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ABSTRACT

Mathematical modeling studies are frequently conducted to guide policy in global health.
However, the contribution of mathematical modeling studies to World Health Organization
(WHO) guideline recommendations, and the quality of evidence contributed by these studies
remains unknown. We conducted a systematic review of the WHO Guidelines Review
Committee database to identify guideline recommendations that included evidence from
mathematical modeling studies since inception of the Guidelines Review Committee on 1
December, 2007. We included WHO guideline recommendations citing a mathematical
modeling study in the primary evidence base. We defined a mathematical model as a framework
that predicted epidemiologic, health or economic impact of an intervention or decision in the
clinical or public health context. The primary outcome was inclusion of evidence from
mathematical modeling studies in a guideline recommendation. We evaluated each unique
modeling study across multiple domains of quality. Between 1 December 2007 and 1 April 2019,
the WHO Guidelines Review Committee approved 154 guidelines providing 1,619 guideline
recommendations. Mathematical modeling studies informed 46 WHO guidelines (29.9%) and
101 unique guideline recommendations (6.2%). Modeling evidence addressed topics related to
infectious diseases in 38 guidelines (82.6%) and 81 recommendations (80.2%), most commonly
for HIV and tuberculosis. Evidence from modeling studies was assessed in the GRADE evidence
profile for 12 recommendations (12.9%) and GRADE evidence-to-decision framework for 45
recommendations (44.6%). Modeling-informed recommendations were more likely than other
recommendations within the same guidelines to be issued with a “conditional” rather than

“strong” strength of recommendation (53.5% versus 37.8%), and the evidence underlying



modeling-informed recommendations was more likely to be assessed as very low quality (41.6%
versus 24.1%). Upon review of individual modeling studies, we estimated that 33.8% of models
performed a calibration, 29.4% of models performed a validation of results, and 20.6% of models
reported a change in the study conclusion in the sensitivity analysis. While policy
recommendations in WHO guidelines are informed by evidence from modeling studies, the
validity of modeling studies included in guidelines development is heterogeneous. Quality
assessment is needed to support the evaluation and incorporation of evidence from mathematical

modeling studies in guidelines development.



Introduction

Mathematical modeling studies are frequently undertaken with the aim of informing clinical and
public health policy.'?* Over the past decade, these studies have become increasingly common
and relied upon in decision-making in global public health, especially during the COVID-19
pandemic."* While mathematical modeling encompasses a diverse set of methodologies, these
studies can often be defined by their application of a mathematical framework to predict
epidemiologic, health, or economic impacts of an intervention or decision in a clinical or public
health context, usually when direct observation or measurement of such impacts is infeasible. In
these respects, mathematical modeling studies are distinct from routine statistical analyses of

observed data that may use statistical models to facilitate hypothesis testing or estimation.

While the potential uses of modeling for evidence generation are vast and varied, results of
modeling studies may be of particular relevance to policymakers when conventional
epidemiologic evidence (e.g., contributed by direct observations from randomized or non-
randomized studies) is unavailable. This may occur when the design of such studies is
impractical (e.g., due to the duration of follow up or sample size required) or unethical (e.g., in
the case of withholding an efficacious intervention from study participants), or when the study
question is not well suited for traditional epidemiologic assessment (e.g., balancing resources
and benefits). Some examples of mathematical modeling studies include: 1) comparison of new

diagnostic tools for a screening program; ii) an outbreak prediction to guide a public health



response’; iii) estimation of the impact of an intervention in a specific population, over a long-
term period, and potential spill-over benefit (e.g., screening for preventive care, vaccine
introduction)*; or iv) evaluation of the economic impact or cost-effectiveness of a decision (e.g.,

new medication for chronic diseases, cost-effectiveness of a new program).’

The World Health Organization (WHO) has the mandate to establish standards in global health
through the production of normative, technical guidance based on the best available evidence.
WHO publishes guidelines across a broad range of clinical, public health, and policy topics,
providing specific recommendations for clinical care and for public health strategies and
programmes.”® These guidelines are highly influential in changing clinical care and public health.
Some examples include WHO guidelines that changed the CD4 treatment threshold for HIV in
2009 and 2013, greatly expanding access to antiretroviral therapy in low- and middle-income
countries;’ 2006 guidelines that initiated large-scale mass treatment programs against six
neglected tropical diseases; '°1998 guidelines that addressed global tobacco control;'" and

informing countries’ adoption of vaccines through the Expanded Programme on Immunization.'?

WHO guideline recommendations are based on a systematic review of the evidence on benefits
and harms for each topic, and on the quality (or certainty) of evidence assessed using the
Grading of Recommendations, Assessment, Development and Evaluations (GRADE) system.
The GRADE assessment of high, moderate, low, or very low quality evidence is usually
presented in an “Evidence Profile” alongside each recommendation and includes five key
domains: study limitations, inconsistency, indirectness, imprecision, and publication bias.

Recommendations are assigned a strength of strong or conditional (weak) based on a structured



evidence-to-decision framework that includes a variety of decision factors.”'*!* However,
modeling methods and evidence are not formally addressed by the GRADE system and there are
no formal reporting and assessment standards to guide the incorporation of mathematical

modeling."

To understand the contribution of mathematical modeling studies to WHO guidelines, and the
quality of included studies, we performed a systematic review of WHO guidelines which have
been reviewed and approved by the Guidelines Review Committee (GRC), the quality assurance

body for WHO guidelines.

Methods

Search strategy and selection criteria

In this systematic review, we sought to identify all WHO GRC-approved guideline
recommendations that included evidence from mathematical modeling studies. This study
follows the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA)
guidelines.'® The systematic review protocol, including the analytical plan, is available in

Supplemental materials.

We obtained the WHO GRC database from the GRC Secretariat, and searched it to identify a
complete list of all GRC-approved documents from inception of the GRC (1 December, 2007) to
1 April, 2019.”® We excluded documents characterized as information products including “how

to” or “information documents”, as defined in the WHO Handbook on Guideline Development.’



We aimed to identify all WHO GRC-approved guideline recommendations that included citation
to a mathematical modeling study in the main evidence base, including the GRADE Evidence
Profile/Table, GRADE Evidence-to-Decision Framework, summary of evidence section, or
supplemental section (defined as not meeting inclusion in a previous category).”'*'” We defined
mathematical modeling studies as those using a mathematical framework to predict the
epidemiologic, health, or economic impact of an intervention or decision in the clinical or public
health context, in the absence of direct observations of such impacts from either randomized or
non-randomized assessments. We used a free text search term of “model*” to capture all
potential mentions of mathematical modeling evidence. This single search term was sensitive in
capturing a broad range of mathematical modeling studies, although we piloted additional search
terms, including “simulat*” (for simulation) and “cost-effect*” (for cost-effectiveness), in the
piloted subset of guidelines. WHO guidelines do not have keywords or controlled vocabulary

(i.e., MeSH terms).

We excluded guideline recommendations in the following situations: (i) the guideline was not
submitted to the GRC in English; (ii) the recommendation did not include an assessment of the
quality of the evidence or indicate the strength of recommendation; (iii) the recommendation
incorporated only evidence from routine statistical models (including generalized linear models,
generalized estimating equations, random/fixed effects models for meta-analysis, and
conventional statistical tests) or qualitative conceptual models (e.g., logic model, implementation
science model) without additional exploratory quantitative frameworks; (iv) modeling evidence
was not applied in the main evidence base (for instance, guidelines citing modeling studies in the

Background section); and (v) the recommendation had been re-issued in successive guideline



iterations using a duplicate reference for the same modeling studies. The inclusion and exclusion
criteria were applied at the level of WHO guideline recommendations (i.e., a single WHO
guideline may have multiple recommendations, however only a subset of the recommendations
may meet inclusion for the study). Two reviewers independently performed full-text screening.
Any disagreement was resolved through discussion between the two reviewers, with involvement
of a third reviewer as necessary. In the review of individual modeling studies included in the

systematic review, only studies with available published reports or studies were evaluated.

Data extraction and outcomes of WHO guidelines

The first reviewer extracted data from each guideline recommendation into a tabular format, and
a second reviewer independently verified the data extracted by the first reviewer. The data that
were extracted included: (i) where modeling was presented in the guideline (in the GRADE
Evidence Profile/Table, GRADE Evidence-to-Decision Framework, summary of evidence
section, or supplemental section); (ii) topic area of the guideline; (iii) type of question (e.g.,
economic, intervention effect); (iv) quality of evidence for the recommendation (very low, low,
moderate, or high); (v) strength of recommendation (conditional/weak, strong); (vi) GRADE
evidence-to-decision criteria (i.e., priority of problem, test accuracy, benefits and harms, values
and preferences, acceptability, resource implications, equity, and feasibility) when applicable;
(vii) source of the model (previously published or newly commissioned); (viii) comparison of
results across independent models (where applicable); (ix) availability of non-modeling
evidence. We extracted the reporting of any key factors affecting quality of the modeling
evidence, including model assumptions and limitations, sensitivity analyses, and model

validation. If multiple distinct models informed a single guideline recommendation, we assessed



whether the recommendation included text addressing assumptions and limitations, sensitivity
analyses, and validation for each of the included models; we calculated an average for the
reporting of each of these items in each guideline based on the proportion of models for which
assessments were undertaken. Among guidelines that included at least one recommendation
informed by modeling evidence, the quality of evidence and strength of recommendation for the
remaining guideline recommendations that were not informed by modeling was also extracted.
Across the guidelines including modeling, the topic area of each guideline and the total count of

recommendations informed or not informed by modeling was extracted.

For each guideline recommendation, the primary outcome was the inclusion of modeling
evidence; we assessed the proportion of recommendations including modeling evidence. For
those recommendations that included modeling evidence, we further assessed where results of
modeling studies were presented within guidelines, and how the incorporation of evidence from

modeling studies was described.

Data extraction and outcomes of mathematical modeling studies

We reviewed each mathematical modeling study applied in a WHO guideline recommendation
using a standardized survey instrument to evaluate across domains that may predict quality of
evidence. We developed the survey to evaluate characteristics of each modeling study based on a
review of published literature addressing quality and reporting of modeling studies including
input from the International Society for Pharmacoeconomics and Outcomes Research (ISPOR).'*
! The survey addressed the following characteristics: model structure and assumptions,

calibration, influential model inputs, robustness of sensitivity and uncertainty analyses,

10



validation, face validity, generalizability, inclusion of pre-analysis plan, and conflicts of interest.
The list of survey questions and criteria for evaluation is available in the Supplemental materials.
Two independent reviewers extracted data from each mathematical modeling study into a tabular

format with input from the team; in cases of disagreement, a third reviewer resolved the decision.

Statistical analysis

We reported descriptive totals and proportions of recommendations meeting the criteria
described above. For outcomes related to modeling-informed recommendations alone, we used
this total as the denominator in the reported proportions; to make this clear we present
numerators and denominators for these estimates. We made inferential comparisons of evidence
quality and recommendation strength for recommendations that were, and were not, informed by
models; we made these comparisons within the subset of guidelines that included at least one
model-informed recommendation in order to control for potential differences in assessment
across subject areas and guidelines committees. We computed a y” test statistic to assess
differences in proportions for quality of evidence and strength of recommendation across
recommendations informed and not informed by modeling; we used the Fisher exact test for cell
sizes with fewer than five recommendations. Hypothesis testing was conducted at a two-sided

significance level of p<0.05.

Reviewers recorded data in a Microsoft Excel spreadsheet (version 16.30, Microsoft, Redmond,

WA); statistical analysis and data visualization were done with R 3.2.3 (R Foundation for

11



Statistical Computing; Vienna, Austria). The authors support the importance of data sharing and

transparency in research; data and analysis code are fully accessible in an online repository.*

Results

Summary of guidelines and recommendations

Between 1 December 2007 and 1 April 2019, the WHO GRC approved 250 guideline
documents, of which 154 were eligible guidelines that fulfilled inclusion criteria for full-text
review; 57 of 96 excluded documents did not present clear evidence-based recommendations, 35
were informational, and 4 were not published (Figure 1). The 154 included guidelines presented
1,619 unique recommendations. Evidence from mathematical modeling studies informed 101
unique guideline recommendations (representing 6.2% of all 1,619 guideline recommendations)
issued in 46 WHO GRC-approved guidelines (representing 29.9% of all 154 included
guidelines). These 46 included GRC-approved guidelines supported 461 total recommendations,

in total. We present a full description of the exclusion process in the Supplemental materials.

We identified a total of 113 unique mathematical models cited in the 101 guideline
recommendations, with a subset of models cited across multiple guidelines and
recommendations. An average of 1.6 (median: 1, range: 1-9) unique modeling studies were cited
by each recommendation that incorporated modeling evidence; 28 (27.8% of 101) modeling-
informed recommendations cited more than one mathematical model. We identified the number

of guidelines and guideline recommendations informed by mathematical modeling each year in

12



Figure 2; no clear trend over time was evident in the proportion of guidelines or guideline

recommendations that incorporated modeling evidence.

Use of modeling

The majority of guideline recommendations informed by modeling evidence addressed topics in
infectious diseases (81/101; 80.2%), with the largest number addressing tuberculosis (27/101;
24.5%) and HIV (24/101; 23.8%) (Figure 3). Of the total recommendations (N= 588) published
in HIV and TB guidelines between 2008 and 2019, modelling evidence was utilized to support
decisions in 6.0% (24/403) and 14.6% (27/185) of recommendations, respectively. The
remaining guideline recommendations informed by modeling (N=20) addressed topics in
primary healthcare services, cancer screening and treatment, management of diabetes, nutrition,
mental health and substance abuse, rehabilitation services for persons with disabilities, health
products, and environmental risk management. The majority of guideline recommendations
including modeling evidence concerned recommendations about intervention effects (68/101;

67.3%) or diagnostic testing (17/101; 16.8%).

In total, 12 guideline recommendations (11.9% of 101 modeling-informed recommendations)
from 5 guidelines assessed modeling evidence in the GRADE Evidence Profile (Table 1). In 45
guideline recommendations (44.6% of 101) from 27 guidelines, modeling studies were included
in the GRADE Evidence-to-Decision Framework, with the most common decision criteria being
resource implications (80.0% of 45) and benefits and harms (24.4% of 45). Most modeling-

informed guideline recommendations relied on additional observational or experimental
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evidence, in addition to the modeling work, to support the guideline recommendation; only four
guideline recommendations from two guidelines were based on modeling evidence alone, and all
evidence quality was rated very low or low. For each of the five guideline recommendations,

modeling evidence was reviewed in the GRADE Evidence Profile (Table S2).

Overall, the distribution of quality of evidence ratings differed for recommendations from the
same guidelines that included, or did not include, mathematical modeling studies ( Xflf:3: 15.72;
p<0.01). The majority of modeling-informed guideline recommendations were judged to have
very low (42/101; 41.6%) or low quality of evidence (36/101 35.6%); only a minority were
judged to have moderate quality (16/101; 15.8%) or high quality (7/101; 6.9%) evidence (Table
2). In comparison, recommendations not informed by modeling evidence were less likely to be
assessed to have very low-quality evidence (90/373 [24.1%]; p<0.01), and were approximately
twice as likely to have moderate- or high-quality evidence (148/373 [39.7%] versus 23/101
[22.8%]; p<0.01). Modeling-informed recommendations not related to infectious diseases were
more likely to be very low or low quality (18/20; 90.0%) than modeling-informed

recommendation related to infectious disease (60/81; 74.1%).

Recommendations informed by modeling evidence were also more likely to be issued with a
“conditional” strength of recommendation (also known as “weak” strength) than
recommendations from the same guidelines not informed by modeling evidence (54/101 [53.5%]
versus 141/373 [37.8%]; p<0.01). Among recommendations that were issued with a “strong”

designation, differences in the distribution of evidence ratings were not evident between

14



recommendations informed by modeling studies or not informed by modeling studies (
)(f,f:3=4.45; p=0.21). Modeling-informed recommendations related to infectious diseases had
similar proportion of conditional strength of recommendation (43/81; 53.1%) when compared to

non-infectious disease modeling-informed recommendations (11/20; 55.0%).

We also evaluated the reporting of mathematical modeling evidence within guideline
recommendation documents. Model assumptions or limitations were reported in 93
recommendations (93/101; 92.1%) and sensitivity analysis or robustness of model was cited in
68 (67.3% of 101) of recommendations. Only 2 recommendations (2.0% of 101) reported
attempts to validate the modeling study results. A similar proportion of recommendations using
mathematical modeling evidence relied upon studies that were commissioned (46/101; 45.5%)
and existing, published models (48/101; 47.5%); 7 relied on both types of studies (7/101; 6.9%).
Guideline recommendations with models that were commissioned were more likely to cite
assumptions or limitations (45/46 [97.8%] versus 41/48 [85.4%]; p=0.07), and to address the

results of sensitivity analyses (43/46 [93.5%] versus 20/48 [41.7%]; p<0.01).

Quality of individual modeling studies

We performed an in-depth evaluation of a total of 68 unique mathematical modeling studies,
after exclusion of 50 (42.4% of all modeling studies forming the evidence base for WHO
guideline recommendations) that were not available in a published or accessible form (Table 3).
The majority of modeling studies were judged to have reasonable model structure and

assumptions (67/68; 98.5%) with sufficient description (66/68; 97.1%), although fewer provided
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a full mathematical description of the model (56/68; 82.4%). Only 33.8% (23/68) of models
performed calibration, and only 25% (~74% of those performing calibration) demonstrated
consistency with observed data. The conclusion was sensitive to 1-2 key model inputs in
approximately 20% (14/68) of models. We identified that only 29.4% (20/68) of models
presented a validation of their results, although all were judged to have face validity. Only two
modeling studies (2.9%) included a pre-analysis plan. A conflict of interest was present in 10.3%

(7/68) of studies.

Discussion

In this systematic review, we found that mathematical modeling studies have been used to
inform almost a third of all WHO guidelines and 6% of all WHO guideline recommendations.
The majority of modeling-informed recommendations addressed topics in infectious diseases,
although other areas of global health were also represented. The evidence underlying modeling-
informed recommendations was assessed as lower quality than the evidence underlying other
recommendations. We identified that only a third of models included in guideline evidence
performed a calibration and 30% of models performed a validation of results. Over 40% of all
modeling studies were found to not have a published or publicly available report. These uses of
modeling evidence in WHO guidelines underscore the need for a framework to evaluate the
quality of evidence contributed by mathematical models. This study highlights key areas of
quality improvement for modeling studies included in WHO guidelines (e.g., publication of

modeling study, calibration and validation of model) and provides a survey that could be readily
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adapted for systemic evaluation of modeling studies for guideline committees and other non-

modeling audiences (e.g., policymakers).

GRADE provides a process for evaluating quality of evidence in WHO guidelines,'*!* but does
not currently have a framework to evaluate mathematical modeling studies.>'*'> Despite this, of
the 47 guidelines that used modeling evidence, 5 evaluated models in the GRADE Evidence
Profile using the five factors; another 27 guidelines used modeling evidence in the GRADE
Evidence-to-Decision framework. However, the majority of mathematical modeling evidence did
not apply either GRADE approach, which likely reduces transparency and may contribute to
heterogeneity in whether and how modeling studies have been assessed and incorporated into
WHO guidelines. In the few guideline recommendations that did apply GRADE to modeling
studies, none reported the three upgrading dimensions (i.e., large effect, dose response, opposing
bias and confounding). The large variation in reporting of key metrics (calibration, validation)
and difficulty to evaluate bias is supported by a recent analysis of modeling studies applied

specifically to COVID-19 prediction.?

Modeling evidence was found to be applied to guideline recommendations across all levels of
quality of evidence and strength of recommendation. However, modeling-informed
recommendations were based on evidence that was assessed as lower quality than other non-
modeling-informed recommendations issued in the same guidelines, and were more likely to be
conditional (versus strong), with modestly higher quality of evidence for infectious rather than
non-infectious disease topics. This finding may suggest that guideline development committees

are not assured of the quality of evidence presented in modeling studies, or lack a robust method
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to adequately assess model quality. It is also possible that modeling evidence is sought
preferentially in situations where only low- or very low-quality of evidence is available from
other sources. The evaluation of quality is likely influenced by a guideline committee’s
confidence in the study design of mathematical model as well as limitations specific to each

model.

While our analysis focused on contribution and reporting of modeling evidence in WHO
guidelines, the appraisal of evidence from mathematical modeling studies is broadly applicable
to both research and policy decision-making. We adapted published recommendations across
multiple sources into a survey to evaluate individual modeling studies, which could be readily
used to evaluate the quality of an individual mathematical modeling study; these
recommendations provide both nontechnical and technical documentation regarding model
parameters, structure, and development processes.”* However, there remains limited guidance on
how the quality of the body of evidence should be assessed beyond a single modeling study, and
lack of systematic framework to translate quality of evidence to inform a guideline
recommendation. Recent consultations at WHO have highlighted these issues and WHO has
initiated the process of soliciting guidance.'>* The WHO Immunization and Vaccine related
Implementation Research Advisory Committee (IVIR-AC) has developed some guidance on
evaluation of quality of mathematical modeling as evidence, including the use of multi-model

comparison studies.?*?

The findings of this study should be interpreted within the context of the limitations of the data

and study design. We extracted information provided within the guidelines document, although
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guidelines committee members may have discussed or considered modeling evidence that was
not captured in the final document (e.g., assumptions and limitations, sensitivity analysis, and
validation). While our search strategy was designed to be broad, it is possible the review missed
uses of modeling evidence not associated with the term “model.” However, alternative search
terms did not yield additional results when piloted in a sample of guidelines documents. While
we found that a number of WHO guidelines incorporated evidence from mathematical modeling,
the relative importance of this evidence in driving recommendations was unable to be
ascertained based on text review of the guidelines document. While guideline reporting of model
assumptions, sensitivity analyses, and validation may indicate attention of guidelines committee
members to model credibility, we were unable to ascertain how these considerations affected the
decision to issue recommendations and ratings of evidence quality. Of these features, external
validation may be an important predictor of accuracy, but few modeling studies informing WHO
guidelines addressed external validation.”***° We applied a survey to evaluate quality of
individual model studies following pre-defined criteria for each survey question, although in
some cases there was uncertainty in classification. A common concern in evaluating modeling
studies is a lack of transparency in complex modeling decisions and assumptions. Future efforts
should determine standard of practice for methodologic explanation, data and code sharing, and

transparency.

Mathematical models are frequently used to inform WHO guideline recommendations for

clinical and public health practices, although evaluation and reporting of this evidence is highly

varied. This study suggests that a formal process is needed to evaluate the quality of
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mathematical modeling evidence, define reporting standards, and develop a framework to guide

decisions on when and how modeling evidence can be incorporated into WHO guidelines.
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Tables and Figures

Table 1: Location of mathematical modeling evidence in WHO guideline recommendations

Location of modeling evidence Guidelines with mathematical models Model-based recommendations
n n (%)

GRADE Evidence Profile/Table 5 12 (11.9)

GRADE Evidence-to-Decision 27 45 (44.6)

Framework

Summary of evidence section 13 23 (22.8)

Supplemental section 8 21 (20.8)

This table summarizes where modeling studies were identified. The supplemental section location for modeling evidence included presentation under topic-
specific sub-headings that followed the recommendation. A total of 46 guidelines and 101 unique recommendations were informed by mathematical modeling
evidence; the column total may not equal these values because modeling evidence could be cited in multiple sections for each guideline and recommendation.
Note that in rare examples the evidence-to-decision framework was not the GRADE framework.

GRADE,; Grading of Recommendations Assessment, Development and Evaluations



Table 2: Quality of evidence and strength of recommendations in WHO guidelines that incorporated evidence from
mathematical modeling studies.

Strength of Recommendation

Quality of Conditional

Evidence
Very Low
(n=90)

Low
(n=135)

Moderate
(n=117)

High
(n=31)

Overall

Non-model-informed

recommendations

(n=141)
54
(38.3%)

61
(43.3%)

25
(17.7%)

1
(0.7%)

141
(37.8%)

Strong
(n =232)
36
(15.5%)

74
(31.9%)

92
(39.7%)

30
(12.9%)

232
(62.2%)

Overall
(n=373)
90
(24.1%)

135
(36.2%)

117
(31.4%)

31
(8.3%)

Quality of Conditional

Evidence
Very Low
(n=42)

Low
(n=36)

Moderate
(n=16)

High
(n=7)

Overall

Model-informed recommendations

Non-infectious Disease

(n=11)
9
(81.8%)

2
(18.2%)

(0%)

0
(0%)

11
(10.9%)

Strong
(n=9)
6
(66.7%)

1
(11.1%)

2
(22.2%)

(0%)

9
(8.9%)

HIV/TB

Other

HIV/TB

Other

HIV/TB

Other

HIV/TB

Other

HIV/TB

Other

Infectious Disease

Conditional
(n =43)
12 (27.9%)
8 (18.6%)
9 (20.9%)
10 (23.3%)
2 (4.7%)
0 (0%)
2 (4.7%)
0 (0%)
25 (24.7%)

18 (17.8%)

Strong
(n=38)
6 (15.8%)
1 (2.6%)
9 (23.7%)
5(13.2%)
8 (21.1%)
4 (10.5%)
3 (7.9%)
2 (5.3%)

26 (25.7%)

12 (11.9%)

“Quality of evidence” (also referred to as “certainty of evidence”) refers to the assessments of a body of evidence using the GRADE system.

We computed a Xz test statistic to assess differences in proportions in quality of evidence and strength of recommendation across
recommendations informed and not informed by modeling; we used the Fisher exact test for cell sizes with fewer than five recommendations.

Overall
(n=101)
42
(41.6%)

36
(35.6%)

16
(15.8%)

(6.9%)



Hypothesis testing was conducted at a two-sided significance level to compare the proportion of recommendations rated very low (24.1% vs.
41.6%, p<0.001), low (26.2% vs. 25.6%, p=1), moderate (30.9% vs. 15.8%, p<0.01), or high (8.3% vs. 6.9%, p=0.8) in non-modeling informed vs.
modeling informed recommendations. The proportion of total recommendations rated conditional was significantly lower in non-modeling
recommendations than modeling recommendation (37.8% vs. 53.5%, p<0.01). The proportion of total recommendations rated as strong was
significantly higher in non-model based recommendations than model-based recommendations (62.2% vs. 46.5%, p<0.01). The overall
distribution of quality of evidence significantly varied between non-modeling and modeling-based recommendations (p<0.01)



Table 3: Evaluation of quality of individual mathematical modeling studies included in WHO guideline recommendations.

Category Question Yes (n = 68) No (n = 68)
(%) (%)

Model Structure and Is the structure of the model and key assumptions reasonable?
Assumptions 67 (98.5) 1(1.5)
Model Structure and Is there a sufficient description of the model structure, assumptions, and
Assumptions limitations that support key modelling decisions? 66 (97.1) 2(2.9)
Model Structure and Do the authors provide a complete mathematical description of their
Assumptions model? 56 (82.4) 12 (17.6)
Model Structure and Is there a formal process to compare alternative model structures or
Assumptions assumptions to inform the final model? 7(10.3) 61 (89.7)
Calibration Was model calibration or parameter fitting conducted? 23 (33.8) 45 (66.2)
Calibration Is the calibrated model result broadly consistent with observed data used

in calibration? 17 (25) 51 (75)
Influential Fixed Model Inputs ~ Are the most influential inputs in the analysis (e.g. key effect size of

intervention) tested in the sensitivity analysis? 55 (80.9) 13 (19.1)
Robustness of Sensitivity Was a one-way sensitivity analysis performed with a range of values that
Analysis is reasonable? 58 (85.3) 10 (14.7)
Robustness of Sensitivity Is the study conclusions robust in the one-way sensitivity analysis in the
Analysis eyes of the reviewer? 54 (79.4) 14 (20.6)
Robustness of Uncertainty Was a multivariate uncertainty analysis conducted in which multiple
Analysis parameters are simultaneously varied by choosing values from a

distribution? 39 (57.4) 29 (42.6)
Robustness of Uncertainty Does the uncertainty analysis produce a robust 95% uncertainty interval
Analysis that is broadly consistent with the study conclusion? 36 (52.9) 32 (47.1)
Face Validity Is the model conclusion broadly agreeable with expert intuition? 68 (100) 0(0)
External/Internal Validation Was some form of validation with the model prediction, either external or

internal, conducted? 20 (29.4) 48 (70.6)
External/Internal Validation In the validation, was the model prediction consistent with the observed

data and conducted with meaningful rigor? 15 (22.1) 53 (77.9)



Generalizability Are the results and the model inputs relevant to the policy topic at hand? 64 (94.1) 4(5.9)

Inclusion of a Pre- Did the study include a pre-specification plan which pre-defines key
Specification Plan aspects of model structure and fitted parameters? 2 (2.9) 66 (97.1)
Funder Conflict of Interest Does the study disclose any secondary interests which call into question

overall study conclusions? 7(10.3) 61 (89.7)




Docunents approved by the WHO Guiddlines Review Conmitiee, 2008 to 2019 (n=250)

Excluded guidelines (n=96)
Not published (n=4)
Informration Product (n=35)
‘How to” docurrent (n=15)
Informration docurrent (n=20)
No dear evidence based reconmendations (n=57)

v

Full text of guiddline reviewed (n=154)

Excluded guiodlines (n=108)
No application of modeling (n=82)
Not applied in rain evidence base (n=13)
No original, spedific recommendation (n=1)
Other type of nodd (e.g,, statistical) (n=12)

Guiodlines applied nathervatical noddling to original recommendations (n=46 quiddlines
informred by 113 netherratical modals in 101 recommendations. Of these, 5 guiddlines
evaluated 12 reconrendations in the GRADE Evidence Profile)

Figure 1: PRISMA flowchart of WHO guideline and recommendation selection.
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Figure 2: Temporal trends in the use of mathematical models in WHO guidelines and recommendations. We plotted WHO
guidelines and guideline recommendations that use evidence from mathematical modeling studies for one or more recommendation by
year of publication. (A) Absolute number of guidelines (green), guideline recommendations (orange), and distinct mathematical
models cited (blue) by year; (B) Proportion of guidelines (green) and guideline recommendations (orange) informed by modeling, by
year. We present the total number of guidelines and recommendations, by year, in Figure S1.
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Figure 3: Summary of health topics for WHO guidelines and recommendations incorporating evidence from mathematical
models. We plotted WHO guidelines (A) and guideline recommendations (B) that relied upon mathematical modeling evidence for
one or more recommendation by health topic. Abbreviations: HIV- Human Immunodeficiency Virus, IPC- Infection Prevention and
Control, TB- Tuberculosis, NCDs: Non-communicable diseases, Cancer: includes one guideline on cervical cancer and another
guideline on mammography screening.
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