Explaining age disparities in tuberculosis burden in Taiwan: a modelling study
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S1. Age disparities in tuberculosis burden across countries

The age disparities in tuberculosis (TB) notification rates are particularly wide in Taiwan and
Korea (Fig. S1.1), where an intermediate TB burden and a rapid population ageing trend
coexist. In low TB burden countries such as the United Kingdom (UK) and the United States
of America (US), greater age disparities are more likely seen in immigrants. Note that 95.8%
of Asian and 76.8% of Hispanic/Latino TB cases in the US are foreign-born (1).
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Fig. S1.1 Adult-Child and Elder-Child ratios of TB notification rates
The annual TB notification rates in several countries were extracted to calculate the relative ratios of

adults (15-64 years old) and elders (2 65 years old), compared to children (< 15 years old). The
reporting years were slightly different due to data availability (Taiwan (2), South Korea (3), UK (4) —
2016, Sri Lanka (5) — 2015, US (1) — 2017).



S2. Model description

The model included seven mutually-exclusive disease states, capturing the natural history of
TB transmission (Table S2.1). The age structure was incorporated by further dividing each
disease state into children (< 15 years old, a = C), adults (15-64, a = A), and elders (265
years, a = E). Model parameters for demographics and TB transmission are defined in

Table S2.2.

Table S2.1 State symbols and descriptions.

Notation*  Description

s@ Susceptible

LF@® Latent-infected with fast progression
LFRE@® Latent-reinfected with fast progression

LS@ Latent-infected with slow progression

PTB@® Active pulmonary TB
ETB@® Active extrapulmonary TB

TX@® Active TB cases under treatment
R(@ Recovered
N@® Total population

*Superscripts (a) indicate age group a.

Table $2.2 Model parameters for demographics and TB transmission

Notation \Description

| Unit ’ Value*’

Sampling range**’ Source

Demographics

u(t)  Birth rate (time-dependent) year? (6)
(@ All-cause death rate (time- and 1 6
Aoy () age-dependent) year (6)
0
A t iti t
al.(g) (ﬂgfwg_rii;m ransition rates year? 0.067 Fixed Fitted
0.008
(@  Asge group transition rates 1 0.067 . )
gt (flow-out) year 0.008 Fixed Fitted
0
n Initial population size 108 4.73 Fixed Fitted
TB transmission
AD(t) Force of infection year™ See Table 1.
4 Treatment initiation rate year?! 1.32—7.675% (7)
Pfmo Egm;»t/is:\ogress.on rateofadult -1 0071 0.052-0.091° (8)
Reactivati te of adult
Psmo psgzlg’t?o'sn rate oradu year! 0.00093 0.00072—0.00162 (9)
0 rnr]%ti?;ir?n from pervious 0.79 0.60 — 0.868 (10)

Stabilisation rate (the reciprocal
Urpos Of 2-year-durationin LF and
LREF)

year?! 0.50

Fixed




Stabilisation rate (the reciprocal

-1 .
of 3-year-duration in R) year 0.33 Fixed (11)

UpiLs

Treatment completion rate (the
Uryop reciprocal of 6-month-duration  year? 2 Fixed
of standard treatment)

0.266 0.239-0.293%
0.122 0.110-0.134% (12)
0.132 0.119 —0.145%

(@  Proportion of extra-pulmonary
Koth .
e cases among active TB cases

Mortality rate of pulmonary TB

Mpth 2cos year? 0.13 0.10-0.16" (13)
Mortality rate of extra- 4 q

Moty oulmonary TB cases year 0.07 0.06 —0.08 (13)
Natural cure rate of pulmonary 4 q

n and extra-pulmonary TB cases year 0.20 0.16-0.24 (13)
. 1.000 0.900 — 1.000%8

(@ Proportion of treatment 0.929 0.836 — 1.0005 (14)

completion 0.664 0.598 — 0.730%¢

0.0053 0.0048- 0.0058°%
@@  Recurrence rate year! 0.0046  0.0041-0.00518% (11)
0.0055 0.0050- 0.0061°%

*Values of age-dependent parameters are listed in a top-down order of children (<14 years old),
adults (15-64) and elders (265). Adjustments were made to match the age spans in our study.

**We assumed all the sampling ranges are uniformly distributed.

SRanges were retrieved from the 95% intervals reported in the literature.

%A + 10% range of the central estimate was assumed because the programmatic data showed little
variation over the recent decade. Note that the sum of treatment outcomes cannot be over 1.
55The sum of y, Myep, and 1, representing the reciprocal of the duration of infectiousness, was set
to range from 1.5 to 7.3 months, based on a previous survey on healthcare seeking delay in 2005 (7)
and an assumption on = 80% of case detection rate.

TRanges were specified as + 20% of central estimates.

To capture the demographic change over time, we applied an annual birth rate (u(t)) and
(a)

age-specific all-cause death rates (d ;. (t)) to all compartments except for TB cases

undergoing treatment, as their death rates were estimated separately by the programmatic
@ @
in ? “out
between successive age groups, which is an approach relaxed in the sensitivity analysis (Fig.
(@)

N

data. The ageing process was simulated using per-capita rates of transition (a

$6.1). In addition, the force of infection (A(t, a)) and progression rates (p}a), ps ) are

defined in the ‘Methods’ section of the main text, and their structures vary by the
mechanisms involved.
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We assumed the outcome for TB patients who initiate antibiotic treatment to be binary:
completion or death (14). Given the observed proportions of treatment completion (t(®)
and the fixed duration of standard treatment (transformed into the treatment completion
rate vryx_r), we could derive the age-specific death rates during treatment (dt(;l)) according
to the equation:
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S3. Model calibration

We calibrated each of the mechanism models to capture the aggregated notification rates
over 1997-2004 and age-specific rates over 2005-2016. These calibration targets were
assumed to be normally distributed, with the estimated standard deviations to reflect 20%
or 10% of the notification errors, according to the data quality (Table S3.1).

Table S3.1 Means and standard deviations for the normally distributed calibration targets*

Aggregated notification rates (+/- 20% of notification errors)

Year 1997 1998 1999 2000 2001 2002 2003 2004
Mean 707 646 611 624 647 744 665 740
Standard 7.2 6.6 6.2 6.4 6.6 7.6 6.8 7.5
deviation
Age-specific notification rates (+/- 10% of notification errors)**
Year 2005 2006 2007 2008 2009 2010 2011 2012
3.2 33 3.2 3.1 2.9 2.7 26 23
Mean 495 456 421 405 369 363 349 339
373.0 3385 3149 3064 2847 2793 2588  246.1
dard 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1
3“’".‘ ar 25 23 2.1 2.1 1.9 1.9 1.8 1.7
eviation 190 173 161 156 145 142 132 126
Year 2013 2014 2015 2016
2.0 16 1.9 16
Mean 308 296 272 257
2272  212.0 1957  185.0
0.1 0.1 0.1 0.1
zteav?ggg‘:] 1.6 1.5 1.4 1.3
116 108  10.0 9.4

*All parameters for the normally distributed notification rates are presented with the unit of per
100,000 population.

**Parameters for age-specific notification rates are shown in the order of children, adults, and elders
from top to bottom.

As described in the main text, we adopted a Bayesian inference framework in model
calibration, with adaptive Markov chain Monte Carlo (MCMC) method. For each mechanism
model, we ran two chains of 300,000 iterations with different starting points. Traces of the
two MCMC chains were juxtaposed for evaluation of convergence (Fig. S3.1). We then
extracted 50,000 iterations from the well-mixed traces and extended them into a long
MCMC chain with additional 1,000,000 iterations. After thinning the long chain, we obtained
1000 posterior parameter sets (Fig. S3.2) for the following comparison on the performance
of mechanism models.



In the full model incorporated with all the three hypothesised mechanisms, we examined
the correlations of the posterior parameters (Fig. S3.3). Among the mechanism-related
parameters, a positive correlation was observed between the initial (5;,,;) and current
infection rates (B.nq), reflecting that the model tended to hold the slope of transmission
decline within a certain range. In addition, correlations between parameters of different
mechanisms existed. We found a positive relationship between the progression multiplier of
children (¢(©?) and the mixing weight of adults (w®). This relationship was likely to
maintain the age disparities of TB burden between children and adults. On the other hand,
among the elderly-specific parameters, there was an inverse relationship between the
progression multiplier (o 8?) and the mixing weight (w ). Although the inverse relationship
seemed less explicit, it implied the competing roles of the immune senescence (m1) and age-
specific assortativity (m3) mechanisms in capturing the age disparities of TB burden.
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Fig. $3.1 MCMLC traces for mechanism-related parameters

In each row, traces for mechanism-related parameters in each model are shown. Light and dark green lines are used to denote two different MCMC chains.
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Notations of the mechanisms and parameters are described in Table 1 and Table S2.2.
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Fig. S3.2 Density of prior and posterior distributions for mechanism-related parameters
By row, we show prior (horizontal dashed lines) and posterior (dark bars) density distributions of parameters based on the 1000 thinned samples in each
mechanism model. For clarity, only parameters specific to each mechanism are included. Notations of the mechanisms and parameters are described in

Table 1 and Table S2.2
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S4. Alternative approach for the ‘declining transmission’ hypothesis

As a sensitivity analysis, we captured the declining transmission mechanism by varying the
treatment initiation rate (y), instead of the infection rate (). This alternative approach
represents the improvement of TB services in case detection and treatment, reducing
opportunities for transmission by shortening the duration of infectiousness. To assess this
alternative assumption, we modified the treatment initiation rate as a function of time ¢,
structured as:

, Vinir if t <t
@=L At
Yini + 9 X (£ — t0), ift>tg

where y;,,; represents the constant rate before time t;, and afterwards, the rate changes
linearly with a slope g'. In order to create a model structure equivalent to that in the main
analysis, we defined g’ as followed:

r_ )/énd - yi’ni
Y =%017 ¢

where y,,,4 is the treatment initiation rate at 2017. We assumed a monotonically increasing
trend of treatment initiation rates, thus applying the constraints y.,,; = Vi, and g’ = 0. As
in the main model, we assumed t; to occur between 1957 and 2005. The transmission
parameter f;,, under this alternative approach was set to be a fixed value over time.

We concentrated on the outputs of the single-mechanism model of declining transmission
(m2). The same calibration target was used, but the model was optimised with the Nelder-
Mead simplex method based on ten Latin Hypercube samples. Among the ten samples, the
calibration result with the maximised likelihood was used to compare with the main
assumption for model performance in capturing the age disparities and temporal trend of
TB burden (Fig. S4.1).

The alternative approach using the time-varying treatment initiation rate did not change the
conclusion that how the mechanism of declining transmission contributed to the age
disparities and temporal trend of TB notification rates (Fig. S4.1). The age disparities
between children and elders could not be replicated by either assumption of the declining
transmission mechanism (Fig. S4.2). However, the assumption of a decreasing infection rate
in the main model showed better model performance in capturing the temporal trend of TB
burden, compared to the alternative assumption.
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Fig. S4.1 TB notification rates calibrated by increasing treatment initiation rate
Solid lines demonstrated the calibration results of the TB notification rates in children (blue), adults
(red), elders (green), and aggregated population (grey) over 1997-2016. Solid diamonds marked the

data points for model calibration.
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Fig. S4.2 Age disparities and temporal trend of the TB burden under different assumptions

of the declining transmission mechanism (m2)

Asterisks show the results of model performance under the assumption of an increasing treatment
initiation rate, whereas dots and error bars demonstrate the central estimates and uncertainty
intervals under the assumption of a decreasing infection rate in the main model. The horizontal
dashed lines represent calibration targets obtained from the observed data.
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S5. Estimated age-specific prevalence of latent TB infection (LTBI)

A contact survey in Taiwan (15) reported 23% and 38% of positive results of TB infection by
interferon-y release assay and tuberculin skin test, respectively, among the elderly. While
the survey data may partly inform the possible range of age-specific LTBI prevalence, further
community-based data would be increasingly helpful in understanding of between-variation
of the proposed mechanism models.
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Fig. $5.1 Age-specific LTBI prevalence in 2016
By each mechanism model, the bars show the central estimates of LTBI prevalence in

children (blue), adults (red), and elders (green). The corresponding 95% uncertainty
intervals were added to the top of each bar.
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