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PREFACE 

This research was conducted, under a single guiding 

principle - to bring the tools of quantitative management 

analysis to bear on the problem of planning tuberculosis 

control programs in such a manner as to generate immediately-

applicable policy recommendations. Some general conclusions 

followed from the simulated application of the techniques 

to small populations of varying levels of tuberculosis pre

valence. More importantly the methodology developed herein 

may now be immediately applied as an aid in planning a pre

ventive program in a specific locale. 

The Health Program Systems Center of the Indian 

Health Service in Tucson, Arizona, provided the financial 

support for this work, and it is hoped that their confidence 

will be more than repaid by the results. Dr. Jerry Sanders, 

through his affiliation with the Center, provided the prin

ciple impetus for the research effort. As a result of his 

consistent and detailed counsel, a close touch was main

tained with respect to both the needs of the Indian popula

tion and the state of the art in health services research. 

Dr. George W. Summers, serving as director of the 

dissertation, bore the responsibility of guiding my efforts 
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to produce a complete, coherent, and significant research 

contribution. In particular, his counsel with respect to 

the overall framework of the research as well as the 

requirements of simulation studies and their validation 

was invaluable. 

Gratitude is due also to Drs. David Shirley, 

Henry Tucker, and Michael Jucius, who reviewed the manu

script in the later stages and contributed their expertise 

to the final product. 
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ABSTRACT 

A procedure is developed to aid public health 

planners design, preventive programs for tuberculosis. The 

procedure employs a simulation model in an enumeratlve 

fashion to obtain an optimum allocation schedule for pre

ventive funds. The technique is demonstrated in four 

simulated case studies at radically differing levels of 

prevalence. 

The simulation model is a discrete state, discrete 

time representation of the natural history of the disease 

in a population, including various therapeutic and pre

ventive interventions. The validity of the model is 

demonstrated through the simulation of recent tuberculosis 

history in the United States and the state of Utah. Through 

these simulations as well as a parameter sensitivity study, 

considerable knowledge is accumulated concerning the 

dynamics of the disease. It is concluded that much of the 

rapid decline in tuberculosis In the Fifties and Sixties 

has been due to the introduction of chemotherapy. However, 

the simulation model predicts that a decreasing rate of 

decline will be observed in the Seventies and Eighties as 

a new dynamic equilibrium becomes established. The rate 

xiv 



of decline will asymtotically approach two percent per 

annum. A more rapid rate of decline would require preven

tive intervention. 

In addition, the importance of disease state 

specific death rates is noted, and considerable attention 

is paid to this topic in establishing model parameters. 

An improved representation of the transmission of tuber

culosis in a population is employed, and some recommenda

tions are made with respect to the collection of tuberculosis 

data. A steady-state solution for an extinction criterion 

for tuberculosis is also included. 

Program planning is limited to the consideration of 

INH prophylaxis of contact groups, BCG to newborns, INH 

and BCG under mass screening, and certain types of medical 

supervision of INH prophylaxis. An optimization by enume

ration is possible due to the fact that the effectiveness 

of any intervention declines with delay in its application. 

Thus, any component included in a program is assumed to 

begin in the first year. Although various measures of the 

impact of a program on the health and economy of a popu

lation are monitored, the criterion for optimization under 

a given budget constraint is minimization of the number of 

new active cases over a fixed simulation period. Three 



xvi 

separate assumptions concerning the effectiveness of BCG 

are explored - 80, 50, and 20 percent. 

At low and moderate levels of prevalence (7 and 21 

yearly reported new active cases per 100,000 population), 

the use of mass screening and BCG components is difficult 

to justify. Contact group related components would more 

than pay for themselves through discounted future therapy 

savings. Under high prevalence (6*J- per 100,000), some mass 

screening, using BCG and INH, seems to be justified in 

addition to contact group prophylaxis. Finally, at very 

high prevalence (192 per 100,000), BCG and mass screening 

play a substantial role in an optimum preventive program. 

A complete effort using all components is recommended, 

subject to budget constraints. 

Since the use of BCG on a wide scale eliminates 

the potential for future mass screening, a final study 

evaluates the alternative of retaining this potential in. 

lieu of the benefits of BCG. At very high prevalence, 

the study shows BCG vaccination to be the superior course 

of action. However, rescreening, using INH alone, would, 

if used at all, best be conducted as soon as possible after 

the first screen. This result suggests that mass screening 

should be used on a continuing basis until no further mass 

screening with INH prophylaxis is justified. Then BCG could 

be administered on a wide scale as a concluding measure. 



CHAPTER I 

INTRODUCTION 

Since 19̂ 7, substantial medical advances have been 

made in the fight- against tuberculosis. Today, in the 

United States and most other nations of the world, the pre

valence of tuberculosis is declining. This decline was 

initiated, in the years 19̂ 7 through 1952, by the discovery 

of several drugs which aided therapeutic procedures 

(Lowell 1966). In particular, the discovery of isoniazid 

(INH), in 1952, provided the most significant boost to 

treatment of active tuberculosis. Chemotherapy with INH, 

along with the previously discovered drugs, streptomycin 

(19^7) and para-aminosalicylic acid (19^9)» enabled physi

cians to greatly improve the prognosis of tuberculosis 

patients (Public Health Service 1959)* 

However, chemotherapy with presently known drugs 

does not constitute a cure for the disease? it acts only 

to quickly arrest the growth and spread of tubercule bacilli 

and reduce the risk of future reactivation (Grzybowskl, 

et al. 1966). Reduction in the relapse rate contributed to 

the decline of tuberculosis incidence, since relapses are 

usually counted in the census of new active cases. In 

addition, the existence of highly efficient chemotherapeutic 

1 
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methods encouraged more intensified case finding pro

grams in advanced nations (Lowell 1966). Since tubercu

losis is a communicable disease, the earlier discovery of 

infectious (active) cases probably tended to reduce the 

average number of new infections promoted by each active 

case. 

Recent statistics (Public Health Service 1970) 

show, however, that the rate of decline of tuberculosis has 

tapered off from the substantial declines witnessed in the 

late Forties and Fifties. It is our hypothesis that the 

effects of increased case finding and chemotherapy will 

have largely dissipated by the mid- Seventies, and the 

future rate of decline of the disease will be controlled 

by other factors. Research results dealing with this 

hypothesis are discussed in Chapter III. These results 

showed that, after accounting for the Initial effects of 

chemotherapy, tuberculosis will subsequently decline at a 

rate of only two percent annually. 

The persistence of tuberculosis prevalence is due 

to the fact that only about seven percent of new infections 

progress directly to the active stage (Ferebee and Bardine 

1964). The majority of new infections are successfully 



resisted by the host. However, the infection does not 

disappear entirely. It remains in a dormant state and is 

capable of activating at a later time. A more detailed 

and documented discussion of the natural history of tuber

culosis is reserved for Chapter II. Suffice it to say here 

that about 25 million persons in the United States have a 

dormant tuberculosis infection. Further, about 75 to 80 

percent of new active cases originate from this pool of 

dormant infection (Public Health Service 1963)* Consequent

ly, the future decline of tuberculosis prevalence hinges 

upon the decline of the number of dormant Infections or on 

a decrease in the activation risk of such infections. 

At the present time, there exist two possible 

medical interventions which have the potential to reduce 

the flow of new active cases from the pool of dormant 

infections. One of these employs the aforementioned drug, 

INH; the other consists of a vaccine, BCG. Neither of these 

preventive interventions offers 100 percent protection, and 

both have other drawbacks. A complete discussion of 

effectiveness, delivery, and cost for each of these inter

ventions appears in Chapter V. Briefly, INH treatment 

may be given to any person who has a dormant tuberculosis 

infection. Currently recommended treatment calls for one 

year of daily pill-taking. To ensure a high completion 

rate, periodic medical supervision would probably be 



required.. During the year of medication, a reduction in 

activation risk of 75 percent may be expected. The pro

tection level drops to 50 percent thereafter (Public 

Health Service 19&3). 

Vaccination with BCG is available for persons who 

have no tuberculosis infection. The vaccination stimulates 

a specific resistance in the body to the development of 

a future tuberculosis infection. It does not reduce the 

risk of infection but does reduce the extent of damage 

caused by the infection. Thus, the probability of direct 

activation is reduced as well as the risk of future acti

vation. (A complete discussion of BCG with appropriate 

citations is reserved for Chapter V.) Disagreement exists 

among authorities as to the effectiveness of BCG. Esti

mates range from 30 to 80 percent. A further difficulty 

is that the ECG renders the vaccinee a positive reactor 

to the tuberculin skin test. Thus, the detection of a true 

infection would be difficult. Both BCG and INH also 

require substantial screening costs if mass delivery of 

these interventions is contemplated. 

With respect to additional efforts in the reduction 

of tuberculosis prevalence, our objectives in this research 

can be defined, generally, as answering the questions! 

"Should additional effort be made?" and if so "What is the 

optimum policy, in a cost-effectiveness sense, to employ 
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In such an effort?" An answer to the first question pre

supposes a solution with respect to the second. A decision 

to engage in an effort is "best made if information is avail

able as to what might be expected from that effort. There

fore, our initial and most substantial research has been 

directed toward answering the second question. 

As a first step toward developing a procedure for 

optimum allocation of preventive funds, the natural history 

of the disease in a population as well as all relevant 

aspects of preventive programs must be stated in mathemati

cal form. Several models have already been proposed in the 

literature (Kermack and McKendrick 1932; Waaler, Geser, 

and Anderson 1962; and ReVelle, Lynn, and Feldmann 1967). 

Of these, only the ReVelle model was sufficiently detailed 

to allow effective representation of preventive programs. 

The model used In this research is largely based on the 

ReVelle model with certain extensions and modifications. 

Our basic model for the natural history of the disease and 

its therapy is presented in Chapter II. Extension of the 

basic model to include preventive programs is taken up in 

Chapter V. 

After performing certain studies to assure ourselves 

that the mathematical model was a valid representation of 

the disease and extending the model to include the 

various components of preventive programs, there remained 
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the task of specifying an optimization procedure. ReVelle 

performed an optimization with his model using linear 

programming. The number of equations and non-linearity 

prevented an analytic solution, but ReVelle was able to use 

a numerical method to form a piece-wise linear solution 

to the equations under specific parameter values. These 

equations were further used as constraints in a linear 

programming formulation of the optimization problem. The 

objective of the linear programming problem was to mini

mize the total medical cost of tuberculosis, both preven

tive and therapeutic costs, with respect to a desired 

future prevalence curve over a finite time period. This 

formulation was not entirely satisfactory from the program 

administrator's standpoint. 

ReVelle's requirement that a desired prevalence 

curve must be specified in advance was a demanding one. 

An administrator is inclined to respond that he wishes to 

minimize prevalence over an indefinite period within a 

fixed budget constraint or within some criterion with 

respect to cost-effectiveness. The details of resultant 

prevalence curves are not likely to be relevant to him. 

A second difficulty is that, given a cost-minimizing pro

gram which achieves a particular pattern of tuberculosis 

reduction, there is no guarantee that a greater total 
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reduction of prevalence over the period could not be 

achieved at the same or lesser cost if the constraint on 

the pattern of prevalence were relaxed. 

In our research, it is assumed that minimization 

of total tuberculosis prevalence over a finite time period 

"is the primary objective. Pursuant to this objective, an 

optimum allocation policy is desired, this policy being a 

function of the budget level. Selection of an appropriate 

budget level brings us back to the first question stated 

earlier, i.e., "How much effort (in dollars) should be 

expended?" To provide some basis for answering this 

question, the total economic Impact of tuberculosis is 

explored. However, the question cannot be fully answered 

without conducting the analysis within the framework of 

expenditure decisions with respect to other health allo

cations. Any marginal increment in tuberculosis expendi

ture should be considered in competition with other health 

expenditures under a common measure of effectiveness. 

Such considerations are beyond the scope of this investi

gation. 

Faced, as ReVelle was, with an analytically 

intractable model, we chose to simulate the non-linear 

system equations directly on the digital computer. It was 

fully anticipated at the outset that such a procedure 

would make it possible to rank proposals with respect to 
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a measure of effectiveness but would probably not allow 

us to formally identify an optimum policy. Fortunately, 

the behavior of the system was such that an optimization 

by enumeration was possible. The details of this procedure 

appear in Chapters VI and VII. 

Anticipating that the nature of optimum policies 

might differ under different levels of prevalence, studies 

were performed at four levels of prevalence. These ranged 

from low prevalence, as in the state of Utah, to very 

high prevalence, as experienced by American Indians and 

Alaskan Natives, The results of the optimization studies 

are presented in Chapter VII. 

Throughout the research, decisions as to content 

and direction were guided by a motivation to produce 

results which would be immediately and directly applicable 

to preventive program planning. To this end, many 

interesting analytic studies were shunned, not because 

they would not be ultimately useful in planning health 

delivery systems, but because they were not of highest 

priority to our basically utilitarian motive. 



CHAPTER II 

THE BASIC TUBERCULOSIS SIMULATION MODEL 

This chapter describes the discrete state, discrete 

time simulation model for the natural history of tuberculosis 

in a population. The model is suitable for "both stochastic 

and deterministic simulation. Attention is focused here on 

the assumptions and documented findings implicit in the 

model structure. Chapter III will be devoted to the problem 

of assigning specific values to parameters and state vari

ables. Details concerning the representation of the model 

on the digital computer may be found in Appendix A. In 

later chapters additions will be made to the basic model to 

represent various preventive interventions. 

II.1 Natural History of Tuberculosis 

Tuberculosis is a relatively non-volatile communi

cable disease which primarily affects the lung tissue. 

Growth of the bacillus is slow, and its reproduction cycle 

is on the order of 20 hours. Transmission of the disease 

is difficult to accomplish, and bodily resistance to an 

infection is strong. For an excellent lay description of 

the natural history of the disease, the reader is referred 
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to Public Health Service (1963. p. 1). The details of the 

infection process will be briefly summarized here, borrowing 

heavily from this source. 

For an infection to take place, tubercule bacilli 

must reach the alveoli, minute air sacs in the lung, lo

cated at the outermost ends of the bronchial tree. To 

remain alive during the infection process, the bacilli must 

remain suspended in water. However, only very fine droplets 

are able to penetrate to the alveoli. Such droplets are 

emitted by persons with advanced cases of tuberculosis 

upon coughing, which is characteristic of the disease. 

Since these droplets can remain in the air only for limited 

periods of time and a great number are required to promote 

an infection, there is little chance of transmission taking 

place unless sustained social contact at relatively close 

quarters in poorly ventilated environments is maintained. 

Such contact is most likely to occur in homes, schools, and 

working places. 

As the bacilli multiply and spread, they cause con

siderable lung damage. However, this is a slow process 

requiring many months due to the long reproductive cycle of 

the tubercule bacillus. At the same time, the body gradu

ally develops a specific resistance to the disease, and in 

about 93 percent of cases, the spread of the disease is 

arrested (Ferebee and Bardine 196^, p. 9). Those cases 



which are not naturally arrested proceed directly to the 

infectious or active stage. Arrested cases exhibit varying 

degrees of lung damage, with about 10 percent showing visual 

X-ray evidence of the disease (Papenfuss and Fjeldsted 19&9? 

Groth-Petersen, Knudsen, and Wilbek 1959)* 

In arrested cases, the bacilli are not eradicated 

but are maintained in a dormant state, growing only very 

slowly. About 95 percent of persons with dormant infections 

will never exhibit a reactivation of the disease; the other 

five percent reactivate and move into the infectious stage. 

The probability of reactivation increases with increasing 

evidence of lung damage during the initial infection. 

Dormant infections are also characterized by immunity to 

further infection from the environment. Whether this immu

nity is total or partial is a subject for some dispute among 

medical authorities (Venezian 196*1-, p. 10). It has been 

assumed in this research that total Immunity from further 

external infection exists for all persons with a dormant 

infection. 

Those with active (infectious) disease experience 

severe lung damage, but most will survive even without thera

py. Modern drug therapy can quickly arrest the further 

spread of the disease and minimize lung damage and mor

tality risk. However, a case of tuberculosis is never fully 

cured and reactivations can occur even after drug therapy. 
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The risk of reactivation is strongly related to the quality 

of therapy and the extent of lung damage "before arrest 

(Grzybowski, et al. 1966). 

II.2 Tuberculosis as a Discrete 
State Process 

In all of the research a discrete state model of 

tuberculosis was employed to represent its various stages. 

Wherever significant distinctions could be made between 

individuals with respect to their tuberculosis status, 

their susceptibility to infection and activation, or in 

their treatment experience, separate disease states were 

Identified. Every constituent in the population was classi

fied in the model, and the classification rules resulted in 

a mutually exclusive and exhaustive set of system states. 

The decision to use a discrete state model was 

based strictly on convenience. It may be true, however, 

that some aspects of tuberculosis can be more validly 

represented by continuous mathematical functions or con

tinuous probability distributions. For example, individuals 

with dormant infection show continuously varying degrees of 

lung damage and, consequently, continuously varying degrees 

of activation risk (Groth-Petersen, Knudsen, and Wilbek 

1959» p. 35) • Also, there is some evidence to indicate 

that the risk of activation for dormant infections may vary 



continuously with time since infection, age, or "both 

(Trauger 1966, p. *K30). These continuous phenomena and 

others can be approximated in a discrete model through 

appropriate state definitions and with only minor sacri

fices In validity. 

Discrete state models can "be written directly in 

the language of the digital computer and allow considerable 

flexibility during the course of research. In the next 

chapter, an attempt will be made to demonstrate the validity 

of the model in simulations of the tuberculosis history of 

the state of Utah and the United States in recent years. 

The discussion here is not intended to rule out possible 

continuous state descriptions of tuberculosis. During 

the course of later discussions the limitations of the dis

crete model will be pointed out and suggestions will be 

made for further research. 

A serious conflict can arise when a research effort 

is directed at both simulation and optimization. To 

establish adequate validity, a simulation study tends to 

result in a highly complex model with many states. Such 

a model may be analytically intractable. Optimization 

studies tend to reverse this situation by employing simpli

fications in order to be able to offer compact analytic 

solutions. The results are sometimes of dubious practical 

value. 
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This research, which involved "both simulation and 

optimization, has tended toward the more complex end of this 

spectrum and has taken us out of the realm of sophisticated 

optimization techniques. To a large extent, however, the 

complexity of the model was limited by the reporting formats 

of agencies providing available data. The disease states 

and transition rules defined in the model were dictated 

largely by the medical terminology under which current data 

are collected. 

II.3 Definition of States and Transitions 

Let us turn now to the definition of the basic 

tuberculosis model which has been used in all of the 

research. Within this same conceptual framework, both 

stochastic and deterministic models have been developed. 

A diagram of the basic tuberculosis model is shown in 

Figure 1. Eight discrete disease states have been identi

fied with each population constituent belonging to one and 

only one of the states. It was assumed that the members of 

any disease state were homogeneous with respect to possible 

migrations from their disease state. The following is a 

list of classification rules for state membership. 

XIt (Susceptibles)» All Individuals 
with no significant present or 
previous tuberculosis infection. 
In practice, these are persons who 
would reveal a negative skin test 
(less than 10 mm. induration in 
most localities). 
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Figure 1. Basic Tuberculosis Model 
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X2i (New Infections)j All persons who 
have received an initial tuber
culosis infection sufficient to 
yield a positive skin test, but 
who have not yet reached either 
the dormant or infectious TB stage. 

X3» (Dormant Infections - Low Risk)» 
All individuals infected suffi
ciently to yield a positive skin 
test but not infected sufficiently 
to yield a positive X-ray diagnosis. 
This state includes only those indi
viduals whose infection has become 
dormant, and who have never reached 
the active (infectious) stage. 

X4i (Dormant Infections - High Risk)i 
Same as X3 except that these persons 
show a positive X-ray diagnosis. 

X5» (Active Cases)i All individuals 
whose infection has progressed to 
the infectious stage. This state, 
however, includes only those active 
cases which are in infectious con
tact with the populace. 

X6i (Natural Recoveries)i All non
infectious individuals who have been 
previously active, but whose recovery 
was unaided by drug therapy. 

X?: (Active Cases Under Treatment): All 
active cases which have been isola
ted from infectious contact with the 
populace and are currently under 
treatment for active tuberculosis. 
It is assumed that modern drug 
therapy is applied to all such cases. 

X8» (Treated Recoveries)i All non
infectious persons who have been 
previously active, and whose recovery 
was aided by drug therapy. 



Notation for migrations among the disease states 

and to and from the system is defined "below. 

Bi number of birth migrations during a 
time increment , 

Di» number of death migrations from state 
Xi during a time increment, 

Pijj number of disease migrations from 
state Xi to state Xj during a time 
increment. 

At this time, let us review the natural history of 

tuberculosis and its treatment as it is interpreted by 

the basic model. Newborns (B) migrate into the system as 

susceptibles (XI). Deaths (Di) can occur from any state, 

and the death rate for any state may be higher or lower 

than the overall death rate of the population depending 

upon the age distribution of the membership and the 

characteristics of the disease. Members of the state 

XI, who find themselves in infectious contact with members 

of state X5, migrate (P12) to X2. 

Members of state X2 can make one of three disease 

migrations: direct development of active disease (F25), 

dormancy with high risk of activation (F2*0, and dormancy 

with low risk of activation (F23). They may also die in 

any period (D2). 

Constituents of the dormant infection states 

(X3 and X*J-) may migrate by activation or death. The risk 

of activation from state X^ is somewhat larger than the 

risk from state X3. Note that, in the dormant stage of 



the disease, the tubercule bacilli are not multiplying 

or spreading but exist in a state of relative inactivity 

for some considerable length of time. 

New active cases (X5) originate from five states 

through the migrations F25» F35» F^5» F65» and p85. All 

new active cases are considered to be capable of infecting 

susceptibles (XI). Migration F56 represents all new 

active cases of tuberculosis which recover naturally and 

are not reported; D5 represents deaths due to tuberculosis 

prior to discovery and treatment; F57 consists of new active 

cases put on treatment. The ratio of D5 to the sum of D5 

and F56 may be interpreted as the natural TB death rate. 

Upon arrest of the disease, patients under therapy 

(X?) will migrate to state X8 by way of F78. Patients who 

die while under therapy migrate by way of D7. Finally, 

members of states X6 and X8 may migrate by way of reacti

vation (F65 and F85) or by death (D6 and D8). 

Throughout this study, it was assumed that tuber

culosis deaths of untreated active cases (D5) are officially 

reported. Thus, the sum of D5 and F57 was the figure used 

in our model for comparison with documented data on newly 

reported active cases. Similarly, the sum of D5 and-D7 was 

compared with reported figures for tuberculosis deaths. 

It should be noted that the basic model does not 

account for infection with atypical mycobacteria. This 



research did not include consideration of such infections, 

though their prevalence may be significant in certain lo

cales such as the southern United States. Inclusion of 

atypical infection would have necessitated the definition 

of additional states and would have overcomplicated the 

research effort. 

The model resembles in considerable degree that 

used by ReVelle, Lynn, and Feldmann (1967). It deviates 

from their model in several respects. First, ReVelle, et 

al. (1967) did not take full account of the possibility 

that a new infection can migrate directly to the active 

stage. During the first year after an initial infection, 

the individual is at considerably higher risk of developing 

active disease than in any subsequent year. Reported 

tuberculosis data has shown that 20 to 25 percent of new 

active cases had no tuberculosis infection prior to the 

year preceding activation (Public Health Service 19^7> 

P. 3 ) .  

To account for the difference in activation risk 

between new and dormant infections, an intermediate stage 

(X2) was introduced. This alteration in the ReVelle model 

was Inspired by Ferebee and Bardine (196*0, though the 

latter model did not introduce an additional state. 

Ferebee and Bardine employed a disease migration directly 

from state XI to state X5. We believed the additional 
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state was justified in that it served as a reference 

state for preventive control programs directed at 

finding and treating new infections. 

The basic model also deviates from both the 

ReVelle and Perebee models in that it recognizes expli

citly the varying degrees of activation risk among 

persons with dormant infections. The dormant infection 

category was partitioned into two states, high and low 

risk, using X-ray diagnosis as the partition criterion. 

The relative effects of preventive programs aimed at all 

dormant infections as opposed to those aimed only at high 

risk infections could then be evaluated directly. 

Finally, an intermediate stage was included between 

active disease and treated recovery. This state was intro

duced for two reasons. First, it was desirable to be able 

to distinguish between tuberculosis deaths prior to dis

covery and tuberculosis deaths during treatment. The death 

rate for untreated active cases is considerably higher than 

for treated active cases. An increase in casefinding effort 

would result in a lower overall TB death rate due to earlier 

discovery and quick arrest of the disease. The model, with 

the treatment state included, can predict the extent of the 

reduction in TB death rate explicitly as a function of the 

increase in FR57i the proportion of active cases discovered 

prior to death or natural recovery. 
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A second reason for including state X7 was that 

it serves as a convenient destination for individuals in 

state X8 who suffer a relapse while still under obser

vation after recovery. An active case remains in state X? 

only until the progress of his disease is arrested, (approxi

mately six months). He is then moved to state X8, where, 

for the first four years or so, the patient's progress is 

followed closely. It is quite common for the patient to 

suffer a relapse during this time, but because of the close 

follow-up, he is not likely to return to state X5, where he 

is in infectious contact with other persons. Presumably, 

members of his household contact group have been administered 

a protective drug program, and discovery of his relapse will 

probably take place before he is able to infect persons out

side the household. In effect, the relapsing patient 

migrates from X8 back to X7. This migration has not been 

explicitly included in the basic model, since it would 

affect neither the dynamics of the disease in the population 

nor the cost of treatment. In the cost-effectiveness 

studies, treatment costs were estimated by averaging total 

treatment costs with respect to treated new active cases. 

The cost of possible relapses were thus already accounted 

for when a new patient enters treatment. Migrations from 

X8 to X5, which were Included in the model, are those which 

take place after the observation period or which are missed 

during the observation period. There was perhaps some 



justification for introducing two intermediate stages 

"between X5 and X8, one for arrest of disease and one for 

follow-up. This would have aided planning of local 

treatment facilities. However, the primary concern in 

this research was the dynamics of the disease and the 

design of preventive treatment programs. Therefore, 

such an elaboration of the model was not justified. 

It should "be reiterated that the "basic tuberculosis 

simulation model is homogeneous; the members of a given 

disease state are identical with respect to their migration 

probabilities from that state. However, a future research 

effort is planned which will make use of age specific 

disease states. 

Age is a particularly important factor for several 

reasons. First, it is possible that the migration rates 

themselves may be influenced by age. Even if this is not 

the case, age is still certainly a factor in determining 

the distribution of the population among the disease states. 

For example, older persons, with longer exposure to an 

infectious environment, will tend to predominate in the 

more advanced stages of the disease. Secondly, many pre

ventive tuberculosis programs, such as the screening of 

school children, tend to be age specific. Lastly, the 

economic impact of the disease is greatly influenced by 



the age distribution of active cases. This effect cannot 

be ignored if economic costs over and above direct medical 

costs are to be considered in cost-effectiveness analyses. 

The age distribution in each of the disease states 

was taken into account in determining the death migration 

rates in the homogeneous model. However, implicitly 

accounting for age did not allow for possible shifts in the 

age distribution of a disease state over time. Evidence 

exists that such changes are currently taking place in the 

United States (Public Health Service 19?0, pp. 3-*0 • 

II.*4- Definition of State Transition 
Equations 

In the digital simulation studies, a time discrete 

model was necessarily employed. Selection of an appropriate 

time increment presented certain problems which will be 

discussed in a later section of this chapter. For the 

present, let us describe state transitions in continuous 

time. 

Considering first the birth and death migrations, 

the following expression can be written for the number of 

births occurring in a sufficiently small time interval dt« 

(2.1) B = BR * X * dt 

where X is the total population size and BR is the birth 

rate in births per person - unit time expressed with 

respect to the total population size. The birth rate (BR) 



cannot realistically by expected to remain constant over 

time or between different populations. Age distributions 

and cultural attitudes toward family size can vary markedly 

over time and between populations. Despite all this, the 

research did not consider fully the effect of birth rate 

on tuberculosis. A nominal value was chosen for the birth 

rate, and this was held constant in all of the case studies. 

Some effort was made, however, to judge the sensitivity of 

the model to certain parameters and initial conditions in 

Chapter IV. The sensitivity study was based on the dual 

criteria of model sensitivity and measurement accuracy. 

The effects of only the most significant factors were fully 

explored. It should also be noted that the basic model does 

not consider the effects of immigration to and from the 

population. This effect can be included in the model by 

introducing "births" to all disease states. 

Death migrations are expressed in a fashion similar 

to births as followsi 

(2.2) Di = DRi * Xi * dt 

where Xi is the population of the ith disease state and DRi 

is the death rate in deaths per person - unit time from the 

ith disease state. Vital statistics show that the overall 

death rate in the United States has not changed significant

ly over the past twenty years. Therefore, in these disease 

states where death is not directly attributable to tubercu

losis (all but X5 and X7), the net death rate would not be 



expected to change over time. However, if age or sex 

distribution shifts occur over time within any of the 

disease states, then the specific death rates from those 

states will be affected. 

With respect to disease migrations, the linear 

format employed in the birth and death migration expressions 

was again used for all disease migrations save for F12. 

The general expression for disease migrations from state Xi 

to state Xj becomes: 

(2.3) FiJ = FRU * Xi * dt 

where FRij is the rate of migration from state Xi to state 

Xj in migrations per person-unit time. Again, for the 

sake of clarity and simplicity, the migration rates in the 

model do not change as a function of time. This is indeed 

a realistic assumption with respect to individuals of any 

specific age, since a population would not be expected to 

change significantly in its parametric characteristics with 

respect to tuberculosis except over very long periods of 

time. This assumption might be waived for migrations which 

are dependent in any way upon social patterns and medical 

intervention but would be expected to hold for parameters 

which reflect only the average physical characteristics of 

the human body. Thus, although there may be differences 

between populations with respect to the value of disease 

parameters, there is no expectation that such factors as 



hereditary immunity or improvement of the general health 

status will come into play during the simulation period. 

However, shifts in the age distribution within 

disease states could cause problems just as they might in 

the case of death rates. The effect of age specific 

disease migration rates could be included by using an age 

specific model, but inclusion of a time-since-entry factor 

would be extremely complex, though perhaps not impossible. 

Unfortunately, the scope of the work did not permit the 

inclusion of such investigations. 

Finally, consideration must be given to the equation 

for the migration of new infections (P12). This migration 

is influenced not only by the physical characteristics of 

the human body but also by the social characteristics of the 

population. This being true, the parameter governing this 

migration might be expected to vary significantly between 

populations and over time. Before discussing assumptions 

concerning this parameter, let us first establish the form 

of the equation. 

Under the criteria of simplicity and validity, the 

infection equation of ReVelle, Lynn, and Feldmann (1967) was 

chosen for use in the continuous time basic model. The 

number of new infections occurring in the time increment dt 

is written as 

(2A) F12 = BETA * X5 * (Xl/X) * dt. 
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The parameter BETA is the expected number of potentially 

infectious social contacts made by a single active case 

during a unit time periods More specifically, any person 

who becomes active (infectious) will, during the course of 

his social interaction, be expected to contact BETA persons 

per unit time sufficiently to promote an infection. The 

product BETA * X5 then becomes the total expected number of 

such infectious contacts taking place in the population 

during the time period. However, only members of state XI 

are capable of actually receiving an infection. Therefore, 

only a proportion (Xl/X) of the infectious contacts will 

result in new infections; the remaining infectious contacts 

would involve persons already infected. 

This infection equation assumes that each individual 

in the population has an equal probability of having an 

Infectious contact with any given active case. The equation 

is valid only in continuous time or in discrete time where 

the time interval is sufficiently small to guarantee that no 

susceptible person is doubly infected. This point will be 

discussed further when time increment selection is considered 

in a later section of this chapter. 

The ReVelle equation accounts not only for the 

infectivity of the population environment but also for 

changes in population size over time. It has been adapted 
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from the more common infection equation, used by Ferebee 

and Bardine (1964) and Waaler, et.al.(1962) for tuberculosis 

F12 = BETA' * X5 * XI * dt 

where BETA' = BETA/X and X is a constant. 

The ReVelle equation, by its "perfect mixing" 

assumption, does not account for the fact that most new 

tuberculosis infections are promoted within a small group 

of close associates of the index case. There is certainly 

room, in further research, to take more elaborate account 

of the character of social intercourse in the infection 

model. We are particularly interested in the future study 

of two or three stage infection equations. For example, 

the population of a typical Indian reservation can be 

partitioned, first, into geographically distinct villages. 

Each village can then be partitioned into socially distin

guishable living groups. The probability of an infectious 

contact taking place between a given susceptible and a 

given active case would be dependent upon their relative 

proximity with respect to living group and village. 

Similar multi-level mixing models could be postulated for 

urban environments. 

The migration equations defined above can now be 

organized according to the diagram in Figure 1 to form the 

set of state transition equations. All of the state 
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transition equations are of the following general form* 

(2.5) dXi = 21 (Fji - Fij) - Di +A * B, i = 1,8 
J 

where 

«fl = 1 for i = 1, 

and 

= 0 otherwise. 

The appropriate values' of j in the summations are defined 

in Figure 1. 

Substituting (2.1 - 4) into (2.5) according to 

Figure 1 and writing as differential equations yields 

(2.6) d£i _ BR*X-BETA*X5*(X1/X) - DR1 * XI, 
dt 

2̂'7̂  = BETA*X5*(X1/X) - (FR23+FR24 

+FR25+DR2) * X2, 

(2.8) = fr23*X2 - (FR35 + DR3) * X3, 
dt 

(2.9) dX4 _ fr22j. * X2 - (FR^5 + DR4) * X4, 
dt 

(2.10) d££ _ FR25*X2+FR35*X3+FR45*X4+FR65*X6+FR85 
dt 

*X8 - (FR5 6+FR5 7+DH5) * X5, 

(2.11) dX6 = FR56 * X5 - (FR65+DR6) * X6, 
dt 

(2.12) d|2 = FR5? * X5 - (FR78+DR7) * X?, 
dt 

(2.13) = FR73 * X7 - (FR85+DR8) * X8. 
dt 

\ 

The assumptions concerning the character of migration rates 

from the varlotis disease states allowed us to represent the 



basic tuberculosis model as a system of eight simultaneous 

first-order differential equations which are linear in all 

terms except for the infection migration F12. 

II.5 Steady-State Analysis and the Criterion 
for Tuberculosis Extinction 

The equations derived in the previous section for 
/ 

the discrete state, continuous time model were solved for 

the steady-state values of the state variables. A steady-

state analysis was of interest in that it provided con

siderable insight into the long run behavior of the system. 

In particular, the objective, was to derive a criterion for 

extinction of the disease in terms of the parameter values. 

The solution began by setting the derivatives in 

(2.6-13) equal to zero. Since the non-linearity in the 

infection term Is non-transcendental, the resultant set 

of simultaneous equations were solved directly. It was 

helpful for interpreting the results of the solution to 

assume that birth and death rates were such that the total 

population size (X) remained constant over time. An 

arbitrary selection of birth and death rates might have 

resulted in extinction or explosion of the population size 

itself in the steady-state. This assumption also greatly 

simplified the solution of the equations. A step-by-step 

derivation of the steady-state solutions for the state 

variables in terms of the system parameters is presented 
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in Appendix B. Of particular importance is the solution 

for the value of X5 since this yields the parametric 

conditions under which extinction of tuberculosis can be 

expected in the long run. 

First of all, let us define some quantities which 

simplify the interpretation of results. Let 

E2 « FR23 + FR2^ + FR25 + DR2, 

E3 = FR35 + DR3, 

Ek = FR45 + VRk, 

E5 = FR56 + FR57 + DR5, 

E6 = FR65 + DR6, 

E7 = FR78 + DR7, 

E8 = FR85 + DR8. 

The quantities Ei may be interpreted as the total exit rates 

from states Xi in exits per person-unit time. 

Next let us define 

n . E§p + SSffigp • and 

1 FRi?6*FR6'> _ FR57*FR78*FR85 
P2 " E5*E6 E5*E7*E8 

The quantities PI and P2 may be interpreted as follows: 

PI = Probability that a given new infection will 
eventually become active, 

P2 = Probability that a given active case will 
never reactivate. 



Now the derivation in Appendix B yields the steady-

state solution for X5 as 

tBB*Pl DR1 "1 
P2~~ ~ BETA J 

when 

BRfPl > DR1 
P2 — BETA' 

and 

X5 = 0 

when 

BR*P1 , DR1 
P2 — BETA' 

The parametric criterion for extinction of tuberculosis 

is therefore 
i 

BR » BETA * PI n 
DR1 * P2 -

Now consider what would happen if an active case were sud

denly introduced into the population. Recalling the form 

of the infection model and the definition of Plf the 

numerator of the extinction criterion can be interpreted 

as being the rate of flow of individuals from the pre-

active to the post-active states. On the other hand, the 

denominator of the extinction criterion can be Interpreted 

as the removal rate from the population of individuals in 

the post-active states. The extinction criterion then 

states that the exit rate of individuals from the post-

active states must ultimately exceed the entry rate for 

extinction to be restored. 
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The above interpretation grossly ignores the 

transient chracteristics of the system in reaching equili

brium but should increase intuitive notions of the behavior 

of the system. Note that the assumption that BR = DR1, 

for a constant population size, can in reality be true only 

under the condition of tuberculosis extinction. Reference 

has already been made to the fact that the various disease 

states, when occupied, tend to have differing age distri

butions. The occupants of the susceptible state (XI) tend 

to be younger on the average than the members of the 

infected states. Since a constant population in the steady-

state was assumed, then BR should slightly exceed DR1, 

unless the steady-state condition is extinction. Further, 

the value of DR1, being inversely related to the steady-

state value of X5, would be difficult to calculate in 

practice. Suffice it to say here that the assumption 

BR = DR1 gives no difficulty for the purpose of evaluating 

whether or not extinction is imminent, but it yields 

an underestimate of the steady-state value of X5 if X5 is 

indicated to be positive. 

Relaxation of the assumption that X is constant 

would present no difficulty in Appendix B so long as only 

the proportional distribution of the population among the 

disease states was to be calculated. Interpretation of 

the proportions was difficult, however. If the overall 



death rate exceeded BR then all state variables would 

eventually get to zero. But if BR exceeded the overall 

death rate, the total population would go to infinity and 

the proportional distribution would be reached asymtoti-

cally. However, setting DR1 equal to the current overall 

death rate, where BR is either larger or smaller than the 

overall death rate, did enable the use of the extinction 

criterion to yield information concerning the intermediate 

run expected trends of tuberculosis prevalence in a 

population. 

II.6 Tuberculosis as a Discrete Time Process 

Although the steady-state analysis in the previous 

section proved quite fruitful, the prospects were not so 

bright for analyzing the transient behavior of the system. 

Multi-dimensionality and non-linearity were formidable 

obstacles to direct analysis. At any rate, complete 

mathematical analysis did not command top priority with 

respect to the ultimate objective of developing a program 

planning methodology. Thus, our research made considerable 

use of digital simulation models. 

To reflect the dynamic characteristics of the model 

accurately in (2.6-13), relatively small time increments 

would be required. By relatively small we mean, specifi

cally, a time increment which is considerably smaller than 



the shortest mean occupancy time in any of the disease 

states. An interval of one week to one month would probably 

be adequate for the level of state discreteness chosen in 

the model. 

However, the migration equations used in the model 

represent very gross approximations to the natural history 

of the disease in the human. In all of the migration 

equations, except for F12, the probability of an occupant 

making a given transition during a time increment was 

assumed to be constant over time. In fact, over small time 

increments, these probabilities can vary quite widely in 

some disease states as a function of age and time since 

entry. So long as the composition of a given state with 

respect to age and time since entry does not change 

rapidly over time, the model should still be quite valid. 

Unfortunately, some of the states, such as X2, X5, and X7, 

have quite small populations at any point in time in a 

simulation. Thus, in a stochastic simulation or in the 

presence of medical interventions, the composition of 

these states can change radically in a short time interval. 

Paying too great attention to the dynamic behavior 

of state variables and migration sizes over short time 

periods would be erroneous. The model was not designed to 

account for the factors influencing the progress of small 

numbers of individuals over short time periods. We must be 



satisfied with establishing the validity of the model with 

respect to data from real populations which are collected 

in yearly increments. Thus, the selection of an appropriate 

time increment was not governed strongly by the need to 

simulate accurately the short-run dynamics of the continuous 

model in (2.6-13). Rather, the primary objective was to 

match real data on a year-to-year basis. 

The specific need to generate a model which would 

validly simulate yearly aggregated statistics largely 

influenced the decision to use a one year time increment. 

The data were such that hard estimates of the aggregate 

migration sizes and net changes in state variables were 

difficult to obtain. Many assumptions and approximations 

were necessary, some of which are open to serious question. 

Ultimately, a workable and quite plausible basic simulation 

model was developed. The next step would have been to re-

express the parameters in terms of a smaller time increment 

while maintaining the statistical validity of yearly 

aggregates. But this was never done, since there was never 

a felt need to do so. Reducing the time increment would not 

have produced a more valid model, since the short term dyna

mics would not have been any more realistic than in the 

yearly model. The resultant model would still have had to 

satisfy the same yearly statistical requirements. In 

addition, it was found that the stochastic simulation model 
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consumed considerable computer time so that a reduction 

of the increment size could only have been made at con

siderable additional cost. 

Using a one year time increment was not without 

some difficulty, but the problems were surmountable. 

First of all, a majority of the individuals in states X2, 

X5, and X7 occupy these states for less than one year. 

Thus, the total yearly input or output from these states 

could exceed the population of the states at any point in 

time. To circumvent the rewriting of the migration equa

tions, the values of these state variables at a discrete 

point in time were taken to represent the total number of 

input migrations during the last time increment. To satis

fy this interpretation each of these states were understood 

to be entirely emptied and refilled during each time 

increment. Thus, X2, X5» and X? are quasi-state variables 

which simply monitor the total yearly flow of new infections, 

new active cases, and new therapy patients, respectively. 

Another difficulty with the one year time increment 

was the infection equation. The equation discussed in 

Section II.^ is only valid in continuous time or where 

extremely small time Increments are employed. In continuous 

time the quantity BETA*X5*(X1/X) validly represents the 

rate at which new infections are generated. In discrete 

time, the same quantity represents the number of infectious 



contacts which take place "between members of states XI 

and X5 during a unit time increment. However, if the 

time increment is very long or if there is a relatively 

large proportion of persons in state X5» then the number 

of actual new infections tends to be less than the number 

of infectious contacts. This is due to many susceptibles 

being multiply infected. A more appropriate infection 

model for our use in discrete time is derived below in 

probabilistic terms. 

Let 

1-(1/X1) = Probability that a particular 
susceptible does not receive an 
infection given that a single 
infectious contact takes place 
among the susceptible group 
(each susceptible having an 
equal probability of receiving 
the infectious contact). 

Then, 

(1-(1/X1))N = Probability that a particular 
susceptible does not receive an 
infection given that N infectious 
contacts take place among the 
susceptible group. 

i 

Finally, 

1-(1-(1/X1)= Probability that a particular 
susceptible receives at least one 
infectious contact given that N 
infectious contacts take place 
among the susceptible group. 

Since the number of infectious contacts taking place 

during a unit time increment is given by BETA*X5*(X1/X), 



then the discrete time infection equation may be written 

as 

F12 = XI * (1-(1-(1/X1) )BETA»X5*UlA)), 

For suitably small values of BETA and the ratio 

X5/X1, the discrete time model should closely approximate 

the continuous. In Figure 2, the two models are compared 

under the assumption that XI + X5 = X. In all simulations, 

the discrete time infection equation was employed. 

A final note concerning the discrete time simulation 

model is in order with reference to the deterministic 

and stochastic interpretations of the migration equations. 

In the deterministic model, the sizes of birth, death, 

and disease migrations during a time increment are calcu

lated as follows» 

B = BR * X, 

Di = DRi * Xi, 

Fij = FRij * Xi, 

where BR,. DRi, and FRij are defined as in the continuous 

time model and where 

FR12 = 1-(1-<1/X1))BETA * X5 * W/X). 

In the stochastic model B, Di, and Fij are random 

variables whose realizations in a given simulation are 

determined by Monte Carlo generators. The parameters BR, 

DRi, and FRij represent the probability that a given indi

vidual will make the indicated migration during a time 

increment. 
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CHAPTER III 

SIMULATION STUDIES 

As a demonstration of the basic tuberculosis simu

lation model, a study t>f tuberculosis in the United States 

has been conducted and a deterministic simulation performed 

for the years 1953 through 1968. The year 1953 was chosen 

as a starting point since it represented the initiation of 

modern three-drug therapy in the United States. It was 

during 1953» then, that the first tuberculosis patients 

made the migration F57 in the basic model. 

Wherever possible, reported data and documented 

research studies have been used for the purpose of estab

lishing the values of initial conditions and migration 

parameters. A portion of this chapter is devoted to a 

thorough discussion of the data sources and the various 

assumptions which were necessary in lieu of adequate infor

mation. Rather than maintain this discussion on a general 

plane, the calculations of initial conditions and parameters 

for the United States simulation have been included within 

the main body of the chapter. The calculation can then 

serve as a framework for the detailed consideration of prob

lems associated with parameter and state variable estimation. 
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Deterministic and stochastic simulations of the 

tuberculosis history of the state of Utah from i960 through 

' 1968 were also performed. This study lends further support 

for the plausibility of the basic model. Details of the 

calculation of initial conditions and parameters for the 

Utah case have been reserved for presentation in Appendix C. 

Finally, four case studies of small populations 

representing very high, high, moderate, and low levels of 

tuberculosis prevalence were performed. Beginning the 

simulations in 19^8, the U.S.A. and Utah cases were scaled 

down to populations of 10,000 to represent moderate and 

low prevalence, respectively. Typical inner-city preva

lence data were used to generate a high prevalence case. 

Figures for United States Indian and Alaskan Native tuber

culosis prevalence served as the basis for the very high 

prevalence case. Moving from low to very high prevalence, 

each case study represented a level of prevalence of 

approximately three times that of its lower counterpart. 

Table 1 shows the initial yearly reported new active case 

rates for each of the case study models. Projections of 

these models twenty years into the future were analyzed 

and used, later, as bases for evaluating the effectiveness 

of various preventive programs. 
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Table 1 

Yearly Reported New Active Case Rates 
for Small Population Case Studies 

Prevalence Type Population 

Prevalence Rate 
(cases per 
100,000 popula
tion) 

Very High Indian and Alaskan Native 192 

High Inner City 64 

Moderate United States Aggregate 21 

Low Utah 7 

III.l Derivation of Initial Conditions 
, and Parameters - U.S.A. Simulation 

The simulation began in 1953 and initial conditions 

were set accordingly. Figures for the number of new active 

cases reported yearly and beginning in 1953 are available 

from Public Health Service (19?0), p. 2. In deriving para

meter values account was taken for the fact that yearly 

reported new active cases are in fact declining. It was 

necessary, then, to use new active case reports from 1952 

and 195^ in the calculation as well as from 1953* Obser

ving that the rate of decrease in reported new active cases 

in the 1950's averaged about six percent, the number of 

reported new active cases in 1952 and 195^ was set to 

reflect this rate of decrease. The resultant figures are 

given belowi 



Reported New 
Year Active Cases 

1952 89,000 
1953 84,000 
195^ 79,300 

In the basic simulation model the number of reported 

new active cases is represented by the sum of F57 and D5. 

Migration F57 represents cases put on therapy, while 

D5 represents cases first diagnosed at death. Considerable 

diligence and care exercised by the U.S. Public Health 

Service makes this data quite accurate and reliable. 

However, all new active cases are not reported. Without 

reference to documented evidence, 80 percent of new active 

cases were assumed to be reported. This constituted the 

first major assumption of the derivation. As a result, 

the figures given above are 80 percent of the initial values 

of X5 in their respective years. The following values were 

obtained for X5« 

Year X£ 

1952 111,250 
1953 105,000 
195^ 99,125 

Each of these values were required in later calculations. 

The value for 1953 served as the initial condition for 

state X5. 

Public Health Service (1970), pp. 2-3, shows that 

the distribution of new active cases according to form and 

extent of lung damage has not changed significantly over 



the period 1953-1968. This led us to believe that the over

all case-finding effort had not changed over the same 

period, and therefore, the discovery rate was considered 

constant over the simulation period. This assumption was 

further justified by Papenifuss and Fjeldsted (1969), p. 13» 

who showed statistics verifying a marked change in the 

distribution of tuberculosis by extent of disease following 

the inception of an intensified case-finding program in 

196^ for the state of Utah. 

Since 80 percent of new active cases are discovered 

and treated, then the remaining 20 percent must continue 

to make the migration F56 which, prior to 1953» was made 

by all active cases. Thus, the natural recovery rate 

(FR56) was set at 0.2. While F56 represents the natural 

recovery of unreported tuberculosis cases, D5 represents 

cases which are discovered only after death or at least 

prior to the initiation of drug therapy. Examination of 

statistics prior to 1953 led us to estimate that active 

cases which are not given drug therapy have a death rate 

of approximately 20 percent (Lowell 1966). Thus, D5 should 

represent 20 percent of the sum of D5 and F56, so 

DR5 = 0.05. Remaining active cases .are reported and put on 

drug therapy at a rate FR57 = O.75. 
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Tuberculosis deaths can also occur during drug 

therapy and are represented by the migration D7« Using 

the initial condition for X5 and the death rate DR5» the 

number of deaths occurlng due to tuberculosis and prior 

to significant drug therapy was estimated to be 

D5 = DR5*X5 = 0.05*105,000 = 5.250 

in 1953. Public Health Service (1970), p. 2, showed, 

however, that a total of 19,700 tuberculosis deaths 

occurred in 1953* The remaining 14,450 deaths must have 

occured from state X7, that is during or immediately 

following a drug therapy program. Since 75 percent of the 

new active cases in 1952 were assumed to have migrated to 

state X7 under a drug therapy program, then the initial 

condition for state X7 becomes 

X7 = 0.75*111,250 = 83,438, 

and DR7 may be calculated as follows« 

DR7 = 14,450/83,438 = 0.173. 

Although DR7 is lower than the natural death rate 

for active cases (0,20), the reduction was not as great as 

expected. However, by 1968 a similar calculation showed 

that DR7 was close to 0.09. This decrease in DR7 may be 

attributed to improvement in the methodology of drug thera

py and to more widespread use of these methods. In Utah, 

for example, the general use of drug therapy did not begin 

until 1964 (Papenfuss and Fjeldsted 1969, P* 12). Under the 



assumption that other areas had similar experience, it can 

be inferred that the shift to three-drug therapy, which 

began in 1953» was gradual. Several trial runs revealed 

that the tuberculosis death trend from 1953 through 1968 

could be closely approximated by assuming that DR7 de

creases by ^ percent per year from its initial value of 

0.173 in 1953• The initial value of FR78 was accordingly 

set at 0.827 and increased over the simulation period. 

Let us digress a moment to discuss the need for a 

time dependent death rate from state X7. Prior to 1953 

all active cases, reported and unreported, were assumed to 

have migrated by way of F56 or D5. For those years FR56 

= 0.8, DR5 = 0.2, and FR57 = 0« Then, in 1953• all' repor

ted active cases were assumed to have been given complete 

three-drug therapy, and therefore, DR7 was expected to be 

considerably lower than 0.2. In fact, this did not occur 

for reasons already mentioned. 

Perhaps a more realistic model of post-active tuber 

culosis would include an additional set of disease states. 

Three types of recovery could be identified! natural 

(unreported), reported and placed on treatment but with

out drug therapy, and reported and placed on treatment with 

drug therapy. Then, prior to 1953• the model would show 

FR56 = 0.2, DR5 = 0.05, and a migration rate of 0.75 

to a treatment state without drug therapy. 



The death rate from this newly defined treatment state 

would be slightly less than 0.2. In 1953» the migration 

rate FR57 would begin to increase at the expense of the 

migration rate to the non-drug therapy state, reflecting 

the increase in use of drug therapy. Under these circum

stances, DR7 could be set at some low constant rate 

(5 to 10 percent) while still showing an overall decrease 

in the tuberculosis death rate. Thus, a simulation model 

which is functionally more valid would be obtained. The 

parameters which would be time-varying in the model would 

be more closely analogous to the process rates which are 

time-varying in the real world. The value of such an 

extension of the basic model was not fully appreciated 

until quite late in the research, and therefore, its con

sideration has been reserved for the future. 

Returning now to the calculation of parameters, the 

parameters and initial conditions derived to this point 

(X5, X?, FR56, FR57, FR78, DR5, and DR7) are based on 

quite solid data. Aside from assumptions inherent in the 

form of the model only the assumption of an 80 percent 

discovery rate is open to serious question. 

Turning to reactivations from states X6 and X8 

Grzybowski, et al. (196 6), p. 352, maintained that in 

Ontario, Canada, in the early Sixties, reactivations 



constituted about one-third of all new active cases reported 

annually. The paper wentonto estimate? p. 358, that indivi

duals with unreported, naturally recovered tuberculosis 

(arbitrarily selected with respect to time since recovery) 

are subject to a reactivation rate of about one percent. 

Other evidence, in this paper and elsewhere, showed that 

the rate for a given individual is much higher than one 

percent soon after recovery but declines rapidly in 

succeeding years. Papenfuss and Fjeldsted (19&9) also 

used a one percent rate in their cost-benefit analysis 

of tuberculosis programs in Utah. It seemed that setting 

FR65 = 0.01 was a reasonable course of action. For addi

tional data on relapsing tuberculosis the reader should 

consult Segarra and Sherman (1967), Comstock (1962a), 

Horwitz (1969), and Katz, et al. (19&5). 

The initial condition for state X6 was calculated 

by letting 

F65 = 99,125/3 = 33»0^2 

and then setting 

X6 = 33,042/0.01 = 3,304,200. 

An indirect technique was required to calculate the 

value of X6 since there existed no reliable direct estimate 

of this figure. At a minimum, X6 includes all living 

individuals currently residing in a population who have 

been previously treated for tuberculosis without modern 
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drugs. Many of these individuals may be identified "by 

examining local hospital and sanitarium records as well as 

past tuberculosis registers. Unreported natural recoveries 

and persons who were patients in non-local hospitals 

would still be unknown. Sample surveys would be unreliable 

unless a large proportion of the population was examined. 

The number of persons in state X6 constitute too small a 

proportion of the population to be reliably estimated 

with a small random sample of the population. 

The above calculation of FR65 and X6 was based on 

two data sources: the proportion of reported new active 

cases identified as originating in state X6 and research 

studies which directly evaluated FR65. The reliability 

with which physicians can correctly identify the state of 

origin of new active cases is open to some question. There 

will be more discussion on this point in Chapter V. There 

is also some question as to how to apply research evidence 

on the value of FR65 to a particular population. This rate 

is known to be dependent on time since recovery (Grzybowski, 

et al. 1966), and the distribution of individuals in state 

X6 with respect to time since recovery could vary between 

populations and over time. 

Thus, there should be some consideration of the 

effect of errors of measurement or application with respect 

to these data sources on the resultant simulation model and 



its behavior. This will be the topic of Chapter IV, but 

we should mention at this time that the calculation proce

dure used in this chapter tends to compensate for such 

errors. For example, suppose the estimate of the propor

tion of new active cases originating in state X6 was 

accurate, but the value of FR65 was underestimated, The 

calculation procedux,e used above would then produce a 

compensating overestimate of X6, and for the short-run at 

least, the simulation would accurately predict the total 

number of new active cases originating from state X6. 

However, the long-run predictions of the simulation might 

be seriously in error. Throughout the remainder of the 

calculation similar short-run error compensation phenomena 

were observed. 

The initial condition for state X8 was, of course, 

set equal to zero. Due to lack of available data FR85 was 

set, somewhat arbitrarily, equal to 0,001, This risk of 

activation is slightly higher than that experienced by low 

risk dormant infections. Recall, also, that this rate 

applies only to those patients who have completed a five year 

follow-up program as explained in Chapter II, The value of 

X8 can be accurately estimated at any time, in a given 

population, from existing tuberculosis treatment records. 

The assumed value for FR85 is apt to be the subject of some 

dispute, and therefore the sensitivity of the simulation to 



this parameter was investigated. There are a number of 

studies which attempt to evaluate the effectiveness of drug 

therapy (see Public Health Service 1959 and i960, and 

Falk 1966). Considering the sample sizes employed and 

the periods of observation, an accurate estimate of FR85 

could not be established from these studies alone. An 

improvement by a factor of ten over treatment with no drugs 

and natural recovery (especially in view of the fact that 

F85 virtually ignores reactivations during the first five 

years following recovery) is not unreasonable in the 

opinion of the researcher with respect to the studies cited 

above. 

In order to calculate the parameters and initial 

conditions associated with states XI, 2, 3t and k the 

remaining birth and death migration rates were obtained 

next. Consider, first, the dormant infection states 

(X3 and X^). We assumed DR3 = DRi|-, since the pulmonary 

damage to individuals in these states should not be signi

ficant enough to affect life expectancy provided that 

activation of the disease does not occur. To help obtain 

an accurate estimate of the death rate from these states, 

the age distribution of dormantly infected persons was 

derived from Public Health Service (1963), p. 16. The sex 

distribution was estimated by examining the age-sex distri

bution of reported new active cases in Public Health Service 



(1970), p. 5« Finally, U.S. Bureau of the Census (1970) 

gives the age-sex specific death rates for i960. The 

resultant death rates were calculated to be: 

DR3 = DRif = 0.025. 

Details of this calculation appear in Appendix D. 

Death rates from states X6 and X8 presented a 

problem, since no explicit data for these states were 

available. The rates must be somewhat larger than in the 

dormant infection categories, because the constituents are 

significantly older and are subject to higher mortality 

rates from other causes due to their degraded pulmonary 

function. Further, DR6 would be significantly larger 

than DR8, since the extent of the disease in natural 

recoveries is more advanced. Further, the individuals 

in X6 tend to be of a socio-economic status characterized 

by poorer than average health and health care (Simpson 1965). 

Through trial and error, a death rate of 0.10 from state 

X6 was found to work quite well in the simulation. It was 

not felt that this death rate is excessive In view of the 

assumed age, sex, and health status of the state X6 members. 

Somewhat arbitrarily, the death rate from X8 was set at 

0.04, No data were available, and, since reactivations 

from state X8 constitute a minor portion of a new active 

cases, this death rate was not expected to significantly 

affect the dynamics of the model. 



In the mid-Sixties the population of the dormant 

infection states has been estimated by Ferebee (1967) to 

be about 25 million persons. Considering that the death 

rate from these states is 0.025 and that input infections 

exceed activation outputs, the number of dormant infections 

was estimated to be decreasing by about 2 percent per annum. 

At this rate of decline the sum of X3 and X4 in 1953 was 

considered to be about 35 million. 

Reports from Groth-Fetersen, Knudsen, and Wilbek 

(1959) and Papenfuss and Fjeldsted (1969) indicated that 

about 10 percent of dormant infections exhibit a positive 

X-ray diagnosis and should be considered high risk. Thus, 

the 35 million dormant infections in 1953 were taken to be 

distributed as follows: 

X3 = 31,500,000 
xk = 3,500,000. 

Returning again to the consideration of death and 

birth rates, let us now calculate the number of deaths from 

states X3, 4, 5» 6, 7. and 8: 

State Population Death Rate Deaths 

X3 31.500,000 .025 787,500 
x4 3,500,000 .025 87,500 
X5 105,000 .05 5.250 
X6 3,304,200 .1 330,420 
X7 83,438 .173 14,450 
X8 0 .04 0 

TOTAL 38,492,638 1,225,120 



Prom U.S. Bureau of the Census (1970). the total number of 

deaths in the U.S. in 1953 was found to be 1,518,000. 

Therefore, about 293»000 deaths must have occured from 

states XI and X2. Further, the same source shows that the 

total population of the U.S. in 1953 was about 160,18*1-,000, 

of which about 121,691,000 must have been members of states 

XI and X2, Assuming that the death rates from states XI 

and X2 are equal, then 

DR1 = DR2 = ,„293'?°iL ̂ = 0.00241. 
121,691,000 

Finally, U.S. Bureau of the Census (1970) showed that the 

average birth rate in the U.S. over the simulation period 

was about 0.02, 

We turn, now, to the estimation of the remaining 

disease migration rates. Ferebee and Bardine (1964) indi

cated that each new active case (X5) can be expected to 

give rise to three new infections. Thus, the initial 

condition for X2 was set at 

X2 = 3 * 111,250 = 333.750. 

In the same paper Ferebee and Bardine further gave the 

activation rate of new infections as 

FR25 = 0,0768. 

Thus, the number of new active cases arising from new 

infections in 1953 was calculated to be 

F25 = 0.0768 * 333,750 = 25,600. 



The activations and reactivations occurring in 1953 turn up, 

in the model, as reported or naturally recovered in 195^. 

F25, above, constitutes 25.8 percent of the new active cases 

anticipated in 195^. This percentage, however, did not 

fall well enough into the 20 to 25 percent range cited in 

Public Health Service (1967), p. 3» as being representative 

of the natural history of tuberculosis. Further, a calcu

lation of the parameter BETA showed it to have a value of 

3.96, far above the values used In ReVelle, et al. (1967). 

It seemed that a better course of calculation was 

to disregard Ferebee's contention that each active case 

produces three new infections, and adjust the value of 

BETA so that F25 constitutes 20 percent of the new active 

cases. Retaining FR25 = 0,0768, since this figure is 

based upon more reliable research evidence, the initial 

condition for X2 was calculated by using 

X2 = 0.2 * 99,125/0.0768 = 258,000. 

It followed that 

XI = 121,^33,000, 

and the value of BETA was calculated from 

F12 = (BETA * XI * X5)/X 

or 

BETA = (F12 * X)/(X1 * X5) 

. 258.000 « 160,183.638 = 3 06. 
121.t33.000 * 111,250 
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The continuous time infection equation was used as an 

approximation to the discrete time equation in order to 

facilitate these calculations. Reference to Figure 2 shows 

that this approximation was quite justified for the values 

of XI and X5 in 1953• However, the discrete model was used 

in the computer simulation. 

Now, 46,258 new active cases in 195^- have not been 

accounted for by F25 and F65. These cases originate in 

states X3 and X4. To calculate these activation rates the 

assumption that 

FR^5 = 5 * FR35 

was introduced. Detailed evidence to support this assump

tion was found in Public Health Service (19&3) anc* 1 

Groth-Petersen, Knudsen, and Wilbek (1959)• The data in 

these sources indicated that the multiplicative factor 

should be greater than 5« However, a conservative policy 

was assumed to be in force in diagnosing X-ray results in 

screening programs. This meant that all suspicious X-rays 

would be considered positive, so that many low risk patients 

would be treated as high risk. These false positives would 

then have the effect of diminishing the apparent activation 

rate from state X4, The migration rate FR35 was calculated 

from the following relationships 

F35 + F^5 = FR35 * X3 + 5 * FR35 * xb. 



Thus, 

FR35 = (F35 + F^5)/(X3 + 5 * X4) = (46,258)/ 

(31,500,000 + 5 * 3,500,000) = 0.0009^5 

and 

FR45 = 5 * 0.0009^5 = 0.004725. 

Finally, by invoking the assumption that the 9si 

ratio between X3 and X4 was to be maintained throughout the 

simulations, the migrations to these states were required 

to satisfy the following relationship: 

FR24 _ F45 + P4 
FR23 + FR24 ~ F35 + D3 + F45 + D4 

16.500 + 87.500 
29,800 + 787,500 + 16,500 + 87,500 

= 0.113., 

Knowing that 

FR23 + FR24 = 1.0 - FR25 - DR2 = 1.0 - O.O768 -

0.00241 = 0.92079, 

then 

and 

FR24 = 0.113 * 0.92079 = 0.104 

FR23 = 0.887 * 0.92079 = 0.81679. 

This completed the calculations of parameters and 

initial conditions for the United States simulation 

beginning in 1953• Calculated values are summarized in 

Table 2. A careful review of the procedure revealed the 

data sources and assumptions upon which the results are 



Table 2 

Parameters and Initial Conditions 
for U.S.A. Simulation 

Initial Conditions: 

XI = 121,^33,000 X5 = 105,000 
X2 = 258,000 X6 = 3,30^,200 
X3 = 31,500,000 X7 = 83,^00 
X4 = 3,500,000 X8 = 0 

Total Population = 160,183,600 

Parametersj 

BETA = 3.06 FR56 =0.2 
FR23 = 0.81679 FH57 = 0.75 
FR24 = 0.104 FR65 = 0.01 
FR25 = 0.0768 FR78 = 1 - DR7 
FR35 = 0.0009^5 FR85 = 0.001 1 
FR^5 = 0.00^725 

BR = 0.02 

DR1 = 0.002^1 DR5 =0.05 
DR2 = 0.002^1 DR6 =0.1 
DR3 = 0.025 DR7 = 0.173* 
DR4 = 0.025 DR8 = 0#04 

* Decreases at a rate of four percent per year. 



based. Identification of these sources formed the basis 

for the sensitivity analysis performed in Chapter IV. 

Some useful suggestions for improvements in the collection 

of data have been generated by this effort. 

III.2 U.S.A. Simulation 

Recall that reported new active cases are repre

sented in the model by the sum of F57 and D5, and that 

reported tuberculosis deaths are represented by the sum of 

D5 and D7; the results of the simulation study are tabula

ted in Table 3« These results are also shown graphically 

in Figures 3 and 4. Examination of the trends shows that 

the prevalence of tuberculosis is declining at a decreasing 

rate. In the mid-Fifties, immediately after the intro

duction of three-drug therapy, the rate of decline was 

about 5.5%. By the late Sixties, the rate of decline was 

only on the order of 3«5^» and finally, in the Eighties, 

the rate of decline is predicted to be only 2.5$. 

The rate of decline in the Fifties and Sixties 

can be attributed to the effect of drug therapy in the 

treatment of active cases. The substantial decrease in 

tuberculosis prevalence actually began in 19^7 with the 

discovery and use of streptomycin. Introduction of para-

aminosalicylic acid (PAS) in 19^9 and isoniazid (INH) in 

1952 further improved the effectiveness of drug therapy. 



Year 

1953 
195^ 
1955 
1956 
19 57 
1958 
1959 
i960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
19 74 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 

Table 3 

Results of U.S.A. Simulation (I953-I987) 

Reported New 
Active Cases TB Deaths 

Actual Simulated 
(F57+D5) 

Actual Simulated 

84,304 
79,775 
77,368 
69,895 
67,149 
63.534 
57.535 
55,494 
53,726 
53,315 
54,042 
50,874 
49,016 
47,767 
45,647 
42,623 

84,100 
79,400 
75,000 
71,100 
67,600 
64,400 
61,500 
58,800 
56,300 
54,000 
51,800 
49,800 
48,000 
46,300 
44,700 
43,100 
41,700 
40,400 
39,100 
38,000 
36,800 
35,700 
34,800 
33,800 
32,900 
32,000 
31,100 
30,300 
29,500 
28,800 
28,200 
27,400 
26,800 
26,100 
25,500 

19,707 
16,527 
15,016 
14,137 
13,390 
12,417 
11,474 
10,866 
9,938 
9,506 
9,311 
8,303 
7,934 
7,625 
6,901 
6,600 

19,700 
18,100 
16,600 
15,200 
14,000 
12,900 
12,000 
11,200 
10,400 
9,700 
9,000  
8 ,500 
8,000 
7,500 
7,000 
6,600 
6,200 
5,900 
5,500 
5,300 
5,000 
4,700 
4,600 
4,300 
4,200 
3,900 
3,700 
3,600 
3,400 
3,300 
3,200 
3,000 
2,900 
2,700 
2,700 
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Prior to 19*4-7, there was little decrease in the prevalence of 

tuberculosis in the United States in this century 

(Lowell 1966). Total new cases discovered (active and 

inactive) declined from about 150,000 in 1900 to approxi

mately 135,000 in 19^7. In fact, during and immediately 

after World War II, the number of new cases discovered 

began to rise. Other nations experienced similar TB 

histories. 

With chemotherapy, reactivations declined sharply. 

This has been simulated in the basic model with the intro

duction of migrations to states X7 and X8 in 1953 and the 

consequent decline of the population of state X6, which 

has a very high reactivation rate compared to that of state 

X8. But by the late Sixties, the dramatic effects of drug 

therapy began to spend themselves. Examination of Table *J-

and Figure 5» which show the trend of new active cases by 

originating disease stat.e, shows that the proportion of 

new active cases by reactivation has declined sharply since 

1953* By 1988 they are responsible for less than seven 

percent of new active cases. The figures seem to indicate 

that if additional medical interventions are to be made 

for the purpose of reducing TB prevalence below that pro

jected by the deterministic simulation, then those inter

ventions must reduce the risk of activation among dormant 

infections and/or intercept the flow of new infections. 
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Table 4 

U.S.A. Simulations Yearly New Active Cases 
Classified by Originating 

Disease State 

Year Total Cases X2 X3 

Percent 

X4 X6 X8 

1954 99>200 19.95 30.04- 16.63 33.26 0.00 

1956 89,000 20.00 32.13 17.75 29.89 0.10 

1958 80,600 20.34- 34-.11 18.73 26.55 0.24 

i960 73.500 20.54 35.91 19.59 23.40 0.40 

1962 67,500 20.74- 37.62 20.44 20.59 0.59 

1964 62,300 21.02 39.00 21.02 18.13 0.80 

1966 57,800 21.2.8 4-0.31 21.62 15.91 0.86 

1968 53,900 21.33 4-1.55 22.07 13.91 1.11 

1970 50,500 21.58 4-2.57 22.57 12.27 1.18 

1972 47,400 21.?2 43.45 22.99 10.75 1.26 

1974 44,700 21.92 44.07 23.04 9.39 1.34 

1976 4-2,200 22.03 44.78 23.45 8.29 1.42 

1978 4-0,000 22.25 45.25 23.50 7.25 1.50 

1980 37,900 22,4-2 45.91 23.74 6.59 1.84 

1982 36,000 22.50 46.11 23.61 5.83 1.94 

1984 34,300 22.74- 46.35 23.61 5.24 2.04 

1986 32,700 22.62 46.78 23.85 4.89 2.14 

1988 31,200 22.75 46.79 23.71 4.48 1.92 
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A death rate of 2.5 percent has been used in the 

U.S.A. simulation for dormantly infected persons. This 

death rate is higher than the national average, since the 

age-sex distribution of individuals in states X3 and X*J-

tends to be older and predominantly male. Migrations by 

death are by far the dominant factor contributing to the 

rate of decline of the dormant infected population. The 

simulation has shown that this rate is fairly consistent at 

two percent. By the early 1980's, approximately 70 percent 

of new active cases will originate from the dormant infection 

states. It is no surprise, then, that the rate of decline 

of new active cases will be largely influenced by the rate 

of decline of the dormant Infected population. By the 

1980's, the simulation also Indicates that the rate of 

decline in new active cases has almost approached the rate 

of decline of dormant infections. Again, the data indicate 

that reduction of the dormantly infected population or re

duction of the risk of activation among dormantly infected 

persons is the key to accelerating the reduction of tuber

culosis prevalence. 

Consequently, a key implication of the simulation 

study is the importance of death rates in influencing the 

course of tuberculosis in a population. In the literature 

concerning contagious disease models, births and deaths 

are often included only as an afterthought (Cornell Univer

sity 1968). Aside from the fact that consideration of 
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birth and death can complicate an otherwise straightfor

ward mathematical analysis, most contagious diseases are 

much more volatile than tuberculosis. The probabilities 

or rates controlling disease migrations in volatile diseases 

are much larger than those determining death migrations. 

However, comparison of FR35 and FR^5 with DR3 and DR^t-, 

respectively, show that tuberculosis is a relatively 

involatile disease. 

In the ReVelle, Lynn, and Peldmann (1967) model, 

death rates from all states, except for active cases, were 

assumed equal to the population average. Our early attempts 

at simulation employed this assumption, and all death rates 

except for DR5 and DR6 were set equal to 0.01 (the national 

average has been relatively stable over the last twenty 

years at slightly less than one percent). No possible way 

was found to produce a valid simulation under this 

assumption. Only by taking account of the age and sex 

distribution of individuals in states X3. X^, and X6 were 

we able to establish death rates which made a good simulation 

feasible. 

A possible source of error in the projection of the 

simulation model to 1988 lies in the fact that current 

preventive treatment programs, such as contact investigation 

and the screening of school children, have not been explicit

ly included in the study. The direct consideration of 



these programs would involve additions to the "basic model, 

and this subject is reserved for Chapter V. Descriptions 

of current programs are available in Public Health Service 

(1969) and (1968). These programs have not been in effect 

long enough nor have they been of large enough scope to 

affect significantly tuberculosis statistics through 1968. 

However, if the programs are continued and broadened 

through 1988, the resultant tuberculosis statistics should 

be somewhat more favorable than those predicted by the 

simulation. Suffice it to say that the simulation should 

provide a reasonable projection of TB statistics under the 

assumption that little or no preventive treatment programs 

are employed. In the research, which has been primarily 

concerned with the design of preventive programs, the 

simulation served primarily as a basis of comparison for the 

effectiveness of such programs. 

The demonstration of the basic model in this 

chapter has not served as a complete test of the model's 

validity. The data to establish migration parameters and 

initial conditions include much of the data used to verify 

its plausibility. The validity of the model cannot be 

fully verified without observing its conformance to future 

tuberculosis statistics. Of course, future verification 

would also necessitate consideration of future preventive 



treatment programs, which the simulation in this chapter 

did not include. 

Of particular importance in establishins the valid

ity of the model are the sources of new active cases among 

the various disease states. Comparison of the data in 

Table 4 and Figure 5 "to actual statistics would be par

ticularly valuable in demonstrating that the model is a 

valid functional representation of the natural history of 

tuberculosis as well as an efficient vehicle for estab

lishing future trends in new active cases and deaths. 

Having a valid functional model of the disease is of 

critical importance in predicting the effect of alternative 

preventive treatment programs. 

III.3 Utah Simulation 

Before directing attention to the small popula

tions with which this research is primarily concerned, let 

us consider one more large population simulation. The state 

of Utah has a population of about one million persons and a 

very low level of tuberculosis prevalence (seven per 

100,000 population in 1968). Papenfuss and Fjeldsted 

(1969) have done some work on the cost-benefit of tuber

culosis prophylaxis with respect to Utah. Through their 

research, enough data was assembled for a simulation of 
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Utah tuberculosis in the 1960's. In addition, the popu

lation of Utah is such that a stochastic simulation of 

limited sample size was feasible. 

Although the simulation covered only a nine-year 

period, it included the inception of an intensified case 

finding program in 196^ as well as the introduction of 

extensive chemotherapy at the same time. Part of the 

intensified case finding program included the screening 

of school children. However, the use of INH prophylaxis 

among school children was quite limited, and its exclusion 

from the simulation did affect the results. 

Considerable attention was paid to the stochastic 

characteristics of the disease, particularly with respect 

to establishing confidence interval estimates for projections 

of new active cases and tuberculosis deaths. Such informa

tion is very valuable in small populations, where the 

stochastic nature of the disease is at least as important 

as deterministic trends. 

The data necessary for a complete and independent 

estimate of parameters and initial conditions were not 

available to the extent found in the U.S.A. simulation. 

Most of the parameters determining the natural history of 

the disease, including BETA and the birth and death rates, 

were assumed equal to those in the U.S.A. simulation. 

Also, the parameters relating to case finding and therapy, 



before and after the intensified program, were determined 

through the use of some rather crude assumptions concer

ning the nature of the program. Nevertheless, the resul

tant simulation was encouraging if not so convincing as 

the U.S.A. simulation. Details of the calculation of 

parameters and initial conditions can be found in Appendix C. 

Many of the assumptions concerning the representation of 

the intensified program will be discussed as the results 

of the simulation are analyzed. A list of parameters and 

initial conditions for the Utah simulation appears in 

Table 5* 

Two simulations were performed; with and without 
i 

the intensified program. This was done in order to 

establish the relative effectiveness of the therapy pro

gram. It was assumed that the intensified therapy program, 

begun in 1964, brought the Utah case finding and treatment 

effort up to the United States standards used in the 

previous simulation. This may have been an underestimate 

of the program's effectiveness. Prior to the inception of 

the program, it was assumed that only sixty percent of new 

active cases were reported and that reported cases were not 

given drug therapy to any significant extent (Papenfuss and 

Fjeldsted I969). 
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Table 5 

Parameters and Initial Conditions 
for Utah Simulation 

Initial Conditions: 

XI = 800,000 X5 = 112 
X2 = 330 x6 = 1,600 
X3 = 46,800 X7 = 56 
X4 = 5>200 X8 = 0 

Total Population = 854,098 

Parameters: 

BETA =3.06 FR56 = 0.4 (0.2) 
FR23 = 0.81679 FR57 = 0.5 (0.75) 
FR24 = 0.104 FR65 = 0.01 
FR25 = 0.0768 FR78 = 1 - DR7 
FR35 = 0.000945 FR85 = 0.001 
FR45 = 0.004725 

BR = 0.02 

DR1 = 0.00241 DR5 = 0.1 (0.05) 
DR2 = 0.00241 DR6 = 0.1 
DR3 = 0.025 DR7 = 0.2 (0.115*) 
DR4 - 0.025 DR8 = 0.04 

Figures in parentheses indicate parameter 
values during intensified case finding 

and drug therapy program. 

* Decreases at a rate of four percent a year. 
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The results of the deterministic simulation 

(intensified program included) are compared with actual 

data in Figure 6. It is easy to see the difficulty to be 

encountered by researchers in establishing trends and 

evaluating parameters for populations even as large as one 

million persons over a short time period. There seemed 

to be a substantial random component in actual disease 

statistics. Nonetheless, the simulation fit quite well 

to these data without tampering with parameters derived 

independently for the United States simulation. The 

calculation in Appendix C concerns Itself entirely with 

initial conditions and therapy parameters. The only 

serious discrepancy in the simulation was in the estimates 

for reported new active cases in 196^ and 19&5» immediately 

following the start of the intensified program. The level 

of case finding effort was assumed to be incremented in a 

step-wise fashion from 60 to 80 percent between 1963 anc* 

196^ and maintained at 80 percent thereafter. The actual 

initial effort, however, may have been greater than 80 

percent, or there may have been cases reported in 1964 and 

1965 which normally would have been reported later. The 

impact of the new program may have been to encourage early 

reporting for a time. Following 1965 an<̂  prior to 196^ 

the model seemed to simulate experience quite well, but the 

time period involved was too short to guarantee that the 

long term trend had been Identified. The representation 
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of TB deaths in the model was apparently quite plausible 

and accurate with respect to actual statistics. 

To obtain some idea of the relative effectiveness 

of the intensified program, the results of two deterministic 

simulations (with and without the program) are shown in 

Figure 7« Although the intensified case finding effort 

raised the level of reported new active case statistics, 

examination of the curves for total new active cases 

(reported and unreported) showed the true effect of the 

program in reducing the incidence of tuberculosis. Note 

that, in this research, all deaths directly attributable 

to tuberculosis are assumed to be diagnosed as such and 

reported. 1 

In Table 6, the results of the stochastic simulation 

are presented. Due to the large population size only ten 

Monte Carlo samples were run. The sample standard devia

tions shown are the square roots of the unbiased estimate 

of the popvilation variance for each year. These statistics 

give some idea of the magnitude of the random component in 

the Utah tuberculosis statistics. Figure 8 shows the range 

within which reported new active cases would be expected to 

fall in each year with a 0.95 probability (under the assump

tion that the sample means and standard deviations obtained 

in Table 6 are equal to the true population parameters). 
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Table 6 

Results of Utah Simulation (1960-1974) 

Reported New Active Cases (F57 + D5) 

Year Actual 
Deterministic 

Value 
Stochastic 
Mean* 

Standard 
Deviation* 

I960 71 67 68.1 4.25 

1961 66 66 65.4 8.69 

1962 47 65 68.5 5.30 

1963 80 62 64.9 9.79 

1964 100 81 82.4 6.24 

1965 88 79 80.9 7.71 

1966 73 77 79.3 8.18 

1967 65 75 77.9 7.74 

1968 74 73 74.6 10.91 

1969 62 70 73.4 4.95 

1970 - 68 68.0 10.46 

1971 - 66 68.6 IO.38 

1972 - 64 66.0 8.29 

1973 - 63 62.8 4.85 

19 7'+ - 61 63.2 9.70 

* Sample Size = 10 
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Comparison with actual data, also plotted in Figure 8, 

shows that most of the data points fell within these ranges. 

Again the only difficulty seemed to occur with respect to 

reported new active cases around the time of inception of the 

intensified case finding program. 

Finally, Table 6 shows that the stochastic simu

lation followed, on the average, the deterministic simula

tion quite closely. In none of the years did they differ 

by more than one standard deviation. 

III.*J- Small Population Case Studies 

The four cases chosen for study represented varying 

tuberculosis prevalence in small populations. Taking the 

United States simulation in Section III.2 as being repre

sentative of moderate prevalence, the values of the state 

variables in 1968 were scaled down proportionally to yield 

a total population of 10,000 persons. Parameter values 

remained Identical to those in Table 2 except that the value 

of DR7 had declined to 0.093 "by 1968 due to improvements in 

therapeutic methods. As an example of a low TB prevalence 

area, the state of Utah was chosen. Again, values of the 

state variables in 1968 were scaled to yield a total popu

lation of 10,000 in the simu?uation study. Parameters for 

the Utah case were assumed identical to those in the 

United States case. 



81 

Finally, the very high and high prevalence cases 

were strictly fictitious but were representative of the TB 

health status of some inner-city poverty areas and Indian 

reservations. It was assumed that roughly 30 percent of 

the populations were infected and that the reported new 

active case rates were 192 and 6k per 100,000 population 

(Comstock l$)62b and Public Health Service 1967). These 

rates were contrasted with 21 and 7 per 100,000 in the 

United States and Utah cases, respectively. All parameters 

in the high prevalence case, save for BETA, were assumed 

identical to the moderate and low prevalence cases. Para

meters FR35 and FR^5 in the very high prevalence case were 

set at double the values at high prevalence in order to 

achieve a good simulation. This increase in FR35 and FR^5 

was within the bounds of data reported by Venezian (196*0 

for very high prevalence regions. 

The parameter BETA is influenced by the living 

conditions and health practices of the population. Signi

ficant differences would not be expected in these factors 

for the United States and Utah cases. Although there was 

no direct means available to estimate this parameter, the 

calculation in Section 111,1, which yielded a value of 3-06, 

worked well in the simulations at low and moderate preva

lence and was commensurate with the value of similar para

meters used in other tuberculosis models in the literature 



(Reveile, et al. 1967). For the high and very high pre

valence cases, BETA was set at 5.0 and 5»73» respectively, 

to satisfy constraints imposed thus far using calculations 

similar to those in Section III.l. Using the same birth 

and death parameters was strictly a matter of convenience, 

since we wanted to isolate the effect of these parameters 

in interpreting results. 

To clear up any confusion concerning the case study 

simulations, a complete list of parameters and initial con

ditions is presented in Table ?., The small population 

simulations reported here will serve as bases for the 

application and evaluation of tuberculosis prevention pro

grams in Chapter VII. The simulations are included in this 

chapter as a further demonstration of the deterministic and 

stochastic behavior of the basic simulation model under 

various degrees of tuberculosis prevalence. Figure 9 

compares the four cases under deterministic simulation with 

respect to reported new active cases. It is of interest to 

note that steady-state calculations have shown that all four 

cases are headed for ultimate extinction of the disease. 

The 20 year simulations indicate, however, that the waiting 

time to extinction will be quite long. Results for the 

stochastic simulations, using a Monte Carlo sample size of 

25, appear in Tables 8, 9« and 10. 
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Table 7 

Parameters and Initial Conditions 
for Small Population Case Studies 

Initial Conditions: 

Level of Prevalence 

State Low Moderate High Very High 

XI 9,547 8,594 6,762 5,088 
X2 3 8 26 70 
X3 394 1,200 2,700 3,600 
X4 43 128 300 400 
X5 1 3 8 24 
X6 9 35 200 800 
X7 1 2 4 18 
X8 2 30 0 0 

Parameters: 

BETA = 3.06a FR56 = 0.2 
FR23 = 0.81679 FR57 = 0.75 
FR24 £3 0.104 FR65 = 0.1 
FR25 = 0.0768 FR78 = 1 - DR7 
FR35 = 0.000945° FR85 = 0.001 
FR45 =: 0.004725° 

FR85 

BR = 0.02 

DR1 0.00241 DR5 _ 0.05 
DR2 0.00241 DR6 = 0.1 . 
DR3 0.025 DR7 = 0.093 
DR4 =r 0.025 DR8 = 0.04 

a. Equal to 5.0 at high prevalence, 5*73 a t  very 
high prevalence. 

b. Equal to O.OOI89 at very high prevalence. 

c. Equal to 0.00945 at very high prevalence. 

d. Decreases at a rate of four percent per year. 
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Table 8 

Results of High Prevalence Simulation 

Total New Active Cases <X5) 

Deterministic Stochastic Standard 
Year Value Mean* Deviation* 

0 8.00 8.00 0.00 
1 7.97 8.72 3.06 
2 7.77 6.72 2.25 
3 7.54 8.04 3.39 
4 7.29 7.16 2.34 
5 7.04 7.12 2.50 
6 6.81 7.04 2.49 
7 6.59 6.92 2.69 
8 6.38 6.40 2.10 
9 6.19 7.12 2.69 
10 6.00 5.72 2.30 
11 5.83 6.08 2.58 
12 5.6 8 5.68 2.13 
13 5.53 5.44 2.57 
14 5.38 5.28 2.48 
15 5.25 5.40 2.53 
16 5.13 5.32 2.13 
17 5.01 4.76 3.12 
18 4.90 4.48 2.37 
19 4.79 4.4o 2.66 
20 4.69 4.64 1.78 

* Sample Size = 25 



Table 9 

Results of Moderate Prevalence Simulation 

Total New Active Cases (X5) 

Deterministic Stochastic S tandard 
Year Value Mean* Deviation* 

0 3.00 3.00 0.00 
1 2.73 2.72 1.77 
2 2.66 2.40 1.12 
3 2.54 2.64 1.60 
4 2.46 2.32 1.21 
5 2.39 2.48 1.96 
6 2.32 2.36 0.995 
7 2.25 1.96 1.28 
8 2.19 1.72 1.28 
9 2.13 2.36 1.91 
10 2.07 1.84 1.49 
11 2.02 1.96 1.34 
12 1.97 1.92 1.44 
13 1.92 1.60 1.15 
14 1.87 1.68 0.945 
15 1.82 1.48 1.42 
16 1.78 1.48 1.39 
17 1.74 1.88 1.51 
18 1.69 1.24 0.724 
19 1.65 1.56 1.00 
20 1.62 1.56 1.39 

•Sample Size = 25 



Table 10 

Results of Low Prevalence Simulation 

Total New Active Cases (X5) 

Deterministic Stochastic Standard 
Year Value Mean* Deviation* 

0 1.00 1.00 0.000 
1 0.90 0.92 0.954 
2 0.87 1.16 0.987 
3 0.83 0.68 0.802 
4 0.81 0.68 1.107 
5 0.78 0.72 0.843 
6 0.76 0.76 0.880 
7 0.74 0.68 0.852 
8 0.72 0.68 0.945 
9 0.70 0.56 0.820 
10 0.69 0.92 0.862 
11 0.67 0.52 0.714 
12 0.65 0.56 0.711 
13 0.64 0.68 O.69O 
14 0.62 0.48 0.653 
15 0.61 0.52 0.714 
16 0.59 0.56 0.711 
17 0.58 0.52 0.653 
18 0.56 0.48 0.770 
19 0.55 0.52 0.770 
20 0.54 0.40 0.645 

•Sample Size = 25 



CHAPTER IV 

SENSITIVITY OP THE SIMULATION MODEL TO 
PARAMETER AND INITIAL CONDITION 

ESTIMATION ERRORS 

The calculation of initial conditions and para

meters for the United States simulation in Chapter III was 

based on many data sources which varied considerably in 

their reliability. In some cases, the lack of appropriate 

data necessitated rough approximations. In this chapter, 

the effects of possible errors in data sources and assump

tions on the simulation will be discussed. 

As a prelude to this study, an attempt was made to 

establish the validity of some of the nominal parameter 

values used in the various simulations of Chapter III. 

Some historical and research data has been assembled for 

comparative purposes by Venezian (196*0 • By transforming 

parameters and initial conditions as defined in our model 

to the variables used by Venezian, comparison of our 

simulations with these independent data sources was 

possible. Since these data were not used in the calcula

tions of Chapter III, additional evidence to support the 

validity of the model was generated. 

The validity check on the nominal values of para

meters and initial conditions was followed by a careful 
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compilation of the data sources and assumptions which were 

used to arrive at these values. The figures obtained from 

data sources or by assumption were then varied, one at a 

time, up to plus and minus 20 percent of their nominal 

values. Simulations under each variation were then com

pared to the nominal simulation using a standard deviation 

statistic. These comparisons allowed us to establish a 

sensitivity priority schedule for the various data sources 

and assumptions. Interactions between source errors were 

not studied, however. The study, further, allowed some 

observations to be made with respect to the collection of 

data by identifying critical and non-critical information 

as well as data which is needed but not currently collected. 

IV.1 Validation of Parameters and Initial 
Conditions for the Pre-Actlve 

Disease States 

The simulation of recent United States tuberculosis 

history in Chapter III provided considerable evidence to 

support the validity of the basic model. There exist, 

however, many data sources, both historical and experi

mental, which were not employed in the calculation of 

parameters and initial conditions for that simulation. 

Before proceeding with the study of estimation errors with 

respect to the data sources used, a check of the nominal 
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values of some parameters and initial conditions against 

the independent data sources was performed. 

Venezian (196*0 collected data relating to the 

pre-active disease states from various sources. These data 

measured three types of tuberculosis phenomena; the rate of 

infection among susceptible persons, the rate of activation 

among initially susceptible persons, and the rate of 

activation among initially infected individuals. The rate 

of infection among susceptibles or conversion rate is 

measured in our model by 

CHS = P12/X1 

where XI is the initial condition for the susceptible state 

in a given year and P12 is the number of new infections 

occurring during that year. 

The rate of activation or attack rate for suscep

tibles is given by 

ARS = F25/X1 

where XI is defined above and F25 is the number of new 

infections proceeding to the active state in the following 

year. Finally, the attack rate for dormantly infected 

individuals may be written 

AEI = (F35 + P^5)/(X3 + X4) 

where X3 and X^ are the initial conditions of the dormant 

infection states in a given year and F35 + F^5 is the total 

number of active cases arising from the dormant infection 

states during that year. 
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The rates defined above were calculated for each 

of the simulations performed in Chapter III and compared 

with the figures given by Venezian. In each of the 

simulations, ARI was the same by assumption and did not 

change with time. Using figures from the U.S.A. simulation 

in 19531 the value of ARI was calculated to be 

ARI = (298 + 165)/(31,500,000 + 3.500,000) 

=1.32 activations per 1,000 person-years. 

A comparison between this figure and those given by 

Venezian and others is shown in Table 11. Except for the 

figures given by Comstock for Alaska, the value of ARI in 

the simulation was quite representative of the various data 

sources. If naturally recovered active cases were included 

among the infected persons, by adding F65 to the numerator 

and X6 to the denominator and using figures from the high 

risk simulation, we would obtain ARI = 1.86 activations 

per 1,000 person-years. This is closer to the figure re

ported in the INH prophylaxis trials in Bethel, Alaska 

(Comstock 1962b). 

The value of ARI in the simulations was probably as 

good a representation of the data in Table 11 as could be 

expected under the assumption that the activation rates 

from states X3 and X4- are independent of the infectivity 

of the environment. However, the variance in the data left 

much to be explained. Whether the variance in the data 
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Table 11 

Attack Rates for Initially 
Infected Persons 

Attack Rate 
Source* (per 1,000 person-years) 

1. Muscogee County, Georgia, 
1947-1959, (Cornstock i960), 
502 white and 902 negro 
schoolboys 1.3^ 

2. Muscogee County, Georgia, 
and Russell County, Alabama, 
(Palmer 1958), 15,099 white 
and 14,270 negro of all 
ages, average age = 35 years 0.78 

3. Medical Research Council 
1963, United Kingdom 1.91 

4. Bethel, Alaska, (Comstock 
by private communication 
to Venezian) 3 

5. Lower Yukon area, Alaska, 
(Comstock by private commu
nication to Venezian) 30 

A. Low, Moderate, and High 
Prevalence Case Studies 1.32 

B. Very High Prevalence Case 
Study .1,86 

•Sources given here are cited by Venezian 
(1964). 



was due to differences in the infectivity in the environ

ment, the composition of the populations with respect to 

general health status or demography, reporting standards, 

or chance is open to question. Suffice it to say that 

the model was not greatly at odds with most reported data. 

Calculations of CRS and ARS for each of the simu

lations performed in Chapter III yielded results tfhich 

are presented in Table 12 along with data reported by 

Venezian. These results are plotted in Figure 10 to 

show more clearly the correspondence between the models 

and the data. Since none of the populations represented in 

Venezian's reported data could be construed as low or even 

moderate prevalence areas, it was not surprising that 

calculated values of CRS and ARS, when plotted, fell out

side the range of reported data. However, the simulations 

of high and very high prevalence populations yielded values 

of CRS and ARS which showed excellent correspondence with 

Venezian's data. Further, the trend of the relationship 

between CRS and ARS from low through very high prevalence 

simulations followed the trend of the reported data quite 

well. Thus, the values of CRS and ARS and their relation

ship to each other seemed to represent Venezian's data 

quite closely. This reflected favorably on the validity 

of the infection model and the parameter FR25 which speci

fies the risk of Immediate activation of new infections. 
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Table 12 

Conversion and Attack Rates for 
Initially Uninfected Persons 

Conversion Rate Attack Rate 
Source* (per 1,000 person-years) 

1. Muscogee County, Georgia, 
19^7-1959i (Comstock i960), 
1,818 white and 523 negro 
schoolboys 3.13 0.071 

2. Muscogee County, Georgia, 
and Russell County, Alabama, 
1950-1957, (Palmer 1958), 
12,702 white and 5»152 negro 
of all ages, average age = 
15 years 3«3 0.22 

3. American Indians, 1936-
1938, (Stein 1953? Aronson 
1952), children 79 15.5 

4. Contra Costa County, Calif., 
(Rigney 1959; Blum 19^3). 
small sample 7•8 0.42 

5. Medical Research Council 
1956, United Kingdom 12 I.67 

6. Saskatchewan Indians, 
1933-1940, (Ferguson 19^9) 78 15.7 

7. Bethel, Alaska, (Comstock 
by private communication 
to Venezian) 3 1 
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Table 12 (continued) 

Source* Conversion Rate Attack Rate 
(per 1,000'person-years) 

A. U.S.A. Simulation, 1953 2.0 0.15^ 

B. Utah Simulation, i960 0.4-02 0.0313 

c. Low Prevalence Case Study 0.306 0.023 

D. Moderate Prevalence Case Study 0.918 0.0? 

E. High Prevalence Case Study 3.99 0.306 

F. Very High Prevalence Case 
Study 13.7 1.05 

*Sources given here are cited by Venezian( 196^-). 
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With an increased degree of confidence in the 

nominal values of the pre-active parameters and initial 

conditions, we then considered how errors in source data 

and assumptions could affect a simulation. 

IV.2 The Effect of Errors in Source Data 
and Assumptions on the United States 

Simulation 

The United States simulation was chosen for this 

study since more abundant data were available for the 

calculation. Hence, fewer assumptions were necessary than 

in any of the other cases. Many of the parameter values 

derived for this simulation were subsequently adopted in 

the other simulations for lack of independent data.! This 

is apt to be the procedure followed in most small popula

tions where local data of the proper kind are not available. 

Thus, the sensitivity of the United States simulation to 

source data error has a strong connection to other simula

tions as well. 

A careful review of the calculation procedure 

followed in Chapter III yielded a list of 23 basic data 

sources. This list is presented in Table 13. From the 

list, certain sources were selected as vulnerable to signi

ficant estimation errors. The figures from each of these 

sources were varied one at a time between plus and minus 

20 percent of their nominal values for a 20 year simulation 
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Table 13 

Basic Data Sources for Calculation of 
Parameters and Initial Conditions 

in U.S.A. Simulation 
Nominal 

Code No. Role in Model Value 

1 Reported new active cases, F57+D5(1952) 89»000 
2 Reported new active cases, F57+D5(1953) 84,000 
3 Reported new active cases, F57+D5(195^) 79»300 
4 Natural death rate, D5/(D5+F56) 0,2 
5 Tuberculosis deaths, D5+D7 (1953) 19>700 
6 Proportion of new active cases 

originating from state X6 1/3 
7 FR65 0.01 
8 X8 (1953) 0 
9 DR3 0.025 
10 DR4 0.025 
11 X3+X4 (1953) 35.000,000 
12 Proportion of dormant infections 

which are high risk 0.1 
13 Total population deaths (1953) 1 1.518,000 
14 Total population (1953) 160,184,000 
15 Average birth rate (1953-1968) 0.02 
16 FR25 0.0768 
17 Proportion of new active cases 

originating from state X2 0.2 
18 Risk ratio, FR45/FR35 5 
19 FR56 0.2 
20 Rate of decrease in tuberculosis 

death rate (per year) 0.04 
21 FR85 0.001 
22 DR6 0.1 
23 DR8 0.04 
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beginning in 1953* For each source variation, the following 

statistic was calculated from the simulation 

20 p 1/2 
Standard deviation = ((SI (X5Di-X5Ni) )/20) 

i=l 

where X5D1 is the number of individuals in state X5 in the 

ith year of the simulation with a varied data source, and 

X5Ni is the value of X5 in ith year of the simulation under 

nominal data source values. 

For the 15 data sources chosen for variation, 

simulations were performed at + .05. + .10, and + .20 

variations from the nominal values. Results of these 

simulations appear in Table 1*4- with the data s'ources listed 

in descending order with respect to the standard deviation 

statistic. Examination of Table revealed that a natural 

three-way partitioning of the results was possible. Errors 

in data sources can be classified as critical, non-critical, 

and insignificant as shown in Table 1^. 

Perhaps the most noteworthy result of the sensiti

vity study was the number of data sources in which substan

tial estimation errors had little effect on the resultant 

simulation. In fact, the presence of many of the sources 

on the non-critical or insignificant lists was quite sur

prising. The natural tuberculosis death rate and rate of 

decrease of the tuberculosis death rate under therapy had 

almost no effect on the number of new active cases over the 
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Table 14 

Sensitivlty of U.S.A. Simulation to 
Errors in Basic Data Source 

Deviation of Basic Data Source 
from Nominal Value 

Rank 
(Critical) 

1 

2 

3 

4 

(Non-Critical) 
5 

6 

7 

8 

9 

10 

11 

(Insignificant) 
12 

13 

14 

15 

Code No. 

19 

6 

22 

9 
(10) 

16 

17 

11 

15 

18 

7 

21 

23 

12 

20 

4 

± .05 

9.29 
9.05 
8.77 
8.76 
6.04 
6.37 
5.42 
5.51 

1.39 
1.53 
0.301 
0.267 
0.0663 
0.174 
0.304 
0.307 
0.305 
0.303 
0.237 
O.252 
0.274 
0.274 

0.0676 
0.0689 
0.0532 
0.0596 
0.00910 
0.00926 
0.00660 
0.00644 

+ .10 

18.8 
17.9 
17.6 
17.5 
11.8 
13.1 
10.8 
11.1 

2.65 
3.24 
0.653 
0.516 
0.0749 
0.4 77 
0.604 
0.618 
0.612 
0.602 
0.459 
0.523 
0.548 
0.548 

O.134 
0.139 
0.100 
0.126 
0.0181 
0.0187 
0.0134 
0.0127 

±  .20  

38.7 
3^.9 
35.2 
3^.9 
22.4 
27.7 
21.2 
22.6  

4.85 
7.30 
1-55 
1.04 
0.400 
1.55 
1.19 
1.25 
1.23 
1.19 
0.872 
1.14 
1.10 
1.10 

0.263 
0.284 
0.178 
0.282 
0.0355 
O.O38O 
0.0274 
0.0248 

Note1 Values in table are standard deviations of 
yearly new active cases under simulation with erroneous data 
source with respect to yearly new active cases under simu
lation with nominal data source value. 
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twenty year period. These figures would, however, "be 

important in a projection of tuberculosis deaths. 

Particularly surprising were some of the data 

sources in the non-critical category. The total number of 

dormant infections, the percentage of high risks among 

dormant infections, the activation rate of natural 

recoveries, and the high-to-low risk activation rate 

ratio were all seen to have little effect on the simulation. 

As mentioned in Chapter III, the calculation procedure 

tends to be self-compensating with respect to many errors. 

We suspected, however, that the compensations for error 

would only be effective for a few early years of the 

simulation. Apparently, the non-critical data sources only 

begin to show significant deviations after 10 or 20 years, 

even under as much as 20 percent error. 

Among the critical data sources, we found, of course, 

the death rates from states X3, Xb, and X6. In Chapter III, 

the importance of death rates for the pools of infection 

in producing a good simulation was noted. The parameter 

FR25 was also highly critical, and we can now see the 

importance of the validity study in Section IV.1, which 

gave strong support to the nominal value chosen. 

The appearance on the critical list of the data 

source yielding the proportion of new active cases arising 

from the natural recovery state was somewhat surprising in 



102 

view of the fact that the parameter FR6$ was essentially 

non-critical. An error in either of these sources tends 

to be compensated by adjustment of the calculated value 

of the initial condition for state X6. Apparently, the 

compensation was only effective for errors in the esti

mation of FR65. 

The critical effect of FR56 was entirely under

standable. This parameter indicates the proportion of 

new active cases which are unreported. Of course, as 

the estimate of this proportion is enlarged, we directly 

Increase not only the Initial but all subsequent values 

of X5. 

The results of the sensitivity study will be 

employed in the following section to aid in formulating 

some suggestions for the collection of tuberculosis data. 

Before proceeding to that discussion, let us make one 

further observation concerning the technical value of the 

sensitivity priority list in Table 1^. Many of the 

assumed values in that list, as well as many of the esti

mates were based on rather loose data. The researcher 

who is faced with inadequate data for a given region can 

tell, from the priority list, which data must be estimated 

with great care, and which can be roughly approximated 

without significantly affecting the results. 
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IV.3 Recommendations for the Collection 
of Tuberculosis Data 

To undertake the independent estimation of all model 

parameters and state variables for a small population of 

perhaps 10,000 persons would be an expensive and time-

consuming task. For many of the parameters, it would be 

sufficient to adapt the results of previous research studies 

or learned opinion. This would certainly be true with 

respect to such parameters as FR25, FR65, FR85, FR35, FR45, 

DR7, and the natural TB death rate. Direct estimate of 

these parameters by a national agency would be extremely 

valuable to local planning authorities. One way or another 

estimates of the above parameters are currently available. 

However, the studies have not been organized in such a 

manner as to be directly applicable to a particular popu

lation without considerable guesswork. Little care has 

been taken with respect to selection of participants in 

most of the studies we have seen. Thus, it has been diffi

cult to generalize the results so obtained. If research 

and historical data were collected with careful attention 

paid to various demographic characteristics of the study 

group, the results could be easily adapted to the unique 

demographic structure of a particular population. 

Much of the additional data required for tuberculosis 

simulation are already collected locally. In particular, 
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vital statistics such as births, deaths, and net immi

gration are usually available. Also, certain tuberculosis 

statistics related to case-finding, therapy, and death are 

presently collected. The greatest difficulty in tuber

culosis simulation is finding adequate data concerning 

infected but not active individuals (X2, X3, X^, and X6). 

As already mentioned, activation rates from these states 

could not be determined locally in an efficient and accurate 

fashion, but various data concerning the size ana age-sex 

distribution of each of the states should be the responsi

bility of local authorities. Except for states X2 and X6, 

this data could be obtained using sample survey techniques. 

The size of states X2 and X6 could be inferred from know

ledge of the distribution of new active cases with respect 

to source state. This was done in the calculations for 

the United States simulation. 

Thus, there seems to be a requirement for three 

additional sources of TB data: (1) a centralized research 

program to assemble data from past studies and conduct 

whatever additional studies are required, so that we may 

have demographically specific knowledge of certain TB 

parameters which are difficult to measure at the local level; 

(2) sample survey data at the local level which at least 

specifies the size and demographic distribution of states 

X3 and Xh; and (3) a breakdown of reported new active 
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cases at the local level by originating disease state 

and demographic composition. 

The sensitivity priority list can be consulted, 

now, to apportion the effort under the above programs 

with respect to specific data requirements. In the . 

centralized research program, FR25 has the highest priority 

for research effort. It is interesting to note that an 

overestimate of this parameter is less disasterous than 

an underestimate. Estimates of FR65 and FR85 are listed 

as non-critical, while the natural TB death rate and other 

TB death rates must be considered insignificant factors at 

least in the simulation of new active cases (X5). Direct 

measures of FR35 and FR^5 would also be helpful despite 

the fact that these parameters were residually derived in 

the U.S.A. simulation. Independent estimates of these two 

parameters could be used where certain data at the local 

level were not available. 

At the local level, it is of critical Importance 

to obtain the age and sex distributions of states X3, X4, 

and X6, so that the proper death rates from these states 

may be established. The actual size of these states is 

of non-critical importance along with the risk ratio- bet

ween high and low risk infected persons. The death rate 

from state X8 and proportion of dormant infections in the 

high risk group are both inconsequentual in a simulation 
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study. Again, attention should "be paid to the effect of 

error direction in arriving at a final estimate for a 

data source. 

Finally, the distribution of reported nevr active 

cases with respect to originating disease state ranks 

quite high in need for accuracy. The proportions from 

states X2 and X6 were used directly in the calculations, 

and the simulation was quite sensitive to both figures. 

It is difficult to specify a single strategy for 

data collection. The discussion and sensitivity analysis 

in this chapter centered on the calculation procedure in 

Chapter III and the data sources used there. However, 

any number of combinations of data sources exist which 

yield a feasible calculation for all the parameters and 

initial conditions. In general, the task of data collection 

should be divided between local and national authorities 

in the following manner. 

At the local level, all vital statistics such as 

population size, birth rate, and demographically specific 

death rates should be maintained over time along with 

appropriate estimates of future trends. Sample surveys 

should also be conducted, periodically, to establish the 

values of state variables, particularly for states X3, X^, 

and X6. It is assumed that the membership of states X7 and 

X8 is always known to tuberculosis authorities. In small 
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populations, states X2 and X5 are so sparsely occupied in 

any given year that accuracy of estimate is not essential. 

Finally, reported new active cases should he classified 

according to originating disease state. However, in small 

populations, where reported cases are rare, these data 

will not likely "be reliable. 

A national agency should be responsible for the 

collection of demographically specific data relating to 

the various disease migration parameters. This effort 

would be expensive and, for the most part, unreliable if 

conducted independently and simultaneously by many local 

or regional authorities. Coordination of all data collec

tion should be the responsibility of the national agency. 

This coordination should involve specification of a 

conceptual model of the natural history of the disease, 

establishment of classification criteria and terminology, 

and standardization of reporting procedures. A national 

agenc3r should also act as a clearing house for the 

collection and distribution of all data to and from the 

various locales. Lastly, the national agency should conduct 

research studies concerning the implementation of TB pro

grams at the local level and act in an advisory capacity 

to local authorities in these matters. 



CHAPTER V 

DESCRIPTION OP PREVENTIVE 
CONTROL PROGRAMS 

A tuberculosis control program consists of some mix 

of efforts in the areas of screening, diagnosis, and pre

ventive medical treatment. Treatment of known active 

cases has already been included in the basic model, and it 

has been assumed that satisfactory drug therapy is included 

in such treatments. The basic simulation model, through 

the migration F57, also includes the effect of existing 

case finding efforts. This chapter will discuss the 

various efforts which were available for control programs, 

and how they were represented in the simulation model. 

Chapters VI and VII will be concerned with the optimum 

selection from among such efforts using various cost-

effectiveness criteria. 

V.l Preventive Treatment Components; 
Definition and Model Representation 

Two types of preventive medical effort were con

sidered! INH prophylaxis and BCG vaccination. Vaccination 

with BCG is not a widely used preventive measure in the 

United States, and it is not currently recommended by the 

Public Health Service. The effectiveness of BCG is 

108 



109 

considered to be available only to persons in state XI 

(Springett 1965). The vaccine does not reduce the probabi

lity of a new infection. It does, however, substantially 

reduce the risk that the infection will proceed to the 

active stage (ReVelle, et al. 1967)« Research evidence 

on the effectiveness of BCG Is not conclusive for a variety 

of reasons including the prevalence of atypical infections 

in some of the studies. There is much comment in the 

literature (see Hart 1967, Lin 1965» Springett 1965, 

Comstock and Palmer 1966, Zorini 19^5» Palmer and Long 1966) 

on the subject of BCG vaccination, and estimates of its 

effectiveness vary from 30 to 80 percent. Rather than take 

a stand on this issue, the researcher chose to perform the 

optimization studies under each of three assumptions: 

20, 50, and 80 percent effectiveness. 

A major difficulty with BCG vaccination is that it 

eliminates the skin test as a diagnostic tool in detecting 

infection. The vaccination itself will render the vaccinee 

a positive reactor, indistinguishable from infected per

sons (Public Health Service 1967). This is perhaps the 

primary reason why the U.S. Public Health Service dis

courages the use of BCG. Another difficulty with BCG is 

possible variability in protection due to a number of 

factors. Quality control can be difficult to maintain 

both in manufacture and during delivery, particularly in 
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remote areas. Consideration must also be given to the 

fact that a vaccination may not "take" in some individuals 

and precautions must be taken to ascertain whether revaccl-

nation is necessary. Also, revaccinations at intervals 

of perhaps fifteen years might be required to maintain pro

tection over the period of a lifetime (Springett 1965). 

In Figure 11 a discrete model of a BCG treatment 

effort, as it was appended to the basic model, is shown. 

Upon vaccination, members of state XI are moved to state 

X9. These individuals may subsequently migrate to state 

X10 at the same rate as their counterparts In state XI 

migrate to state X2. However, the parameters FR105, 

FR1011, FR1012, FR115, and FR125 are such that the pre

viously vaccinated newly infected individual will have a 

lower risk of becoming active than if he were not vacci

nated. Unfortunately, the research we have seen did not 

give the specific information necessary to calculate the 

migration rates with which the overall risk reduction is 

accomplished. 

Experimental studies to determine the effective

ness of BCG have, for the most part, followed similar 

strategies (Comstock and Palmer 1966). Two equivalent 

populations of susceptible individuals were identified, 

and one of these was treated with BCG. The total number 

of new active cases from each population was recorded over 
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a period of time. Then the ratio of new active cases in 

the treated group to new active cases in the untreated 

group was subtracted from unity to obtain the effective

ness. Thus, the effectiveness figure represents the propor

tion of expected cases prevented in the treated population. 

However, this experimental strategy did not identify the 

stage of the disease in which the BCG was operative. 

.It is known that BCG does not reduce the likeli

hood of an infection occurring (ReVelle, et al. 1967). 

If the model used by ReVelle, Lynn, and Peldraann (where 

states X2, X3» and Xk were represented by a single infec

tion state) had been employed, the activation probability 

from the infection state could have been reduced by the 

percentage of effectiveness. But, our model attempts a 

more detailed representation of the infection states and, 

thereby, requires a more precise specification of the role 

of BCG as a preventive agent. Hence, some assumptions or 

speculations had to be made as to the effect of BCG on the 

model parameters. 

BCG vaccination is intended to stimulate the body 

to acquire a specific resistance to tuberculosis infection. 

It is similar in kind, if not in degree, to the resistance 

exhibited by persons with dormant infections (Public Health 

Service 1967). After the specific resistance ife acquired, 

the body is able to combat a true infection more effectively 
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should it occur. The result is that fewer new infections 

progress directly to the active stage, and the extent of 

lung damage prior to dormancy tends to "be reduced. 

For this research, BCG was assumed to have no 

effect on the activation risk of dormantly infected persons, 

even if administered prior to the initial infection. Thus 

FR115 = FR35. 

and 

FR125 = FRiJ-5. 

However, BCG was assumed to reduce the probability that a 

new infection becomes directly active or high risk dormant. 

Thus 

FR105 = x * FR25, 

and 

FR1012 = y * FR2^ 

where x is the proportion by which BCG is effective in 

reducing the direct activation risk of newly infected 

persons, while y is the proportion by which BCG is effec

tive in reducing the probability that an infection will 

reach high risk status before dormancy. The migration 

rate FR1011 was calculated as a residual, since state X10 

(being the analog of state X2) was assumed to clear 

itself during each time period. Thus 

FR1011 = 1 - DR10 - FR105 - FR1012, 
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and, it is apparent that 

FR1011> FR23. 

Death rates were assumed to be unaffected by BCG vaccina

tion. 

Now, letting z represent the overall effectiveness 

of BCG, as measured in the studies referenced above, and 

P represent the probability that a new infection will even

tually become active (without BCG), x and y must satisfy 

the following relationship: 

(1 - «)P . X . FH25 • r * 

(1 - DR2 - x * FR25 - y » FR24) * FR35 
+ FR35 + DR3 

The above equation represents a calculation of the proba

bility (P*) that a vaccinated new infection will eventually 

become active and may be written also as 

p i  = ( l - z ) P =  F R 1 0 5  +  *  F B 1 2 5 .  v - zj v + pR125 + dhi2 

FR1011 * FR115 
+ FR115 + DR11 * 

To solve for x and y required an additional statement 

concerning the relationship between the two. For simplici

ty, it was assumed that x = y. 

Before proceeding with a calculation of x and y, 

let us reflect a moment on the experiments to determine z. 

The effectiveness (z) of BCG was calculated in the 

experiments from 
i 

2=1- (P'/P). 
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But, P' and P represent the probabilities of eventual acti

vation of a new infection, while the experiments only 

measured the probabilities of activation over a short time, 

10 years at most. It was likely that almost all of the 

active cases recorded during the experiments were direct 

activations from new infections. The true value of z 

cannot be measured unless experimental groups are followed 

through to death. As a result, the effectiveness derived 

from these experiments is probably a better measure of 

1 - x than of z. To reiterate, the short period of obser

vation allowed us to assume that almost all of the recorded 

active cases constituted migrations by way of F25 in the 

untreated group and F105 in the treated group. If the 

groups were of equal size, then the effectiveness calcu

lation yields 

1 - (P105/F25) = 1 - x. 

An independent measure of y could have been 

obtained by comparing the number of susceptlbles in each 

group who exhibited positive X-ray results after the 

period of observation. Thus, 

y = F1012/F2*K 

Unfortunately, these data were not available, and the 

assumption that x = y was maintained. In the program 

optimization studies, the following three assumptions 
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with respect to BCG vaccination were employed: 

x = y = 0.2, 0.5, 0.8. 

The resultant parameters under each of these assumptions 

appear in Table 15. 

The second type of preventive medical effort 

available is the drug INH. Chemoprophylaxls with INH is 

effective for members of states X2, X3, X^, and X6. INH is 

taken in pill form, and currently recommended treatment 

calls for one year of exposure to the drug in daily doses 

(Public Health Service 19^7)• INH prophylaxis is intended 

to reduce the risk that an infected individual will progress 

to the active stage. Research findings seemed to indicate 

that the activation risk was reduced by 75 percent during 

the year of medication and 50 percent thereafter (Public 

Health Service 19&7» Ferebee and Mount 19^2, Mount and 

Perebee 19^2, Bush, et al. 19^5» Ferebee and Palmer 1956, 

Ferebee, et al. 19&3* Comstock, Ferebee, and Hammes 196?, 

Ferebee 1963). 

This research assumed, for reasons of convenience, 

that the protection level was constant at 50 percent in 

every year including and following the year of medication. 

The assertion that INH will give 50 percent protection to 

an infected individual throughout his lifetime may be 

optimistic, however, in view of the limited observation 

periods in most of the research. On the other hand, the 
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Table 15 

Parameters for BCG Vaccination States 

BCG Effectiveness 

80$ 50% 20% 

FR105 0.01536 0.0384 0.06l44 

FR1011 0.96143 0.90719 0.85295 

FR1012 0.0208 0,052 0.0832 

FR115 0.000945a 0.000945a 0.000945a 

FR125 0.004725b 0.004725b 0.004725b 

DR9 = 0.002*1-1 

DR10 = 0.00241 

DR11 =0.025 

DR12 = 0.025 

a. Equal to 0.00189 at very high prevalence. 

b. Equal to 0.00945 at very high prevalence. 
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assumption is pessimistic in the early years following a 

preventive program. 

A model for INH prophylaxis is shown in Figure 12. 

Individuals from states X2, X3. and X^, who undergo INH 

treatment, are placed in states X13» XI *1-, and X15i respec

tively. Migration rates FR135» FR145, and FR155 were then 

set at 50 percent of the rates FR25» FR35, and FR^i 

respectively. 

Prophylaxis of individuals in state X6 was assumed 

to have the effect of reducing the risk of reactivation to 

the level experienced by members of state X8. As a result, 

additional system states were not introduced for this type 

of effort. Members of state X6 who receive drug prophy

laxis are simply moved to state X8. It was assumed that 

the level of protection does not change with time for this 

type of prophylaxis effort. 

A final set of states was defined (see Figure 12) 

for individuals who receive both BCG and INH preventive 

treatments. This was likely to occur in connection with 

contact group screening. If INH prophylaxis was recommen

ded for all members of the contact group of an active index 

case who showed a positive skin test, it was possible that 

formerly vaccinated persons would have been included. The 

risk of activation for such persons would probably be 

lower than for those with either BCG or INH alone, but 
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research which indicated what the rates would actually be 

was not available (see Zorini 19&5)• 

It was already assumed that previously vaccinated 

persons with dormant Infections (Xll and X12) have the same 

risk of activation as their unvaccinated counterparts 

(X3 and X4). It was logical to assume, then,' that adminis

tering INH would have the same effect on vaccinated and 

unvaccinated dormantly infected persons alike. Thus the 

activation rates from dormantly infected states, where both 

BCG and INH were administered, became 

PHI 75 = PHI 4-5, 

and 

FR185 = FR155. 

For vaccinated new infections, it was assumed that 

INH and BCG had a compound effect. Thus, 

FR165 = x * FR135 

FR1618 = y * FR1315 

and FRI617 is calculated as a residual, 

FR1617 = 1 - DR16 - FRI65 - FR1618. 

The resultant parameters are shown in Table 16. 



121 

Table 16 

Parameters for INH Prophylaxis States 

Loxnr, Moderate, and 
High Prevalence 

Very High 
Prevalence 

PR135 0.0384 0.0384 

FR1314 0.85219 0.85119 

FR1315 0.107 0.108 

FR145 0.0004725 0.000945 

FR155 0.0023625 0.004725 

'FR175 0.0004725 0.000945 

FR185 0.0023625 0.004725 

The following parameters apply at all levels of 
prevalence. 

BCG 

80% 

Effectiveness 

50% 20% 

FRI65 0.00768 0.0192 0.03072 

FR1617 0.968242 0.92422 0.8802 

FR1618 0.021668 0.05417 0.08667 

DR13 = 0.0024-1 DR16 = 0.00241 

DRl4 = 0.025 DR17 = 0.025 

DR15 es 0.025 DR18 = 0.025 
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V.2 Diagnosis and. Classification Strategy 

From the above discussion, it is apparent that 

individuals selected for participation in a preventive 

tuberculosis program must first be classified with respect 

to their disease status in order to determine the proper 

prophylactic treatment. Let us restrict discussion to 

populations in which there has been no previous prophy

lactic use of BCG or INH. Thus, the problem is to classify 

individuals with respect to the basic simulation model des

cribed in Chapter II. 

A tuberculin skin test would no doubt be the first 

step in any medical examination specifically directed 

toward the detection of tuberculosis. Most individuals in 

the U.S.A. would show a negative reaction to the skin test 

and would be classified as members of state XI (Public 

Health Service 1963). For positive reactors, further 

diagnosis requires a chest X-ray. If the X-ray is nega

tive, then the individual's infection must be classified 

as either a new infection (X2) or a dormant, low-risk 

infection (X3). The distinction between these two states 

is apt to be quite difficult in practice without addi

tional evidence. Should the individual be an infant, a 

known recent converter, or an associate of a known active 

case, then the infection is, most likely, not yet dormant. 
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On the other hand, if the individual is known to have "been 

a positive reactor since at least one year prior to exami

nation or was an associate of a known active case more than 

one year prior, then the individual, most likely, has a 

dormant infection. 

For modeling purposes, if all persons with positive 

skin tests and negative X-rays were classified as dormant, 

unless there is evidence to the contrary, then the actual 

number of new infections at a given point in time would be 

underestimated. Estimates, thus obtained, should be re

vised accordingly. As a check on the estimate, and as a 

wise preventive measure, a policy of taking a second X-ray,• 

in twelve months or so, could at least detect those new 

infections which are becoming active or high-risk dormant. 

In subsequent analyses, it was assumed that diagnostic 

procedures combined with patient testimony and medical 

history would be sufficient to distinguish between members 

of states X2 and X3. 

It was assumed that members of states X7 and X8 are 

known to medical authorities. Patient testimony with 

respect to the symptoms of active disease as well as 

comparison of current with possible past chest X-rays 

would be sufficient to suspect active disease. Application 

of standard clinical tests could then confirm or deny these 
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suspicions. A second X-ray could also "be used to detect 

active disease or serious infections which had not yet 

become dormant. 

Assuming that active cases (X5) and serious new 

infection could be detected among those individuals with 

positive X-rays, then we need only to distinguish, now, 

between members of states X4 and X6. A large percentage of 

the "natural" recoveries (X6) were at one time hospitalized 

for tuberculosis but not under chemotherapy. If records 

of such hospitalization could be found or if the patient 

testified to such hospitalization, then the classification 

would be definite. Testimony with respect to the symptoms 

of the disease, as well as the tuberculin status of con

tinuing associates of the individual, might also be useful 

in detecting unhospitalized natural recoveries. Without 

such evidence, the diagnosis must rest on the X-ray alone. 

The researcher was not sufficiently familiar with whether 

the distinction between states X4 and X6 could be made 

accurately. Subsequent analyses assumed that errors of 

misclassification were not frequent and tended to cancel. 

There are, then, two major sources of misclassifi

cation error: (1) between states X2 and X3, and (2) between 

states X^ and X6. Let us assume that an economic analysis 

indicated that a 100 percent general screen of the popu

lation was desirable. Under the assumption that screening 
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and prophylactic treatment progressed simultaneously, the 

data obtained from the screening would only be available 

after the fact. The data would be useful only to modify 

the model for predicting the impact of the program and in 

planning future programs. Misclassification error could 

manifest itself in the prophylactic treatment strategy. 

Should an Individual be treated incorrectly as a result of 

being misclassified, a costly consequence might result. 

However, this presented no problem with respect to the 

X*J- - X6 classification. In program planning, all infected 

persons who were not members of states X5» X?, or X8 were 

considered to be either at high or low risk of activation. 

States X2, X^, and X6 constituted the high risk group, and 

state X3 was considered low risk. There was no differen

tial prophylactic effort within the high risk group, so 

a person received the same treatment regardless of whether 

he was classified as X^ or X6. 

With respect to the X2 - X3 classification, the 

situation was not so fortunate. This classification 

bridges the high and low risk dichotomy. There is little 

difficulty if a dormant, low risk infection (X3) is classi

fied as a new infection (X2). If different treatments are 

indicated for these two states then the new infections, 

which are at higher risk of activation, will receive the 

more intensive treatment. Misclassifying an X3 as an X2 
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may result in a slightly non-optimal use of funds, but it 

certainly will not increase the prevalence of the disease. 

Misclassifying an X2 as an X3 could result, how

ever, in a higher level of prevalence. This was the reason 

for suggesting earlier that individuals with positive skin 

tests and negative X-rays who cannot be definitely classi

fied between X2 and X3 should be given a second X-ray at a 

later date, perhaps six months to a year later. If the 

second reading is negative the person can then be considered 

dormant. But, if the X-ray is positive, drugs should be 

administered immediately and the patient's progress 

followed closely. Such individuals are at extremely high 

risk of reaching the infectious stage, X5 (Public Health 

Service 19&3)• 

V.3 Screening Strategy 

As a prerequisite to diagnosis and prophylactic 

treatment, a decision must be made as to who is to partici

pate in a preventive program and when. The timing of 

programs can be roughly classified into two categories, 

intermittent and continuous. Selection on a continuous 

basis would most likely involve a small volume of patients 

in any given year, but would be conducted as a control 

measure over a long period of time. One example of such a 

screen is contact group investigation of known active cases. 
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Here the objective is to find and treat new infections 

which are at a high risk of activating. For a relatively-

low screening cost, the contact group survey can reach a 

substantial percentage of those Individuals in the popula

tion who are at the highest risk of developing active 

tuberculosis. 

Another type of continuous screening program would 

be a survey of school children in a particular grade on an 

annual basis. Such an effort would not yield a high per

centage of infection, but the infections that are found 

would tend to be relatively recent. A contact group survey 

of such infections could, then be highly productive in 

finding active cases and other infections. Further, school 

children are a captive audience who are easily located' 

and usually willing to participate. The cost of school 

screening would tend to be a good deal lower than for a 

screen of equivalent size in the general population. Other 

examples of low-cost continuous screens on particular 

segments of the population would be newborns (for BCG 

vaccination) and any well-defined, institutionally orga

nized group. 

Intermittent screening would normally involve a 

high volume survey conducted over a short period of time. 

The initiation of such a survey would be justified primari

ly in high prevalence areas, and its repetition would be 

considered only in the face of sustained or recurring high 
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prevalence. With respect to the population of a particular 

region, the screen may involve 100 percent of the population, 

a proportion of the population using either random or self 

selection, or a proportion of the population on a selective, 

demographic basis. Mass screening is probably the only way 

to achieve dramatic short-term reduction of tuberculosis 

prevalence. It is directed at delivering INH prophylaxis 

to the large pools of dormant infection and/or BCG vacci

nation to large numbers of susceptible individuals. Need

less to say mass screening can be expensive, and careful 

economic analysis should precede its undertaking. 

This research, being limited to a homogeneous state 

simulation model, investigated only three of the afore

mentioned possible screening componentst (l) contact 

groups, (2) newborns, and (3) mass screening with random 

selection of participants. 

V.4 Tuberculosis Costs 

In anticipation of the needs of the optimization 

study in the following chapters, the remainder of this 

chapter is devoted to the question of relevant costs for 

cost-effectiveness considerations. These costs have been 

classified into four categories* 



129 

(1) preventive program costs 

(2) therapeutic costs 

(3) non-medical economic costs 

(4) intangibles. 

All medical costs (1 & 2) were assumed known. Estimation 

of these costs in a given locale should not be conceptually 

difficult. Non-medical costs on the other hand, present 

some problems. Th?s category usually includes such con

siderations as wage losses and disability or welfare com

pensation payments due to TB morbidity or mortality. 

Assessing the true value of these losses would lead to 

calculation of the joint distribution of income levels and 

TB prevalence. However, a cost-benefit analysis based on 

these data might indicate a disproportionate allocation 

of TB control effort to the higher income groups, a policy 

of questionable moral content. An alternative is to use 

some representative or average loss figure and apply it 

indiscriminately to all active cases. In any case, the 

relative inaccuracy and possible invalidity of such economic 

loss figures dictates that they should be considered 

separately from medical costs. 

Intangible costs such as the mental stresses 

endured by the patient and his family in the face of TB 

morbidity and mortality cannot be expressed in monetary 

terms. This is not to say that intangible factors should 
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not enter the decision making process. They cannot easily 

"be considered quantitatively, but intangibles may justify 

a quantitatively inferior program being chosen. This is a 

prerogative of the decision maker and should not affect the 

quantitative analysis. 

The research relied heavily on the Public Health 

Service (1967) and Papenfuss and Fjeldsted (1969) for 

estimates of tuberculosis costs. Where data were not 

available, some reasonable assumptions were made. Let us 

consider therapeutic costs first. Using 1968 as a baseline 

year (as assumed in the cost-effectiveness studies), the 

Public Health Service (19&7) estimated that the yearly 

cost of hospital care for active cases in the United States 

was $244.2 million. Added to this was the cost of physi

cians services in the follow-up phase of treatment which 

amounted to $1.7 million. The total for therapeutic 

costs came to $2^5.9 million. Excluded from consideration 

in our analysis were $3*5 million for research and $80.2 

million for current preventive control programs. 

In our model, therapeutic costs were realized 

when a patient entered therapy by way of F57. The United 

States simulation indicated that 40,400 persons made this 

migration in 1968. The average cost of therapy, including 

the cost of reactivations prior to release from observation, 

became 
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C t  =  f =  $ 6 , 1 0 0  p e r  p e r s o n .  
k0,kQ0 persons 

The non-medical economic costs of tuberculosis morbidity and 

mortality are of two types: (1) compensation to patients 

and their families (excluding payments for therapy), and 

(2) the loss of productivity to society as measured by the 

patients' loss of income. Compensation includes disburse

ments by insurance firms andemployers for mortality, dis

ability, and sick leave. It also includes government 

subventions for welfare and unemployment. Aggregate 

figures for compensation payments were difficult to obtain 

and the Public Health Service estimate of $215.5 million 

for 1968 was very approximate. 

Income losses due to tuberculosis morbidity and 

mortaility for the United States were estimated consider

ably more accurately than compensation payments. Public 

Health Service figures were the most accurate available 

and took account of both age and sex. For the homogeneous 

model, estimated aggregate figures for 1968 were: 

$225.8 million for mortality and $256.1 million for mor

bidity. 

Compensation losses for 1968 were averaged with 

respect to total new active cases, under the assumption 

that most of these costs were realized whether the case 

was reported or not. Income losses due to morbidity were 

considered to be under the same assumption. The above 
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costs were realized upon exit from state X5 and were 

averaged with respect to the sum of F56, F57> and D5 in 

1968. Income losses as a result of mortality were imposed 

in addition to the morbidity losses. They were averaged 

with respect to the sum of D5 and D7 in 1968 and realized 

at the time of death. 

Average figures for compensation (Cc) and income 

losses for mortality (Cmt) and morbidity (Cmb) are calcu

lated below: 

Cc = 000 per person, 
53.900 persons * * 

Cmt = .m*^.ion _ $311- 200 per person, 
6,600 persons y * 

Cmb = $256«1 million _ $^,750 per person. 
53»900 persons 

The sum of Ct, Cc, Cmt, and Cmb represent the cost 

rates of tuberculosis to a typical United States community, 

exclusive of research and preventive control costs. In 

addition to the social or humanitarian desirability of 

reducing tuberculosis prevalence, reductions of these econo

mic costs serve alone to justify considerable expenditure 

on tuberculosis prevention. However, there are many reasons 

for considering medical and non-medical costs separately. 

First, the non-medical costs are both difficult to estimate 

and exhibit considerable variability from one community to 

the next. Inflation of expected savings in such indirect 

cost areas by over-zealous researchers has often given 
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cost-benefit analysis a bad name. Planning authorities 

can see through such attempts to justify programs, and as 

a result, they may overcompensate by rejecting an otherwise 

good program analysis. Also, if too close attention is 

paid to indirect economic costs, the result may be an 

unjust distribution of health care. Medical resources 

might be concentrated in those sectors of our society which 

have the largest income and protection by way of compen

sation payments. Therefore, non-medical economic cost 

savings should be considered only when setting budget 

levels for large regions or on a national basis, but they 

should be ignored when considering the differential allo

cation of funds between geographic or social sectors of 

population. 

Another problem is that non-medical savings are 

difficult to measure for the purpose of monitoring the 

performance of a program. The effect of a preventive 

program on medical costs is much easier to measure. 

Further, the agency which sponsors preventive programs is, 

very often, the same agency which directly benefits from 

savings in medical costs. Savings with respect to non

medical costs are almost never seen on the balance sheet 

of the sponsoring agency. This is particularly true if 

authority for the allocation of funds to tuberculosis 
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control is delegated to the local level. Thus, for all of 

the above reasons, medical and non-medical costs were 

treated separately when calculating the economic benefit 

of preventive programs. 

Our attention is now directed to the cost of pre

ventive programs by considering, first, the medical treat

ments involved. INH prophylaxis is the more costly of the 

two preventive interventions available at the present time. 

A year's supply of the drug for one patient is relatively 

inexpensive, about $30 according to Papenfuss and Fjeld-

sted (1969), but maintenance of a one-year regimen of daily 

pill-taking is difficult to ensure. Regular consultation 

with medical personnel (doctors or public health nurses) 

may be required along with certain devices to check on the 

regularity of dosage. A series of X-rays may also become 

part of such a program to check on the existence and pro

gress of lung damage. Later follow-up checks, in addition 

to the one-year program, are also possible. The cost of 

these maintenance efforts forms the major part of the cost 

of INH treatment. Also, the the fact that perhaps only 60 

to 90 percent of patients will follow the program to com

pletion must be considered. 

Papenfuss and Fjeldsted (19&9) estimated that 

thorough medical supervision for a year of INH prophylaxis, 

including twelve monthly nursing visits, would cost about 
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$120 per person. Medical supervision tends to increase the 

completion percentage, "but the cost-effectiveness priority 

of this effort depends on the activation risk of the 

patients. In the Alaska Native INH program, quarterly 

nursing visits produced a 75 percent completion rate as 

measured by the overall proportion of prescribed dosage 

actually taken (Comstock, Ferebee, and Hammes 1967). 

Similar results were observed in INH trials conducted in 

the southern United States (Ferebee and Mount 1962). In 

our studies, monthly supervision was assumed to yield a 

90 percent completion rate while no supervision was set to 

yield only 60 percent. No other supervision alternatives 

were considered. 

The completion rate may vary considerably between 

different populations, and degree of patient risk may also 

be a factor. The alternatives considered in our research 

by no means constitute recommended policy alternatives. 

Nor is it suggested that the rates used necessarily repre

sent any particular population. The extremes of supervision 

policy were used for the purpose of demonstrating the 

optimization method and evaluating, in a crude fashion, the 

relative value of close medical supervision as opposed to 

other expenditure alternatives. 

Only a rough guess of the cost of BCG vaccination 

was made. A cost of $5 per person was assumed. This may 
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seem quite high in view of the economies of scale which 

were possible in the particular interventions considered. 

ReVelle, Lynn, and Feldmann (1967) used a cost of $0,20-0.4-0 

for underdeveloped nations. However, we preferred to assume 

that precautions were taken to assure that each vaccination 

was successful. Thus, the $5 figure was taken to include 

a second skin test and possible revaccinations. Further 

revaccinations may be necessary several times in a lifetime 

(Springett 1965). For convenience, then, the cost per 

person of BCG vaccination, realized at the time of initial 

vaccination, was assumed to include the discounted cost of 

all effort necessary to maintain lifetime BCG protection. 

At some future time, when more knowledge is available con

cerning the details of proper BCG protection, a further 

analysis may be performed which considers the relative 

value of each component of a BCG program. For now, however, 

let us consider the program, for an individual, as a whole 

with the discounted value of all its costs realized at the 

time of initial vaccination. 

Yet to be determined were the costs of screening 

and diagnosis. Two types of screens were employed: contact 

groups and mass screening with random selection of partici

pants. No screening or diagnostic costs were changed in 

the case of newborns. Although the screening efforts 
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differed in organization and personnel, their costs per 

person were assumed equal. The screening cost included the 

selection and retrieval of individuals and the skin test 

itself. The cost of X-rays for those persons found to be 

infected were recognized separately. Wo account was taken 

of non-medical program costs such as travel time and lost 

employment time. 

The Papenfuss and Fjeldsted study (1969)» in the 

state of Utah, included cost figures for the screening of 

school enterers, eighth graders, school personnel, and 

associates of positive reactors in the school enterers 

group. These screens covered a broad range of ages and 

were comparable in scope, method, and personnel require

ments to our small population studies. Correcting the 

cost figures to exclude the cost of drugs and X-rays 

yielded an average cost per person of from one to two 

dollars in the various programs. A figure of $1.50 per 

person was used as an approximate cost rate for both contact 

group and mass screening. The cost of X-rays, including 

the possibility that more than one may be required in some 

cases, has been assumed to be about $10 per person. This 

is a rather arbitrary figure and may be slightly high in 

view of possible economies of scale. 
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Table 17 

Tuberculosis Costs 

Title Charged to Cost 

Cure All persons making migration F57. $ 6,100 

Compensation All persons making migrations F56* 
F57, and D5. $ 4,000 

Mortality All persons whose deaths are attri
butable to tuberculosis, D5 and D7. $3^,200 

Morbidity All persons making migrations F56, 
F57, and D5. $ 4,750 

INH All persons receiving INH prophy
laxis. $ 30 

BCG All persons receiving BCG vacci
nation. $ 5 

X-ray All persons participating in any 
type of screening program whose 
skin test shows positive. 

0
 
H
 

Supervision All persons participating in a 
medically supervised INH program 
under mass screening, and all 
contact groups which contain 
infected persons. $ 120 

Screen All persons participating in a 
mass or contact group screening 
program. $ 1.50 
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This concludes the preliminary discussion of 

tuberculosis programs and their costs. A summary of all 

costs employed in program planning appears in Table 1?. 

Further discussion of specific program components employed 

in the planning studies is included in the next chapter. 



CHAPTER VI 

PRELIMINARY TOPICS TO 
PROGRAM EVALUATION 

The previous chapter included a description of 

the preventive program components which were considered in 

this research. Additional states were appended to the 

basic simulation model, and parameters for migrations bet

ween those states were specified. In this chapter, the 

program component set will be more rigorously defined with 

respect to the optimization procedure. In addition, certain 

other matters which are prerequisite to optimization are 

settled. These include the discount rate and planning 

horizon, figures of merit, and the optimization procedure 

itself. In Appendix A, the computer methodology employed 

in the study is explained. 

VI.1 Discount Rate and Planning 
Horizon 

Choosing an appropriate discount rate is always an 

important factor in cost-benefit analysis. The discount 

rate is the criterion which enables the comparison of costs 

and benefits realized at different points in time. For 

the dollar flows in a tuberculosis control program, a use

ful discount rate is the cost of capital. Such a rate Is 
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calculated from the real cost Incurred by the sponsoring 

agency in raising the funds necessary to support the 

indicated control program. If the funds are borrowed the 

relevant cost is the interest paid in each period on the 

loan. If the funds must be raised by diverting them from 

alternative allocations, the appropriate cost is the loss 

resulting from the deprived allocations. Capital which is 

immediately available and has no alternative internal 

application should be applied at a cost equal to what it 

would earn externally if invested in bonds, stocks, 

treasury bills, etc. Should regulations prohibit external 

investment and available funds have no other internal 

application, then the appropriate cost of capital is zero 

(see Van Home 1968) • 

The discount rate, stated as a cost of capital, 

applies only to those variables which are expressed in 

dollar units. It cannot properly be used to compare, 

for example, tuberculosis active cases or deaths realized 

at different points in time. There may, indeed, be some 

justification for using a discount rate for such variables, 

thereby expressing quantitatively the intangible notion 

that postponment of disease has social value in a preven

tive program over and above the value measured in dollar 

terms. This non-monetary discount rate would not necessa

rily have the same value as the monetary discount rate, 
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and it would be determined subjectively rather than by the 

objective means employed in establishing the monetary rate. 

In order to represent the true medical impact of preven

tive programs without subjective distortion, a non-monetary 

discount rate was not used in the research. 

Theoretically, a discounted cost-benefit analysis 

should consider all costs and benefits of a program into 

the infinite future. However, such an analysis would 

assume that the cost and benefits in each period are known 

with certainty. The certainty with which the simulation 

model will predict future costs and benefits decreases with 

the length of simulation. There is some justification, 

then, for putting an arbitrary limit on the length of the 

simulation period and agreeing to Ignore all costs and 

benefits beyond this arbitrary limit. However, the simu

lation period must be reasonably lengthy, since the pre

ventive measures available for tuberculosis require a rather 

long time to show cumulative benefits. 

Rather than imposing an arbitrary simulation period, 

a similar result could be accomplished by using a very 

high discount rate. The discount rate would progressively 

attenuate future costs and benefits. Higher discount rates 

place greater emphasis on the early cash flows. Using a 

discount rate in this manner would ignore the objective cost 

of capital concept and would substitute the subjective 
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notions of a decision maker concerning the timing of 

cash flows. In this research, we chose to separate the 

objective and subjective elements in decision making, and 

therefore, the cost of capital concept for the discount 

rate was retained while arbitrarily imposing a finite 

simulation period. However, the optimization procedure 

could be compatible with either approach. The cost-benefit 

studies employed a discount rate of five percent and a 

simulation period of 20 years. 

VI.2 Figures of Merit 

The computer simulation model, formed from the 

basic model of Chapter II and the preventive program 

structure of Chapter V, generated vast amounts of data, 

any portion of which could have been monitored and processed 

to evaluate the performance of a particular preventive 

program. To seek an optimum program for a particular 

locale, planning authorities must select one or more 

figures of merit to serve as criteria. Of course the 

figures of merit to be employed will depend on the source 

of funds and the nature of allocation alternatives available 

at the decision point. 

Funds available at the local level for a small 

population are very often ear-marked for specific appli

cations such as tuberculosis. In such a case, where the 
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tuberculosls budget is set externally, the planning function 

is restricted to allocating the budget to the most effi

cient program components. The objective is to minimize 

the prevalence of tuberculosis in the population over a 

specified time period under a fixed budget constraint. 

If the funds available to the local agency are 

allocated to health care in general, the budget for tuber

culosis must be determined in competition with other health 

programs. This requires a figure of merit which is inter

changeable between health care objectives. One such figure 

is the cost-benefit ratio which compares the discounted 

cost of a particular health care activity to the discounted 

future monetary savings which result from the state of 

better health. When the component activities of the various 

health care objectives are Independent of each other, an 

optimum total allocation of funds may be achieved by ob

taining for each health objective a schedule which yields 

the optimum allocation for any given budget level. The 

overall health budget can then be distributed among the 

various objectives so that the marginal cost-benefit ratio 

Is the same for each objective. 

However, in many cases, the various health care 

objectives are not independent. The cost of a particular 

activity, such as maintenance of a resident physician in 

a remote area or scheduling public health nursing visits, 

can be shared for the accomplishment of two or more health 



1 k5 

objectives. Conversely, employment of a particular activi

ty with respect to one disease may preclude the use of 

some other activity for other diseases. Significant inter

relationships between health care objectives would require 

that an optimization be performed which considers all 

activities and objectives simultaneously. Fortunately 

the tuberculosis simulation model is readily compatible 

with either independent or, with some modification, inter

related total health planning models. 

There can be considerable disagreement among health 

authorities over the question of how to measure the effective

ness of health programs properly. The strictly economic 

cost-benefit ratio mentioned above is not likely to be 

acceptable to all. Although it is difficult to measure 

quantitatively the value of certain intangibles, there are 

many alternatives for obtaining a non-economic measure of a 

population's health status. One such alternative is the 

total man-days of incapacity resulting from an illness 

and its treatment. Non-economic measures of effectiveness 

help to insure that each individual in a population will 

receive the same potential benefit under a particular 

program regardless of his demographic or economic status. 

Planning with respect to an economic measure of benefit 

may result in a program which allocates a disproportionally 

large share of funds to areas where individuals have high 

earnings or compensation coverage. 
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With respect to a particular disease, a national 

planning program using economic effectiveness measures 

would apportion funds to various locales according to 

both level of disease prevalence and average personal 

income. Within a particular region, the allocation could 

also show discrepancies with regard to age, sex, and other 

demographic variables. Diseases in women, the aged, and 

short term illnesses of children are apt to be neglected 

due to their relatively small economic impact. Non-

economic measures of effectiveness tend to direct funds 

to areas strictly according to health need. 

Non-economic effectiveness indicators have their 

disadvantages as well, since they do not account for 

certain secondary social effects of illness. By way of 

compensation payments, society bears a portion of the 

burden of supporting the immediate family of an incapaci

tated patient. Income losses are, similarly, a measure 

of the burden on society due to the loss of an individual's 

productivity. Finally, without a cost-benefit measure 

expressed entirely in economic terms, it is difficult to 

compare the value of investment in health care programs 

to the value of competing non-health objectives. 

It was not the objective of this research to show 

that expenditure on tuberculosis prevention would necessari

ly be more efficient in improving the health status of the 
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population than similar expenditure on other diseases. 

The principle aim was to show that tuberculosis prevention 

could constitute a highly desirable investment in many 

locales from both a health and an economic standpoint. 

In many cases the expenditure on preventive programs was 

shown to be justified on the basis of discounted future 

savings in therapy costs alone. Whether the capital for 

such programs would be raised by independent appropriation 

or by diversion from other health programs was not our 

concern. 

Since the study was confined to a homogeneous 

population disease model, many of the pitfalls of economic 

indicators, alluded to above, were avoided. Consideration 

was given only to a single disease in a single locale, 

where it was assumed that the economic impact of the 

disease was independent of the demographic characteristics 

of the individuals affected. 

Two figures of merit were necessary, one for deter

mining optimum allocations under given budgets and another 

for setting the budget level itself. Since our ultimate 

objective was to improve the health of the population with 

respect to tuberculosis, the figure of merit for allocating 

a fixed budget had to be compatible with the minimization 

of TB prevalence under any given level of expenditure. 

Within this framework, incidental economic benefits of TB 
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programs were of secondary importance. Therefore, for 

establishing the fund allocation schedule, programs were 

Judged according to the ratio of all costs associated 

with the program (discounted to present value) to the total 

reduction in new active cases over the simulation period 

as compared with a simulation in which no preventive pro

gram was employed. Funds were allocated to the most 

efficient program components first until funds were ex

hausted, until no additional components were available, 

or until additional expenditure did not yield satisfactory 

results. 

The author made no attempt to suggest a single 

figure of merit for the setting of the budget level. This 

kind of decision is very much dependent on factors peculiar 

to a particular locale. In the following chapter, much 

data and discussion focus on the budget level problem. It 

is hoped that planners will be able to interpret these 

results in the light of their own needs. 

A final word on role of economic benefits in the 

allocation of a fixed budget is in order, however, before 

proceeding to the analyses. Aside from reduced prevalence, 

one of the benefits of a preventive program is the reduc

tion in future therapy costs. The author feels quite 

strongly that the present value of such savings should be 

deducted from the present value of preventive program 

costs. The resultant figure would represent the true net 
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cost of achieving a reduced level of prevalence. In some 

cases, deduction of therapy savings from the numerator of 

our cost-effectiveness measure could result in a different 

optimum program structure. Suppose, for example, programs 

A and B yielded identical case reductions over 20 years, 

but B was slightly more expensive in terms of screening and 

prophylaxis. If the case reductions under program B were 

realized earlier than those under A, the superior dis

counted savings in therapy costs under B could more than 

offset the initial cost advantage of program A, Thus, 

program B would be truly cheaper when all medical costs 

are considered. 

However, we refrained from mixing therapy savings 

with preventive program costs for several reasons. First 

of all, the cost-effectiveness measure, as originally 

stated, was not highly dependent on the discount rate. 

Only continuing preventive programs involving newborns and 

contact groups were represented by discounted future costs. 

These programs constituted a minor part of programs using 

extensive mass screening and treatment. Thus, variations 

in the discount rate had only a small effect on the cost-

effectiveness ratios and the resultant allocation schedules. 

But, if medical savings were included in the cost-effective

ness measure, it would have been quite common for one-half 

to two-thirds of the preventive program cost to be offset 
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by medical savings. The resultant measure would have been 

highly sensitive to the discount rate, and we would have 

been forced to explore fund allocations over a wide range 

of possible rates, not to mention the possibility of the 

discount rate varying with time. Finally, even under a 

strictly monetary interpretation of the discount rate, con

siderable dispute exists among authorities as to its proper 

value for this type of investment. To insulate the ana

lyses as much as possible from these difficulties, therapy 

savings were accounted for separately. 

There was also some difficulty over the fact that 

discounted medical savings are not necessarily paid in 

kind, that is they do not constitute a revenue or even, 

necessarily, a future reduction in health care outlays. 

Although the savings are real and measurable, so that 

there is no theoretical justification for ignoring them, 

most of the savings come from a shift of existing health 

care resources from tuberculosis to other applications. 

Thus, despite dimensional difficulties, future medical 

savings are more properly reckoned as an addition to 

benefits rather than a deduction from costs in a cost-

benefit measure. 

Keeping the studies as straight-forward as possible, 

the design of preventive programs relied strictly on 

measurements of cash outlays and reductions of prevalence. 
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Evaluation of therapy savings and other economic benefits 

was left to the discretion of planners, though ample data and 

discussion is included on these matters in the subsequent 

chapter. 

VI.3 Program Components 

Three types of screening were employed in the 

studies. Since the simulation model is demographically 

homogeneous, there existed no way to consider age specific 

screening. The screening efforts explored were contact 

groups of known active cases, mass screening with random 

selection, and newborns. Let us consider, now, the compo

nent activities.associated with each of these screening 

efforts. Ultimately, we wished to establish a priority 

schedule which indicated the sequence of activities which 

should be included in an optimum program as the budget level 

is increased. 

Contact group investigation begins with the dis

covery of a currently active case of infectious tuberculosis. 

Discovery of active cases was represented in the model by 

the migrations P57» D5 and any cases discovered through 

mass screening. The contact group is considered to include 

all members of the immediate household as well as any 

persons outside the household who have had recent close and 

sustained contact with the active case: other family members, 
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schoolmates, co-workers, etc. The number of contacts 

investigated, can vary widely from one case to another. 

There is also no fixed policy as to how extensive the effort 

should be on the average. Various studies (see Bush, et al. 

1965, Perebee and Mount 19&2, Mount and Ferebee 19&2, and 

Hsu 1963), which for one purpose or another have employed 

contact investigation, resulted in an average of about 

to 6 contacts per active case. We assumed 6 contacts per 

active case in the deterministic representation of contact 

group screening. 

Data were also available on the results of contact 

screening programs. Slightly differing figures were repor

ted in the literature for the discovery rates of active 

cases and infections. Perhaps the most extensive research 

study, employing only household contacts of active cases, 

was done by the U.S. Public Health Service as reported by 

Ferebee and Mount (1962). The household contact groups of 

5,677 active cases were included, a total of 29,087 con

tacts in all. This was an average of slightly more than 

five household contacts per index case. Among the 25,512 

contacts actually examined, 1.2 percent were found to have 

active pulmonary tuberculosis (X5). This figure was used 

as the case finding rate in the contact group screening 

program. 
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It was also found, in the same research, that 

approximately *1-8.3 percent of the contact group members 

showed a tuberculin reaction of 5 or more. Since U.S. 

tuberculosis figures estimate roughly 15 percent of the 

general population to be infected at the time of the 

studies, it was hypothesized that the remaining infections 

were of recent origin and due to exposure to the index 

case. Thus, the contact group screening program contained 

two components of infection. One-third of the contact 

group consisted of new infections (X2) directly attribut

able to the index case. The remainder of the contact 

group, exclusive of new infections and active cases, was 

distributed among the disease states in the same propor

tions as the general population at the time of screening. 

Therefore, the latter component of infection finding was 

dependent on the general level of tuberculosis prevalence. 

This corresponded roughly to our own intuitive notions 

concerning the spread of tuberculosis infection. The 

reader should recall our discussion of multiple-stage 

infection models in Chapter II. It is thought that the 

infection risk gradient drops off sharply as the social or 

geographic distance between infectious and susceptible 

individuals increases. Within the household contact groups 

the infection rate is quite high and primarily due to the 

presence of the index case. 
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The parameters established above were not varied in 

the four prevalence cases. Family size, living conditions, 

and social patterns do, however, influence the rate at 

which new infections take place within the household con

tact group of an index case. These factors can vary widely 

between locales and may, indeed, be correlated with the 

level of prevalence. However, just as with birth and death 

rates, these additional variables xfere not introduced for 

fear of obscuring the difference between case studies which 

was intended to be primarily a difference in level of pre

valence. 

It was assumed that the diagnostic procedures dis

cussed in Chapter V were applied to all contact group 

members. Active cases (X5) discovered in the contact 

group were immediately put on therapy (X7). It was further 

assumed that such cases would not ordinarily have migrated 

from state X5 until the following year. Early discovery, 

then, reduced the probability of death by avoidance of 

migration D5 and insured that the recoverd patient would be 

a member of state X8 which has a lower reactivation rate 

than state X6. All other infected persons, X2, X3» X4, and 

X6, who had never received prior INH prophylaxis, were given 

such treatment and therefore, were moved to states X12, X13» 

Xl4, and X8, respectively. Persons who had previously re

ceived INH prophylaxis were given no additional treatment. 
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No BCG treatment was given under the contact group 

program, but it was possible that a concurrently operative 

BCG program, under neivborn or mass screening, could result 

in persons with BCG protection appearing in a contact group. 

Detection of infection in these individuals is difficult 

if not impossible. However, the high risk that infection 

does exist suggested that it would probably not be unecono

mical to treat all BCG protected members of contact groups 

as if they were infected. Thus, members of states X10, Xll, 

and X12 were treated and moved to states Xl6, X17» and XI8, 

respectively. Constituents' of state X9 would, of course, 

not be aided by INH prophylaxis. However, the xmnecessary 

outlay of funds for the INH prophylaxis of X9 members was 

not great enough to render a continuing household contact 

group INH program incompatible with prior or concurrent 

BCG programs. 

A final consideration in contact group investiga

tion was the role of medical supervision, most likely in 

the form of public health nursing visits to the households 

involved. Medical supervision was considered a separate 

activity in a contact group program, and its inclusion 

had to be justified by its marginal cost-effectiveness 

contribution to the program. The cost of this supervision 

was assumed to be shared by the contact group. Super

vision cost-sharing further justified the INH prophylaxis 
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of BCG protected members of a household. The cost of drugs 

alone was a relatively small Increment, and the risk of 

infection was quite high. 

Whereas the contact group program was conducted on 

a continuing "basis, mass screening and treatment was con

fined to a one year duration. During the year some pre

determined proportion of the population was selected at 

random, classified, and treated according to a pre-deter-

mined strategy. The screen size for a given year, as well 

as the types of treatments employed, had to be justified 

by a cost-effectiveness analysis. Mass screens in succeed

ing years had to be Independently justified. 

The mass screening program was characterized by 

several decision variables. Two of the variables specified 

the year in which the screen took place and the screen size. 

The remaining variables determined the treatments applied 

to the screened and classified subpopulation. To conserve 

dimensionality, only three types of treatment were identi

fied; BCG to susceptibles (XI), INH to high risk infected 

persons (X2, X^, and X6), and INH to low risk Infected 

persons (X3). A final variable indicated whether or not 

medical supervision was given to INH recipients. In mass 

screening, supervision costs were charged separately to 

each recipient. It was discovered rather early in the 

research that supervision of low risk recipients was in no 
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case economically justified. So, only the possibility of 

medical supervision to high risk INH recipients was con

sidered. 

A final program considered in the analysis was the 

BCG treatment of newborns. No screening costs were asso

ciated with this program, since the recipients were assumed 

to be readily identifiable and accessible. Although the 

model assumed treatment was applied during the first year 

of life, this may not be medically ideal. In any case, 

treatment occurred sometime during the first year after 

birth and before any significant probability of infection 

accrued. 

Not all possible combinations of the program 

components were considered. Certain combinations were 

logically disqualified. For example, medical supervision 

of INH prophylaxis could not be considered without first 

including INH prophylaxis itself in the program budget. 

Also, it was reasonable to assume that INH prophylaxis 

to low risk infected persons would never be given priority 

over prophylaxis for high risk persons. Therefore, no 

program which specified treatment of low risks and excluded 

treatment of high risks was considered. Finally, INH 

prophylaxis under the contact groups programs, excluding 

medical supervision, was found to be superior in the mar

ginal cost-effectiveness sense to any mass screening 
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program in all of the case studies. The analysis of 

results was greatly simplified, then, by not having to 

consider any program which specified mass screening without 

contact screening. 

To summarize the discussion of program components, 

a chart is presented in Table 18 which should clarify 

matters. Much of the justification for the nature of the 

component structure was derived from optimization considera

tions. This chapter is concluded with a discussion of the 

optimization strategy and related problems. 

VI.^ Optimization Procedure 

The eight-state basic model combined with addi

tional states and transitions associated with the prophy

laxis programs as well as the complexities of program cost 

and effectiveness resulted in a system which was difficult 

to describe analytically. Multi-dimensionality and non-

linearity made sophisticated optimization techniques 

difficult to apply. Rather than simplify the system to 

make an analytic optimization feasible, we chose, instead, 

to retain the complexity. By taking advantage of certain 

system characteristics and bounding the decision alterna

tives in a logical and efficient fashion, a direct optimi

zation by enumeration was possible. 
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Table 18 

Preventive Program Components 

Definition 

Screening of household contact group of 
all active cases with INH prophylaxis 
for all contacts found to be members of 
states X2, X3, X4, X6. 

Medical supervision of contact groups 
prophylaxis program. Single charge 
per contact group. 

INH prophylaxis for all persons found 
to be members of states X2, X^, and X6 
as a result of mass screening. 

Medical supervision of INH prophylaxis 
for members of states X2, X^, X6 under 
a mass screening program. 

INH prophylaxis for all persons found 
to be members of state X3 as a result 
of mass screening. 

BCG vaccination of all newborns. 

BCG vaccination for all persons found to 
be members of state XI under a mass 
screening program. 
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In general, a specification of the fund allocations 

to each program component in each year of the planning 

period, subject to certain logical constraints, constituted 

a solution to the problem. An optimum solution minimized 

the prevalence of tuberculosis subject to constraints on 

the total budget and suitable figures of merit. Prevalence 

was measured, in this research, by the total number of 

active cases occurring during the simulation period. Note 

that the planning and simulation periods need not be the 

same. If complexity had not hindered the analytic description 

of the system response, then dynamic programming would 

have been an ideal means to obtain an optimum preventive 

policy. Multi-dimensionality prevented even a direct 

enumeration in the problem as stated. Further refinement 

of the problem statement was required, and this was done 

without reducing the quality of the resultant optimum 

solution. 

The refinement began with the observation that each 

of the four cases under study had parameter values which 

indicated ultimate extinction of the disease. The transient 

behavior of the model showed new active cases and deaths to 

be well-behaved, decreasing functions of time (see 

Section Ill.ty), This was true for any reasonable values 

of initial conditions and parameters. Observing also, in 

the following chapter, that the cost-effectiveness ratios 



161 

for all programs varied inversely with the level of initial 

prevalence, it can "be argued that there is no "benefit in 

delaying a program which can be shown to be economically 

favorable in the initial year. To demonstrate this, let us 

consider the mass screening program first. Suppose a 

simulation of-twenty years shows a particular mass screening 

and prophylaxis program to have a favorable cost-effective

ness ratio when the screen is performed in year one and all 

costs and benefits for twenty years are discounted to that 

year. Delaying the program to year two and discounting costs 

and benefits for the subsequent twenty years to year 2 will 

yield a slightly higher economic cost-benefit ratio because 

the initial prevalence level declines after year 1. In 

addition, the delay of the program results in an extra 

year of high prevalence. Shifting the cost-benefit refer

ence period under the delayed program to the twenty years 

beginning in year 1 indicates that the cost-benefit ratio 

for the delayed program will be higher still. The shift 

results in a trade-off of high prevalence costs in year one 

for relatively low prevalence discounted costs from year 21. 

Thus, there is no reason to delay a favorable mass screening 

program in whole or in part. 

A similar conclusion can be reached with respect to 

favorable continuous programs. There is no reason for delay 

in starting such a program, and its cancellation should be 
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considered only when TB prevalence reaches a suitably low 

level. For simplicity of analysis, such programs were 

assumed to be in effect for the full twenty years or not 

at all. 

The decision problem was thus reduced from sequen

tial allocation to initial allocation only. The nature of 

the system is such that an optimum solution to the reduced 

problem is likely to be identical to the general solution. 

This has been argued but not proven formally. Within 

reasonable ranges of parameter values and initial condi

tions, the system behaves in such a manner as to allow us 

to conclude that there is no advantage to be gained by 

delaying a given favorable program. If no program,; inter

mittent or continuous, is indicated to be favorable in the 

first year then no subsequent year will yield a different' 

conclusion. 

Several factors suggested that additional analyses 

be performed in later years. First there was a possibility 

that additional mass screens might be justified in later 

years, though, deterministically speaking, they can never 

be so beneficial as the first screening program. Secondly, 

planning authorities may not wish to commit their resources 

to a continuous program for the full 20 years. A periodic 

re-evaluation of such programs would then be necessary. 

Finally the deterministic model may not be a dependable 

simulator over a long planning period. Although it may be 
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the best available basis for initial allocation decisions, 

subsequent improvements in parameter estimates and the 

stochastic nature of state variables may result in a need 

for policy changes before the end of the planning period. 

Planning periods for the commitment of funds should be 

relatively short, say no longer than five years. However, 

to measure the benefit of preventive programs adequately, 

the simulation period should be somewhat longer. In fact, 

the length of the simulation period is limited only by the 

faith of planners in the validity of the model over that 

period. 

With the allocation problem reduced to the initial 

year only and continuous program discounted costs assumed 

to be funded in the initial year, a direct enumeration of 

all logically feasible combinations from the program 

component list in Table 18 was possible, A simulation under 

each combination was performed and evaluated. The details 

of selecting an optimum allocation sequence from the 

simulations will be described in the following chapter. 

Before proceeding to a discussion of the study 

itself, a final word should be included concerning the 

compatibility of BCG and INH programs. Should BCG treat

ment of all susceptibles and newborns become part of the 

initial mass screen, there is little chance that subsequent 

mass screening will be possible. Contact group investigation 
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would be the only feasible tool available for future tuber

culosis prevention. Even if BCG to newborns were excluded 

as a continuing program, considerable time would elapse 

before mass skin testing would be possible. As a result, 

a special investigation was conducted to ascertain whether 

or not it is desirable to withhold BCG treatment, even if 

it is economically attractive and effective, so that 

future mass screening can be conducted. 



CHAPTER VII 

DISCUSSION OF RESULTS: 
OPTIMUM PREVENTIVE PROGRAM DESIGN 

The necessary background for the optimal design of 

preventive tuberculosis programs was established in the pre 

ceeding two chapters. Reiterating briefly, the four small 

population case studies, for which simulations were per

formed in Chapter III, stand as examples for the program 

design technique. For the parameter values and initial 

conditions which define these cases quantitatively, the 

reader should refer to Tables 7» 15» and 16. Cost rates 

for each of the program components appear in Table 17. 

Since each case was analyzed under three assumptions con

cerning the effectiveness of BCG (20, 50 and 80 percent), 

there were, in all, twelve separate studies performed. 

In each study, it was assumed that the planning and simu

lation periods were 20 years with a discount rate of 5 

percent per annum. The first section of this chapter des

cribes the graphical procedure used to obtain optimum 

allocation schedules. Table 18 defines the code used in 

this chapter to identify the various program components. 
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VII.1 Cost-Effectiveness Optimization by 
Enumeration: Description of the 

Graphical Technique 

A graphical technique was found to be the most 

efficient procedure for establishing an optimum allocation 

schedule. For a given case study, simulations were per

formed under each logically feasible component combination. 

The 20 year total of active cases (X5) and the discounted 

preventive program costs from each simulation were plotted 

as shown, for example, in Figure 13. This figure repre

sents typical results, and only a few component combinations 

are shown for the purpose of this demonstration. 

Beginning with the point NP, which represents the 

number of new active cases over 20 years with no preven

tive effort, the successive allocation of funds to a 

preventive program component can be represented by a line 

proceeding from NP downward and to the right. For example, 

the line connecting points NP and A shows the rate at 

which prevalence is reduced as increasing proportions of 

the contact groups of index cases are screened.and treated 

with INH under no medical supervision. At point A, all 

contact groups are screened. 

Simulations were run only for full program compo

nents. Estimates of cost and prevalence under partial 

programs were made from the straight line approximations 
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between the full program points. In our initial studies, 

partial programs were evaluated explicitly and found, not 

to deviate significantly from the straight lines. As might 

be expected, the true lines were slightly convex to an 

observer at the origin. This reflected the decreasing 

marginal effectiveness of successive increments of funds 

to a particular program component. The return to any 

increment varied inversely with the level of prevalence 

which would have resulted without that increment. Since 

the expected prevalence level decreased with each succes

sive fund increment, then each increment yielded a lower 

marginal return than the previous Increment. However, 

this effect was slight and was ignored without difficulty. 

The slope of the line connecting poin.ts NP and A, 

in Figure 13, is the negative inverse of the marginal cost-

effectiveness ratio, as defined in the previous chapter. 

Since this cost-effectiveness ratio is to be minimized in 

any allocation, the allocations, beginning from point NP, 

should follow lines of steepest possible descent. The 

objective is to obtain the greatest reduction of prevalence 

for any given expenditure. From point NP, a straight line 

could be drawn to any other full program point in Figure 13• 

Moving along a line from point NP to point AB (dashed line) 

indicates that increasing amounts of expenditure are 

applied simultaneously and proportionally to contact group 
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and mass screening with INH prophylaxis for all eligible 

members of contact groups and also to high risk persons 

in the mass screen. No medical supervision is applied in 

either case. 

The line of steepest descent, however, is to point A 

(solid line). This indicates that the contact group 

screening and prophylaxis program, exclusive of medical 

supervision, should be fully funded before any other pre

ventive effort is considered. Now, from point A the next 

steepest line of descent is to point AB. The contact group 

program being fully funded, additional expenditure should 

be allocated to mass screening with INH to high risk in

fected persons found in the screen. Finally, after com

ponents A and B are fully funded, remaining funds may be 

expended for medical supervision of the contact groups 

component. 

If, for any reason, only M dollars are available 

for tuberculosis prevention, then point' S in Figure 13 

represents the optimum allocation of those M dollars. At 

point S, component A is fully funded, and component B is 

only ^0 percent funded, i.e. a mass screen of *J-0 per

cent of the population, randomly selected, with INH to all 

high risk infected persons found. Note the lower preva

lence at point S as compared to point T. At point T, both 

components A and B are partially funded with the same total 
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expenditure. Thus, the solid line in Figure 13 becomes 

the optimum allocation schedule and indicates the funding 

priorities for each of the components. Of course, only 

three components (A, B, and a) are considered in this 

demonstration. The studies discussed in the following 

sections consider all of the components listed in Table 18. 

All of the studies assumed a total population of 10,000 

persons. Initial conditions and parameters differed bet

ween the cases in order to reflect the differing levels of 

tuberculosis prevalence. However, all costs associated 

with tuberculosis as well as all birth and death rates were 

assumed identical between the cases. This would not be a 

realistic assumption in practice, but it was imposed in 

order to isolate the specific relationship between pre

valence and optimum component priorities. Planners are 

cautioned to consider local costs and vital statistics 

before attempting to extrapolate the conclusions of this 

research to their locales. 

VII.2 Case Study: Low Prevalence 

Results of the simulations for the low prevalence 

case study appear in Figure 1^. Only those component com

binations which were on or near the optimum allocation 

path are shown. The initial line of steepest descent was 

to point A which indicated that the most efficient 



Total Cases 
(20 years) 

, NP 
sA V Aa 
h\ 12 

10 

.aBC 

. AaBbCY 20% 
$0% BCG 

AaBbC 

AaBbCXY 

20 100 120 
Program Cost ($000) 

Figure 14, Low Prevalence Optimum Fund Allocation Map 



172 

allocation of the first $909 of preventive program funds 

is to contact screening with INH to all eligible persons 

and no medical supervision. From point A, the next 

steepest line connected to point Aa which indicated that, 

after the first $909 is spent to assure that all eligible 

contact group members receive their INH prophylaxis, 

successive expenditure should be allotted to medical super

vision of this program. 

Prom point Aa the pattern of subsequent expenditure 

was not obvious. A path first to AaBC and then to AaBbC 

was possible, but a direct path to AaBbC seemed to be 

equally efficient. At an expenditure level of $331000 a 

full program, consisting of AaBC, could be employed, but an 

almost identical result could be accomplished with about an 

80 percent mass screen including medical supervision of 

high risk persons. A detailed examination of the data 

indicated that the direct path to AaBbC was slightly super

ior, but because the efficiency of the two alternatives was 

so nearly identical, other considerations should probably 

be taken into account. 

It was our assumption that the participants in 

mass screening programs were randomly selected. If the 

80 percent of the population to be screened were selected 

according to accessibility, the partial program would have 

been offset if the least accessible proportion of the 
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population had the highest incidence of tuberculosis. 

Concentrating the screening in high incidence segments of 

the population would result in the effectiveness of the 

partial program being greater than predicted by the analysis. 

Another factor to consider is the trend of TB prevalence 

beyond the 20 year simulation period. Using a longer 

simulation period could show one program to be clearly 

superior to another. Finally, local facilities and per

sonnel may be more amenable to the adoption of one program 

over another for reasons over and above cost alone. 

At point AaBbC the full complement of all possible 

INH prophylaxis components were employed. As yet no 

mention has been made of BCG vaccination. It appeared 

that BCG is not an efficient counter-measure in low pre

valence areas. VIith INH components alone, TB prevalence 

over a 20 year period was reduced up to ^5 percent. Under 

the 80 percent effectiveness assumption, the simulations 

showed that the addition of BCG components could contribute 

further reductions to over 50 percent, but only at great 

cost. Figure 1*4- shows even poorer results.for BCG under 

the 50 percent and 20 percent assumptions. Total and 

incremental costs for each full component step along the 

optimum allocation path appear in Table 19. Similarly, 

the total and incremental active case reductions realized 

at each full component step are shown in Table 20 along 
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Program 

(BCG-80^) 

A 
Aa 

AaBbC 
AaBbCY 
AaBbCXY 

(B C G - 5 0 f o )  

AaBbCY 
AaBbCXY 

(BCG-20^) 

AaBbCY 
AaBbCXY 

Table 19 

Low Prevalence Optimum Allocation: 
Preventive Program Costs 

Incremental Total Program Incremental 
Components Cost ($) Program Cost (§) 

A 909 909 
a 1,696 787 
BbC 39,682 37.986 
Y 86,173 46,491 
X 100,785 14,612 

Y 86,206 46,524 
X 100,822 14,616 

f 

Y 86,241 46,559 
X 100,862 14,621 



Table 20 

Low Prevalence Optimum Allocation: 
Case Reduction and Cost-Effectiveness 

Total Case Incremental 
Reduction Case Reduction 

Program (cases) (cases) 

(BCG-80^) 
A 0.92 0.92 
Aa 1.23 0.31 

AaBbC 6.18 4.95 
AaBbCY 7.03 0.85 
AaBbCXY 7.17 0.14 

(BCG-50^) 
AaBbCY 6.73 0.55 
AaBbCXY 6.83 0.10 

(BCG-20^) 
6.4i AaBbCY 6.4i 0.23 

AaBbCXY 6.45 0.04 

Total C/E 
Case Reduction 

($/case) 

988 
1,379 
6,421 
12,258 
14 ,056 

12,809 
14,762 

13,^ 
15,638 

Incremental C/E 
Case Reduction 

(f/case) 

988 
2,539 
7,674 
54,695 
104,371 

84,589 
146,160 

202,430 
365.525 

H -O 



176 

with total and. incremental cost-effectiveness ratios. The 

incremental cost-effectiveness ratio of a program increment 

is the negative inverse of the slope of its line segment 

on the optimum allocation path in Figure 14. 

Of additional interest are the cost-benefit ratios 

for therapy savings in Table 21. Therapy savings in both 

programs A and Aa more than offset preventive program 

expenditures. Returns to the programs which included mass 

screening were disappointing, however. Subtracting therapy 

savings from preventive program costs yielded the net 

medical costs of the various component combinations, and 

these results are used to produce Table 22. Subject to the 

difficulties mentioned in Chapter VI, this table yields the 

true cost-effectiveness ratios of preventive programs. 

However, only a small percentage of program costs were 

repaid through future therapy savings under mass screening. 

The use of BCG was particularly costly in this respect. 

It is difficult for the author to make recommen

dations concerning the level of expenditure which is justi

fied for tuberculosis prevention. The priority schedule in 

Table 19 indicates only the order in which expenditures 

should be made. If the budget is already fixed Table 19 

is sufficient, and the remaining data serve only to predict 

the results. If a target level of case reduction is speci

fied, Tables 20, 21, and 22 estimate the minimum cost of 



Table 21 

Low Prevalence Optimum Allocation: 
Therapy Savings and Cost-Benefit 

Total Therapy 
Savings 

Program <*> 
(BCG-80^) 

A 1,485 
Aa 2,336 

AaBbC 15,650 
AaBbCY 17,944 
AaBbCXY 18,258 

(BCG-50^) • 
AaBbCY 17,141 
AaBbCXY 17,355 

(BCG-20^) 
16,271 AaBbCY 16,271 

AaBbCXY 16,364 

Incremental 
Therapy Savings 

($) 

1,485 
851 

13,314 
2,294 
314 

1.491 
214 

621 
93 

Total C/B 
Therapy Savings 

d/*> 

0.61 
0.73 
2.54 
4.80 
5-52 

5.03 
5.81 

5.30 
6.16 

Incremental C/B 
Therapy Savings 

dm 

0.61 
0.92 
2.85 

20.27 
46.54 

31.20 
68.30 

74.97 
157.22 

-CI 



Table 22 

Low Prevalence Optimum Allocation: 
Net Program Cost and Net Cost-Effectiveness 

Total Net 

Program < $ >  

(BCG-80^) 
A -576 
Aa -6 40 

AaBbC 24,032 
AaBbCY 68,229 
AaBbCXY 82,527 

(BCG-50^) 
69,065 AaBbCY • 69,065 

AaBbCXY 83,467 

(BCG-20^) 
69,970 AaBbCY 69,970 

AaBbCXY 84,498 

Incremental Net 
Program Cost 

($> 

-576 
-64 

24,672 
*14,197 
14,298 

45,033 
14,402 

45,938 
14,528 

Total Net C/E 
Case Reduction 

($/case) 

-626 
-520 

3,889 
9, 705 
11,510 

10,262 
12,221 

10,916 
13,100 

Incremental Net C/E 
Case Reduction 

($/case) 

-626 
-2,065 
4,984 
51,996 
102,129 

81,878 
144,020 

199,730 
363,200 

H -O 
00 
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such a reduction. Finally, Tables 21, 22, and 23 (which 

specifies total economic savings to society) are useful if 

minimum monetary returns are required of a health invest

ment. The total economic savings in Table 23 were based on 

reduced compensation payments and income losses as well as 

therapy savings. Application of these figures to a particu

lar region should be done with care. Local estimates should 

be obtained if possible. Without externally imposed cri

teria the budget level question must be left open. Some 

comparative conclusions between the case studies will be 

made, however, in the concluding section of this chapter. 

In order to observe the effect of various programs 

in the optimum allocation schedule on the pattern of tuber

culosis incidence over the simulation period, simulation 

results are presented in Figure 15 which show total active 

cases (X5) as a function of time. The contact group pro

gram (Aa) showed a gradual decline of prevalence from the 

no program simulation, whereas mass screening with INH 

prophylaxis (AaBbC) had an immediate and dramatic effect on 

new active cases. The additional decline under AaBbC in 

year three resulted from the fact that intensive case 

finding under the mass screen in year one temporarily, 

reduced the number of new infections which would subse

quently become directly infectious in'year three. Of course 

the discrete model exaggerated this effect somewhat, and in 



Table 23 

Low Prevalence Optimum Allocations 
Economic Savings and Cost-Benefit 

Program 

Total Economic 
Savings 
(!) 

Incremental 
Economic Savings 

(*) 

Total C/B 
Economic Savings 

($/$> 

Incremental C/B 
Economic Savings 

(BCG-8C$) 
A 
Aa 

AaBbC 
AaBbCY 
AaBbCXY 

(BCG-50$) 
AaBbCY 
AaBbCXY 

(BCG-20^) 
AaBbCY 
AaBbCXY 

7,860 
10,886 
6 3 , 2 0 7  
7 1 , 3 5 6  
7 2 , 4 5 4  

68,502 
69,252 

65,4ll 
65,740 

7,860 
3,026 

52,329 
8,149 
1,098 

5,295 
750 

2,204 
329 

0.12 
0.16 
0.63 
1.21 
1.39 

1.26 
1.46 

1.32 
1.53 

0.12 
0.26  
0.73 
5.71 
13.31 

8.79 
19.49 

21.12 
44.44 

00 O 
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reality, the decline from year two to year three would not 

be so drastic. The higher level of active cases in year 

four reflected the resumption of infection in year two 

under normal case finding efforts. 

Note that, with additional BCG protection under 

program AaBbCXY, the increase in active cases in year four 

was virtually eliminated. Under components X and Y, all 

susceptibles have been 80 percent protected against the 

direct activation of new infection. This effect began 

to be observed in year four. By year 20 the active case 

rate for AaBbCXY was nearly 20 percent lower than for 

AaBbC. An extension of the simulation period would probably 

have improved the case for BCG program components. However, 

the validity of the model beyond 20 years would be open to 

some question, and a great deal of confidence could not be 

placed in the result. 

A final and very general conclusion may be reached 

from the study of the low prevalence case. The data indi

cated that all but a few of the infections found in contact 

group screening were new infections, almost all of which 

were assumed to result from contact with the index case. 

Thus, it is reasonably expected that contact group programs 

at any level of prevalence lower than that considered here 

will not be significantly less efficient, assuming that unit 

costs do not increase. Thus, contact group programs, even in 
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cases where they are not the most efficient mechanism 

available, should always find a place in tuberculosis pre

vention at all levels of prevalence, provided that unit 

costs are not significantly higher than estimated here. 

VII,3 Case Study: Moderate Prevalence 

Whereas the previous case study was based upon 

data gathered from the state of Utah, the moderate pre

valence case study reflected, in a small population, 

the tuberculosis status of the United States as a whole. 

The reader is cautioned, however, not to interpret con

clusions reached in this section as recommendations for a 

nationwide tuberculosis policy. In planning for the needs 

of a small population, it was quite reasonable to assume 

that the incidence of tuberculosis cases was uniformly 

distributed in the population. Except for distinctions 

with respect to age there was probably little to be gained 

from either a cost or an effectiveness standpoint in 

specifying different prophylaxis programs for different 

segments of the population. For the nation as a whole, 

however, a uniform program based on aggregate statistics 

could be less than optimal in most regions. In addition, 

if a partial mass screen were indicated, our analysis would 

assume random selection of participants. A partial mass 

screen on a nationwide basis would be less costly and more 
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effective if it involved total screening in regions of ~ 

highest prevalence and no screening in other areas. There

fore, for national planning purposes, it would be better 

to part:l tion the population into many regions and design 

programs which would be best suited to the prevalence 

levels in those regions. In our case studies, radically 

different fund allocation schedules were called for at 

different prevalence levels. 

Turning now to the analysis of the moderate pre

valence case, the various optimum program combinations 

are plotted in Figure 16 according to the costs and case 

reduction under each. As in the low prevalence case, 

programs A and Aa occupied, in turn, the top priority 

positions in the fund allocation schedule. Likewise, the 

BCG components still had the lowest priority ratings. 

However, contact group screening and treatment was much 

more costly than under low prevalence due to the increased 

volume of this activity. Higher prevalence also improved 

the cost-effectiveness of mass screening programs. Future 

therapy savings offset more than half the cost of program 

AaBbC. Complete figures on the program costs associated 

with the optimum allocation schedule appear in Table 2^. 

At low prevalence, the mass screening activity 

required that all possible treatments be given at any level 
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Table 24 

Moderate Prevalence Optimum Allocations 
Preventive Program Cost 

Program 

(BCG-8($) 
A 
Aa 

AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

(BCG-50^) 
AaBbCY 
AaBbCXY 

(BCG-20#) 
AaBbCY 
AaBbCXY 

Incremental 
Components 

A 
a 
BC 
b 
Y 
X 

Y 
X 

Y 
X 

Total Program 
Cost (|) 

2,927 
5,307 
71,800 
91,485 
133,167 
1^7,532 

133,257 
147,634 

133,352 
147,744 

Incremental 
Program Cost ( 

2,927 
2 ,380  

66,493 
19,685 
41,682 
1^,365 

41,772 
14,377 

41,867 
1^,392 
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of screening in order to offset the high cost of finding 

and diagnosing the participants. Forgoing the medical 

supervision of high risk dormant infections in order to 

extend the scope of the screening was a slightly non-

optimum alternative. For moderate prevalence populations, 

however, the optimum allocation path (AaBC) indicated that 

medical supervision should be considered only after INH 

prophylaxis of all dormant infections is insured under the 

budget. At budget levels below $40,000 a slightly non-

optimum alternative was to extend the scope of the screen 

but restrict prophylaxis to high risk infections only 

(AaB). 

Tables 25 - 28 parallel those presented in the 

low prevalence case study and present economic data which 

may be useful in setting budgets. It should be noted that 

the incremental cost-benefit ratios for total economic 

savings in Tables 23 and 28 showed the complete INH pro

gram (AaBbC) to be profitable in both the low and moderate 

prevalence cases. Figure 17 presents simulation results 

from selected programs on the optimum schedule. 

VII.4 Case Study: High Prevalence 

At the high prevalence level, some significant 

differences began to show up in the allocation schedule 

as contrasted with the low and moderate prevalence cases 



Table 25 

Moderate Prevalence Optimum Allocations 
Case Reduction and Cost-

Effectiveness 

Program 

Total Case 
Seduction 
(cases) 

Incremental 
Case Reduction 

(cases) 

Total C/E 
Case Reduction 
($/case) 

Incremental C/E 
Case Reduction 

($/case) 

(BCG-80#) 
A 2.71 2.71 1,080 1,080 
Aa 3.66 0.95 1.450 2,505 
AaBC 16.02 12.36 4-,482 5,380 
AaBbC 18.65 2.63 4,905 7,485 
AaBbCY 20.94 2.29 6,359 18,202 
AaBbCXY 21.36 0.42 6,907 34,202 

(BCG-50^) 
AaBbCY 20.13 1.48 6,620 28,224 
AaBbCXY 20.42 0.29 7,230 49,576 

(BCG-20$) 
AaBbCY 19.27 0.62 6,920 67,527 
AaBbCXY 19.40 0.13 7,6l6 110,708 



Table 26 

Moderate Prevalence Optimum Allocations 
Therapy Savings and Cost-Benefit 

Program 

Total Therapy-
Savings 

<*> 

Incremental 
Therapy Savings 

(*> 

Total C/B 
Therapy Savings 

(l/l) 

Incremental C/B 
Therapy Savings 

(5/$) 

(BCG-80^) 
A 
Aa 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

(BCG-50^) 
AaBbCY 
AaBbCXY 

(BCG-20^) 
AaBbCY 
AaBbCXY 

4,327 
6,909 
39,335 
47, in 6 
53,564 
54,512 

51,393 
52,034 

49,064 
49,3^2 

4,327 
2,582 
32,426 
8,081 
6,148 
948 

3.977 
641 

1,648 
278 

0.68  
0.77 
1.83 
1.93 
2.49 
2.71 

2.59 
2.84 

2.72 
2.99 

0 .68  
0 .92  
2.05 
2.44 
6.7 8 
15.15 

10.50 
22.43 

25.40 
51.77 

t-» 
00 
\ D  



Table 27 

Moderate Prevalence Optimum Allocatloni 
Net Program Cost and Net Cost-Effectiveness 

Program 

Total Net 
Program Cost 

(I) 

Incremental Net 
Program Cost 

(!) 

Total Net C/E 
Case Reduction 
($/case) 

Incremental Net C/E 
Case Reduction 

{$/case) 

(BCG-80%) 
A 
Aa 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

(BCG - 5 0 % )  
AaBbCY 
AaBbCXY 

(BCG-20^) 
AaBbCY 
AaBbCXY 

-1,400 
-1,602 
32,465 
44,0^9 
79,603 
93.020 

81,864 
95,600 

84,288 
98,402 

-1,400 
-202 

34,067 
11,604 
35,534 
13,417 

37,795 
13,736 

40,219 
14,114 

-517 
-438 
2,027 
2,363 
3.801 
4,355 

4,067 
4,682 

4,374 
4,345 

-517 
-213 
2,756 
4,412 
15,517 
31,945 

25,537 
47,366 

64,869 
108,569 

H 
VO 
O 



Table 28 

Moderate Prevalence Optimum Allocation: 
Economic Savings and Cost-Benefit 

Total Economic Incremental Total C/B Incremental C/B 
Savings Economic Savings Economic Savings Economic Savings 

Program ($) ($) ($/$) ($/$) 

(bcg-80jo 
A 
Aa 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

(BCG-50^) 
AaBbCY 
AaBbCXY 

(bcg-20#) 
AaBbCY 
AaBbCXY 

23,201 
32,383 
162,392 
191,401 
213,232 
216,553 

205,520 
207,766 

197,250 
198,224 

23,201 
9,182 

130,009 
29,009 
21,831 
3,321 

14,119 
2,246 

5,849 
974 

0.13 
0.16 
0.44 
0.48 
0.62  
0 .68  

0.65 
0.71 

0.68 
0.75 

0.13 
0 . 2 6  
0.51 
0 .68  
1.91 
4.33 

2.96 
6.40 

7.16 
14.78 

vo 
t—1 
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(see Figure 18 and Tables 29 and 30). Programs A and Aa 

still headed the priority list, but as mass screening was 

adopted, some interesting results were found. Considering 

programs using INH prophylaxis only, no treatment of low 

risk infections or medical supervision of high risk infec

tions was recommended until funds had first been allocated 

to screen the entire population and deliver INH to all high 

risk infections. Complete coverage of all low risk infec

tions with INH was recommended next with medical supervision 

of high risk infections reserved for the last claim on funds. 

When BCG components were used in the preventive 

programs, the picture changed considerably. Under the 

assumption of 80 percent effectiveness, the optimum allo

cation of funds immediately following program AaB was to 

BCG vaccination of susceptibles found in the mass screen 

(AaBY). Subsequent funds were allocated to cover the life

time BCG vaccination of all newborns during the 20 year 

planning period. Lastly, funds were spent on treatment of 

low risk infections and medical supervision of high risk 

infections, in that order. 

Even under the conservative BCG assumption of 50 

percent effectiveness, a similar result was observed, except 

that program component X (BCG to newborns) was once again 

demoted to last priority. Finally, under the 20 percent 

effectiveness assumption, no BCG vaccination was recommen

ded until all INH possibilities had been exhausted. 
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Table 29 

High Prevalence Optimum Allocations 
Preventive Program Cost 

Program 

(BCG-80#) 
A 
Aa 
AaB 
AaBY 
AaBXY 
AaBCXY 
AaBbCXY 

(BCG-50^) 
AaBY 
AaBCY 
AaBbCY 
AaBbCXY 

(BCG-20^) 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

Incremental 
Components 

A 
a 
B 
Y 
X 
C 
b 

Y 
C 
b 
X 

C 
b 
Y 
X 

Total Program 
Cost ($) 

9.393 
16,128 
74,563 
106,161 
119,839 
196,705 
257.160 

106,638 
183,334 
243,672 
257,515 

151,053 
211,263 
244,007 
257,919 

Incremental 
Program Cost ($) 

9,393 
6,735 
58,435 
31,598 
13,678 
76,866 
60 ,455 

32,075 
76,696 
60,338 
13,843 

76,490 
60,210 
32,744 
13,912 



Table 30 

High Prevalence Optimum Allocation: 
Case Reduction and Cost -Effectiveness 

Total Case Incremental Total C/E 
Reduction Case Reduction Case Reduction 

Program (cases) (cases) ($/case) 

(BCG-80$) 
A 9.59 9.59 979 
Aa 12.72 3.13 1,268 
AaB 36,45 23.73 2,046 
AaBY 48.51 12.06 2,188 
AaBXY 51.25 2.74 2,338 
AaBCXY 64.08 12.83 3,070 
AaBbCXY 72.33 8.25 3,555 

(BCG-50#) 
2,402 AaBY 44.40 7.95 2,402 

AaBCY 58.51 14.11 3,133 
AaBbCY 67.58 9.07 3,606 
AaBbCXY 68.96 1.38 3,734 

(BCG- 2 0 % )  
AaBC 52.03 15-58 2,903 
AaBbC 62.15 10.12 3,399 
AaBbCY 64.44 2.29 3,787 
AaBbCXY 65.O8 0.64 3.963 

Incremental C/E 
Case Reduction 

(|/case) 

979 
2,152 
2,462 
2 ,620  
4,992 
5,991 
7,328 

4,035 
5,436 
6,652 
10,031 

4,909 
5,950 
14,299 
21,738 

H VO 
ON 
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The most remarkable fact about the high prevalence 

case was the generally low cost-benefit ratios for therapy 

savings (Table 31). Although it is the incremental cost-

benefit ratios which must be used to justify expansion of 

tuberculosis prevention programs against other health 

allocations, the total cost-benefit ratio for an all-out 

campaign against tuberculosis under the 80 percent BCG 

effectiveness assumption (AaBbCXY) was 1.32. This meant 

that of every four dollars spent on prevention nearly three 

dollars were returned, however indirectly, through future 

therapy savings. Even at 20 percent BCG effectiveness, two 

out of every three dollars was returned under AaBbCXY. 

Note also that when all economic savings were considered 

(Table 33) program AaBbCXY yielded incremental cost-benefit 

figures of less than unity throughout the allocation 

schedule. Of course, the true value of non-medical economic 

savings vary considerably from one region to another. To 

this point the trend in fund allocation, moving from lower 

to higher prevalence, seemed to indicate that the effi

ciency of BCG vaccination was rising more rapidly than for 

INH prophylaxis. In the high prevalence case, BCG compo

nents surpassed some of the less efficient INH components 

on the priority list. This was true despite the high unit 

cost assumed for BCG treatment and the limited horizon 

imposed on the simulation period. In view of this outcome, 



Table 31 

High Prevalence Optimum Allocation* 
Therapy Savings and Cost-Benefit 

Total Therapy 
Savings 

Program a )  

(BCG-80^) 
16,721 A 16,721 

Aa 25,087 
AaB 89,116 
AaBY 120,564 
AaBXY 126,666 
AaBCXY 163,503 
AaBbCXY 189,792 

(BCG-50^) 
AaBY 109,781 
AaBCY 149,776 
AaBbCY 178,277 
AaBbCXY 181,309 

(BCG-20^) 
AaBC 132,991 
AaBbC 164,467 
AaBbCY 170,285 
AaBbCXY 171,660 

Incremental 
Therapy Savings 

16,721 
8,366 

64,029 
31, 448 
6,102 
36,837 
26,289 

20,665 
39,995 
28,501 
3,032 

^3.875 
31. W 
5.818 
1,375 

Total C/B 
Therapy Savings 

( I /I) 

0.56 
0.64 
0.84 
0 .88  
0.95 
1.20 
1.32 

0.97 
1.22 
1.37 
1.42 

1.14 
1.28 
1.43 
1.50 

Incremental C/B 
Therapy Savings 

(l/l) 

0.56 
0.81 
0.91 
1.00 
2.24 
2.09 
2.30 

1.55 
1.92 
2.12 
4.57 

1.7^ 
1.91 
5.63 
10.12 

H vo 
00 



Table 32 

High Prevalence Optimum Allocations 
Net Program Cost and Net Cost-Effectiveness 

Program 

(BCG-80#) 
A 
Aa 
AaB 
AaBY 
AaBXY 
AaBCXY 
AaBbCXY 

(BCG-50^) 
AaBY 
AaBCY 
AaBbCY 
AaBbCXY 

(BOS-20#) 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

Total Net 
Program Cost 

($) 

-7,328 
-8,959 
-14,553 
-14,403 
-6,827 
33.202 
67,368 

-3,1^3 
33,558 
65,395 
76,206 

18,062 
46,796 
73,722 
86,259 

Incremental Net 
Program Cost 

(i) 

-7,328 
-1,631 
-5,594 

150 
7,576 
40,029 
34,166 

11,410 
36,701 
31,837 
10,811 

32,615 
28,734 
26,926 
12,537 

Total Net C/E 
Case Reduction 

(S/case) 

-764 
-704 
-399 
-297 
-133 
518 
931 

-71 
57^ 
968 

1,105 

347 
753 

1,144 
1,325 

Incremental Net C/E 
Case Reduction 

($/case) 

-764 
-521 
-236 
12 

2,765 
3,120 
4,l4l 

1,435 
2,601 
3,510 
7,834 

2,093 
2,839 
11,758 
19,589 

\o 
\o 



Program 

(BCG-80%) 
A 
Aa 
AaB 
AaBY 
AaBXY 
AaBCXY 
AaBbCXY 

(BCG-50^) 
AaBY 
AaBCY 
AaBbCY 
AaBbCXY 

(BCG-20#) 
AaBC 
AaBbC 
AaBbCY 
AaBbCXY 

Table 33 

High Prevalence Optimum Allocation: 
Economic Savings and Cost-Benefit 

Total Economic Incremental Total C/B Incremental C/B 
Savings Economic Savings Economic Savings Economic Savings 
(I) ($) ($/$> 

81,93? 81,937 0 .11  0.11 
111,652 29,715 0.14- 0.23 
379,26*1- 267,612 0.20 0.22 
490,628 111,364 0.22 0.28 
512,002 21,374 0.23 0.64 
643,600 131,598 0.31 0.60 
738,219 94,619 O.35 0.64 

452,423 73,159 0.24 0.44 
595,16? 142,744 0.31 0.54 
697,648 102,481 0.35 0.59 
708,258 10,610 0.36 1.30 

535,766 156,502 0.28 0.49 
648,847 113,081 0.33 0.53 
669,402 20,555 0.36 1.59 
674,210 4,808 0.38 2,89 

ro 
o 
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the results of the rescreening study in Section VII.6 

will be of considerable interest to those who would wish 

to preserve the potential for a second mass screen by 

refraining from the use of BCG. Before taking up this 

subject, let us first look at the very high prevalence 

case. 

VII.5 Case Study; Very High Prevalence 

Tuberculosis prevalence among American Indians 

and Alaskan Natives ranks among the highest in the world. 

In this last case study, programs for such extreme "pre

valence areas were evaluated. The recommendations for fund 

allocation differed radically from the low and moderate 

prevalence cases which were representative of most U.S. 

communities. Examination of Figure 20 shows that programs 

A and Aa were no longer ranked first in priority under the 

80 percent effectiveness assumption for BCG. The extremely 

high risk experienced by susceptibles resulted in BCG 

vaccination components being ranked very high in the priori

ty list. This fact combined with the low cost of delivering 

BCG to newborns made program X first in priority at 80 

percent effectiveness. 

The optimum sequence of fund allocation under each 

BCG assumption is shown in Table Jk. Note that medical 

supervision components were ranked last in the list. Under 
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Table 34 

Very High Prevalence Optimum Allocation: 
Preventive Program Cost 

Incremental 
Program Compone: 

(BCG-8 Ot) 
X X 
AX A 
ABXY BY 
ABCXY C 
ABbCXY b 
AaBbCXY a 

(BCG-50^) 
A A 
ABY BY 
ABXY X 
ABCXY C 
AaBCXY a 
AaBbCXY b 

(BCG-20%) 
A A 
AB B 
AaB a 
AaBC C 
AaBCY Y 
AaBCXY X 
AaBbCXY b 

Total Program 
Cost ($) 

13,189 
42,184 
156,902 
257.26? 
403,616 
414,095 

29,986 
144,953 
157,934 
258,041 
270,694 
415,127 

29,986 
121,760 
137,336 
234,948 
258,948 
272,119 
416,288 

Incremental 
Program Cost ($) 

13,189 
28,995 
114,718 
100,365 
146, • 
10, 

•I 349 
>,479 

29,986 
114,967 
12,981 
100,107 
12,653 
144,433 

29,986 
91,774 
15,576 
97,612 
24,000 
13,171 
144,169 

(INH only) 
AaBbC b 378,838 143,890 
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widespread tuberculosis incidence, it appeared that complete 

distribution of drugs and vaccinations should take prece

dence over intensive follow-up efforts. 

Even under the 50 percent BCG assumption, vaccina

tion played a major role in the optimum program schedule. 

Although component X was demoted somewhat, the remainder 

of the allocation schedule followed much the same pattern 

as under the 80 percent effectiveness assumption. Reducing 

BCG effectiveness to 20 percent still did not entirely 

eliminate BCG from consideration. 

Examination of the incremental cost-benefit ratios 

under future therapy savings (Table j6) showed that all 

components, save for medical supervision, paid for them

selves even under the 50 percent BCG assumption. Both 

the high and very high prevalence case studies revealed 

BCG to be desiraL.le both medically and economically as a 

preventive measure for any level of effectiveness above 50 

percent. The only remaining question is whether a mass 

screening capability should be preserved for future pro

grams . 

Simulation of program AaBbCXY in Figure 21 showed 

that prevalence was reduced by the seventh year to the 

initial level of the high prevalence case study. Thus, 

additional mass screens might be useful, as they were in 

the high prevalence case study, at the later prevalence 



Program 

(BCG-80#) 
X 
AX 
ABXY 
ABCXY 
ABbCXY 
AaBbCXY 

(BCG-50^) 
A 
ABY 
ABXY 
ABCXY 
AaBCXY 
AaBbCXY 

(BCG-20#) 
A 
A3 
AaB 
AaBC 
AaBCY 
AaBCXY 
AaBbCXY 

(INH only) 
AaBbC 

Table 35 

Very High Prevalence Optimum Allocations 
Case Reduction and Cost-Effectiveness 

Incremental C/E 
Case Reduction 

($/case) 

Total Case 
Reduction 
(cases) 

Incremental 
Case Reduction 

(cases) 

Total C/E 
Case Reduction 

($/case) 

23.47 
49.09 
153.84 
187.74 
215.66 
216.91 

23.47 
25.62 
104.75 
33.90 
27.92 
1.25 

562 
859 

1,020 
1,370 
1,872 
1,909 

562 
1,132 
1,095 
2,961 
5,242 
8,383 

32.51 
131.64 
138.76 
175.06 
178.07 
207.37 

32.51 
99.13 
7.12 
36.30 
3.01 
29.30 

922 
1,101 
1,138 
1,474 
1,520 
2,002 

922 
1,160 
1,823 
2,758 
4,204 
4.929 

32.51 
108.36 
115.90 
155.35 
162.66 
165.06 
196.50 

32.51 
75.85 
7.54 
39.45 
7.31 
2.40 
31.44 

188.39 33.04 

922 
1,124 
1,185 
1,512 
1.592 
1,649 
2,119 

922 
1,210 
2,066 
2,474 
3,283 
5,488 
4,586 

2,011 4,355 



Program 

(BCG-80#) 
X 
AX 
ABXY 
ABCXY 
ABbCXY 
AaBbCXY 

(BCG-50^) 
A 
ABY 
ABXY 
ABCXY 
AaBCXY 
AaBbCXY 

(BCG-20^) 
A 
AB 
AaB 
AaBC 
AaBCY 
AaBCXY 
AaBbCXY 

(INH only) 
AaBbC 

Table 36 

Very High Prevalence Optimum Allocations 
Therapy Savings and Cost-Benefit 

Total Therapy Incremental Total C/B Incremental C/B 
Savings Therapy Savings Therapy Savings Therapy Savings 
(I) ($) (#/t) ($/#) 

50,858 50,858 0.26 0.26 
95,820 *<4,962 0.44 0.64 
380,465 284,64-5 0.41 0.40 
477,725 97,260 0.54 1.03 
567,432 89,707 0.71 1.63 
570,491 3,059 0.73 3.43 

58,785 58,785 0.51 0.51 
325,964 267,179 0.44 0.43 
341,596 15,632 0.46 0.83 
444,963 103,367 0.58 0.97 
452,599 7,636 0.60 1.66 
546,271 93,672 0.76 1.54 

58,785 
264,709 
283,592 
394,987 
414,195 
419,445 
519,022 

58,785 
205,924 
18,883 
111,395 
19,208 
5,250 
99,577 

0.51 
0.46 
0.48 
0.59 
0.63 
0.65 
0.80  

0.51 
0.45 
0 .82  
0 .88  
1.25 
2.51 
1.45 

498,905 103,918 O.76 1.38 rv> 
o 
^3 



Program 

(BCG-80/o) 
X 
AX 
ABXY 
ABCXY 
ABbCXY 
AaBbCXY 

(BCG-50,^) 
A 
ABY 
ABXY 
ABCXY 
AaBCXY 
AaBbCXY 

(BCG-20^) 
A 
AB 
AaB 
AaBC 
AaBCY 
AaBCXY 
AaBbCXY 

(INH only) 
AaBbC 

Table 37 

Very High Prevalence Optimum Allocation: 
Net Program Cost and Net Cost-Effectiveness 

Total Net Incremental Net Total Net C/E Incremental Net C/E 
Program Cost Program Cost Case Reduction Case Reduction 

($) ($/case) ($/case) 

-37,669 -37,669 -1,605 -1,605 
-53.636 -15.967 -1,093 -623 
-223,563 -169,927 -1,453 -1,622 
-220,458 3.105 -1.172* 91 
-163,816 56,642 -760 2,029 
-156,396 7.420 -721 5.936 

-28,799 
-181,011 
-183,662 
-186,922 
-181,905 
-131,144 

-28,799 
-152,212 
-2,651 
-3,260 
5,017 
50,761 

-886 
-1,375 
-1.324 
-1,068 
-1,022 
-632 

-886 
-1,535 
-372 
-90 

1,667 
1,732 

-28,799 
-142,949 
-146,256 
-160,039 
-155,247 
-147,326 
-102,73^ 

-28,799 
-114,150 
-3,307 
-13,783 
4,792 
7.921 
44,592 

-886 
-1,319 
-1,262 
-1,030 
-954 
-893 
-523 

-886 
-1,505 
-439 

ti 
3,300 
1,418 

-120,067 39,972 -637 1,210 ro 
o 
CO 



Program 

(BCG-80#) 
X 
AX 
ABXY 
ABCXY 
ABbCXY 
AaBbCXY 

(BCG-50^) 
A 
ABY 
ABXY 
ABCXY 
AaBCXY 
AaBbCXY 

(BCG-20^) 
A 
AB 
AaB 
AaBC 
AaBCY 
AaBCXY 
AaBbCXY 

(INH only) 
AaBbC 

Table 38 

Very High Prevalence Optimum Allocation: 
Economic Savings and Cost-Benefit 

Total Economic Incremental Total C/B Incremental C/B 
. Savings Economic Savings Economic Savings Economic Savings 

< « >  ( # )  ( * / * )  ( * / * )  

181,18? 
404,250 

1.536,279 
1,883,725 
2,206,771 
2,217,565 

181,187 
223,063 

1,132,029 
3^71446 
323,046 
10,794 

274,489 
1,343,926 
1,398,638 
1,767,693 
1,794,706 
2,131,889 

274,489 
1,069,437 

54,712 
369,055 
27,013 
337,183 

0.07 
0.10 
0.10 
0.14 
0.18 
0.19 

0.07 
0.13 
0.10 
0.29  
0.45 
0.97 

0.11 
0.11 
0.11 
0.15 
0.15 
0.19 

0.11 
0.11 
0.24 
0.27 
0.47 
0.43 

274,489 
1,126,751 
1,193,^80 
1,590,931 
1,659,028 
1,677,396 
2,035,583 

274,489 
852,262 
66,729 
397,451 
68,097 
18,368 
358,187 

0.11 
0.11 
0.12 
0.15 
0.16 
0.16 
0 .20  

0.11 
0.11 
0.23 
0.25 
0.35 
0.72 
0.40 

1,964,546 373,615 0.19 0.39 w o 
\o 
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levels indicated in the very high prevalence simulation. 

However, a second mass screen will only be useful for the 

treatment of dormant infections which were not successfully 

treated in the initial screen or which were generated in 

the meantime. To establish quantitative grounds for 

settling this final question, the effectiveness of rescree-

ning was explored in the next section. 

VII.6 Rescreenlng; with INH Components 
Only as an Alternative to 

BGG Vaccination 

It was assumed throughout this research that no i 

economically significant incompatibility existed between 

BCG components and contact group screening, especially if 

such screening was restricted to the household contact 

group. The argument for this assumption rested on the 

fact that the incremental drug costs involved in treating 

entire contact groups with INH was quite small in compari

son to the total program cost where mass screening and 

vaccination of all susceptibles had been employed. However, 

mass BCG vaccinations would make future mass screening 

impossible. In view of the favorable results predicted for 

BCG vaccinations in high and very high prevalence areas, it 

was necessary to evaluate quantitatively the alternative 

of preserving a mass screening capability. 
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Concentrating on the very high prevalence case 

study, where rescreening was most likely to be beneficial, 

it was first assumed that all possible INH efforts had 

been made during the initial screen to reduce tuberculosis 

prevalence. Thus, program AaBbC was assumed. Our alter

natives, then, were to extend the initial effort through 

the addition of BCG components X and Y or to rescreen the 

population at a later date during the planning period. It 

was assumed that the program component combination used in 

the second mass screen was identical to the combination 

employed in the initial screen. To fairly evaliiate the 

benefits of a second mass screen conducted toward the end 

of the planning period, the simulation period was extended 

to '40 years. Thus, the statistics presented in this 

section are not compatible with data from the preceding 

case studies. Simulations were run at various intervals 

of delay between the initial and second mass screen. 

Considering the addition of a second mass screen 

at a particular time after the initial screen as simply an 

added program component, the results of the simulations 

were analyzed in much the same manner as the preceding 

case studies. Detailed results are presented in Tables 

39 - Varying the time of the second screen from the 

third to the nineteenth year at two year intervals showed 

no discernible optimum time for the second mass screen 
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within the 20 year planning period. As the delay time 

increased, the total 40 year case reduction (Table '+0) 

decreased in a regular fashion, indicating that re-

screening should not be delayed. However, because of the 

monetary discount rate of five percent, the cost of 

rescreening was also decreasing with increasing delay. 

Combining these two effects by measuring the cost per unit 

case reduction, there seemed to be a minimum cost point 

reached by rescreening at the l6th to 18th year (Table ^0). 

This optimum rescreening time is apt to be quite sensitive 

to the discount rate. If the rate were increased, the 

optimum rescreening time wo\ild become earlier. 

Observing the incremental cost-benefit ratio 

(Table bl) which measures the preventive program expendi

ture required to yield a one dollar savings in discounted 

future therapy costs, it was apparent that rescreening at 

virtually any time during the planning period would pay 

for itself. There was no obvious pattern to the repayment 

rate as a function of delay time, however, and an optimum 

rescreening time could not, therefore, be stated from an 

economic standpoint. 

Considering the alternative of BCG components as a 

part of the. initial program, Table 40 indicates that a 

higher 40 year case reduction was achieved at a lower pro

gram cost with components XY or Y than with any of the 
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Table 39 

Rescreening vs. BCG at Very High Prevalence: 
Preventive Program Cost 

Program 
Rescreen Interval 

(years) 
Total Program 

Cost ($) 
Incremental 

Program Cost 

AaBbC none 384,996 384,996 

AaBbC 3 458,259 73,263 

AaBbC 5 448,939 63,9^3 

AaBbC 7 440,795 55,799 

AaBbC 9 434,114 49,118 

AaBbC 11 ^28,577 43,581 

AaBbC 13 ^23,519 38,523 

AaBbC 15 419»^1^ 34,418 

AaBbC 17 415,724 30,728 

AaBbC 19 412,404 27,408 

AaBbCX none 402,880 17,884 

AaBbCY none 406,327 21,331 

AaBbCXY none 424,660 39,664 



Table 4-0 

Rescreening vs. BCG at Very High Prevalence: 
Case Reduction and Cost-Effectiveness 

Program or 
Rescreen Interval 

AaBbC 
3 
5 
7 
9 
11 
13 
15 
17 
19 

Total Case 
Reduction 
(cases) 

302.67 
344.66 
344.08 
340.40 
338.24 
337.47 
334.15 
333.39 
331.39 
328.32 

Incremental 
Case Reduction 

(cases) 

302.67 
41.99 
41.41 
37.73 
35.57 
34.80 
31.48 
30.72 
28-. 72 
25.65 

Total C/E 
Case Reduction 
($/case) 

1,272 
1,330 
1.305 
1,295 
1,283 
1,270 
1,267 
1,258 
1,254 
1,256 

Incremental C/E 
Case Reduction 

($/case) 

1,272 
1,745 
1,544 
1,4 79 
1,381 
1,252 
1,224 
1,120 
1,070 
1,069 

AaBbCX 
AaBbCY 
AaBbCXY 

334.43 
346.48 
370.45 

31.76 
43.81 
67.78 

1,205 
1,173 
1,146 

"563 
487 
585 

ro 
H Ul 



Table 4l 

Rescreening vs. BCG at Very High Prevalences 
Therapy Savings and Cost-Benefit 

Total Therapy Incremental Total C/B Incremental C/B 
Program or Savings Therapy Savings Therapy Savings Therapy Savings 

Rescreen Interval (#) (£•) ($/$) (1/®) 

AaBbC 626,218 626,218 0.61 0.61 
3 706,^97 80,279 O.65 0.91 
5 699,257 73,039 0.64 0.88 
7 686,661 60,443 0.64 0.92 
9 678,935 52,767 0.64 0,93 
11 674,841 48,623 0.64 0.90 
13 666,^92 40,274 0.64 0.96 
15 663,326 37,108 0.63 0.93 
17 658,497 32,279 0.63 0.95 
19 652,636 26,418 0.63 1.04 

AaBbCX 669,023 42,805 0.60 0.42 
AaBbCY 708,488 82,270 0.57 0,26 
AaBbCXY 741,088 114,870 0.57 0.35 

ON 



Table 42 

Rescreening vs. BCG at Very High Prevalence 
Net Program Cost and Net Cost-Effectiveness 

Program or 
Rescreen Interval 

AaBbC 
3 
5 
7 
9 
11 
13 
15 
17 
19 

Total Net 
Program Cost 

(!) 

-241,222 
-248,238 
-250,318 
-245,866 
-244,871 
-246,264 
-242,973 
-243,912 
-242,773 
-240,232 

Incremental Net 
Program Cost 

($) 

-241,222 
-7,016 
-9,096 
-4,644 
-3,649 
-5,042 
-1,751 
-2,690 
-1,551 

990 

Total Net C/E 
Case Reduction 

(|/case) 

-797 
-720 
-727 
-722 
-724 
-730 
-727 
-732 
-733 
-732 

Incremental Net C/E 
Case Reduction 

(|/case) 

-797 
-167 
-220 

-123 
-103 
-145 
-56 
-88 
-54 
39 

AaBbCX 
AaBbCY 
AaBbCXY 

•266,143 
-302,161 
•316,428 

-24,921 
-60,936 
-75,206 

-796 
-872 
-854 

-785 
-1,391 
-1,110 

-O 



Table 43 

Rescreening vs. BCG at Very High Prevalence: 
Economic Savings and Cost-Benefit 

Program or 
Rescreen Interval 

AaBbC 
3 
5 
7 
9 
11 
13 
15 
17 
19 

Total Economic 
Savings 
($> 

2,414,368 
2,729,293 
2,703.135 
2,654,422 
2,623,329 
2,605,355 
2,572,994 
2,559,297 
2,540,282 
2,518,141 

Incremental 
Economic Savings 

($) 

2,414,368 
312,925 
288,767 
240,054 
208,961 
190,987 
158,626 
144,929 
125,914 
103,773 

Total C/B Incremental C/B 
Economic Savings Economic Savings 

($/#) (l/l) 

0.16 
0.17 
0.17 
0.17 
0.17 
0.16 
0.16 
0.16 
0.16 
0.16 

0.16 
0.23 
0 . 2 2  
0.23 
0.24 
0.23 
0.24 
0.24 
0.24 
0 .26  

AaBbCX 
AaBbCY 
AaBbCXY 

2,561,329 
2,702,297 
2,814,294 

146,961 
287,929 
399,926 

0.16 
0.15 
0.15 

0.12 
0.07 
0.10 

ro 
H 
CD 



219 

rescreening programs. Taking the data at face value, 

there was apparently no reason to forego BCG components 

for the sake of future mass screening. In any particular 

population the choice between these two program approaches 

will depend on their relative costs in that region. Our 

studies showed that, at the 80 percent level of effective

ness, the BCG approach produced lower future prevalence 

at lower cost. A different conclusion may have resulted 

under a less optimistic BCG assumption, but this was not 

studied in our research. 

Fortunately, the pattern of rescreening effective

ness was such that planning authorities may be able to 

employ both BCG and rescreening. Taking account of the 

fact that the reduction in program costs which resulted 

from the delay of rescreening was due to discounting 

(undiscountei costs actually rose), planners should choose 

to rescreen immediately, say in the second or third year 

following the initial screen. This would yield the maximum 

future case reduction. Rescreening could continue to be 

performed at two or three year intervals until prevalence 

projections show no further mass screening to be justified. 

At that time, BCG could be administered to all susceptibles 

and, possibly, to newborns on a continuing basis. Such a 

policy, in a very high prevalence area, would yield the 

maximum benefit of all tuberculosis prevention tools while 



220 

minimizing the cost of the program. Criteria would, of 

course, have to be developed to indicate when the switch 

from screening to BCG should take place. For example, a 

maximum limit on the incremental cost-benefit ratio for 

therapy savings might be specified. Using a stochastic 

model, we might specify that the probability of a future 

mass screen being required be less than say one percent. 

Thus, it would be possible to reduce the 20 year preva

lence- in a very high prevalence area below the 60 percent 

reduction indicated by program AaBbCXY in Table 35* 

VII.7 Concluding Observations on the 
Optimlsation Case Studies 

The case studies have taught us that no tubercu

losis prevention program component can be universally 

favored over another independent of tuberculosis preva

lence. Through the selection of optimum programs for four 

small populations at radically differing levels of preva

lence, some general conclusions may be formulated for 

policy purposes. However, such generalities can only serve 

to guide planning authorities as to what they might expect 

the result of a particular regional analysis to yield. 

They are not intended as a substitute for such an analysis. 

There are too many factors which may vary from one region 

to another and which may affect the results of an analysis 



to allow all possibilities to be considered here. Birth 

and death rates, discount rates, initial conditions, 

planning period, costs, and local disease parameters can 

all differ by varying degrees from the values used in our 

research. Nevertheless, the variance among the cases 

studied with respect to prevalence is wide enough to 

deserve comment. Further, if local authorities are, in 

fact, unable to perform a simulation analysis, the 

intuitive transfer of results obtained here may at least 

give close-to-optimum preventive policy recommendations. 

The case studies have shown that contact group 

screening is always a recommended policy according to the 

criterion of future therapy savings. Regardless of the 

general level of prevalence, the contact group of an index 

active case is under substantial risk of infection and 

resultant activation. As a result, the estimated cost of 

contact group screening, including in most instances 

medical supervision, will be more than repaid by discounted 

future savings in therapy costs. Of course, as with any 

of the results of our research, radical departures from 

the estimates of costs and pa; ameters used in the study may 

change the result. Multi-dimensionality restricted us 

from exploring the robustness of any particular optimum 

policy or general conclusion. Thus, planners are cautioned 

to evaluate any particular policy in the light of local 
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costs and parameters through simulation. In all but the 

very high prevalence case study, program Aa proved also 

to be of highest priority in the allocation of funds. Under 

very high prevalence, however, the high tuberculosis risk 

of susceptibles necessitated the application of BCG 

vaccination to newborns as the primary preventive measure. 

In general, the priority of medical supervision 

of components A and B seemed to vary inversely with the 

level of prevalence. Of course, the parameters and costs of 

medical supervision can vary widely between regions. While 

it is felt that our assumptions were reasonable, little 

can be said about the priority of medical supervision 

without specific local infor ation. 

Justifying mass screening in low and moderate pre

valence areas was difficult at best. Returns from future 

medical savings covered only a small portion of the program 

cost. Considering total economic savings, an appeal could 

be made for some mass screening effort even in the low 

prevalence case, but such appeals are always on shaky ground. , 

The use of BCG in the low and moderate cases, either in 

mass screening or as a continuing effort for newborns, could 

not be justified even by total economic savings. There are 

no doubt many health applications in such regions which are 

more deserving of incremental funds than BCG vaccination. 
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At high prevalence, BCG components X and Y, under 

80 percent effectiveness, superseded INH to low risk 

infected persons and medical supervision of high risk 

infected persons as mass screening components. However, 

if we were to require that the incremental return ratio 

of preventive expenditure through future therapy savings 

be equal to unity, only component Y in addition to AaB 

would be justified. At 50 percent effectiveness, component 

Y was less efficient but still occupied its position in 

the priority list, while component X moved to last place. 

Finally, 20 percent BCG effectiveness rendered components 

X and Y too inefficient to be considered. At any rate, 

high prevalence justified, by the return of future medical 

savings, mass screening and delivery of INH prophylaxis to 

at least members of states X2, X^, and X6 along with a 

complete contact group prophylaxis program. However, the 

reduced level of prevalence projected by the deterministic 

simulation model indicated that future additional mass 

screening would probably not be economically justified. 

If additional prevalence reduction is desired, more compo-' 

nents should be added to the initial mass screen. 

For very high prevalence locales, BCG played an 

important role in preventive programs, but the exact 

location of components X and Y in the priority schedule 



depended upon our assumption concerning the effectiveness 

of BCG. Analysis of rescreening shovred that it was not 

a superior substitute for BCG vaccination. But BCG could 

be used in conjunction with rescreening to further reduce 

prevalence if the results under program AaBbCXY were not 

satisfactory. A mass screen every two or three years or a 

continuous mass screen with a two or three year cycle time 

could be employed until further screening was unjustified. 

Upon termination of mass screening, BCG vaccination of all 

susceptibles and newborns would provide a final and signi

ficant measure of protection. Delay in rescreening was 

shown to be of little value in the rescreening study. Thus 

foregoing the use of BCG for the sole purpose of preserving 

a long-run mass screening capability was not justified by 

our studies. 



CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

Although many of the implications of this research 

have already been touched upon throughout the paper, this 

concluding chapter will attempt to bring together some of 

these observations. Further, the attempt to bring closure 

to this research at a specific point in time was rather 

difficult. Throughout the study, numerous points of depar

ture were apparent. Some suggestions for future research 

result from these unfinished tasks. 

VIII.1 Conclusions: Slmulatlcn Studies 

The simulation of recent United States tuberculosis 

history in Chapter III, was a necessary prerequisite to 

the program planning studies. The simulation model had to 

be checked for validity before it could become an acceptable 

vehicle for planning. At the same time, the simulation 

effort yielded considerable knovfledge of the dynamic beha

vior of the disease in a population. One result was the 

identification of a major factor influencing the dramatic 

rate of decline of new active cases during the Fifties and 

early Sixties. Prior to modern chemotherapy methods, 
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individuals who recovered from active tuberculosis were at 

a substantial risk of future reactivation. Chemotherapy 

made it possible to considerably reduce the reactivation 

rate of treated active cases. Thus, the pool of recovered 

active cases who had no chemotherapy began to decline 

rapidly after 1953• Whereas, approximate!}1- one-third of 

new active cases were reactivations in 1953» this propor

tion declined to 15 percent in 1968 and was predicted to 

account for only six percent of new active cases by the 

late 1980's. 

The remaining new active cases originated from 

either activation of dormant infections or from direct 

activation of new infections. Chemotherapy had only a 

small, indirect effect on these sources of tuberculosis 

cases. Consequently, the simulation allowed the conclusion 

that the dramatic rate of decrease of tuberculosis preva

lence following the introduction of chemotherapy could not 

be expected to continue. Subsequent sharp reductions would 

require some form of medical intervention to protect 

persons who have not yet experience'' active tuberculosis. 

This, in a way, served to justify this research. 

A second consequence of the simulation effort was 

the development of a new representation of the trans

mission process of the disease. Previous infection 

process equations were only suitable in continuous time 
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models or In discrete time where the time increment was 

small enough to guarantee that no susceptible Individual 

received more than one Infection during the time increment. 

Our model accounted for the possibility of multiple in

fectious exposures and allowed a long time increment to be 

employed. This greatly simplified the specification of 

parameters and reduced the required computer time consider

ably. 

Of significant importance was the discovery that 

death rates from most of the model states were at least as 

important as disease parameters in specifying a valid model 

of tuberculosis. This result contradicts the model by 

h:Velle, et al. (1967), where all persons were assumed to 

have the same death rate except for active cases. The age 

specific model by Perebee and Bardine (196^) accounted 

for differential death rates between states, which are 

largely due to differing age distributions between states. 

However, the latter model only approximated future preva

lence and did not account for the complete dynamics of the 

disease. Our model did not employ age specific disease 

states, but considerable effort was made to account for 

the age and sex distribution in each state when setting 

death rates (see Chapter III and Appendix D). 

Death rates manifested their importance in two 

primary ways. After chemotherapy was introduced on a 
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wide scale in the early Fifties, the substantial rate of 

decrease in new active cases was primarily attributed to 

a reduction In reactivations. The reduced flow of new 

active cases to the non-chemotherapy state, by Itself, 

caused some reduction in reactivations, but this factor, 

alone, could not account for the total reduction. Only 

by assuming a higher than normal natural death rate for 

non-chemotherapy recovered active cases could the U.S.A. 

tuberculosis history be simulated. There was, however, 

little data available to estimate this death rate. Further, 

th>-. age distribution in this state was undoubtedly changing 

rapidly over the period 1953 to 1968 due to the step change 

in input rate to the state. 

After some shaky estimates of the age and sex 

distribution in the non-chemotherapy state along with the 

assumption that the general health status of these persons 

was somewhat lower than their counterparts in the general 

population, a constant death rate of 0.10 per person-year 

was proposed. This proved to be too high in the early 

Fifties but possibly too low in the late Sixties. However, 

the resultant simulation was good, overall, and the value 

of the death rate did not seem unreasonable. 

The other area where death rates were important 

was in the dormant infection states. Here, data were 

available to estimate the age and sex distributions. 
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A calculation of the resultant death rate is shovm in 

Appendix D. The death rate was approximately 0.025 per 

person-year. It would be difficult to say, without con

siderable investigation, how this death rate would change 

over t.Vne. The population of the dormant infection states 

decreased at about two percent per year in the simulation, 

and, interestingly enough, this was the expected rate 

of decline in new active cases over the simulation after the 

effects of chemotherapy had resolved themselves. Again, 

this result points to the future requirement of reaching 

dormant infected persons with medical interventions if the 

rate of decline of tuberculosis is to be influenced. 

A final contribution of the simulation studies was 

derived from the sensitivity study performed in Chapter IV. 

As expected, this study showed that the death rates dis

cussed above ranked very high on the list of data sources 

whose accuracy was most important. Some suggestions for 

the collection of tuberculosis data were possible from the 

experience gained through the simulations and the sensi

tivity study. These recommendations appear in Section IV.3. 

VIII,2 Conclusions: Program Planning Studies 

Of the myriad of possible means available to 

deliver INH and BCG to a population, only a few were 

considered in this research. To some extent, the lack of 
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an age specific model was a limiting factor. The program 

components considered included: (1) INH prophylaxis to 

members of contact groups of active cases, (2) BCG to 

newborns, (3) mass screening with INH to high risk in

fected persons, (^) mass screening with INH to. low risk 

infected persons, (5) mass screening with BCG to unin

fected persons, (6) medical supervision of contact groups, 

and (7) medical supervision of high risk persons found in 

mass screening. A discount rate of five percent was 

applied to all dollar variables. The planning and simu

lation periods were set at 20 years. Studies wore per

formed under three assumptions concerning the effectiveness 

of BCG (80, 50, and 20 percent). Case studies included 

four radically differing levels of prevalence. 

The continuing program components (1, 2, and 6 

above), if adopted, were assumed to be in effect over the 

entire planning period. With respect to mass screening, 

it was discovered early in the research that no advantage 

was to be had by delaying the application of any component 

or the screening itself. Consequently, a complete enumer

ation of all feasible component combinations was possible. 

No sacrifice of optimality resulted from considering mass 

screening only in the initial year of the planning period. 

There was no conflict between BCG vaccination and 

mass screening, since these activities were conducted con

currently. It was also assumed that no conflict would 
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exist between BCG vaccination and the contact group compo

nent. By treating with INH all members of a contact group 

who demonstrate a positive skin test, the possibly unneces

sary drug costs incurred for uninfected, BCG vaccinated 

persons were small with respect to other program costs. 

Of course, the widespread use of BCG would make future mass 

screens impossible. An additional study was conducted to 

evaluate the need for preserving a mass screening capability 

in the population. This is discussed later. Let us 

survey, first, the optimization results for the initial 

programs. A more detailed analysis of these results is 

presented in Section VII.7. 

Contact group prophylaxis showed itself to be the 

most efficient component, in a cost-effectiveness sense, 

in all but the very high prevalence case. Further, in all 

cases, the expenditure on this component was more than 

fully repaid by discounted future therapy savings. For 

mass screening, the results depended heavily on the level 

of prevalence. At low prevalence (seven reported new 

active cases per 100,000), a combined effort using INH 

to high and low risk infected persons with medical super

vision of high risk prophylaxis returned only 35 percent 

of its cost through therapy savings. The effort would, 

however, be more than repaid by total economic savings, 

BCG components were not repaid even by total economic 
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savings to society and contributed little to the reduction 

of prevalence. 

Under moderate prevalence (21 reported new active 

cases per 100,000), the case for mass screening and BCG 

components improved slightly. INH prophylaxis to high and 

low risk infected persons, without medical supervision, 

repaid 50 cents on the dollar through future therapy 

savings. BCG components still did not repay themselves 

through total economic savings and contributed only margi

nally to the reduction of tuberculosis. The reader should 

consult Figures 15, 17» 19» and 21 for a demonstration of 

resultant future prevalence under some of the preventive 

programs. 

At high prevalence (64 reported new active cases 

per 100,000), the BCG components began to demonstrate their 

value. Under the assumption of 80 percent effectiveness, 

both BCG components superseded INH to low risk infected 

persons and medical supervision under the mass screen. 

In addition to a complete contact groups effort, mass 

screening with delivery of INH to high risk persons and BCG 

to uninfected persons was fully repaid by future therapy 

savings. At 50 percent BCG effectiveness, the delivery 

of vaccinations under mass screening still maintained its 

relative position on the fund allocation priority list, 

but delivery to newborns on a continuing basis dropped to 
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last priority. Finally, under 20 percent effectiveness, 

the BCG components held the bottom positions on the list. 

Very high prevalence (192 reported new active cases 

per 100,000) justified extensive use of BCG even at 50 

percent effectiveness. In fact, under 80 percent effective

ness, BCG to newborns was the highest priority expenditure. 

Total cost-benefit ratios showed that a maximum effort 

employing all components (BCG and INH) would show a 25 per

cent profit on investment through future therapy savings 

even if BCG was assumed to be 20 percent effective. A 

total effort, at 80 percent BCG effectiveness, would yield 

a 6l percent reduction in new active cases over a 20 year 

period. 

The demonstrated value of BCG in high and very high 

prevalence regions required that the question of preserving 

a future mass screening capability be settled. This was 

done, and the results suggested a policy which was initially 

unanticipated. First of all, a *K) year simulation period 

was used to assure that a mass screening program conducted 

in the latter part of the 20 year planning period would be 

fairly judged with respect to future benefits. Since a 

second mass screen cannot be expected to yield results 

as beneficial as the first, rescreening was considered for 

the very high prevalence case only. There was some 
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question as to the desirability of a full initial effort at 

lbwer prevalences, let alone a second massive effort. 

Given a full initial effort with INH components 

only, the incremental alternatives were (1) to add BCG 

components to the initial effort or (2) to conduct a second 

mass screen (with components identical to the first) at a 

later date. Simulation studies showed both of these alter

natives to be highly attractive from the standpoints of 

case reduction and therapy savings. The BCG alternative 

proved to be significantly superior, but this was not the 

most remarkable resiilt. A second mass screen was tried at 

various times during the planning period. Measures of cost-

effectiveness for these trials showed that the best time 

to rescreen was as soon as possible after the initial 

screen. This result suggested that mass screening of the 

very high prevalence population might best be conducted on 

a continuing basis, perPiaps with a cycle time of one or two 

years. The screening could continue, using INH prophylaxis 

only, until analysis showed that no further screening was 

justified. Then, as a concluding measure, BCG could be 

given to all uninfected persons and. future newborns. Pre

servation of a future screening capability would not be 

justified according to these deterministic studies. 
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Stochastic simulations performed on small popula

tions in Chapter III showed that no significant, prolonged 

deviation from the deterministic trends would be expected. 

Thus, restoration of very high prevalence in the form of 

an epidemic was not characteristic of tuberculosis. Preser

vation of a mass screening capability on the chance of a 

future epidemic would, therefore, not be justified. Pro

phylaxis of household contact groups of future active cases 

need not depend on skin testing. Additional drug require

ments for unnecessarily treated uninfected persons do not 

constitute great enough cost to justify witholding the 

benefit of widespread application of BCG. With respect 

to non-household contacts, a case might be made for the 

necessity of skin testing. Our model was not sufficiently 

detailed to test this argument. 

VIII.3 Recommendations for Further Research 

With respect to simulation, there are primarily 

two structural deficiencies in the model used for this 

research. The first is the lack of age specific disease 

states. This could be accomplished by reproducing the 

complete set of disease states in each age group. Over 

time, migrations could occur not only between disease 

states within an age group but also between age groups 

within a disease state. Difficulties in specifying 



migration parameters and initial conditions would "be in

creased by an order of magnitude over those encountered in 

this research. However, the effect of age distribution 

shifts within a disease state would "be "built into such a 

model, eliminating considerable guesswork. Also, a much 

wider range of preventive program components could be 

explored to take advantage of the age specific characteris

tics of the disease. 

Another useful elaboration of the model could be 

made in the transmission process,- A multiple stage repre

sentation of the population with respect to a given active 

case would allow new infection risk to be specified as a 

function of the soc'al or geographic distance between the 

active case and a potential recipient of an infection. 

This would result in a more sophisticated representation 

of the spread of tuberculosis through a population as well 

as permitting the evaluation of a wider ranr,e of preventive 

delivery components. 

An immediate possible extension of this research 

would be to perform stochastic simulations of some of the 

preventive programs in Chapter VII. Through Monte Carlo 

simulation, a probability distribution could be obtained 

for the cost-effectiveness indicators. This would provide 

some measure of the risk that a given program will not 

fulfill expectations. 
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Finally, a most important additional step in this 

research process would be the application of the planning 

techniques developed here to a specific region. To a 

great extent, the present complexity of the model was justi

fied with this in mind. Reasonably close touch with the 

reality of health delivery systems was maintained through

out this research. However, wide acceptance of the results 

cannot be expected without some initial successful appli

cation. In such an application more work would be required 

to bring the delivery components and their cost functions 

in line with the resources of the specific population under 

study. 

In essence, the objective of this research has 

been the successful application of quantitative techniques 

to an immediate problem. The many interesting possible 

elaborations of the work to date should only be considered 

to the extent that they benefit the ultimate objective. 

Therefore, the next step, in this research should be the 

planning of a preventive program for a specific population, 

and ultimately, a field trial of the resultant program. 



APPENDIX A 

COMPUTER METHODOLOGY 

A Users Manual has been prepared for the purpose 

of describing in detail the structure and use of the com

puter programs employed in this research (see Chorba 197l)» 

This Manual gives a complete listing of all programs and 

examples of their use. Copies are available from the 

Health Program Systems Center, Indian Health Service, 

Tucson, Arizona. Only a brief description of these pro

grams is presented here to point out certain important 

aspects of the calculations employed. 

Considering, first, the simulations without pre

ventive interventions (Chapter III), the deterministic 

simulations were straightforward. After setting initial 

conditions and parameters, migration sizes during the 

first year were calculated,according to the equations 

presented in Chapter II. The values of the state variables 

were then calculated to reflect the migrations to and from 

each disease state. Migrations during the second year 

were calculated as functions of the new state variable 

values. This process was repeated throughout the length 

of the simulation. At each step, values of state variables 
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and. migration sizes were printed. Reported new active 

cases in a given year were represented in the model by-

sum of migrations P57 and D5 (see Figure 1). Reported 

tuberculosis deaths were represented by the sum of D5 and 

E>7. 

A separate set of subroutines were employed in the 

stochastic simulations. The steps in the stochastic 

simulation process remained the same as in the deterministic 

simulation except that the calculation of migration sizes 

was much more complex. By interpretation of the migration 

parameters as the probabilities that a member of a given 

disease state would make the indicated migration during 

a one year time increment, random numbers (rectangularly 

distributed) were generated by the computer to specify 

the fate of each member of each state. In disease states 

which currently had small populations (less than 100), direct 

Monte Carlo representations of multinomial distributions 

were employed. In the remaining disease states, a Poisson 

approximation to the binomial distribution was used for the 

determination of each migration size in each state. A 

Poisson table was stored in the computer for this purpose. 

In both deterministic and stochastic simulations, 

therapy costs were charged to all persons making the migra

tion F57. Income losses due to tuberculosis mortality were 

charged to migrations D5 and D7. Compensation payments and 



income losses due to tuberculosis morbidity were both 

charged to the sum of F56, F57, and 05. Undiscounted 

costs were printed out for each time period. Aggregate 

costs for the simulation period were formed after first dis-

counting to the beginninc; of the initial year. Costs were 

assumed tc be realized at the middle of each year. Thus, 

costs incurred during the first year were discounted six 

months, during the second year - 18 months, and so on. 

When preventive program components were.appended 

to the basic simulation model (in Chapters V ~nd VI), 
I 

several subroutines had to be added to the t ::lie sir.J.ulation 

subroutines. Of particular importance i'las the t:trn,Jng of ,,, 

preventive interventions with respect to the basic simu-

lation. Let us say, fir t, that the,calculations in the 

basic simulation models described above included all 18 

disease stc:tes from Figures 1, 11, and 12. The effective-

ness of INH and BCG was represented in the parameters of 

disease states in Figures 11 and 12. Thus, subroutines 

which represented preventive interventions were simply 

deli very processes v-rhich specifi Pd the manner in which 

persons were moved from the basic states to the INH and 

BCG states. Once in these states, the simulation s~b-

routines governed the subsequent migrations of treated 

individuals. 
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The deterministic mass screening subroutine 

simply selected a fixed number of individuals from the 

population. The selected individuals were distributed 

among the disease states in the same proportions as the 

population. Only a deterministic mass screen was used in 

the research, but the Users Manual describes a stochastic 

screening process with random selection. Selection is 

based on Monte Carlo simulation of a multinomial distri

bution with parameters determined by distribution of the 

population among the disease states. During simulation, it 

was assumed that mass screening took place just before the 

calculation of disease migrations. Except in the case of 

rescreening, the research results considered only mass 

screening in the initial year. Thus, the initial conditions 

of the case studies specified the expected outcome of the 

mass screen. 

Immediately after the mass screen and just before 

the calculation of migrations, the treatment strategy under 

the mass screening program was enacted. Individuals, having 

been drawn from their original disease states, were re

assigned according to a treatment strategy specified in 

advance through control cards. For example, if INH pro

phylaxis for members of state X4 was prescribed along with 

medical supervision, then 90 percent of persons found in the 

sample, who were members of state X4, were moved to state 
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X15. The remaining 10 percent were put back into state 

X4, since these were presumed, to not complete their chemo-

prophylaxis program. If medical supervision were not 

specified, only 60 percent would complete their program. 

Active cases (X5) found in the screen would be put on 

chemotherapy (X7), and they would be counted as reported 

new active cases for that year. Members of states X7 and 

X8 found in the screen would automatically be returned to 

their originating states. 

Contact group screening, if included in the pre

ventive program, was assumed to take place after disease 

migrations were calculated and implemented in a given 

year. The number of investigations taking place was 

equal to the number of reported new active cases for that 

year (F57 + D5 + any cases discovered through mass 

screening). It was assumed that six persons were screened 

for each reported new active case. Details of how the 

results of the screen are determined are presented in 

Chapter V. Only a deterministic contact group screen 

was employed in the research, but the Users Manual des

cribes a stochastic contact screening subroutine developed 

later. A separate set of control cards specified the 

treatment strategy in the contact group screen. 

The discrete sequences mass screen and treatment, 

disease migrations, contact screen and trr itment, 
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constitutes a crude approximation to three processes which 

occur continuously and concurrently through a given year. 

A closer approximation to reality, without changing the 

structure of the computer programs, could "be achieved by 

using shorter time increments. 

Preventive program costs were charged as incurred 

in the following manner. Screening costs, both contact 

and mass screening, were proportional to the number of 

persons screened. Although the same costs were assumed 

in the research for both types of screening, differential 

cost rates may be specified in the computer program. Costs 

for INH and BCG were proportional to the number of persons 

actually treated. In the case of INH, costs were charged 

even if the program was not completed by a particular 

individual. Screening costs were assumed to include the 

cost of tuberculin skin tests. X-ray costs were charged 

only to those found to be tuberculin positive. Medical 

supervision was charged on a per person basis under mass 

screening and on a per contact group basis under contact 

screening,, 

BCG to newborns, if called for, was applied imme

diately after the migration calculations. No screening 

costs were charged. 



APPENDIX B 

STEADY-STATE SOLUTION OP THE 
BASIC TUBERCULOSIS MODEL 

Setting the derivatives in (2.6-13) equal to zero, 

the following set of simultaneous equations are obtained: 

(B.l) BR*X - BETA * X5 * (Xl/X) - DR1 * XI = 0, 

(B.2) BETA * X5*(X1/X) - (FR23+FR2*W-FR25+DR2) * 

X2 = 0, 

(B.3) FR23*X2 - (FR35+DR3) * X3 = 0, 

(B.^) FR24*X2 (FR^-5+DR^) * X4 = 0, 

(B.5) FR25*X2+FR35*X3+FR4<.5*X4+FR65*X6+FR85*X8 -

(PR56+PR57+DR5) * X5 = 0, 

(B.6) FR56 * X5 - (FR65+DR6) * X6 = 0, 

(B.7) FR5? * X5 - (FR78+DR7) * X7 = 0, 

(B.8) FR78 * X7 - (FR85+DR8) * X8 = 0. 

To simplify the writing of subsequent equations, let 

us make the following definitions: 

E2 = FR23 + FR2^ + FR25 + DR2, 

E3 = FR35 + DR3, 

E^ = FRit-5 + DR4, 

E5 = FR56 + FR57 + DR5, 

E6 = FR65 + DR6, 

zkk 
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E7 = FR78 + DR7, 

E8 = FR85 + DR8. 

The quantities El may be interpreted'as the total exit 

rates from states Xi in exits per person - unit time. 

Combining (B.l - 8) to eliminate all state vari

ables except for X2 and X5 yieldst 

5  =  0 .  
i 

To simplify (B.9), the following definitions are proposed: 

Equation (B.9) then becomes 

(B.10) P1*E2*X2 = P2*E5*X5. 

The quantities PI and P2 may be interpreted as follows: 

PI = Probability that a given new infection 

will eventually become active, 

P2 = Probability that a given active case 

will never reactivate. 

Now, combining (B.l -.2) and eliminating XI under 

the assumption that X is a constant, we get 

(B.9) PE25 + FR?3»FR35 + FR24»FR^j * X2 + 

P1 _ EKi + ES||||p • 

FR^6*FR65 _ FR57*FR78*FR85 
P2 = 1 - E5*E6 E5*E7*E8 

(B.ll) X2 = 
BETA*BR*X.5 
E2 * fDR1 + BETA * x'4 
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Finally, combining (B.10 - 11) and eliminating X2 gives 

the following expression in terms of X5s 

(B.12) X52 • [W - F-W^] *X5 " 0-

Equation (B.12) yields the trivial solution 

(B.13) X5 = 0 

and the non-trivial solution 

, |BH*P1 DRll 
(B,1*0 X5 = X 1-p^ - betaJ * 

Thus, under the physical constraint that X5 > 0, if 

BR * PI > DR1 
P2 - BETA 

then (B.l^f) is the proper solution, and if 

BR * PI • DR1 
P2 - BETA 

then (B.13) is the proper solution. 

Now that the steady-state solution for X5 is 

available, the values of the other state variables may be 

obtained. Prom (B.6) 

(B.15) X6 = * X5, 

from (B.7) 

(B.16) X7 = Efl2 * X5. 

and from (B.8) and (B.l6) 

(B.17) X8 .frng ; g7«J. X5. 
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The value of X2 is given by (B.ll). Using this result, 

we can obtain from (B.3) 

(B.18) X3 = 2§p * X2, 

and from (B.4) 

(B.19) X^l- --- * X2. 

Finally, from (B.l) 

/•p yt — BR * X 
DR1 +j^BETA * X?j* 



APPENDIX C 

CALCULATION OF INITIAL CONDITIONS 
AND PARAMETERS FOR THE 

UTAH SIMULATION 

The derivation of initial conditions and parameters 

for the Utah simulation was not so rigorous as with the 

U.S.A. simulation. We depended heavily upon the work of 

Papenfuss and Fjeldsted (1969) for many of the estimates 

of initial conditions. Further, many of the parameters 

calculated for the U.S.A. simulation were assumed to apply 

to the Utah population, 

Beginning with the dormant infection states 

(X3 and X4), Papenfusc- and Fjeldsted estimated that in 

1968 there were approximately 32,000 persons infected 

10 mm. or more and 24,000 persons infected 6-9 mm. We 

were somewhat at a loss as to whether or not to consider 

the 6-9 mm. group as infected. There were no doubt many 

of these persons included in the aggregate United States 

figures, since reporting standards differ between locales. 

As a result, a compromise was made, and half of the 6-9 nwu 

group was considered to be infected. This made the 

activation parameters (FR35 and FR^I-5) derived for the 

U.S.A. simulation applicable to the Utah case. Thus, there 
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were about 44,000 persons in states X3 and X4 in 1968 and, 

assuming a two percent rate of decline of these states 

(as was done in the U.S.A. simulation), the i960 initial 

conditions for these states totaled approximately 52,000. 

Setting X4 equal to ten percent of X3 + X4, as 

was done in the United States case, yielded: 

X4 = 5,200 

X3 = 46,800 

as initial conditions for i960. 

The Papenfuss and Fjeldsted report estimated that 

there were about 700 previously untreated recovered active 

cases in Utah in 1967. This approximation was based partly 

on examination of old tuberulosis records and partly on 

the observation that were seven known reactivations in 1967 

at an assumed rate of reactivation of 0.01. Since TB 

records do not account for all naturally recovered active 

cases, and since all reactivations cannot be expected to 

become known, then the Papenfuss and Fjeldsted estimate 

for X6 was considered low. A better estimate, under the 

assumption that about 80 percent of new active cases are 

reported, would be closer to 900. Projecting this figure 

back to i960 was not straightforward, since the intensified 

case finding effort, begun in 1964, modified the rate of 

input to state X6. However, through trial and error it was 

found that state X6 should have a population of about 1,600 

in i960. 
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The initial value of X5 was not evaluated directly 

from the reported figure for new active cases in i960 due 

to the stochastic nature of this variable from year to 

year. A trend line was established using data from 1959 

through 1963. and this trend yielded a value of 67 for 

i960 (rather than 71 as reported). Now, to obtain the 

initial condition for X5, it was assumed that prior to 

the inception of the intensified case finding effort only 

60 percent of new active cases were reported. Thus the 

initial value of X5 was taken to be 112. 

Now, since 

FR56 = 0.^ 

and the natural TB death rate was assumed to be 20 percent, 

then 

= 0.2 
DR5 +FR5S 

or 

DR5 = 0.1. 

Finally, since 

FR57 = 1 - FR56 - DR5 

then 

FR57 = 1 - 0.^ - 0.1 = 0.5, 

and the initial condition for X7 should be about one-half 

of X5 or 

X7 = 56. 
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Migrations to state X7» prior to 196^1 did not 

involve the application of chemotherapy to any significant 

extent (according to Papenfuss and Fjeldsted). Therefore, 

it was assumed that 

DR? = 0.2, 

the natural tuberculosis death rate. Further, the simu

lation assumed that reported new active cases who survived 

death would migrate to state X6 rather than to X8. It was 

only after 196^ that state X8 began to be occupied. 

In 196^, it was assumed that the intensified case 

finding and chemotherapy programs brought the Utah programs 

up to general United States standards. Beginning in 196^, 

we then had 

FR56 = 0.2 

FR57 =0.75 

DR5 = 0.05. 

Since the effects of the drug program on TB deaths during 

treatment would not be immediately apparent, then DR7 was 

left at 0.2 until 1965. At that time, DR7 was reduced to 

0.115 (the figure used for 19&5 in the U.S.A. simulation) 

and reduced by four percent in each succeeding year. 

All other parameters remained the same as those 

used in the U.S.A. simulation both before and after 196^. 

A few initial conditions remained to be calculated, however. 
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The number of new infections in i960 (X2) was calculated 

using the following relationships 

vp BETA » X5 (1959) » XI (1959) 
- x (1959! 

We also had the following estimates for 1959 

X5 = 115 

XI = 800,000 

X = 850,000. 

Thus, 

yp 3.06 » 115 * 800,000 = 330 ' 
~ S507000 * 

The value of XI was taken to be approximately equal to 

800,000 in i960 also. 

This completed the calculation of initial condi

tions and parameters for the Utah simulation. A complete 

list of the resultant values appears in Table 5» 



APPENDIX D 

CALCULATION OP DEATH RATES FROM 
DORMANT INFECTION STATES 

Death rates for states X^ and X4 were established by 

taking account of the estimated age and sex distribution of 

individuals in those states. Estimates of the total number 

of dormant infections in the early Sixties varied from 25 

to 4-0 million persons (see Ferebee and Bardlne 19&4, Public 

Health Service 19&3» and Public Health Service 19&7)• Also, 

there was no available estimate of the rate of change of the 

number of persons in states X3 and X4. It was as. uned, for 

this calculation, that there were approximately 30 million 

such persons in the United States in the early Sixties. 

The calculation procedure involved, first, a calculation of 

the age-sex distribution of states X3 and X^. This was 

followed by a specification of the age-sex specific death 

rates. Combining these two sets of figures yielded an 

aggregate death rate for the group. 

A publication by the Public Health Service (19&3) 

yielded figures which allowed the calculation of the age 

distribution of dormant infected persons. This distribution 

is given below. 
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Table 44 

Age Distribution of Dormant 
Infection States (i960) 

Age Percent Number 

0-24 5.0 1,500,000 

25-44 22.5 6,750,000 

45-64 45.0- 13,500,000 

65+ 27.5 8,250,000 

TOTAL 100.0 30,000,000 

The same publication also gave figures for the age-sex 

specific distribution of new active cases. No direct esti 

mate for the sex distribution of dormant infections was 

available. Partitioning Table 44 according to sex yielded 

the following! 

Table 45 

Age-Sex Distribution of Dormant 
Infection States (i960) 

Male Female 

Age Percent Number Percent Number 

0-24 48.69 730,350 51.30 769,500 

2^-44 59.60 4,023,000 40.39 2,726,325 

45-64 78.02 10,532,700 21.97 2,965,950 

65+ 71.31 5,883,075 28.68 2,366,100 

Now, the age-sex specific death rates for the gene

ral population were required. These figures were available 

in U.S. Bureau of the Census (1970). Some calculations were 



necessary to state these death rates with respect to the 

particular age groups defined in Tables 44 and 45. The 

resultant rates are given below. 

Table 46 

Age-Sex Specific Death Rates 
(U.S.A. i960) 

(per 1,000 person-years) 

Age Male Female 

0-24 2.30 1.60 

25-44 2.83 1.73 

45-64 15.26 7.99 

65+ 71.76 52.34 

Multiplying the population figures in Table 45 by 

the death rates in Table 46 yielded the following distri

bution of deaths frc. a states X3 and X4. 

Table 47 

Age-Sex Distribution of Deaths from 
Dormant Infection States (i960) 

Number of Deaths 

Age Male Female Total 

0-24 1,680 1,231 2,911 

25-44 11,385 4,717 16,102 

45-64 160,729 23,698 184,427 

65+ 422,169 123,842 546,011 

TOTAL 595,963 153,^88 749,451 



From Table 47, the total number of deaths from 

states X3 and X4 was then divided by the total population 

of these states (30 million) to yield 

DR3 = DR4 = 749,451/30,000,000 = 0.02498 

As an approximation to this figure, the death rates were 

set at 

DR3 = DR4 = 0.025 

in all of the simulations and program planning studies. 

The death rates were assumed constant over time. 
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