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The Association Between Social Network Characteristics
and Tuberculosis Infection Among Adults in 9 Rural
Ugandan Communities
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Diane V. Havlir,' and Maya L. Petersen®

'Division of HIV, Infectious Diseases, and Global Medicine, Department of Medicine, University of California, San Francisco, California, USA; 2Department of Biostatistics, University of Washington,
Seattle, Washington, USA; ®Infectious Diseases Research Collaboration, Kampala, Uganda; *Division of Biostatistics, School of Public Health, University of California, Berkeley, Berkeley, California,
USA; ®School of Medicine, Makerere University College of Health Sciences, Kampala, Uganda; and ®Center for AIDS Prevention Studies, School of Medicine, University of California, San Francisco,
San Francisco, California, USA

Background. Social network analysis can elucidate tuberculosis transmission dynamics outside the home and may inform
novel network-based case-finding strategies.

Methods. We assessed the association between social network characteristics and prevalent tuberculosis infection among
residents (aged >15 years) of 9 rural communities in Eastern Uganda. Social contacts named during a census were used to
create community-specific nonhousehold social networks. We evaluated whether social network structure and characteristics
of first-degree contacts (sex, human immunodeficiency virus [HIV] status, tuberculosis infection) were associated
with revalent tuberculosis infection (positive tuberculin skin test [TST] result) after adjusting for individual-level risk factors
(age, sex, HIV status, tuberculosis contact, wealth, occupation, and Bacillus Calmette-Guérin [BCG] vaccination) with targeted
maximum likelihood estimation.

Results. Among 3 335 residents sampled for TST, 32% had a positive TST results and 4% reported a tuberculosis contact. The
social network contained 15 328 first-degree contacts. Persons with the most network centrality (top 10%) (adjusted risk ratio, 1.3
[95% confidence interval, 1.1-1.1]) and the most (top 10%) male contacts (1.5 [1.3-1.9]) had a higher risk of prevalent tuberculosis,
than those in the remaining 90%. People with >1 contact with HIV (adjusted risk ratio, 1.3 [95% confidence interval, 1.1-1.6]) and
>2 contacts with tuberculosis infection were more likely to have tuberculosis themselves (2.6 [ 95% confidence interval: 2.2-2.9]).

Conclusions. Social networks with higher centrality, more men, contacts with HIV, and tuberculosis infection were positively
associated with tuberculosis infection. Tuberculosis transmission within measurable social networks may explain prevalent
tuberculosis not associated with a household contact. Further study on network-informed tuberculosis case finding
interventions is warranted.

Keywords. tuberculosis infection; social network analysis; tuberculosis case finding.

More than a quarter of the world’s population is infected with tuberculosis transmission is thought to occur outside the house-

tuberculosis [1]. In high-tuberculosis burden areas, an estimat-
ed 80% of these infections are acquired outside the home [2-4].
Household contact tracing is effective for identifying new cases;
however, even if implemented at full scale, this approach is in-
sufficient to reach global tuberculosis targets because much of
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hold [5]. Social network- and venue-based strategies have the
potential to complement household contact tracing and identify
people who acquire tuberculosis infection in the community [6—
10]. However, for such a strategy to succeed, formative data on
the relationship of the sociospatial network—where and with
whom one socializes—and risk of tuberculosis acquisition is
needed to inform novel case finding and prevention interven-
tions that address transmission outside the home.

Social network analysis is well suited to elucidate tuberculosis
transmission in the community [8, 10-12]. It can map sources
and patterns of person-to-person spread of infectious diseases
and identify networks of people at high risk for a given disease
by nature of shared behaviors and shared aggregate spaces (eg,
bars, places of worship, schools, and workplaces) [3, 13-16]. In
the context of tuberculosis, social network analysis has primar-
ily been used to identify transmission networks of active
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tuberculosis disease, but few studies include latent tuberculosis
infection (LTBI) [10]. The few existing studies that include LTBI
and social networks suggest a link between social network struc-
ture and tuberculosis infection and the possibility of enhanced
efficiency and identification of new cases using social network
informed case finding [8, 11, 17]. These studies, however, are
predominantly from settings with a low tuberculosis burden
and within the context of outbreak investigation.

To address these knowledge gaps, we sought to assess wheth-
er the characteristics of nonhousehold social networks in 9 ru-
ral communities in Uganda, a country with a high tuberculosis
burden, were associated with prevalent tuberculosis infection,
after adjustment for individual-level tuberculosis risk factors.
We hypothesized that individuals with a dense social network
and those who are more central within their network would
have a higher risk of tuberculosis infection, because a greater
overall number of contacts would result in higher chances of
encountering a contact with tuberculosis infection. We also hy-
pothesized that persons with first-degree contacts who have a
higher individual-level risk of tuberculosis (men, people with
human immunodeficiency virus [HIV], people with LTBI)
would themselves have an increased risk of tuberculosis infec-
tion, independent of their own risk factors. This hypothesized
association could be due to due to direct person-to-person
time between close contacts or could be a marker of shared be-
haviors or time spent in venues where the risk of acquiring tu-
berculosis from a casual contact is high.

METHODS

Study Design and Setting

This cross-sectional study was nested within the Sustainable
East Africa Research in Community Health (SEARCH) trial
(NCT01864603). The parent study, the SEARCH trial, was a
32-community cluster-randomized trial of a “universal HIV
test and treat” model in Uganda and Kenya, conducted from
2013 to 2017. The trial’s procedures and outcomes have been
described elsewhere [18].

The nested TB Infection Survey was conducted in a sample
of households from 9 communities participating in the
SEARCH trial in Eastern Uganda.
have been described elsewhere [19]; briefly, in each community
we randomly selected 100 households with an adult with HIV
and 100 households without an adult with HIV (leveraging
the household enumeration and 90% HIV testing coverage in

Survey procedures

the parent trial). Household members received a tuberculin
skin test (TST), a tuberculosis history and symptom screen,
and assessment of Bacillus Calmette-Guérin [BCG] vaccina-
tion. For this analysis, the study population included all partic-
ipants in the nested TB Infection Survey aged >15 years who
had a TST placed and read, and who had >1 nonhousehold
social network contact.

Study Measures and Definitions

Social Networks

During the SEARCH baseline survey in 2013-2014, all partici-
pants aged >15 years were asked to name up to 6 contacts in
each of 5 social domains with whom, over the last 12 months,
they had (1) shared food with outside their household, (2) spent
free time, (3) discussed money matters, (4) discussed health is-
sues, or (5) went to for emotional support.

This name generator was adapted to the local context from
approaches previously used in low- and middle-income coun-
tries [9]. The name, village, and ages of contacts were collected
by field staff on tablet computers. Sociocentric networks of
nonhousehold contacts for each community were separately
constructed using a semisupervised record linkage algorithm
that matches contacts named by each participant (“ego”) to
other enumerated residents (“alter”), as described in prior
work [20, 21]. Networks were visualized with Gephi software
using the Force Atlas2 algorithm for layout [21], with “nodes”
corresponding to individual community residents and “edges”
corresponding to >1 matched contact across social domains.

Tuberculosis Infection Measures

Tuberculosis infection was measured in the nested Household
TB Infection Survey by means of TSTs and results were defined
as positive if the TST induration was >10 mm, or >5 mm for
people with HIV. Receipt of BCG vaccination was defined as
the presence of a BCG vaccine scar on the deltoid region of
the arm or proof by a vaccination record. Throughout this anal-
ysis, we define tuberculosis infection as inclusive of LTBI and
active tuberculosis disease, because tuberculosis disease is un-
derreported and undiagnosed in rural Uganda and cannot be
fully excluded by a negative tuberculosis symptom screen
[22]. The Household TB Infection Survey also collected demo-
graphics (including sex, age, and occupation), personal history
of tuberculosis disease, history of a household contact with tu-
berculosis disease, and mobility (living outside the community
for >6 months). HIV status and household wealth index were
measured during the SEARCH baseline survey. Household
wealth was assessed based on ownership of livestock and house-
hold assets (clock, radio, television, and refrigerator), analyzed
using principal component analysis, and categorized into the
lowest, middle and highest tertiles of the household wealth in-
dex [23, 24].

Statistical Analysis

Demographic variables and network characteristics were de-
scribed overall and stratified by tuberculosis infection status.
Network metrics were assessed on an undirected graph (with
a first-degree contact in a dyad defined as >1 member matched
to the other). Network metrics evaluated as exposures included
the number of first-degree connections (ie, number of
“friends”), eigen centrality (a node with high centrality is one
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with many first- and second-degree connections), hub central-
ity (a variant of eigen centrality that weighs connections differ-
ently), betweenness centrality (a node with high betweenness is
one that is most likely to be included on the shortest path be-
tween any 2 other nodes in the network), and transitivity (pro-
portion of any 3 individuals who all know each other in the
network) [23]. We further evaluated as exposures the sex,
HIV, and tuberculosis infection status of first-degree contacts.

We calculated deciles for each network-based exposure met-
ric and compared (1) persons in the top 10% with those in the
remaining 90% and (2) persons in the bottom 10% with those in
the remaining 90%. Deciles were selected a priori to assess the
association between tuberculosis infection and social network
characteristics in the most connected (top decile), given prior
use of this method in social network analyses including evalu-
ation of dose responses to connectivity [8, 21]. Given the spar-
sity of first-degree contacts who were TST positive or had HIV,
rather than using deciles, we encoded these exposures as having
>1 TST-positive (or HIV-positive) first-degree contact or hav-
ing >2 TST-positive (or HIV-positive) first-degree contacts.

We estimated relative risk of tuberculosis infection for each
of these network-derived exposures, with and without adjust-
ment for individual-level tuberculosis risk factors, including
age, sex, wealth status, mobility, HIV status, household tuber-
culosis contact, BCG vaccination status, and occupation, using
targeted maximum likelihood estimation performed with the
Itmle R package, which allows for flexible nonparametric ad-
justment for covariates while maintaining valid statistical infer-
ence [25]. All analyses accounted for clustering by community
in standard error estimates and incorporated weights to ac-
count for household sampling and TST placement within sam-
pled households. In a sensitivity analysis, we also explored
alternative modeling of the relationships between network-
derived exposure measures (as linear, continuous variables)
and tuberculosis infection risk using generalized estimating
equations with corrections for a small number of clusters.

Because network-based case finding strategies may be effica-
cious, we also assessed whether people cluster by their TST sta-
tus. The extent of first-degree clustering was quantified by the
proportion of all pairs that were TST status concordant (num-
ber of ego-alter pairs that have the same TST status); P values
were computed by randomly permuting individuals’ TST status
within each community.

Ethical Considerations

The Makerere University School of Medicine Research and
Ethics Committee (Uganda), the Uganda National Council
on Science and Technology (Uganda), and the University of
California, San Francisco, Committee on Human Research
(United States) approved the study protocol and consent pro-
cedures. Participants in the TB Infection Survey provided writ-
ten informed consent, and those in the SEARCH baseline

survey provided verbal informed consent with fingerprint bio-
metric confirmation of agreement.

RESULTS

Demographics and Individual-Level Predictors of Prevalent Tuberculosis
Infection

The TSTs were completed in 3335 of the 6118 persons (55%)
registered to the 1380 households in the tuberculosis infection
survey at the time of the baseline census. Among the 3351 par-
ticipants who had a TST completed, 32% had a positive TST re-
sult and 71% had >1 connection to the social networks of
nonhousehold contacts (Supplementary Figure 1). The mean
age of participants who had a TST placed was 39.5 years (stan-
dard deviation, 17.0 years), 60% were women, 26% had HIV,
and 3.5% had a known household tuberculosis contact
(Table 1). Tuberculosis infection was positively associated
with older age, male sex, BCG vaccination, and household tu-
berculosis contact and negatively associated with HIV
(Table 2).

Network Visualization and Characteristics

Overall, the social network contained 2395 participants with
TSTs placed and 15328 first-degree nonhousehold contacts.
A sample visualization of a network from one community, col-
ored by the participants’ TST status, is included as Figure 1. The
network structure is described in Table 3, and the summary of
top and bottom deciles in Supplementary Table 1. The average
number of first-degree contacts [standard deviation] was high-
er among TST-positive people (7.4 [12.1]) than among
TST-negative people (5.8 [5.8]). TST-positive people also had
more first-degree contacts who were male (mean [standard de-
viation], 3.6 [6.0] vs 2.6 [3.3]) and who were TST positive (1.2
[0.5] vs 0.1 [0.4]) (Table 3).

Association Between Prevalent Tuberculosis Infection and Social
Network Characteristics

Adjusting for individual-level risk factors, people in the most
central networks had a higher risk of prevalent tuberculosis
(adjusted risk ratio [aRR], 1.3 [95% confidence interval (CI),
1.1-1.6] for eigen centrality and 1.3 [1.0-1.7] for betweenness
centrality) than those in the bottom 90%. Individuals with
more first-degree contacts (top decile; >13 first-degree connec-
tions) had a higher risk of prevalent tuberculosis infection
(aRR, 1.2 [95% CI, 1.0-1.5]) than those with fewer connections
(although not significant at an a value of 5%). Persons with the
most men in their first-degree contacts (top decile; >8 men)
had a higher risk of prevalent tuberculosis (aRR, 1.5 [95% CI,
1.1-1.9]) than those with fewer male connections (Table 4).
Results from our sensitivity analysis, which treated the
network-derived exposures as linear, continuous variables.
yielded similar results (Supplementary Table 2).
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Table 1. Demographic and Health Characteristics of Adult Residents of
in the Tuberculosis Infection Survey in Rural Uganda Who Were
Connected to Community Social Networks of Nonhousehold Contacts

Participants, No. (%)?

Characteristic

TST Negative TST Positive  Overall
(n=1602) (n=793)  (N=2395)
Age
Mean (SD), y 38.9(17.3) 40.7(16.4) 39.5(17.0)
<20y 242 (15.1) 88 (11.1) 330 (13.8)
>50y 412 (25.7) 234 (29.5) 646 (27.0)
Sex
Male 608 (38.0) 359 (45.3) 967 (40.4)
Female 994 (62.0) 434 (54.7) 1428 (59.6)
Wealth tertile
Low 309 (19.3) 168 (21.2) 477 (19.9)
Middle 556 (34.7) 270 (34.0) 826 (34.5)
High 713 (44.5) 340 (42.9) 1053 (44.0)
Data missing 24 (1.5) 5(1.9) 9 (1.6)
Mobile residents
Yes 230 (14.4) 119 (15.0) 349 (14.6)
No 1372 (85.6) 674 (85.0) 2046 (85.4)
Data missing 0 0 0
HIV
Yes 485(30.3)  141(17.8) 626 (26.1)
No 1117 (69.7) 652 (82.2) 1769 (73.9)
Data missing 0 0 0
Household tuberculosis contact
(ever)
Yes 34 (2.1) 51 (6.4) 85 (3.5)
No 1381 (86.2) 657 (82.8) 2038 (85.1)
Data missing 187 (11.7) 85 (10.7) 272 (11.4)
BCG vaccinated (scar or record)
Yes 1257 (78.5) 650 (82.0) 1907 (79.6)
No 159 (9.9) 59 (7.4) 218 (9.1)
Data missing 186 (11.6) 84 (10.6) 270 (11.3)
Occupation®
Formal 320(20.00 139(17.6) 459 (19.2)
Informal low risk 1191 (74.3) 605 (76.3) 1796 (75.0)
Informal high risk 25 (1.6) 0(1.3) 35 (1.5)
Other 62 (3.9) 33 (4.2) 95 (4.0)

Abbreviations: BCG, Bacillus Calmette-Guérin; HIV, human immunodeficiency virus; SD,
standard deviation; TST, tuberculin skin test.

“Data represent no. (%) of participants unless otherwise specified.

®Occupation classification based on HIV and tuberculosis risk category (high vs low) and
type of sector (formal vs informal). Formal occupations included teacher, student,
government worker, military worker, health worker, and factory worker; informal high
risk, fishmonger, fisherman, bar owner, bar worker, and worker in transportation and
tourism industry; informal low risk, farmer, shopkeeper, market vendor, hotel worker,
household worker, construction worker, and mining worker. “Other” included
participants with no job, those who were disabled, clerical workers, and manual laborers;
data were missing in 20 participants (0.1%).

Having >2 first-degree contacts with tuberculosis was
strongly associated with an increased risk of tuberculosis infec-
tion (aRR, 2.6 [95% CI, 2.2-3.0]) (Table 4). In addition, we de-
tected first-degree clustering by TST status in 5 of the 9
communities at a 5% significance level and 6 of 9 at a 10% sig-
nificance level (Table 5). Persons who had first-degree contacts
with HIV were more likely to have tuberculosis infection (aRR,

Table 2. Unadjusted and Adjusted Associations of Baseline Individual
Covariates and Prevalent Tuberculosis Infection (N = 2395)*

Covariate R (95% ClI) aRR (95% Cl)
Age group

<20y 0.77 (.62-.95) 0.74 (.59-.93)

>20y Reference Reference

>50y 1.13 (1.00-1.28) 1.10 (.97-1.23)

<50y Reference Reference
Sex

Male 1.22 (1.09-1.37)  1.36 (1.20-1.54)

Female Reference Reference
Alcohol use

Yes 1.11 (.96-1.23) 0.91 (.81-1.10)

No Reference Reference
Wealth tertile

Low 1.08 (.94-1.24) 1.14 (.97-1.35)

Middle or high Reference Reference
Mobile residents

Yes 1.03 (.88-1.21) 1.15 (.94-1.40)

No Reference Reference
HIV status

Person with HIV 0.57 (.48-.68) 0.52 (.47-.57)

Person without HIV Reference Reference
BCG vaccinated (scar or record)

Yes 1.26 (1.00-1.58)  1.25 (1.02-1.51)

No Reference Reference
Household tuberculosis contact (ever)

Yes 1.86 (1.71-2.27)  1.97 (1.71-2.27)

No Reference Reference

Abbreviations: aRR, adjusted risk ratio; BCG, Bacillus Calmette-Guérin; Cl, confidence
interval; HIV, human immunodeficiency virus; RR, risk ratio.

®Targeted maximum likelihood was used to estimated unadjusted RRs and aRRs,
accounting for clustering by community; aRRs were adjusted for age, sex, alcohol use,
wealth tertile, resident mobility, HIV status, BCG vaccination, and household tuberculosis
contacts.

1.3 [95% CI, 1.1-1.6] for >1 contact and 1.3 [1.0-1.6] for >2
contacts (Table 4).

DISCUSSION

In this cross-sectional study of residents (aged >15 years) living
in rural communities in Uganda and their social networks of
nonhousehold contacts, we found that people who are more
central (eigen and betweenness centrality) in their nonhouse-
hold social networks had a higher risk of tuberculosis infection
than those who were less central, even after adjustment for
individual-level tuberculosis risk factors. In addition, the char-
acteristics of one’s close contacts are predictive of tuberculosis.
Specifically, people whose immediate social networks contain
more men, more people with HIV, and more persons with tu-
berculosis infection have a higher risk of prevalent tuberculosis
infection. Although we cannot disentangle whether the associ-
ation is directly related to person-to-person spread between
friends or frequenting shared spaces with high risks, such as
bars, these results highlight the fact that tuberculosis infection
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Figure 1.

TST missing

. TST negative
. TST positive

Visualization of a social network in one rural community in Eastern Uganda, by tuberculin skin test (TST) status. Only individuals included in the tuberculosis

infection survey and their first-degree nonhousehold contacts were plotted; colors correspond to individual TST results.

risk differs depending on the characteristics of one’s nonhouse-
hold contacts within measurable social networks—a finding
consistent with the observation that most tuberculosis trans-
mission in settings with high prevalence occurs outside the
household.

In sub-Saharan Africa, men have a higher tuberculosis bur-
den than women [26, 27]. We found that not only do men have
a higher individual-level risk of tuberculosis, but this risk ex-
tends to their social networks. In this study, individuals whose
first-degree social networks contained more men (top decile)
had nearly a 50% higher risk of tuberculosis infection than
those with fewer men in their network. We hypothesize that
this relationship is driven by (1) a higher likelihood of contact
with someone with infectious tuberculosis, because men have a
higher risk of tuberculosis disease compared to women, and (2)
a higher likelihood of being in shared venues where the risk of
acquiring tuberculosis is high owing to poor ventilation and ca-
sual or close contacts in the venue who have a higher
individual-level risk for tuberculosis disease.

Our findings are consistent with modeling and social mixing
studies from Zambia and South Africa that attributed 57% and
67% of tuberculosis infections, respectively, to contact with
adult men [28, 29]. A study from Kampala, Uganda, found sex-
assortive mixing patterns in both people with tuberculosis (cas-
es) and controls and a higher proportion of male contacts in the
egocentric networks of cases compared with controls. These
data suggest that sex-assortive mixing patterns may amplify
sex disparities in tuberculosis disease. Social network strategies
that focus on engaging men and their networks for tuberculosis

prevention and case finding may be high yield and could reduce
sex disparities in tuberculosis infection.

Social network-informed interventions may be an efficient
strategy to reach people with tuberculosis infection not identi-
fied through traditional case finding methods, such as house-
hold contact investigation [10, 11]. Centrality and network
density have been associated with tuberculosis infection in out-
breaks in settings with a low tuberculosis burden. In an out-
break investigation in Japan, contacts with higher network
betweenness scores (top 90%) were more likely to have tuber-
culosis infection diagnosed than contacts with lower scores
[8], and in contact investigation in outbreak settings in the
United States and Canada, tuberculosis contacts in denser por-
tions of sociospatial networks had a higher risk of LTBI [11]. In
the United States, network-informed contact investigations
yielded 7.8-fold more persons with a positive TST result com-
pared with standard contact tracing methods [30]. We identi-
fied an association between eigen centrality and tuberculosis
infection. Focusing tuberculosis contact tracing efforts on con-
tacts and community members with high eigen centrality may
be a high-yield approach, as they have a high number of con-
nections to other highly central people.

Data on social network-based case finding and the associa-
tion with tuberculosis infection are sparse; however, studies
of sociospatial network techniques have successfully identified
“hidden” nonhousehold transmission links between people
with active tuberculosis, including in healthcare venues in a
study from South Africa [31, 32], bars in a study from
Uganda [16], and cinemas, marketplaces, schools, and
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Table 3. Social Network Characteristics of Nonhousehold Contacts of
Adult Residents (N =2395) in the Tuberculosis Infection Survey in Rural
Uganda, Stratified by Prevalent Tuberculosis Infection Status

TST Result TST Result
Negative Positive Overall

Characteristic® (n=1602) (n=793) (N=2395)
No. of 1st-degree contacts

Mean (SD) 5.8(5.8) 7.4(12.1) 6.4 (8.4)

Median (IQR) 4 (2-8) 51(3=9) 4 (2-8)
Eigen centrality, mean (SD)  0.01 (0.04) 0.01 (0.06) 0.01 (0.05)
Transitivity, mean (SD) 0.16 (0.22) 0.15 (0.21) 0.15 (0.22)
Betweenness centrality, 9818 (19039) 16605 (63490) 12012 (39458)

mean (SD)
Hub centrality, mean (SD) 0.007 (0.035)  0.008 (0.045)  0.007 (0.038)
No. of 1st-degree male

contacts

Mean (SD) 2.6 (3.3) 3.6 (6.0) 2.9 (4.4)

Median (IQR) 2 (1-4) 3(1-6) 2 (1-5)
No. of 1st-degree female

contacts

Mean (SD) 3.3(3.8) 3.8(6.5) 3.5(4.9)

Median (IQR) 3 (1-5) 3(1-5) 3 (1-5)
No. of 1st-degree

TST-positive contacts

Mean (SD) 0.1 (0.4) 1.2 (0.5) 0.5 (0.7)

Median (IQR) 0 (0-0) 1(1-1) 0 (0-1)
No. of 1st-degree

HIV-positive contacts

Mean (SD) 0.5(0.8) 0.4 (0.8) 0.5 (0.8)

Median (IQR) 0 (0-1) 0 (0-1) 0 (0-1)

Abbreviations: HIV, human immunodeficiency virus; IQR, interquartile range; SD, standard
deviation; TST, tuberculin skin test.

“Eigen centrality, transitivity, betweenness centrality, and hub centrality are all defined in the
Statistical Analysis section.

transport venues in Peru [15]. The current study is the first of
its kind to look at social network links and tuberculosis infec-
tion on a population level outside of an outbreak setting. Our
findings highlight a potential role for network-informed case
finding because they demonstrate that individuals with >2
nonhousehold contacts with positive TST results have a higher
likelihood of tuberculosis infection themselves. Further study is
needed to assess the yield of network-based case finding for
both tuberculosis disease and latent infection in high-
tuberculosis burden settings.

Our findings are subject to limitations. First, we were unable
to assess transmission chains directly, or to differentiate trans-
missions between casual contacts from shared environmental
risk (eg, social network contacts frequent similar locations to-
gether or independently). However, both mechanisms support
the potential for network-based case ascertainment approaches
to identify new TST-positive cases. Second, not all named con-
tacts were matched, and every matched connection is given the
same weight regardless of its strength; this might bias the re-
ported associations, particularly if network assessment differed
by TST status, as well as potentially affecting sample represen-
Third, reference standard for

tativeness. there is no

Table 4. Unadjusted and Adjusted Associations Between an Individual's
Prevalent Tuberculosis Infection Status and the Characteristics of Their
Social Network, With and Without Adjustment for the Individual's Risk
Factors (N = 2395)*

Characteristic® RR (95% CI) aRR (95% Cl)

No. of 1st-degree contacts

First (most connected) decile® 1.33 (1.09-1.51) 1.22(.98-1.51)

Last (least connected) decile 0.81 (.64-1.02) 0.78 (.62-.99)
Transitivity

First (most transitive) decile 0.92 (.68-1.23) 0.94 (.71-1.26)

Last (least transitive) decile 0.91 (.79-1.06) 0.91 (.78-1.06)

Eigen centrality
1.38 (1.14-1.66)
0.88 (.69-1.12)

1.32 (1.07-1.61)
0.89 (.67-1.18)

First (most central) decile

Last (least central) decile
Betweenness centrality

First (most central) decile

1.36 (1.11-1.66)  1.31 (1.03-1.67)

Last (least central) decile 0.86 (.66-1.13) 0.76 (.567-1.02)
Hub centrality

First (most central) decile 1.25(1.02-1.55)  1.13 (.90-1.42)

Last (least central) decile 1.01 (.78-1.31) 0.93 (.69-1.25)

Male contacts
1.58 (1.32-1.89)
0.81 (.66-.98)

1.47 (1.13-1.91)
0.93 (.82-1.06)

First (most male contacts) decile
Last (fewest male contacts) decile
TST-positive contacts
2.58 (2.28-2.92)
Reference

2.56 (2.22-2.97)
Reference

>2 TST-positive 1st-degree contacts

<2 TST-positive 1st-degree contacts
Contacts with HIV

>1 1st-degree contact with HIV

1.25(1.07-1.46) 1.33(1.13-1.57)

No 1st-degree contacts with HIV Reference Reference
HIV-positive contacts

>2 1st-degree contacts with HIV 1.11 (.84-1.47) 1.25 (.96-1.62)

<2 1st-degree contacts with HIV Reference Reference

Abbreviations: aRR, adjusted risk ratio; BCG, Bacillus Calmette-Guérin; Cl, confidence
interval; HIV, human immunodeficiency virus; RR, risk ratio; TST, tuberculin skin test.
®Targeted maximum likelihood was used to estimated unadjusted RRs and aRRs,
accounting for clustering by households and incorporating sampling weights to account
for (1) household sampling and (2) TST placement in sampled households. The
adjustment set included age, sex, alcohol use, wealth tertile, resident mobility, HIV
status, BCG vaccination, and household tuberculosis contacts.

Transitivity and eigen, betweenness, and hub centrality are all defined in the Statistical
Analysis section.

°Unless otherwise stated, the reference category is the other 90% of the population.

ascertainment of tuberculosis infection, and TSTs may have
false-positive results owing to BCG vaccination and false-
negative results owing to HIV. To partially account for this,
we adjusted for HIV and BCG vaccination and used a lower
TST positivity cutoff for people with HIV (induration
>5 mm). Finally, we likely had differential missingness among
people who had a TST performed, but a well-characterized co-
hort allowed us to do a 2-stage adjustment to account for sam-
pling weights and probability of a TST being performed.
Although the majority of tuberculosis infections are acquired
outside the home, community-based tuberculosis transmission
dynamics remain elusive, especially in rural, high-tuberculosis
settings in East Africa. In the current study, we examined the
relationship between tuberculosis infection and social networks
of nonhousehold contacts. Our data suggest that drivers of
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Table 5. Results of Permutation Tests for Clustering on Tuberculin Skin
Test Status

Community P Value®
Nsiinze .07
Nankoma 44
Kiyunga <.001
Kamuge .36
Bugono .07
Muyembe <.01
Merikit <.01
Kiyeyi .02
Kadama .06

2P values were computed based on 10000 random permutations.

tuberculosis risk extend beyond the individual to the individu-
al’s social network—the people with whom one socializes,
shares space, and shares behaviors. These data support the po-
tential for network-informed case finding and prevention strat-
egies to identify cases acquired in the community in
high-tuberculosis burden settings. Further study is needed to
assess the efficiency and acceptability of these approaches.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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