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A Probabilistic Transmission and Population Dynamic
Model to Assess Tuberculosis Infection Risk
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1. INTRODUCTION
A recent World Health Organization report doc-

The purpose of this study was to examine tuberculosis (TB) population dynamics and to
assess potential infection risk in Taiwan. A well-established mathematical model of TB
transmission built on previous models was adopted to study the potential impact of TB
transmission. A probabilistic risk model was also developed to estimate site-specific risks of
developing disease soon after recent primary infection, exogenous reinfection, or through en-
dogenous reactivation (latently infected TB) among Taiwan regions. Here, we showed that
the proportion of endogenous reactivation (53-67% ) was larger than that of exogenous rein-
fection (32-47%). Our simulations showed that as epidemic reaches a steady state, age dis-
tribution of cases would finally shift toward older age groups dominated by latently infected
TB cases as a result of endogenous reactivation. A comparison of age-weighted TB incidence
data with our model simulation output with 95% credible intervals revealed that the predic-
tions were in an apparent agreement with observed data. The median value of overall basic
reproduction number (Ry) in eastern Taiwan ranged from 1.65 to 1.72, whereas northern Tai-
wan had the lowest R, estimate of 1.50. We found that total TB incidences in eastern Taiwan
had 25-27% probabilities of total proportion of infected population exceeding 90%, whereas
there were 36-66% probabilities having exceeded 20% of total proportion of infected pop-
ulation attributed to latently infected TB. We suggested that our Taiwan-based analysis can
be extended to the context of developing countries, where TB remains a substantial cause of
elderly morbidity and mortality.
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cases of tuberculosis (TB) in 2007 with an estimated
1.3 million deaths from TB in the same year.()
Therefore, TB remains a leading cause of death re-

umented the diagnosis of nearly 10 million new
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sulting in high morbidity and mortality worldwide,
with an estimate of one-third of the world’s popu-
lation being infected with TB bacilli.(') On the basis
of these statistics, TB is among the top 10 causes of
death worldwide. Despite predictions of a decline in
global incidence, the number of new cases continu-
ously grows.

TB infection is caused by inhalation of Mycobac-
terium tuberculosis bacilli in a droplet nucleus form
with a diameter less than 5 um.?3 All TB out-
breaks have been associated with cough-generating
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procedures,® and other medical examination and
treatment such as bronchoscopy,® endotracheal in-
tubation and suctioning,® open abscess irrigation,(”)
and autopsy.® Emergence of strains resistant to mul-
tiple drugs has led to situations where treatment is
no better than before the discovery of antibiotics.(*)
Diagnosis of TB remains a major barrier to con-
trol of the disease because the standard method, the
acid-fast smear using sputum, does not become posi-
tive until a few months after transmission occurs.!?)
Culture-based techniques are more sensitive, but still
take weeks to obtain results.(!)

Over 50% of global TB cases are found in south-
eastern Asia and the western Pacific. In Taiwan
the incidence and mortality rate of TB infection
are 62.0-74.6 (per 100,000 population) and 3.3-5.7
(per 100,000 population) from 2002 to 2008, respec-
tively.(!?) Hsueh et al.!® found that aborigines and
people living in mountainous regions had higher in-
cidence rates of 290 and 256 per 100,000 popula-
tion, respectively. Hsueh et al.('®) also implicated that
high disease burden of TB and inadequate current
control infrastructure and training for TB implemen-
tation, e.g., directly observed treatment shortcourse
(DOTYS) strategy, are posing a great impact on pub-
lic health in Taiwan, leading to current challenges to
TB control such as the increasing burden of patients
with multidrug-resistant TB infection, the persistent
high rate of mortality, and unsatisfactory compliance
of treatment.

In recent decades, mathematical modeling of
infectious diseases dynamics has grown substan-
tially and been gaining certain momentum. Mod-
els could be used to address public concerns
relating to an ever-expanding number of emerg-
ing diseases and to explore the importance of bi-
ological and ecological characteristics on disease
transmission.(!415) The most well-known susceptible-
infectious-recovered (SIR) model is a potentially
powerful tool for modeling transmission dynamics of
diseases. The use of the SIR models in disease trans-
mission dynamics should only increase in the future.

The simplest SIR model of TB epidemics came
from Blower et al.'9 Blower et al.'9 developed
a theoretical SIR-based age-implicit transmission
model to investigate natural behavior of a TB epi-
demic, demonstrating that TB epidemics could be
seen as a series of linked time-lagged subepidemics.
In subsequent work, the model was expanded to in-
clude the population-level effects of chemoprophy-
laxis and treatment.(!”) Their models, however, did
not consider the contribution of exogenous reinfec-
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tion to the overall disease incidence. Vynnycky and
Fine("® developed an age-structured deterministic
TB transmission dynamic model to estimate the age-
specific TB risks. The model had several unique as-
pects, one of which was its dynamic approach to
estimate the reinfection contribution to age-specific
TB incidence. Recently, Dye and Williams(!*) modi-
fied the work of Blower et al.(!”) and Vynnycky and
Fine™® to develop an age-dependent TB transmis-
sion model to describe how people acquire M. tu-
berculosis infection, move into the latent state, and
progress to active disease.

The transmission and population dynamics of TB
in Taiwan region are poorly understood. It is recog-
nized that individual contribution of exogenous rein-
fection and endogenous reactivation plays an impor-
tant role in the development of TB. To examine the
TB population dynamics and potential risk of infec-
tion in the Taiwan epidemic, a well-established math-
ematical model of TB transmission built on previous
TB models'*~2") was adopted to study the potential
impact of TB transmission in the Taiwan region. A
probabilistic risk model was also developed to es-
timate the site-specific risks of developing disease
soon after recent primary infection, exogenous rein-
fection, or through endogenous reactivation among
Taiwan regions.

2. MATERIALS AND METHODS
2.1. Study Data

Monthly-based disease burden of TB data in
Taiwan were obtained from reports of Centers for
Disease Control of Taiwan (Taiwan CDC) for the
period 2004-2008. The incidence rate, morality rate,
and relapse proportion were calculated on the basis
of Taiwan CDC TB data for each county, which were
organized by geographical region.

To estimate the TB reinfection or reactivation
proportions, we adopted a regression algorithm®!)
of a linear regression model as: reinfection propor-
tion = —29.7 + 36.8 x log(incidence rate) (> = 0.85)
to estimate the TB reinfection proportion from the
incidence data. In this study, we selected three areas
with the highest incidence together with one with the
lowest incidence as the study sites for assessing the
TB infection risk.

2.2. TB Transmission Model

A simple well-developed TB transmission
model,129) capturing five groups of dynamics of
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Fig. 1. Schematic of the susceptible-latently infected-tuberculosis-
recovered (SLTR) model describing TB population transmission
dynamics in this study.

susceptible (S), latently infected (L), infectious TB
(T;), noninfectious TB (T},), and recovered (R) was
adopted to investigate the population dynamics of
TB in Taiwan and was referred to as the susceptible-
latently infected-tuberculosis-recovered (SLTR)
model. The essential features of the present model
are depicted in Fig. 1.

In brief, (i) two certain types of TB were mod-
eled: primary progressive TB (i.e., fast TB) and la-
tently infected TB caused by endogenous reactiva-
tion or exogenous reinfection (i.e., slow TB), (ii) a

case may be spontaneously cured at a cure rate and
move into the recovered noninfection state R, and
(iii) an individual in the recovered state may either
relapse with equal probability into infectious or non-
infectious TB or may never relapse and die of other
causes at background mortality rate. Table I lists
the system of ordinary differential equations with
detailed symbol meanings corresponding to the
model in Fig. 1 built based on past well-developed
models.(16:20)

The expressions for basic reproduction num-
ber (Ry)('® quantifying the transmission potential of
M. tuberculosis due to the subepidemic driven by
primary progression (R™), reactivation/reinfection

(RJ°™), and relapse (R["“") are summarized in
Table 1. The Ry is defined as the average number of
successful secondary infections cases generated by a
typical primary infected case in an entirely suscepti-
ble population.'"¥ When Ry > 1 it implies that the
epidemic is spreading within a population and inci-
dence is increasing, whereas Ry < 1 means that the
disease is dying out. An average Ry of 1 means the
disease is at endemic equilibrium within the popula-
tion. Ry essentially determines the rate of spread of
an epidemic and how intensive a policy will need to
be to control the epidemic.(??)

Table I. Equations for TB Population Transmission Model(1®)

Equation®

Meaning

SLTR Model
S(t)=n — (+ S
L) =1~ prS—(v+u)L
T(t) = pfrS+quL+wR— (1 + pr+0)T;
Ty() = p( = PAS+ (1= QWL+ @R~ (1 + ur + )T,
R(t) = cT +cT, — Qo + w)R
N(1) = S(1) + L(1) + Ti(t) + T, (1) + R(¢)
Basic Reproduction Number
R(t)olal _ Rgast + Rzlow + R;)elanse
RES = () () pf
R = () Gt S5
R = C Grrrraxarmmsa-wayaasion)
d-pj )

v

.(p + 2;:;;1 )

(T1) Susceptible individuals

(T2) Latently infected individuals

(T3) Infectious TB cases

(T4) Noninfectious TB cases

(T5) Recovered TB cases

(To) Total population size

(T7) Aggregate basic reproduction rate

(T8) The subepidemic driven by direct progression

(T9) The subepidemic driven by reactivation/reinfection
(T10) The subepidemic driven by relapse from recovered cases

2Symbol meaning: 7 = N§ is the recruitment rate (people per year) where § is the birth rate (per year), A = T8 is the force of infection
(per year) where g is the transmission rate (per person per year), u is the background mortality rate (per year), p is the probability of new
infections that develop progressive primary active TB within one year, v is the progression rate from latency to active TB (per person per
year), f is the probability of developing fast infectious TB, ¢ is the probability of developing slow infectious TB, w is the relapse rate to
active TB for recovered TB cases (per person per year), ut is the TB caused mortality rate (per person per year), and ¢ is the TB cure rate

(per person per year).
bSee Fig. 1.



2.3. Probabilistic TB Risk Model

To develop a probabilistic TB risk model, a dose-
response model describing the relationships between
transmission potential of M. tuberculosis (quantified
by Ry) and total proportion of infected population
has to be constructed. Generally, the probability of
infection for each susceptible person each day is
based on the transmission probability for each poten-
tially infected contact. Theoretically, the total pro-
portion of infected population during the epidemic
(1) depends only on R, assuming a homogeneous
and unstructured population,(!*)

I=1—-exp(—RyI). 1)

Here we best fitted Equation (1) to the profile
describing the relationship between / and R, based
on Anderson and May'¥) for R, ranging from 1 to
5 by using a nonlinear regression technique, result-
ing in a conditional probability of the infection given
Ry as:

P(I|R) =1—exp(1.63 —1.66Ry),
1< Ry <5,r2=0.99. 2)

TB infection risk can be calculated as the pro-
portion of the population expected to be infected
multiplied by the conditional probability of epidemic,
given Ry. This results in a joint probability function
or exceedance risk profile, which describes the prob-
ability of exceeding the Rys of TB driven by primary
progression, reactivation/reinfection, and relapse TB
associated with infection proportion in a susceptible
population. This can be expressed mathematically as:

R(I) = P(Ry) x P(I| Ry) €)

where R(I) is the cumulative distribution function
describing the probabilistic infection risk of TB epi-
demic in a susceptible population at specific Ry and
P(Ry) is the probability density function of Ry. Thus,
the exceedance risk profile can be obtained by 1 —
R(I). Each point on the exceedance risk curve rep-
resents both the probability that the total proportion
will be infected and also the frequency with which
that level of infection would be exceeded. The x-axis
of the exceedance risk curve can be interpreted as a
magnitude of effect (total proportion of infection),
and the y-axis can be interpreted as the probability
that an effect of at least that magnitude will occur.
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2.4 Model Parameterization and Validation

The likely values of key parameters in the SLTR
model (Table I, Egs. (T1)-(T6)) can be parameter-
ized based on available site-specific TB data pro-
vided by Taiwan CDC and otherwise based on data
adopted from the literature. We used the model to
project future site-specific TB incidence dynamics
from 2005 to 2020 with 95% credible interval.

We validated the SLTR model by comparing
predicted site-specific TB incidence with observed
age-weighted TB incidence provided by Taiwan
CDC from 2005 to 2008. To compare modeled and
observed results, the best fit was evaluated using
mean absolute percentage error (MAPE), computed
from MAPE = £ 3" | fer=tel 5 100%, where N de-
notes the number of obsérvations, I, , is the ob-
served incidence, and ; ,, is the simulation result cor-
responding to data point 7.

2.5. Uncertainty Analyses and Simulation Scheme

TableCurve 2D package (AISN Software Inc.,
Mapleton, OR, USA) and Statistica® (version 9,
Statsoft, Inc., Tulsa, OK, USA) were used to per-
form model fitting techniques and statistical anal-
yses. A Monte Carlo (MC) technique was imple-
mented to quantify the uncertainty and its impact
on the estimation of expected risk. A MC simulation
was also performed with 10,000 iterations to gener-
ate 2.5 and 97.5 percentiles as the central 95th per-
centile range for all fitted models. Crystal Ball® soft-
ware (Version 2000.2, Decisioneering, Inc., Denver,
CO, USA) was employed to implement MC simu-
lation. Model simulations were performed by using
Berkeley Madonna 8.0.1 (Berkeley Madonna was de-
veloped by Robert Macey and George Oster of the
University of California at Berkeley).

3. RESULTS
3.1. Quantitative Epidemiology of TB Data

Table II summarizes the estimates of TB in-
cidence, mortality rate, relapse, reinfection, and
reactivation proportion for major counties and cities
situated in northern, central, southern, and eastern
Taiwan, respectively, for the period 2004-2008. We
found that the incidence rates were higher in
Pingtung County in southern Taiwan (108
per 100,000 population) and Taitung (104 per
100,000 population) and Hwalien (124 per 100,000
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Table II. Incidence, Mortality Rates, Relapse, Reinfection, and Reactivation Proportions of TB in Taiwan Region

Incidence TB Mortality Relapse Reinfection Reactivation
Area/ Rate? RateP Proportion® Proportiond Proportion®
County/City Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Taiwan 68(5) 0.036 (0.013) 4.38(0.11) 37.60(0.90) 62.04 (0.51)
Northern Taiwan 57(3) 0.032(0.010) 3.77(0.12) 34.97(0.59) 65.03 (0.12)
Ilan County 78(2) 0.031 (0.015) 5.04(0.86) 39.59(0.30) 60.41 (0.16)
Taipei City 50(4) 0.033(0.013) 2.70(0.26) 32.69(0.77) 67.31(0.24)
Taipei County 60(23) 0.028 (0.009) 4.23(0.51) 35.88(0.58) 64.12(0.27)
Keelung City 80 (4) 0.025 (0.003) 4.01(0.61) 40.24 (0.89) 59.76 (0.63)
Taoyuan County 57(2) 0.033 (0.016) 4.13(0.32) 34.84(0.52) 65.16 (0.34)
Hsinchu County 53(4) 0.034 (0.009) 2.75(0.30) 33.74(1.31) 66.26 (1.60)
Hsinchu City 48(2) 0.041 (0.018) 1.30(0.21) 32.09(0.61) 67.91(0.72)
Miaoli County 51(8) 0.050(0.023) 4.43(0.23) 32.86(2.61) 67.14(2.19)
Central Taiwan 68 (4) 0.040 (0.015) 4.32(0.20) 37.67 (1.05) 62.33(0.43)
Taichung County 58(4) 0.035(0.023) 3.69(0.44) 35.02(1.12) 64.98 (0.81)
Taichung City 54(2) 0.040(0.019) 4.52(0.30) 34.09 (0.56) 65.91(0.47)
Changhwa County 73(3) 0.057 (0.019) 3.87(0.15) 38.85(0.67) 61.15(0.02)
Nantou County 86(9) 0.034 (0.015) 5.64(0.24) 41.38(1.55) 58.62(0.18)
Yunlin County 87(10) 0.027 (0.005) 3.89(0.53) 41.56 (1.82) 58.44(1.09)
Chiayi County 74 (8) 0.036 (0.021) 4.90 (1.48) 39.06 (1.62) 60.94 (0.57)
Chiayi City 55(5) 0.028 (0.010) 6.26(1.23) 34.29(1.49) 65.71(1.76)
Southern Taiwan 83(6) 0.038 (0.015) 4.67(0.05) 40.88(1.21) 59.12 (1.05)
Tainan County 74 (5) 0.031 (0.013) 4.07 (0.02) 39.04 (1.00) 60.96 (0.80)
Tainan City 55(4) 0.029 (0.013) 6.08 (0.08) 34.33(1.20) 65.67 (0.88)
Kaohsiung City 78(5) 0.041 (0.015) 4.27(0.26) 39.96 (1.09) 60.04 (1.17)
Kaohsiung County 96 (8) 0.034 (0.015) 5.11(0.04) 43.18(1.32) 56.82 (1.40)
Pingtung County 108 (10) 0.052 (0.021) 4.53(0.09) 45.07 (1.44) 54.93 (1.20)
Eastern Taiwan 116 (10) 0.040 (0.019) 8.17(0.54) 46.26 (1.32) 53.74(0.67)
Taitung County 104 (10) 0.045 (0.026) 7.29(1.61) 44.51(1.49) 55.49 (1.10)
Hwalien County 124 (10) 0.037(0.015) 8.68(0.07) 47.35(1.27) 52.65(0.43)

4Incidence rate (per 100,000 population; 2004-2008): Annual regional confirmed TB case/total regional population number. Adopted from

Taiwan CDC database.

"TB mortality rate (per person per year; 2004-2008): Annual regionally TB induced mortality/annual regional incidence. Adopted from

Taiwan CDC database.

‘Relapse proportion (2006-2007): (Annual regionally relapsed cases/total regionally notification cases) x 100%. Adopted from Taiwan

CDC database and Taiwan tuberculosis control report.(?)

dReinfection proportion (2004-2008) = —29.7 + 36.8 x log(incidence rate).(2))

¢Reactivation proportion (2004-2008) = 100% — reinfection proportion.

population) Counties in eastern Taiwan. Taipei City
of northern Taiwan, however, had the lowest average
incidence and mortality rate with an incidence rate
of 50 per 100,000 population. Therefore, we used
TB epidemic data of Taipei City, Pingtung, Hwalien,
and Taitung Counties to investigate the TB infection
risks.

Figs. 2A-D demonstrates the time series dynam-
ics of TB incidences in the selected four study sites
during 2004-2008. Despite annual variation in inci-
dence, there was little variability in the distribution
of confirmed cases among age groups from 2004 to

2008 (Fig. 2E). More than 90% of cases were found
in adults aged 25-64 and older, with the largest frac-
tion of cases among > 64-year olds (Fig. 2E).
Overall, in Taiwan the average TB incidence
rate, mortality rate, and relapse proportion were
estimated to be 68 per 100,000 population, 0.036
per person per year for the period 2004-2008,
and 4.38% for the period 2006-2007, respectively
(Table II). The highest TB incidence rate was found
in eastern Taiwan (116 per 100,000 population)
with the estimated mortality rate and relapse pro-
portion of 0.040 per person per year and 8.17%,
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respectively (Table II). Eastern Taiwan had the
largest proportion of TB relapse cases (8.17%) in
which Hwalien County gave 8.68% relapse propor-
tion (Table II).

Our result indicated that the average reinfec-
tion proportions of TB in southern and eastern
Taiwan were estimated to be 41-46% during 2004—
2008, whereas northern Taiwan had a relative lower
proportion of 35% (Table II). The proportion of
reinfection (47.35%) in Hwalien County was close
to that of reactivation (52.65%; Table 1I). Gener-
ally, the average proportion of endogenous reac-
tivation (53-67%) was larger than that of exoge-
nous reinfection (32-47%) based on the regression
model of Wang et al.?) in Taiwan during 2004-2008
(Table II).

3.2. Population Dynamics of TB

The results of model parameterization are listed
in Table III. We incorporated the estimated prob-

2008

ability distributions of model parameter with site-
specific initial population sizes (Table III) into the
SLTR model (Table I, Egs. (T1)-(T6)) to project
future site-specific population dynamics of TB inci-
dence from 2005 to 2020 (Fig. 3). Simulation results
indicated that fast TB incidence declined (Figs. 3A,
C, E, and G) and relapse TB incidence (Figs. 3B, D,
F, and H) increased over time.

The results reveal that for all study sites, slow TB
will predominate in a stable epidemic. Furthermore,
based on the fact that more than 90% of cases were
found in adults aged 25-64 and older, the simula-
tion results also indicate that as the epidemic reaches
a steady state, the age distribution of cases will fi-
nally shift toward the older age groups dominated
by slow TB cases as a result of endogenous reacti-
vation (Figs. 2E and 3). Thus, we proposed that most
cases among teenagers and younger adults were esti-
mated to be attributable to recent primary (fast) pro-
gression. Generally, the relapse TB incidences were
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Table III. Probability Distributions (N = normal, LN = lognormal) of Parameter Values and Initial Population Size Used in the SLTR
Model (see Table I for the symbol meanings)

Probability Distribution

Hwalien Taitung Pingtung Taipei
County County County City
Model parameter

ECR? (per year) LN (7.43,1.50)

p° N (0.08, 0.03)

q° N (0.78,0.11)

V¢ (per person per year) N (0.00392, 0.0007)

74 N (0.68, 0.07)

8¢ (per year) N (0.0085,0.0005) N (0.0093,0.0003) N (0.0081,0.0007) N (0.0081, 0.0002)

LN (0.031, 2.05)
N (0.037, 0.015)

¢ (per year)
utd (per person per year)

LN (0.031, 2.05)
N (0.040, 0.019)

LN (0.030, 2.11)
N (0.052, 0.021)

LN (0.027, 2.00)
N (0.033, 0.013)

¢4 (per person per year) N (0.61, 0.05) N (0.56, 0.02) N (0.57,0.05) N (0.68, 0.07)

w9 (per person per year) N (0.0027, 0.00003) N (0.0023, 0.00005) N (0.00135, 0.00003) N (0.00073, 0.00007)

B! (per person per year) 2.1x1073 3.1x107? 83x10~°¢ 2.8x10-°

(9.7x1076 — 4.8x107) (1.4x107° —6.9x107%) (3.8x1070 —1.8x107°) (1.3x10 ~® — 6.3x107°)

78 (person per year) 2,960 2,228 7,284 21,217
Population size

Nh 348,223 239,658 899,249 2,619,424

S 340,311 233,860 879,751 2,566,680

L 6,616 4,553 17,085 49,769

Ti 473 240 647 524

Th 332 558 890 1,247

R 491 447 876 1,204

AECR = effective contact rate estimated based on Blower er al.(10)

PEstimated by 0.04 (0.015-0.14) for < 15 years old and 0.14 (0.08-0.25) for > 15 years old.(?)

¢Adopted from Blower et al.(19)
dEstimated based on Taiwan CDC data.

“Estimated based on data from Department of Statistics, Ministry of the Interior, Taiwan.

fg = ECR/N (mean with 95% CI).(3)
g7 = N§.G3

NThe initial population sizes in 2005 of N, S, T, Ty, and R are adopted from Taiwan Tuberculosis Control Report(34) where S=N — L —

Ti—Tn—R

1L =0.02 x 0.95 x N where 0.02 = (0.01 4 0.03)/23> and 0.95 is adopted from Oxlade et al.(%)

all below 5 per 100,000 population during simulation
time course (Figs. 3B, D, F, and H).

Figs. 4A-D demonstrates the comparison of the
age-weighted TB incidence data with our model sim-
ulation output with 95% credible intervals, indicating
that the predictions are in an apparent agreement
with the observed data. The model was able to match
TB incidence in adults aged 15-54 year-olds from
2005 to 2008. Despite the simplicity of the model,
we found a fair quantitative agreement between
model predictions and local data (Fig. 4E). Overall,
the model captures the transmission and population
dynamics of TB among 15-54-year-olds in high TB
incidence areas in Taiwan during 2005-2008.

3.3. TB Infection Risk Estimates

To estimate the probability of TB infection risk,
the transmission potential quantified by Ry) had to

be determined. The site-specific Ry due to subepi-
demic driven by primary progression (fast), reactiva-
tion/reinfection (slow), and relapse were calculated
based on equations listed in Table I (Egs. (T7)-
(T10)) (Fig. 5). The MC simulation result showed
that the optimized log-normal distribution was the
most suitable fitted model for Ry. We found that, for
instance, in the highest TB epidemic area of Hwalien
County, the R(‘)Otal value was estimated to be 1.65 (cen-
tral 95th percentile range: 0.45-6.45), whereas R(f)aSt
and Rj*Vestimates were 0.56 (0.13-1.64) and 0.86
(0.15-3.86), respectively. The median R estimates
in Taitung and Pingtung Counties were 1.72 and
1.65, respectively, whereas Taipei City had the low-
est Ry values with R estimates of 1.50 (0.45-
4.98).

Fig. 6A presents the dose-response profile show-
ing the estimate for the total proportion of TB in-
fected population (/) that depended only on R, based
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Fig. 3. Incidence rates (per 100,000 population) estimates based on SLTR model for total (fast + slow + relapse), fast, slow, and relapse TB
populations during 2005-2020 in (A) Hwalien County, (C) Taitung County, (E) Pingtung County, and (G) Taipei City, respectively. Inserts

(B, D, F, and H) show the enhanced time-courses of TB incidence rate.

on Equation (2). Given the site-specific R, distribu-
tions (Fig. 5) and dose-response relationship P(I | Ry)
(Fig. 6A), the site-specific exceedance risk probabil-
ity of TB infection can then be estimated follow-
ing Equation (3) (Figs. 6B-E). We found that total
TB incidences (fast + slow + relapse) in Hwalien,
Taitung, and Pingtung Counties, respectively, had
nearly 24.5%, 27.1%, and 25.2% probabilities of to-
tal proportion of infected population exceeding 90 %,
whereas there were 63-66% probabilities having ex-
ceeded 20% of total proportion of infected popula-
tion (Fig. 6). Our results also indicate that Hwalien
and Taitung Counties had a nearly 24-26% proba-
bility of having exceeded 50% of population infected
attributed to slow TB.

3.4. Sensitivity Analysis

Table I'V shows the critical variables in the prob-
abilistic sensitivity analysis for Ry. An increase in any
one of the following three parameters corresponds
with an increase of R (i) the transmission rate
(B), (ii) the probability of new infections that de-

velop progressive primary active TB within one year
(p), and (iii) the progression rate from latency to ac-
tive TB (v). However, an increase in any of the re-
maining three parameters corresponds to a decrease
of R’ (i) the background mortality rate (u), (ii)
the TB cure rate (c), and (iii) the TB caused mor-
tality rate (u1). In our four selected study areas, the

Table IV. Probabilistic Sensitivity Analysis for Basic
Reproduction Number

Contribution (%)

Input Hwalien Taitung Pingtung Taipei
Parameter County County County City

B 39.87% 37.62% 37.03% 42.82%
p 3.95% 5.03% 4.97% 4.24%
q 0.98% 1.16% 1.56% 1.23%
v 1.59% 1.71% 2.01% 2.57%
f 0.18% 0.25% 0.30% 0.67%
7 —5221%  —53.44%  —52.38% —45.61%
UT —0.19% —0.51% —0.23% —0.02%
c —1.03% —0.27% —1.50% —2.81%
® 0.01% 0.01% 0.02% 0.02%
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City.

most important input variables for Ry appeared to be
transmission rate (8) and background mortality rate
(i), which contributes to 37.03-42.82% and 45.61-
53.44% of output variances, respectively (Table IV).
Our results indicate that g is the key parameter for
influence on R. Therefore, the rate of spread of a
TB epidemic could be controlled by reducing 8.

4. DISCUSSION

4.1. Population Dynamics of TB Transmission

in Taiwan

Our study found that Hawlien (124 per 100,000
population) and Taitung (104 per 100,000 popula-
tion) Counties situated in eastern Taiwan had the
highest TB incidences among Taiwan regions during

2004-2008. Generally, more than 90% of TB cases
were found in adults aged 25-64 and older, with the
largest fraction among > 64-year olds. We also found
that the proportion of endogenous reactivation (53—
67%) was larger than that of exogenous reinfection
(32-47%) during 2004-2008. This result indicated
that there was a trend of an increasing proportion
of TB among the elderly. The plausible reason may
be that with the falling of birth rate and increasing
of longevity, the aging of populations is rising in
Taiwan.

Our simulations showed that as the epidemic
reaches a steady state, the epidemic would finally be
dominated by slow TB cases as a result of endoge-
nous reactivation. The simulated epidemic is similar
to that of Blower et al.,'® Vynnycky and Fine,(!®)
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and Dye and Williams.(!*) Most notifications in the
older groups were estimated to be a result of en-
dogenous reactivation, whereas among the teenagers
and younger adults, they were estimated to be at-
tributable to recent primary progression.>>>% Thus,
the dominated endogenous reactivation may proba-
bly occur at older age groups while the primary pro-
gression may occur among teenagers and younger
adults.

Our simulations also showed that the incidences
of total TB decrease slowly and decrease substan-
tially for fast TB, whereas for slow TB of latent infec-
tions, the incidence arises (Fig. 3). The decline of fast
TB in Taiwan might be attributed to universal Bacil-
lus Calmette-Guérin vaccination and the improve-
ment of TB control measures in Taiwan, in particu-
lar, the implementation of DOTS since 2006.('*) The
reason for the “slowdown” in incidence rate of to-
tal TB is due in part to a growing proportion of TB
cases from the slow reactivation of long-standing la-
tent infections.(1*2>29 However, the reasons for the
incidence of slow TB increase may be explained as:
(i) more than 90% of cases were found in adults aged
25-64 and older, with the largest fraction of cases
among > 64-year olds (Fig. 2E), (ii) latently infected
individuals develop disease slowly through endoge-
nous reactivation and therefore it will often occur in

relapse total fast slow
R, R, R, R,

relapse total
R, 0 RO

elderly, (iii) the falling of birth rate and increasing
of longevity result in the aging of populations in Tai-
wan (the average life expectancy is approximately 80
years), and (iv) our SLTR model could not evaluate
the impact of control strategy for targeting therapy
to persons with latent TB infection.

4.2. TB Infection Risk Estimates

The median values of overall Ry (RP™) in
Hwalien, Taitung, and Pingtung Counties were esti-
mated to be 1.65,1.72, and 1.65, respectively, whereas
Taipei City had the lowest R{**lestimate of 1.50. We
also found that Hwalien and Taitung Counties had a
nearly 24-26% probability of having exceeded 50%
of infected population attributed to slow TB. A rel-
atively high TB risk was found among elderly based
on our reanalyzed CDC data and that could explain
the slowing decline of TB in Taiwan.

Our results also found that the risk of TB in-
fection is still relatively high in Taipei City, indicat-
ing that the total TB risk of 42% probability had ex-
ceeded 50% of infected population. This reason may
be due to Taipei City being a high-density urban area
having high contact rate between or within the sus-
ceptible compared with rural areas. Yet, compared
with rural areas, a higher proportion of people living
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in Taipei are wealthy and have better access to health
services.

TB infection seems to persist even in relatively
small populations, possibly through recurring infec-
tions in adults. If individuals experiencing their first
infection are the primary drivers of endemics, then
demographic changes will have a strong influence on
endemic dynamics. Therefore, differences in popula-
tion demographics and epidemiology of TB diseases,
and, potentially, vaccine effectiveness, would need
to be carefully considered when predicting the TB
transmission dynamics in local regions. Moreover,
the factors such as numbers of alcoholics,® smok-
ers,*”) and diabetics"®) can also be incorporated into
the TB models to improve the predictability and they
could have important dynamic consequences, which
are worth exploring in future research.

Total proportion of infection (1)

4.3. Limitations and Implications

Although our model predicted apparently the
region-specific TB dynamics and estimated the TB
infection risk, further refinement of the model may
be necessary. In this study, data gaps are the ma-
jor limitation of the model, resulting in the predic-
tions possibly being underestimated. The proposed
TB transmission model had only implicitly accounted
for the patterns of mixing among infectious cases and
their contacts, and the risk of TB among those in-
fected are constant through time. Blower et al.(!)
estimated the effective contact rate (ECR) to be a
triangular distribution with lower, mode, and up-
per values of 3, 7, and 13, respectively. Styblo®)
assumed an average duration of infectiousness of
two years; this implied that on average each smear-
positive case contacts 10 individuals per year. A more
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recent study, carried out in the Netherlands, found
that the number of individuals contacted by each TB
case had changed over time, declined from about 22
individuals contacted in 1900 to about 10 individu-
als contacted in 1950.%°) The reasons for the decline
in the ECR are several, such as that average size of
each household has decreased over time, increasing
segregation of infectious cases to sanatoria, or reduc-
ing the probability of a contact becoming infected
with M. tuberculosis given a certain exposure through
improved hygiene or nutrition. The proposed model
captured the transmission and population dynamics
of TB among 15-54-year-olds in high TB incidence
areas; however, the most pronounced discrepancy
between model and data occurred in the 0-14 and >
64-year age groups. To resolve this question, the TB
transmission model needs to be extended to explore
the interplay between survival, fertility, and the risk
of TB with age with sufficient data availability.?*-39)
Thus, we suggest that age-structured contact pattern
is one of the critical elements for understanding the
epidemiology of TB and can more accurately inter-
pret TB epidemiological data.

Realistic age structure shows certain impact on
the TB transmission model.'%3") However, age- and
gender-specific parameter values in the SLTR model
are not easily to be parameterized in Taiwan due to
data limitation. To compensate these predicaments,
we may adopt published data related to age-specific
risks of developing active TB together with our study
results to improve model predictability. For instance,
we can adjust the parameters such as the probability
of new infections that develop progressive primary
active TB within one year (p), the progression rate
from latency to active TB (v), and taking into account
the probability of smear conversion from noninfec-
tious to infectious TB.*)) To account for these factors
will require better data, and structural and quantita-
tive adjustments to the standard TB model.?

The practical implications of our results might
be initiated for risk management. First, the qual-
ity of the local data allows us a rare opportunity
to generate data-driven models for TB transmission
dynamics in the Taiwan region. Dynamic models
rooted in local data are important for providing clear
recommendations for control strategies. Second, a
theoretical understanding will improve our ability
to interpret data variability. With limited informa-
tion on site-specific parameters, numerical simula-
tions can be undertaken for randomly selected pa-
rameter values in an attempt to discern typical be-
haviors. We tested this idea through epidemiologi-

Liao et al.

cal modeling studies together with basic disease data.
Models of the type described in this article were
largely explored through simulation in terms of their
predictive power. More data are needed to validate
the model predictions. Finally, we can extend our
Taiwan-based analysis to the context of developing
countries, where M. tuberculosis remains a substan-
tial cause of elderly morbidity and mortality.

REFERENCES

1. World Health Organization (WHO). Global Tuberculosis
Control—Epidemiology, Strategy, Financing. WHO report,
2009 (WHO/HTM/TB/2009.411). Available at: http://www.
who.int/tb/publications/global_report/2009/en/index.html, Ac-
cessed July 2, 2010.

2. Nardell EA, Keegan J, Cheney SA, Etkind SC. Theoreti-
cal limits of protection achievable by building ventilation.
American Review of Respiratory Disease, 1991; 144:302-306.

3. Kaufmann SHE. Tuberculosis: Deadly combination. Nature,
2008; 453:295-296.

4. Malasky C, Jordan T, Potulski F, Reichman LB. Occupational
tuberculosis infections among pulmonary physicians in train-
ing. American Review of Respiratory Disease, 1990; 142:505—
507.

5. Catanzaro A. Nosocomial tuberculosis. American Review of
Respiratory Disease, 1982; 125:559-562.

6. Haley CE, McDonald RC, Rossi L, Jones WD, Jr Haley RW,
Luby JP. Tuberculosis epidemic among hospital personnel. In-
fection Control and Hospital Epidemiology, 1989; 10:204-210.

7. Hutton MD, Stead WW, Cauthen GM, Bloch AB, Ew-
ing WM. Nosocomial transmission of tuberculosis associated
with a draining abscess. Journal of Infectious Diseases, 1990;
161:286-295.

8. Kanto HS, Poblete R, Pusateri SL. Nosocomial transmission
of tuberculosis from unsuspected disease. American Journal
of Medicine, 1988; 84:833-838.

9. Luciani F, Sisson SA, Jiang H, Francis AR, Tanaka MM. The
epidemiological fitness cost of drug resistance in Mycobac-
terium tuberculosis. Proceedings of the National Academy of
Sciences of the United States of America, 2009; 106: 14711-
14715.

10. Abu-Raddad LJ, Sabatelli L, Achterberg JT, Sugimoto JD,
Longini IM, Dye C, Halloran ME. Epidemiological benefits
of more effective tuberculosis vaccines, drugs, and diagnos-
tics. Proceedings of the National Academy of Sciences of the
United States of America, 2009; 106:13980-13985.

11. Russell DG, Barry CE 3rd, Flynn JL. Tuberculosis: What we
don’t know can, and does, hurt us. Science, 2010; 328:852—
856.

12. Centers for Disease Control, Department of Health, R.O.C.
(Taiwan). Taiwan Tuberculosis Incidence and Mortality
Rate, 2002-2008 (in Chinese). Available at: http://www.cdc.
gov.tw/public/Data/9123117163971.pdf, Accessed July 9, 2010.

13. Hsueh PR, Liu YC, SoJ, Liu CY, Yang PC, Luh KT. Mycobac-
terium tuberculosis in Taiwan. Journal of Infection, 2006;
52:77-85.

14. Anderson RM, May RM. Infectious Diseases of Humans: Dy-
namics and Control. Oxford, UK: Oxford University Press,
1991.

15. Keeling MJ, Rohani P. Modeling Infectious Diseases in Hu-
mans and Animals. Princeton, NJ: Princeton University Press,
2008.

16. Blower SM, Mclean AR, Porco TC, Small PM, Hopewell
PC, Sanchez MA, Moss AR. The intrinsic transmission



Probabilistic Transmission Model to Assess TB Infection Risk 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

dynamics of tuberculosis epidemics. Nature Medicine, 1995;
1:815-821.

Blower SM, Small PM, Hopewell PC. Control strategies for
tuberculosis epidemics new models for old problems. Science,
1996; 273:497-500.

Vynnycky E, Fine PEM. The natural history of tuberculo-
sis: The implications of age-dependent risks of disease and
the role of reinfection. Epidemiology and Infection, 1997;
119:183-201.

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

Dye C, Williams BG. The population dynamics and control of
tuberculosis. Science, 2010; 328:856-861.

Wang JY, Lee LN, Lai HC, Hsu HL, Liaw YS, Hsueh PR,
Yang PC. Prediction of the tuberculosis reinfection proportion
from the local incidence. Journal of Infectious Disease, 2007;
196:281-288.

Ferguson NM, Keeling MJ, Edmunds WJ, Gani R, Grenfell
BT, Anderson RM, Leach S. Planning for smallpox outbreaks.
Nature, 2003; 425:681-685.

Wang CS, Chen HC, Yang CJ, Wang WY, Chong IW, Hwang
JJ, Huang MS. The impact of age on the demographic, clin-
ical, radiographic characteristics and treatment outcomes of
pulmonary tuberculosis patients in Taiwan. Infection, 2008;
36:335-340.

Wu P, Lau EHY, Cowling BJ, Keung CC, Tam CM, Leung
GM. The transmission dynamics of tuberculosis in a recently
developed Chinese city. PLoS One, 2010; 5:¢10468.

Hwang HY, Chang CY, Chang LL, Chang SF, Chang YH,
Chen YJ. Characterization of rifampicin-resistant mycobac-
terium tuberculosis in Taiwan. Journal of Medical Microbiol-
ogy, 2003; 52:239-245.

Stewart GR, Robertson BD, Young DB. Tuberculosis: A
problem with persistence. Nature Reviews Microbiology,
2003; 1:97-105.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Lin HH, Ezzati M, Chang HY, Murray M. Association be-
tween tobacco smoking and active tuberculosis in Taiwan
prospective cohort study. American Journal of Respiratory
and Critical Care Medicine, 2009; 180:475-480.

Styblo K. Epidemiology of Tuberculosis. Hague: Royal
Netherlands Tuberculosis Association, 1991.

Vynnycky E, Fine PEM. Interpreting the decline in tu-
berculosis: The role of secular trends in effective con-
tact. International Journal of Epidemiology, 1999; 28:327-
334.

Brooks-Pollock E, Cohen T, Murray M. The impact of realistic
age structure in simple models of tuberculosis transmission.
PLoS One, 2010; 5:¢8479.

Dye C, Garnett GP, Sleeman K, Williams BG. Prospects for
worldwide tuberculosis control under the WHO DOTS strat-
egy. Directly observed short-course therapy. Lancet, 1998;
352:1886-1891.

Centers for Disease Control, Department of Health, R.O.C.
(Taiwan). Taiwan Tuberculosis Control Report 2008, 2009.
Available at: http://www.cdc.gov.tw, Accessed August 13,
2010.

Porco TC, Blower SM. Quantifying the intrinsic trans-
mission dynamics of tuberculosis. Theoretical Population
Biology, 1998; 54:117-132.

Centers for Disease Control, Department of Health, R.O.C.
(Taiwan). Taiwan Tuberculosis Control Report 2007. Avail-
able at: http://www.cdc.gov.tw, Accessed August 13, 2010.
Yeh YP, Luh DL, Chang SH, Suo J, Chang HJ, Chen TH.
Tuberculin reactivity in adults after 50 years of universal
bacille Calmette-Guérin vaccination in Taiwan. Transactions
of the Royal Society of Tropical Medicine and Hygiene, 2005;
99:509-516.

Oxlade O, Schwartzman K, Benedetti A, Pai M, Heymann J,
Menzies D. Developing a tuberculosis transmission model that
accounts for changes in population health. Medical Decision
Making, 2011; 31:53-68.



