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'ABSTRACT: REDUCING MORTALITY WHEN
~ DISEASES ARE INTERDEPENDENT

'H.N. Barnum and R. Barlow~'

Operational reaearch atudiea in the area of public health often;
ciinvolve an objective function which predicts morbidity or mortality .
) reduction to be achieved by proposed health programs. These studiesr
.often ignore important interrelationships among diseases which could-
have an impact on the evaluation of the cost effectiveness of ‘
alternative health activities. | .

This paper presents a aimple approach to health modelling mhich
allows for intetaction among diseases. Alao; to allow a clear distinction
between the impact of preventative activities affecting morbidity and
curative activities affecting caae”fatalitirfatea;”the model separates

mortality intO'morbidity and- case fatalitp componenta.



‘- REDUCING-MORTALITY WHEN DISEASES ARE INTERDEPENDENT

I;wTINTRODUCTION

Many operational research models in the health area are .concerned with
allocating resources among "alternative health programs 80 as to minimize.‘
morbidity or mortality.g In theae applications ‘the. focua 18 on a- aingle
diaeaee1 or at a level of aggregation which ignores- re1ationahips among |
diaeaaes. But theae relationahipa often affect theloutcome of epecific
' health activitiea, and hence their cost-effectiveness. |

Comparatively 1itt1e work has been done on the modeling'of'inter-
dependent diseases. A recent study by Correa is typical. In developing
a series of modelslforbnae in health planning, he'explicitly.asaumea that
no'interdependence éxiscgpn”the grounds that "fortunately, when the plan .
refers to short time perioda, thia interdependence ia not likely to be
important. 2 But it would not be difficult to argue that interdependence“-
might well be quite important, even in the short run. A few;examplea
of the;phenomenon can be given from the{area:of childhood diaeaaea;

.'héaatro-enteritia leadahto ma1quc:1;iqq;“§ﬁ&'§1¢g versa, - ﬁ

| both conditions being majoricaneeévoflchild*mortality;in_ﬁi
‘d_ low~income conntries.3

- . measles often causes respiratory‘problema;4

1For instance, Feldstein, M., Piot, M. A. and Sundi¢vesan, T. K.,
Resource Allocation Model for Health Planning: A Case Study of -
Tuberculosis Control, WHO, Geneva, 1973. :

2Correa, H., Population, Health, Nutrition and Development; (1970).
D.C. Heath, Lexington, Mass. p. 134.

3Heller, P. S. and Drake, W. D. Malnutrition, child mortality, and
the family decision process, (1576). Center for Research on Economic

Development, University of Michigan, Discussion Paper No. 58.

4Rashmi, A., Guha, D.K. and Khanduja, P.C. Postmeasles pulmonary
complications in children, (1971). Indian Pediatrics 8, pp. 834-38.
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. smalaria produces a general'debilitation,fand increases the
~death rate from a variety of respiratory"and:digestive”‘“
' diseases.{ | | i
The purpose of this paper is to describe a simple approach to health
vmodelling which allows for. this kind of interdependence. First some
features of existing mortality risk models (which do not allow for inter- »
dependence) are reviewed. Next, a general approuch to incorporating ] |
interdependence is‘outlined._ A specific model based on two interdependent

diseases is then developed with some numerical illustrations. Finally, we

;discuss how the approach might be used in the area of publichealth planning.
II,MODEL OF COMPETING RISKS o S o ::7

‘Suppose that in a population of'a'given age the general death ratez
(from all causes) is 20 percent. The death rate from a certain'specifia
disease is 5 percent;‘ That disease is thenieliminated.. What»happensfto.?
the general disease rate? ‘Jn;”.J.“Amﬂmﬁh.ﬂ';>—““.

One approach to this question says that the answer will definitely
exceed 15 percent. This is the theory of~competing‘risks which points
out that some of the 5 percent who would have died from the eliminated ~
disease will now die from some other cause (during the- -period in question)
‘Several models of competing risks have been developed.( For,example,,lmp;g;

frefer to. the models of Chiang and- Kimball 2

u'lNewman, P., Malaria-Eradication and Population Growth, (1965). Bureau
of Public Herlth Economics, Ann Arbor, Michigan.

2Chiany., C.L., "On the probability of death from specific causes in
the presence of competing risks,' (1966). Fourth Berkeley Symp. IV, 162-80,
and "Competing risks and conditional probabilities," (1970). Biometrics 26,
767-76; and, Kimball, A.W., "Models for the estimation of competing risks
from grouped data," (1969). Biometrics 25, 329-37. For a summary of other
models see Gail, M., "A review and critique of some models used in competing
risk analysis,”" (1975). Biometrics 31, 209-222.




rnterdependence ‘has’ not typicallv been allowed for in models of
competing risks. When one disease is eliminated it is essentially
assumed that the probability of catching any other disease is unaffected.
With this assumption Chiang (1961) derives -the following formulation

for.answeringvour opening;question about death rates:

'{:'péirs_l - (1 -p - né) pz 1 (pl + pz)

" where p,. = probability of death from Disesse 1 (later eliminated);,

‘~§é': probability of death from all other causes, before
- elimination of Disease 1. : : :
"pz'_-iprobabilitv of death from all other causes. after

elimination of Disease 1.

(The notation followa that used in the version of Chiang*s model pre-‘

:_sented by Kimball 1969) Using our numbers, pl = 0 05 and p2

| Chiang's model therefore predicts that the general death rate after the,

elimination of Disease 1 (i e., p2') will be 0. 154.

Kimball offera a constrasting model based on’ what he terms a

"multinomial approach Still assuming independence of risks,‘h'Vw;i

derives the following formulation for the general death rate after the

“*elimination of- Disease*l'"-"- =

‘;-;;Pz.'-"» Ry (Lopp)
With our numbers for p1 and p2, p2' equals 0. 158, slightly different "
",from Chiang 8 prediction. |

| In a comment on Kimball's contribution, Chiang (1970) recognizes

" the importance of interdependence between causes of death, and suggests

that.a proper method of allowing for interdependence is to specify



probabilities of morbidity as well as of mortality. Models of

competing risks have been deficient in not specifying morbidity rates: g

" We must recognize the fact that the death of an,
individual is usually preceded by an illness (con—
dition, disorder) Tt i not realistic to speak of
a person's chance of dying from tuberculosis when he
is not even affected with the disease. Also
competition of risks of death depends on the health
condition of an individual: a person affected with a
disease (say, cardiovascular-renal (CVR) digeases)
probably has a prcbability of dying of a second
disease different from a person who is not affected
with CVR. Therefore, a mortality study is incomplete"
unless illness is taken into consideration".

e Fbllowing Chiang's suggestion, we develop in the next aection Lo
an alternative approach to an analyaia of mortality which explicitly
incorporatea morbidity. This second approach which ia based on the .
notion that many diseasez are interdependent, raises the poaaibility
:Jthat the answer to the question poaed at the beginning of thia»aection
might well be less than 15 percent. Because of interdependence there
bmay be a tendency for the death rate from the noneradicated diaeaaea =

to decline, and thia tendency may offset the oppoaite effect of B

competing riaks on the general death rate.

III. 'A GENERAL APPROACH TO THE MDDELLING OF MORIALITY RISKS WITH
DISEASE INTERDEPENDENCE .
The objective ia to derive a procedure for the specification of’
‘a model which will predict the mortality effects of specific health -
improvements while allowing for interdependence between diseases. Thia

can be done in four logical ‘gtages. as follows.
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a) Specify a morbidity function for each disease (or group of

diseases), showing for the population in qnestion the “] f-"

determinants of the morbidity rate. L ‘
Pi (Ai, [P R FEEY 2,....‘ s f_i_'-l,j.-
.where 21 is tbe fraction of the population (defined by :
.age, sex, or other characteristics) who have disease i
at some time during a defined time interval. There are
n diseases. Each morbidity rate 21 is determined by a:
set of socioeconomic, environmental, and policy
variables represented by the vector‘§1 and also by the
prevalence of each other disease Bj Degrees of |
interdependence are measured by the partial derivatives
Gpilapj.- _The.impact. of. _policy variables is. measured_,_
by the partial derivatives BpilaA
; b) pefine a11 possible combinations of diseases, and derive;
.;from:the'morbidity functions the fraction of the
:fpopnlation having each combination:
'lick ?_ck:(pi) _kiF lﬁS...n,vl§3?a.n, ;ig"'nf;f
hfor a total of (Zn - 1) such;_.
'terms; (I?é...n)'isAread es

"having all diseases except

)

Disease 1" 2 (2)

where Ek is ‘the fraction with disease-combination k.
If there are n diseases, there will be (2 - 1)
desease-combinations. For example, in a two-disease

'system a person may have Disease 1 but not Disease 2,



fnay~have Disease 2 but not Diseage 1, or may have both
dis'eases, for a total cof three possible ‘disease combinations.

_Por an individualginithe given population ck can be
interpreted as the joint probability of having disease

" combination k. Clearly the < are mutually exclusive

(unlike the 21), and the following relationship also

-holds true:

Fete ce
.where_gw is the fraction of the population who remain }f
'iwell (or only have diseases excluded from the’ analyais)

: throughout ‘the entire interval " In additién the
:'genersted rstes must be consistent with the elementaryu-
postulates of probability theory.1

’c)”JFor ‘each dzseasencombination, specify ‘a fatality~function,
showing what determines the fatality rate among those
initﬁ a given diseaseucombinations" g |

"fk-f(B) T )
vhere f is the fraction of those with disease—combination
.k'who die during the specified time interval, and Bk

‘is ‘a vector of socioeconomic, environmental, and policy

'variables. Specifying fatality functions in this way

1 See Dalkey, N. C., "An Elementary Cross Impact Model,"
Technological Forecasting and Social Change 3, American Elsevier,
for a summary of the postulates which must be satisfied by a
cosistent system of probabilities.




iallowa for the sort of phenomenon noted by Chiang ‘in the
'quotation cited above. .that a peraon who haa cardiovaacular~
.renal disease in combination'with some other disease may ~-““
-have ‘a probability of dying different from that of a
xperaon who has only that other disease.

di' Hu]tiplying a fatality rate (f ) by ‘the corresponding ?f
ddiseaae-combination rate (Ek) then givea the fraction |
.of the entire'population who die from that particular ;1?

.1'diseaae—combination during the interval in queation (gk).

.f:And becauae the Ek 8 are mutually excluaive, the aum ;f
' l of the dk 8 equala the general death rate D"u‘

T ,k ‘;, l-' MR ."_." . ", v":'\"" o m

Uaing thia approach we note that an intervention designed to

4 reduce mortality, like maaa vaccination againat meaalea, will cauae
changes in the vectors‘éi. _'Ei’ " A simulation exercise with the model
could therefore show the effecta of the intervention on the general
death rate D, with fulliallowance being made for both interdependence
andgcdnpeting risks. ‘A heuristic advantage of the approach, it might .
hefnoted,'ia that public health interventions involving "prevention:. -

affect'éi, while those involving "treatment" affect gi.

_ 1 This derivation of D can be compared with that appearing in a
series of health planning models developed by Correa (1975, pp. 117-69),
“whose expression for D, using our notation, is as follows:

n
D= I (£, . p,)
qe q 1P

But since the morbidity rates p; are not mutually exclusive, this
formulation obviously overstates D.



IV. ' PROBLEMS IN SPECIFYING A MORBIDITY-MORTALITY MODEL

Seuerallstepa must be taken in orderlto use the approach outlined
'above for the specification of a morbidity-mortality model in a given
;application. Firat, a form must be chosen for‘the functiona generating
tneimarginal morbidity rates (equations 1). Seeond, assumptions must
be mede and a procedure developed which will allow the transition
'between the marginal disease rates to the mutually exclusive joint
disease ratea (equations 2) Third a form must be chosen for the
fatality rate functions (equations 4) The second of these steps preaents
some difficult conceptual problems.

“a. Marginal Morbidity Rates
To derive a funetional'form for the?marginal morbidity rates ve
.commenoe with the general form (equation l) which we aasume‘to
‘be continuousand differentiable;and'ndteithat"ehanges in the
4rate:of disease 1 are related to changes in other disease rates
ano-to'changes in policy variables by cﬁe differential equationiv
; : .. apil' api : T .,:~ : bi';fll;g
P i‘fﬁf' dpi B j‘::li '5_1:;.1— dpj * BTA df‘i : i (7) *f

Since the morbidity rates, pi, are interpreted aa

. ‘,‘”‘r‘v

fprobabilites, equations (1) and (7) must satiafy the following
Jboundary conditions.l if pi @ l or 0 then dpi must equal zZero.

for changes in p “and Ai'l It can be demonstrated1 that an

3

; See Turoff, M., "An Alternative to Cross Impact Analysis,"
Technological Forecasting and Social Change, No. 3, American Elsevier,
for a demonstration and the development of a cross impact analysis based
on a logit specification of behavioral probability functions.




algebrcicly simple;specification which can;satisfy theae

?conditions is he logit,

0N

-where-s—— is a function off

wikind and degree of relationships among the events whose i

jdistributions are being considered. For example, the

i; lest assumption one might make is that the events are‘;?f
:independent it then follows that the joint rates can simply?
be obtained as the product of the marginal rates. However,’;
Eif there are interdependencies among events, as there are: :
with pany disease events, the'generation

fof{joint~relationships quickly becomes:more complicated.

fOnefof the problems is that the probabilities generated must

| onsistent with the elementary postulates of the calculus



}concept, consistency can be achieved either 1) by solving

Aanalytically for the required relationships between parameters
'or 2) by specifying ‘functional forms which are consistent for A
3a11 possible parameter values or 3) by the use of parameter

5 alues which are locally consistent in- the context of a 9?h

}particular p?bblem. When the model has more than two or fl
ithree diseases, the analytical solution for consistent

.parameters or the derivation of consistent functional forms

‘appears to be intractable. For our example we use'th thirdj

,alternative, that is parameter values and;a function ‘;féfa”?

5are chosen which are at least lo ally consistent

tiiiiCalculation of Joint Disease Rates
?The generation of the joint disease rates is accomplished
;through their decomposition into components distinguished by

ithe presence or lack of a causal influence between diseases.

?The?problem has beer simplified by assuming that there is no

l‘tual causation, i.e., the probability that i leads to j

;and 1_to i in a gilven individual over a given time period is

dzero. It is also assumed that joint causation is negligible,

'i e. the probability that i and j together cause k is zero.

1The problem is analogous to one which occurs in the estimation of ;

demand systems in economics. There the estimated system should be
consistent with the elementary theorems of utility theory. In practice
one of two procedures can be used, either 1) a system of equations yield-
ing consistent solutions is used for estimation or 2) a less restrictive
system of equations is used and the estimated parameters are tested for

consistency.



‘Finslly the prcbability of more than three diseases is set
“:to. zero under the assumption thst the loss’ in accuracy is
'negligible. An- exposition of ‘the derivation of the joint
fdisease rates for a four disease model is given in the
appendix. The derivation for a two disease model 1s given in

the next section.

V. AN EXAMPLE: - A TWO-DISEASE MODEL OF INTERDEPENDENCE

- We now speeifyaah'interdependence uodel sith a view to prosiding a
numericsl illusﬁrstion; choosing the simple case of only two diseases
or disease-groups. The sumbering of the equstions in this specific model
follows that'used'in‘the general model above. It will be noted thas the
most complex part of the speeifie model lies in the derivation of the ;
disesse-combination rates c, .
The morbidity rate for Disease 1 (gl) is determined by the rate: for E

Disesse 2 (22) and by an index of other factors (alo):

1 . . +:(1a)"
ST -(a,, + a4, P,) R TR A
l+e 10 12 *2

tnd piaiiarly fox Dhiesse 2

Py = 1 | | B¢ 1S

- (a,, +a,, p,)
1+e 20 21 "1
a,, and a5 being indexes of interdependence. As we noted above, the

particular functional form chosen for these equations (the logit form)
has the property of containing the morbidity rates to lie between zero

and one.
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‘The diseése—combination rates»gié and ¢, % are feadily derived as

- follows: - PP SRR = ' : ; .
. . ! t
c. =p -c- R *-(2a)
12 "2 12 g o
S e mpeee LT e L T T (2b)
' 171 12 o
vhere c,. is.the fraction of the population having ﬁ@th'diﬁehses. ‘If the

12
" two diseases were independent,]it'would'be teasonabié”fo'aﬁauméftha: this

'fraction<was-é§ual to~the:productyof the two_morb;dity_tatea: .

€12 P - Py (2e)

" But with interdependence, equation (2c) is not valid. 'With-inferdepquence,

must be measured by adding together (i) cases where Disease 1 causes

)s

12
‘Diqeébe 2 (gl +2)s (11) cases where Disease 2 causes Disease 1 (52,+'1
éndi(iii) cases where both diseases occur but without any causal~11nkjbe?
tween them (9(12))' The point is clarified in Table 1. - Bach- disease
may be caused by the other, not be caused by the other, or ﬂot be present
‘at ‘all. Considering both diseases, there are then nine c#tegories for

 the population to fall into. Three of these are eliminated on logical

: éfohhds;l The remaining six are mutually exclusive.

]Pirst, a person who '"does not have Disease 1" carnot have during
the same time interval "Disease 2 caused by Disease 1.” (Lagged effects)
as when Disease 1 occurring in one period causes Disease 2 to occur in
the next, can be readily incorporated into a dynamic version of the model.)
Second, a person who '"does not have Disease 2" cannot have "Disease 1
caused by Disease 2." Third, cases of mutual causation are ruled out,
where a person has "Disease 1 caused by Disease 2" as well as "Digeage 2
caused by Disease 1." It is assumed that within the given time interval,
one of the diseases will occur first, and cannot therefore be caused by
the other.
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iByle*aminaﬁiohfof Table.i-we1thefefdfeaesaeiade’that:. i‘

2" Cra2t ",(12‘5‘_;'__ ! [24)

:Separate expressions must now be obtained for the three components of
1éiz. The fraction of the population where Disease 1 causes Disease 2
Lcan be measured as the difference between (i) the fraction actually

having Disease 2 (22) and (ii) the fraction who would have Disease 2 i£

Disease 1 did not. exist (i e.. if 21 ‘- 0) Symbolically

L ,"._.g _ T f.il'}_ v-i.f.'f
G127 P T ~§3fl }

similarly::
Gayre s i G20

- The fraction of the population where both diseases exist without causal
connection (g(lz)) can be reasonably estimated as the product of two
independent frequencies: "(1) the frequency of having Disease 1 not
~caused by Disease 2, and (ii) the frequency of having Disease 2 not
i o ’ 4
caused by Disease'l, That is:
"ﬁif’Tﬁe‘tere disease-combination rates c1,, C;7%» and L9 having been
fdetefﬁined, the next step is to specify the corresponding fatality rates
Ep £y and gy
the fatality rates are assumed to be fixed. We then have equations for

To simplify this version of the interdependence model,

the disease-combination-specific death rates 912, giz, and 912:
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Table 1.

DISEASE - COMBINATIONS

WITH TWO INTERDEPENDENT DISEASES

Entries in the matrix represent the fraction of
" a population with the characteristics iqdicated

Has . -
Disease 2
caused by
‘Disease 1

Has

Disease 2

not caused by
Disease 1

Does not havé
Disease 2’

Colﬁmn~ :
Sum

Has
Disease 1 . Disease 1 Does not have . _
caused by not caused by Digease 1 " Row
Disease 2 Disease 2 SR Sum
7 1"?2:.-::"' ° - c; 1i2
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M'(SA)

LTI TR T )

2tz o G0

G2 = fpp Gy - (3e)
" and for thezéeueral?deathlratefDﬁfﬂ

12 |
.The operation of the model is illustrated with a numerical example o
in Table 2._ It is imagined in Column (B) that iuformation is available .
' on the morbidity rates p1 and p2, for example from a morbidity survey of
households. Information also exists ou the partial derivatives 321/322
and apzlagl, which can be interpreted as the likelihood that one -
disease will lead to the other (within the given time interval)..AThis:f'
information may he,obtainahleffrom'analysis ofAindividual'medicald |
histories. Givenlpi, 22; and the tvo derivatives;'the a terms in”the
morbidity functions can be derived as well as the disease-combination )
rates (c ) 1 With fatality rates ( ) also supplied, the general death ;L

rate D can then be calculated.

In Column (c), the effects of eliminating Disease 1 are: shown(wﬁTo i

'eliminate the disease, the value of.glo is- changed to - «,

1The calculation of the a terms involves using the following for
fthe ‘two derivatives:

- (a,, + 8,, P,) - - (a,n + 87, P,)
, - 10 12 2 10 12 P27 -2
py/y = appe [1+e. ] (72)

-~ (a,n *+ 849 Pq) _ :
9,/9p, = a,e 20 " "21 71 (14e (ay 3y 91)] —2  (7b)
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Table 2.

HYPOTHETICAL EFFECTS OF DISEASE ELIMINATION
ON MORTALITY IN A TWO-DISEASE SYSTEM
WITH AND WITHOUT INTERDEPENDENCE

Values marked (*) are assumed; remaining values
are derived from the equation(s) indicated

With interdependence Without interdegendénce

. Equation(s) _ :
< from which Both diseases Disease 1 Both diseases Disease 1
derived present eliminated present eliminated
(A) (8) c) (D) (E)

la - .1500" 0 .1500" 0

2.9, 1 .4000" L3488 .4000" L4000
.o/, 78 .00 07 Y TR
4..ap£/a§1 e L Las00” e o fffd,iEf o
o lay7a. 2,083 o L7346 &
la, 78 L7843 et ot L0
1b,.7b . . -.6262 202t -h0ss ..4055"
b, 7b . 14383 - 1.4583° 0 ;",Q;;a'
e stz 0 . o o
ff2£{ff§fﬂ54ﬁ58f- R
o

12. e, o - 2@ ;42667

Y., - oc2a v L1333 el 0600 NS

L 200t 12500% - .2500" 12500
"”';:.3goof- .3000" .3000* A;3ooo*
Lk - * * : *
0667 0872 .0850 .1000

| L0050 0 .0270 0
20.4,,  5¢.. . .0533 0 .0240 0
21.p* 6a ~ .1250° 0872 1360  .1000
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"The other a terms remain the same as in Column (B), and the morbidity
rate for the remaining disease is recalculated.- The disease-combination
~rates are also affected and the general death rate falls by 30 percent.

- Columns (D) and (E) show what happens if the two diseases are
independent. The same model is used (except that zero values are
‘assumed for the interdependence terms 3, and a21), and the same initial
_values are asaumed for the morbidity and fatality rates. The elimina-
tion of" Disease 1 reduces the general death rate. by 26° percent. Aé-
~would be’ expected this reduction is smaller than the. result in an interf'
'dependent_system. | o o
Table 2 also suggests‘hou ca'Ans&erfché'quééiibﬁféboué7555th'facéé
' which was posed at the beginning of this paper. It is evident that the -
_answer depends on how cases with both diseases are handled in the
lstatistics on causes of death. If deaths of persons with both Disease 1
and Disease 2 are officially attributed to Disease 1 then the elimina—
'tion of Disease 1 will cause the general death .rate to fall by an amount
,less than the official death rate for Disease 1, regardless of any inter-

dependence. Hith this kind of record-keeping, the death rate from |
iDisease 1 is (d ¥ d 2) The general death rate is always .
g, + diy

+d Eliminating ‘Disease 1 reduces dlf and d12 to‘zeronn-

47 12)
but necessarily raises ”12 (because of competing risks) Hence the fall

_in the general death rate will ‘be less than (d12 + d 2), or- the official
ﬂ;death rate ‘from Disease l N ' ' . B -
B ©1f, however, deaths of persons with both diseases are officially
attributed to Disease 2, the elimination of Disease 1 could lower the

general death rate by more than the official death rate for Disease 1.
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Table‘2 shows this happening both with and without interdependence,

When the  death rate for Disease 1 is definediaa difg"the elimination ‘of
‘that disease will lower the general death rate (d— +d 13 + d 2) by more
than the death rdate for Disease 1 if the rise in &= _12 (due to competing .
risks) is less than diz.

VI. * APPLICATION OF THE INTERDEPENDENCE ﬁo‘nm'.

The approach deviaed here is sufficiently general to be applied in
va variety of contexts."’ Obvioua applications exist in the area of public_;
.health planning. As an example consider a model of child mortality .
_consiating of three diseases - malnutrition, diarrhea and measlea.
iSuppoae that a public health agency with given reaourcea has the
.objective~o£ minimizing infant mortality and that‘the‘agency knows how
the A and B vectors in the morbidity and fatality functions will be B
affected by interventiona (such as vaccination, nutritional programa,
sanitation or clinical treatment) with given reaource requirements.
Programming techniques can then be applied to the. model to determine what
particular set of interventions would minimize the general death rate D.

An advantage of the interdependence'model is that it would give a
‘more realistic evaluation of interventions affecting'diaeasea vhich have
_i&ﬁ iatality rates (auch as malnutrition) but which“may he important‘“'h.“
’contributora to higher morhidity rates for other diseases (such as
diarrhea) with notably high fatality rates. The model would also
ditferentiate between joint disease states with high fatality ratea
(auch as malnutrition combined with measlea) and other states (auch aa,

malnutrition or meaalea alone) with low fatality rates. Thus it might

.t
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be found that nutritional progrqﬁs would lover gﬂé mortality from
d;arrhea and measles.  And similariy, Because of the éiﬁhltanebﬁs
 re1ationship which may exist between diarrhea éﬁd malnutri;ion it.mighﬁ
be £ouhd that sanitation interventions would lead‘to iowergd malnutritidn
'aﬁd iogered mortality from measles. |
‘A'difficulty in thg‘applicﬁtion of this type of ﬁodel is the
géneral laci'of morbidity and mbrtality‘déta fbr'égtihatiﬁg tﬁe
simultaneous-relatidnships améng diseases. 'Althouéh the“ﬁeaitﬁ literature
contains considerable analysis of intervéntion ;mpécts,_;t is only
recently that pofenfial simultaneous relafionshiés‘betweeh diseases have
begun to be measured. The major obstacle td\fufthef;analysis is tﬁat'
diagnostic records are needed which are more'cdﬁplételthhh those normally
found. The morbidity data must'specify all of the'diseases present in
the individual surveyed, and mortality d#ta must iﬁclude all of the
'diseéses.preaeﬁt at the'cime of death.A-The_conventional practice of
reéor&ing-only a-ginglé cause of death.is‘not:helpful for'the'gnalyéis

of ihterdependencg between-diseases.
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APPENDIX

'élgebraic Summary of  the Morbidity évMbrtality Model

:-fThiS{appendix-presents another version of the general morbidity-

mortality model discussedmabove. This'version.is developed for‘four
i diseases,'and‘leaves'the morbidity and fatality functions in‘general.
form.' The objective in the design of the model 1is to allow the
'calculation of a set of mortality rates for mutually excluaive morbidity:
{categories which include all possible combinations of diseases. There ,
are. four distinct segments to the system. The first involves the ;
ispecification of a aet of marginal probabilities as: functions of inter- :
1'ventions as. well as other variables. This segment can be referred to aa}
lthat of the structural (or causal) morbidity equations. The aecond
.segment is a set of algebraic relationshipa that allows the calculation
of the probabilities of being in the mutually exclusive joint disease
states. The third segment involves the specification of fatality
' probabilitiea for each of the mutually excluaive categories.v Thia 4?
fsegment can be called the structural fatality equationa.. Finally, the

fourth segment uses the fatality rates and joint morbidity rates to

calculate the mortality rate.

I. Structural Morbidity Equations

_The model is developed for four diseases. The extensionito

;1n diseases 1is straightforward although tedious. We specify‘the;

.ffollowing marginal worbidity functions for diseases 1, 2 3 and 4.‘;f~

.1.)1 = pl (A]. pzi P3, p4) A (la)

P, = P, (A, Py> Pys Py) (1d)



. Calculation of Mutually Exclusive Joint Disease Rates. -

a) Preliminary defnitions:

i. pij is the probability of having i and j_jointly;

TS Pijk is the probability of having 1, j_and k jointly._

N & © R 48 the probability that 1 occuta caused by J,

Lo ¥y
. that-is, = - -A_.n;v,.t

. ﬁij = pi(A 9 pj' il 'pz) pi(A 'y pk‘ » -pz)

_iv;y}pijk is the probability that 1 occura tauaed by a

V"f':either 3 or k, that ie,

’p’ijk pi (Ai’ Pjnbpz) pi (Ai. pl)
v ip fj is the probability that i oecure and is nor
ﬂrcauaed by j, that is, VIP

Pfy = pi vij

.:vi.r- 18" the probability that i Otcurs and is causedf

ijk
'-.'_;by neither 3 nor k, that ia, |
"-pijli' Pi'- ‘?ijk-
fbf":Preliminary aasumption. =
’ It is asaumed that intetsection probabilities of
- oroer higher than three are zero, i.e. p1234 s 0,
t)b;Preliminary calculation:. tyo-disease intersections ==
- ~There are two kinda of cases where two diseases caf -
H.occur simultaneously. |
i) no cauaal links between diseases
ii) the two diseases are linked causally (eithet i tauses

.j,’or j causes i, or both).
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-Thushﬁhe‘tudldisease?ihtefsect1sn‘fof‘i and'j?¢an be
:writtéﬁ-usiﬁg the nctationaiufrsducedlaheue“as,
+ - b pk Dk -
Pig = Piy “Ji . !"’1; 7’.11 * PEy PRt

.d) Preliminary calculation.: three-disease intersections - }
there are eight kinds of cases where the three diseases can

,,,,,

h qccur,simu1tanequs1yf .fb T_ZA."h f\'vt:' Diagrammatically
-f-i;f‘ﬁaicah351’iiﬁks 5§Eqéén_;':'.:ff7 f' A :::!ih7jf}7

f.jf.the 3 diseases ) :'ji; *d:ffh;;ddf k

A‘:i;;;!i and j are causally linked

ZI(either i causes j, or j causes i,

;h’or both) but k is not’ causally fﬁ

” _'-linked with either fory |

Hi 1 ‘and k linked j independent:

T j _aﬁa-“k' : iﬁké&', | l‘,i,',@ridéﬁé‘née;it A

vi and j 1inked alsoiandk,

';jbié;ii and j linked a;goij;paqvg;

l:‘,fbut not i and k*‘f A;:idéwhftjﬂjk? 'i?(".i

it i,i'f-fénd‘ik“iinked. dlso t and k, |
; ;u.%butfnot iand § | o /

v:l.ii _1 and 3 linked also i and k, | 1—i

./

fﬁalso j and k ‘ o k



'_The eight groups being mutually exclusive, pijk is’ the ,"

ﬁsum of all eight.

'fdefining

Keeping the eight groupa in ordet. and

Xy = [ﬁij By -y - 3}&] :

the three-disease intersection can be writfeu°he?tﬁefeuu'6f;

“edight terms..

- Py

k- Pigkc Piak  Phag

%y Py

. I. “. * "_. » .
F R P

*~"jk~' "i_‘:\k*,i'

11 ik (1:; jk)f
ij jk
ik jk (1 11)

13 ik jk

a 'x;k)..

e) Given the preliminary calculations above, the rates for the

mutually exelusive diseaae states can be derived as follow8°

e ’_-ﬂ::"

*-w~61234

’9515? -

1 = P12

Py = Pyp = Py

"Pis" 914 +Pyp3 + Prgy * Pray -

= Py * Pya3 ¥ Pygy * Payy

and so on for °3i72 and °dIE§'

P1234

= Pras3y



‘a2l

A 1234.= p12 p123 p124 + p1234
’._‘_'8“.9"'9°'°“’f°‘_ 197 ST C2iTh STy o °3412 |

e 1234 p123 ~P1234
;1tand 80’ on for c1243, c1342 and c2341 |
';fiy; ﬁthe states defined above + p1234 + pwell Will sum t°

'one._ (We have assumed that p1234 is negligible ) i

”‘islii. Structural Fatality Functions
o Fatality functions are specified for each of the joint 3?
disease states.

d

dp = 4B -

4=

;'Qﬁé?é:ﬁﬁi§}the total number of disease states (H = 2" - 1 = 15)._f.

IV. The Mortality Rate

The mortality rate can be derived as the sum of the

mortality rates for the individual joint disease states.

H
D=2Xd

(o
h=l B D
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