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The individual- and population-level impact of household tuberculosis exposure on transmission is unclear
but may have implications for the effectiveness and implementation of control interventions. We systematically
searched for and included studies in which latent tuberculosis infection was assessed in 2 groups: children
exposed and unexposed to a household member with tuberculosis. We also extracted data on the smear and cul-
ture status of index cases, the age and bacillus Calmette-Guérin vaccination status of contacts, and study design
characteristics. Of 6,176 citations identified from our search strategy, 26 studies (13,999 children with household
exposure to tuberculosis and 174,097 children without) from 1929–2015 met inclusion criteria. Exposed children
were 3.79 (95% confidence interval (CI): 3.01, 4.78) times more likely to be infected than were their community
counterparts. Metaregression demonstrated higher infection among children aged 0–4 years of age compared with
children aged 10–14 years (ratio of odds ratios = 2.24, 95% CI: 1.43, 3.51) and among smear-positive versus
smear-negative index cases (ratio of odds ratios = 5.45, 95% CI: 3.43, 8.64). At the population level, we estimated
that a small proportion (<20%) of transmission was attributable to household exposure. Our results suggest that
targeting tuberculosis prevention efforts to household contacts is highly effective. However, a large proportion of
transmission at the population level may occur outside the household.

contact tracing;Mycobacterium tuberculosis; recent transmission; systematic review; tuberculosis

Abbreviations: CI, confidence interval; OR, odds ratio.

Mycobacterium tuberculosis infection is acquired predomi-
nantly through sharing air spacewith an individualwho has active
tuberculosis and inhaling droplet aerosols produced by that
person. The vastmajority of those infected are from impoverished
populations in developing countries (1, 2). The elimination of
tuberculosis is not possible without a concerted effort to prevent
the spread of the disease. Current control measures, predomi-
nately passive case-finding of diseased cases, are lowering global
tuberculosis incidence rates by approximately 1% per year (3, 4).
This level of reduction in new cases of tuberculosis is, however,
lower than anticipated, despite renewed efforts and increased
resources (3, 4). This modest improvement has led to calls for
additional epidemiologic information that can assist in the de-
velopment of programmatic measures supplementary to current
tuberculosis control (5–9). Targeting locations where tuberculosis

is likely to spread may open up entry points for interrupting trans-
mission (6, 10). However, defining where transmission is more
likely to occur needs further work in order to inform and target re-
sources in future tuberculosis prevention efforts (10–13).

The spread ofM. tuberculosis has long been hypothesized to
occur more often in the household than in the community (14).
However, molecular epidemiologic studies implemented between
the late 1990s and early 2000s have not consistently shown
this (11, 13, 15). In South Africa, investigators in several studies
have found that more than 80% of total transmission was attri-
butable to casual contact or community exposures (12, 16–18).
Conversely, results of recent studies in Uganda and South
Africa have suggested thatM. tuberculosis infection and dis-
ease is more likely across all ages in households than among
community members (11, 15).
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To address this knowledge gap, we performed a systematic
review and meta-analysis to estimate the balance ofM. tubercu-
losis transmission among children between household exposure
and community exposures to index cases. We calculated the
odds of latent tuberculosis infection among studies with children
in household contact with a person with tuberculosis and a com-
munity control group with no such exposure. In addition, we
estimated the population attributable fraction in studies that ran-
domly sampled from the general population in order to quantify
at the population level the proportion of new latent tuberculosis
infections due to household exposure to an individual with
tuberculosis disease.

METHODS

Study design

Weconducted a systematic reviewof studies that included chil-
dren 0–14 years of age both as household contacts of a person
with tuberculosis and as members of households in the commu-
nitywithout known household contact with active tuberculosis. In
choosing children as the primary focus of this review, we made 3
assumptions based on the epidemiology of tuberculosis. First,
children are a reasonable proxy for recent tuberculosis transmis-
sion due to their young age (19). Young children are often used
when conducting large tuberculin surveys measuring the annual
risk of infection, and these rates are often generalized to the com-
munity at large (20). Because the incubation period of tuberculo-
sis is variable and can last years (21, 22), using adults to measure
household transmission may create a selection bias that would
skew any estimate of transmission to a higher rate. Second, we
assumed that an infected child living in a household with a person
with tuberculosis was most likely to have been infected through
contact with the index case and therefore represents household
transmission (23, 24). Third, we assumed that an infected child
living in a household free of tuberculosis disease must have con-
tracted the infection from outside the household (25).

Literature search

This review followed the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) statement for
the reporting of systematic reviews and meta-analyses (Web
Appendix 1, available at http://aje.oxfordjournals.org/). We first
searched the literature for systematic reviews investigating M.
tuberculosis infection in household contact and community con-
trol groups among children. None were found. There are 4 sys-
tematic reviews on contact evaluations, but none included
control groups (26–29). We then aimed to compile all studies
investigating 2 groups: children in household contact with a per-
sonwith tuberculosis and children in households without known
household exposure.

We searched journal articles of any study design in PubMed
(MEDLINE), Web of Science, BIOSIS, and Embase electronic
databases. The search approach was conducted with the help of
a librarian database consultant and was updated in October
2014. Keywords in these database searches included tuberculo-
sis,Mycobacterium tuberculosis, tuberculin, contact*, transmis-
sion, childhood contact, and household contact (full search
strategies are detailed in Web Appendix 2). We did not restrict

articles by publication date, and we included articles in English
and Spanish. The references of multiple reviews, both system-
atic and descriptive, were also searched and evaluated for eligi-
bility (19, 26–28, 30, 31). We hand searched the table of
contents of the following journals: International Journal of
Tuberculosis and Lung Disease, Tubercle and Lung Disease,
and American Review of Respiratory Disease.We also searched
online abstract books from the Union World Conference on
LungHealth (2004–2013). Dissertations and conference abstracts
were included for collation if eligible. Corresponding authors of
journal articles were contacted for additional data if a study met
eligibility criteria but did not stratify by age.

After the search and exclusion of duplicate articles, 2 authors
independently screened articles by title, abstract, and text for full
review and inclusion in the study. If reviewers disagreed about
including an article after a screening, a third author (C.C.W.)
determined the eligibility of an article for full review.

Data extraction

A data extraction form was developed and piloted (Web
Table 1). Using this form, 2 authors independently extracted all
data from eligible studies and then compared results. Again, dif-
ferences in data points were resolved by a third author (C.C.W.).
From each article, we collected information on the year of publi-
cation and implementation, definition used for latent infection,
study design, and study setting. Characteristics extracted from
index cases included method of diagnosis, total number of cases
found in household, human immunodeficiency virus status, and
smear grade. From contacts and controls, we collated information
on age, number with latent tuberculosis, bacillus Calmette-Guér-
in vaccination status, proximity to the index case, and matching
characteristics between groups. We also collected national tuber-
culosis prevalence data from World Health Organization data-
bases for each study conducted after 1990 as a proxy for local
tuberculosis rates (32). Studies were classified into income levels
using the World Bank definitions (high-, middle-, and low-
income countries) as of 2015 (http://data.worldbank.org/news/
2015-country-classifications). Additional data on methods and
results included in each study were also extracted when available
in order to compare studies (Web Tables 2–4).

Definition of key terms

Tuberculosis cases in the household were considered source
cases andwere eligible if diagnosis was confirmed either bacteri-
ologically (positive on sputum smear or culture) or radiograph-
ically. Definition of household varied among the studies. We
used each study’s definition of household. Community controls
were defined as a randomly selected household without house-
hold exposure to microbiological or radiologically confirmed
tuberculosis andmatched to contacts by age and location.

Studies using the tuberculin skin test to diagnose latent
tuberculosis infection were included. In most studies, the cri-
terion for a positive skin test was an induration of ≥10 milli-
meters when read 48–72 hours after injection. Other criteria
for a positive test were used; an induration of 5 millimeters
and of 8 millimeters were used once each, and a 2-step pro-
cess of diagnosis was used in a large trial from India (33).
Five studies did not specify the criteria for a positive tuberculin
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skin test but were included in the analysis because they stipu-
lated whether subjects had either a positive or negative skin
test. One study defined a positive tuberculin skin test as an
induration of ≥5 millimeters in children living with human
immunodeficiency virus, and these results were classified as
positive as defined in this study (34). One study using the Heaf
test was included (35); a grade of 3 or 4 was considered a posi-
tive test in this study. Among studies that measured latent
infection rates with both tuberculin skin tests and interferon-
gamma assays, results from tuberculin skin tests were selected
and extracted for analysis. No studies measured latent tubercu-
losis in both household-contact and community-control groups
solely with interferon-gamma assays.

Statistical analysis and heterogeneity

We estimated the odds ratios for infection in the household
compared with the community for each study then combined
these odds ratios using a random-effects model. A random-effects
modelwithDerSimonian andLairdweights, equalizing theweight
of the studies to the pooled estimate, was used because of the
high level of heterogeneity found in the odds ratio estimates
among studies (36). Two-sided P values and 95% confidence in-
tervals were used to assess statistical significance in all models,
and the I2 statistic was used to evaluate heterogeneity between
studies (37).We stratified the analysis by prespecified characteris-
tics of the chosen studies and then used random-effects univari-
able and multivariable metaregression to calculate the ratio of
odds ratios and investigate causes of heterogeneity. Variables
were chosen for inclusion in themultivariablemodel by use of the
coefficient of determination, or adjusted R2 statistic, which repre-
sents the proportion of between-study variance explained by the
model. The adjusted R2 statistic was estimated by use of the
restricted maximum likelihood, and the model that explained
the most between-study variance was chosen. Stata, version 12.1
(StataCorp LP, College Station, Texas), was used to perform all
analyses; the metan command was used to create forest plots, and
themetareg commandwas used to performmetaregression.

We calculated the population attributable fraction of house-
hold exposure to a person with tuberculosis. The population
attributable fraction expresses the proportion of new tuberculo-
sis infections that would be eliminated had transmission not
occurred or was preempted in the household. The population
attributable fraction was estimated only from studies where the
control population was taken as a random sample of the com-
munity instead of purposive, neighborhood controls. Contact
investigations with neighborhood control groups may overesti-
mate the proportion of exposed individuals in a population in
situations where tuberculosis disease, and hence transmission,
is clustered. Therefore, we used only studies that randomly sam-
pled the general population and calculated prevalence ratios
for these studies. The following formula was used to ascertain
the population attributable fraction (18, 38, 39):

= [( − ) ÷ ]PPAF RR 1 RR ,cases

where Pcases is the prevalence of exposure to household con-
tact among cases and RR is the relative risk, represented here
by the prevalence ratio. We calculated Wald confidence in-
tervals that take into account the uncertainty around both the

prevalence ratio and the prevalence of household exposure
among cases (40).

Various sensitivity analyses were conducted to assess poten-
tial bias, including comparing crude and adjusted odds ratios
when provided (Web Material), stratification by study design,
and comparing studies from various time periods. We assessed
publication bias through the Harbord test and by inspecting
funnel plot symmetry (41).

RESULTS

From our database searches we found a total of 4,079 original
titles, ofwhich 26 studies (15, 25, 33–35, 42–62)met eligibility re-
quirements andwere included in themeta-analysis (Figure 1,Web
Table 5). The mean number of household contacts and commu-
nity controls per study was 538 (range, 16–3,191) and 6,696
(range, 18–106,717), respectively. The study designs included
16 case-control studies, 9 cross-sectional studies, and 1 cross-
sectional, secondary analysis of a randomized clinical trial at
baseline (33) (Table 1). There were 10 studies fromAfrica, 3 from
Europe, 6 from the Americas, and 7 from Asia. Fourteen studies
had sputum smear–positive index cases; 3 studies contained
smear-negative, culture-positive cases; and 5 studies contained
index caseswhowere both smear- and culture-negative. Four stud-
ies gave information on acid-fast bacilli smear grade (+1,+2,+3).

The overall odds ratio for infection between household contact
and community control groups was 3.79 (95% confidence inter-
val (CI): 3.01, 4.78; Table 2 and Figure 2). After stratification, the
odds ratio for tuberculosis infection with household contact com-
paredwith community control groupswas highest when the index
case was positive on both smear and culture (odds ratio (OR) =
6.42, 95% CI: 4.63, 8.91; Table 2 and Figure 3), children
were 0–4 years old (OR = 5.39, 95% CI: 3.86, 7.53), the study
was implemented in the Americas (OR = 5.73, 95% CI: 3.44,
9.53), and the setting had a tuberculosis disease prevalence≤250
cases per 100,000 (OR= 5.95, 95%CI: 1.01, 34.94) (Table 2).

In univariable metaregression analysis, the ratio of odds ratios
was statistically higher in children <5 years of age compared
with children 10–14 years of age (ratio of ORs = 1.95, 95% CI:
1.00, 3.78), smear- and culture-positive index cases versus smear-
and culture-negative (ratio of ORs = 4.46, 95% CI: 2.49, 8.00),
and in case-control studies versus cross-sectional studies (ratio
of ORs = 1.95, 95% CI: 1.17, 3.26) (Table 3). Compared with
settings with tuberculosis disease prevalence >500 cases per
100,000, ratios of odds ratios of infection were higher in set-
tings with more than 250 and up to 500 cases per 100,000
(ratio of ORs = 2.58, 95% CI: 0.93, 7.18) and ≤250 cases per
100,000 (ratio of ORs = 2.40, 95% CI: 0.67, 8.57), but these
differences were not statistically significant.

Despite stratification, between-study heterogeneity of results
remained high (Table 2). To investigate heterogeneity further,
we performed a multivariable, random-effects metaregression
analysis. After adjustment for covariates, we found that the ratio
of odds ratios between household-contact and community-control
groups was higher among children 0–4 years old compared with
children 10–14 years old (ratio ofORs= 2.24, 95%CI: 1.43, 3.51)
and among smear-positive compared with smear-negative index
cases (ratio of ORs = 5.45, 95% CI: 3.43, 8.64). Other study
factors, such as region or study design, did not explain variance
across studies (Table 3).
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We calculated the population attributable fraction of house-
hold exposure using the results of studies that included ran-
domly sampled surveys (Table 4) as the measure of community
prevalence of infection (25, 33, 44–46, 52, 53, 57, 58, 62). The
average of the probability of exposure among cases (Pcases) was
22.9, and the random-effects pooled prevalence ratio from these
studies was 1.97 (95% CI: 1.69, 2.29; I2 = 85.0%). From this,
we found the population attributable fraction of household expo-
sure to a person with tuberculosis to be 11.3% (95% CI: 9.37,
12.92). After exclusion of 2 outlier studies (57, 62), where the
probability of exposure among cases was low (Table 4), the mean
probability of exposure among cases was 28.5, and the pooled
prevalence ratio was 1.98 (95%CI: 1.69, 2.33). From this data, we
found the population attributable fraction to be 14.1% (95% CI:
11.6, 16.3).

Five studies (25, 33, 44, 45, 47) provided adjusted odds ratios
when comparing children exposed to a person with tuberculosis
in their household with children who were not (Web Table 6).
Sensitivity analysis displayed little difference after adjustment
for potential confounders. The Harbord test for publication bias
was not significant (P = 0.841). Inspecting funnel plots for
asymmetry also did not reveal remarkable asymmetry, suggest-
ingminimal if any publication bias (Web Figure 1).

DISCUSSION

To estimate the influence of household contact on tubercu-
losis transmission, we collected and analyzed data from 26

studies of children who were exposed to tuberculosis in the
household and children who were not. Using a random-
effects analysis, we found that a child exposed to a person
with tuberculosis in the household was almost 4 times more
likely to have tuberculosis infection than an age-matched
child in the same community but without active tuberculosis
in the household. At the population level however, contact
with a household member with tuberculosis accounted for a
relatively small proportion of total transmission in studies
with randomly sampled study populations.

Recently, 4 important meta-analyses evaluating tuberculosis
contact investigations have been published, all demonstrating that
individuals in household contact with a person with tuberculosis
have a high yield of tuberculosis infection and disease (26–29).
The current analysis expands the scope of these studies by includ-
ing control households and community tuberculin skin test sur-
veys. With the added control group, we focused our analysis on
the age-specific differences in the prevalence of tuberculosis infec-
tion in the households and the community. This differencewas ex-
pressed as an odds ratio which can be interpreted as the odds of
infection associated with household exposure compared with the
odds of infection among communitymembers in the same age cat-
egory. The odds ratiowas greater, sometimesmuch greater, than 1
for all included age groups, indicating that the household is a “hot
spot” of intense transmission ofM. tuberculosis.

We found that age of the child with household contact and
sputum-smear status of the index case were influential predictors
of increased yield of infection in case-contact groups compared
with community-control groups. These results support current

Full-Text Articles Excluded (n = 291)

Selected Studies Included In

Meta-Analysis (n = 26)

Records Identified Through PubMed (MEDLINE),

Embase, Web of Science, BIOSIS

(n = 6,106)

Additional Records Identified in Hand Search

of Citations From Original and Review

Articles, Abstracts, Dissertations (n = 70)

Records After Duplicates Removed

(n = 4,079)

Records Screened (n = 4,079)

Total Records Excluded (n = 3,762)

Excluded based on title (n = 2,516)
Excluded based on abstract (n = 1,246)

Full-Text Articles Assessed for

Eligibility (n = 317)

Figure 1. Flow diagram for search and selection of 26 included studies, for a meta-analysis of the assessment of latent tuberculosis infection
among children who were exposed to tuberculosis in the household and children who were not, published during 1929–2015.
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recommendations to perform contact investigations and provide
preventive isoniazid therapy in households with smear-positive
index cases and children younger than 5 years of age (63).
Despite significant differences between different age groups of
children, our results also support an expanded implementation
of current guidelines in older children. Contact investigations
may identify young children, less than 5 years of age, with pro-
gressive primary disease (15, 64–66) and lead to appropriate
antituberculosis therapy. However, children aged 5–14 years
were also at increased likelihood of tuberculosis infection

compared with community control groups in our analysis.
Although these children may have a lower risk for progressive
disease than younger children, they would likely benefit from
treatment for latent tuberculosis, if present, and thereby reduce
the risk of developing disease from recent exposure (67). Protect-
ing children at risk for tuberculosis transmission in households of
index cases should be recommended and advocated for by policy
makers, especially in developing countries (68).

Households clearly represent areas of intense transmission
of M. tuberculosis, but the effect of this transmission on the

Table 1. Characteristics of 26 Selected StudiesMeasuring Latent Tuberculosis in Children Exposed and Unexposed to Tuberculosis in the
Household, 1929–2015

First Author, Yeara

(Reference No.)
Definition of

LTBIb
Age Range,

years Study Design Country

Household Contacts Community
Controls

No. of
Contactsc % Yieldd No. of

Controlsc % Yieldd

Almeida, 1998 (42) >10 0–14 Case-control Brazil 141 47.5 506 3.6

Blahd, 1946 (43) NP 0–2 Case-control United States 143 22.4 3,589 3.7

Brailey, 1928–1937 (61) NP 0–14 Case-control United States 789 66.3 111 34.2

Den Boon, 2002 (44) ≥10 0–14 Cross-sectional South Africa 401 44.6 943 26.8

Dogra, 2004–2005 (45) ≥10 1–12 Cross-sectional India 16 18.8 89 7.9

Dow, 1931 (46) NP 0–14 Cross-sectional United Kingdom 279 62.4 724 35.6

Gilpin, 1984 (35) ≥3 0–14 Case-control South Africa 80 30.0 94 12.8

Gustafson, 1999–2000 (47) ≥10 0–14 Case-control Guinea-Bissau 482 27.8 541 10.9

Hill, 2002–2004 (48) ≥10 0–14 Case-control TheGambia 255 26.6 18 5.5

Hoa, 2006–2007 (62) ≥10 0–14 Cross-sectional Vietnam 189 27.0 21,055 17.6

Hossain, 2007–2009 (57) ≥8 5–14 Cross-sectional Bangladesh 19 47.4 17,530 16.7

Kenyon, 1997 (49) ≥10 0–4 Case-control Botswana 107 12.2 697 6.2

Lienhardt, 1999–2001 (50) ≥10 0–14 Case-control TheGambia 1,105 31.9 967 6.1

Madico, 1990 (25) ≥10 0–14 Cross-sectional Peru 175 55.4 382 33.8

Mandalakas, 2015 (34) ≥10 0–14 Case-control South Africa 824 45.9 501 30.1

McPhedran, 1935 (59) NP 0–14 Case-control United States 1,342 72.3 705 36.2

Nakaoka, 2006 (51) ≥10 0–14 Case-control Nigeria 158 32.9 48 12.5

Narain, 1960–1961 (52) ≥10 0–14 Cross-sectional India 790 24.2 9,186 12.0

Narasimhan, 2012 (60) >10 0–14 Case-control India 53 34.0 53 22.6

Olender, 1997–2000 (58) ≥10 0–14 Cross-sectional Peru 61 23.0 563 5.2

Radhakrishna, 1968–1983 (33) Multiplee 0–14 Cross-sectionalf India 3,191 37.1 106,717 15.9

Roelsgaard, 1955–1960 (53) ≥10 0–9 Cross-sectional Six countries in
tropical Africag

1,010 11.0 7,295 7.2

Rutherford, 2012 (54) ≥10 0–9 Case-control Indonesia 299 48.2 72 9.7

Schlesinger, 1929 (55) NP 0–10 Case-control United Kingdom 68 67.7 438 18.3

Shaw, 1948–1952 (56) ≥5 0–14 Case-control United Kingdom 823 41.8 709 22.1

Whalen, 1995–2006 (15) ≥10 0–14 Case-control Uganda 1,199 65.3 564 13.3

Abbreviations: LTBI, latent tuberculosis infection; NP, not provided.
a Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used.
b Represented by millimeter induration recorded 48–72 hours after tuberculin skin test implementation. Gilpin et al. (35) is the only study that

used the Heaf test, in which tuberculosis infection is measured by a grading system instead of millimeter induration.
c Represents the total number of household-contact or community-control participants in each study.
d Represents the percent yield of latent tuberculosis infections in household-contact or community-control groups.
e Multiple tuberculin skin tests used for positive classification based on group assigned.
f This was a cross-sectional secondary analysis of a randomized clinical trial.
g Countries includedGambia, Kenya, Uganda, Zanzibar, Tanganyika, and Sierra Leone.
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Table 2. Subgroup Analysis of StudiesWith Both Household Tuberculosis Contact and Community-Control Groups of Children, From aMeta-
Analysis of 26 Studies Published During 1929–2015

Stratum No. of
Studiesa

Pooled
OR 95%CI I2 References

All studies 26 3.79 3.01, 4.78 93.6 (15, 25, 33–35, 42–62)

Age group, years

0–4 14 5.39 3.86, 7.53 82.5 (15, 33, 42–44, 46, 47, 49, 50, 52, 53, 56, 59)

5–9 9 3.48 2.46, 4.94 89.6 (33, 42, 44, 46, 52, 53, 56, 58, 59)

10–14 8 2.77 2.12, 3.63 78.6 (33, 42, 44, 46, 52, 53, 56, 58)

Region

Asia 7 2.70 1.95, 3.72 87.2 (33, 45, 52, 54, 57, 60, 62)

Africa 10 3.66 2.06, 6.49 96.2 (15, 34, 35, 44, 47–51, 53)

Europe 3 3.37 2.20, 5.15 80.5 (46, 55, 56)

Americas 6 5.73 3.44, 9.53 90.0 (25, 42, 43, 58, 59, 61)

BCG vaccination status of household contact

Yes 4 3.78 1.60, 8.97 92.4 (15, 42, 47, 58)

No 4 2.45 1.32, 4.56 48.9 (15, 42, 47, 58)

Proximity of household contact to index case

Different room 3 2.70 1.38, 5.30 88.1 (15, 47, 48)

Same room, different bed 3 3.86 2.57, 5.81 61.8 (15, 47, 48)

Shared bed 2 4.31 3.19, 5.83 0 (15, 47)

HIV status of index case

Positive 3 2.69 1.49, 4.87 83.0 (15, 47, 49)

Negative 3 3.27 1.77, 6.04 83.3 (15, 47, 49)

Sputum-smear and culture status of index case

Smear-positive, culture-positive vs. control 14 6.42 4.63, 8.91 90.6 (15, 25, 33, 35, 42, 46–48, 50, 51, 54–57)

Smear-negative, culture-positive vs. control 3 1.76 0.96, 3.22 87.7 (33, 51, 56)

Smear-negative, culture-negative vs. control 5 1.41 1.11, 1.81 72.9 (46, 52, 53, 56, 59)

Smear-positive vs. culture-positiveb 3 3.74 1.32, 10.58 96.9 (33, 50, 55)

Sputum-smear grade of index casec

Smear grade+1 4 4.39 2.09, 9.23 80.3 (18, 24, 40, 44)

Smear grade+2 4 5.84 2.56, 13.30 81.2 (3, 25, 40, 59)

Smear grade+3 4 8.72 2.21, 34.41 95.4 (25, 42, 47, 54)

Study design

Cross-sectional 10 2.46 1.96, 3.07 87.4 (25, 33, 44–46, 52, 53, 57, 58, 62)

Case-control 16 4.94 3.37, 7.24 93.4 (15, 34, 35, 42, 43, 47–51, 54–56, 59–61)

Yeard

Before 2000 13 3.56 2.79, 4.54 91.7 (25, 33, 35, 42, 43, 46, 49, 52, 53, 55, 56, 59, 61)

2000 and later 13 4.06 2.44, 6.74 95.0 (15, 34, 44, 45, 47, 48, 50, 51, 54, 57, 58, 60, 62)

Before 1980 9 3.28 2.58, 4.16 91.2 (33, 43, 46, 52, 53, 55, 56, 59, 61)

1980 and later 17 4.15 2.66, 6.45 94.5 (15, 25, 34, 35, 42, 44, 45, 47–51, 54, 57, 58, 60, 62)

Before 1960 7 3.60 2.43, 5.35 92.5 (43, 46, 53, 55, 56, 59, 61)

1960 and later 19 3.89 2.88, 5.26 94.2 (15, 25, 33–35, 42, 44, 45, 47–52, 54, 57, 58, 60, 62)

Tuberculosis disease prevalencee

>500 per 100,000 4 2.13 1.84, 2.48 0 (25, 34, 44, 49)

>250 and≤500 per 100,000 9 5.49 3.22, 9.35 87.0 (15, 45, 47, 48, 50, 51, 54, 57, 60)

≤250 per 100,000 3 5.95 1.01, 34.94 97.5 (42, 58, 62)

Table continues
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Table 2. Continued

Stratum No. of
Studiesa

Pooled
OR 95%CI I2 References

National income statusf

Low income 6 5.12 2.07, 12.67 97.3 (15, 45, 47, 48, 50, 53, 57)

Middle income 14 3.09 2.39, 4.00 89.1 (25, 33–35, 42, 44, 45, 49, 51, 52, 54, 58, 60, 62)

High income 6 4.12 2.98, 5.71 84.9 (43, 46, 55, 56, 59, 61)

Abbreviations: BCG, bacillus Calmette-Guérin; CI, confidence interval; HIV, human immunodeficiency virus; OR, odds ratio.
a The number of studies in each subgroup may exceed the total number of studies because a study may include multiple values of each sub-

group. For example, a single studymay have children in all age groups of 0–4, 5–9, and 10–14 years.
b Comparison of infection rates from contacts of smear-positive, culture-positive index cases versus smear-negative, culture-positive index cases.
c Includes only studies with smear-positive, culture-positive index cases.
d Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used.
e Disease prevalence is per 100,000 persons.Only studies conducted in 1990or afterwardwere included unless prevalence levelswere given in the paper.
f Income status was calculated based on theWorld Bank IncomeClassification (2015).

Overall

Brailey, 1928–1937 (61)

Gilpin, 1984 (35)

Dogra, 2004–2005 (45)

Almeida, 1998 (42)

McPhedran, 1935 (59)

Hill, 2002–2004 (48)

Lienhardt, 1999–2001 (50)

Hossain, 2007–2009 (57)

Gustafson, 1999–2000 (47)

Roelsgaard, 1955–1960 (53)

Rutherford, 2012 (54)

Mandalakas, 2015 (34)

Olender, 1997–2000 (58)

Kenyon, 1997 (49)

Whalen, 1995–2006 (15)

Schlesinger, 1929 (55)

Dow, 1931 (46)

Radhakrishna, 1968–1983 (33)

Blahd, 1946 (43)

Nakaoka, 2006 (51)

Narain, 1960–1961 (52)

Den Boon, 2002 (44)

Madico, 1990 (25)

Narasimhan, 2012 (60)

Hoa, 2006–2007 (62)

Shaw, 1948–1952 (56)

First Author, Year (Reference No.)

3.79 (3.01, 4.78)

3.78 (2.48, 5.74)

3.00 (1.40, 6.44)

2.70 (0.62, 11.80)

24.55 (13.81, 43.62)

4.54 (3.74, 5.52)

6.18 (0.81, 47.34)

11.52 (8.55, 15.53)

4.48 (1.82, 11.03)

3.15 (2.25, 4.40)

1.58 (1.27, 1.96)

8.63 (3.83, 19.43)

1.96 (1.55, 2.48)

5.48 (2.71, 11.09)

2.10 (1.09, 4.06)

12.26 (9.38, 16.02)

6.39 (3.72, 10.97)

2.99 (2.25, 3.98)

3.12 (2.90, 3.36)

7.49 (4.87, 11.51)

5.00 (1.70, 14.71)

2.27 (1.91, 2.71)

2.20 (1.72, 2.81)

2.44 (1.69, 3.52)

1.76 (0.74, 4.15)

1.62 (1.30, 2.02)

2.47 (1.97, 3.09)

OR (95% CI)

2.01.0 5.0 10.0

Odds Ratio

0.5 50.0

Figure 2. Forest plot of latent tuberculosis infection for children who were exposed to tuberculosis in the household and children who were not, from
a meta-analysis of 26 studies published during 1929–2015. Squares with bars represent study-specific odds ratios (ORs) with confidence intervals
(CIs), and the diamond represents the summary odds ratio estimate. A random-effects model with DerSimonian and Laird weights, equalizing the
weight of the studies to the pooled estimate, was used to derive the summary estimate. Assessment of heterogeneity: I2= 93.6%;P= 0.000.
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overall burden of disease in a community remains unknown.
Results from published studies vary. Investigators in Uganda
suggest transmission might be primarily within households
(15), whereas studies from South Africa estimate that com-
munity transmission accounts for >80% of transmission (12,
17). We found that the population attributable fraction of
household exposure was <20%, meaning that less than 20%
of transmission in a population occurs in households. The
population attributable fraction takes into account both the
magnitude of effect and the prevalence of the exposure—in
this case, the presence of an individual with tuberculosis in
the home. Our population attributable fraction estimate is
low because the prevalence of household exposure at the
population level is low. Because tuberculosis disease affects
less than 1% of households in a community at any time,

exposure opportunities between a person with tuberculosis
and their social network outside the household are more numer-
ous, influencing the proportion ofM. tuberculosis transmission
that occurs in the community.

The individual- and population-level epidemiologic param-
eters estimated in our study have important implications for
public health; however, they should be interpreted cautiously.
We found substantial heterogeneity when using all 26 studies
and when we used a subset of 10 community-based studies.
Some, but not all, of this heterogeneity was explained by strati-
fication, random-effects models, or metaregression analysis.
Enduring variability suggests that factors not investigated in
this analysis—such as undocumented past household expo-
sure among community controls, differences in the recruit-
ment of control groups between studies, or the reliability of

Sputum Smear–Negative, Culture-Negative Index Case

Shaw, 1948–1952 (56)

Dow, 1931 (46)

Roelsgaard, 1955–1960 (53)

McPhedran, 1935 (59)

Narain, 1960–1961 (52)

Subtotal

Sputum Smear−Negative, Culture-Positive Index Case

Shaw, 1948–1952 (56)

Nakaoka, 2006 (51)

Radhakrishna, 1968–1983 (33)

Subtotal

Sputum Smear−Positive, Culture-Positive Index Case

Madico, 1990 (25)

Gilpin, 1984 (35)

Gustafson, 1999–2000 (47)

Hossain, 2007–2009 (57)

Radhakrishna, 1968–1983 (33)

Dow, 1931 (46)

Hill, 2002–2004 (48)

Shaw, 1948–1952 (56)

Nakaoka, 2006 (51)

Rutherford, 2012 (54)

Schlesinger, 1929 (55)

Lienhardt, 1999–2001 (50)

Whalen, 1995–2006 (15)

Almeida, 1998 (42)

Subtotal

First Author, Year (Reference No.)

0.75 (0.51, 1.11)

1.34 (0.77, 2.35)

1.58 (1.27, 1.96)

1.66 (1.32, 2.09)

1.73 (1.39, 2.13)

1.41 (1.11, 1.81)

1.28 (0.91, 1.81)

1.36 (0.48, 3.85)

2.62 (2.34, 2.93)

1.76 (0.96, 3.22)

2.44 (1.69, 3.52)

2.93 (1.35, 6.34)

3.15 (2.25, 4.40)

4.48 (1.82, 11.03)

4.51 (4.10, 4.96)

5.58 (3.86, 8.07)

6.18 (0.81, 47.34)

6.60 (5.00, 8.71)

6.65 (2.54, 17.43)

8.63 (3.83, 19.43)

9.98 (4.97, 20.06)

11.52 (8.55, 15.53)

12.26 (9.38, 16.02)

24.55 (13.81, 43.62)

6.42 (4.63, 8.91)

OR (95% CI)

0.5 1.0 2.0 5.0 10.0 50.0

Odds Ratio

Figure 3. Forest plot of latent tuberculosis infection in household-contact and community-control groups by the smear and culture status of the
index case from ameta-analysis of 26 studies published during 1929–2015. Squares with bars represent study-specific odds ratios (ORs) with con-
fidence intervals (CIs), and each diamond represents the summary OR estimate for the stratum above it. A random-effects model with DerSimonian
and Laird weights, equalizing the weight of the studies to the pooled estimate, was used to derive each stratified summary estimate. Assessments
of heterogeneity: sputum smear–negative, culture-negative index cases, I2 = 72.9% (P = 0.005); sputum smear–negative, culture-positive index
cases, I2= 87.7% (P= 0.000); sputum smear–positive, culture-positive index cases, I2= 90.6% (P= 0.000).
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Table 3. Univariable andMultivariableMetaregression in StudiesWith Household Tuberculosis Contact and
Community Control Groups of Children, From aMeta-Analysis of 26 Studies Published During 1929–2015

Study Characteristic No. of
Studiesa

Univariable Model Multivariable Modelb

Ratio of Odds
Ratiosb 95%CI Ratio of Odds

Ratiosb 95%CI

Age of child with household contact,
years

10–14 8 1.00 Referent 1.00 Referent

5–9 9 1.22 0.61, 2.44 1.35 0.88, 2.06

0–4 14 1.95 1.00, 3.78 2.24 1.43, 3.51

Region

Asia 7 1.00 Referent 1.00 Referent

Africa 10 1.30 0.62, 2.73 0.83 0.45, 1.52

Europe 3 1.22 0.45, 3.30 0.88 0.42, 1.82

Americas 6 2.01 0.87, 4.60 1.85 0.73, 4.68

BCGvaccination status of household
contact

No 4 1.00 Referent

Yes 4 1.41 0.31, 6.47

Proximity of household contact to
index case

Different room 3 1.00 Referent

Same room, different bed 3 1.39 0.54, 3.55

Shared bed 2 1.49 0.51, 4.38

HIV status of index case

Negative 3 1.00 Referent

Positive 3 0.84 0.26, 2.69

Sputum-smear and culture status of
the index case

Smear-negative, culture-negative 5 1.00 Referent 1.00 Referent

Smear-negative, culture-positive 3 1.35 0.61, 2.99 1.42 0.86, 2.36

Smear-positive, culture-positive 14 4.46 2.49, 8.00 5.45 3.43, 8.64

Sputum-smear grade of the index
casec

Smear grade+1 4 1.00 Referent

Smear grade+2 4 1.31 0.22, 7.77

Smear grade+3 4 1.87 0.32, 10.85

Study design

Cross-sectional 10 1.00 Referent 1.00 Referent

Case-control 16 1.95 1.17, 3.26 1.11 0.56, 2.32

Yeard

Before 2000 13 1.00 Referent

2000 and later 13 1.13 0.62, 2.04

Before 1980 9 1.00 Referent

1980 and later 17 1.24 0.68, 2.24

Before 1960 7 1.00 Referent

1960 and later 19 1.08 0.56, 2.05

Tuberculosis disease prevalencee

>500 per 100,000 4 1.00 Referent

>250 and≤500 per 100,000 9 2.58 0.93, 7.18

≤250 per 100,000 3 2.40 0.67, 8.57

Table continues
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readers of tuberculin skin tests—could be influencing the
observed differences. Other meta-analyses addressing con-
tact investigations have found similarly high heterogeneity,
even after stratification (26–29). This may indicate that the

significance of household transmission is largely reliant on
local dynamics of tuberculosis transmission.

Our study has other limitations. First, we pooled data only
from observational studies, whichmay be subject to confounding.

Table 3. Continued

Study Characteristic No. of
Studiesa

Univariable Model Multivariable Modelb

Ratio of Odds
Ratiosb 95%CI Ratio of Odds

Ratiosb 95%CI

National income statusf

Low income 6 1.00 Referent

Middle income 14 0.61 0.30, 1.27

High income 6 0.82 0.35, 1.88

Abbreviations: BCG, bacillus Calmette-Guérin; CI, confidence interval; HIV, human immunodeficiency virus.
a The number of studies in each subgroup may be greater than the total number of studies because a study may

include multiple values of each subgroup. For example, a single study may have children in all age groups of 0–4,
5–9, and 10–14 years.

b Differences in latent tuberculosis between subgroups of studies were quantified using random-effects meta-
regression to estimate ratios of odds ratios. The multivariable metaregression model adjusted for the age of the
household contact, smear and culture status of the index case, region in which the study was implemented, and the
study design. Variables were chosen for inclusion in the multivariable model by use of the adjustedR2 statistic, which
represents the proportion of between-study variance explained by the model. The model that explained the most
between-study variance was chosen.

c Includes only studies with smear-positive, culture-positive index cases.
d Year refers to the year in which the study was implemented. If study implementation was not specified, the date of

publication was used.
e Disease prevalence is per 100,000 persons. Only studies conducted in 1990 or afterward were included unless

prevalence levels were given in the paper.
f Income status was calculated based on theWorld Bank IncomeClassification (2015).

Table 4. Estimates of the Population Attributable Fraction of Household and Community Tuberculosis Transmission From 10 Studies That
Included Randomly Sampled Surveys From the General Populationa, 1931–2009

First Author, Yearb (Reference No.)
Household Contacts Community Controls

Pcases
c Prevalence Ratio 95%CI PAF 95%CId

No. Infected Total No. No. Infected Total No.

Dow, 1931 (46) 102 170 140 507 42.15 2.17 1.80, 2.62 22.73 16.41, 32.62

Roelsgaard, 1955–1960 (53) 111 1,010 528 7,295 17.37 1.52 1.25, 1.84 5.94 1.62, 10.36

Narain, 1960–1961 (52) 191 790 1,102 9,186 14.78 2.02 1.76, 2.31 7.46 4.18, 10.92

Madico, 1990 (25) 97 175 129 382 42.92 1.64 1.35, 1.99 16.75 9.58, 25.86

Olender, 1997–2000 (58) 14 61 29 563 32.56 4.46 2.49, 7.96 25.26 0, 60.54

Dogra, 2004–2005 (45) 3 16 7 89 30.0 2.38 0.69, 8.27 17.39 0, 60.87

Den Boon, 2002 (44) 179 401 253 943 41.44 1.66 1.43, 1.94 16.48 11.05, 23.58

Radhakrishna, 1969–1983 (33) 1,173 3,191 16,960 106,717 6.47 2.34 2.23, 2.45 3.71 2.97, 4.39

Hoa, 2006–2007 (62) 51 189 3,699 21,055 1.36 1.54 1.21, 1.95 0.48 0, 0.98

Hossain, 2007–2009 (57) 9 19 2,934 17,530 0.31 2.83 1.76, 4.55 0.20 0, 0.64

Abbreviations: CI, confidence interval; PAF, population attributable fraction.
a Only data from randomly sampled surveys were used. Case-control designs may incorrectly estimate the proportion of exposed (household

contact) and/or unexposed (community control) populations in the community at large.
b Year refers to the year in which the study was implemented. If study implementation was not specified, the date of publication was used. Data

fromMadico were taken from a previous tuberculin survey.
cPcases is the prevalence of household tuberculosis exposure among cases.
d These areWald confidence intervals that reflect the uncertainty around the prevalence ratio and the probability of exposure among cases.
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Our effect sizes were large, however, and confounding is gener-
ally more of a concern when effect sizes are small (69). Second,
our assumption that household transmission occurred when an
infected child had household tuberculosis exposure is most reli-
able for children of younger ages, because exposures outside the
home increase with age. Third, children with household contact
with a person with tuberculosis are more likely to receive isonia-
zid preventative treatment than community-control children,
and therefore misclassification of uninfected case-contact chil-
dren is possible. Finally, we used a subset of 10 papers when
estimating the population attributable fraction; most of these pa-
pers came from high-burden countries, so the results may be less
applicable in low-burden countries. Moreover, we were not able
to stratify results because of the low number of studies and 2
clear outlier studies.

Publication bias is possible in even the most thorough sys-
tematic review. A strength of our review is that our system-
atic search used multiple electronic reference databases with
no restrictions by year of publication. A substantial number
of important studies on tuberculosis were conducted in the
first half of the 20th century (66), and we found and included
several high-quality studies from before 1950. Furthermore,
our team searched other literature, such as conference abstracts
and dissertations.Our exhaustive search, in combinationwith sym-
metrical funnel plots and a statistically nonsignificant Harbord test,
suggest publication bias did not have a strong impact on our
results.

Our analysis indicates that households of tuberculosis index
cases are areas of intense transmission. This high risk of infec-
tion acquired in the household was evident in countries of all
income levels and over all time periods. Our analysis also
suggests that at the population level, a sizeable portion of
tuberculosis transmission occurs in the community. Contact
investigations are clearly highly effective at finding vulnerable
children at risk, even up to age 14 years, and must be further
encouraged as part of tuberculosis control. However, to reduce
the global incidence of tuberculosis to 1 case per million by 2050,
to reach the goal set by the World Health Organization (70),
additional methods of community-based prevention must be
further studied and prioritized to supplement passive disease
case-finding and household-contact investigation.
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