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SUMMARY

A simulation study using Greenwood’s chain-binomial model was carried out to elucidate the
spread and control of Mycobacterium tuberculosis among the household contacts of infectious
pulmonary tuberculosis (TB) patients. Based on the observed data, the maximum-likelihood
estimates (+s.E.) of chain-binomial probabilities of intra-household M. tuberculosis transmission
from an index case in 3-person and 4-person households were 0-313 +0-008 and 0-325+0-009
respectively. The y* goodness-of-fit test of observed and simulated mean expected frequencies of
cases revealed good fit for 3-person (P=0-979) and 4-person (P =0-546) households. With the
assumption of varying risk of M. tuberculosis transmission across the households under
p-distribution, goodness-of-fit tests of observed and mean simulated expected frequencies revealed
the inadequacy of Greenwood’s chain-binomial model both for 3-person (P=0-0185) and
4-person (P <0-001) households. Simulated M. tuberculosis control strategy comprising efficient
diagnosis, segregation and prompt antibiotic therapy of index pulmonary TB patients showed a
substantial reduction of new cases among the household contacts in both household sizes. In
conclusion, segregation coupled with prompt antibiotic therapy of the index case,
chemoprophylaxis of M. tuberculosis-exposed household contacts, and the assessment of
household environmental risks to devise and implement an educational programme may help

reduce the TB burden in this and similar settings.

INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuber-
culosis infection is one of the leading causes of mor-
tality that accounts for 26% of preventable adult
deaths in the developing world [1, 2]. Varying levels
of endemicity of M. tuberculosis infection have been
reported worldwide and South-East Asia including
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Pakistan seems to be afflicted the most, where 44 %
of its population is reportedly infected by M. tubercu-
losis [3]. Screening of high-risk populations for
M. tuberculosis infection to identify individuals
eligible for chemoprophylaxis is one of the rec-
ommended strategies to combat TB [4, 5]. Household
contacts of TB cases constitute a high-risk group for
acquiring M. tuberculosis infection [6, 7]. It has been
reported that ~30% of close contacts demonstrate
evidence of M. tuberculosis infection and at least half
of the M. tuberculosis-infected contacts exhibit pro-
gression to disease in the first 2 years [8]. However,
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consistent estimates of M. tuberculosis transmission
rates in household contacts do not exist.

Infection with M. tuberculosis is dependent on
nonlinear contact processes that are determined
by population density as well as other factors. It is
believed that occasional contacts with infectious TB
patients rarely leads to transmission and that most
secondary cases are the results of prolonged and
sustained close contact with a primary case [9].
Classical TB epidemic models incorporate heterogen-
eity via proportional or weighted random mixing
[10], or non-random mixing at the population level
[11]. However, these extensions operate at a single
mixing level and consequently their use in the study of
TB dynamics neglects important features, namely the
relative impact of close contacts. We report herein
the results from a simulation study that used
Greenwood’s chain-binomial model to elucidate the
spread and control of M. tuberculosis among house-
hold contacts of infectious TB patients.

MATERIAL AND METHODS

Epidemiological investigations of M. tuberculosis
infection in household contacts

The study procedures including description of study
design, setting and study population have been re-
ported elsewhere [12], and are briefly outlined here.
A cross-sectional study was conducted during
August—September 1999 in Umerkot Taluka —an
administrative sub-unit of the district of Umerkot,
Sindh Province. It has population of ~0-3 million.
Agriculture is the main occupation in Umerkot.
About 57% of the housing units are single-room
houses with an average household size of five persons.
The local health-care system in Umerkot Taluka is
comprised of a government health centre, a non-
governmental organization clinic, namely Umerkot
Anti-tuberculosis Association (UATA) clinic, and
about 20 private clinics. TB control is provided for
most patients of this study area by the UATA clinic.
The majority of patients are diagnosed and treated
as outpatients. The index TB case was defined as the
first member of a household, aged >15 years, who
presented and registered for TB treatment at the
UATA clinic and was found positive on at least
one acid fast bacilli (AFB) sputum-smear test [13, 14].
A list frame of 680 TB cases maintained at UATA
clinic was obtained and used to select a simple
random sample of 77 index cases based on the
assumptions reported previously [12].
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The household contact was defined as any person
who was over 3 months of age, had lived in the same
house as the index case for at least 3 months and
had slept in the same house for an average of at
least four nights per week for at least 3 months of
co-habitation [15]. During the first visit to the house of
a selected TB index patient, verbal informed consent
was obtained from all persons aged >12 years and
from the parents of household contacts aged <12
years who fulfilled contact definition. Household
contacts of the index case were subjected to a
tuberculin skin test (TST) using the Mantoux method
in order to categorize them as infected or non-infected
with M. tuberculosis [16, 17]. In total, 385 household
contacts of 77 index patients were included in the
study. The mean (+s.p.) and median number of con-
tacts per case interviewed and tested for TST positivity
were 5:4+3-1 and 4-0 respectively. The prevalence of
M. tuberculosis infection among household contacts
was 49-4% (95% CI 46:9-51-9). There was also a
direct linear relationship between household size and
the number of M. tuberculosis-infected contacts. The
study protocol was reviewed and approved by the
departmental ethics review committee of the Aga
Khan University Hospital.

Greenwood’s chain-binomial model

Greenwood’s chain-binomial model was used to in-
vestigate the infectiousness of M. tuberculosis to the
contacts of TB index cases only in household sizes of
3 and 4 [18], as epidemic patterns for these household
sizes are more consistent with the Greenwood-type
model, while epidemic patterns for the larger house-
hold sizes tend to be more compatible with a
Reed-Frost type model [19]. We were unable to
identify the links of the chain within households;
therefore, the data on the total number of cases that
occurred in each household were used. Greenwood’s
chain-binomial model takes the following form:

j—a

n—a k n—a—k
aPnj:Z< k >Pq kPn—a.j—aa

k=1

where ,P,;=the probability that a group of total size n
will have total j cases when there are a introductions
(where a<j<n); k=number of cases and n—a—k=
uninfected susceptibles; P, _, ;_,=the probability of
a further J—a new cases (including k) to make j in all.

The model was programmed in spreadsheet soft-
ware (Excel v. 7.0; Microsoft Corp., Redmond,
WA, USA).
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Model assumptions

Any disease qualifying for the application of
Greenwood’s chain-binomial model must have the
following features:

(1) it must be highly infective;

(2) its transmission period must be short relative to
the incubation period and where these are not
known, there must be evidence of time-clustering
of cases in an epidemic situation;

(3) itmustproducelastingimmunity after aninfection;

(4) its incubation period must be constant.

The above criteria in general seem to be satisfied by
the characteristics of M. tuberculosis infection. But for
criterion (3), the duration of immune state following
M. tuberculosis infection is quite variable; however,
identified infectious cases undergo antibiotic therapy,
and no longer remain infectious. For criterion (4),
the incubation period of M. tuberculosis infection
is somewhat variable, this assumption is, therefore,
slightly violated but assuming that all the contacts
were equally susceptible because of poor nutritional
status and genetic homogeneity the mean incubation
period could be considered as constant (3 months).

Parameter estimates

The chain-binomial probability (P) of M. tuberculosis
transmission from infectious index case to household
contact was estimated from the observed data using
the maximum-likelihood method [18] separately for
both 3- and 4-person households with spreadsheet
add-in (Solver; Microsoft Corp.). The maximum-
likelihood estimates of probabilities of M. tuberculosis
transmission for the two household sizes were further
used in model simulations. It was also assumed that
the probability of acquisition of infection and house-
hold transmission of M. tuberculosis infection was
homogeneous across all households. With an ad-
ditional assumption that the average chance of infec-
tion from index case to susceptible may vary between
different households according to a 5-distribution, the
maximum-likelihood estimates of P as a function of
x and y (parameters of S-distribution) were obtained
for both household sizes using spreadsheet add-in
(Solver; Microsoft) and used in model simulations.
The following function of the S-distribution was
maximized to seek the estimates of P

1
B(x, )

dF(p, x,y)= P ¢ dp, 0<p<1[20],
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where dF(p, x, y)= the probability density function
as the derivative of cumulative distribution function;
B(x, y)=p-function with parameters x and y,
and x>0 and y>0; p=probability of infection of
susceptibles and is assumed to be same for all mem-
bers of a given household and only varies between
households; g=1—p.

Model simulation

A pre-constructed model in a commercially available
spreadsheet (Solver; Microsoft) and simulation add-in
for Monte Carlo sampling was used (@ Risk, Palisades
Corp., Newfield, NY, USA). For each of the two
household sizes 1000 simulations were run by using
the above calculated estimates of probabilities (P) of
M. tuberculosis transmission from the index case. The
proportions of simulations for the expected data for
each household size were then used to compute the
expected frequency distribution of M. tuberculosis
transmission among contacts and the P value for
goodness-of-fit y? statistic in each case was obtained.
Another set of 1000 simulations for each household
size was run using estimates of x and y, the par-
ameters of S-distribution and P values of goodness-
of-fit y? statistic were obtained as above.

To evaluate control strategies, including efficient
diagnosis, segregation and prompt antibiotic therapy
of the index case to prevent the spread of
M. tuberculosis to household contacts, an improved
chain-binomial probability of M. tuberculosis trans-
mission was used (80% reduction in the estimated
probabilities of transmission). The aforementioned
proposed TB control strategy basically mimics
the WHO recommended DOTS (directly observed
therapy short course) strategy [21], which, if effec-
tively employed is expected to substantially reduce
M. tuberculosis transmission by achieving a corre
sponding cure rate of >80%. For each of the house-
hold sizes, 1000 simulations were run to obtain the
expected distribution of cases. A y* goodness-of-fit test
was carried out to compare the observed and mean
fitted frequency distributions of cases for each of the
two household sizes using an in-built software routine
to evaluate the effect of control strategies.

RESULTS

Maximum-likelihood estimates (+s.E.) of the chain-
binomial probability of M. tuberculosis transmission
within household size of 3 (n; =4) and household size
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Table. Observed and mean simulated (1000 simulations) expected frequencies of infected household contacts
in a study of Mycobacterium tuberculosis spread from index cases under Greenwood’s chain-binomial

probability model

Household size (number of susceptible household contacts plus the index

infectious tuberculosis case)

No. of Household size (n=3)

Household size (n=4)

M. tuberculosis

infected contacts (0] E Prop (0] E Prop

(a) Assumption: uniform risk of M. tuberculosis transmission across households

1 2 1-99 0-497 4 3-82 0-347

2 1 1-16 0-289 1 2:22 0-202

3 1 0-86 0-214 4 2:29 0-208

4 — — — 2 2-67 0-243
P value=0-978 P value=0-546

(b) Assumption: varying risk of M. tuberculosis transmission across households under S-distribution

1 2 1-99 0-464 4 1-276 0-116

2 1 1-16 0-328 1 0-902 0-082

3 1 0-86 0-208 4 8-822 0-302

4 — — — 2 0-000 0-0

P value=0-0185

P value <0-0001

O, Observed number of M. tuberculosis-infected contacts; E,, expected number of M. tuberculosis-infected contacts under
chain-binomial distribution; Prop, proportion of the 1000 simulations that yielded the E.,; P value, P value associated with
the 2 statistic computed for goodness-of-fit test of observed and expected case frequencies.

of 4 (ny=11) were 0-313+0-008 and 0-325+40-009
respectively. Based on these maximum-likelihood
estimates of M. tuberculosis transmission prob-
abilities, simulated mean expected frequencies for 1, 2
or 3 cases or 1, 2, 3, or 4 cases in 3-person and
4-person households are given in the Table (part a).
The x* goodness-of-fit test of observed and expected
frequencies revealed good fit both for 3-person
(P=0-978) and 4-person (P =0-546) households.

The chain-binomial model was also evaluated un-
der the assumption that the average probability of
M. tuberculosis infection from the TB index case to
household contacts might have been varied across the
households under 3-distribution. The mean simulated
expected frequencies of cases under S-distribution
with parameter estimates for 3-person (x=1-14,
y=0-27) and 4-person (x=0-98, y=0-28) households,
indicated an inadequacy of the chain-binomial model
as revealed by y* goodness-of-fit tests of observed
and expected data both for 3-person (P=0-0185) and
4-person (P <0-0001) households (Table, part b). The
results of simulated M. tuberculosis control strategy
including, efficient diagnosis, segregation and prompt
antibiotic therapy of the index case to prevent the
spread of M. tuberculosis to household contacts
showed significant (P <0-0001) decrease in expected
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frequencies of M. tuberculosis-infected contacts in
households of both sizes (Fig.).

DISCUSSION

The chain-binomial model is an appropriate model
for an infection that spreads directly from one person
to another within the household contacts of an index
case. Furthermore, in comparison with a simple
binomial model, the chain-binomial model fits better
when the data are scanty or the household size is 3 or
4 persons [18]. One of the assumptions for a disease to
be eligible for the application of a chain-binomial
model is that the risk is uniform across all the house-
holds of a given size [18].

Maximum-likelihood estimates (+s.E.) of chain-
binomial probability of M. tuberculosis transmission
within household sizes of 3 and 4 were 0-3134+0-008
and 0-325+0-:009 respectively. Relatively higher
probability (0-46) of M. tuberculosis transmission has
been reported among household contacts of infected
patients in a high incidence area [22]. In contrast,
substantially lower annual risk of M. tuberculosis
transmission has been reported from South-East Asia
(0-001-0-0023) and South and Central America
(0-005-0-015) [23].


https://doi.org/10.1017/S0950268806006364

A model for intra-household spread of M. tuberculosis 31

4.0
35
3.0
2.5
2-0
15

Number of households

1 2 3
Number of cases

10
0 l_\ .=._
0-0 T .

)

Number of households
S~ N Wh WUV OO

M NS

Number of cases

Fig. Comparison of observed (M) and simulated ([J) (1000 simulations) case frequencies after instituting the control pro-
gramme in (a) 3-person households (32 P value =0-00019) and () 4-person households (x* P value <0-0001).

We simulated the observed data under both as-
sumptions, i.e. uniform risk of transmission across
the households and variable risk of transmission
between households under S-distribution. Our results
showed excellent fit of observed and expected fre-
quency distributions under the chain-binomial model
with assumption of uniform risk of M. tuberculosis
transmission, whereas, the chain-binomial model
under the assumption of S-distribution exhibited poor
fit. However, we cannot rule out several confounding
effects which may influence the risk of M. tuberculosis
transmission across households including age of con-
tact, duration of cough, presence of pulmonary cavity
and grade of sputum smear of index patient [24].
We have also previously demonstrated that in this
particular population of household contacts there was
a linear increase in M. tuberculosis positivity with
increase in household size [12]. The chain-binomial
model is also an appropriate model if there is an
increase in subsequent attack rate with an increase
in household size [18]. However, epidemic patterns in
larger household sizes is aptly more compatible with
the Reed—Frost type model [19].

The mechanism of person-to-person spread of
M. tuberculosis infection is in-line with its known
epidemiology. The fit of chain-binomial model-
based simulated results with actual experience in the
3-person and 4-person households suggests that
M. tuberculosis may be spread by a person from inside
the family. It has been argued that in areas with high
TB incidence, the risk of transmission from sources
beyond the index case in the household may be much
higher than in areas with low incidence [22, 25].
However, no extra-household risk factor for the ac-
quisition of M. tuberculosis infection among these
household contacts could be identified [12].
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We had a sample of observed data for only four and
11 housing units for 3-person and 4-person household
sizes and the maximum-likelihood estimates of chain-
binomial probability of M. tuberculosis transmission
from the TB index case to susceptible household
contacts were 0-313 and 0-325 respectively. These
estimates of M. tuberculosis transmission probabilities
are quite high and perhaps reflect the high in-
fectiousness (AFB smear positive) of index cases.
Furthermore, the poor nutritional status of the sus-
ceptible population in the study area might have
enhanced their vulnerability to M. tuberculosis in-
fection. Therefore, these estimates of M. tuberculosis
transmission probabilities should be taken into con-
siderations in the design of any control programme.

The TB control strategy evaluated in this study was
the efficient diagnosis, segregation and prompt anti-
biotic therapy of an index case, which closely follows
the WHO recommended DOTS approach [21].
Assuming that strategy, when put in place, would
reduce the estimated probability of M. tuberculosis
transmission by 80%, the simulated results of the
chain-binomial model predicted a substantial and
significant reduction in the number of M. tuberculosis-
infected household contacts of infectious TB index
cases. We are not aware of any simulation study that
has used a chain-binomial model to evaluate control
strategies. However, it has been shown that early
diagnosis and antibiotic therapy narrows down the
time window of infectiousness of index cases and
consequently reduces the risk of M. tuberculosis
infection among household contacts [26]. In this
simulation study, with the proposed control strategy,
we targeted reduction in M. tuberculosis trans-
mission by 80% in accordance with WHO rec-
ommendations. Furthermore, in India [15, 27, 28]
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and other developing countries [29], the WHO
recommended DOTS strategy [21] enabled the
achievement of the desired cure rate of >80% of
TB cases with smear-positive sputum, resulting in a
substantial reduction in annual risk of new infection.

In conclusion, M. tuberculosis infection is common
among the household contacts of index cases in a low
socio-economic setting in Pakistan as has been
reported in similar settings in other parts of the world
[30]. Simulation results of the chain-binomial model
also predicted the increased risk of M. tuberculosis
infection among household contacts. Therefore,
improved diagnostic methods, segregation coupled
with prompt antibiotic therapy of the index case,
chemoprophylaxis of TST-positive household con-
tacts of the index case, and assessment of household
environmental risks to devise and implement an
educational programme may reduce the TB burden in
this and similar settings in the region.
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