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SUMMARY

We present a mathematical transmission model of tuberculosis in the USA. The model is
calibrated to recent trends of declining incidence in the US-born and foreign-born populations
and is used in assessing relative impacts of treatment of latently infected individuals on
elimination time, where elimination is defined as annual incidence <1 case/million. Provided
current control efforts are maintained, elimination in the US-born population can be achieved
before the end of this century. However, elimination in the foreign-born population is unlikely
in this timeframe even with higher rates of targeted testing and treatment of residents of and
immigrants to the USA with latent tuberculosis infection. Cutting transmission of disease as an
interim step would shorten the time to elimination in the US-born population but foreign-born
rates would remain above the elimination target.
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INTRODUCTION the incidence rates in 2000 and 2008 were 58 and 42
cases/million, respectively. Incidence rates over this
period of time declined 3-8 % annually. Were this rate
of decline to persist, elimination of TB in the USA
would occur in 2107.

In 2008, 59 % of all cases were in the foreign-born
population [2]. The arrival each year of people with
latent tuberculosis infection (LTBI) contributes to
high incidence rates in the foreign-born population.
In the US-born population, incidence rates from 2002
to 2008 declined 5-9 % annually, with 20 cases/million
in 2008. In the foreign-born population, incidence
rates from 1993 until 2008 declined 3-8 % annually,
with 202 cases/million in 2008.

Mathematical modelling offers a means of identi-
* Author for correspondence: Dr A.N. Hill, Division of fying potentially effective strategies for disease control
Tuberculosis Elimination, U.S. Centers for Disease Control and [3]. Recent TB models are described in [4, 5] of which
Prevention, 1600 Clifton Road, MS E-10, Atlanta, GA 30333, there are several instances [6-18]. With a few excep-

USA.
(Email: ahill2@cdc.gov) tions [13, 16, 17], there has been very little work, to

The incidence of Mycobacterium tuberculosis cases in
the USA has declined for most of the twentieth cen-
tury, particularly after the introduction of successful
drug regimens mid-century, and has continued to de-
cline so far in the twenty-first century. In 1989, the
United States Centers for Disease Control and
Prevention (CDC) and the Advisory Council for the
Elimination of Tuberculosis published a policy docu-
ment which established a national goal of tuberculosis
(TB) elimination, defined as an annual incidence of
<1 case/million population, by 2010 with an interim
annual rate of 35 cases/million by 2000 [1]. However,
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our knowledge, on the specific question of modelling
TB transmission in industrialized countries when a
subpopulation (foreign-born) has a high incidence
that slows the overall rate of decline.

We developed a model for the USA similar to the
model in [15] and examined the relative impacts of
various intervention strategies on the time to elimin-
ation: treatment for disease of active TB cases; treat-
ment of latent infection; reduction of the proportion
of foreign-born individuals arriving in the USA with
LTBI; stopping transmission of disease, which has
been suggested as an interim step towards the goal of
elimination.

METHODS

Surveillance of newly reported TB cases in the USA is
conducted by the CDC’s Division of Tuberculosis
Elimination in cooperation with state and local health
departments. Each individual case is reported elec-
tronically and is verified according to case definitions.
Reporting areas comprise the 50 states, District of
Columbia, New York City, Puerto Rico and other US
jurisdictions. Annual counts are recorded and strati-
fied by categories such as location of case, country of
origin or birth, gender, site of disease, sputum smear
and sputum culture results, drug resistance, HIV co-
infection. Annual reports are publically available on
the CDC'’s website [2].

Our model comprises a system of differential
equations and was fitted to 2000-2008 TB incidence
data [2]. The population is partitioned into US and
foreign-born, each divided into compartments in-
tended to capture the epidemiological mechanisms of
TB infection (Fig. 1). Each subpopulation has a pro-
portion of preferred contacts with its own members
and the remaining proportion mixes randomly in the
whole population. The proportion of preferred con-
tacts within the foreign-born population was assumed
to be higher than that within the US-born population.
There are two compartments for latent infection, one
consisting of primary infections, defined as those who
develop active disease within approximately 2 years,
the other comprising chronic infections progressing
to disease at a much slower rate. Individuals with
chronic LTBI may be exogenously re-infected and
move into the primary infection compartment with
some partial immunity acquired by their initial infec-
tion. We distinguish between infectious and non-
infectious TB. Diseased individuals may self-cure
naturally and both infected and diseased individuals
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may be treated. Treatment of infection blocks
progression to disease; treatment of disease reduces
transmission. In all cases, treatment is completed and
individuals revert to the susceptible state. New in-
dividuals enter the population either by birth or ar-
rival from other countries. All newborns are
susceptible. Arrivals are either susceptible or latently
infected. All individuals die eventually, those with TB
at a higher rate.

Parameter ranges were drawn from the TB litera-
ture wherever possible (Table 1), otherwise they were
assumed. We used U.S. Census Bureau data for
2000-2008 to estimate birth and arrival rates in each
of the US-born and foreign-born populations [19, 20].
These calculations rest on an assumption of a higher
natural mortality rate for the foreign-born population
whose individuals enter the USA as young adults on
average.

We assumed that the proportions of new cases in
each subpopulation arising from endogenous reacti-
vation of chronic latent infection ranged from 60 % to
70 % for US-born and from 75 % to 85 % for foreign-
born. We imputed the reactivation progression rates
to disease of each subpopulation by fitting to 2000
incidence data and using estimates of LTBI preva-
lence for 2000 [21].

Other parameter values are given in Table 1. Initial
conditions were derived for 2000 and all simulations
run for 100 years. A full description of the model,
including the system of differential equations and de-
tails about parameter estimation, is available in the
online Supplementary material.

To account for uncertainty in parameter estimation
and to explore fully the possibility of fitting our model
to surveillance data for 2000-2008, we randomly drew
parameter values from pre-specified distributions
whose ranges reflect epidemiological knowledge,
using Latin hypercube sampling [22, 23]. We kept
parameter combinations which fit well, as gauged by
the following scoring criterion,

score = ||model.inc —reported.inc ||,

where model.inc and reported.inc are the time-
sequential vectors of model calculated and reported
incidence, respectively, for each subpopulation for
2000-2008, ||| denotes the square root of the sum of
squares, and the total score was calculated as the sum
of the scores for each subpopulation. We generated a
Latin hypercube sample of size one million for
16 parameters, retaining the best 5000 in terms of
fit. Partial rank correlation coefficients were used to
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Table 1. Model parameter values and probability distributions

Parameter

Distribution or single value

2-5, 50, 97-5 percentiles (best-fit)

Source

Natural mortality rate
Birth rate USB

Arrival rate FB

Fraction new infections that are acute
Acute infection progression rate

LTBI prevalence USB 2000

LTBI prevalence FB 2000

USB fraction of cases from reactivation
FB fraction of cases from reactivation
USB reactivation rate

FB reactivation rate

Fraction LTBI progressing to infectious TB

TB mortality rate

Fraction of re-infections moving to acute infection
Fraction of FB LTBI arrivals

USB annual risk of infection in 2000

Effective contact rate
Fraction preferred contacts within USB
Fraction preferred contacts within FB

Fraction FB LTBI arrivals progressing within
2 years due to acute infection

Cumulative fraction self-cure + treatment active disease

Cumulative fraction treatment for acute infection
Treatment rate for chronic LTBI

1/78 (USB) 1/53 (FB)
0-018

0-005

Tri(0-010, 0-056, 0-150)
15

Tri(0-014, 0-018, 0-021)
Tri(0-135, 0-187, 0-252)
Tri(0-60, 0-65, 0-70)
Tri(0-75, 0-80, 0-85)
imputed

imputed

Tri(0-50, 0-75, 0-85)
Tri(0-06, 0-14, 0-28)
U, 1)

U(0-15, 0-25)
U(0-02, 0-03)/100

imputed
U(0-85,1)
Uniform

Uniform
Tri(0-85, 0-90, 0-95)

Tri(0-40, 0-50, 0-60)
U(0-01, 0-1)

0-053, 0-092, 0-137 (0-103)
0-015, 0-018, 0-:020 (0-015)
0-158, 0-202, 0-242 (0-211)
0-623, 0-:663, 0:694 (0-667)
0-759, 0-793, 0-831 (0-780)
0-0011, 0-0013 0-0015 (0-0014)

0-0009, 0-0011, 0-0014 (0-0010)

0-569, 0-731, 0-825 (0-708)
0-071, 0-133, 0-231 (0-115)
0-088, 0-394, 0-860 (0-111)
0-157 0-190, 0-232 (0-187)
(0-021, 0-026, 0-030)/100
(0-030/100)

5:06, 10-22, 21-44 (10-39)
0-853, 0:914, 0-995 (0-965)
0-877, 0-960, 0-999 (0-985)

0-0008, 0-0201, 0-:0815 (0-0047)
0-861, 0-898, 0-938 (0-897)

0-419, 0-495, 0-574 (0-461)
0-015, 0-044, 0-086 (0-057)

[19, 20]

Natural mortality and 2000-2008
population data [19]

Natural mortality and 20002008
population data [19]

9]

95 % progression in 2 years

[21]

(21]

Assumed

Assumed, based on [29]

2000 incidence [2] and proportion of
cases from reactivation

2000 incidence [2] and proportion of
cases from reactivation

[7, 8]

[7, 8]

[15], assumes 0-35

Assumed

[37]

USB ARI and 2000 incidence [2]

Assumed

Assumed greater than corresponding
fraction for USB

Assumed less than fraction of new
infections that are acute

Assumed

Assumed

[38]

USB, US-born; FB, foreign-born; ARI, annual risk of infection; LTBI, latent tuberculosis infection.
Units for all per capita rates are per year. U(x, y) refers to the uniform distribution on the interval (x, y). Tri(x, y, z) refers to the triangular distribution on the interval (x, z)
with mode at y. Percentiles refer to samples retained from the Latin hypercube sample according to the score criterion described in the text. Values in parentheses refer to the

single set of parameters giving the best fit.
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Fig. 1. Schematic diagram of the compartmental TB model. The template applies to the US-born and foreign-born models
with arrows shown to distinguish between US births and foreign-born arrivals. Individuals in all compartments are subject to
death from natural causes but these arrows are omitted. FB, foreign-born; LTBI, latent tuberculosis infection; TB,

tuberculosis.

assess the relative influence of model parameters on
outcomes of interest [22, 23].

All simulations were performed with the open
source statistical software R, version 2.10.0 [24]. Dif-
ferential equations were solved by implementation of
the ‘Isoda’ routine [25] with a time-step of 0-02 years.

RESULTS

Elimination of TB was projected to occur by 2100
in the US-born population in 3860/5000 simulations
retained for best fit. The median year for elimination
was 2063 (Fig. 2a, Table 2). Elimination was not
achieved by 2100 in either the overall population or
the foreign-born population in any of the best-fit
simulations (Fig. 25, Table 2). The median annual
incidence rate/million for the overall population was
21-3 and for the foreign-born population it was 119-1.
Summary statistics of these distributions are given in
Table 2.

If transmission of disease is stopped in 2008, all
samples project the elimination of TB in the US-born
population by 2100 with median year 2048 (Fig. 2¢,
Table 2). While long-term incidence is also reduced in
the overall and foreign-born populations, it is insuf-
ficient to achieve elimination. The median annual
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incidence rate/million for the overall population was
15-5 and for the foreign-born population it was 88-8
(Fig. 2d, Table 2). Cutting transmission initially
speeds up the rate of decline in incidence for the first
few years but is followed by an abrupt slowing down
(Fig. 3a).

The elimination year for the US-born population
may be reduced by as much as 20 years if the treat-
ment rate for chronic LTBI is doubled (Table 2). For
the best-fit set of parameters, the elimination year for
the US-born population is brought forward from
2056 at baseline to 2033 if the treatment rate of
chronic LTBI is doubled and to 2021 if it is quad-
rupled (Fig. 3b). The treatment rate of chronic LTBI
is also influential on the foreign-born incidence rate.
The annual incidence rate in 2100 for the foreign-born
(respectively, overall) population decreases from
103-5 (respectively, 17-7/million) at baseline to 34-7
(respectively, 5-7/million) when the treatment rate is
quadrupled (Fig. 3b).

The fraction of foreign-born arrivals with
LTBI influences the foreign-born incidence rate.
However, combinations of doubling the treatment
rate and reducing the fraction of foreign-born
arrivals to 50% or 25% of its baseline value, while
considerably reducing long-term incidence rates, are
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Fig. 2. Effect of cutting transmission in 2008 on densities for overall and foreign-born incidence in 2100 and elimination years
for US-born incidence corresponding to best-fit parameter sets in Table 1. (¢) US-born elimination times assuming trans-
mission persists. (b) Overall and foreign-born incidence in 2100 assuming transmission persists. (¢) US-born elimination times
assuming transmission is cut. (d) Overall and foreign-born incidence in 2100 assuming transmission is cut.

insufficient to achieve elimination in either the
foreign-born or overall population (Table 2). For
the best-fit set of parameters, quadrupling the treat-
ment rate of chronic LTBI and reducing the
fraction of foreign-born arrivals to 50 % or 25% of
its baseline value comes close to achieving the
elimination target in the overall population but is in-
sufficient to do so in the foreign-born population
(Fig. 3¢, d).

Medians and 2-5 and 97-5 percentiles for the best-fit
parameter combinations are reported in Table 1 as are
the specific parameter values corresponding to the
overall best fit.

Partial rank correlation coefficients for the US-
born year of elimination and long-term incidence
rates for the foreign-born and overall populations are
given in Supplementary Table S1 (online).
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DISCUSSION

Barring major breakthroughs in the ability to mark-
edly accelerate the decline of TB, elimination in the
foreign-born, and therefore in the overall, population
of the USA is unlikely to be achieved before the end of
this century. Incidence rates could be reduced with
targeted testing and treatment of LTBI, possibly in
conjunction with cutting of transmission, yet these
will probably be insufficient to achieve elimination by
2100 or even beyond (Table 2).

Exponential extrapolation of current trends in for-
eign-born incidence rates implicitly ignores the effect
of ongoing arrival into that population of latently
infected individuals and therefore projects the poss-
ibility of, and earlier times to, elimination of TB in
that subpopulation than is likely. However, assuming
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Table 2. Summary statistics for projections of US-born elimination year and
foreign-born and overall annual incidence per million in 2100 from best-fit
parameter samples assuming different intervention scenarios

2-5 Lower Upper 97-5

percentile quartile Median quartile percentile
Baseline: USB 2039 2052 2063 2077 2096
Baseline: all 14-7 18:6 21-3 24-5 31-4
Baseline: FB 82:6 104-5 119-1 1364 171-9
USB: A 2029 2039 2048 2059 2085
Overall: A 9-7 13-3 15-5 182 235
FB: A 557 761 88-8 103-6 132-4
USB: B 2025 2032 2039 2051 2083
Overall: B 89 11-6 135 15-9 22-3
FB: B 49-8 655 762 90-0 124-4
Overall: B4+C 4-5 5-8 6-8 80 11-5
FB: B+C 250 329 383 45-3 636
Overall, A+B+C 30 43 5-0 61 86
FB: A+B+C 17-0 24-2 28-8 347 48-8

USB, US-born; FB, foreign-born; A, transmission cut in 2008 ; B, double the baseline
treatment rate of chronic latent tuberculosis infection (LTBI) in 2008; C, half the

1867

proportion of arrivals with LTBI into the foreign-born population in 2008.

mostly preferred mixing between the two subpopula-
tions, such extrapolations may be reasonable for the
US-born population.

High level of treatment of disease distinguishes our
study from many infectious disease models which are
concerned with outbreaks of epidemics. Early identi-
fication of cases and treatment rates for active TB
disease are already very high in the USA. Further in-
crease of disease treatment yields small gains in our
model. Such high levels of treatment of active disease
are a precondition for elimination and the model is
consistent with this in that relaxation of treatment
rates will eventually result in a resurgence of disease
(projections not shown).

Treatment of active disease directly reduces preva-
lence of infectious TB and hence brings down trans-
mission, which eventually has the effect of lowering
incidence. By contrast, treatment of latent infection
does not reduce transmission although it does confer
that as a secondary benefit over time. Instead, it pre-
vents progression to disease and directly reduces inci-
dence. It has been noted that treatment of latent
infection and active disease act synergistically in con-
cert to reduce incidence [15]. However, as treatment
levels of disease in the USA are already high (85-95%
when added to self-cure, Table 1), a similar payoff ac-
crues by stepping up treatment of chronic LTBI alone.

Reduction in transmission of disease has been sug-
gested as an interim goal towards elimination of TB.
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This could be achieved by early identification and
treatment of cases before they infect others. Although
complete prevention of transmission is unrealistic, we
modelled it to examine the impact on incidence rates
by setting the parameter governing transmission to
zero (Supplementary material). Cases continue to de-
velop via progression of latent infection but now only
the foreign-born pool of infection is replenished (by
people arriving from outside the USA). After an initial
period, cases are predominantly due to progression
from the more populous chronic LTBI compartment.

Cutting transmission acts along the same aetiolo-
gical route as treatment of active disease does, by re-
ducing the force of infection. As the model shows,
insufficient benefit is gained from this approach to TB
elimination as it does not block progression to disease
(Figs 2¢,d,3a). Furthermore, the continued import-
ation into the foreign-born population of latent in-
fection ensures persistent levels of incidence due to
reactivation of chronic infection (and due, to a much
lesser extent, to recent infection, because of its smaller
contribution to incidence, particularly in the foreign-
born population).

Sensitivity analysis indicates that increases in cur-
rent high levels of active TB treatment do little to ac-
celerate the decline in incidence (Supplementary
material). By contrast, targeting LTBI would focus on
the large pool of individuals whose presence ensures
that TB incidence persists via reactivation. Our results
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Fig. 3. Incidence projections to 2060 for the best-fit parameter set in Table 1 assuming transmission is cut, or treatment of
chronic latent tuberculosis infection (LTBI) increased, or the proportion of foreign-born arrivals with LTBI reduced in 2008.
Reported incidence is shown for 2000-2008. (a) Solid curves show projections assuming transmission persists; dashed curves
show projections assuming transmission is cut in 2008. Elimination years for US-born are indicated by arrows. Long-term
overall and foreign-born incidence levels are shown in parentheses. (b) Incidence projections assuming the treatment rate of
chronic LTBI is doubled or quadrupled in 2008. (¢) Incidence projections assuming that the proportion of foreign-born
arrivals with LTBI is reduced to 50 % of the baseline value. The treatment rate of chronic LTBI is doubled or quadrupled in
2008. (d) Incidence projections assuming that the proportion of foreign-born arrivals with LTBI is reduced to 25% of the
baseline value. The treatment rate of chronic LTBI is doubled or quadrupled in 2008.

suggest that slowing rates of decline in incidence
among the foreign-born population can be expected
and the currently observed 3-8 % annual decline may
not continue in the long term, even with improved
treatment interventions or cutting of transmission
(Fig. 3).

Parameter ranges for the foreign-born population
in Table 1 project long-term incidence rates well
above the elimination target (Fig. 25). By contrast,
the outlook is better for the US-born population with
elimination likely in the third quarter of this century
at current trends (Fig. 2a). Elimination times can be
hastened by increasing treatment of LTBI (Fig. 35).
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The foreign-born model differs from the US-born
model, where all newborns are uninfected, because it
allows for recruitment of individuals with LTBI. This
reflects the fact that a substantial proportion of for-
eign-born individuals arriving in the USA each year
are latently infected. The World Health Organization
estimates that one third of the world’s population is
infected with TB [26]. We allowed the proportion of
foreign-born arrivals with LTBI to vary between 15%
and 25%, an assumption based on discussions with
experts in TB control in the USA and supported by
the previously published estimate of 18-7% LTBI
prevalence in the foreign-born population in 2000,
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since most infection is acquired prior to arrival [21].
Due to the continued flow of latently infected persons
into the foreign-born population, progression to dis-
ease ensures an ongoing supply of new cases and the
incidence rate predicted by the model approaches a
fixed value above zero [27]. Cross-infection implies
the same for the US-born incidence projections but
these long-term values are generally close to or below
the elimination goal of one new case annually per one
million population. This is seen in Fig. 3¢, d where the
percentage of foreign-born individuals arriving with
LTBI was taken as 0-5 and 0-25, respectively, of the
baseline best-fit value of 18:72% (Table 1). In Figure
3d, the percentage of LTBI arrivals is 4:7 % yet elim-
ination does not occur in the foreign-born population.
Allowing the fraction of imported LTBI to decrease
over time did not qualitatively change our conclusions.

Genotyping studies indicate that most cases in the
USA are a result of reactivation of LTBI as opposed
to recent infection [28]. The proportion of foreign-
born cases developing disease within 2 years of arriv-
ing in the USA has been estimated as 28 % for the
period 2001-2006 [29]. As many of these individuals
would have acquired infection more than 2 years be-
fore entering the USA, this number represents an
upper bound for the proportion of foreign-born cases
due to recent infection. Consequently, the proportion
of cases due to reactivation of long-term LTBI is at
least 72%. We assumed the proportion of foreign-
born cases due to reactivation of chronic latent in-
fection ranged between 75% and 85%. Comparison
of reported cases for US-born and foreign-born po-
pulations in 2000, combined with estimates of the
prevalence of LTBI for that year [21], suggest that the
proportion of US-born cases due to reactivation are
somewhat lower than the corresponding fraction for
the foreign-born. A genotyping study conducted in
San Francisco estimated that approximately 80 % of
US-born cases resulted from reactivation [28]. As this
study pertained to a highly urbanized area, we con-
servatively assumed that the national proportion of
US-born cases due to reactivation ranged between
60 % and 70 %. This caused the imputed reactivation
rates for the US-born population to be slightly higher
than those for the foreign-born population, but not
appreciably so (Table 1). Details of calculations of
reactivation rates are given in the Supplementary
material.

Overall elimination of TB in the USA is possible
without elimination in the foreign-born population.
For the parameters in Table 1, the foreign-born
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population constitutes nearly one-fifth (18 %) of the
total population long-term. Assuming elimination is
achieved in the US-born population, this implies
overall elimination is possible while the foreign-born
incidence rate remains at around 5 per million. This
number depends on the ultimate fraction of foreign-
born in the whole population but, as this fraction
decreases, the foreign-born rate corresponding to
overall elimination increases. This underscores the
further effort required to eliminate TB in the foreign-
born population.

We calibrated our model by fitting parameter draws
to reported incidence data for the US-born and for-
eign-born populations from 2000 to 2008. Reported
incidence in the USA for 2009 showed an unexpected
decline in incidence rates. The 2010 rates continued at
the same trend detected before 2009 but from the de-
creased 2009 baseline [30]. We therefore chose to omit
these years for fitting.

Caution should be exercised when fitting to a short
span of time and projecting over a much longer one as
we have done here. We have attempted to control for
this by using Latin hypercube sampling and allowing
parameters to vary within their epidemiological ran-
ges, reporting summary statistics and showing histo-
grams of projections.

All models are subject to simplifying assumptions
in the interests of parsimony and tractability of
analysis. Progression rates are known to vary
with age. We explored an age-structured model and
tested it with a range of possible age-specific pro-
gression rates but without cross-infection between the
two subpopulations. The results agree qualitatively
with those presented here, as do results from a simpler
model without either age structure or cross-infection.
However, in the absence of reliable published data for
the USA on age-specific progression rates and with
the difficulties we encountered in modelling both
age structure and cross-infection with unknown as-
sociated age-specific contact rates, we did not
develop an age-structured model incorporating cross-
infection. We did, however, account for the difference
in lifespans between the two subpopulations by taking
the average age of entry of foreign-born as 25 years
[20] and increasing the corresponding mortality rate
(Supplementary material).

It has been argued that there is no epidemiological
evidence of substantial cross-infection between the
US-born and foreign-born groups in the USA [28, 31].
We included cross-contact, which leads to cross-
infection, by allowing for a high proportion of
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preferred mixing within one’s own population,
assuming this proportion was higher for the foreign-
born than for the US-born groups. Sensitivity
analysis showed that these parameters have no effect
on long-term incidence projections for the foreign-
born, but the levels of contact made by foreign-born
with US-born individuals do have some effect on
prolonging elimination time for the latter subpopula-
tion. This implies that the higher the assumption
of preferred mixing of foreign-born with foreign-
born individuals, the less the influence on US-born
incidence. In the simulations we explored, dropping
the assumption of cross-infection tended to result
in virtually all good-fit parameter combinations
projecting elimination this century, and projections
tend to move closer to simple exponential extrapola-
tions of the 59% annual decline in the US-born
population.

It is generally thought that low-prevalence settings,
such as the USA, preclude the opportunity for re-in-
fection in the native-born population [32]. However,
some modelling studies indicate that re-infection can
play an important role in these situations due to het-
erogeneity in contacts [14] and also due to the arrival
of foreign-born individuals from high-burden coun-
tries. We therefore included re-infection and allowed
the immunity conferred by prior infection range any-
where from none to full immunity. Sensitivity analysis
showed that re-infection is not influential on model
projections and accordingly, we believe re-infection
is unlikely to play a significant role in incidence at
overall levels.

The simple model presented here accounts for
overall national trends as reported annually in the
CDC Tuberculosis Surveillance Reports. Any adap-
tation of this model to individual states or territories
would need to take into account appropriate changes
in incidence patterns and parameters, such as state-
specific proportions of all cases occurring among
the foreign-born population. In some instances, the
need to include HIV co-infection or multidrug-
resistant (MDR) TB would dictate a different model
structure.

We deliberately ignored HIV co-infection as it is
not a major determinant in the USA transmission
dynamics of TB at the overall population level.
Following the resurgence of TB in the USA between
1985 and 1992, HIV prevalence has steadily decreased
in reported TB cases to 6 % in 2008 [2].

Neither did we model MDR TB. In 2008, 0:6 % of
US-born and 1-2% of foreign-born cases were due to
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MDR TB [2]. We examined the effect of including
MDR TB as a separate compartment in the model
and we assumed that it increases over time to 20 % of
new cases in the foreign-born population by 2100.
This did not substantively affect our conclusions (see
Supplementary material). Therefore, while our model
projections do not accommodate diminished effec-
tiveness of treatment due to ongoing development of
drug resistance, our results are cautiously optimistic.
It has been suggested that MDR TB may not be self-
sustaining in many countries where it is currently on
the rise, although the time to elimination is likely to
remain long [33].

A very significant challenge is to set in place
conditions such that the long-term foreign-born inci-
dence level is <1 case/million annually. One way of
approaching this goal could be for the USA to
assist efforts in enhancing TB control programmes
in those high-burden countries from which many
individuals come to the USA to live. This would
reduce the fraction of people arriving with
LTBI which our sensitivity analyses indicate is an in-
fluential model parameter. Such scenarios have been
shown to be cost-effective in the case of persons
coming to the USA from Mexico [34]. Moreover,
assistance in improvements in population health
in high-burden countries promises to further
reduce TB outcomes in those countries and therefore
may be another important avenue for consideration
[35, 36].

New treatments for LTBI with shorter completion
times could allow for increased treatment rates which
could reduce the long-term incidence levels within the
foreign-born and overall populations. It seems
reasonable to assume that targeted testing and treat-
ment of LTBI will be necessary given the large num-
bers of individuals involved and high rates of
treatment required for our model to achieve levels
close to elimination in an acceptable time-frame. This
is a public health undertaking whose direction might
be assisted by a more sophisticated model, building
on the basic premises presented here. Without such
interventions, it seems likely that long time periods to
elimination would persist or that an annual incidence
level of 1 case/million may not be possible. Thus, TB
elimination within the twenty-first century will
necessitate new tools for diagnosis of LTBI and
shorter and safer treatment regimens, or even an ef-
fective vaccine, particularly among the foreign-born
population, both newly arriving and currently resi-
ding in the USA.
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NOTE

Supplementary material accompanies this paper on
the Journal’s website (http://journals.cambridge.org/

hyg).

ACKNOWLEDGEMENTS

The authors are indebted to TB controllers through-
out the USA who report cases to the CDC. We are
indebted also to our CDC colleagues in the Surveil-
lance, Epidemiology, and Outbreak Investigations
Branch and the Data Management and Statistics
Branch of the Division of Tuberculosis Elimination
who validate and compile the national TB surveil-
lance system used for this modelling analysis. We
gratefully acknowledge the three anonymous referees
for their comments which have improved this manu-
script.

DECLARATION OF INTEREST

None.

REFERENCES

1. Centers for Disease Control and Prevention. A strategic
plan for the elimination of tuberculosis in the United
States. Morbidity and Mortality Weekly Report 1989 ; 38
(Suppl. S3): 1-25

2. Centers for Disease Control and Prevention. Reported
tuberculosis in the United States, 2008. Atlanta, GA:
U.S. Department of Health and Human Services, CDC,
September 2009 (http://www.cdc.gov/tb/statistics/re-
ports/2008/default.htm). Accessed 7 July 2011.

3. Grassly NC, Fraser C. Mathematical models of infec-
tious disease transmission. Nature Reviews Microbio-
logy 2008; 6: 477-487.

4. White PJ, Garnett GP. Mathematical modelling of the
epidemiology of tuberculosis. In: Michael E, Spear RC,
eds. Advances in Experimental Medicine and Biology,
Vol. 673, Modelling Parasite Transmission and Control.
New York: Springer Science + Business Media, LLC
Landes Bioscience, 2010, pp. 127-140.

5. Colijn C, Cohen T, Murray M. Mathematical models of
tuberculosis: accomplishments and future challenges.
In: Mondaini RP, Dildo R, eds. BIOMAT 2006 :
International Symposium on Mathematical and Compu-
tational Biology. Singapore: World Scientific, 2007,
p. 123.

6. Blower SM, et al. The intrinsic transmission dynamics
of tuberculosis epidemics. Nature Medicine 1995; 1:
815-821.

7. Dye C, et al. Prospects for worldwide tuberculosis
control under the WHO DOTS strategy. Directly

https://doi.org/10.1017/5095026881100286X Published online by Cambridge University Press

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Tuberculosis model for the USA 1871

observed short-course therapy. Lancet 1998; 352:
1886—-1891.

. Porco TC, Blower SM. Quantifying the intrinsic trans-

mission dynamics of tuberculosis. Theoretical Popula-
tion Biology 1998; 54: 117-132.

. Salpeter EE, Salpeter SR. Mathematical model for

the epidemiology of tuberculosis, with estimates of
the reproductive number and infection-delay func-
tion. American Journal of Epidemiology 1998 ; 147 : 398—
406.

. Vynnycky E, Fine PEM. The long-term dynamics of

tuberculosis and other diseases with long serial intervals:
implications of and for changing reproduction numbers.
Epidemiology and Infection 1998 ; 121: 309-324.
Vynnycky E, Fine PEM. Interpreting the decline in
tuberculosis: the role of secular trends in effective con-
tact. International Journal of Epidemiology 1999; 28:
327-334.

Ziv E, Daley CL, Blower SM. Early therapy for latent
tuberculosis infection. American Journal of Epidemi-
ology 2001 ; 153: 381-385.

. Wolleswinkel-van den Bosch JH, et al. The impact of

immigration on the elimination of tuberculosis in the
Netherlands: a model based approach. International
Journal of Tuberculosis and Lung Disease 2002; 6:
130-136.

Colijn C, Cohen T, Murray M. Emergent heterogeneity
in declining tuberculosis epidemics. Journal of Theoreti-
cal Biology 2007; 247 : 765-774.

Dye C, Williams BG. Eliminating human tuberculosis in
the twenty-first century. Journal of the Royal Society
Interface 2008 ; 5: 653-662.

Jia Z-W, et al. Modeling the impact of immigration on
the epidemiology of tuberculosis. Theoretical Popula-
tion Biology 2008 ; 73: 437-448.

Zhou Y, et al. Projection of tuberculosis incidence with
increasing immigration trends. Journal of Theoretical
Biology 2008 ; 254: 215-228.

Abu-Raddad LJ, et al. Epidemiological benefits of
more-effective tuberculosis vaccines, drugs, and diag-
nostics. Proceedings of the National Academy of
Sciences USA 2009; 106: 13 980-13 985.

U.S. Census Bureau. Current population survey, 2010
(http://www.census.gov/cps/). Accessed 7 July 2011.
Camarota SA. Backgrounder. Immigrants in the United
States, 2007: a profile of America’s foreign-born
population. Center for Immigration Studies, November
2007 (http://www.cis.org/immigrants_profile_2007). Ac-
cessed 17 October 2011.

Bennett DE, et al. Prevalence of tuberculosis infection in
the United States population. The National Health and
Nutrition Examination Survey, 1999-2000. American
Journal of Respiratory and Critical Care Medicine 2008 ;
177: 348-355.

Blower SM, Dowlatabadi H. Sensitivity and uncertainty
analysis of complex models of disease transmission: an
HIV model, as an example. International Statistical
Review 1994 ; 62: 229-243.

Sanchez MA, Blower SM. Uncertainty and sensitivity
analysis of the basic reproductive rate. Tuberculosis as


https://doi.org/10.1017/S095026881100286X

1872

24.

25.

26.

27.

28.

29.

30.

31.

A. N. Hill and others

an example. American Journal of Epidemiology 1997;
145: 1127-1137.

R Development Core Team. R: A language and en-
vironment for statistical computing, version 2.10.0. R
Foundation for Statistical Computing, Vienna, Austria,
2009 (http://www.r-project.org/).

Petzold, LR. Automatic selection of methods for solv-
ing stiff and nonstiff systems of ordinary differential
equations. SIAM Journal on Scientific and Statistical
Computing 1983; 4: 136-148.

Dolin PJ, Raviglione MC, Kochi A. Global tuberculosis
incidence and mortality during 1990-2000. Bulletin of
the World Health Organization 1994 ; 72: 213-220.
Brauer F, van den Driessche P. Models for transmission
of disease with immigration of infectives. Mathematical
Biosciences 2001 ; 171: 143—-154.

Chin DP, et al. Differences in contributing factors to
tuberculosis incidence in U.S.-born and foreign-born
persons. American Journal of Respiratory and Critical
Care Medicine 1998 ; 158: 1797-1803.

Cain KP, et al. Tuberculosis among foreign-born per-
sons in the United States. Journal of the American
Medical Association 2008 ; 300: 405-412.

Centers for Disease Control and Prevention. Trends in
tuberculosis — United States, 2010. Morbidity and
Mortality Weekly Report 2011; 60: 333-337.

Small PM, et al. The epidemiology of tuberculosis
in San Francisco—a population-based study using

https://doi.org/10.1017/5095026881100286X Published online by Cambridge University Press

32.

33.

34.

35.

36.

37.

38.

conventional and molecular methods. New England
Journal of Medicine 1994; 330: 1703-1709.

Jasmer R, et al. Recurrent tuberculosis in the United
States and Canada. Relapse or reinfection? American
Journal of Respiratory and Critical Care Medicine 2004;
170: 1360-1366.

Dye C, Williams BG. Slow elimination of multidrug-
resistant tuberculosis. Science Translational Medicine
2009; 1: 3ra8.

Schwartzman K, et al. Domestic returns from invest-
ment in the control of tuberculosis in other countries.
New England Journal of Medicine 2005; 353: 1008—
1020.

Oxlade O, et al. Global tuberculosis trends: a reflection
of changes in tuberculosis control or in population
health? International Journal of Tuberculosis and Lung
Disease 2009 ; 13: 1238-1246.

Oxlade O, et al. Developing a tuberculosis transmission
model that accounts for changes in population health.
Medical Decision Making 2011 ; 31: 53-68.

Daniel TM, Debanne SM. Estimation of the annual risk
of tuberculous infection for white men in the United
States. Journal of Infectious Diseases 1997; 175:
1535-1537.

Sterling TR, et al. The scope and impact of treatment of
latent tuberculosis infection in the United States and
Canada. American Journal of Respiratory and Critical
Care Medicine 2006; 173: 927-931.


https://doi.org/10.1017/S095026881100286X

