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Abstract

Comprehensive assessment of the effectiveness of contact investigations for tuberculosis (TB)
control is still lacking. In this study, we use a computational model, calibrated against notification
data from Arkansas during the period 2001-2011, that reproduces independent data on key
features of TB transmission and epidemiology. The model estimates that the Arkansas contact
investigations program has avoided 18.6% (12.1-25.9%) of TB cases and 23.7% (16.4-30.6%) of
TB deaths that would have occurred during 2001-2014 if passive diagnosis alone were
implemented. If contacts of sputum smear-negative cases had not been included in the program,
the percentage reduction would have been remarkably lower. In addition, we predict that
achieving national targets for performance indicators of contact investigation programs has strong
potential to further reduce TB transmission and burden. However, contact investigations are
expected to have limited effectiveness on avoiding reactivation cases of latent infections over the
next 60 years.
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Introduction

Methods

In high-income countries, the incidence of tuberculosis (TB) has seen a sustained decline
since 1993, thanks to general improved health conditions and to control interventions
applied by public health authorities [1]. In the United States, the backbone of TB control is
based on three core elements: case detection and management, active investigation of
contacts of infectious patients and treatment of latent TB infection (LTBI) [2]. The cost-
effectiveness of contact tracing in high-income countries has been evaluated in several
epidemiological studies, yielding conflicting results, possibly due to limitations in study
designs [1]. Randomized control trials would provide conclusive evidence of the
effectiveness of contact investigation studies [3], but no such studies are available to date
[4]. Mathematical models can supplement epidemiological studies and aid the design and
assessment of alternative strategies, but modeling studies for TB contact tracing are also
lacking [5].

In this work, we apply a computational model of TB transmission dynamics in Arkansas,
USA, as an example of a low-burden, high-income setting, to assess the effectiveness of
current contact investigation protocols and the potential impact of alternative intervention
scenarios.

The epidemiological model used in this study is based on a previously published one,
featuring a realistic, spatially explicit and time-evolving representation of the Arkansas
socio-demographic structure by means of an individual based approach [6]. TB transmission
within households, schools, workplaces, and casual, distance-dependent contacts is
considered. Schools and workplaces are enclosed settings where individuals spend much of
their day interacting with a significant number of contacts [7, 8] thus representing
transmission network hubs [9]. Indeed, TB outbreaks in schools are relatively common (e.g.
[10]), and both schools and workplaces are important settings for screening potential
contacts of index cases [9]. The population in the model is spatially distributed according to
estimates of the population density [11] over 219 square cells covering the state territory.
The demography and the network of contacts among individuals are updated at the end of
each year: individuals are generated, grow older, create new households, procreate and die;
the processes of school enrolment (following the educational career), new employment, job
loss and retirement are also modeled. The evolution of the socio-demographic structure was
validated in the original paper [6]. The model captures immigration via a yearly influx of a
foreign-born population based on available age-specific data [12]. Foreign-born individuals
are characterized by a higher rate of LTBI prevalence [13], and the model can accommodate
a small fraction of new immigrants being infectious at the time of entry in the US. Since we
do not explicitly model targeted TB screening during the immigration process, this fraction
of infectious immigrants accounts for infectious individuals who may avoid the screening
process (e.g. illegal immigrants), or with LTBI identified at screening who do not complete
treatment and progress rapidly to TB disease.
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Following the original model [6], whose structure is proposed in Figure 1, individuals are
born uninfected and move to the recently infected class upon contact with an infectious
(Active TB) individual. Recent infections are asymptomatic and progress to either of the
following epidemiological outcomes: i) complete healing, with pathogen clearance via
immune response; ii) active TB disease within a few years from infection episode [14]
(“primary TB”); iii) LTBI. Individuals with LTBI are asymptomatic and non-infectious, and
may develop endogenous TB reactivation [14], even several decades after the infection
episode. Individuals with LTBI can be re-infected by contacts with infectious hosts. Re-
exposed individuals may develop active TB (“exogenous reinfection”) within a few years, or
revert to the latent class, just like recently infected individuals. However, the probability of
exogenous reinfection is lower than that of primary TB, to account for the probability of
protection from TB-specific immune memory arising after first exposure to TB [6, 14, 15].
The model considers extrapulmonary (non-infectious) and pulmonary (infectious) TB and
assigns a higher infectiousness to smear-positive cases compared to smear-negative [16, 17].
Irrespectively of the site of TB and smear status, individuals with active TB may be
diagnosed and cured and are at an increased risk of death.

The original model [6] was expanded to include contact investigation activities as per
guidelines of the Centers for Disease Control (CDC) [18]. Full details on implementation are
given in the Technical Appendix. A summarizing graphical representation of the contact
investigation procedures is provided in Figure 2. More specifically, Figure 2A represents a
case management procedure, which includes a decision model for initiation of contact
investigation and, where appropriate, elicitation of a list of contacts from the index case. We
note here that the CDC does not prioritize investigation of contacts of smear-negative cases
(although it is recommended when resources are available) [18]. In Arkansas, the
Department of Health applies the same protocol to smear-positive and smear-negative
patients with equal priority [19]. Figure 2B depicts our procedure of tracing, testing and,
where applicable, treating contacts on the list. Completed treatment of LTBI is assumed to
have 100% and instantaneous efficacy in controlling the reactivation of LTBI. The contact
investigation program applied in Arkansas (termed “Arkansas contact tracing” in the rest of
the paper), was modeled by using yearly state-specific performance estimates from the
Aggregate Reports on TB Program Evaluation [19] on the program coverage (proportion of
index cases for which contacts are elicited), proportion of missed contacts, rates of treatment
initiation and completion against LTBI.

The model is calibrated using surveillance data [20] and validated against data from four
independent sources: a molecular epidemiology study in Arkansas [21], surveillance data on
TB in the foreign-born [20] and nation-wide epidemiological studies on contact tracing in
households [22] and workplaces [9]. The 9 free model parameters are calibrated by a
procedure minimizing the error between data and model output. Latin Hypercube Sampling
[23] was used to explore the parameter space, with three rounds of nested sampling with size
10,000 at each round. Full details on model implementation and calibration, including
references for the range of exploration of parameter values and best estimates for free model
parameters, are reported in the Technical Appendix. Model outputs were calculated for the
100 parameter sets yielding the lowest error during calibration and each parameter set was
run 100 times to account for the intrinsic stochasticity of the modeled processes. All results
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are shown as the average (with 95 percentile intervals) over the 100x100=10,000
simulations. The sensitivity of results with respect to each individual parameter was
evaluated through a multivariate analysis (Technical Appendix).

Simulation results under the Arkansas contact investigation are compared to several
hypothetical programs where different choices for control are applied. In particular, we
considered the following programs:

e  “passive diagnosis”: TB cases are only found by passive diagnosis, i.e. no contact
investigation is in place; this program serves as a reference for evaluating the
overall effectiveness of the Arkansas contact investigation program;

e “no LTBI treatment”: contact investigation is performed and active TB cases
diagnosed within the program are treated; however, there is no treatment of LTBI;
this program allows the estimation of the relative contribution to TB control of
prevented LTBI reactivations;

e “2015 targets”: we estimate what would have happened if targets for performance
indicators set by the CDC for 2015 [24] had been achieved in 2001 and maintained
throughout the study period, to show the potential impact of improving the
performance of contact investigation; these targets include an increased coverage, a
reduced proportion of missed contacts and higher rates of treatment initiation and
completion against LTBI identified through contact tracing (see Technical
Appendix);

»  “smear+ only”: contact tracing of smear-negative individuals is not done.

Quality of model calibration

Figure 3 shows the quality of model calibration relative to TB incidence data over time [20]
(Figure 3A, years 2001-2011, blue bars) and age-group specific TB incidence (Figure 3B).
The model reproduces the observed steady decline in TB incidence from about 6 cases per
100,000 in 2001 to about 3 per 100,000 in 2011. This decline results from a combination of
ongoing control strategies, which keep transmission at low levels, and cohort effects. Older
cohorts are characterized by higher LTBI prevalence [13], due to higher TB transmission in
past epochs: as they die naturally, the overall LTBI prevalence declines in the population
and consequently also endogenous reactivations and secondary cases recently transmitted by
reactivated cases. This effect was previously observed in a US-based epidemiological study
[25]. Model predictions also follow closely the profile of TB incidence by age [20] (Figure
3B), particularly the progressive increase at older ages (with 12 cases per 100,000
individuals over 85 years, compared to about 4.5 in the 45-64 age class) that is typical of
high income, low burden countries. This increase is mainly due to endogenous reactivation
cases, as both LTBI prevalence and the risk of endogenous reactivation are higher at older
ages [13, 26].
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Model validation

Before the model was applied to ask questions regarding contact tracing, we ensured it
reproduces key features of TB dynamics in Arkansas by comparing its predictions with
several epidemiological measures from independent studies.

Figures 4A and 4B compare model outputs with results from a recent molecular
epidemiology study in which the large majority (87%) of culture-confirmed isolates from
TB cases in Arkansas during the period 2004—-2010 were genotyped (spoligotype and 12-
locus MIRU-VNTR) to identify transmission clusters [21]. In that study, a cluster is defined
as at least two cases diagnosed within a year from each other, caused by Mycobacterium
tuberculosis isolates sharing the same molecular typing, independently of known
epidemiological links [21]. The Arkansas molecular epidemiological study found that 61%
of cases were non-clustered, a figure well below the national average of 77% [27] because
of the time-restricted cluster definition [21]. The fraction of clustered cases is often
considered as a proxy of recently transmitted cases (e.g. [16]); however, the accuracy of this
interpretation may depend on the adopted definition of cluster. For this reason, we do not
compare directly model estimates on the fraction of recently transmitted cases with results of
the study. Instead, we reproduce criteria for cluster definition of the molecular epidemiology
study within the model and compare model-predicted clusters to epidemiological
observations in [21]. Figure 4A shows the percentage of cases identified as “non-clustered”
for the entire population and disaggregated by age group. The model predicts there exists a
proportion of non-clustered cases of 58.2% (56.3-60.2%) in the general population, and a
clear heterogeneity by age groups, with 44.3% (38.7-50.0%) in 20-64 years old versus
63.4% (55.2-70.6%) in 65+ years old. While the latter two figures underestimate
observations from the molecular epidemiology study, the model still recapitulates the
observed significant difference between the two age groups [21]. Of note, the “all ages”
category includes cases from the age class 0-19 years, which we do not show since the
molecular epidemiology study only focused on age classes above 20 years [21]. Figure 4B
shows the relative proportion of clusters of different sizes. About 79.0% (70.9-86.3%) of
clusters in the simulation have less than 4 cases, 16.6% (9.7-23.9%) are intermediate size
clusters with 5 to 9 cases, and 4.4% (0.9-8.8%) are larger than 9. Figure 4C compares the
predicted and observed proportion of TB cases in foreign-born individuals over time. The
model predicts an increase in this proportion from 7.5% (4.7-10.5%) in 2001 to 21.0%
(16.6-29.9%) in 2011, reflecting the observed pattern of growth of TB incidence in the
foreign-born during the last decade. The general slight underestimation by the model may be
attributable to specific demographic [28], sociological [29] and biological risk factors [30]
for increased TB transmission and reactivation in the foreign-born, which are not included in
the model. Figure 4D shows total number of cases from foreign-born patients disaggregated
by time of sojourn to the United States. The model predicts that about 25.5% (15.1-35.2%)
of cases occurred within 1 year of arrival, 18.8% (9.7-30.7%) after 1 to 4 years and 56.8%
(40.5-78.9%) among long-term immigrants (5 years or more). Additionally, 86.4% (81.4—
91.0%) of TB cases in foreign-born are predicted to be non-clustered, consistently with the
85% figure reported in [27]. Figures 4E and 4F show model predictions for two further
quantities that are particularly important to contact investigation programs, i.e. the
prevalence of secondary TB cases (termed “yield” in contact tracing studies) and the
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prevalence of LTBI in contacts of smear-positive TB cases, disaggregated by transmission
setting (household or workplace) [22, 9]. For household contacts, the estimated yield is
about 2.42% (0.95-4.21%) and the estimated LTBI prevalence is about 33.0% (25.3—
40.8%). Estimates for the corresponding quantities in workplace contacts are 0.45% (0.21—
0.71%) and 17.1% (12.5-22.2%) respectively.

The model also captures the geographic distribution of cases, identifying 5 of the 6 Arkansas
counties with the highest number of TB cases (= 8) between 2011 and 2013 (Benton,
Craighead, Desha, Pulaski, Sebastian and Washington - L.N. Mukasa, unpub. data). The
only county not identified in this list was Desha, which has witnessed an unusually high TB
incidence due to a recent cluster of cases (L.N. Mukasa, pers. comm.). A Pearson correlation
coefficient between cases observed and predicted by county of 0.760 (0.644-0.842) and a
non-significant mean difference (paired t-test p-value: 0.86). Finally, the model estimated an
average 70 (95% percentile interval: 51-91) deaths due to TB in 2001-2010, closely
reflecting the 71 deaths registered in Arkansas in the same period [31].

Overall, the model reproduces existing TB transmission patterns, and is therefore suitable
for assessing contact investigation programs.

Effectiveness of contact investigation

A key question the model can be used to explore is the impact of implementing alternative
contact investigation programs on the burden of TB disease. Figure 5A and B show
respectively the number of TB cases and deaths due to TB in the different considered
programs. Percentage difference between each program and the passive diagnosis program
are also reported. According to the model, the program implemented in Arkansas during
2001-2014 avoided about 372 cases (173-559), and 35 deaths (20-53), corresponding to
about 18.6% and 23.7 % of the total that would have occurred with passive diagnosis only.
This result was afforded mainly by the reduced transmission and mortality caused by the
early identification of TB cases in contacts, and marginally by avoiding progression to
disease in individuals with LTBI or recent infection. More specifically, treatment of LTBI
contacts who tested positive for protein-purified derivative (PPD) avoided 2.9% of cases and
2% of deaths, as can be seen by comparing estimates for the Arkansas program versus the
one with no LTBI treatment. The figure also shows that reaching the performance targets set
for 2015 has strong potential to further reduce the burden of TB, and this stems from the
proportion of TB transmissions that are still overlooked by contact investigation programs.
If we consider TB cases from recent transmissions (i.e., those not derived from endogenous
reactivation of an LTBI case), the model predicts that only about 17.5% (14.1 — 19.9%) of
these are identified through contact investigation. This can be explained by considering that,
when a recently transmitted TB case is missed by an investigation, it has the potential to
infect many other individuals before being passively diagnosed. Therefore, even small
improvements in performance indicators (e.g., the percentage of contacts traced), will result
in remarkable improvements in effectiveness. For example, in the 2015 targets program, the
proportion of TB cases from recent transmission who are found through contact tracing rises
to 21.3% (18.0 — 24.4%). Even more important, Figure 5 highlights model predictions
regarding the effect of tracing contacts of smear-negative TB cases: considering smear-
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positive cases only has a strong negative impact on the effectiveness of the program,
reducing the percentages of potentially avoided cases and deaths to 10.4 and 13.2%,
respectively.

LTBI treatment, prevalence and reactivation

Contact investigations reduce LTBI prevalence directly, through treatment of LTBIs, and
indirectly, through reduced TB transmission. In this section, we use the model to assess
estimates on the amount of this reduction and its effect on future reactivation cases. Figure
6A shows the LTBI prevalence in 2011 for the different programs, and the reduction in
percentage with respect to passive diagnosis. These reductions are relatively small, ranging
from 640 less LTBIs for the “smear+ only” program to 2,450 in the “2015 targets” program.
The predicted number of endogenously reactivated TB cases up to year 2061 is shown in
Figure 6B. Even in the absence of LTBI treatment, about 1.5% of reactivated cases are
avoided, due to reduced TB transmissions afforded by case identification and treatment.
With the addition of LTBI treatment (as in the Arkansas contact tracing program), this
proportion increases to 2.8%.

Discussion

TB continues to be a worldwide health burden and great steps are needed to understand
many aspects of disease dynamics and control at both the individual and population scales.
At the individual scale, reducing time to diagnosis through targeted interventions is a critical
factor for control of TB transmission and decisions on how and whom to treat greatly impact
the population trends of disease. At the population level, one intervention in this direction
has been the investigation of contacts with each index case of TB identified. Herein we use a
published individual based model of TB in Arkansas [6] to examine current policies and
predict the impact of alternative strategies. The model was designed to reproduce
heterogeneities in contact patterns due to the population’s socio-demographic structure.

Although these heterogeneities complicate the structure of the model, they are a necessary
component to realistically capture the dynamics and impact of contact investigation [5]. A
similar model structure has been recently employed to evaluate contact tracing protocols to
contain the accidental release of potential pandemic influenza viruses from biosafety
laboratories [32]. Calibration of complex models is difficult and potentially prone to
problems in parameter estimation, although using appropriate techniques such as LHS
sampling may mitigate this issue [23]. Our calibrated model reproduces key features of TB
in Arkansas, including the balance between recent transmission and reactivation [21],
characteristics of TB cases in foreign-born TB [20], the amount of TB transmission in
households and workplaces [22, 9] and the geographical distribution of TB cases. Model
predictions were robust across optimal parameter sets, and a multivariate sensitivity analysis
[23] showed little impact on predictions from uncertainties in parameter estimations (see
Technical Appendix).

Model results suggest that the current contact tracing program implemented in Arkansas
significantly reduced TB incidence and deaths. A key component of the program’s success
in reducing the burden of TB was the systematic investigation of contacts of smear-negative
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TB cases, which almost doubled program effectiveness when compared to one where only
smear-positive cases are subject to contact investigation. Despite a lower infectiousness [16,
17], the share of transmission directly attributable to smear-negative cases is estimated to be
between 17% and 41% in two studies based in San Francisco and Vancouver respectively
[16, 33]. In addition, the inclusion of smear-negative cases allows rapid identification of
smear-positive secondary cases among contacts, which otherwise could have caused larger
clusters of transmission indirectly due to the original smear-negative case.

According to our predictions, only about one fifth of recently transmitted TB cases are
identified by contact investigation. The high fraction of missed transmissions is a
multiplicative result of imperfections in each sequential step of the contact investigation
process (Figure 2): failure to elicit contact investigation for some of the index cases,
incomplete identification of contacts by the patient, incomplete tracing and screening of
identified contacts, and missed diagnoses. Thus, our model suggests that improvements in
each of these areas can have a large and synergistic impact on reducing disease burden.

Model results also predict a limited potential for the contact investigation program towards
reducing TB incidence from endogenous reactivation in the coming decades. Demographic
factors are known to be major drivers of the decline of LTBI prevalence in the past decades
[25]: our simulations show that the additional relative contribution of contact investigation
has a residual impact, even under scenarios where initiation and completion of LTBI
treatments is significantly improved, such as that envisioned by the 2015 CDC targets. In
this regard, since July 2012, the large majority of LTBI cases identified in Arkansas are
offered a 3-month regimen based on 12 doses of isoniazid-rifapentine instead of the standard
9-month isoniazid course. With the shorter course, treatment completion rates have
increased to 83% (unpublished data). In addition, the deployment of the more specific
Interferon-Gamma Release Assay substituting for the tuberculin skin test for the detection of
LTBI should allow a better focus of resources by avoiding false-positive results [34].

The present study does not explicitly model specific TB transmission patterns and risks in
foreign-born individuals, and this may have caused a slight underestimation of the
proportion of TB in the foreign-born. Socio-demographic heterogeneities (e.g. household
sizes and age composition, school attendance and employment rates by age) [28] can alter
contact patterns within foreign-born subpopulations and with the resident population. The
existence of genetic and socio-economic risk factors [28-30] for TB transmission and
reactivation specific to the foreign-born subpopulation complicate the issue, as they expand
the number of unknown parameters that the model would need to estimate. These aspects
should be explicitly included when evaluating the impact of control interventions
specifically targeted to these subpopulations, such as LTBI screening of immigrants [35], to
correctly account for the indirect advantages of prevented transmission. In this study, we
analyzed a context with low immigration [12] and a limited contribution of TB cases from
foreign born (<20% in the considered period) [20]. Thus, these issues are not expected to
affect our conclusions significantly, especially because recently transmitted TB cases are a
minority in the foreign-born. However, we caution against a straightforward extension of
these results to settings where heterogeneities of the foreign-born population and
interventions targeted to this risk group play a larger role in the local TB epidemiology.

J Theor Biol. Author manuscript; available in PMC 2016 September 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guzzetta et al.

Page 9

Other socio-demographic groups also exist that are at an increased risk of TB transmission
and reactivation [36], including those associated with correctional facilities [37], hospitals,
long-term care facilities [38], shelters for homeless persons, and alcohol or drug
consumption sites. Outbreaks of TB transmission have been confirmed within all of these
settings, for which specific investigation protocols may apply [2]. Currently, we coarsely
include high-risk transmission sites within the random component of transmission, due to
the lack of data that are needed to fine grain these details into our model. Thus, additional
effort that is occasionally applied during outbreak investigations in these settings [2] is also
not explicitly considered. However, the total contribution of TB cases from these settings is
only around 10% of the total TB occurring in Arkansas in the considered period [20];
therefore, model recommendations should still hold true for the general population. Targeted
testing of populations at high-risk, a prominent control strategy in Arkansas, has great
potential to contribute to the TB elimination goal [36, 39]. However, evaluation of its
effectiveness goes beyond the scope of this study, due to specific limitations of the socio-
demographic model. Finally, the model also does not include HIV co-infection, as this
currently is not epidemiologically relevant in Arkansas (TB cases in HIV positive
individuals comprise only 3 to 5% of all cases 2001-2011 [20]).

Several recent reviews have highlighted the lack of studies evaluating the effectiveness of
contact investigation programs [1, 3, 4], also with specific reference to mathematical models
[5]. A recent study [40] used an agent-based model to provide useful predictions on the
impact of household contact investigations in a non-specific moderate-burden setting. Here,
we attempt to provide quantitative estimates of contact investigation activities in an actual
setting characterized by low TB burden, which may be useful to the debate on contact
investigation protocols. It is however important to remark that the low level of foreign-born
TB and HIV coinfection in Arkansas may limit the generalizability of our conclusions to
other settings. On one hand, the increased amount of reactivated TB in foreign-born
individuals should reduce the relative contribution of recently transmitted cases, which are
the main target of contact investigation programs. On the other hand, the increased risk of
developing TB in HIV-positive individuals is expected to at least partially counterbalance
this effect in settings with higher rates of HI\VV/TB coinfection. Further studies are needed to
quantitatively elucidate the combined effect of these two factors on the effectiveness of
contact tracing. Similar studies of this kind can be of particular importance for geographic
settings with high TB burden and low resources [5], in order to support efficient resource
allocation. The conclusions of this study cannot be extended straightforwardly to make
predictions on the impact of contact investigation in high-burden countries. Adaptation of
the model to local socio-demographic and epidemiological data will be needed for this
purpose, and specific local issues need to be considered, including high HIV burden [41],
emergence of TB drug resistance [42] and the effect of strategies for actively finding TB
cases [43].
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Figure 1.
Epidemiological workflow of the individual-based model. Individuals are born susceptible

(Uninfected), may be exposed to TB infection (Recent infection) and either heal, develop
primary TB or latent TB infection (LTBI). Latently infected individuals can develop
endogenous reactivation or be re-exposed (Reinfected). Re-exposed individual can revert to
the latent compartment or develop TB from exogenous reactivation. Individuals with TB
(Active TB) can be diagnosed and treated, reverting to the latent compartment.
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Figure 2.

Contact investigation program as implemented in the model; A) case management
procedure. “Infectious” refers to pulmonary active TB; depending on the contact
investigation program considered, a negative smear status does not necessarily imply a
conclusion of the case management procedure: for this reason the arrow corresponding to
the N option in the block labeled “Smear+?” is represented with a dotted line. B) Contact
tracing procedure. For a fraction of contacts in the list, the procedure ends with no further
action, representing contacts which could not be reached. If the contact is actually traced,
action is taken according to its epidemiological status. For uninfected individuals, the
algorithm will end with no further action. In a case of active disease, individuals may be
correctly diagnosed and cured (in this case, cure is assumed instantaneous) and a new case
management procedure for elicitation of its contacts is started. If the contact was recently or
remotely (LTBI) infected, a protein-purified derivative (PPD) test is simulated. If the test is
positive the contact can initiate and complete LTBI treatment with given probabilities. The
contact is assumed to heal completely and moves to the susceptible compartment only if
LTBI treatment is completed. If the PPD result is negative, a repetition of the test is
performed in 8-10 weeks, during which time the individual’s epidemiological status may
change. If a second PPD test is negative, the procedure ends with no further action. All
details are provided in the Technical Appendix.
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Figure 3.
A) TB incidence over time (2001-2011) in Arkansas comparing model and data. B) TB

incidence by age groups in Arkansas, average 2001-2011. For both panels, error bars for the
data are calculated as the 95-percentile confidence interval of a binomial distribution with
size equal to the age-group specific Arkansas population at each time point and probability
equal to the observed incidence. Average and 95-percentile error bars for the model are
calculated over 100 best parameter sets and 100 stochastic simulations of the model.
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Figure 4.
Model validation comparing data and model predictions. A) fraction of clustered TB over

total of cases for the whole population and restricted by age group as in [21]; B) distribution
of cluster sizes [21]; C) proportion of TB in foreign-born individuals over time [20]; D)
proportion of TB in foreign-born individuals by time of sojourn in the US [20] for years
2005-2011; E) prevalence of secondary TB cases in household [22] and workplace [9]
contacts of smear positive index cases; F) prevalence of LTBI in household [22] and
workplace [9] contacts of smear positive index cases. Average and 95-percentile error bars
for the model are calculated over 100 best parameter sets and 100 stochastic simulations of
the model.
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Impact of contact investigation programs on TB cases (A) and TB deaths (B). Numbers
within bars indicate the average percentage of avoided TB cases and deaths with respect to a
passive diagnosis program. An expanded description of each program is reported at the end
of section Methods. Average and 95-percentile error bars for the model are calculated over
100 best parameter sets and 100 stochastic simulations of the model.
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Impact of contact investigation programs on LTBI prevalence cases in 2011 (A) and cases of
endogenous TB reactivation between 2001 and 2061 (B). Numbers within bars indicate the
average percent reduction with respect to a passive-only diagnosis program. An expanded
description of each program is reported at the end of section Methods. Average and 95-
percentile error bars for the model are calculated over 100 best parameter set and 100

stochastic simulations of the model.
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