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Abstract

Household contact studies of tuberculosis (TB) are a common way to study disease trans-
mission dynamics. However these studies lack a mechanism for accounting for community
transmission, which is known to be significant, particularly in high burden settings. We illus-
trate a statistical approach for estimating both the correlates with transmission of TB in a
household setting and the probability of community transmission using a modified Bayesian
mixed-effects model. This is applied to two household contact studies in Vitdria, Brazil from
2008-2013 and Kampala, Uganda from 1995-2004 that enrolled households with an indi-
vidual that was recently diagnosed with pulmonary TB. We estimate the probability of com-
munity transmission to be higher in Uganda (ranging from 0.21 to 0.69, depending on HHC
age and HIV status of the index case) than in Brazil (ranging from 0.13 for young children to
0.50 in adults). These estimates are consistent with a higher overall burden of disease in
Uganda compared to Brazil. Our method also estimates an increasing risk of community-
acquired TB with age of the household contact, consistent with existing literature. This
approach is a useful way to integrate the role of the community in understanding TB disease
transmission dynamics in household contact studies.

Introduction

Household contact studies for tuberculosis (TB), a common framework for characterizing risk
factors for transmission, often involve following cohabitating contacts of an index TB case and
testing them for latent tuberculosis infection (LTBI), through a tuberculin skin test (TST) or
interferon gamma releasing assay (IGRA). The origin of the infection in co-prevalent LTBI
cases (testing positive at study initiation) is challenging to infer, given substantial evidence that
infection from a source outside the home (either concurrent or prior to the study) is likely,
though not certain, especially in high-prevalence settings.[1-5] Investigators may discard
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information on co-prevalent infections due to uncertainty in the infection source and only
consider those who become infected during follow-up, assuming that these latter incident
cases were infected by their diseased household contact. However, substantial information is
discarded in this scenario. Further it is not possible to exclude a booster effect of repeated TST
rather than a recent M.tb infection particularly in a BCG immunized population. Alternatively,
investigators may assume that all observed latent infections were caused by the diseased index
case. In either case, information on transmission dynamics is incomplete and unobserved. The
omission of what could constitute a substantial pool of study participants or assumption of
exclusive within-household transmission can lead to bias in estimates of household risk factors
for transmission.[6]

Understanding the source of infection among household contacts has important public
health policy implications. Current strategies to reduce the likelihood of progression to TB dis-
ease include administering preventive therapy (PT) to household contacts of infectious TB
cases, which has been shown to reduce progression to active disease if community-acquired
infection rates are low.[7] However this strategy misses many individuals who are not exposed
within their household and can be costly in resource-limited settings.[8]

Individual characteristics of a household contact may inform the likelihood of community
or household infection. Increased LTBI prevalence by age-stratum has been observed in sev-
eral populations.[9-12] If LTBI prevalence increases with age, we would expect to observe an
increasing probability of community-acquired infection risk with increasing age. It is also fea-
sible that other characteristics of the index case, household contact, and living environment
could inform the probability of household transmission.

In what follows, we estimate the probabilities of household and community acquired infec-
tion, using data from household contact studies in Vitoria, Brazil and Kampala, Uganda. Our
approach uses a Bayesian statistical model to infer these probabilities.[6] We show how these
probabilities vary by study location, age, and HIV status of the index case.

Methods
Patient populations

Brazil. Data were taken from the US-Brazil Research Collaboration on Strain Variation in
Tuberculosis study, conducted at the Nucleo de Doengas Infecciosas (NDI) in Vitoria, Brazil
between 2008 and 2013. Investigators enrolled 160 index cases and their 838 household con-
tacts and recorded demographic, household, and index case disease characteristics. Index TB
cases were screened and enrolled within 2 weeks after first presenting to their local TB clinic.
Acid-Fast Bacilli (AFB) sputum smear, a microscopic examination of stained specimens to
detect tuberculosis bacilli, was used to diagnose and grade TB disease; an increasing smear
grade indicates a larger number of bacteria per high-powered field on microscopic examina-
tion of the sputum. Individuals were only eligible if their AFB smear grade was a 2+ or 3+. No
HIV positive index cases were enrolled and HIV testing was not done on household contacts,
due to the low prevalence of HIV in this population. Household contacts who were found to
have TB disease were not eligible for inclusion in the study. For this study, those household
contacts with TB disease diagnosed either within four months prior or three months after the
index cases diagnosis were considered co-prevalent cases. Limited information was collected
on these individuals. Household contacts of index cases were evaluated with TST for LTBI at
screening and again after 8 weeks if the first result was negative. Infected individuals include
those who test positive (i.e. induration size of at least 10mm) at either time point. The study
protocol and population have been described elsewhere and data are available in S3 File.
[13,14]
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Uganda. This study was performed in Kampala, Uganda between 1995 and 2004 and
described in detail elsewhere.[15] Smear positive pulmonary TB cases were enrolled from the
Tuberculosis Treatment Center of Mulago Hospital. Their household contacts were enrolled
within four weeks of the index case enrollment and followed for two years. TSTs were per-
formed on household contacts at study enrollment and again three months after enrollment.
Infected individuals were those who tested positive at either time point (defined as induration
size of at least 10mm). Co-prevalent cases were defined as those who were diagnosed with TB
disease within three months of the index case. There were 1155 household contacts of 297
infectious TB cases included in this study. Due to the high prevalence of HIV in this popula-
tion, household contacts of HIV positive (n = 552) and HIV negative (n = 603) index cases
were considered separately. Data are available in S4 File.

Statistical methods

The unified probability model. We first estimate the risk of infection from a source out-
side the household contact study using the Unified Probability Model (UPM), a Bayesian hier-
archical model described in detail elsewhere[6] and in the S2 File supplement. In brief, this
model partitions the risk of TB infection into two sources: household or “community.” House-
hold transmission is transmission that is attributable to the current index case, whereas so-
called community transmission is due to any other source (e.g. outside the household or in a
previous time period). Household infection is modeled using a logistic regression formulation,
allowing transmission to be dependent on covariates. Community transmission is assumed to
be constant in each age group. The joint likelihood of the household and community infection
is the product of the household transmission and community transmission models. Bayesian
methods are used to estimate posterior distributions (estimates) of the relevant parameters.
The probability of household infection is described by

logit(p/) = X, + b,

where X; describes person and household level covariates, p;/ is the probability that individual

iin household j was infected in the household in the current study, and b; is the random inter-
cept for household j. The probability of community infection is assumed to be constant, and is
given by:

c_ _exp(%)

Py +exp(a)’

where « is the log odds of community infection. These probabilities represent the probability
of being infected in the community or household for those who are represented by the house-
hold contact study. These are combined into a single likelihood given by

P(Y, = 1)=6, =

P+ p° = (pi x p°),

where Y; is an indicator of the presence of latent infection. We do not comment on the risk of
re-infection (or multiple infections) and its role, due to the lack of laboratory methods to
detect this and poor understanding of this phenomenon.[16] The outcome variable for each
person in this model is positive or negative TST result. The model uses the available covariates
to determine the probability of within household transmission versus other transmission in
the cross-sectional data.
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The UPM outputs two classes of statistics: odds ratios (OR) and credible intervals describ-
ing risk factors for household M.tb transmission; and a measure of the probability of acquired
infection outside of the current exposure within the household, denoted p©. By partitioning
the risk of M.tb infection to allow for more than household acquired infection, the resulting
ORs detailing the risk factors for household transmission are estimated with less bias.[6] The
UPM accounts for potential correlation between household members via a random effect
term, b; a random intercept included in the logistic portion of the model.

In this study, a common set of covariates is chosen for both countries. Covariates consid-
ered include household, host, and index case-level covariates and were considered based on
results in the parent studies. In this study, we consider index case (age, gender, chest x-ray
results, AFB smear grade), household contact (age, gender, sleeping proximity to index case,
smoking status, BCG vaccination), and environmental (number of people per room and pres-
ence/absence of co-prevalent disease case(s) in the household) covariates. For the final models,
we retained covariates that had p-values less than 0.2 in bivariate analyses for either country.
As age of the household contact would have a strong modifying influence on community
transmission estimates, we perform the analyses for young children (age less than 5), older
children (age 5 to <15), and adults (aged 15+) separately. Additionally, since the presence of
co-prevalent cases could have a substantial impact on transmission patterns, we include results
from models that adjust for this as a sensitivity analysis in the S1 File supplement. Since limited
information was collected on many of these individuals, we only account for their presence or
absence in the household.

We show the estimated median of the posterior density for all parameters with their 95%
credible intervals. All analyses were performed in R 3.6.0 (r-project.org) using JAGS.[17]

Results
TST positivity prevalence

Opverall individuals with missing data (and excluded from the analysis) did not differ from
those included (Table B in S1 File). The TST positivity prevalence among household contacts
of an infectious case was lowest among young children and highest among adults (Table 1, Fig
1). Brazilian and Ugandan household contacts had similar LTBI rates. Generally, contacts of
HIV- index cases in Uganda had higher rates of TST positivity than contacts of HIV+ index
cases.

Probabilities of household and community M.tb infection

The UPM model estimates the probability of community infection to be highest among adult
household contacts in all settings, as compared to the other age groups. This probability ranges
from 0.11 to 0.50 in Brazil and 0.26 to 0.46 in the Uganda study population, depending on age.

Table 1. Prevalence of latent tuberculosis infection among household contacts in Vitoria, Brazil, 2008-2013 and
Kampala, Uganda, 1995-2004.

Age Group
Young children (0-4) Older children (5-14) Adult (15+)
Brazil (N = 838) 45/74 (0.61, 0.49-0.72) 148/231 (0.64, 0.58-0.70) 416/533 (0.78, 0.74-0.82
Uganda (N = 1153) 155/249 (0.62, 0.56-0.68) | 325/459 (0.71, 0.66-0.75) | 349/445 (0.78, 0.74-0.83)

HIV+ index case (N = 550) 66/109
(0.61, 0.51-0.70)

HIV- index case (N = 603) 89/140 (0.64,0.55-0.72) 172/234 (0.74, 0.67-0.79) 191/229 (0.83, 0.78-0.88)
https://doi.org/10.1371/journal.pone.0223966.t001

153/225 (0.68, 0.61-0.74) | 158/216 (0.73, 0.67-0.79)
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Fig 1. TST prevalence overall and by age group (0-4, 5-14, and 15+) for household contacts in Vitoria Brazil, 2008-2013 and Kampala Uganda, 1995-2004.

https://doi.org/10.1371/journal.pone.0223966.9001

Household contacts of HIV- index cases were more likely to be infected in the community
compared to household contacts of HIV+ index cases across all age groups (0.40 versus 0.15
for young children; 0.49 versus 0.28 for older children; and 0.64 versus 0.42 for adults). The
credible intervals overlapped for all of these groups (Table 2).

The relative risk of household to community infection decreased with age, but this decrease
was not distinguishable from a relative risk of 1 (Table 2).

Overall the estimated probability of community infection tended to be lower for Brazil (p©
between 0.13 and 0.50) than for Uganda (pC between 0.26 and 0.46) (Table 2).
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Table 2. Estimated probability’ of household and community transmission and the relative risk of household to
community infection. Values in parenthesis are the 95% credible intervals.

Probability of Household infection | Probability of community infection |RR (p*/p©)
BRAZIL

Young children | 0.47 (0.21, 0.64) 0.13 (0.02, 0.38) 3.69 (0.59, 31.78)

Older children | 0.51 (0.34, 0.63) 0.13 (0.03, 0.28) 3.84 (1.23, 23.09)

Adults 0.28 (0.13, 0.65) 0.50 (0.14, 0.64) 0.56 (0.20, 4.71)

UGANDA, OVERALL

Young children | 0.36 (0.18, 0.56) 0.26 (0.07, 0.44) 1.36 (0.42, 8.47)

Older children | 0.36 (0.19, 0.59) 0.35 (0.11, 0.51) 1.02 (0.40, 5.12)

Adults 0.32 (0.13, 0.67) 0.46 (0.11, 0.65) 0.70 (0.20, 5.98)
UGANDA, HIV+

Young children | 0.46 (0.22, 0.62) 0.15 (0.02, 0.38) 3.21(0.57, 26.76)

Older children | 0.39 (0.19, 0.59) 0.28 (0.08, 0.47) 1.35 (0.42, 7.49)

Adults 0.31 (0.10, 0.65) 0.42 (0.09, 0.63) 0.73 (0.16, 7.46)
UGANDA, HIV-

Young children | 0.23 (0.00, 0.47) 0.40 (0.18, 0.63) 0.57 (0.00, 2.58)

Older children | 0.24 (0.08, 0.53) 0.49 (0.19, 0.64) 0.48 (0.12, 2.83)

Adults 0.19 (0.01, 0.58) 0.64 (0.25, 0.80) 0.30 (0.02, 2.28)

! Results obtained from fitting a multivariate UPM model adjusted for lung cavitations on chest X-ray, AFB smear

status, BCG scar, sharing a room with index case and household contact gender.

https://doi.org/10.1371/journal.pone.0223966.t002

Risk factors for M.tb infection

The study populations were distinct in their demographics and risk factors for infection. On aver-
age, both TB index cases and their household contacts were older in Brazil than Uganda (index
cases: 35.7 versus 33.0 years; household contacts: 26.1 versus 14.7 years). Index cases in Uganda
were more likely to be female than in Brazil (49.0% versus 33.5%), though household contacts
had a very similar gender distribution (55.9% versus 56.4% female). Even though index cases with
smear grade 1+ were excluded in Brazil, household contacts in both studies appear to have been
exposed to index cases with similar levels of advanced disease as smear grade 1+ was uncommon
in Uganda. Chest x-ray estimates of the extent of disease were comparable between the two loca-
tions, with 44.9% of household contacts in Brazil having an index case with advanced disease
compared to 52.7% in Uganda. Ugandan households tended to be more crowded (29.2% with
more than three people per room versus 4.4% in Brazil) and household contacts were more likely
to share a room with the index case in Uganda than in Brazil (60.8% versus 24.3%) (Table 3).
Household contacts of HIV+ and HIV- index cases were similar in Uganda (Table A in S1 File).

Presence of cavitations on chest x-ray and AFB smear grade of the index cases, presence of
BCG scar, gender of the household contacts, and sharing a room with the index case were
included in the UPM multivariable model. In multivariable modeling, cavitation in the index
case were associated with LTBI in Uganda for all age groups, but not among those household
contacts of HIV negative individuals (Table 4). Results were very similar with the inclusion of
an indicator of a co-prevalent case (Tables C and D in S1 File).

Discussion

This study is noteworthy in that we estimate both the probability of community- and house-
hold-acquired M. tuberculosis infection, and individual-level risk factors of infection from
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Table 3. Index and household contact characteristics in Brazil and Ugandan populations. Results are shown overall and by TST status. Statistical significance is deter-
mined using logistic regression models fit with GEE.

Brazil Uganda

Overall Infected (N =609) | Not infected (N =229) |Overall (N=1153) |Infected (N=829) |Not infected (N =324)

(N =838)
Index Case Characteristics
Female 281(33.5) 164(35.4) 77(29.1) 565 (49.0) 401 (48.4) 164 (50.6)
Age, mean (SD) 357 (13.4) | 35.1(13.4) 37.1(13.2) 33.0 (9.0) 32.8(9.2) 33.4 (8.6)
Karnofsky Score < 70 42 (5.0) 21 (3.5) 21(9.2)* N/A
AFB Smear
1+ N/A N/A N/A 86 (7.5) 43 (5.2) 43 (5.2)
2+ 168(20.0) 112(18.4) 56(24.5) 143 (12.4) 81 (10.0) 62 (19.1)
3+ 670 (80.0) 497(81.6) 173(75.5)* 924 (80.1) 705 (85.0) 219 (67.6)d
Culture positive N/A 1131 (98.1) 816 (98.4) 315(97.2)°
Extent of Disease
Normal/ Min 49(5.9) 34 (5.6) 15 (6.6)d 159 (13.8) 93 (11.2) 66 (20.5)
Moderate 406(49.2) 276 (46.1) 130 (57.3) 385 (33.5) 263 (31.8) 122 (37.9)
Advanced 371(44.9) | 289 (48.2) 82 (36.1) 605 (52.7) 471 (57.0) 134 (41.6) ¢
Missing 12 10 2 3 2 2
Cavitations present 615(74.5) 469 (78.3) 146 (64.3)cl 633 (54.9) 499 (60.2) 134 (41.4) d
Missing 12 10 2 0 0 0
Co-prevalent case(s)* 53 (6.3) 34 (5.6) 19 (8.3) 161 (14.0) 123 (14.8) 38 (11.7)
Household Contact Characteristics
Age (years)
Mean(SD) 26.1(19.5) 27.2(19.1) 22.9(20.2) 14.7 (12.9) 15.9 (13.4) 11.7 (11.2)
0-4 74 (8.8) 45 (7.4) 29 (12.7) 249 (21.6) 155 (18.7) 94 (29.0)
5-14 231 (27.6) | 148 (24.3) 83 (36.2) 459 (39.8) 325(39.2) 134 (41.4)
15+ 533 (63.6) | 416 (68.3) 117 (51.1)¢ 445 (38.6) 349 (42.1) 96 (29.6)4
Female 473(56.4) 351(57.6) 122(53.3)* 644 (55.9) 471 (56.8) 173 (53.4)
Share room with index case 204 (24.3) 165(27.1) 39 (17.0)* 693 (60.8) 504 (61.8) 188 (58.4)
Missing 15 13 2
Smoker 194 (23.3) 159(26.4) 35(15.3)* 68 (5.9) 55(6.7) 13 (4.0)*
Missing 7 7 0 1 1 0
BCG Scar 686(84.7) 500(84.7) 186(84.5) 845 (73.4) 590 (71.3) 255 (78.7) d
Missing 28 19 9 1 1 0
More than 3 people per room | 37 (4.4) 21(23.5) 16 (7.0) 337 (29.2) 239 (28.8) 98 (30.2)

20.10 < p < 0.20
0.05 < p<0.10
€0.01 < p <0.05
4p<0.01

*77 households had at least one co-prevalent case in Uganda, found of whom had 2 co-prevalence cases.

https://doi.org/10.1371/journal.pone.0223966.t003

household contact data, while controlling for confounding and accounting for household clus-
tering effects. This analytic method allows for infections to be acquired outside the context of
the current household contact study (“community” transmission) using a Bayesian generalized
linear mixed effects model. We estimate odds ratios describing the association between TST
positivity in household contacts and index case, household contact and environmental factors.
We apply this method to data from household contact studies in Vitéria, Brazil and Kampala,
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Table 4. Odds ratios for covariates included in the multivariate models fit with UPM methodology. These models also provide estimates of the community and house-
hold infection shown in Table 2.

Adults Older children Younger children
Estimate LCL UCL Estimate LCL UCL Estimate LCL UCL
BRAZIL
Cavitations 3.82 0.61 20.9 4.3 0.48 34.66 0.8 0.08 8.28
BCG scar 1.34 0.24 6.73 2.39 0.31 19.74 0.84 0.06 8.65
Smear 3+ 1.46 0.20 8.86 1.47 0.18 12.51 1.45 0.15 14.02
Share room with index case 3.04 0.61 17.97 1.96 0.29 13.74 4.86 0.38 49.97
Female gender, HHC 091 0.23 3.40 0.96 0.20 4.22 3.46 0.40 26.76
UGANDA, OVERALL
Cavitations 3.42 1.29 17.63 6.34 1.52 40.64 6.63 1.25 38.83
BCG scar 0.51 0.12 1.23 0.37 0.07 1.16 0.82 0.12 4.42
Smear 2+ 0.82 0.09 4.85 0.66 0.06 4.45 0.39 0.03 3.45
Smear 3+ 5.03 1.12 24.85 4.32 0.71 22.12 2.1 0.32 16.34
Share room with index case 2.24 0.8 9.74 1.23 0.34 4.56 1.33 0.2 7.42
Female gender 1.06 0.35 4.12 1.05 0.34 3.19 1.08 0.21 6.02
UGANDA, HIV+
Cavitations 5.64 1.08 36.1 9.78 1.96 58.51 10.13 1.37 76.34
BCG scar 0.58 0.1 2.48 0.62 0.11 2.44 0.54 0.08 3.65
Smear 2+ 0.77 0.07 4.86 0.34 0.04 2.1 0.46 0.04 3.7
Smear 3+ 3.14 0.43 23.68 3.46 0.59 20.86 3.5 0.45 29.8
Share room with index case 1.6 0.33 8.18 0.48 0.11 2.5 1.44 0.17 11.69
Female gender 0.5 0.08 2.75 0.86 0.22 2.77 0.48 0.07 2.85
UGANDA, HIV-

Cavitations 1.17 0.15 8.06 1.74 0.2 14.39 1.58 0.12 13.61
BCG scar 0.42 0.06 2.58 0.33 0.04 341 1.04 0.08 10.34
Smear 2+ 0.64 0.06 7.17 1.57 0.11 19.06 0.71 0.06 8.55
Smear 3+ 2.28 0.2 20.72 1.25 0.1 11.74 0.67 0.06 6.97
Share room with index case 3.13 0.24 2341 2.53 0.34 23.42 0.8 0.07 8.34
Female gender 2.5 0.29 21.55 1.46 0.21 10.51 1.57 0.13 14.83

https://doi.org/10.1371/journal.pone.0223966.t004

Uganda stratified by household contact age group. This approach can be used for any house-
hold contact study to both create less biased estimates of the association between covariates
and LTBI[6] and to estimate the risk of community and household transmission of TB.

Our relative estimates of community transmission between Brazil and Uganda are consis-
tent with WHO estimates of TB disease incidence. Brazil’s 2016 estimated TB incidence rate
was 42 (36-48) per 100,000 while Uganda’s was considerably higher at 201 (118-306) per
100,000. Consistent with this, we estimate transmission from sources other than the index case
to be more likely in Uganda than Brazil across all age groups.

This association between community transmission and prevalence of TB is consistent with
published evidence, indicating that the risk of exposure from sources other than the index case
in a household is more common in areas where TB disease is highly prevalent. Several studies
using restriction fragment length polymorphism (RFLP) analysis in the Western Cape Prov-
ince of South Africa where there is high TB prevalence, found evidence supporting substantial
community transmission. In one study, at most 19% of household contacts could have been
infected within their household using RFLP analysis[2] whereas another study found that 55%
of household contacts had different strains than those of infectious household members,
implying that no more than 45% were true infector-infectee pairs.[18] In England, where TB
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prevalence is low, only 7.7% of all reported cases lived with another TB case, which could be
due to a substantial percentage of M.tb infections being acquired outside the household or in a
higher prevalence country prior to immigration.[19,20] Among those within the same house-
hold, 64% were confirmed genetically as linked cases with another 11% being probable[21]
consistent with the finding that lower community prevalence is associated with higher within
household transmission. It is important to note that patterns in the linkages observed between
active cases of disease may not mirror those observed in infections.

We also show that children are more likely to be infected in the household than adults as
observed in other studies that have shown that children are most likely to be infected by an
adult, particularly an adult within their household, than by a community source.[22] However,
even this risk of within-household transmission to children might be low[7,23] which is consis-
tent with our estimates of the probability of household infection ranging from 0.23 among con-
tacts of HIV- TB cases in Uganda to 0.47 in Brazil. This low level of household transmission in
children is consistent with a study of child contacts of TB cases in Cape Town, South Africa
where two of the six children with TB disease and RFLP analysis performed had strains that
matched the infectious adult TB case in their household. However, information on other house-
hold exposures were not collected and small numbers make it challenging to generalize these
findings.[24] Other studies, notably in Uganda, have shown mismatches in strains.[15,25]
Recent evidence using whole genome sequencing in Canada suggests that pediatric TB is often
acquired in the country of origin for children that are foreign born, or by travel to another
country for those whose parents were foreign born. Among Canadian-born children infection
was most commonly acquired in Canada, with transmission most frequently occurring from
visitors to the home or a household member (foreign born other Canadian born) supporting
the hypothesis that children in low prevalence settings are primarily exposed in the home.[21]

Despite early uncertainty, a meta-analysis of the relative transmissibility of HIV+ and HIV-
individuals with TB disease showed that rates of LTBI were similar regardless of the HIV status
of the index case.[26] More recent studies have suggested that individuals with TB disease who
are HIV+ tend to transmit disease less frequently than HIV- individuals[27,28] which is sup-
ported by our observation of a slightly lower prevalence of infection among household con-
tacts of HIV+ index cases. However, overall we estimate household transmission of M.
tuberculosis to be higher for household contacts of HIV+ index cases than for those with an
HIV- index case. This would imply that HIV+ cases might in fact be more infectious to their
immediate contacts and those contacts are slightly less likely to be infected with TB in the com-
munity. This could be due to more than biological phenomena, but also might be attributable
to unique patterns of behavior and environmental conditions of these households.

There are several potential limitations of our approach. The probability of community-
acquired infection is assumed to be constant for all persons, and not informed by factors that
could also lead to within-household transmission. This assumption is obviously a simplifica-
tion and we show here that stratification by age group is important. Further statistical develop-
ment to allow this to vary by additional factors would potentially improve estimation and
provide further insight on the transmission dynamics. However additional data, such as that
provided by having community controls, would likely be needed. Additionally, we were lim-
ited in our comparison of these two geographical regions by differences between the data col-
lected in each study. For instance, the Brazilian study only enrolled index cases with a smear
grade of at least 2+ while the Ugandan study enrolled all smear positive cases. However, the
severity of disease, as measured on chest x-ray did not indicate that Brazilian cases were more
severe and there were few smear 1+ in Uganda. Other factors such as occupation, presence of
other active cases in the household, duration of infectiousness, and contact patterns with other
TB cases would also potentially be important to include, but were not consistently collected
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and/or cannot be accurately ascertained retrospectively. Additionally, there could be potential
misclassification of young children who were BCG vaccinated and thus might be TST+ when
they are in fact uninfected. Finally, we are limited in the data available to assess transmission
risks. It is possible that there are other unmeasured factors that strongly correlate with trans-
mission, such as reinfection and cough aerosols, that were not assessed because they were not
a part of these studies or are unobservable. As with all studies this has the potential to intro-
duce bias that is not possible to assess.

We note the limitation in interpreting the estimated probability of community-acquired
infection. This value is interpretable only for the household contacts enrolled in the study and is
not a broad community-level parameter. This is because households enrolled in these studies are
not a random sample of the larger population, but meet strict criteria (e.g. presence of a TB case
individual, appropriate household size and composition, and willingness to consent to study par-
ticipation). Therefore, the probability of community-acquired infection estimated here is not
easily generalizable to others in the community. Additionally, it is possible that those who live
with someone with TB might have a higher risk of M.tb infection because they share other risk
factors, independent of transmission. It is possible that with the inclusion of community controls
and additional information on the community, one could derive more precise community level
estimates of the probability of household and community acquired transmission.

We also note that we do not specifically estimate or account for reinfection. Individuals
who are TST positive prior to exposure in the current household contact study could be re-
infected and if their covariate patterns line up with household exposure, they would contribute
to that probability. This model does not disentangle that dynamic, which is clearly important,
but unmeasurable with current diagnostics.

We show that household contact studies can be helpful in inferring community transmis-
sion dynamics among household contacts of an infectious TB case by using a method that esti-
mates both community and household M.tb transmission probabilities. We show that the
likelihood of transmission from sources other than the index case in the household increases
with age and varies consistent with the background burden of disease in a community (as mea-
sured by national TB incidence rates).

Supporting information

S1 File. Supplementary table. Table A. Index and household contact characteristics by HIV
status in Uganda. Table B. Comparison between those with and without missing data. Table C.
Estimates with inclusion of information about co-prevalent cases. Table D. Odds ratios from
models with information on co-prevalent cases included.

(DOCX)

S2 File. Additional information on the unified probability model.
(DOCX)

S3 File. Brazilian household contact study data.
(XLSX)

$4 File. Uganda household contact study data.
(XLSX)

Acknowledgments

We wish to express our thanks to Leonardo Martinez Pantoja at Stanford University for his
help in navigating the complex dataset and study design for the Ugandan study.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223966 October 22, 2019 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223966.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223966.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223966.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223966.s004
https://doi.org/10.1371/journal.pone.0223966

@ PLOS|ONE

Partitioning the risk of tuberculosis transmission in household contact studies

Author Contributions
Conceptualization: Avery . McIntosh, C. Robert Horsburgh, Laura F. White.

Data curation: Edward C. Jones-Lopez, Christopher C. Whalen, Mary Gaeddert, Patricia Mar-
ques-Rodrigues, Jerrold J. Ellner, Reynaldo Dietze.

Formal analysis: Avery I. McIntosh, Laura F. White.

Investigation: Laura F. White.

Methodology: Avery I. McIntosh, Helen E. Jenkins, C. Robert Horsburgh, Laura F. White.
Project administration: Laura F. White.

Software: Avery 1. McIntosh.

Supervision: Helen E. Jenkins, C. Robert Horsburgh, Laura F. White.

Validation: Avery I. McIntosh.

Writing - original draft: Avery I. McIntosh, C. Robert Horsburgh, Laura F. White.

Writing - review & editing: Avery I. McIntosh, Helen E. Jenkins, C. Robert Horsburgh,
Edward C. Jones-Lopez, Christopher C. Whalen, Mary Gaeddert, Patricia Marques-Rodri-
gues, Jerrold J. Ellner, Reynaldo Dietze, Laura F. White.

References

1. Bennett DE, Onorato IM, Ellis BA, Crawford JT, Schable B, Byers R, et al. DNA fingerprinting of Myco-
bacterium tuberculosis isolates from epidemiologically linked case pairs. Emerg Infect Dis [Internet].
2002 Nov [cited 2017 Jun 20]; 8(11):1224-9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
12453346 https://doi.org/10.3201/eid0811.020420 PMID: 12453346

2. Verver S, Warren RM, Munch Z, Richardson M, van der Spuy GD, Borgdorff MW, et al. Proportion of
tuberculosis transmission that takes place in households in a high-incidence area. Lancet [Internet].
2004 Jan [cited 2017 Jun 20]; 363(9404):212—4. Available from: http:/linkinghub.elsevier.com/retrieve/
pii/fS0140673603153329 https://doi.org/10.1016/S0140-6736(03)15332-9 PMID: 14738796

3. CohenT, Murray M, Abubakar |, Zhang Z, Sloutsky A, Arteaga F, et al. Multiple Introductions of Multi-
drug-Resistant Tuberculosis into Households, Lima, Peru. Emerg Infect Dis [Internet]. 2011 [cited 2017
Jun 20]; 17(6). Available from: https://wwwnc.cdc.gov/eid/article/17/6/pdfs/10-1471.pdf

4. BuuT, van Soolingen D, Huyen M, Lan N, Quy H, Tiemersma E, et al. Tuberculosis Acquired Outside of
Households, Rural Vietnam. Emerg Infect Dis [Internet]. 2010 [cited 2017 Jun 20]; 16:1466—8. Available
from: https://wwwnc.cdc.gov/eid/article/16/9/pdfs/10-0281.pdf https://doi.org/10.3201/eid1609.100281
PMID: 20735935

5. Glynn JR, Guerra-Assuncao J, Houben RMGJ, Sichali L, Mzembe T, Mwaungulu LK, et al. Whole
Genome Sequencing Shows a Low Proportion of Tuberculosis Disease Is Attributable to Known Close
Contacts in Rural Malawi. Cardona P-J, editor. PLoS One [Internet]. 2015 Jul 16 [cited 2017 Jun 20]; 10
(7):e0132840. Available from: https://doi.org/10.1371/journal.pone.0132840 PMID: 26181760

6. Mclintosh Al, Doros G, Jones-Lépez EC, Gaeddert M, Jenkins HE, Marques-Rodrigues P, et al. Exten-
sions to Bayesian generalized linear mixed effects models for household tuberculosis transmission.
Stat Med [Internet]. 2017 Mar 29 [cited 2017 Apr 20]; 36:2522—32. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/28370491 https://doi.org/10.1002/sim.7303 PMID: 28370491

7. MartinezL, Shen Y, Mupere E, Kizza A, Hill PC, Whalen CC. Transmission of Mycobacterium Tubercu-
losis in Households and the Community: A Systematic Review and Meta-Analysis. Am J Epidemiol.
2017; 185(12):1327-39. https://doi.org/10.1093/aje/kwx025 PMID: 28982226

8. WHO. Global Tuberculosis Report 2017 [Internet]. 2017. Available from: http://www.who.int/tb/
publications/global_report/en/

9. Bennett DE, Courval JM, Onorato |, Agerton T, Daugherty J, Lambert L, et al. Supplement: Prevalence
of tuberculosis infection in the United States population. 2008;1999-2000.

10. Wood R, Liang H, Wu H, Middelkoop K, Oni T, Rangaka MX, et al. Changing prevalence of tuberculosis
infection with increasing age in high-burden townships in South Africa. Int J Tuberc Lung Dis [Internet].

PLOS ONE | https://doi.org/10.1371/journal.pone.0223966 October 22, 2019 11/13


http://www.ncbi.nlm.nih.gov/pubmed/12453346
http://www.ncbi.nlm.nih.gov/pubmed/12453346
https://doi.org/10.3201/eid0811.020420
http://www.ncbi.nlm.nih.gov/pubmed/12453346
http://linkinghub.elsevier.com/retrieve/pii/S0140673603153329
http://linkinghub.elsevier.com/retrieve/pii/S0140673603153329
https://doi.org/10.1016/S0140-6736(03)15332-9
http://www.ncbi.nlm.nih.gov/pubmed/14738796
https://wwwnc.cdc.gov/eid/article/17/6/pdfs/10-1471.pdf
https://wwwnc.cdc.gov/eid/article/16/9/pdfs/10-0281.pdf
https://doi.org/10.3201/eid1609.100281
http://www.ncbi.nlm.nih.gov/pubmed/20735935
https://doi.org/10.1371/journal.pone.0132840
http://www.ncbi.nlm.nih.gov/pubmed/26181760
http://www.ncbi.nlm.nih.gov/pubmed/28370491
http://www.ncbi.nlm.nih.gov/pubmed/28370491
https://doi.org/10.1002/sim.7303
http://www.ncbi.nlm.nih.gov/pubmed/28370491
https://doi.org/10.1093/aje/kwx025
http://www.ncbi.nlm.nih.gov/pubmed/28982226
http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/
https://doi.org/10.1371/journal.pone.0223966

@ PLOS|ONE

Partitioning the risk of tuberculosis transmission in household contact studies

11.

12
13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

2010 [cited 2017 Jun 20]; 14(4):406—12. Available from: http://www.ingentaconnect.com/content/iuatld/
ijtld/2010/00000014/00000004/art00007 PMID: 20202297

Zhang X, JiaH, Liu F, Pan L, Xing A, Gu S, et al. Prevalence and Risk Factors for Latent Tuberculosis
Infection among Health Care Workers in China: A Cross-Sectional Study. Mokrousov |, editor. PLoS
One [Internet]. 2013 Jun 18 [cited 2017 Jun 20]; 8(6):e66412. Available from: https://doi.org/10.1371/
journal.pone.0066412 PMID: 23823871

Davies PD. Tuberculosis in the elderly: an international perspective. Clin Geriatr. 1997;15-26.

Ribeiro-Rodrigues R, Kim S, Coelho Da Silva FD, Uzelac A, Collins L, Palaci M, et al. Discordance of
tuberculin skin test and interferon gamma release assay in recently exposed household contacts of pul-
monary TB cases in Brazil. PLoS One. 2014; 9(5).

Jones-Lopez EC, Kim S, Fregona G, Marques-Rodrigues P, Hadad DJ, Molina LPD, et al. Importance
of Cough and M. tuberculosis Strain Type as Risks for Increased Transmission within Households.
DeRiemer K, editor. PLoS One [Internet]. 2014 Jul 2 [cited 2016 Apr 14]; 9(7):e100984. Available from:
https://doi.org/10.1371/journal.pone.0100984 PMID: 24988000

Whalen CC, Zalwango S, Chiunda A, Malone L, Eisenach K, Joloba M, et al. Secondary attack rate of
tuberculosis in urban households in kampala, uganda. PLoS One. 2011; 6(2).

Salgame P, Geadas C, Collins L, Jones-L Opez E, Eliner JJ. Latent tuberculosis infection e Revisiting
and revising concepts. Tuberculosis [Internet]. 2015 [cited 2017 Jun 29]; 95:373-84. Available from:
http://ac.els-cdn.com/S1472979214206792/1-s2.0-S1472979214206792-main.pdf?_tid=5eaba9a8-
5cef-11e7-8b16-00000aab0f02&acdnat=1498757062_ae55b90f313167f46c038c8497b286¢2 https://
doi.org/10.1016/j.tube.2015.04.003 PMID: 26038289

Plummer M. DSC 2003 Working Papers JAGS: A program for analysis of Bayesian graphical models
using Gibbs sampling. [cited 2018 Jul 18]; Available from: http://www.ci.tuwien.ac.at/Conferences/
DSC-2003/

Classen CN, Warren R, Richardson M, Hauman JH, Gie RP, Ellis JH, et al. Impact of social interactions
in the community on the transmission of tuberculosis in a high incidence area. Thorax [Internet]. 1999
Feb 1 [cited 2018 Aug 3]; 54(2):136—40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/

10325918 https://doi.org/10.1136/thx.54.2.136 PMID: 10325918

Davidson JA, Thomas HL, Maguire H, Brown T, Burkitt A, Macdonald N, et al. Understanding Tubercu-
losis Transmission in the United Kingdom: Findings From 6 Years of Mycobacterial Interspersed Repeti-
tive Unit—Variable Number Tandem Repeats Strain Typing, 2010-2015. Am J Epidemiol [Internet].
2018 Jun 7 [cited 2018 Aug 3]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/29878041

Hamblion EL, Le Menach A, Anderson LF, Lalor MK, Brown T, Abubakar |, et al. Recent TB transmis-
sion, clustering and predictors of large clusters in London, 2010-2012: results from first 3 years of uni-
versal MIRU-VNTR strain typing. Thorax [Internet]. 2016 Aug 1 [cited 2018 Aug 3]; 71(8):749-56.
Available from: http://www.ncbi.nim.nih.gov/pubmed/27417280 https://doi.org/10.1136/thoraxjnl-2014-
206608 PMID: 27417280

Guthrie JL, Delli Pizzi A, Roth D, Kong C, Jorgensen D, Rodrigues M, et al. Genotyping and Whole-
Genome Sequencing to Identify Tuberculosis Transmission to Pediatric Patients in British Columbia,
Canada, 2005-2014. J Infect Dis [Internet]. 2018 May 11 [cited 2018 Aug 3]; Available from: https://
academic.oup.com/jid/advance-article/doi/10.1093/infdis/jiy278/4995040

Smith KC. Tuberculosis in children. Curr Probl Pediatr [Internet]. 2001 Jan 1 [cited 2018 Aug 3]; 31
(1):5-30. Available from: https://www-sciencedirect-com.ezproxy.bu.edu/science/article/pii/
S1538544201700405

Egere U, Togun T, Sillah A, Mendy F, Otu J, Hoelscher M, et al. Identifying children with tuberculosis
among household contacts in The Gambia. Int J Tuberc Lung Dis [Internet]. 2017 Jan 1 [cited 2018 Aug
3]; 21(1):46-52. Available from: http://www.ingentaconnect.com/content/10.5588/ijtld.16.0289 PMID:
28157464

Marais BJ, Hesseling AC, Schaaf HS, Gie RP, van Helden PD, Warren RM. Mycobacterium tuberculo-
sis transmission is not related to household genotype in a setting of high endemicity. J Clin Microbiol
[Internet]. 2009 May 1 [cited 2018 Aug 3]; 47(5):1338—43. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/19261801 https://doi.org/10.1128/JCM.02490-08 PMID: 19261801

Nabyonga L, Kateete DP, Katabazi FA, Odong PR, Whalen CC, Dickman KR, et al. Determination of
circulating Mycobacterium tuberculosis strains and transmission patterns among pulmonary TB
patients in Kawempe municipality, Uganda, using MIRU-VNTR. BMC Res Notes [Internet]. 2011 Dec
11 [cited 2019 Sep 11]; 4(1):280. Available from: https://bmcresnotes.biomedcentral.com/articles/10.
1186/1756-0500-4-280

Cruciani M, Malena M, Bosco O, Gatti G, Serpelloni G. The impact of human immunodeficiency virus
type 1 on infectiousness of tuberculosis: a meta-analysis. Clin Infect Dis [Internet]. 2001 Dec 1 [cited

PLOS ONE | https://doi.org/10.1371/journal.pone.0223966 October 22, 2019 12/13


http://www.ingentaconnect.com/content/iuatld/ijtld/2010/00000014/00000004/art00007
http://www.ingentaconnect.com/content/iuatld/ijtld/2010/00000014/00000004/art00007
http://www.ncbi.nlm.nih.gov/pubmed/20202297
https://doi.org/10.1371/journal.pone.0066412
https://doi.org/10.1371/journal.pone.0066412
http://www.ncbi.nlm.nih.gov/pubmed/23823871
https://doi.org/10.1371/journal.pone.0100984
http://www.ncbi.nlm.nih.gov/pubmed/24988000
http://ac.els-cdn.com/S1472979214206792/1-s2.0-S1472979214206792-main.pdf?_tid=5eaba9a8-5cef-11e7-8b16-00000aab0f02&acdnat=1498757062_ae55b90f313167f46c038c8497b286c2
http://ac.els-cdn.com/S1472979214206792/1-s2.0-S1472979214206792-main.pdf?_tid=5eaba9a8-5cef-11e7-8b16-00000aab0f02&acdnat=1498757062_ae55b90f313167f46c038c8497b286c2
https://doi.org/10.1016/j.tube.2015.04.003
https://doi.org/10.1016/j.tube.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26038289
http://www.ci.tuwien.ac.at/Conferences/DSC-2003/
http://www.ci.tuwien.ac.at/Conferences/DSC-2003/
http://www.ncbi.nlm.nih.gov/pubmed/10325918
http://www.ncbi.nlm.nih.gov/pubmed/10325918
https://doi.org/10.1136/thx.54.2.136
http://www.ncbi.nlm.nih.gov/pubmed/10325918
http://www.ncbi.nlm.nih.gov/pubmed/29878041
http://www.ncbi.nlm.nih.gov/pubmed/27417280
https://doi.org/10.1136/thoraxjnl-2014-206608
https://doi.org/10.1136/thoraxjnl-2014-206608
http://www.ncbi.nlm.nih.gov/pubmed/27417280
https://academic.oup.com/jid/advance-article/doi/10.1093/infdis/jiy278/4995040
https://academic.oup.com/jid/advance-article/doi/10.1093/infdis/jiy278/4995040
https://www-sciencedirect-com.ezproxy.bu.edu/science/article/pii/S1538544201700405
https://www-sciencedirect-com.ezproxy.bu.edu/science/article/pii/S1538544201700405
http://www.ingentaconnect.com/content/10.5588/ijtld.16.0289
http://www.ncbi.nlm.nih.gov/pubmed/28157464
http://www.ncbi.nlm.nih.gov/pubmed/19261801
http://www.ncbi.nlm.nih.gov/pubmed/19261801
https://doi.org/10.1128/JCM.02490-08
http://www.ncbi.nlm.nih.gov/pubmed/19261801
https://bmcresnotes.biomedcentral.com/articles/10.1186/1756-0500-4-280
https://bmcresnotes.biomedcentral.com/articles/10.1186/1756-0500-4-280
https://doi.org/10.1371/journal.pone.0223966

@ PLOS | O N E Partitioning the risk of tuberculosis transmission in household contact studies

2018 Aug 3]; 33(11):1922-30. Available from: http://www.ncbi.nim.nih.gov/pubmed/11692305 https://
doi.org/10.1086/324352 PMID: 11692305

27. Middelkoop K, Mathema B, Myer L, Shashkina E, Whitelaw A, Kaplan G, et al. Transmission of Tuber-
culosis in a South African Community With a High Prevalence of HIV Infection. J Infect Dis [Internet].
2015 Jan 1 [cited 2018 Jul 31]; 211(1):53-61. Available from: https://academic.oup.com/jid/article-
lookup/doi/10.1093/infdis/jiu403 PMID: 25053739

28. Huang C-C, Tchetgen ET, Becerra MC, Cohen T, Hughes KC, Zhang Z, et al. The Effect of HIV-Related
Immunosuppression on the Risk of Tuberculosis Transmission to Household Contacts. Clin Infect Dis
[Internet]. 2014 Mar 15 [cited 2018 Jul 31]; 58(6):765-74. Available from: https://academic.oup.com/
cid/article-lookup/doi/10.1093/cid/cit948 PMID: 24368620

PLOS ONE | https://doi.org/10.1371/journal.pone.0223966 October 22, 2019 13/13


http://www.ncbi.nlm.nih.gov/pubmed/11692305
https://doi.org/10.1086/324352
https://doi.org/10.1086/324352
http://www.ncbi.nlm.nih.gov/pubmed/11692305
https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiu403
https://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiu403
http://www.ncbi.nlm.nih.gov/pubmed/25053739
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/cit948
https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/cit948
http://www.ncbi.nlm.nih.gov/pubmed/24368620
https://doi.org/10.1371/journal.pone.0223966

