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Abstract. National policies regarding the BCG vaccine for tuberculosis vary greatly through-
out the international community and several countries are currently considering discontinuing
universal vaccination. Detractors of BCG point to its uncertain effectiveness and its interference
with the detection and treatment of latent tuberculosis infection (LTBI).

In order to quantify the trade-off between vaccination and treatment of LTBI, a mathematical
model was designed and calibrated to data from Brazil, Ghana, Germany, India, Mexico, Ro-
mania, the United Kingdom and the United States. Country-specific thresholds for when LTBI
treatment outperforms mass vaccination were found and the consequences of policy changes
were estimated.

Our results suggest that vaccination outperforms LTBI treatment in all settings but with
greatly reduced efficiency in low incidence countries. While national policy statements emphasize
BCG’s interference with LTBI detection, we find that reinfection should be more determinant
of a country’s proper policy choice.
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1. Introduction

The July 2007 CDC issue of TB Elimination [1] begins by stating that “Treatment of latent TB infection
(LTBI) is essential to controlling and eliminating TB in the United States.” At the same time, the World
Health Organization (WHO) recommends vaccination with Bacille Calmette-Guérin (BCG) of all healthy
infants in countries with high TB burdens [2]. Hence, both BCG vaccination and treatment of LTBI have
an important role to play in the global fight against tuberculosis. Unfortunately, a tradeoff exists between
BCG vaccination and treatment of LTBI as “the reactivity to tuberculin that occurs after vaccination
interferes with the management of persons who are possibly infected with M. tuberculosis,” CDC [3].
Given the lack of definitive estimates for vaccine efficacy and latent TB detection rates, mathematical
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F1cure 1. Flow diagram of the model. All parameters of the model are positive con-
stants. The total number of infectious individuals is given by I = I + Iy and N is
the total population size. Natural mortality (which affects individuals in all classes) and
immigration are omitted from diagram for clarity of presentation.

modeling provides an appropriate and valuable perspective from which to examine this tradeoff as it
includes the flexibility necessary for testing many scenarios.

In this work, we use mathematical modeling to answer three important questions regarding the trade-
off between vaccination and detection/treatment of LTBI:
1). When does vaccination increase/decrease TB incidence?,
2). How much better would one vaccination policy be?,
3). When is mass vaccination justified?
Moreover, this data-based model provides a framework for making informed policy decisions based on
quantitative estimates of expected incidence and prevalence for a given population.

2. Mathematical model

One of the most important qualities of our mathematical model is its data-based nature. By data-based,
we mean that it was formulated after considering the available data for TB so that disease indicators
could be directly imported into the system. Doing so allows the model to be calibrated to data from
eight countries with varying disease burdens: three low-burden countries (Germany, the United Kingdom
and the United States) and five higher-burden countries (Brazil, Ghana, India, Mexico and Romania).
Country-specific vaccine coverage as well as active TB detection and treatment rates were obtained from
WHO data [4,5]. Demographic and migration parameters were derived using data from [6].

As depicted in Figure 1, the mathematical model separates the population into seven disjoint classes
based on disease status: susceptible (5), exposed, i.e. latently infected (F), vaccinated (V'), vaccinated
and latently infected (Ey ), infectious (i.e. active TB) and treated (Ir), infectious and untreated (Ir),
and recovered (R).

Individuals enter the population with a birth rate of m, of which a proportion, ¢, are vaccinated as
newborns. As is well-established for BCG, the protective effect of the vaccine wanes over time at a rate
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which we denote w. We use the frequency-dependent description of disease transmission, with transmission
coefficient 3. Using the terminology of [7], we have that upon initial infection with M. tuberculosis, a
proportion, p, of individuals will exhibit “fast progression” to active TB, while the remainder develop
latent infection. Latent infections can progress to active disease via either reactivation of the latent
infection which we term “slow progression” or a novel external infection known as exogenous reinfection [8,
9]. We denote the rate of slow progression from latent to active TB infection as v and model exogenous
reinfection via frequency-dependent transmission. We assume that previous latent infection provides
protection against exogenous reinfection [9] and thus multiply the transmission term by a factor 6; < 1.
Again, only a proportion, p, of such cases will undergo fast progression.

The model allows for vaccination to confer protection via three methods: by preventing initial infection
(¢1), by reducing the probability of fast progression to active TB (g2), and by reducing the rate of slow
progression from latent to active TB (g3). We refer to ¢1, g2, and g3 as efficacies of the vaccine and have
that 0 < ¢1,42,q3 < 1, where ¢; = 1 denotes perfect protection. To incorporate these protective effects,
we multiply the rate of transmission, the probability of fast progression, and the rate of slow progression
by 1 —gq1,1—¢qo, and 1 — g3, respectively. When thinking of vaccination, the protection described by ¢; is
usually the first which comes to mind. However, there is evidence that BCG protects against progression
to active TB (go,q3) as well [10] and that this may even be the principal mode of protection [11]. Tt
is believed that BCG confers no additional protection against exogenous reinfection beyond preventing
initial infection [10].

To formalize the trade off between vaccination and detection of latent TB, we make the pessimistic
assumption that latent infection in vaccinated individuals is completely undetectable and hence untreat-
able. This assumption is almost surely overly pessimistic as evidence suggests that tuberculin reactivity
wanes in individuals vaccinated as infants [12,13] and that tuberculin skin testing can still be a useful tool
for BCG-vaccinated individuals [14-19]. While still quite expensive and not widely used, diagnostic tools
known as interferon-gamma release assays (IGRAs) that are not confounded by previous BCG vaccination
are becoming available [20-22]. The reason for taking such a pessimistic stance on BCG is grounded in
the current trend of countries moving away from universal vaccination. Hence, recommendations against
the prevailing trend should only be made if they stand up to the strictest assumptions against BCG.

We assume that latently infected individuals who are not vaccinated are detected and successfully
treated at a rate 7 and hence move to the recovered class. The value of 7 is prescribed so that a proportion,
r, of latent infections are detected and treated successfully before progression to active disease or death.
This reduces to having 7 = = (1 + v) . The proportion, r, is favored as a model parameter as opposed
to rate, 7, because of its intuitive definition and consistency with the corresponding treatment indicators
for active disease. As reliable estimates do not exist for detection and treatment of LTBI, we aggregate

them into one indicator 7.

For active disease, we separate the aspects of detection and treatment success into separate parameters
d and s, respectively, in order to preserve consistency with disease indicators reported in the World Health
Organization’s Global TB Database [4]. We assume that a proportion, d, of all new cases of active TB are
detected and hence treated. To achieve reasonable durations of active infection, existing cases of active
disease are detected at a rate of d/2. Individuals complete treatment at a rate of ; where a proportion, s,
have successfully cured the patient. The remaining individuals move to the untreated class. We assume a
disease-induced death rate of up that only affects those with untreated active TB and that, left untreated,
the disease clears naturally at a rate of v». Lastly, we assume that reinfection is possible for individuals
who have recovered from active TB. While it is biologically plausible that partial protection would be
conferred, there is evidence suggesting that previous active disease may actually increase susceptibility
to future TB infection [23]. Hence, we allow for reinfection of recovered individuals which is scaled by a
factor 0y (62 < 1 represents protection and 6, > 1 increased susceptibility).

In many countries of Western Europe and North America, immigration plays a key role in the dynamics
of tuberculosis. In the United States for example, foreign-born individuals accounted for 58% of all new
TB cases reported in 2007 [24]. While omitted in Figure 1 for clarity, immigration is included in the
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mathematical model by allowing for the flow of individuals into the S, E,V and Ey classes (i.e. we assume
that actively infected and recovered individuals are prevented from immigrating). For further description
of the model see [25].

With the rates of movement between classes established, one can easily write down the system of
differential equations that formalizes our mathematical model:

S=0-a)l-cr+a(l—9¢)(1—9)r+wV —BSI/N — usS,
V' = (1 - )+ am(l — 66— WV — (1~ @) BVI/N — uV,
E' =1 -p)BSI/N +an(l — ¢) — (vVE + 61pBEI/N) — TE — uE,
B = [1—p(1— @)(1 - @)SVI/N + amp + (1 - p)fRI/N
—[(1 = g3)vE, + 01pBE,I/N] — pE,,
Ip" = d[(vE + 6,pBEI/N) + pBSI/N + p(1 — q2)(1 — q1)BVI/N
+ (1 — g3)vEy + 01pBEI /N+pO2SRI /N| =1 Iy — plp+ $ Ire,
Ire' = (1=d)[(vE + 61pBEI/N) + pBSI/N + p(1—g2)(1=q1)BVI/N + (1-g3)VE,,
+ 01pBELI/N + pO2SRI/N] + (1=s)y1 It —yolpe — (1 + pr ) I7e —d /2 I7e,
R' = sy It + volre + TE — 0,8RI/N — R,

where I = Iy + Ipc is the total number of actively infected individuals, N is the size of the total

r

population and 7 = 7 (v + ).

3. Calibration to real data

For each of the eight countries, the model is able to simultaneously achieve a good fit to the WHO-
reported rates for both incidence and prevalence of active TB (see Figure 2). Mathematically, this is not
surprising as the numerous model parameters provide many degrees of freedom with which to match a
limited number of data points. However, the method used to calibrate the model to data was specifically
designed to buffer this fact.

To begin, estimates for several model parameters were derived from the literature and universally
fixed throughout the study (See Table 1). A few elementary observations are helpful along these lines.
If individuals leave a compartment with some rate x, then the amount of time an average individual
spends in the compartment is exponentially distributed with a mean of 1/z. For example, the natural
mortality rate p can be easily approximated because 1/u is the average life expectancy. The connection
to exponential distributions also allows us to approximate v. In this case, latent infections progress slowly
to active TB at a rate v whereas natural mortality occurs at a rate p. Given that the probability of
progressing to active disease before death is given by - iu’ estimates of this probability and the natural
mortality rate provide a quick estimate for v. The same relationship is used to relate the treatment rate
of LTBI (7) to the proportion of latently infected individuals who are detected and successfully treated
before progression to active disease or death. Without exogenous reinfection, the probability is given by
‘r+;+u' Setting this equal to r, we find that the appropriate treatment rate is 7 = = (v+ p).

Demographic parameters were derived using data from [6]. Estimates for average life expectancy give
immediate values for the mortality parameter p. To obtain an estimate for the recruitment parameter m,
we use the equation for the total population size, N. Note that, in the absence of TB-induced mortality,
N’ = 7 — uN, which has solution N(t) = 7/u+ (Ng — 7/u)e ", where Ny denotes the initial population
size. Using estimated values for p and Ny, we find the value of 7 that results in the statistical best fit to
the reported data. For immigration parameter a, we use data for total births and net migration from [6]
in order to find the percentage of total recruitment due to immigration. See Table 2 for the resulting
estimates. With several model parameters now fixed, there are significantly fewer degrees of freedom to
calibrate the model to data.
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TABLE 1. Parameter values and distributions used for all countries in the study. Parameters
with one value are fixed and used in all simulations. Parameters with only a minimum and
maximum value are sampled using uniform distributions. Parameters with a minimum, mode
and maximum value are sampled using triangular distributions. “Estimates of the probability of
progression to active infection within a few years (i.e. primary disease) range from 5-10% [9]. We
assume 5% as our system models fast progression immediately after initial infection. b[20, 26—
28] estimate a 5-10% lifetime risk of an infected individual developing active TB. w is chosen
so that the probability of reactivation before death (i.e. H”_M) is 0.05, assuming an average
life expectancy of 70 years. Given a 5% chance of fast progression and a 5% chance of slow
progression, the overall lifetime risk of developing active TB is slightly less than 10%. °TB
treatments last 6 to 12 months, but patient is noninfectious after a few weeks. We assume 4
weeks of infectiousness on average to account for a short period before detection. “ur = 0.32 is
used for Ghana. Due to HIV/TB co-infection, it is quite reasonable to assume a larger mortality
rate for TB in Ghana.

Parameter Symbol Range of values Reference
Min Mode Max

Probability of fast progression D 0.05 [9, 20, 28-30]"
Lifetime probability of slow progression v 0.00075 [20,26-28]°
Average duration of treatment for active TB 1/m 0.0769 [31]¢
Natural cure rate for active TB Y2 0.058 [29,30]
Mortality rate due to TB ur 0.12¢ [29, 30]
Proportion of immigrants that are vaccinated ¢ 0.80 2]
Proportion of immigrants with LTBI ) 0.30 [20]
Average duration of vaccine protection 1/w 10 15 55 [32,33]
Efficacy of vaccine in preventing initial infection Q1 0 0.50 assumption
Efficacy of vaccine in preventing fast progression Q2 0 0.50 assumption
Efficacy of vaccine in preventing slow progression q3 0 0.50 assumption
Factor of protection due to latent infection 01 0.50  0.60 0.75 [8,34]
Factor of protection/susceptibility

due to previous active infection 02 0.80 1.00 1.20 assumption

TABLE 2. Country-specific initial conditions, parameter values and probability density func-
tions. 1/p = average life expectancy (years), m = overall recruitment rate (millions of peo-
ple/year), o = proportion of recruitment due to immigration, LTBI = proportion of the initial
population with LTBI, d = detection rate for active TB, s = treatment success rate for active
TB, ¢ = vaccination coverage, § = transmission coefficient, » = proportion of LTBI detected
and treated successfully. Ranges indicate that a parameter was sampled from a uniform distri-
bution on the particular range. “Derived by fitting population curve to data from [6]. *Negative
value indicates a net emigration. “Used reported coverage from 2006.

Country Parameter
1/u ™ a LTBI d s c Jé] r

US 78.00 6.416 .22 .074  [.95,1.00] [60,.85] .00 [10,12]  [.10,.40]
UK 78.70 0.9484 .18 121 [.78,.98]  [.60,.80] .00 [7,9] [.10, .40]
GER 78.95 1.092 .25  .083 [.75,.95]  [.60,.80] .00 [7,9] [.10, .40]
IND 68.59  33.17 -.01 .62 [.67,.77]  [55,.75] .74 [8,10] [.00, .30]
ROM 7191 0.3129 -.14 .57 [.55,.95]  [70,.90] .99 [17,19] [.00, .30]
GHA 59.12  0.8094 .00 .67  [15,.35] [52,.72] .92 [14,16]  [.00,.30]
MEX 75.63  2.620 -.22  .237 [.55,.75]  [.65,.85] .99 [10,13] [.00, .30]
BRA 7224 4.616 -01 .42 [55,.75] [60,.85] .99 [15,17]  [.00,.30]
Source [6] fit® [6]° fit [4] 4] [5]° fit assumption
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TABLE 3. Results of the calibration process. Phase 0 consists of the widest reasonable
ranges for parameters and were sampled from either uniform distributions or triangular
distributions. All restrictions throughout the calibration process were sampled using
uniform distributions. L denotes the initial proportion of the population with LTBI.
The iterative process for the United States is described in detail in Figures A1-A6.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Phase 9  Phase 10

US  L[05,.10] B[9,12] L[.07,.075] qs[.45,.55] B=11.3  r[45,50] L=.074  6,[.80,.90] r=.50 qs=.52
UK L[05,.10] B[6,9] L[.12,.125] ¢3].30,.40] B=7.65  6:[.50,.60] r[0,.05] L=.121 gs=.34 ¢0,.10]
GER  L[05,.10] B[6,9] L[.08,.085] ¢s[.45,.55] B=7.95  r[45,.50] 6:[.90,1.0] r=.50 gs =54 L=.083
IND  B[7,10]  61[.60,.70] L[.60,.65] q1[40,.50] B=84  ¢5[20,.30] q2[.25,.35] 601 =.75 - -
ROM  B[17,20]  61[.60..70] q1[.30,.40] L[.55,.60] qs[.30,.40] ¢2[20,.30] B =184  0; =.645 - -
GHA  B[14,17]  6:[.60..70] L[65,.70]  q2[40,.50] q1[-25,.35] ¢[.20,.30] B =151 61 =.655 qo=.44 g3=.25
MEX  B8[6,9] L[.30,.35]  ¢s[.20,.30] ¢2[.55,.65] 6:[.70,.80] ¢:[.30,.40] B=75  L=.33 s =24 -
BRA  B[15,18]  ¢o[10,.20] q1[.25,.35] 61[.50,.60] qs].30,.40] L[40,.45] B=161 - - -

3.1. Initial conditions

While initial disease prevalence is dictated by real data, the majority of initial conditions for the model are
unknown. This includes the initial proportions of the population that are susceptible, latently infected or
recovered as well as the proportions of each that are vaccinated versus unvaccinated. Even for the initial
amount of active disease, we must decide the proportion to assign to the treated and untreated classes.
To identify reasonable initial conditions, the model was studied using biologically reasonable parameter
distributions. In general, initial conditions were sought that appeared to be near equilibrium with the
motivation being that values that are consistent with real data should not display drastic variations in the
initial years of simulation. It was observed that the model’s dynamics were largely insensitive to initial
conditions with the exception of the initial proportion of the population with latent infection. For this
reason, the initial amount of latent infection in the population was included as a variable in the formal
calibration procedure.

3.2. Calibration process

The main tool in our fitting process is what we refer to as an “adaptive simulation.” An adaptive simu-
lation allows us to compare the dynamics of our mathematical model with country-specific tuberculosis
data reported by WHO (see Tables A2 and Al). Each simulation begins by using the WHO-reported
prevalence as the initial amount of total active tuberculosis in the population. The simulation progresses
by using the year-specific detection and treatment rates (Table A2) for active TB reported by WHO for
each calendar year in the simulation. The resulting dynamics from the simulation can then be compared
with the reported incidence and prevalence of active TB for the given country (see Table A1).

For each country, the process begins by using Latin Hypercube Sampling (LHS) to sample model
parameters from wide, yet biologically reasonable, ranges with the goal of narrowing these ranges to
those that are most consistent with reported data. Using WHO-reported detection and treatment rates
for active TB (d and s), an adaptive simulation was conducted for each of 5000 parameter samplings.
For each simulation, the error between simulated and reported values of disease incidence and prevalence
was recorded. Error was calculated by squaring the difference between simulated and reported values for
both prevalence and incidence and summing over all years in the simulation. Boxplots were constructed
of this error for each parameter value. An appropriate range was then established for the parameter
which exhibited the clearest influence on observed error. With this parameter restricted, a new sampling
via LHS was conducted and the next most influential parameter was found. This iterative process is
illustrated for the United States in Figures A1-A4. It is important to note that this process does not aim
to find the parameter values which achieve a “best fit” to real data, but rather the parameter ranges and
values most consistent with real data. We believe this approach to be more informative as our model
contains many parameters for which reliable estimates do not exist.
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Once the process is complete, 1000 random samples of parameters are taken from the restricted pa-
rameter ranges. Simulations of the parameter samples which result in the smallest observed error for
each country are depicted in Figure 2.

3.3. Insights from the calibration process

Beyond calibration, several insights into tuberculosis dynamics were gained from this process. One of
the most striking is the epidemiological uniqueness of TB in Romania. Even when considering the full
range of biologically feasible parameter values, the model performed poorly in reproducing reported data.
However, a modified version of the model in which untreated active TB is detected at a rate of d/5 rather
than d/2 (i.e. flow from Ire to I is d/5) performed admirably. This seems to indicate an inconsistency
in TB data which is confirmed by the fact that Romania’s reported detection and treatment rates for
active TB (d and s) are more consistent with those of countries with low TB burden, yet Romania’s TB
burden remains quite high (see Tables A2 and A1l).

The iterative process of determining which parameters are most influential in allowing the model to
match data also provides key insight (see Table 3). One pattern which emerges involves the importance
of the initial proportion of the population with LTBI. We can see that LTBI is a more dominant factor in
low incidence countries (Germany, UK, US) as it was initially the variable which most influenced observed
error and is refined several times throughout the process. For higher incidence countries, LTBI is not
considered until later phases. Conversely, the factor of susceptibility to exogenous reinfection, 1, is much
more influential in the high incidence setting. As one would expect, we see that the vaccine efficacies are,
in general, more prominent in high incidence countries. However, the efficacy of vaccination in preventing
slow progression to active TB (g3) is quite important in low incidence countries. This results from the
fact that immigrants, typically from countries that mass vaccinate, play a large role in the TB dynamics
of their new country.

In general, the model exhibits a good fit with data for the eight countries in our study (see Figure 2).
As we might expect with a compartmental ODE model, the fits for high incidence countries tend to be
better than those of low incidence countries. This is due to the fact that the mathematical formulation
of our model assumes homogeneity among individuals, an assumption which is much more restrictive in
the low incidence setting where individuality and spatiality may play a much larger role. The fit for
Germany (see Figure 2) is the most unsatisfactory in the study. However, this may be attributed to the
fact that reported treatment success rates (s in Table A2) are considerably lower for the first three years
of simulation than the remainder. This change has a noticeable impact on the adaptive simulation, but
such an impact is not observed in the reported incidence and prevalence. Although the fit for India is
admirable, an oddity in the reported data is worth mentioning. The prevalence of active TB in India has
decreased over the decade from 1995 to 2005 from 533 to 299 per 100000 population, but the incidence for
every year in this period has been 168 per 100000 population (see Table Al). Beyond being completely
improbable, this anomaly may have contributed to the fact that the transmission coefficient, 8, which
resulted from the calibration process for India, is more consistent with those of low incidence countries
(see Table 3).

Another issue worth mentioning is that all of the parameters which dictate the length of active infection
(i.e. p, pr, 71, v2, d and s) have either been previously fixed or are prescribed during the course of
an adaptive simulation. Hence, the calibration process has no capacity to manipulate this quantity.
Following [35], one method of estimating the average duration of an active infection is to divide disease
prevalence by disease incidence. Remarkably, many of our adaptive simulations approximate this ratio
well despite the inability of the calibration process to adjust this quantity.

Lastly, the resulting estimates for the initial proportion of the population with LTBI and the trans-
mission coeflicient 8 should be examined more closely. These are the main products of our fitting process
as all other parameters are sampled from ranges determined by biological intuition or the tuberculo-
sis literature in our numerical investigations. Hence, it is appropriate to compare the estimates which
emerged from our calibration process with the limited existing estimates. Under the formulation of the
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FIGURE 2. Plots of incidence (thin red) and prevalence (thick black) of active TB in the
United States, the United Kingdom, Germany and India. Squares represent incidence
reported by WHO. Triangles represent prevalence reported by WHO. The simulations
are adaptive in that they use WHO-reported detection and treatment success rates (d
and s) for each calendar year. All other parameters are fixed throughout the simulation.
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model, 3 gives the average number of people per year that an actively infected individual will infect in
a completely susceptible population. The World Health Organization states that an actively infected
individual will infect between 10 and 15 people per year on average if left untreated [36]. In Table 3,
we see that the restricted ranges for 5 are consistent with this assertion. In [35], the TB burden of the
22 highest-incidence countries are estimated, including the prevalence of LTBI. Both Brazil and India
are included in this study. The estimates for LTBI are considerably lower than those reached in our
calibration process (25% versus 42% for Brazil and 44% versus 62% for India). The estimate for LTBI in
the United States of 7.4% is also higher than the 4.2% LTBI prevalence estimated in [37].

4. When is vaccination the best policy?

In studying the tradeoff between vaccination and detection/treatment of LTBI, we hope to gain an
understanding of when the discontinuation of mass vaccination with BCG is or is not justified. Here,
we determine the rates of LTBI treatment necessary to prevent as many cases of active TB as mass
vaccination with BCG. For illustration, we let each vaccine efficacy and detection/treatment range from
0-100% and compare the cumulative number of new active TB infections for scenarios with vaccination
of 98% and 0% of newborns. Figure 3 shows the results of this experiment with blue dots (red boxes)
indicating points in which vaccination results in a lower (higher) cumulative incidence of active TB.

It is apparent that over 20 years mass vaccination will very likely be beneficial for any country as
seen in the large ratio of blue dots to red squares. Another pattern that emerges and is illustrated in
Figure 3, is that countries with higher TB burden (i.e. Brazil, Ghana, India, Mexico, Romania) have
a larger proportion of sample parameters in which mass vaccination is the better policy (more blue
dots than low incidence countries), while low burden countries (i.e. Germany, UK, US) have a larger
proportion of samples in which not vaccinating results in fewer cases of active TB (more red boxes
than high incidence countries). This relationship is in good agreement with the WHO recommendation
of universal vaccination for high incidence countries. To reinforce the observation, we note that the
sampling of LTBI detection/treatment rates from values of 0-100% was done for illustration, whereas
realistic will be significantly smaller in high incidence countries than those in low incidence ones.

In general, the following relationship emerges for low incidences countries (see Figure 3): assuming
vaccination protected against initial infection only, replacing a mass vaccination policy by a no vaccination
policy will result in increased TB incidence unless a country is able to detect and treat a proportion of the
latently infected class that is approximately equal to twice the vaccine’s efficacy; for a vaccine protecting
against slow progression only, LTBI must be detected and treated on a proportion about equal to the
vaccine’s efficacy in order for vaccine discontinuation to lead to reduced TB levels; when the vaccine
prevents against fast progression to active TB, the threshold lies between the previous two.

Further examination shows that reinfection is responsible for the differences between low and high
incidence countries. As treatment of LTBI moves individuals into the recovered class, they become
exposed to reinfection. Hence, larger reinfection rates after recovery will render treatment of LTBI less
effective at reducing TB incidence. On the other hand, vaccination provides no direct protection against
exogenous reinfection whereas treatment of LTBI can eliminate the chance of exogenous reinfection for
some individuals.

In Figure 4, we see the effect of omitting exogenous reinfection and reinfection after recovery. Compar-
ing the graphs for the US, UK and Germany in Figures 3 and 4, we see that low levels of active disease
render reinfection insignificant in these low burden settings. While omitting both forms of reinfection is
not indicative of reality, the fact that doing so produces thresholds for low and high incidence countries
that agree quite closely (see Figure 4) shows that reinfection is the driving force behind the differences
between low and high incidence countries.
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FIGURE 3. Regions of parameter space where vaccination is (or is not) the better strategy
when exogenous reinfection of LTBI and infection after recovery are considered (i.e. 61
sampled from 0.50 to 0.75 and 2 sampled from 0.80 to 1.20). A blue dot (red box)
indicates a parameter sample in which vaccination results in a lower (higher) incidence
of active TB. Each row corresponds to one mode of vaccine protection (g1, ¢2,q3). The
other efficacies are set to 0. The columns give results for 20, 50 and 100 years.

87



D. J. Gerberry, F. A. Milner Could changes in national tuberculosis vaccination policies be ill-informed?

UNITED KINGDOM GHANA
o o o o o
== Tz 7 F Hz e B
X ° 4 787
q - - i
1w wle 1 w0 wl.o 0|8
only © s only <l °l&
o g 3
o o]
05 10 05 10 05 10 05 10 00 05 10 o 05 10
= o —
e B
B & & oo
@ % wl” ol
only S only S e 31
. . A
o] o] 2 =
oo o5 0 o5 0 o5 0 oo 05 10 “ob o5 1 oo 05 0
P SYrr Eese oy S raE 5 S rarn T 2z e
ege W L ¥E% NN g greet T 1878 § oot e =T8T § pe® g
i Fisxs T Ei A2E SRR
8 o2 B2 H L F
9 w8 w0 |§h % 0l8" 0 o5 0 [6°%e8
only €1, S % only 7= ST S uﬂ&
: B Ea &
o =3 o o =3 o
S : V=3 ; =S : : S : 0 Sh ; =S : :
oo o5 1 o o5 10 “do o5 10 oo o5 10 o o5 0 o o5 0
20 years 50 years 100 years 20 years 50 years 100 years
UNITED STATES BRAZIL
o o o o o o
2z 2Es EEN 297 2. e
£ i s s o
di o »q,j ol q1 o o o | a%,
3 Ead 3 3 3 3
only only ° L4
o] o] o] o o]
3 : : ; : : : : : : : : : : : ; :
oo o5 0 o5 10 o o5 0 oo o5 10 o o5 10 o o5 10
o = o Qs T
2 e 2 = TR
o Py o Po o
2 ], o | % o | ot o [be
only & i only & e S
o] o] o] o] o o]
“do 0’5 10 05 10 olo 05 10 0o 05 10 oo 0’5 10 0o 05 10
L ] 2 o e e =T e
o @ R gy EETEE gz T e Y
s oo by ¥ Fwd Ferde
s 0 l# 0| #of 0|8 93 w0 lg® 0 15%" 015 e
only <1, S e S les only °la °l s
H k) g 5 b
2 =3 2 2| ol ol
“olo o5 1 oo o5 10 od 3 10 ol 05 1 oo o5 1 “do 05 10
20 years 50 years 100 years 20 years 50 years 100 years
GERMANY MEXICO
o > > ¢ o < o
=T o e " =T “Tos. =T gt
f & - £ M
o “q, o & 5 ¢
G wl, o 0 e 1wl o ol
only © s S only S S s1é
o o o o o ol°
00 05 10 0o 05 10 00 05 10 0 05 10 00 05 1o 0o 05 10
o _ Ly »
27 s 2= = = 3
H £3
R wl® R w0lf 0l#
only & oS only & <. o
- b ]
o] ol o
oo o5 0 o5 o o5 0 o o5 10 oo o5 1o “ob B3 0
T o= — 2 oe e 2 7 o5 =
ey iy # S, 20 ¥ pE Fend ST
=z & oo o g Sedp s
@ olf o] %5 % ol o] 25 N
only &7 S only 31 9
ol o o] ol ol
o o5 10 “ob 5 10 o5 0 oo B3 10 o o5 1 oo 5 0
20 years 50 years 100 years 20 years 50 years 100 years
INDIA ROMANIA
o Y ey o
ER o B p Pz o
oy @ 9
e = ¥ H H
qi | 0| | 91w 0o PART
only €1, °k s only © Sls Se%
i . -
o] o] 2 ol
o0 05 0 o5 1 ob s 0 B3 10 o o5 1 “ob B3 0
o o 2 o
s ~Ton o s =T o oy o
3 e % B
: &l . : y°
% o | wl oof % o | w0l PN
only S7a o Eaf only S S S
8 Fi
3| o] o] 2 o]
05 0 o5 0 oo 05 0 €0l o5 0 oo 05 0 oo o5 10
g O T3 oofg © =3 Ta oofg © > 55 aoo e o
PR o et 7| TR eRemal > b Cr e
; e T F
4 ol “’f"a ol B wlo 0 =
only S s1°f o1°%s only 51 S5
o of ofl ° i
o ol ols ol ol ol
Sh : = ; =3 : : S : X S ; V=3 : :
0.0 05 1.0 0.0 0.5 1.0 0.0 05 1.0 0.0 05 1.0 0.0 0.5 1.0 0.0 05 1.0
20 years 50 years 100 years 20 years 50 years 100 years

FIGURE 4. Regions of parameter space where vaccination is (or is not) the better strategy
when exogenous reinfection of LTBI and infection after recovery are omitted (i.e. 61 =
62 = 0). A blue dot (red box) indicates a parameter sample in which vaccination results
in a lower (higher) incidence of active TB. Each row corresponds to one mode of vaccine
protection (¢1, g2, ¢qs3). The other efficacies are set to 0. The columns give results for 20,
50 and 100 years.
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thresholds are depicted by solid black lines. The scatterplots depict results after 100
years when exogenous reinfection is neglected (i.e. ¢, = 0).

4.1. Comparison between numerical study and theoretical thresholds

Using stability analysis of the disease-free equilibrium and the basic reproductive number, analytic thresh-
olds are established in [25] that dictate the proper vaccination policy for a society at the brink of erad-
icating tuberculosis. The basic reproductive number gives the average number of secondary infections
caused by a single infectious individual introduced into a completely susceptible society.

When each mode of protection conferred by vaccination is considered separately, the resulting thresh-

olds are
o 0 ) e o qsp
“ov(l-p) = v(l-p) Boptr(l—gs)

For example, if a country is only able to detect and successfully treat LTBI at a rate below 77 , then
vaccination with an efficacy of ¢; at preventing initial infection will result in a smaller basic reproductive
number. Hence, r < r* implies that vaccination is the better policy for the given society. If r > r*, the
society will be better served by not vaccinating and taking full advantage of its capacity to detect and
treat LTBIL.

In Figure 5, we compare the analytic thresholds with the results obtained from our numerical study.
We emphasize that the analytic thresholds where obtained via the basic reproductive number, which
considers the situation of one infected individual introduced into a completely susceptible population.
Clearly, this assumption is not applicable to even the lowest incidence countries in the numerical study.
Regardless, the behavior of the system with current TB indicators displays considerable agreement with
the analytic thresholds (especially ¢; and ¢3) when exogenous reinfection is neglected.

5. How much better would one vaccination policy be?

So far we have only investigated the parameter regions in which a policy of universal vaccination with
BCG will or will not result in fewer cases of active TB than a policy emphasizing the ability to detect
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FIGURE 6. Cumulative proportion of active TB cases prevented by vaccination after 50
years (Horizontal axes: overall efficacy of BCG (i.e. 1 — (1 —¢1)(1—g2)(1 —q4)); Vertical
axes: proportion of new infections prevented by vaccination).

and treat LTBI. Clearly this is insufficient in the public policy arena as a program which requires the
vaccination of countless individuals in order to save a handful of disease cases would never be prudent.

To quantify the difference between policy alternatives, we now calculate the proportion of cases pre-
vented by BCG by subtracting the total incidence of active TB with vaccination from the total incidence
of active TB without vaccination and dividing the quantity by the total incidence without vaccination.
We stress that the proportion of cases prevented could be negative under this definition if treatment of
LTBI outperforms vaccination. For this exercise, BCG and efficacies and detection/treatment rates vary
through the realistic ranges of Table 1 (i.e. overall BCG efficacy of 0-88%, detection/treatment of LTBI
0-30% and 10-40% for high and low incidence countries, respectively).

The ranges of 0-30% and 10-40% for the detection/treatment rate of LTBI are based on the intuition
that these rates should be substantially smaller than their counterparts for active TB (i.e. r < ds). In a
recent large-scale study in the United States, it was found that only 25.5% of individuals with LTBI had
been diagnosed and that only 13.2% had been prescribed treatment [37]. Treatment for this symptomless
condition is lengthy (usually 6-12 months) and often not finished by those who initiate it. In [38], the
authors use estimates of 30-64% and 69-93% for the percentages of treatments that are completed and
the efficacy of treatment when completed, respectively. This gives a net efficacy for treatment of LTBI
(including adherence and effectiveness) of about 20-60%. Hence, it is quite likely that our estimates may
be overly generous recalling that our treatment rate, r, represents the proportion of latent infections that
are detected and successfully treated (i.e. r ~ 13.2% * (20 — 60%) = 2.6 — 7.9%).

The simulations take the current vaccination policy of a country into account. For instance, the United
States currently does not vaccinate, so the initial population contains only a small number of vaccinated
individuals that represent mostly immigrants with previous vaccination. The country-specific relationship
between the overall efficacy of BCG (i.e. 1 — (1 —¢1)(1 — ¢2)(1 — ¢4)) and the cumulative proportion of
active TB cases prevented by vaccination after 50 years is shown in Figure 6.
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TABLE 4. Vaccinations per case of active TB prevented after 50 years

Country Percentile

5th  ogth  soth  75th 95th
uUS 1377 2531 4596 7615 14844
UK 1135 2084 3118 4787 9807
Germany 1076 1978 2980 4849 10146
Mexico 97 220 391 691 1383
India 96 166 249 379 700
Brazil 13 29 53 100 250
Romania 4 13 30 79 263
Ghana 6 11 16 23 43

In accordance with prevailing views, our model illustrates that mass vaccination in low incidence
countries results in proportionally fewer preventions than in high incidence countries (median preventions
of 3.3 — 4.3% versus 16.3 — 44.5% after 50 years). More importantly, mass vaccination resulted in lower
TB incidence than treatment of LTBI in all of the 2000 parameter samplings carried out for each of the
eight countries. As the range of treatment rates for LTBI may even be optimistic, we can conclude that
it is very unlikely that treatment of LTBI would outperform mass vaccination in any setting.

In Figure 6, we notice the dramatic preventive effect of vaccination in Ghana despite the fact that the
sampled detection/treatment rates of LTBI (0-30%) are actually quite similar to their counterparts for
active infection (8-25%, see Table 2) and hence are most likely large overestimates. This demonstrates the
positive impact of a largely imperfect vaccine in a high incidence setting. In fact, rates of detection and
treatment of LTBI in many resource-poor settings may be low enough that there really is no tradeoff for
BCG vaccination in terms of LTBI detection. In such settings, the main issue is whether BCG provides
enough protection to justify its widespread use. As our modeling has incorporated strict assumptions
against BCG and optimistic assumptions for LTBI detection in the absence of BCG, it only provides a
low estimate for the preventive capacity of BCG in such high incidence, low resource settings.

6. When is mass vaccination justified?

To provide insight into the economic costs of policy shifts regarding BCG, we examine the efficiency
of vaccination by tracking the number of vaccinations per prevented case of active TB. Initially, this
indicator is very large as time is needed for protection to build in the population. As time progresses,
the number of vaccinations per prevention steadily decreases and eventually stabilizes. Table 4 shows the
distribution after 50 years to balance the need to include long-term behavior with the realization that
conditions will change substantially over the course of decades.

As would be expected, the simulations show that the efficiency of BCG vaccination in preventing cases
of active TB is significantly reduced in countries of low TB burden. In general, the number of vaccinations
necessary to prevent one case of active TB appears to be two orders of magnitude larger for low incidence
countries than for most high incidence countries. Estimating the number of vaccinations required per
active infection prevented is a first step in assessing both financial and non-financial costs associated with
vaccination. For example, the WHO has recently revised its guidelines regarding BCG to indicate that
HIV infected children (regardless of symptoms) should not be immunized with BCG due to increased
risk of disseminated BCG disease [39,40]. Unfortunately, implementation of this policy change may be
difficult given the lack of HIV testing in children in many countries with high HIV burdens. To quantify
the ramifications of this adverse effect of BCG, one could make setting-specific estimates of the number of
TB cases prevented per case of disseminated BCG disease caused by BCG vaccination using the number
of BCG vaccinations per case of active TB prevented, increased risk of disseminated BCG disease [40],
antenatal HIV prevalence and vertical transmission rate.
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Discussion

In this article, we have considered a mathematical model for the epidemiology of tuberculosis in order
to study the trade-off that exists between the benefits of vaccination and the ability to detect and treat
LTBI. The model includes vaccination, treatment of LTBI, treatment of active TB, and immigration and
makes the strict assumption that vaccination with BCG renders LTBI undetectable.

Thresholds of vaccine efficacy and LTBI treatment rates were established that indicate when mass
vaccination results in a reduction of tuberculosis incidence. Each mode of protection was considered
separately. Assuming vaccination protected against initial infection only, replacing a mass vaccination
policy by a no vaccination policy will result in increased TB incidence unless a country is able to detect
and treat a proportion of the latently infected class that is approximately equal to twice the vaccine’s
efficacy. For a vaccine protecting against slow progression only, LTBI must be detected and treated in a
proportion about equal to the vaccine’s efficacy in order for vaccine discontinuation to lead to reduced
TB levels. When the vaccine prevents against fast progression to active TB, the threshold lies between
the previous two.

Moving to quantify the impact of a country’s vaccination policy choice, the percentage of new cases
of active TB prevented as a function of overall vaccine efficacy was observed. Given that vaccination
outperformed detection/treatment of LTBI in all of the 2000 parameter sampling carried out for each
country, we are able to conclude that it is highly unlikely that mass vaccination would ever result in
increased TB incidence for any country, including those with low TB burden. This is in spite of the
model’s strict assumptions against BCG and optimistic assumptions regarding detection and treatment
of LTBI. This conclusion suggests that the public health choice between a policy of mass vaccination
and one of no vaccination in low burden countries is not really made on the basis of epidemiological
considerations but rather on political/economic grounds.

To further consider whether mass vaccination is justifiable in low incidence countries, the number of
vaccinations per case of active TB prevented was observed. Our results indicate that vaccination would
be much less efficient in a low incidence setting than in a high incidence one. While we must be careful
to not overestimate the quantitative and predictive ability of such simulation over a 50-year period, the
general pattern of thousands of vaccinations per prevention in low incidence countries versus dozens in
high incidence countries is noteworthy.

A discussion of whether the thousands of vaccinations needed per prevention in low incidence countries
actually does or does not justify the lack of a mass vaccination policy should be based on social and
economic considerations that are beyond the scope of this work. However, it seems that the continued
emergence of drug-resistant and multi-drug resistant TB should only increase the number of vaccinations
per prevention that would be considered acceptable for at least two important reasons. First, drug
resistance renders treatment of tuberculosis a much more complicated and expensive process. Perhaps
more importantly though, incomplete treatment is a major source of drug resistance and, hence, any
measure that focuses on prevention rather than treatment should be considered more favorable from this
perspective. What is clear from this work is that the policy choice regarding mass vaccination is much
more about reinfection (both exogenous and in recovered individuals) than it is about BCG’s interference
with the detection of LTBI, despite this interference’s prominent role in the BCG policy statements of
many countries.

In the present time of economic strain, results like those found in this study beckon governments to con-
duct comprehensive studies that realistically assess the likely impact of their policies before implementing
them.
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A. Appendix

A.1. TB indicators from the World Health Organization

The World Health Organization maintains a Global TB Database that monitors many aspect of the disease
in its member countries [4]. Indicators in the database include disease incidence, disease prevalence, TB-
related deaths, reported cases, DOTS coverage, case detection rates, treatment success rates, etc. In
Tables A1 and A2, we present indicators either directly from or derived from the database that are
applicable to this work.

TABLE A1l. Tuberculosis indicators derived from the World Health Organization’s Global TB
Database [4]. “Inc” denotes the incidence of active TB which is the number of new cases
reported in a calendar year. “Prev” is the prevalence of active infection. Both indicators are
reported as rates per 100000 population.

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

UsS inc 8.5 7.9 7.2 6.6 6.3 5.8 5.6 5.2 5.1 4.9 4.7
prev 6 6 5 5 4 4 4 4 4 4 3
UK inc 12 12 12 12 12 12 12 12 13 13 14
prev 9 9 9 9 9 9 9 9 10 10 11
Germany inc 16 15 15 14 13 11 10 9 8 8 7
prev 13 12 11 11 10 9 8 7 7 6 6
India inc 168 168 168 168 168 168 168 168 168 168 168

prev 533 529 520 507 495 457 420 396 353 312 299
Romania inc 112 116 121 125 131 136 143 145 146 140 134
prev 172 178 187 133 198 201 210 183 187 179 146
Ghana inc 217 216 214 213 212 211 210 208 207 206 205
prev 454 455 416 414 411 396 384 385 383 383 380

Mexico inc 45 42 39 37 34 32 30 28 26 24 23
prev 71 66 60 54 49 43 38 35 33 31 27
Braxzil inc 79 T 75 73 71 69 67 65 63 61 60

prev 120 117 113 109 106 102 99 95 90 81 76

A.2. Calibration process

In Figures A1-A6, we illustrate the iterative process for calibrating the model to TB data from the
World Health Organization’s Global TB Database [4] for the United States. The general idea is to
sample model parameters from wide, yet biologically reasonable, ranges with the goal of iteratively
narrowing these ranges to those that are most consistent with reported data. This is done by conducting
adaptive simulations for each sampling and restricting the range of the parameter that exhibits the
clearest influence on observed error.

Acknowledgements. The authors would like to acknowledge previous institutions at which substantial portions of
this research were conducted. DJG and FAM: Department of Mathematics, Purdue University, DJG: Center for
Biomedical Modeling at UCLA.
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FI1GURE A3. Phase 2: It appears that the initial proportion of the population with latent

TB once again has the clearest influence on error. The range of [0.070,0.075] seems to
correspond to the smallest average errors. Hence, LTB is restricted to this range in the

next sampling (Phase 3).
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of [0.45,0.55] seems to correspond to the smallest average errors. Hence, g3 is restricted

FI1GURE A4. Phase 3: 1t appears that g3 has the clearest influence on error. The range
to this range in the next sampling (Phase 4).
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F1cURE A5. Phase 4: It appears that § once again has the clearest influence on error. As
[ is already quite restricted, we now fix 8 at 11.3 so that we may continue the calibration

process in Phase 5.
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FIGURE A6. Phase 5: It appears that r has the clearest influence on error. The range
of [0.45,0.50] seems to correspond to the smallest average errors. Hence, r is restricted
to this range in the next sampling (Phase 6). Although this calibration process is con-
tinued through ten phases, we omit the remaining phases of this process for brevity and
summarize the findings of this analysis in Table 3.
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TABLE A2. Tuberculosis indicators derived from the World Health Organization’s Global TB
Database [4]. In the model, d denotes the detection rate for active TB. We use WHO indicator
whole country all new cases detection rate. The proportion of treatments which successfully cure
the patient is denoted by s in the model. We calculate it by the formula s = (DOTS treatment
success)(DOTS population coverage) + (Non-DOTS treatment success)(1—DOTS population
coverage). Following [41], we use WHO treatment success (defined as the proportion that are
cured plus the proportion of cases that complete the full course of treatment) as a proxy for
the cure rate. “WHO-reported whole country all new cases detection rate values for the US are
greater than 100%. We use 100% for biological feasibility. ®Value of 0.65 was assumed in order
to have 4 consecutive years for simulation.

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Us d* 100 100 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00

s 76 .79 .79 .81 82 8 83 .83 .83 .61
UK d 89 90 83 .79 61 84 8 96 .85 88 96
s - - - - - - 7762 b .68 -
Germany d 92 94 94 93 8 87 83 93 o1 92 01
s - - 54 54 58 .77 67 .69 .71 68 -
India d 77 81 70 68 .72 64 60 58 57T 59 58
s 26 .21 18 29 20 36 53 53 .63 .73 -
Romania d 88 88 8 83 80 .79 8 8 79 82 17
s 51 A1 60 .85 .61 70 75 .73 .80 .80 -
Ghana d 10 26 26 24 24 25 27 26 26 25 .26
s - - - 50 48 50 56 .60 .66 .72 -
Mexico d 27 27 63 46 45 48 60 55 60 56 .74
s 75 .51 71 72 74 81 79 81 75 -
Brazil d 69 68 63 64 65 63 57T 67T 66 72 69
s 17 20 271 42 79 71 58 .80 .78 .76 -
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