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Mathematical models are widely used to provide evidence to inform policies
for tuberculosis (TB) control. These models contain many sources of input
uncertainty including the choice of model structure, parameter values and
input data. Quantifying the role of these different sources of input uncertainty
on the model outputs is important for understanding model dynamics and
improving evidence for policy making. In this paper, we applied the Sobol
sensitivity analysis method to a TB transmission model used to simulate the
effects of a hypothetical population-wide screening strategy. We demonstrated
how the method can be used to quantify the importance of both model
parameters and model structure and how the analysis can be conducted on
groups of inputs. Uncertainty in the model outputs was dominated by uncer-
tainty in the intervention parameters. The important inputs were context
dependent, depending on the setting, time horizon and outcome measure
considered. In particular, the choice of model structure had an increasing
effect on output uncertainty in high TB incidence settings. Grouping inputs
identified the same influential inputs. Wider use of the Sobol method could
inform ongoing development of infectious disease models and improve the
use of modelling evidence in decision making.

1. Introduction

Mathematical models are widely used to simulate the epidemiology of tuberculo-
sis (TB) and provide evidence to inform policies to reduce TB burden. These
models contain many sources of input uncertainty including the choice of
model structure, parameter values and input data.

Previous analyses have shown that all these different sources of uncertainty can
be important in determining the model outputs [1-3]. Despite this, many TB mod-
elling studies focus on parameter uncertainty [4,5], and uncertainty in model
structure and other inputs is either not considered or explored using a scenario-
based approach. Such scenarios are often selected on an ad hoc basis, based on
prior beliefs about the likely importance of different inputs. This approach does
not allow for a quantitative comparison of the effect of different sources of input
uncertainty and may miss potential interactions between uncertain inputs.

Systematic sensitivity analysis (SA) of how model inputs drive model outputs
can be a critical part of the modelling process [6]. SA can help to understand
model dynamics, identify opportunities for model simplification and pinpoint
where additional data collection, to reduce uncertainty in model inputs, may
improve the precision of evidence used for decision making. Methods for con-
ducting SA can be broadly divided into local and global approaches. In local
methods, inputs are varied one at a time, usually by some fixed fraction around
their nominal value. Local methods do not explore the full input space or account
for interactions between inputs. By contrast, global methods explore the full range
of input uncertainties, typically by sampling from prior probability density func-
tions, and account for potential interactions between inputs by varying all
inputs simultaneously. A variety of global SA methods exist. Among the most
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commonly used in TB modelling are partial rank correlation
coefficients (PRCCs) e.g. [4,7-9]. One limitation of PRCCs is
that they assume a monotonic relationship between the
model inputs and model outputs [6,10]. If this assumption
is not satisfied, the PRCCs may provide incorrect results.
Methods which do not have this limitation will be more gener-
ally applicable to infectious disease modelling and avoid the
need to check assumptions of monotonicity prior to conduct-
ing an analysis. Previous analysis of TB models has found a
non-monotonic relationship between the incidence of disease
and the effect of preventive treatment [11] suggesting the use
of alternative methods to study TB models is merited.

The Sobol method [12] is a global SA method that, unlike
PRCCs, is model independent: it does not depend on any assump-
tions about the input-output relationship. The Sobol method can
also provide information on the individual effects of model inputs
on the model outputs and the additional effect due to interactions
between inputs. This information is not provided by the calcu-
lation of PRCCs. The Sobol method is widely used in other
modelling disciplines but has not been widely adopted in TB
modelling or in infectious disease modelling more broadly [13],
with few examples of its application found in the literature
[14-16]. In this paper, we apply the Sobol method to a TB trans-
mission model used to simulate the effects of a population-wide
screening strategy. We demonstrate the use of the method to
quantify the importance of both model parameters and model
structure and show how it can be used to analyse the importance
of groups of inputs to increase computational efficiency.

2. Methods

The first section of the methods describes the Sobol sensitivity
analysis method (further details can be found in the electronic
supplementary material, file S1) and the approach used to ana-
lyse groups of inputs. The second section describes the TB
model used to demonstrate the method. All analysis was con-
ducted using the R programming language and all code is
available at https://github.com/tomsumner/Variance SA_TB.

2.1. Sobol method

The Sobol method is a quantitative global SA method. Sensitivity of
the model output to uncertainty in the model inputs is quantified
in terms of the contribution of the inputs (either individually
or in interactions with other inputs) to the total variance in the
model outputs. For a model of the form

Y = f(X),

where X = (Xj,...X}) is a vector of k uncertain inputs, the total
variance in the output, Y, can be written as follows:

k
VN =Y Vit > Vit +Vig
i=1

1<i<j<k

where V; is the contribution to the total variance due to input i and
Vijis the contribution due to the interaction between inputs i and j
and so on. The sensitivity indices are obtained by normalizing the
partial variances by the total variance. For example, the first-order
sensitivity indices S; which describe the reduction in the model
output variance that could be obtained by fixing X;, are given by

\4
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Second-order and higher order indices can be calculated
to describe the effects of interactions; however, the calculation

of all 2°~1 indices required to completely characterize the
input-output relationship is impractical for models with a
large number of inputs.

As an alternative to calculating all higher order indices, the
total sensitivity indices, T;, describe the total effect of input i
on the model output, accounting for all possible interactions
with other inputs. The total indices are given by

where V_; is the variance due to all other inputs except i. If there
are no interactions between inputs, then the S; and T; are equal
and the sum of all S;=1. If T;> S; this indicates that the effect
of input i is in part due to its interaction with other inputs.

The S; and T; can be calculated using Monte Carlo integrals
based on sampling the distributions of the k model inputs.
Following the method outlined by Homma & Saltelli [17], this
requires the generation of two N by k matrices (where N is the
number of samples drawn and k is the number of uncertain
inputs). The model is evaluated for each set of inputs in these
matrices as well as for combinations of the two matrices (further
details are given in the electronic supplementary material,
file S1). As a result, the set of first-order and total sensitivity indi-
ces can be calculated at a cost of N(k +2) model evaluations. We
used the R sensobol package [18] to generate the input samples
and calculate the sensitivity indices. This implementation uses
Sobol sequences to generate the input samples. These are
quasi-random low-discrepancy sequences which provide better
coverage than randomly generated numbers in high dimensions.
In addition, the sample size can be continually increased without
affecting the randomization. This is a useful property for testing
convergence of the indices without having to pre-specify the
maximum sample size.

2.2. Grouping inputs

As the number of model runs required for the Sobol method
depends on the number of inputs k, its application to models
with large numbers of inputs or long run times can be computa-
tionally intensive. In addition, it can be difficult to interpret the
sensitivity indices for a large number of inputs.

An alternative approach is to group the k individual inputs
into g<k classes [19,20]. For each class, n realizations of the
inputs are generated by sampling from the input distributions
of the members of that class. Each realization is assigned an inte-
ger number from 1 to 7 and the samples for calculating the Sobol
indices of the classes are drawn from these discrete uniform dis-
tributions. The analysis of ¢ groups requires N(g+2) model
evaluations.

2.3. Checking convergence, variability and importance
As the sensitivity indices are estimated using Monte Carlo
samples to approximate integrals, they are subject to sampling
variability. One result of this is that inputs which do not contrib-
ute to the output variance may be found to have non-zero
sensitivity indices as a result of the numerical approximation.

We use non-parametric bootstrapping to calculate 95% confi-
dence intervals for the sensitivity indices. Following Khorashadi
Zadeh et al. [21], we then calculate the sensitivity indices for a
‘dummy’ input which has no influence on the model outputs.
Model inputs whose sensitivity indices overlap with those of
the dummy input can be considered non-influential. Using the
method in [21] the ‘dummy’ indices can be calculated with no
additional model evaluations.

We also check for convergence of the sensitivity indices by
calculating their values for increasing values of N up to N=
5000. We compare the visual convergence of the indices using
both the individual input and grouped input approaches.
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Figure 1. Model structure. (a) Core model structure with serial exposed states. (b) Core model structure with parallel exposed states. In both (a) and (b), dashed
arrows represent births and natural mortality. (c) Preventive treatment care cascade. Values on the left-hand side indicate the proportion completing the step
(median (95% range)); values on the right-hand side indicate the cumulative proportion retained at each stage (based on median proportions at each step).
S = susceptible, Ly =recently exposed, Ls=remotely exposed, L = recently re-exposed, | = active TB, TST = tuberculin skin test, PT = preventive treatment.

See table 1 for parameter definitions.

2.4. Tuberculosis model

In this work, we use a simple compartmental TB model to illus-
trate the application of the SA method to different sources of
input uncertainty and the grouping of inputs.

The model, illustrated in figure 1 (see electronic supplementary
material, file S2 for model equations), follows the core structure
used in many published TB modelling papers. Susceptible individ-
uals (S) can be infected with Mycobacterium tuberculosis (M.tb) after
which they enter a series of exposed (but non-infectious) states (L,
Ls) from which they can progress to infectious TB disease (I). Indi-
viduals with TB disease experience an excess mortality risk (1) can
naturally recover at a rate w or be diagnosed (at rate d). A pro-
portion (7) of diagnosed individuals is successfully treated and
return to the Lg state, the remainder remain in the infectious dis-
ease state. Distributions for the core model parameters are taken
from the literature and are shown in table 1.

To explore the impact of the choice of model structure on
model outputs, we include two different representations of the
exposed states and progression to disease: (i) serial exposed
states in which all infected individuals enter the Lg state and
transition to the Lg state at rate k (figure 1a); (ii) parallel exposed
states in which a proportion (b) of infected individuals enter the
L state and the remainder enter the Lg state (figure 1b)). In both
cases, Ly represents a recent exposure state with a high risk (e) of
progression to disease and Ls a remote exposure state with a
lower risk (v) of progression. Previous analysis [25,32] has
shown that these two structures perform equally when replicat-
ing data on the incidence of TB by time since infection. As a
result, we assume equal probability for each structure in the SA.

It is typically assumed that prior exposure to M.tb confers
some degree of protection against subsequent infection and/or
disease. To account for the uncertainty around the mechanism
of this protection, we consider two different ways in which it is
included in the model: (i) prior infection reduces the risk of re-
infection (<1, p=1 in figure 1); (i) prior infection reduces the
risk of progressing to disease if re-infected (=1, p<1 in
figure 1). As for the choice of progression model structure, we
assume equal probability for each mechanism of protection in
the SA.

2.5. Input data

To explore the role of uncertainty in input data, we used WHO
estimates of global TB incidence, case detection rate (CDR, the
proportion of incident cases that are notified) and treatment suc-
cess (7) as inputs to the model [27]. The CDR is used to determine
the rate, d, at which individuals with TB disease are diagnosed
and started on treatment. The distributions for these inputs are
shown in table 1.

We fit the model to the WHO global incidence estimates by
varying the contact parameter, 8, which determines the rate of
infection, A = fI. This is done by solving the steady state solution
of the model for f for each set of sampled inputs (model choice,
parameters and input data). Details of the steady state solutions
are given in the electronic supplementary material, file S2.

In a previous qualitative analysis of the effect of model struc-
ture on the predicted impact of TB preventive therapy (PT) [2],
we found that the relative importance of the choice of model
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Figure 3. Results of individual Sobol analysis. Panels show results for different outputs. (a,b) Reduction in TB incidence; (c,d) reduction in TB mortality; (a,c) 1 year

time horizon; (b,d) 10 year time horizon. Blue bars show the individual indices (S;), red bars the total effects (T;). Error bars show 95% confidence intervals based on

bootstrapping. Lighter shading indicates inputs that are non-influential based on comparison with the dummy indices. Dashed vertical lines divide the individual

inputs into the groups used in the grouped analysis.
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structure varied with the baseline TB incidence in the model. To
explore how the results of the SA depend on the setting being
modelled, we repeated the analysis using WHO estimates of
TB incidence for the Philippines, an example of one of the 30
WHO classified high TB incidence countries, with an estimated
TB incidence of 539/100 000 (306-838) [27].

2.6. Intervention

We model a hypothetical one-off screening of the population (for
simplicity we model the screening as an instantaneous event).
The intervention consists of both active case finding (ACF) for
prevalent TB disease and PT for those with M.tb infection. We
assume that everyone is tested for TB with an Xpert-like test
with estimates of test sensitivity taken from WHO TB screening
guidelines [28]. For simplicity, we ignore false positive diagnosis
(i.e. we assume that the test has 100% specificity). Of those test-
ing positive, a proportion (given by the ‘Treatment uptake’
parameter [28]) start treatment. Those starting treatments after
ACF have the same probability of treatment success (z) as those
diagnosed in the baseline model.

We also assume everyone is screened for infection with M.tb
with a tuberculin skin test (TST) and that those who test positive
are offered PT. We use estimates of TST sensitivity from a pre-
vious systematic review [29] and as for TB testing ignore false
positive diagnosis. We include several steps in the process from
attending for an initial TST to completing preventive treatment
using the findings of a systematic review of the cascade of care
in the diagnosis and treatment of M.tb infection [30]. These are
shown in figure lc. Of those completing PT a proportion

|
[a W

model
data
ACF
PT

parameters

s, B,

Figure 4. Results of grouped Sobol analysis. Panels show results for different outputs. (a,b) Reduction in TB incidence; (c,d) reduction in TB mortality; (a,c) 1 year
time horizon; (b,d) 10 year time horizon. Blue bars show the individual indices (S;), red bars the total effects (T;). Error bars show 95% confidence intervals based on
bootstrapping. Lighter shading indicates inputs that are non-influential based on comparison with the dummy indices.

(given by the PT efficacy) move to a post-PT state where they
have zero risk of progressing to TB disease but can be re-infected.

Distributions for all the intervention parameters are also
shown in table 1.

2.7. Grouping inputs

The model has a total of k =20 uncertain inputs. For the grouped
SA, we assign these 20 inputs into five groups: ‘Model’ group
(two inputs: the choice of structure for disease progression,
the choice of mechanism of protection due to prior infection);
‘Parameters’ group (eight inputs: the parameters of the core TB
model); ‘Data’ group (three inputs: baseline TB incidence, CDR
and treatment success); ‘ACF’ group (two inputs: test sensitivity,
treatment uptake); ‘PT” group (five inputs: TST sensitivity, TST
completion, PT uptake, PT completion, PT efficacy). For the
‘Model” group, there are two options for each input, resulting
in four possible realizations to sample. For each other group
we generate 1 =10000 realizations for the group by sampling
from the distributions in table 1.

3. Results

Figure 2 shows the range of the outputs of the model (percen-
tage reductions in TB incidence and TB mortality over 1 and
10 years compared with baseline values) when all inputs are
sampled from the distributions in table 1. The greatest
reductions are predicted in mortality after 1 year, with smaller
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non-influential based on comparison with the dummy indices.

reductions in incidence over the same time period. For both
measures, the reduction is lower over 10 years as the TB
burden returns toward baseline values following the one-off
screening intervention. The short-term impacts (1 year) are
larger in the high TB incidence setting (Philippines (pink)
versus global (blue)). In the longer term (10 years), the situation
is reversed. The lower long-term effect in the high-incidence set-
ting results from the increased risk of infection in this setting,
which in turn results in a reduction in the long-term benefit of
PT. This supports the view that repeated rounds of screening
will be required to achieve sustained reductions in TB incidence,
as observed in a recent trial of ACF in Vietnam [33].

The following describes the results of the SA applied to the
global TB incidence setting. Figure 3 shows the sensitivity indi-
ces (main and total) for the individual model inputs. For the
longer term impacts (10 years, right-hand column of figure 3)
on both incidence and mortality, the model is most sensitive
to the PT parameters. Approximately 40% of the variance is
explained by the TST completion parameter and approxi-
mately 25% by each of PT completion and PT efficacy. For
the short-term impacts (1 year), the slow-progression rate
and the ACF sensitivity are identified as important inputs in
addition to the PT parameters. For all inputs, the difference
between the main and total effects is small, suggesting that
interactions play a minor part in the output uncertainty. This
is consistent with the sum of the S;s which range from 0.89 to

Os, E7

Figure 5. Comparison of sensitivity indices for different incidence settings. (a) Global TB incidence; (b) example of high TB incidence country. Blue bars show the
individual indices (S;), pink bars the total effects (7;). Error bars show 95% confidence intervals based on bootstrapping. Lighter shading indicates inputs that are

0.96 across the four outputs considered, suggesting approxi-
mately 90% of the variance in the output is explained by
individual inputs.

Figure 4 shows the results of the grouped analysis.
Consistent with the individual analysis, we find that the
‘PT’" group is responsible for almost all the variance in the
predicted reduction in incidence and mortality over 10 years.

For the reductions over 1 year, the ‘Parameters’ group (cf.
slow progression in the individual analysis) and ‘ACF" group
(cf. ACF sensitivity in the individual analysis) are also found
to be influential. In each case, the group indices are approxi-
mately equal to the sum of the individual indices within
each group.

For both the individual and grouped analysis, we found
that the estimated indices were stable with sample sizes of
N=2500 or greater (see electronic supplementary material,
file S3, figures A1l and A2). For the individual analysis
with k =20, this corresponds to 55000 model evaluations. By
contrast, the grouped analysis (g =5) requires 17 500 model
evaluations.

Figure 5 compares the sensitivity indices for the reduction
in incidence over 10 years using the WHO estimates of global
TB incidence (figure 51) and the example of a high TB incidence
setting (the Philippines, figure 5b). In a high-incidence setting,
the choice of progression model is identified as an additional
important input based on its main effect (accounting for
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approximately 10% of the variance). In the high-incidence set-
ting, there is also an increased role of interactions between
inputs, as shown by the larger difference between the main
and total effects. In particular, the choice of re-infection
model is important due to its interactions. The sum of the
main effect indices (S;) is 0.77 (compared with 0.95 in
the global incidence setting) indicating that more than 20% of
the variance in the output is due to interactions between the
uncertain inputs. Full results for the high TB incidence setting
are shown in the electronic supplementary material, file S3
(electronic supplementary material, figures A3 and A4).

4. Discussion

The results of our analysis showed that uncertainty in the
intervention parameters was more important than uncer-
tainty in the core model inputs in determining the variance
in the predicted long-term reductions in TB incidence and
mortality. This finding is supported by a recent model analy-
sis of a mass TB screening intervention [34] which found that
the model outcomes (TB cases and deaths averted) were
robust to the core model parameters.

We also found that the inputs identified as important are
context specific, with the most important inputs depending
on the choice of output, time horizon and the setting con-
sidered. In particular, we found that the model structure
used to represent disease progression and the mechanism
of protection provided by prior infection were important
inputs when a high TB incidence setting was modelled.
This is consistent with our previous qualitative analysis of
disease progression assumptions in TB modelling in which
we found that the choice of model structure was increasingly
important at higher TB incidence [2].

The results of the Sobol analysis provided useful infor-
mation for future development of the model. The results
suggested that improved estimates of the PT parameters
would have the biggest effect in improving the precision of
model predictions. Conversely, many of the core model
inputs could be fixed without loss of information.

Grouping inputs were found to provide results consistent
with the individual analysis, identifying the groups that con-
tained the influential individual inputs as important. The use
of groups also reduced the computation time of the analysis.
In our example application, we found that the sample size, N,

References

required to obtain stable estimates of the Sobol indices was
similar for both the individual and grouped analysis. As a
result, the reduction in the number of model iterations
required for the grouped analysis depended on the ratio of
(g+2) to (k+2) (where g is the number of groups and k the
number of individual inputs). In our example (g=5 and k=
20), grouping inputs resulted in an approximate two-thirds
reduction in the number of model iterations. Analysing
groups of inputs could also be used as a preliminary screen-
ing step to reduce the number of inputs to be included in an
individual analysis.

The Sobol method required distributions to be specified
for each input. The results of the analysis may be dependent
on these distributions. In our analysis, we defined input dis-
tributions based on published estimates for the model inputs
where possible. However, using other literature sources may
have resulted in different input distributions and changes
in the Sobol indices. We do not consider this aspect in our
analysis, but methods to assess the robustness of the Sobol
indices to uncertainty in the input distributions have been
proposed elsewhere [35,36].

While uncertainty and SA is often incorporated into infec-
tious disease modelling studies, wider use of the Sobol
method could inform ongoing development of models and
improve the use of modelling evidence in decision making.

Data accessibility. All code used in the analysis is available from: https://
github.com/tomsumner/Variance SA_TB.

All model code used in this manuscript is available to download
from: https:/ /github.com/tomsumner/Variance SA_TB.

The data are provided in the electronic supplementary material
[37].

Authors” contributions. T.S.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, software,
visualization and writing—original draft; R.G.W.: conceptualization,
supervision and writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was supported by the Wellcome Trust Institutional
Strategic Support Fund (grant no. 204928/Z/16/Z). RG.W. is
funded by the Wellcome Trust (grant no. 218261/Z/19/Z), NIH
(grant no. 1R01AI147321-01), EDTCP (grant no. RIA208D-2505B),
UK MRC (grant no. CCF17-7779 via SET Bloomsbury), ESRC
(grant no. ES/P008011/1), BMGF (grant nos. OPP1084276,
OPP1135288 and INV-001754) and the WHO (grant no. 2020/
985800-0).

Fojo AT, Kendall EA, Kasaie P, Shrestha S, Louis TA,
Dowdy DW. 2017 Mathematical modeling of
‘chronic’ infectious diseases: unpacking the black
box. Open forum Infect. Dis. 4, ofx172. (doi:10.
1093/ofid/ofx172)

Sumner T, White R. 2020 The predicted

impact of tuberculosis preventive therapy: the
importance of disease progression assumptions.
BMC Infect. Dis. 20, 1-8. (doi:10.1186/512879-020-
05592-5)

Colijn C, Cohen T, Murray M. 2006 Mathematical
models of tuberculosis: accomplishments and future
challenges. In BIOMAT 2006: Int. Symp. on

Mathematical and Computational Biology, Manaus,
Brazil, 27-30 November. Singapore: World Scientific.
Sanchez MA, Blower SM. 1997 Uncertainty and
sensitivity analysis of the basic reproductive rate:
tuberculosis as an example. AJE 145, 1127-1137.
Dowdy DW, Dye C, Cohen T. 2013 Data needs for
evidence-based decisions: a tuberculosis modeler's
‘wish list' [Review article]. Int. J. Tuberc. Lung Dis.
17, 866—877. (doi:10.5588/ijtld.12.0573)

Saltelli A, Chan K, Scott EM. 2008 Sensitivity
analysis. New York, NY: Wiley.

Shrestha S, Chihota V, White RG, Grant AD,
Churchyard GJ, Dowdy DW. 2017 Impact of targeted

tuberculosis vaccination among a mining population
in South Africa: a model-based study.

Am. J. Epidemiol. 186, 1362—1369. (doi:10.1093/
aje/kwx192)

Kuddus MA, McBryde ES, Adekunle Al, White LJ,
Meehan MT. 2022 Mathematical analysis of a
two-strain tuberculosis model in Bangladesh.

Sdi. Rep. 12, 3634. (doi:10.1038/541598-022-
07536-2)

Sumner T, Scriba TJ, Penn-Nicholson A, Hatherill M,
White RG. 2019 Potential population level impact
on tuberculosis incidence of using an mRNA
expression signature correlate-of-risk test to target

€L¥07207 6L 0uau) 205 Y o hisi/jeuinol/biobuysiigndfianosjesol H


https://github.com/tomsumner/Variance_SA_TB
https://github.com/tomsumner/Variance_SA_TB
https://github.com/tomsumner/Variance_SA_TB
https://doi.org/10.1093/ofid/ofx172
https://doi.org/10.1093/ofid/ofx172
http://dx.doi.org/10.1186/s12879-020-05592-5
http://dx.doi.org/10.1186/s12879-020-05592-5
http://dx.doi.org/10.5588/ijtld.12.0573
http://dx.doi.org/10.1093/aje/kwx192
http://dx.doi.org/10.1093/aje/kwx192
https://doi.org/10.1038/s41598-022-07536-2
https://doi.org/10.1038/s41598-022-07536-2

Downloaded from https://royal societypublishing.org/ on 23 June 2023

tuberculosis preventive therapy. Sci. Rep. 9, 11126.
(doi:10.1038/541598-019-47645-z)

Marino S, Hogue 1B, Ray U, Kirschner DE. 2008

A methodology for performing global

uncertainty and sensitivity analysis in systems
biology. J. Theor. Biol. 254, 178—196. (d0i:10.1016/
j.jtbi.2008.04.011)

Ragonnet R, Trauer JM, McBryde ES, Houben RMGJ,
Denholm JT, Handel A, Sumner T. 2017 Is IPT more
effective in high-burden settings? Modelling the
effect of tuberculosis incidence on IPT impact. /nt. J.
Tuberc. Lung Dis. 21, 60—66. (doi:10.5588/ijtld.16.
0297)

Sobol IM. 1993 Sensitivity estimates for non-linear
mathematical models. Math. Model. Comput. Exp. 1,
407-414.

Wu J, Dhingra R, Gambhir M, Remais JV. 2013
Sensitivity analysis of infectious disease models:
methods, advances and their application. J. R. Soc.
Interface 10, 20121018. (doi:10.1098/rsif.2012.1018)
Dodd PJ, Pennington JJ, Bronner Murrison L, Dowdy
DW. 2018 Simple inclusion of complex diagnostic
algorithms in infectious disease models for
economic evaluation. Med. Decis. Making 38,
930-941. (doi:10.1177/0272989X18807438)
Shaweno D, Horton KC, Hayes RJ, Dodd PJ. 2021
Assortative social mixing and sex disparities in
tuberculosis burden. Sci. Rep. 11, 7530. (doi:10.
1038/541598-021-86869-w)

Gugole F, Coffeng LE, Edeling W, Sanderse B, De
Vlas SJ, Crommelin D. 2021 Uncertainty
quantification and sensitivity analysis of COVID-19
exit strategies in an individual-based transmission
model. PLoS Comput. Biol. 17, e1009355. (doi:10.
1371/journal.pchi.1009355)

Homma T, Saltelli A. 1996 Importance measures in
global sensivitiy analysis of nonlinear models.
Reliab. Eng. Syst. Safety 52, 1-17. (doi:10.1016/
0951-8320(96)00002-6)

Puy A et al. 2022 sensobol: an R Package to
compute variance based sensitivity indices. J. Stat.
Softw. 102, 1-37.

Baroni G, Tarantola S. 2014 A general probabilistic
framework for uncertainty and global sensitivity
analysis of deterministic models: a hydrological case

20.

21.

22.

23.

24,

25.

26.

2].

28.

study. Environ. Model. Softw. 51, 26-34. (doi:10.
1016/j.envsoft.2013.09.022)

Gunther D, Marke T, Essery R, Strasser U. 2019
Uncertainties in snowpack simulations—assessing
the impact of model structure, parameter choice,
and forcing data error on point-scale energy balance
snow model performance. Water Resour. Res. 55,
2779-2800. (doi:10.1029/2018WR023403)
Khorashadi Zadeh F et al. 2017 Comparison of
variance-based and moment-independent global
sensitivity analysis approaches by application to the
SWAT model. Environ. Model. Softw. 91, 210-222.
(doi:10.1016/j.envsoft.2017.02.001)

Kunkel A, Abel Zur Wiesch P, Nathavitharana RR,
Marx FM, Jenkins HE, Cohen T. 2016 Smear
positivity in paediatric and adult tuberculosis:
systematic review and meta-analysis. BMC Infect.
Dis. 16, 282. (doi:10.1186/512879-016-1617-9)
Corbett EL, Watt CJ, Walker N, Maher D, Williams
BG, Raviglione MC, Dye C. 2003 The growing burden
of tuberculosis: global trends and interactions with
the HIV epidemic. Arch. Intern. Med. 163,
1009-1021. (doi:10.1001/archinte.163.9.1009)
Tiemersma EW, Van Der Werf MJ, Borgdorff MW,
Williams BG, Nagelkerke NJD. 2011 Natural history
of tuberculosis: duration and fatality of untreated
pulmonary tuberculosis in HIV negative patients: a
systematic review. PLoS ONE 6, €17601. (doi:10.
1371/journal.pone.0017601)

Ragonnet R, Trauer JM, Scott N, Meehan MT,
Denholm JT, McBryde ES. 2017 Optimally capturing
latency dynamics in models of tuberculosis
transmission. Epidemics 21, 39—47. (doi:10.1016/j.
epidem.2017.06.002)

Vynnycky E, Fine PEM. 1997 The natural history of
tuberculosis: the implications of age-dependent
risks of disease and the role of reinfection.
Epidemiol. Infect. 119, 183-201. (doi:10.1017/
$0950268897007917)

World Health Organization 2021. Global tuberculosis
report. Geneva, Switzerland: World Health
Organization. See https://www.who.int/th/
publications/global_report/en/.

World Health Organization. 2021 WHO consolidated
quidelines on tuberculosis. Module 2: screening —

29.

30.

3N

32.

33.

34.

35.

36.

37.

systematic screening for tuberculosis disease. Geneva,
Switzerland: World Health Organization.

Pai M, Zwerling A, Menzies D. 2008 Systematic
review: T-cell-based assays for the diagnosis of
latent tuberculosis infection: an update. Ann. Intern.
Med. 149, 177-184. (doi:10.7326/0003-4819-149-
3-200808050-00241)

Alsdurf H, Hill PC, Matteelli A, Getahun H, Menzies D.
2016 The cascade of care in diagnosis and treatment
of latent tuberculosis infection: a systematic review
and meta-analysis. Lancet Infect. Dis. 16, 1269—1278.
(doi:10.1016/51473-3099(16)30216-X)

Zenner D, Beer N, Harris RJ, Lipman MC, Stagg HR,
Van Der Werf MJ. 2017 Treatment of latent
tuberculosis infection: an updated network meta-
analysis. Ann. Intern. Med. 167, 248-255. (doi:10.
7326/M17-0609)

Menzies NA et al. 2018 Progression from latent
infection to active disease in dynamic tuberculosis
transmission models: a systematic review of the
validity of modelling assumptions. Lancet Infect. Dis.
18, €228-238. (doi:10.1016/51473-
3099(18)30134-8)

Marks GB et al. 2019 Community-wide screening for
tuberculosis in a high-prevalence setting. N. Engl. J.
Med. 381, 1347-1357. (doi:10.1056/
NEJM0a1902129)

Shrestha S et al. 2021 Achieving a ‘step change’ in the
tuberculosis epidemic through comprehensive
community-wide intervention: a model-based analysis.
BMC Med. 19, 244. (d0i:10.1186/512916-021-02110-5)
Hart J, Gremaud PA. 2019 Robustness of the Sobol
indices to distributional uncertainty. Int. J.
Uncertainty Quantification 9, 453—469. (doi:10.
1615/Int.J.UncertaintyQuantification.2019030553)
Lacirignola M, Blanc P, Girard R, Pérez-Lopez P,
Blanc 1. 2017 LCA of emerging technologies:
addressing high uncertainty on inputs’ variability
when performing global sensitivity analysis. Sci.
Total Environ. 578, 268-280. (doi:10.1016/j.
scitotenv.2016.10.066)

Sumner T, White RG. 2022 Variance-based
sensitivity analysis of tuberculosis transmission
models. Figshare. (doi:10.6084/m9.figshare.c.
6296299)

€L¥07207 6L 0uau) 205 Y o hisi/jeuinol/biobuysiigndfianosjesol H


http://dx.doi.org/10.1038/s41598-019-47645-z
http://dx.doi.org/10.1016/j.jtbi.2008.04.011
http://dx.doi.org/10.1016/j.jtbi.2008.04.011
https://doi.org/10.5588/ijtld.16.0297
https://doi.org/10.5588/ijtld.16.0297
http://dx.doi.org/10.1098/rsif.2012.1018
http://dx.doi.org/10.1177/0272989X18807438
http://dx.doi.org/10.1038/s41598-021-86869-w
http://dx.doi.org/10.1038/s41598-021-86869-w
http://dx.doi.org/10.1371/journal.pcbi.1009355
http://dx.doi.org/10.1371/journal.pcbi.1009355
http://dx.doi.org/10.1016/0951-8320(96)00002-6
http://dx.doi.org/10.1016/0951-8320(96)00002-6
http://dx.doi.org/10.1016/j.envsoft.2013.09.022
http://dx.doi.org/10.1016/j.envsoft.2013.09.022
http://dx.doi.org/10.1029/2018WR023403
https://doi.org/10.1016/j.envsoft.2017.02.001
http://dx.doi.org/10.1186/s12879-016-1617-9
http://dx.doi.org/10.1001/archinte.163.9.1009
http://dx.doi.org/10.1371/journal.pone.0017601
http://dx.doi.org/10.1371/journal.pone.0017601
https://doi.org/10.1016/j.epidem.2017.06.002
https://doi.org/10.1016/j.epidem.2017.06.002
http://dx.doi.org/10.1017/S0950268897007917
http://dx.doi.org/10.1017/S0950268897007917
https://www.who.int/tb/publications/global_report/en/
https://www.who.int/tb/publications/global_report/en/
http://dx.doi.org/10.7326/0003-4819-149-3-200808050-00241
http://dx.doi.org/10.7326/0003-4819-149-3-200808050-00241
http://dx.doi.org/10.1016/S1473-3099(16)30216-X
http://dx.doi.org/10.7326/M17-0609
http://dx.doi.org/10.7326/M17-0609
http://dx.doi.org/10.1016/S1473-3099(18)30134-8
http://dx.doi.org/10.1016/S1473-3099(18)30134-8
https://doi.org/10.1056/NEJMoa1902129
https://doi.org/10.1056/NEJMoa1902129
http://dx.doi.org/10.1186/s12916-021-02110-5
https://doi.org/10.1615/Int.J.UncertaintyQuantification.2019030553
https://doi.org/10.1615/Int.J.UncertaintyQuantification.2019030553
http://dx.doi.org/10.1016/j.scitotenv.2016.10.066
http://dx.doi.org/10.1016/j.scitotenv.2016.10.066
http://dx.doi.org/10.6084/m9.figshare.c.6296299
http://dx.doi.org/10.6084/m9.figshare.c.6296299

	Variance-based sensitivity analysis of tuberculosis transmission models
	Introduction
	Methods
	Sobol method
	Grouping inputs
	Checking convergence, variability and importance
	Tuberculosis model
	Input data
	Intervention
	Grouping inputs

	Results
	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	References


