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S U M M A R Y

The dominant approach to decision-making in public health policy for infectious diseases relies heavily

on expert opinion, which often applies empirical evidence to policy questions in a manner that is neither

systematic nor transparent. Although systematic reviews are frequently commissioned to inform

specific components of policy (such as efficacy), the same process is rarely applied to the full decision-

making process. Mathematical models provide a mechanism through which empirical evidence can be

methodically and transparently integrated to address such questions. However, such models are often

considered difficult to interpret. In addition, models provide estimates that need to be iteratively re-

evaluated as new data or considerations arise. Using the case study of a novel diagnostic for tuberculosis,

a framework for improved collaboration between public health decision-makers and mathematical

modellers that could lead to more transparent and evidence-driven policy decisions for infectious

diseases in the future is proposed. The framework proposes that policymakers should establish long-

term collaborations with modellers to address key questions, and that modellers should strive to provide

clear explanations of the uncertainty of model structure and outputs. Doing so will improve the

applicability of models and clarify their limitations when used to inform real-world public health policy

decisions.
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1. Introduction

Public health policy decisions must balance a range of scientific,
budgetary, social, and political considerations. Ideally, each of
these elements should be considered in a transparent fashion
before reaching a decision or implementing a specific policy. While
socio-political considerations will always be somewhat subjective,
scientific evidence can – in theory – be used to evaluate the
potential epidemiological or economic impact of alternative
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decisions. For example, in the setting of a high-profile outbreak,
the probability of making political gains or alleviating public fears
is not objectively quantifiable (despite their importance to the
decision-making process), but scientific outcomes, such as
potential trajectories of the outbreak under different policy
decisions, can be estimated quantitatively with appropriate tools
using the best available data as inputs, such as the known
incubation period.

In the realm of infectious diseases, the tools for integrating and
translating scientific data into policy-relevant outcomes are often
classified in the domain of ‘mathematical models’,1,2 which are
defined here as quantitative frameworks for the analysis of
dependent happenings (events where the number affected at one
time depends on the number already affected3). For example,
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systems of diagnosis and treatment are represented in mathemat-
ical terms such as the rate of movement from an infectious to a
treated state. These models have the ability to translate existing
scientific evidence into projected outcomes at the population level
for both endemic diseases like tuberculosis (TB) and epidemic
situations such as the Ebola virus disease (EVD) outbreak in West
Africa in 2014–2015,4,5 in a way that is transparent and verifiable
or refutable by external observers. These estimates can also help
with clinical decision-making at the individual level, to improve
patient outcomes.

Unfortunately for most public health decisions regarding the
control of infectious diseases, such models are seldom constructed
– and when they are, they often have limited impact upon the
decision-making process. This is likely due to several factors,
including perceptions that models are too complex to understand
or too dependent on assumptions, coupled with a history of
insufficient communication between public health practitioners
with specific policy questions and modellers with the quantitative
tools to address them.

Here, the potential role of mathematical modelling in decision-
making for health policy in the realm of infectious diseases is
explored, and key reasons why mathematical models have
historically not fulfilled this potential are evaluated. To do this,
the current status of modelling in public health decision-making is
first outlined and a case study modelling question described.
Details of how to construct a relevant model and how to link it to
policy are then given, and some of the potential limitations and
challenges of using modelling described. Finally, a framework by
which improved collaborations between public health stake-
holders and modellers may broadly benefit public health is
proposed.

2. Current role and potential opportunities for modelling in
public health decision-making

The use of structured frameworks for applying evidence to
public health decision-making is well established.6 For example,
the World Health Organization (WHO) advocates the use of the
GRADE process,7 which is a framework that connects a public
health question to an evidence-based analysis and recommenda-
tion.8 The United States Preventive Services Task Force (USPSTF)
similarly uses decision-making algorithms to assess the level and
quality of evidence to support the introduction of specific
interventions.9 However, these frameworks for using scientific
evidence to support policy decisions often lack quantitative
assessments of how different decisions will impact health at a
population level.

This is especially true in the realm of infectious diseases, where
the dynamics of transmission may cause great disparity between
the individual-level benefit or harm of an intervention (for
example, side effects of a vaccine for a rare disease such as polio
that may outweigh an individual’s risk of contracting the disease)
and its population-level impact (for example, maintaining
elimination of polio through herd immunity). As a result, in
settings where population-level benefits are unproven, interven-
tions with strong scientific evidence for individual effectiveness
may be recommended over those with a potentially dramatic
impact for populations. This decision-making process, if unin-
formed by insight at the population or system level (as provided by
models), may perversely result in outcomes that are good for
certain people, but bad for the population as a whole.

Models can address this knowledge gap by estimating the
effects of interventions when the collection of population-level
empirical evidence (e.g., from cluster-randomized trials) is
infeasible, unethical, or untimely. For example, mathematical
models suggested that universal voluntary HIV testing and
immediate antiretroviral therapy (ART) might dramatically reduce
future HIV transmission,10–12 even though the individual-level
effectiveness of ART at higher CD4+ T-cell counts is small,13 and
reduced transmission at the population level is difficult to prove
empirically. By projecting population-level effects of potential
interventions, the models informed not only key policy decisions
but also the design of future clinical trials.14

Despite the potential impact that model outputs can have on
public policy decisions, the use of models by public health
decision-makers has traditionally been limited.2 Many public
health and policy decisions must be reached rapidly, in too short a
time for new models to be developed, parameterized, and
calibrated. Modellers must therefore achieve a balance between
anticipating future policy questions (in which case models may
ultimately not speak to the specific policy question at hand) and
responding to existing questions (in which case models may be
constructed too late to inform policy decisions). In addition, as
mentioned above, complex models that are poorly presented are
unlikely to be used by time-pressured policymakers. Furthermore,
it remains unclear in most settings how to weigh evidence from
models against other epidemiological and clinical data. As
described below, all models must make certain assumptions and
manage attendant uncertainty. These aspects of models are often
not well-understood by public health stakeholders, and as a result,
model outputs may be seen as difficult to interpret and
untrustworthy. A framework by which modellers and decision-
makers can work together to more appropriately incorporate
evidence from infectious disease models into public health
decisions, without over- or underemphasizing the importance of
those models, is proposed here.

3. Modelling infectious diseases for policy: the example of a
rapid TB diagnostic

To demonstrate the utility and process by which mathematical
models can inform infectious disease policy, the case study of a
new molecular diagnostic test for TB is used: the Xpert MTB/RIF
test (Xpert).15 Xpert provides a comparatively rapid, point-of-
treatment diagnosis in under two hours, if placed in settings where
individuals present for initial TB diagnosis and/or follow-up
evaluation. Xpert is also substantially more sensitive than the
most widely used diagnostic test for TB worldwide (sputum smear
microscopy). However, at over 10 times the cost of sputum smear
microscopy (which costs less than $2 fully-loaded per test,
compared to about $20 for Xpert), scale-up of Xpert has the
potential to dramatically increase the cost of TB control in high-
burden settings.

The key policy-related questions around the use of Xpert are the
following: Do the clear individual-level benefits of improved
diagnosis translate into population-level effects on transmission,
and if so, would scale-up of Xpert have sufficient impact to justify
the added cost (i.e., would Xpert be cost-effective)? These
questions can be, and have been, addressed effectively using
mathematical modelling.

In the case of Xpert, an initial modelling study projected the
impact on TB-associated morbidity and mortality, and cost-
effectiveness, in five countries of southern Africa.16 This study
adopted a regional approach, which allowed the authors to use a
single model framework (due to similar epidemics across the five
countries) and existing data (which are reported on the national
level). A global model would likely have required more model
complexity, whereas a sub-national model might have been
limited by available data or generalizability. The authors aimed
primarily to publish their results in the scientific literature,
although the model has subsequently been used in country-level
discussions and extended to other regions. The model predicted a
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relatively large potential population level impact of Xpert on TB
transmission and mortality, based on the assumption that
increased rapid diagnosis would increase treatment rates. In the
absence of pre-existing data, this model had to make a number of
reasonable simplifying assumptions, including the proportion of
individuals with TB who would ultimately be diagnosed by the
existing algorithm in the absence of Xpert and the speed at which
that diagnosis might happen. These results – which reflected the
best available data and assumptions at the time – were used to
support policy recommendations to scale up Xpert in the region
and worldwide.

Subsequent clinical trials revealed that Xpert did not identify
many more patients than were already being started on treatment,
due to unexpectedly high levels of empiric treatment practices in
TB-endemic settings.17,18 Using this new information, the model
was then revised to account for empiric treatment practices, and
new estimates predicted a much smaller impact of Xpert.17

This case study illustrates the ability of models to iteratively
incorporate updated data, leading to better estimates and
highlighting existing weaknesses in both model assumptions
and available data over time. A pertinent translation of individual-
level effect to population impact is also displayed. Unfortunately,
the case study also demonstrates the challenges in linking model
results to policy. Major obstacles exist to the implementation of
Xpert, especially in trying to use Xpert as a true point-of-care
test.19 Nevertheless, despite its impact on population health being
initially relatively uncertain, Xpert has received strong support
from policymaking bodies such as the WHO,20 based primarily on
systematic reviews of sensitivity and specificity. This recommen-
dation places pressure on many high-burden countries to scale
Xpert up,21 and at tremendous expense. Even in light of emerging
data and updated model projections that suggest Xpert may not
improve population-level outcomes,17 recommendations to im-
plement Xpert have become increasingly strong, partially due to
political momentum and the known individual-level benefits of
Xpert.

The policy–modelling disconnect in recommendations for
Xpert contrasts, for example, with that for systematic screening
for TB in high-risk populations. Systematic screening for TB has
been shown in multiple mathematical models to have a potentially
dramatic impact at the population level,22-25 but the benefits of
systematic screening at the individual level are difficult to prove.26

The recommendation for systematic screening is therefore much
less enthusiastic.27 As a result of this discrepancy between
individual-level evidence (which is easier to collect directly but
arguably less important to public health) and population-level
evidence (which is difficult to collect directly and thus often
requires models but is critical to public health decision-making),
many countries are pressured to implement Xpert rather than
systematic screening. This pressure exists despite the evidence
from models that systematic screening might have much greater
impact on reducing TB at the population level – and potentially at a
more favourable cost–effectiveness ratio.23

In summary, as shown by the case study of Xpert, modelling
interventions is often the only way to evaluate the comparative
effectiveness (and cost-effectiveness) of interventions at the
population level in the short term. In doing so, models may not
only help to prioritize those interventions that might have greatest
impact at the population level, but may also identify the data
elements needed to better inform estimates of such impact for
different public health policies.28 This process – which ideally
occurs iteratively as new data emerge – can lead to better
alignment between research efforts and policy priorities. However,
major obstacles exist to the implementation of this process, and
current practice continues to prioritize infectious disease inter-
ventions with more benefit for individuals than for populations.
4. Building useful models

Developing a useful model includes identifying, in sequence (1)
a useful question and its epidemiological context, (2) a framework
through which that question could be addressed, (3) the
parameters required to address the specified question using that
framework, and (4) the empirical evidence available to inform
meaningful values of those parameters (for examples and further
details see publications by Vynnycky and White29 and Keeling and
Rohani30). Once a question, framework, parameters, and empirical
evidence have been identified, the model can then be used to
inform decision-making by projecting the potential outcomes
associated with different policy decisions. For example, in the
Xpert case study, the question of interest was how big would the
impact of this new diagnostic test be? The epidemiological setting
was five countries with high TB incidence.16 The framework
utilized was a transmission model that used both natural history
and TB control parameters, such as treatment success, informed by
country-level TB programme data.

For models to be useful to decision-makers, they must be both
relevant and methodologically sound. In general, useful models are
built to answer a key question that should guide the structure and
complexity of the model (rather than the model determining the
question). One such question might be to evaluate the expected
epidemiological and economic impact of different strategies for
scaling up Xpert for TB diagnosis (e.g., centralized or in individual
clinics), or the required bed capacity during the recent EVD
outbreak.31 Defining a central question also helps to inform the
structure of the model, which should incorporate relevant
scientific data (e.g., transmission rates, existing levels of infection
control and treatment). The epidemiological setting is also
important; for example, a model of implementing Xpert should
include not only the sensitivity and specificity of the test but also
the diagnostic processes, underlying disease prevalence, and
clinical algorithms in the chosen setting. A model of TB diagnosis
in the USA would need to account for immigration, for instance,
whereas a model of TB in Sub-Saharan Africa would require a more
detailed description of ART scale-up.16 In some cases, the same
model structure can be modified to explore ‘first-pass’ results
across a range of settings and interventions;32 in other cases (or
when more precisely calibrated results are needed), separate
models will be required for each setting.

In general, models allow for an exploration of the system and
give a holistic picture of the realm of possible outcomes. As such,
uncertainty and sensitivity analyses around the main components
of the model are critical. Uncertainty analysis translates uncer-
tainty in model ‘inputs’, such as the proportion of patients
accessing different diagnostic services, into uncertainty in model
‘outputs’, such as the impact of a new diagnostic on mortality.
Sensitivity analyses aim to attribute portions of this uncertainty to
specific parameters. In a one-way sensitivity analysis, for example,
a key parameter (such as the TB transmission rate) might be set
sequentially to its highest or lowest plausible values, and the
model results assessed at each of those points. In the case of Xpert,
population-level impact has been shown to be very sensitive to
existing levels of empirical therapy for TB.33,34 Broader consider-
ation of model uncertainty would explore the impact of a range of
plausible empirical treatment levels as well as other model
parameters (for example, transmission rates) or indeed do a more
comprehensive sampling over all parameters.35

Ultimately, the estimates of any model can only be as accurate
as their supporting data, but models can also describe that
uncertainty to decision-makers, allowing them to make the most
appropriate decisions given existing, imperfect evidence. As
such, modelling results with wide confidence intervals that reflect
this uncertainty are often valuable to policymakers, as they
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demonstrate the current state of knowledge.36 The alternative,
where false confidence in predictions is gained via modelling based
on strong unsupported assumptions, must be avoided despite the
temptation of the ‘clarity’ of results that such assumptions can
provide.

5. Linking model results to public health policy around
infectious diseases

Models can inform infectious disease public health policy in at
least three ways (see Figure 1). Firstly, models can systematically
use epidemiological data to better understand the larger systems
in which policy decisions must be made. For example, mathemati-
cal models of Xpert scale-up in Africa have suggested that baseline
diagnostic patterns affect the incremental benefit of a novel, more
sensitive test,34 thereby suggesting that policymakers should
target Xpert roll-out to areas with the weakest existing diagnostic
systems.

Secondly, as described above in the case of universal HIV testing
and treatment, models can apply a transparent framework to
compare the potential population-level impact of interventions in
situations where collecting empirical evidence might be logisti-
cally, monetarily, or ethically infeasible.37,38 Even when broader
empirical studies are feasible, interim policies must nonetheless be
set; models can help these policies make maximum use of existing
evidence before definitive results are known.

For example, modelling estimates for the recent EVD outbreak
in West Africa published in September 2014 predicted that without
interventions, Liberia and Sierra Leone would have approximately
550 000 reported Ebola cases by January 2015.39 The predictions
over a shorter timeframe were closer to what actually occurred; for
estimates of case numbers by September 2014, the model
overestimated the number of cases by only 8.8% in Liberia, and
underestimated the number of cases by 7.6% in Sierra Leone. The
later projections to January 2015 were substantially less accurate.
These results, however, demonstrated at the time what most
needed to be done to control the outbreak. Thus this is an example
of where modelling results may appear ‘wrong’ but can still be
useful. Furthermore, the results made under the assumption of no
intervention highlight the impact that outbreak control interven-
tions had on the magnitude of the outbreak – and these could later
be compared to an alternative model structure that incorporates
those interventions to further evaluate their impact. By highlight-
ing how serious things could be if nothing was done, models
emphasized the need for control interventions and the aspects of
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Figure 1. Roles and challenges of infectious disea
those interventions that might be most important from an
epidemic control perspective.

Thirdly, modelling can point to data gaps that, if filled, could
better assist decision-making and control of infectious diseases in
the future. For example, TB models might find that the comparative
impact of Xpert scale-up strategies depends strongly on the
amount of ongoing TB transmission in a community, which in
many places may not be known.6 These results could motivate
further data-gathering activities (e.g., molecular epidemiological
characterization of a community,40,41 or synthesis of existing
programmatic data on TB incidence42) that could help to improve
decision-making related to Xpert scale-up in the future. For the
spread of rubella, modelling has already led to the collection of
new missing data.43

In each of these cases, mathematical models provide public
health decision-makers with key pieces of knowledge that can
inform evidence-based decision-making. Furthermore, unlike
expert opinion (which often holds sway purely on the basis of
reputation or existing dogma), models accomplish this task in a
way that is quantitative and open to questioning (or modification)
by others in the field. When a model’s structure, methods,
assumptions, and parameters are laid out in a reproducible
manner with direct communication and guidance to those with
less methodological expertise, their results should be transparent
and accessible rather than being perceived as a ‘black box’ that is
susceptible to manipulation and is too difficult to understand.

6. The challenges of using models and approaches to
addressing them

These potential benefits of infectious disease models can be
offset by excess complexity.37 While in theory, models are fully
transparent, many models are made so complex that few outside
the modelling community can fully understand their mechanics. In
addition, while models should be tailored to answer a specific
policy question of interest, they are often presented in such a
fashion that does not speak readily to key policy decisions.37

Modellers must strive to produce transparent outputs that can
directly inform the policymaking process, even when this requires
some simplification to be made.

An important way to improve transparency is to publish the
raw data as well as any modelling code.44 Whether provided in the
appendix of the publication or in online format, this would provide
readers with access to the model and the ability to closely review
its methods, thus making a more informed determination as to
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whether the assumptions and data used were sufficient. Open data
and code would also allow for the model to be improved and
developed iteratively by others in the modelling community to
answer other policy-relevant questions.

In addition, care must be taken when broadly applying a model
specifically structured to answer a certain question. For example, a
modelling evaluation of Xpert scale-up across southern Africa16 is
unlikely to provide useful guidance on where to place Xpert
machines in the USA,45 or whether to supplant other funds to pay
for Xpert testing.46,47

However, models can be, and often are, reconstructed as new
evidence or considerations come to light. The development begins
with models that provide initial insight; such initial models are
then gradually replaced by more complete models that incorporate
updated information. This process of iteratively evaluating
modelling output provides a framework in which to place new
evidence and improves our understanding of both the problem and
the utility of the modelling tool being applied. While the need for
such iteration can be seen as a problem with the initial model or
input data, it is more appropriately seen as reflecting the natural
course of scientific inquiry, in which better data and better tools to
utilize those data are continually being developed.

Presenting the uncertainty around modelling results, as
described above, presents a further challenge as it often reflects
limited available data on key parameters. In such cases, modellers
should honestly portray this uncertainty rather than providing
results that appear more reliable, and policymakers should make
decisions based on this uncertainty rather than requesting results
that are more precise. Not including such uncertainty may be
Figure 2. Proposed framework for interaction between infectious disease modellers and p

relevant public health questions for modellers to address and the existing data that can b

with modellers, further discussion should pertain to the relevant model structures best su

communication, evidence gaps can be identified and modelling outputs can be reviewed

model is refined and finalized, the outputs can be used to support data-informed decisio

and mathematical modellers can ensure that models have optimal impact on evidence
justified in specific cases39 – such as when the infectious disease
situation being modelled (e.g., when considering just a ‘no
intervention’ scenario) is unrealistic and specific policy decisions
are not based on this quantitative value – but is generally not
recommended.

There are also significant ethical considerations that must be
taken into account when using the results of mathematical models
to design public health interventions. These include considering
the values and preferences of the target population as well as the
available resources.48 Determinants of health behaviour must be
viewed in a social context, including the cultural beliefs, historical
patterns, and choices available to the local population. If applied in
a vacuum, modelling results may not be relevant to the target
population and the estimated impact of a chosen intervention will
likely not be realized.

7. Recommendations for a future framework

How can we improve the utility of modelling for infectious
disease relevant to public health decision-making in the future?
One important component of any such strategy should involve
ongoing collaboration and interaction between infectious disease
modellers and public health stakeholders. Such communication
and collaboration enables decision-makers to appropriately
understand the complexity of model structure and uncertainty
in modelling results, and modellers to inform additional refine-
ments or data-gathering efforts to reduce that complexity and
uncertainty. In addition, both modellers and public health policy-
makers must view the results of models within the social context
ublic health practice. Stakeholders in public health practice should identify the key

e used to inform model structure and parameters. Once shared and communicated

ited to address the question and the required inputs. Subsequently, through ongoing

 and understood in the context of model uncertainty and generalizability. Once the

n-making. In this way, long-term collaboration between public health practitioners

-based public health decision-making.
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of the target population to consider the ethical impact of applying
modelling results to specific settings. Fostering such collaboration
will improve the availability of models to public health practi-
tioners, as well as the quality of model structure and relevance of
results. It will also improve the likelihood that the perspectives and
needs of all critical stakeholders are included.

To promote such public health stakeholder collaboration and
optimize the role mathematical modelling can have in public
health decision-making in the field of infectious diseases, an
iterative process for model development is recommended
(Figure 2). The key stages in this process are: (1) Policymakers
engage modellers early in the decision-making process and inform
them of the key public health questions that are being considered
in a given population and/or clinical setting. (2) Modellers use this
information to construct models that are most likely to effectively
address these questions. (3) Modellers strive to reduce, or fully
justify, the complexity of their models and explain the context and
uncertainty of their outputs to decision-makers and others who
could openly interrogate their methods. (4) Decision-makers seek
to incorporate model results into their decision-making process
(including decisions for more data gathering) and inform
modellers of where model structures, outputs, and uncertainty
could be refined for future decision-making.

To succeed in this endeavour, it is important that modellers and
decision-makers build mutual trust over time; these steps are
difficult to complete in a ‘one-off’ fashion for each new question
that arises. Platforms for such interaction, such as conferences and
workshops, should be developed and promoted to stimulate
discussion and interaction around the important questions and
how to address them, including how to share key data. As effective
communication is only possible when modellers and stakeholders
speak the same ‘language’, it is critical that these communities
work together to establish long-term collaborative relationships.

As an example of such longer-term collaboration between
infectious disease modellers and infectious disease policymakers,
the TB public health community has established platforms where
engaged stakeholders can interact. For example, the TB Modelling
and Analysis Consortium (TB MAC) brings together quantitative
researchers, policymakers, TB programmes, and donors to identify
TB control questions that require modelling input.49 Discussion
and interaction between TB control stakeholders is also supported
by the TB Modelling group at Johns Hopkins,50 which holds
frequent international conference calls to examine the latest
research and areas of interest. Such multidisciplinary collaboration
is also being seen in other infectious disease fields, where
modelling studies have been used to assist public health
interventions and policy-making decisions around HIV, influenza,
and EVD.51–53 While such relationships take time to build, are
difficult to incentivize from both the academic and public health
perspectives, and may not yield immediate results, increased
communication between modellers and public health policy-
makers is arguably the only viable path towards bringing the
wealth of existing epidemiological evidence to bear in making
public health decisions for infectious diseases.

8. Conclusions

Infectious disease modelling can provide important and useful
data to inform public health policy by improving our knowledge of
epidemic disease spread, comparing the impact of potential public
health interventions and understanding gaps in existing data used
to inform public health decision-making. For models to be most
useful, challenges in applying modelling results to public health
practice, including the complexity of model structure and
uncertainty of model outputs and their relevance to important
policy questions, must be understood and considered. While
modelling will not provide all the answers for public policy, it can
provide useful quantitative evidence when large clinical studies
are not possible or are still underway. A framework that can be
used to improve the process of applying modelling to public health
decision-making for infectious diseases is proposed. Collaboration
between public health stakeholders and modellers is essential to
heighten the transparency and public health relevance of models,
to optimize the use of epidemiological data for decision-making,
and to develop policies that incorporate scientific evidence to
improve the control of infectious diseases worldwide.

Acknowledgements

The research was partially funded by the National Institute for
Health Research Health Protection Research Unit (NIHR HPRU) in
Healthcare Associated Infection and Antimicrobial Resistance at
Imperial College London in partnership with Public Health England
(PHE). The views expressed are those of the author(s) and not
necessarily those of the NHS, the NIHR, the Department of Health,
or Public Health England. The authors also acknowledge support
from the US National Institutes of Health.

Conflict of interest: None.

References

1. Lofgren ET, Halloran ME, Rivers CM, Drake JM, Porco TC, Lewis B, et al. Opinion:
Mathematical models: a key tool for outbreak response. Proc Natl Acad Sci U S A
2014;111:18095–6.

2. Heesterbeek H, Anderson RM, Andreasen V, Bansal S, De Angelis D, Dye C, et al.,
Isaac Newton Institute IDDC. Modeling infectious disease dynamics in the
complex landscape of global health. Science 2015;347:aaa4339.

3. Halloran ME, Struchiner CJ. Study designs for dependent happenings. Epidemi-
ology 1991;2:331–8.

4. World Health Organization. Ebola. Geneva: WHO; 2015.
5. Rivers C. Ebola: models do more than forecast. Nature 2014;515:492.
6. Fafard P. Evidence and healthy public policy: insights from health and political

sciences. 2008. http://www.ncchpp.ca/165/publications.ccnpps?id_article=160.
7. GRADE. http://www.gradeworkinggroup.org/intro.htm. Date accessed: No-

vember 2015.
8. Guyatt GH, Oxman AD, Schunemann HJ, Tugwell P, Knottnerus A. GRADE

guidelines: a new series of articles in the Journal of Clinical Epidemiology. J
Clin Epidemiol 2011;64:380–2.

9. US Preventive Services Task Force. Methods and processes. http://www.
uspreventiveservicestaskforce.org/Page/Name/methods-and-processes. Date
accessed: November 2015.

10. Granich R, Gilks CF, Dye C, De Cock KM, Williams BG. Universal voluntary HIV
testing with immediate antiretroviral therapy as a strategy for elimination of
HIV transmission: a mathematical model. Lancet 2009;373:48–57.

11. Hontelez JA, Lurie MN, Barnighausen T, Bakker R, Baltussen R, Tanser F, et al.
Elimination of HIV in South Africa through expanded access to antiretroviral
therapy: a model comparison study. PLoS Med 2013;10:e1001534.

12. Cori A, Ayles H, Beyers N, Schaap A, Floyd S, Sabapathy K, et al. HPTN 071
(PopART): a cluster-randomized trial of the population impact of an HIV
combination prevention intervention including universal testing and treat-
ment: mathematical model. PLoS One 2014;9:e84511.

13. Sabin CA, Phillips AN, Should HIV. therapy be started at a CD4 cell count above
350 cells/microl in asymptomatic HIV-1-infected patients? Curr Opin Infect Dis
2009;22:191–7.

14. Hayes R, Ayles H, Beyers N, Sabapathy K, Floyd S, Shanaube K, et al. HPTN 071
(PopART): rationale and design of a cluster-randomised trial of the population
impact of an HIV combination prevention intervention including universal
testing and treatment—a study protocol for a cluster randomised trial. Trials
2014;15:57.

15. Boehme CC, Nabeta P, Hillemann D, Nicol MP, Shenai S, Krapp F, et al. Rapid
molecular detection of tuberculosis and rifampin resistance. N Engl J Med
2010;363:1005–15.

16. Menzies NA, Cohen T, Lin HH, Murray M, Salomon JA. Population health impact
and cost-effectiveness of tuberculosis diagnosis with Xpert MTB/RIF: a dynamic
simulation and economic evaluation. PLoS Med 2012;9:e1001347.

17. Menzies NA, Cohen T, Murray M, Salomon JA. Effect of empirical treatment on
outcomes of clinical trials of diagnostic assays for tuberculosis. Lancet Infect Dis
2015;15:16–7.

18. Theron G, Zijenah L, Chanda D, Clowes P, Rachow A, Lesosky M, et al. Feasibility,
accuracy, and clinical effect of point-of-care Xpert MTB/RIF testing for tuber-
culosis in primary-care settings in Africa: a multicentre, randomised, controlled
trial. Lancet 2014;383:424–35.

19. Xpert MTB/RIF implementation manual: technical and operational ‘how-to’;
practical considerations. Geneva: WHO 2014.

http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0270
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0270
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0270
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0275
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0275
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0275
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0280
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0280
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0285
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0290
http://www.ncchpp.ca/165/publications.ccnpps?id_article=160
http://www.gradeworkinggroup.org/intro.htm
http://www.gradeworkinggroup.org/intro.htm
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0305
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0305
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0305
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0315
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0315
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0315
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0320
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0320
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0320
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0325
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0325
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0325
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0325
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0330
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0330
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0330
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0335
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0335
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0335
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0335
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0335
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0340
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0340
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0340
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0345
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0345
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0345
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0350
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0350
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0350
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0355
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0355
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0355
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0355


G.M. Knight et al. / International Journal of Infectious Diseases 42 (2016) 17–23 23
20. World Health Organization. Automated real-time nucleic acid amplification
technology for rapid and simultaneous detection of tuberculosis and rifampicin
resistance: Xpert MTB/RIF assay for the diagnosis of pulmonary and extra-
pulmonary TB in adults and children. Policy update. Geneva: WHO; 2013.

21. World Health Organization. Roadmap for rolling out Xpert MTB/RIF for rapid
diagnosis of TB and MDR-TB. Geneva: WHO; 2010.

22. Dodd PJ, White RG, Corbett EL. Periodic active case finding for TB: when to look?
PLoS One 2011;6:e29130.

23. Azman AS, Golub JE, Dowdy DW. How much is tuberculosis screening worth?
Estimating the value of active case finding for tuberculosis in South Africa,
China, and India. BMC Med 2014;12:216.

24. Dye C, Glaziou P, Floyd K, Raviglione M. Prospects for tuberculosis elimination.
Ann Rev Public Health 2012;34:271–86.

25. Dowdy DW, Lotia I, Azman AS, Creswell J, Sahu S, Khan AJ. Population-level
impact of active tuberculosis case finding in an Asian megacity. PLoS One
2013;8:e77517.

26. Ayles H, Muyoyeta M, Du Toit E, Schaap A, Floyd S, Simwinga M, et al. Effect of
household and community interventions on the burden of tuberculosis in
southern Africa: the ZAMSTAR community-randomised trial. Lancet
2013;382:1183–94.

27. World Health Organization. Systematic screening for active tuberculosis: prin-
ciples and recommendations. Geneva: WHO; 2013.

28. Zwerling A, White RG, Vassall A, Cohen T, Dowdy DW, Houben RM. Modeling of
novel diagnostic strategies for active tuberculosis—a systematic review: cur-
rent practices and recommendations. PLoS One 2014;9:e110558.

29. Vynnycky E, White RG. An introduction to infectious disease modelling. Oxford
University Press; 2010.

30. Keeling MJ, Rohani P. Modeling infectious diseases in humans and animals.
Princeton University Press; 2007.

31. Camacho A, Kucharski A, Aki-Sawyerr Y, White MA, Flasche S, Baguelin M, et al.
Temporal changes in Ebola transmission in Sierra Leone and implications for
control requirements: a real-time modelling study. PLoS Curr 2015;7.

32. Dowdy DW, Andrews JR, Dodd PJ, Gilman RH. A user-friendly, open-source tool
to project impact and cost of diagnostic tests for tuberculosis. eLife 2014;3.

33. Sun AY, Denkinger CM, Dowdy DW. The impact of novel tests for tuberculosis
depends on the diagnostic cascade. Eur Respir J 2014;44:1366–9.

34. Lin HH, Dowdy D, Dye C, Murray M, Cohen T. The impact of new tuberculosis
diagnostics on transmission: why context matters. Bull World Health Organ
2012;90:739–747A.

35. Porco TC, Blower SM. Quantifying the intrinsic transmission dynamics of
tuberculosis. Theor Popul Biol 1998;54:117–32.

36. Manski CF. Public policy in an uncertain world: analysis and decisions. Cam-
bridge, MA: Harvard University Press; 2013.

37. Basu S, Andrews J. Complexity in mathematical models of public health poli-
cies: a guide for consumers of models. PLoS Med 2013;10:e1001540.

38. Garnett GP, Cousens S, Hallett TB, Steketee R, Walker N. Mathematical models
in the evaluation of health programmes. Lancet 2011;378:515–25.
39. Meltzer MI, Atkins CY, Santibanez S, Knust B, Petersen BW, Ervin ED, et al.
Centers for Disease Control and Prevention. Estimating the future number of
cases in the Ebola epidemic—Liberia and Sierra Leone, 2014-2015. MMWR
Surveill Summ 2014;63(Suppl 3):1–14.

40. Guerra-Assuncao JA, Crampin AC, Houben RM, Mzembe T, Mallard K, Coll F,
et al. Large-scale whole genome sequencing of M. tuberculosis provides insights
into transmission in a high prevalence area. eLife 2015;4.

41. Anderson LF, Tamne S, Brown T, Watson JP, Mullarkey C, Zenner D, Abubakar I.
Transmission of multidrug-resistant tuberculosis in the UK: a cross-sectional
molecular and epidemiological study of clustering and contact tracing. Lancet
Infect Dis 2014;14:406–15.

42. Creswell J, Codlin AJ, Andre E, Micek MA, Bedru A, Carter EJ, et al. Results from
early programmatic implementation of Xpert MTB/RIF testing in nine countries.
BMC Infect Dis 2014;14:2.

43. Metcalf CJ, Lessler J, Klepac P, Morice A, Grenfell BT, Bjornstad ON. Structured
models of infectious disease: inference with discrete data. Theor Popul Biol
2012;82:275–82.

44. Ioannidis JP. How to make more published research true. PLoS Med
2014;11:e1001747.

45. Chaisson LH, Roemer M, Cantu D, Haller B, Millman AJ, Cattamanchi A, Davis JL.
Impact of GeneXpert MTB/RIF assay on triage of respiratory isolation rooms for
inpatients with presumed tuberculosis: a hypothetical trial. Clin Infect Dis
2014;59:1353–60.

46. Meyer-Rath G, Schnippel K, Long L, MacLeod W, Sanne I, Stevens W, et al. The
impact and cost of scaling up GeneXpert MTB/RIF in South Africa. PLoS One
2012;7:e36966.

47. Schnippel K, Meyer-Rath G, Long L, Stevens WS, Sanne I, Rosen S. Diagnosing
Xpert MTB/RIF negative TB: impact and cost of alternative algorithms for South
Africa. S Afr Med J 2013;103:101–6.

48. Reilly R, Rowley K, Luke J, Doyle J, Ritte R, O’Shea R, Brown A. Economic
rationalisation of health behaviours: the dangers of attempting policy discus-
sions in a vacuum. Soc Sci Med 2014;114:200–3.

49. TB Modelling and Analysis Consortium. http://tb-mac.org/. Date accessed:
November 2015.

50. TB Modeling Group. http://tbmodelling.lshtm.ac.uk/. Date accessed: November
2015.

51. Eaton JW, Johnson LF, Salomon JA, Barnighausen T, Bendavid E, Bershteyn A,
et al. HIV treatment as prevention: systematic comparison of mathematical
models of the potential impact of antiretroviral therapy on HIV incidence in
South Africa. PLoS Med 2012;9:e1001245.

52. MRC Centre for Outbreak Analysis and Modelling at Imperial College London.
https://www1.imperial.ac.uk/publichealth/departments/ide/outbreaks/. Date
accessed: November 2015.

53. Centre for Mathematical Modelling of Infectious Diseases at the London School
of Hygiene and Tropical Medicine. http://cmmid.lshtm.ac.uk/. Date accessed:
November 2015.

http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0365
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0365
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0365
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0365
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0370
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0370
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0375
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0375
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0380
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0380
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0380
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0385
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0385
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0390
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0390
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0390
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0395
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0395
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0395
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0395
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0400
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0400
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0405
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0405
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0405
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0410
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0410
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0415
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0415
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0420
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0420
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0420
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0425
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0425
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0430
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0430
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0435
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0435
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0435
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0440
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0440
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0445
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0445
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0450
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0450
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0455
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0455
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0460
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0460
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0460
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0460
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0465
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0465
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0465
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0470
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0470
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0470
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0470
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0475
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0475
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0475
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0480
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0480
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0480
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0485
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0485
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0490
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0490
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0490
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0490
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0495
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0495
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0495
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0500
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0500
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0500
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0505
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0505
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0505
http://tb-mac.org/
http://tb-mac.org/
http://tbmodelling.lshtm.ac.uk/
http://tbmodelling.lshtm.ac.uk/
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0520
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0520
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0520
http://refhub.elsevier.com/S1201-9712(15)00258-1/sbref0520
https://www1.imperial.ac.uk/publichealth/departments/ide/outbreaks/
https://www1.imperial.ac.uk/publichealth/departments/ide/outbreaks/
http://cmmid.lshtm.ac.uk/
http://cmmid.lshtm.ac.uk/

	Bridging the gap between evidence and policy for infectious diseases: How models can aid public health decision-making
	1 Introduction
	2 Current role and potential opportunities for modelling in public health decision-making
	3 Modelling infectious diseases for policy: the example of a rapid TB diagnostic
	4 Building useful models
	5 Linking model results to public health policy around infectious diseases
	6 The challenges of using models and approaches to addressing them
	7 Recommendations for a future framework
	8 Conclusions
	Acknowledgements
	References


