

8000 |

\

6000 &

w
IS
o b
o
~

- Graphics -

Bottomto top (at 7. decades after nmean initiation tinme (17 years))
fornmer - snoker, 10 yr, 1 pk/day (purple)
former - smoker, 20 yr, 1 pk/day ( blue)
current - snoker, 1/2 pk day (darker green)
former - snoker, 30 yr, 1 pk/day (light blue)
current - snoker, 1 pk/day (line)
never - snoker (red)
current - snoker, 2 pks/day (tan)
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m Parameter Estimatesfor Expected Medical Expendituresfor men who arenot currently treated for smoking caused diseases.

A two part nmodel was used to estimate the health care expenditures for respondents
who were not currently treated. The first part, a nodel of the probability of any
health care expenditure, was estinmated as a Probit nodel w th exponential heteroge-
neous vari ance. The propensity was specified as a function of age, expected poor
health status, and indicators of current or fornmer snoking status. Controlling for
the expected value of the latent index of poor health status, the snoking status indi-
cators are demand paraneters. Only the age and poor health status paraneters were
significant. The second nodel of the two part nodel is a nodel of the l|ogarithm of
the level of positive expenditures. It was specified like the probability nodel

For mer - smoker status, age (neasured in decades greater than 17 years of age) and poor
health status contributed positively to these expenditures. The never-snoker’s snear-
ing coefficient equaled 4.246, the current-snoker’s snearing coefficient equaled
3.594, and the forner-snoker’s snearing coefficient equal ed 3.289

E[ Medi cal Expenditures] =
(CDF[ Normal Di stribution[0, Exp[¢l curr + ¢2 forny,

B0 + Bl Age + 2 Health*" + 3 curr + 4 formj)*
Exp[vO + 1 Age + y2 Ehealthstar + ¥3 curr + y4 fornj)*o

m TableBa:Parameter Estimatesfor Probability Medical Expenditures Greater Than Zerofor Not Currently Treated (NCT)

Variable Parameter Estimate Standard Error t - value
Current snoker

in variance ol 0. 2851 1 .0849 0. 263
For mer snoker
in variance @2 - 0.5178 0. 851 - 0.609
Const ant A0 0.5772 0. 196 2.952
Age (in decades
> 17 years) 51 0.1184 0. 0867 1. 366
Heal t h*" 32 - 0.01543 0. 322 - 0.0479
Current snoker

st at us 33 - 0.1204 0 .432 - 0.279

For mer snoker
st at us Je! - 0.03287 0 .420 - 0.0783
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m Figure8: Illustration of Prob. of Medical Expenditurefor NCT (Sour ce: 7232004pr obexpNCTtheoryadj.nb)
{Expected pos ned exp for NCT Mal es}
0.92 -
0.9
0.88
0.86
0.84
0.82
0.8

- Gaphics -

Note : The health effects from snoking do not influence the probability of any expendi -
tures for persons who are NCT

- Gaphics -

Log[exp] = B0 + Bl curr +B2 form + B3 aage + p4 healthstar + ¢

where e~ N[0, sig?]

" "Estinmate" " SE" "TStat " " PVal ue"
"Constant " 5. 34852 0.18854 28. 3682 0

{Par amet er Tabl e - "Current" -0.10996 0.13019 -0. 8446 0.398
"Former" 0.11245 0. 06081 1. 84927 0. 064
" Adj Age" 0. 15451 0. 08675 1.78122 0.075
"Heal thstar" 0. 44798 0. 31135 1.43885 0. 150

RSquar ed - 0. 0494, Adj ust edRSquar ed - 0. 0484, Esti mat edVari ance - 2.2208
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= Table8b:Parameter Estimatesfor Log Medical Expendituresfor Not Currently Treated, Given Medical Expenditures Greater
Than Zero

Vari abl e Par anet er Esti nmate St andard Error t-val ue o=
Snearing
Coef fici ent

Never 4,246

Current 3.594

For mer 3. 289

Const ant Y0 5. 3485 0. 1885 28. 37

Age (in

decades >17) ¥l 0. 1545 0. 1302 -0.845

Heal t h*" Y2 0. 4480 0. 0608 1. 849

Current ¥3 -0.1100 0. 0867 1.781

For ner Y4 0.1125 0.3113 1.439

= |llustration of results(Source: male expenditur es/expectedsmokingnducedNCT exp2theor yadj.nb)

{Expected snoking induced ned exp for NCT Treated Mal es}
1750

1500

1250 f

1000 ¢

750 |

500 |

250

- Gaphics -
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Expected snoking attributable nedical expenditures for NCT nales in 1987 doll ars.
Bottomto top (evaluated at 7 decades of snoking):

current snoker, 2 pk/day (orange)

current snmoker, 1 pk/day (linme)

current snoker, 1/2 pk/day ( green)

former snoker, 10yr, 1 pk/day(purple)

former snokers, 20 yr, 1pk/day (bl ue)

fornmer snoker, 30yr, 1pk/day(light blue),

m  Expected Total Medical Expenditures, given oneisalive

{Expected total med exp|alive for Mles}

8000 |-

6000 [

4000

2000

=

w
I
ul
o
~

- Gaphics -

(Source:Expected Smoking Induced Med Exp.nb)
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Eval uated at 7.2 decades after the nean snoking initiation age (17 years))
Bottomto Top:

former snoker 10 yr, 1 pk/day (purple)

never snoker (red)

former snoker, 20 yr, 1 pk/day (bl ue)

former snoker, 30 yr, 1 pk/day (light blue)

current snoker 1/2 pk/day (green)

current snoker 1 pk/day (light green)

current snoker 2 pks/day (orange)



Evaluation of the Economic Impact of California' s Tobacco Control Program : A Dynamic
Model Approach-- Appendix 4 : The Evaluation of TCP through Simulations with Computer
Experimental Design.

Leonard S. Miller

= Background

We have estimates of the age specific smoking initiation and smoking cessation rates in California over the 1990-1999 period,
and estimates of these rates in the US as awhole. Additionally, we have adjusted these rates so that they are equal to the Califor-
nia rates in 1989. These rates provide factual and counterfactual smoking behaviora relationships in California over the
1990-1999 period in the presence of and in the absence of Californias Tobacco Control Program (TCP). However, in fact, the
consequences of smoking, in terms of medical resources attributable to smoking, cases of smoking attributable diseases, health
status, person years of life saved, and the value of years of life saved, take a life time to be revealed. So, to estimate the value
generated by California's TCP we need to estimate the full life consequences to California residents operating with smoking
behaviors obtained with and without California's TCP.

We estimated these results by simulating the life-time outcomes for California's 1990 residents twice, once using the observed
smoking initiation and quitting rates and once using the adjusted national smoking initiation and quitting rates. We then com-
pared the outcomes from the two simulations and attributed the estimated difference to California's Tobacco Control Program.
The basic information for this evaluation is: (1) a description of the California population, a sample, describing the age and
smoking behavior of its residents in the base year 1990; (2) age specific estimates of the smoking initiation and quit rates over the
decade of the nineties; (3) models to estimate probabilities of relevant events--death, disease, health status, and costs (given
disease status) in the simulations, and random processes to convert the probabilities into events determining the calculation of the
comparative simulated outcomes. We seek to estimate the distribution of the population's simulated outcome arising from the
different smoking conditions and the random processes. However, owing to the large standard errors when the TCP evaluation is
based directly on the California 1990 tobacco sample, we adopted a cell-replication design to represent that sample. The purpose
of this appendix isto explain how we went about obtaining results from this comparative simulation design.

The following notation will help provide structure to the argument: X5 denotes a vector of the relevant characteristics of individu-
as in the sample describing the California population in the base year of the ssimulations; Y[s] denotes an outcome over the
simulation based on sample observations; w[s] denotes the number of people in the population represented by sample observa-
tions; and Nsisthe number of observationsin the sasmple. If the sample were used as the basis for comparing the simulations,
the expected value of the outcome Y[g] is estimated by Ybar[s]. The estimate of the variance of Ybar[g] is estimated by
(SZ)Ybar[s]. We can calculate Y[s], but how do we estimate Y bar[s]? We can calculate S*for the population from the sample,

but how do we estimate SPypa[S]?  In more detail, then, a principal purpose of this appendix is to address these questions
efficiently and by addressing questions efficiently | mean for the calculation effort expended--that is, how do we create minimum
variance estimates of the distribution of outcomein the population.
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= A Computer Experiment

Our strategy is to reformulate the information in the sample into a designed computer experiment and to estimate the answers
sought from the experiment. Then, to transfer the knowledge back to the sample, which is then used to estimate the distribution
of outcome in the population (Santner, Williams, Notz, 2003). To accomplish this, we construct a design representation of the
population as described by the sample. We partition the space describing the relevant population characteristics into Nc disjoint
cells. Then we represent the individuals in each cell with a prototypical individual with characteristics X;, i=1,...Nc. Since any
sample member will be subjected to the random processes required by simulations, understanding the distribution of outcome
resulting from these processes requires replications of each prototypical individual in each cell i. Let J[i] denote the number of
replicationsin cell i. The term w[i] isthe number of people in the population represented by cell i. It is estimated by counting up
the weights attached to the sample members who would occupy cell i. Sypa[X[i]] is the standard deviation of the average
outcome score for cell i. Itisestimated by

Svparl X[111= 505, (YIX[i 1] - Ybar [X[i11)2 /(J[i] J[i] -1)),

Make J[i] simulations, calculate Ybar[X[i]] and (S?),,..[X[il]. The product of w(i] and (S?),,,[X[i]] estimates the variance of

Y bar
the outcome score in the population derived from cell i.

The term Sqr t [Z‘Nil wii ] (SZ>Ybar [XT[i]] ] is the estimate of the total standard deviation of the outcome score in the

population represented by the designed computer experiment. |f C denotes the total number of simulations to be made in the
experiment, one for each replication in the design, how many replications should be made in each cell so as to minimize the
estimate of the variance in the distribution of outcomein the population?

Theorem: On the efficient allocation of replicationsin a computer experiment.
The efficient alocation of C replications across the Nc cells follows from choosing the number of replications for each
cell, J(i], according to cell i'sfraction of the total standard deviation of the outcome score in the population. That is,

Jil=C ~wii ] Sli1/ s, Vwli] Sri.

Pr oof:
Since each cell i is represented by a single replication's description X; , we can suppress the dependence of outcome on
characteristics. The estimate of the average and variance of the population outcome from cell i is given by equations[1] and [2]:

(1]
Nc Nc
Ybar i poputation = . (WLi 1 Ybar [i ])/ QWi ]
=1 i=1

(2]

Nc
(Sz)inPOpulation = Z W[i ] (Sz)Ybar [i ]
i =1
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where:
Yoarfi] =57 4 Y(i, j1 /3000

i,j]-Ybar[i])2

o1 — i ] (Y[ .
S = Zl =1 “1+J (i ] -+ and

($), q 1] = S2Ii1 ]

To simplify the exposition, assume S?[i] is estimated independent of the J[i] determination process. For example, a two step
estimation of (SZ)Ybar[i] ismade. First, with arelatively small sample, S?[i] is estimated for the purpose of understanding how

replications should be alocated to cells, and then (SZ)Ybar[i] is estimated with the Ji] replications for the purpose of furthering

the outcome analysis.

The Lagrangian of the variance minimization expresses the objective function, the variance arising in the Nc cells, subject to the
conditions that the sum of the replications in all the cells equals the number of calculations C and that the sum of the weightsin
the cells equals the population size. The Lagrangianisasfollows:

.E:Z-Nil% + A (—C+ZiNElJ[i ]> + (—P+ZiNElW[i ]>

The optimization problemisto minimize £  over the choice of the set J[i].

Taking the partial derivative of the Lagrangian with respect to Ji], and setting it to zero yields the first of the first order condi-
tionsfor the estimate of the variance of outcome,

Taking the partial derivative of the Lagrangian with respect to the first constraint, A, and setting it to zero yields the second of the
first order conditionsfor the estimate of the variance of outcome,

[4] -C+ (i 1=0

and taking the partial derivative of the Lagrangian with respect to the second constraint, i, and setting it to zero yields the third
of thefirst order conditionsfor the estimate of the variance of outcome,

[5] -P+ M, wli]=0.

Equation [3] actually represents Nc first order conditions of the form

_ SPlijwli]
[6] 2= >0

which all have the following solution for the optimal number of replications, Ji],
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[71 Solve[J[i1?-(1/2) SP[ilw[i]=0, J[i]]
H“” S ] Vwli ] } {Jm VS Vwli ] }}
- - s -
Vo Vo

Accepting the positive valued solution with a positive square root yields equation [8],

gl Jqiq - Ywil Sy

(81 Jrli] New

Now incorporate the second of the first order conditions, equation [4], Z‘-Nil J[i ] = C, into the analysis. Substituting the
solution for J[i] into equation [4], obtains equation [9],

N vwli] SIi]
[9] -C+) ———— =0
i Vo
which can besolvedforﬁ,
[10]
Ne A/w[i] SI[i]
vio-y ol 2
i=1 c

Substitute this solution for \/ 1 back into the solution for Ji] (equation [8]) and we have proved our theorem,

[12] (i) = C(Vw[i] S[i]/5 Vw[i] S[i]).
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= An algorithm to determinethe optimal number of representationsin a cell.

The estimation of Ji] requires estimates of wl[i] and é[i]. By adding up the weights of every one in the sample represented by
cell i we estimate w[i]. That is,

[12] wii] = 571 'wislsei].

Take areasonable, but small number of replications for every cell. Perhaps 30. Conduct the simulationsfor each cell and from
the resulting outcome measures, estimate Si] with the use of equations[1] and [2].

Based on these estimates for w[i] and Ji], for every i, compute ~/w[i ] S[i ] and Z’fl VWwl[i ] S[i], and then the
fraction of the contribution of cell i to the standard deviation in the total outcome, fJ[i], is given by equation [13].

wli] Sli]

N Nwii ] S[i ]

[23] fJ]i] =
Having decided to make C calculations and hence requiring C replications, the number for cell i is simply the product of fJ[i] and
Cy

[14] Ji] =fJi] C.

= How many calculations, C, should be made?

Let us assume that at the end of the analysis we desire a coefficient of variation (ofu) to have an estimated value (S/Y bar) equal

1/2
to @. The coefficient of variation, estimated by ( (Sz> / 1 Ybar i n popui at i on, Where these terms are given by

i n Popul ation

equations[2] and [1], respectively.

From estimates of equation [2],
A2 . . .
[15] (S )inPopuI ation= Z|NE1 (W[l ] SZ[' ]/J [l J)y

substitute in the value of Ji ] from equation [11]]. The variance in the populationis given by equation [16],

~ . . Jwi1osii]
[16] (Sz)inPopuIation _ZiNil {(W[I ] SZ[I J) ZP&WSU] Cl|.

Simplify, and then solvefor C.

i nPopul ation

- . 2
C= (5% (Wwli] S[i1)) / ($?)
The coefficient of variation, denoted by «, isestimated by (é)inpopu| ation /Y& inpopulation

the[]-?] C= (Zf\tl (\/W[i ] S[i ]>2/ (0(2 YbarinPopuIation2>
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An algorithm to determinetherequired number of calculations.

The w[i] values are data and the initial estimates of é[i] and Ybar[i] are obtained from theinitial experiment. Employ-
ing equation [1] yields an estimate of Ybar i n popul ati on (= Zfz“l] [w[i] Ybar[i] ). Foragivenvaueof a, Ciscaculated from
equation [17] and distributed among the Nc cells according to equation [14].
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= An analysis of the designed computer experiment. A transformation of the experiment infor mation into sample knowledge.

At this point assume the computer experiment has been conducted and we have obtained a vector of average outcomes for the
cells, Ybar[i], and a vector of the standard deviations in outcome for the cells, Sypa[i]}. The task now is to transform these

statistics about the computer experiment into knowledge about the sample that can be used to estimate knowledge about the
population.

We relate the statistics from the computer experiment with a multiplicative heteroscedastic regression model. This is the
specification examined in depth by Harvey (1976), but our formulation is different because Harvey had no estimates of the
variance of Ybar[i] and we do. And, accordingly, our results will differ from his. The model has the form specified by equation
(18],

[18] Ybar[i]= X[i] B + €i]

Ele[i] e[i]]=0?(i] =
= Exp[Z[i]y]=Exp[y0] Exp[Z1[i] y1] ...EXp[Zp[i]yp]
= oo?[i] Exp[Z1[i] ¥1] ...Exp[Zpi]yp]
= oo?[i] Exp[Z*[i] v* ]

for al i, where:

X[i] isarow vector, 1 x P, of the P descriptive characteristics of the prototypical member of cel i,

B isavector of length P,

v isavector of length K, and

€[i]isarandom variable indicating the difference between cell [i]'s
average outcome and the cell i's expected outcome, givenits
characteristics, X[i].

If Me is avector of the cell's random variables, MY bar is a vector of the cell average outcomes, MX isaNc by P matrix of the
cell characteristics, relevant to describing Ybar and MZ isa Nc by K matrix of the cell characteristics relevant to describing the
variance in Y bar, then the expected value vector, variance-covariance matrix, and estimate of the variance-covariance matrix is

given by equations [19a], [19b], and [19c] respectively,

[194 E[Me]=0; and

[190] E[MeMe]=

Exp[Z[i = 1], 0, ..
0, Expizli=2h], .. ,
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| ]

0, 0, .. , Exp[Z[i=Nc]y]
[19c] M(S),,= ¥ =
($) 4 [X[i=11], 0 R
0,(8),, [X0=21, ... , 0
=1 1.
0, 0, o (S [X[I=NC]]

Since estimates of the variance are known, generalized |east squares provides minimum variance estimates b of 3.
[20] b= (X[i]"¥~1X[i]) (X[i]" ¥1YIi]).

We turn now to the estimation of the y coefficients. Based on the estimates b of 8, an observed error in the model for Ybar[i] is
given by

[21]  €i] = Ybari] - X[i] b.

The logarithm of the square of this observed error is the estimate of the variance for an observation, which by the postul ated
multiplicative heteroscedastic model, is

[22] Log] €i]?] = Z[i] y + v[i].

In our case, we have an estimate of thisvariance, so equation [21] can be expressed as equation [22],
(23] Logl (S?)ypel i11=2ZIi1 ¥ + vil.

Let ¢ denote the least squares estimator of y. cisgiven by equation [24],
(24 c=Z'2)'Z Logl (), L1 11

We now examine the characteristics of this estimator. Our analysis is similar to that of Harvey (1976), though somewhat
simpler because the dependent variable, Log] (S?),,.[i]], isobserved. From equation [17], Z[i] y = Log o?[i]. After substitut-

ing into equation [23], and solving for the error term, we have equation [25],
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[25] Vil = Logl (), a [ 1] - INo2lil=Log[ (S2),,,[111/ o1l

Under the assumption that the deviations from the means of a cell are Normal, Log [ (SZ)Ybar[ i 1]/ o?[i]] is distributed as the

natural logarithm of a Chi-Squared distribution with Ji] degrees of freedom divided by J[i] (recall Ji] are the number of observa-
tionsin cell [i]) the error term v[i] is so distributed.

The expected value of the Logarithm of a Chi-Squared with one degree of freedom equals -1.27036.
Integrate[ Log[x] PDF[Chi SquareDi stribution[1], x], {X, O, Infinity}]
-Eul er Gamma - Log [2]
N[%]
-1.27036

By subtracting the expected value of the error from the constant, cO, and from the error Vv[i], we obtain,

[26] E[c] =¥ + (Z' Z)™*Z' E[Log[VI[i]]]
=y + (Z' Z)'Z' (-1.27036)

which implies

[c - 1.27036i] =
¥ + (Z' Z)7tZ' E[Log[V[i]-1.270367]
= Y

[27] E[€]

where i ={1,0,...,0}', of length P.
The variance of a random variable distributed as the logarithm of a Chi-Squared with one degree of freedom has avalue

equa to "2—2 which equals 4.9348.

[28] Integrate |
(Log[x] - (-Eul erGamma - Log[2]))? PDF[Chi SquareDi stribution[1], x], {X, O, Infinity}]

2

2
N[%]

4.9348

The variance of € is given by equation [29],
[29] VI[c]=V[Z'2)'Z'(Zy + vii])|
=Z'27 @' Vil Z' 2t

=(2'2)"1 4.9348
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= Applying the cell analysisto the sample

We turn now to use the estimated modelsto estimate the mean outcome and its variance, given the sample data.. Let X[s] and
Z[s] describe the relevant model characteristics with a sample member s. We wish to forecast the distribution of the average
outcome for sample member s and its variance. The average outcome forecast for sample member sis given by equation [30],

[30] Ybar[s] =X[s]b + e[s],

where e[s] is the forecast error. The Gauss-Markov theorem insures that the minimum variance linear unbiased estimator of the
forecasted average outcome for sample member s, \?bar[s], is given by equation [31],

[31] \:(bar [s] =X[s]b.

Let S%qreae denote an estimate of the variance in the forecast error. Based on the cell data, we estimate the variance of the
forecast error with equation [32],

[32] ézforcasterror = Z|Nil (*b X[i]+ Y bar [i] )2/(NC-1).

The estimate of the variance of the mean of a sample observation, given X[g], is based on the models estimated and the sample
~2
information. Let (S )yparl S] represent the estimate of the variance of a forcasted value of Ybar based on sample data.

This variance should be the sum of the estimated variance of Y bar, given sample data, plus the variance of the forecast error.
A2
The expression for (S )ypa[ S1, Simply combines the predicted value of the estimate of the variance of Ybar and the average

forecast error calculated with equation [32],

A2
[33] EL(S )ypal S11= EIEXPIZIS] ¥ + VIS]] + & orcast ror

~ 2
= E[Exp[Z[s] € ]] + S forcaserror =



Appendix 4-Simulations through Computer Experimental Design.nb | 11

= An exampleof a model specification

To illustrate the ideas developed above, we offer an example of a specification for the model presented by equation [18]. The
specification of X[i] might be described by equation [34] :

[34] X[i]={1,X1[i], XL[i ]2, X1[i]3 X22[i], X23[i ], X3[i ], X4[i ], X5[i 1};
B = {80, p11, B12, 13, B22, 323, 33, B4, B}';

and the individual X elements are defined as follows:

X1=age;

X2={1/0} according as observation is an { ever-smoker in 1990/otherwise} ;
X22={1/0} according as observation is a{former smoker in 1990/otherwise} ;
X23={1/0} according as observation isa{current smoker in 1990/otherwise} ;
X3=start age of a current or former smoker in 1990;

X4=quit age of aformer smoker in 1990;

X5=cigarettes smoked per day,Modulo 1/2.

and the specification of the Z might be:
[35] Z[i]={1, X1[i], X1[i], X2[i], X4[ i], X5[i]}
and accordingly, y = {y0, y11, y12, v2, y4, y5}".

m  The Evaluation of the Program with sample knowledge.

Having estimated the average outcome and its variance for every sample member, the TCP program is then evaluated. The
outcomein the population is estimated from the sample data with equation [36],

[36] YinPopuI ation = ZSBB:lVbar [S] W[SL

and the variance of the outcome in the population is estimated from the sample data with equation [37],

~2
[37] (S?); npoputation = 261 WIS1? (S ) ypar [S].

In fact, since we have many different outcomes of interest, a particular one must be choosen to determine the design structure.
We choose years of life saved and the design criteria.
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= Optimum allocation of simulation calculations.

1. Allocate 30 replications to each cell, generate the simulation outcomes, and estimate the average and variance of these cell
outcomes, Y bar[i] and S[i], for each cell.

2. Computew[i] for each cell.

3. Estimatethe set {Ji} of replications per cell.

The following agorithm is then implemented to obtain a simulation result.

= 1. Mode Ybar[i]

= 2. Model (S)ypa il

m 3. Estimatethe average outcomesin the sample, based on cell data.

= 4. Estimatethevariance of the average outcomesin the sample, based on cell data.

= 5 Estimatetheaverage outcomesin the population, based on sampledata.

= 6. Estimatethevariance of the aver age outcomesin the population, based on sample data.

= 7. Report thepoint and interval estimatesof the outcomesattributableto TCP.
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= |mplementation of the cell-replication design.

In the study at hand, a cell is described with five valuesin 1990:
X1=age, range1to90;

X2=smoking status 1,2,3;

X3=start age 11t022;

X4=quit age 20t0 90 ; and

X5=smk packs/day 0105/2, in unitsof 1/2 packs per day, 0-1/2, 1/2-1,...

Cells were determuined by age and smoking status, and then were further described by
average age of smoking mitiation (smkage), average age of smoking cessation (quitage),
and average number of cigarettes smoked per day (smkperdy). In the table listing the
cells, which follows directly, frequency 1s the number of individuals in the sample in the
cell, weight 1s the number of individuals in the California 1990 population m the by the
cell, and replications are the number of 1dentically described individuals in a cell that are
used in the analysis to follow. The 55 cells are described as follows:

age status  smkage quitage smkperdy frequency weight replications
2 1 0 0 0 2042 382747 2327
5 1 0 0 0 1831 807553 2314
8 1 0 0 0 1877 799532 2266
11 1 0 0 0 1579 695679 2351
11 3 8 0 2 1 58 500
14 1 0 0 0 1274 604482 2021
14 3 11.7863 0 6.039 30 10886 500
17 1 0 0 0 862 630586 2072
17 3 13.884 0 11.3733 223 109865 778
17 2 14603 17.736 12.7459 36 22767 500
20 1 0 0 0 329 406278 1668
20 3 156778 0 144162 307 179183 970
20 2 153473 143752 19.2006 116 82487 615
23 1 0 0 0 279 413696 1718
23 3 16.6516 0 12.476 209 153686 1004
23 2 158488 21.5762 13.7742 154 113557 793
26 1 0 0 0 305 560850 1995
26 3 16.785 0 14.8342 333 191420 1165
26 2 163209 22969%4 13.3254 173 133264 820
30 1 0 0 0 484 727392 2490
30 3 169693 0 15.6027 654 402773 1768
30 2 163804 26.1504 14.4243 388 314757 1424
35 1 0 0 0 402 598588 2216
35 3 17.4031 0 17.95364 647 359521 1772
35 2 17.0151 28.7542 13.9436 438 366977 1738
40 1 0 0 0 295 467274 2176
40 3 174678 0 18.5935 630 313846 1306
40 2 171184 31.151 11.4854 461 362637 1798
45 1 0 0 0 211 288589 1771
45 3 173644 0 200742 466 220500 1721
45 2 175803 334554 152068 441 338298 1883
50 1 0 0 0 141 258740 1699
50 3 16.4539 0 205198 353 198828 1600
50 2 17.288 390741 15.0388 384 336349 1962
55 1 0 0 0 99 195249 1369
55 3 17.1051 0 248793 248 125179 1204

Lh
[¥.]
[B%)

16.6765 40.5493 16.5595 286 276852 1691
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60 1 0 0 0 91 145895 1104
60 3 16.8282 0  21.7766 216 113109 1010
60 2 169499 441983 15.0165 260 230949 1429
65 1 0 0 0 63 106838 838
65 3 157986 0 245115 161 98611 3438
65 2 17.8541 47.9391 153725 269 202991 1462
70 1 0 0 0 58 93696 691
70 3 16.9293 0 19.5263 121 60467 550
70 2 177366 45.4007 14.4596 213 222179 1029
75 1 0 0 0 49 92327 500
75 3 17.8749 0 15.4282 50 27482 500
75 2 169098 504745 16.7271 132 166162 702
&0 1 0 0 0 21 39627 500
&0 3 14716 0 139163 17 9853 500
50 2 17.0443 499471 18.5443 T4 100345 500
85 1 0 0 0 15 21600 500
85 3 15469 0 13.571 8 5548 500
85 2 17.2158 49.0652 13.2088 20 34877 500

Iran factual and counter-factual simulations on each replication m each cell. The number
of replications. last column in the table above, 1s the maximum of 500 and the fraction of
the proportion of the total standard error estimated to be contributed by a cell. A total of
72128 replications were estimated so as to yvield a coefficient of variation equal to 0.3,
The replication calculations were based on a prelimunary analysis with 500 replications
per cell.

Six different algorithms were used to evaluation estimates of the effect of TCP. For each
of these algorithms, the cell mean and cell standard error was computed for the factual
and counter factual simulations. A cell’s outcome was calculated as the difference
between the mean of the cell’s outcomes in the factual simulation and the mean of the
cell’s outcome 1 the counter-factual simulation. The program result was the sum of the
population-weighted mean cell differences. The program standard error was the square
root of the average of the sum of the population-weighted cell variances.
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