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Background. In settings of high tuberculosis transmission, little is known of the interaction between human
immunodeficiency virus (HIV) positive and HIV-negative tuberculosis disease and of the impact of antiretroviral
treatment (ART) programs on tuberculosis transmission dynamics.

Methods. Mycobacterium tuberculosis isolates were collected from patients with tuberculosis who resided in a
South African township with a high burden of tuberculosis and HIV infection. Demographic and clinical data were
extracted from clinic records. Isolates underwent IS6110-based restriction fragment length polymorphism analysis.
Patients with unique (nonclustered) M. tuberculosis genotypes and cluster index cases (ie, the first tuberculosis case
in a cluster) were defined as having tuberculosis due to reactivation of latent M. tuberculosis infection. Secondary
cases in clusters were defined as having tuberculosis due to recent M. tuberculosis infection.

Results. Overall, 311 M. tuberculosis genotypes were identified among 718 isolates from 710 patients; 224 (31%)
isolates were unique strains, and 478 (67%) occurred in 87 clusters. Cluster index cases were significantly more likely
than other tuberculosis cases to be HIV negative. HIV-positive patients were more likely to be secondary cases
(P=.001), including patients receiving ART (P =.004). Only 8% of cases of adult-adult transmission of tuberculosis
occurred on shared residential plots.

Conclusions. Recent infection accounted for the majority of tuberculosis cases, particularly among HIV-positive
patients, including patients receiving ART. HIV-negative patients may be disproportionally responsible for ongoing
transmission.
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Despite recent gains in the global fight against tubercu-
losis, this disease remains a significant cause of morbidity
and mortality in developing countries [1],and additional
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strategies are required in combination with directly ob-
served therapy, short-course (DOTS) to control endemic
tuberculosis. These adjunctive strategies will need to be
tailored to the specific nature of each epidemic. For ex-
ample, where Mycobacterium tuberculosis infection
rates are especially high and progression from recent in-
fection is an important driver of the tuberculosis burden,
an effective intervention to decrease transmission may
have the greatest impact on tuberculosis control [2].
Molecular epidemiology has provided the tools to ex-
plore the diversity of infecting M. tuberculosis strains,
the roles of reactivation and recent transmission in
different settings, and the clinical and social factors
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associated with transmission. In the developed world, reactiva-
tion of previously acquired latent infection is responsible for a
greater proportion of tuberculosis cases than recent transmission
[3], whereas in sub-Saharan Africa, studies have reported that
recent infection is responsible for much of tuberculosis disease
[4-6].

Risk factors for M. tuberculosis transmission, such as young
age [5], prior imprisonment [6], and visitation of social settings
such as bars and churches [6], have been identified in various
lower-middle income countries. Some studies from African
countries with a high tuberculosis incidence have reported a
lack of association between human immunodeficiency virus
(HIV) infection and M. tuberculosis transmission [6-8], with
one study reporting an increased proportion of tuberculosis
cases due to recent infection among older HIV-positive patients
[5]. However, there are few molecular epidemiological studies
describing the interaction between HIV-positive and HIV-
negative tuberculosis disease, and no studies have reported on
the impact of a high coverage antiretroviral treatment (ART)
program on M. tuberculosis transmission.

We assessed the interaction between HIV-positive and
HIV-negative tuberculosis disease and the influence of both
the HIV prevalence and a high-coverage ART program on
M. tuberculosis transmission in a community where the burdens
of tuberculosis disease and HIV infection are high.

METHODS

The study community has been described elsewhere [9-11]: it
is a typical South African periurban township with clear com-
munity boundaries which houses a growing population of ap-
proximately 18000 people. An estimated 10% of the
community population migrates in per year, and emigration
averages 4% [12]. The community consists of a formal sector
with individually numbered serviced plots (approximately
78% of the community) and an informal sector of shacks shar-
ing communal services. From 1 to 22 houses are built on a sin-
gle plot (average density, 4 houses/plot). The prevalence of
HIV infection among adults in the community is 23%-25%
[10,13, 14]. ART provision was initiated in 2005, and the pro-
gram has followed national treatment guidelines: patients with
CD4" T-cell counts of <200 cells/uL or World Health Organi-
zation (WHO) stage 4 HIV disease eligible for ART [15], with
the exception that from 2005 to 2008, patients with a CD4" T-
cell count of <350 cells/pL or WHO stage 3 or 4 disease were
eligible for treatment [16]. The single primary care clinic pro-
vides tuberculosis care as per the South African National Tu-
berculosis Control Program guidelines [17], employing
passive case detection with WHO-recommended DOTS.
Despite the extensive ART program and tuberculosis treat-
ment completion rates of nearly 80% [11, 18] high tuberculosis
notification rates of approximately 2000 cases/100 000 persist

in this community [11]. Furthermore, the community
M. tuberculosis transmission rate is high, with an annual
risk of M. tuberculosis infection of 4.1% [19].

Patient Population

The study population comprised of all tuberculosis patients,
resident in the communityand notified from 2001 t0 2010. Demo-
graphic and clinical data, were extracted from the tuberculosis
register and clinic records. Social epidemiological data, including
places of social congregation, were obtained by interviewer-
administered questionnaires completed by patients with tuber-
culosis from 2006 to 2010. The study was approved by the Human
Research Ethics Committee of the University of Cape Town and
the Institutional Review Board of Rutgers, the State University of
New Jersey. Patients provided written informed consent.

Laboratory Procedures

The sputum specimen collection and investigations have been
previously described [9], but in short complied with the Nation-
al Tuberculosis Program diagnostic protocol [17]. In addition,
from 2006 all smear-negative specimens were also cultured on
Lowenstein—Jensen (LJ) medium and isoniazid (INH) and ri-
fampicin (RIF) susceptibility testing was extended to include
all cultured specimens, regardless of clinical indication. All pos-
itive culture isolates were stored at —70°C at the research labo-
ratory at the Institute of Infectious Disease and Molecular
Medicine at the University of Cape Town. Culture stocks were
shipped to the Public Health Research Institute (PHRI) Tuber-
culosis Center at Rutgers, the State University of New Jersey.

Genotyping Analysis

IS6110-based Restriction Fragment Length Polymorphism
(RFLP) genotyping and analysis of M. tuberculosis strains per-
formed at the PHRI Tuberculosis Center has been described in
detail previously [9]. A strain family was defined as a group of
strains that exhibited similar but not identical IS6110 hybridiza-
tion profiles, suggesting relatedness by descent (eg, W-Beijing
family) [20]. Strains with <6 copies of IS6110 are poorly differ-
entiated by RFLP analysis and were excluded from analysis [20].

Definitions

An adult tuberculosis case was defined as a patient aged >15
years with tuberculosis. A unique strain was defined as an iso-
late with an RFLP pattern that occurred in only 1 patient within
the study data set. Strain clusters were defined as >1 occurrence
of a specific strain in different individuals during the study pe-
riod [21]. The index case in each cluster was temporally defined
as the first case diagnosed within the cluster, and subsequent
patients in the clusters were defined as secondary cases. Unique
cases and cluster index cases were presumed to be due to reac-
tivation of latent M. tuberculosis infection or to recent infection
acquired outside the study community (referred to as “reactiva-
tion cases” below), and secondary cases in clusters presumed to
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be due to recent exogenous infection (“n-1 method” [21]). Re-
treatment tuberculosis cases, resulting from relapse of the same
strain in the same individual, were excluded from clustering
analyses; any case of retreatment tuberculosis that was due to
a M. tuberculosis strain that differed from the strain causing
the previous disease episode was included.

Data Analysis

Data were analyzed using Stata, version 13.0 (StataCorp, College
Station, TX). Bivariate analyses used Wilcoxon rank sum and y
tests, as appropriate. Multivariate logistic regression models
were developed to examine factors associated with dominant
strain families and with unique, index, and secondary cases.
All statistical tests were 2-sided at an o level of 0.05. The analysis
of the geographical distribution M. tuberculosis strains was re-
stricted to residents in the formal sector, who use the assigned
plot number as their address. The ArcMap 10 (Esri) geographic
information system (GIS) was used to illustrate the spatial dis-
tribution of M. tuberculosis strains occurring in pairs during the
course of the study.

RESULTS

From 2001 to 2010, there were 1353 smear- and/or culture-
positive pulmonary tuberculosis cases diagnosed in the com-
munity. M. tuberculosis cultures were obtained from 1011
sputum-positive cases (75%), and 789 had RFLP patterns avail-
able (78% of collected specimens). Reasons for missing speci-
mens or genotyping data are described elsewhere [9]. Patients
with RFLP data did not differ from those without RFLP data
with regard to age, sex, HIV status, or ART use (Table 1). We were
less likely to obtain RFLP data for patients with tuberculosis
who died (P =.01) and more likely to obtain RFLP data for pa-
tients with MDR tuberculosis (P =.02). There were no differ-
ences in other tuberculosis outcomes or the proportion of
new cases and retreatment cases between patients with and
those without RFLP data.

While genotyping data were available for 789 tuberculosis ep-
isodes, strains identified in 79 patients had <6 copies of IS6110.
These patients did not differ from those with strains having >6
copies of IS6110 in terms of age, sex, HIV or ART status, new or
retreatment tuberculosis cases, or tuberculosis treatment out-
comes (data not shown).

The median age of the 710 patients with RFLP results was 32
years (interquartile range [IQR], 26-39 years), 14 patients (2%)
were children, and 410 (58%) were male. A total of 24 patients
(3%) had MDR tuberculosis, and no cases of extensively drug-
resistant tuberculosis were identified. Treatment outcomes were
as follows: 550 (77%) completed tuberculosis treatment, 59 (8%)
were transferred out of the community before treatment com-
pletion, 60 (8%) interrupted treatment, 29 (4%) died, 10 (1%)
did not respond to treatment, and 2 with MDR tuberculosis

Table 1. Comparison of Demographic and Tuberculosis
Characteristics Among patients With and Those Without
Mycobacterium tuberculosis Genotyping Data

Patients Patients With
Without RFLP RFLP Data P
Characteristic Data (n =564) (n=789) Value
Age, y, median (IQR) 33 (27-41) 33 (27-40) 31
Male sex 322 (57) 462 (59) .59
Tuberculosis category
New case 392 (70) 561 (71) 53¢
Retreatment after 74 (13) 84 (11) 168
previous cure
Retreatment after 71 (13) 101 (13) 912
previous completion
Retreatment after 23 (4) 38 (5) 528
treatment
interruption
Retreatment after 4(1) 5(1) 878
treatment failure
Confirmed MDR 7 (1) 24 (3) .02
tuberculosis
Tuberculosis outcome
Cured/treatment 427 (76) 611 (78) 442
completed
Treatment interrupted 43 (8) 66 (8) .62
Treatment failure 2 (0.4) 11 (1) .05°
Transferred out of 48 (9) 66 (8) .92
community
Died 41 (7) 31 (4) .01°@
HIV status®
Known 501 (89) 721 (91) 12
Negative 189 (38) 259 (36)
Positive 312 (62)° 462 (64) 52
Receiving ART 49 (16) 105 (23) .80¢

Data are median value (interquartile range) or no. (%) of specimens.

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus;
MDR, multidrug resistant; RFLP, restriction fragment length polymorphism.

@ Compared with all other categories/outcomes combined. Outcomes for 7
specimens were unknown.

® Data exclude those with an unknown HIV status.
¢ P=.001, compared with all other strains.
9 Adjusted for year, to account for ART rollout.

had an unknown treatment outcome. Of 648 patients (91%)
who were tested for HIV, 412 (64%) were HIV positive; of these
412, 96 (23%) were receiving ART at the time of tuberculosis
diagnosis. Of the 710 patients with RFLP data, 9 were infected
with 2 different M. tuberculosis strains; for 1 patient, the second
strain was not fully genotyped (it was a variant of W-Beijing).
Therefore, 718 isolates had RFLP patterns available for analysis.

Dominant Strain Families

Over the 10-year study period, 311 discrete M. tuberculosis
strains were identified within 53 families. The dominant strain
families were W-Beijing (32%), CC-related (30%), and BM (5%;
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Table 2.

Demographic and Tuberculosis Disease Characteristics

of Mycobacterium tuberculosis Strain Families Identified in the

Community
W-Beijing Family CC-Related Family BM Family Other Strain

Characteristic (n=229) (n=214) (n=38) Families (n =237)
M. tuberculosis strains in family/families, no. 52 84 26 149
Age, y 33 (27-40) 31 (25-39) 32 (28-41) 33 (27-39)
Male sex 128 (56) 126 (59) 24 (63) 136 (57)
Tuberculosis category

New case 158 (69) 153 (71) 27 (71) 171 (72)

Retreatment 71 (31) 61 (29) 11 (29) 66 (28)
Drug resistance

Any 18 (8) 9 (4) 3(8) 16 (7)

Confirmed MDR 12 (5) 2 (1) 1(3) 9 (4)
HIV positive

Overall® 147 (72) 120 (63) 15 (44) 132 (58)

Receiving ART 49 (16) 24 (20) 3(20) 31 (23)
CD4* T-cell count, cells/ul 151 (44-291) 114 (43-235) 105 (74-223) 118 (65-243)

Data are median value (interquartile range) or no. (%) of M. tuberculosis strains, unless otherwise indicated.

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; MDR, multidrug resistant.

@ Data exclude those with an unknown HIV status.

Table 2). When compared to all other strains, the W-Beijing
family was associated with HIV infection (P =.001), an associ-
ation that persisted after adjustment for age and sex (odds ratio
[OR], 1.8; 95% confidence interval [CI], 1.2-2.5). Among HIV-
positive patients, the W-Beijing family was not associated with
ART status (P = .27) or CD4" T-cell count (P =.34). W-Beijing
strains were not associated with monodrug-resistant and/or
poly-drug-resistant tuberculosis (P =.28), although there was
a borderline association with MDR tuberculosis (P =.05). The
CC-related family was not associated with HIV status
(P =.98) but was negatively associated with MDR tuberculosis,
even after adjustment for age, sex, and HIV status (OR, 0.13;
95% CI, .02-.9). The BM family strain was associated with
HIV-negative status, even after adjustment for age and sex
(OR, 0.44; 95% CI, .2-.9), but was not associated with MDR tu-
berculosis (P = .80). There was no statistical association between
these dominant M. tuberculosis families and age or sex.

Clustering

Of the 718 M. tuberculosis isolates, 224 (31%) were unique
strains, 478 (67%) were clustered (Table 3), and 16 (2%) were
reactivation of a previous strain in retreatment patients. There
were 87 strain clusters in this community, ranging in size
from 2 to 85 patients (mean cluster size, 5.5 patients). Of
these 87 cluster index and 391 secondary cases, 38 (44%) and
245 (63%), respectively, were HIV positive. Use of the n — 1
method calculated that 54% of tuberculosis cases were due to
recent exogenous infection. At least 61% of clusters were com-
posed of both HIV-positive patients and HIV-negative patients,
with a further 9% possibly including both HIV-positive patients

and HIV-negative patients (the HIV status unknown for some
individuals in clusters). Overall, 23% and 7% of clusters com-
prised HIV-positive patients only and HIV-negative patients
only, respectively. All HIV-negative clusters were couplets,
whereas HIV-positive clusters ranged from 2 to 4 patients in
size (median, 2 patients; IQR, 2-3 patients).

Figure 1 shows the proportions of unique, index and second-
ary M. tuberculosis isolates and the distribution of HIV in each
of these groups. Among the 14 childhood tuberculosis cases, 9
(64%) were in clusters, and 2 were the index case in their cluster
(ages, 6 and 13 years). In a multivariate model, clustering was
not associated with study year, age, sex, HIV status, or ART
use. However, index cases were significantly more likely than
all other tuberculosis cases to be HIV negative (OR, 1.9; 95%
CI, 1.2-3.1), but the 2 groups of cases did not differ in terms
of age (P=.11) or sex (P=.28). HIV-negative index cases
were more likely to be sputum-smear positive, compared with
HIV-positive index cases (97% vs 71%; P =.002). The associa-
tion between index cases and HIV-negative patients persisted in
multivariate analysis that adjusted for age, sex, and sputum-
smear-positive status (OR, 1.9; 95% CI, 1.2-3.0).

The cohort constituted 311 cases (44%) that were unique or
cluster index cases (ie, reactivation cases), of which 51% were
known to be HIV positive (Table 3). Compared with recent in-
fection cases (ie, secondary cases), reactivation cases were more
likely to occur in HIV-negative patients (Figure 1), and this as-
sociation persisted after adjustment for age and sex (OR, 1.7;
95% CI, 1.2-2.4). Among HIV-positive patients, reactivation
cases were less likely to be receiving ART, even after adjustment
for age and sex (OR, 0.5; 95% CI, .3-.8), but they were not
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Table 3. Demographic, Clinical, and Tuberculosis Characteristics of Clustered and Nonclustered Mycobacterium tuberculosis Strains

Identified in the Community

Reactivation (ie, Unigue and
Nonclustered Clustered Index and Unique) Secondary Index Cases Secondary Cases

Characteristic Strains (n=224)  Strains (n=478) (n=311) Cases (n=391) (n=87) (n=615)
Age, y 33 (26-40) 32 (27-39) 32 (26-39) 33 (27-39) 31 (25-37) 33 (27-39)
Sex

Male 131 (58) 276 (58) 179 (568) 228 (58) 48 (6b) 359 (58)

Female 93 (42) 202 (42) 132 (42) 163 (42) 39 (45) 256 (42)
Tuberculosis category

New case 170 (76) 339 (71) 236 (76) 273 (70) 66 (76) 443 (72)

Retreatment 54 (24) 139 (29) 75 (25) 118 (30) 21 (24) 172 (28)
Smear positive 178 (80) 398 (83) 252 (81) 324 (83) 74 (85) 502 (82)
Confirmed MDR 7 () 16 (3) 9 (@) 14 (4) 2(2) 21 (3)

tuberculosis
HIV status

Known 206 (92) 432 (90) 282 (91) 356 (91) 76 (87) 562 (91)

Negative 84 (41) 122 (59) 122 (43) 111 (31) 38 (50) 195 (35)

Positive

Overall 149 (34) 283 (66) 160 (57) 245 (69) 38 (50) 367 (65)
Receiving ART 22 (18) 73 (26) 26 (16) 69 (28) 4 (11) 91 (25)

CD4* T-cell 130 (71-218) 124 (47-245) 130 (72-219) 117 (44-252) 166 (84-219) 124 (55-243)

count, cells/ul

Data are median value (interquartile range) or no. (%) of M. tuberculosis strains.

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; MDR, multidrug resistant.
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Figure 1. Distribution of unique, index and secondary Mycobacterium
tuberculosis isolates, overall and by human immunodeficiency virus status.

associated with CD4" T-cell count (P =.84). Conversely, sec-
ondary cases (composing 60% of the HIV-positive disease bur-
den) were more likely to be HIV positive and receiving ART.
Among the 95 patients who were receiving ART at the time of
tuberculosis diagnosis, 69 (73%) were secondary cases, 22 (23%)
were unique cases, and 4 (4%) were index cases. The median
time from starting ART to receiving the tuberculosis diagnosis
was 46 months (IQR, 14-82 months). There was no difference
in the median time from starting ART between secondary cases
and either index cases (P =.91) or reactivation cases (P =.18).

Transmission in the Household and Other Locations
Of the 556 adult patients with tuberculosis living in the formal
sector of the community, 249 (45%) shared a residential plot
with 1 or more adults with tuberculosis. However, only 8% of
adults shared a residential plot with another adult infected with
the same M. tuberculosis strain. Figure 2 shows adult couplets dis-
tributed throughout the community. Of the 9 children included in
clusters, 4 were on the same plot as an adult with tuberculosis who
had the same M. tuberculosis strain, and 2 additional children
who shared a residential plot were infected with the same strain.
Multivariate models that adjusted for age and sex showed that
among the 514 patients who completed the social questionnaire,
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orientation has been changed for purposes of confidentiality. Abbreviation: RFLP, restriction fragment length polymorphism.

clustering was not associated with shebeen (informal tavern), clin-
ic/hospital, or church attendance in the previous 12 months
(P=.14, P=.71, and P=.78, respectively). Clustering was
also not associated with reported regular use of minibus taxis
(P=.43).

DISCUSSION

This study community was geographically well defined, had a
substantial tuberculosis and HIV burden, extensive diversity
of M. tuberculosis strains and strain families, a high degree of
tuberculosis treatment completion, and a high-coverage ART
program. The study used GIS technology linked to genotyping
and clinical information. Together, these factors enabled us to
assess clustering and transmission in the community, both
overall and by HIV and ART status. Recent transmission was
responsible for as much as 54% of overall tuberculosis cases and
for 60% of cases among HIV-positive patients. HIV-negative
patients accounted for a disproportionally high number of cluster
index cases.

It has been suggested that different M. tuberculosis lineages
have adapted to specific human populations and that HIV in-
fection may disrupt this geographic sympatric human host-
M. tuberculosis relationship [22]. Here we report an association
between W-Beijing strains and HIV-infected patients. Together
with previous reports of W-Beijing as an emerging and diversi-
fying M. tuberculosis family in Cape Town [23, 24], this finding
may be an example of such a shift in host-pathogen relation-
ships. Of interest was the lack of association between W-Beijing
infection and ART treatment or CD4" T-cell count, which may
indicate that this phenomenon is not driven by the extent of im-
mune suppression, but rather is the result of an as yet not un-
derstood fundamental change in host protective immunity
against M. tuberculosis W-Beijing infection following HIV
infection.

Cluster analysis showed that HIV-positive tuberculosis disease
and HIV-negative tuberculosis disease are not independent of
one another, as indicated by the majority of clusters containing
both HIV-positive and HIV-negative patients. Cluster index pa-
tients had nearly twice the odds of being HIV negative,
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suggesting that HIV-negative patients may be disproportionally
responsible for transmission in the community. Available data re-
port that, following M. tuberculosis infection, HIV-positive pa-
tients progress more rapidly to tuberculosis, compared with
their HIV-negative counterparts [25-27]. The more rapid pro-
gression to tuberculosis disease and possible clinical presentation
of HIV-positive patients with tuberculosis, as well as characteris-
tics such as paucibacillary disease, may account for the apparent
lower transmission rate from these patients. However, this simple
analysis does not take into account secondary transmission with-
in clusters, and more-detailed genetic analysis, such as whole-ge-
nome sequencing of clusters, is required. Our study also reported
that tuberculosis among HIV-positive patients was more com-
monly due to recent infection, and this trend was also evident
in patients receiving ART. In Cape Town, >60% of patients
have already had or currently have tuberculosis at ART initiation
[28], and this is likely to be due to reactivation of latent infection.
Subsequently, during ART, the tuberculosis risk for most patients
is due to newly acquired M. tuberculosis infection. Ongoing
transmission is therefore an important contributor to the persis-
tent risk of tuberculosis among ART recipients. In addition to
this time effect, the dynamic process of declining and recovering
CD4" T-cell counts, together with the higher CD4" T-cell count
threshold for initiating ART in this community, may also explain
the lack of association with CD4" T-cell count and reactivation of
or reinfection tuberculosis disease.

The high rates of disease due to recent infection reported in
this study are in keeping with the substantial tuberculosis
transmission rates in this community [29]. Nonetheless, the
proportion of reactivation versus newly infected cases is
most likely overrepresented in this analysis. First, nearly
50% of children had unique strains or were index cases for a
cluster. As tuberculosis in young children is predominantly
the result of recent adult transmission [30], these data suggest
that the source case for these children was missed in this study.
Social interaction data from this community have previously
shown that at least 50% of casual indoor contacts occurred
outside of the study community [31], and this may partially
explain unidentified source cases. Second, data censoring
due to the data collection period and incomplete sampling
(52% of sputum-positive pulmonary tuberculosis cases were
included in the analysis) may have resulted in some strains
being mistakenly classified as unique. Furthermore, transmis-
sion may result in sputum-negative pulmonary tuberculosis or
extrapulmonary tuberculosis, and we were unable to assess M.
tuberculosis genotypes in patients with these tuberculosis pre-
sentations. Therefore, recent transmission is likely responsible
for a greater proportion of the tuberculosis cases than estimated
in this study.

This study was unable to identify associations between specif-
ic community-based locations or public transport and cluster-
ing. Of note was the lack of association between ART use and

clustering and the wide variety of strains among patients receiv-
ing ART. This finding, together with the lack of association be-
tween clustering and clinic attendance, suggests that the clinic
was not a significant location for tuberculosis transmission to
vulnerable patients in this community. Also of interest was
the low proportion of adult-to-adult transmissions occurring
in households (<10%). This finding may, in part, explain the
limited impact of household-based enhanced case-finding in-
terventions [32].

We inferred recent transmission of tuberculosis from clus-
tered strains. Despite the traditional interpretation of identical
strains as epidemiologically linked, it is important to recognize
that clustering is not synonymous with recent transmission. In
areas of high incidence, the proportion of clustered cases is in-
fluenced by factors such as the background strains, the annual
risk of infection, the age of the population, the geographic dis-
tribution [23,33], the study duration [34, 35], the sampling strat-
egies and percentages [36, 37], and the genotyping methods.
The interpretation of clustering as evidence of transmission is
enhanced in our study by the long study duration of 10 years
[35, 38], the substantial tuberculosis transmission rates [19],
and the high diversity of strains in the community. In addition,
IS6110 fingerprinting is one of the most discriminatory typing
techniques for isolates with >6 IS6110 bands, such as the CC
and W-Beijing families [20].

A limitation of this study was that sputum samples and RFLP
data were not collected for all patients with tuberculosis in this
community over the study period. However, the incomplete
sampling appears to be random: the only difference among pa-
tients with pulmonary tuberculosis for whom we did not obtain
genotyping data was a higher mortality and lower MDR tuber-
culosis rate. Because of the incomplete sampling from the study
population, the number of circulating strains, the number of
clusters, and the size of clusters may have been underestimated
[36, 37]. Moreover, our assessment of social factors associated
with transmission used relatively crude measures for possible
social influences, and in the future more-detailed studies of
these factors will be required.

In summary, this study showed that the HIV-associated and
HIV-unassociated tuberculosis epidemics were not indepen-
dent. Furthermore HIV-positive patients may be responsible
for proportionally less of the tuberculosis transmission in this
community. Of importance is the finding that recent transmis-
sion is responsible for the majority of tuberculosis cases in a set-
ting where the burdens of HIV infection and tuberculosis are
high. This finding was particularly marked among HIV-positive
patients, including patients receiving ART, suggesting that ART
may not provide protection against progression to tuberculosis
following recent infection. Finally, the household was not the
key location for adult-to-adult transmission.

These findings have important implications for tuberculosis
control. The impact of high ongoing transmission rates on INH
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preventive therapy programs must be considered. Furthermore,
our attention and interventions need to expand beyond HIV-
positive patients and include reducing transmission from
HIV-negative patients. Such efforts may be guided by the iden-
tification of the factors and locations associated with transmis-
sion in these settings.
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