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Epidemiological models—which help us understand and forecast the spread

of infectious disease—can be valuable tools for public health. However,

barriers exist that can make it di�cult to employ epidemiological models

routinely within the repertoire of public health planning. These barriers include

technical challenges associated with constructing the models, challenges in

obtaining appropriate data for model parameterization, and problems with

clear communication of modeling outputs and uncertainty. To learn about the

unique barriers and opportunities within the state of Arizona, we gathered a

diverse set of 48 public health stakeholders for a day-and-a-half forum. Our

research group was motivated specifically by our work building software for

public health-relevant modeling and by our earnest desire to collaborate closely

with stakeholders to ensure that our software tools are practical and useful in

the face of evolving public health needs. Here we outline the planning and

structure of the forum, and we highlight as a case study some of the lessons

learned from breakout discussions. While unique barriers exist for implementing

modeling for public health, there is also keen interest in doing so across

diverse sectors of State and Local government, although issues of equal and fair

access to modeling knowledge and technologies remain key issues for future

development. We found this forum to be useful for building relationships and

informing our software development, and we plan to continue such meetings

annually to create a continual feedback loop between academic molders and

public health practitioners.
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1 Introduction

Quantitative models that describe the spread of infectious

disease within populations (i.e., epidemiological models) have

become widely appreciated for their ability to provide a

quantitative, data-driven foundation for evaluating complex

decisions that emerge during epidemics (1–4). Epidemiological

models can provide short-term forecasts of disease burden as well

as scenario modeling, both of which are useful for the planning

and evaluation of public health interventions to mitigate disease

spread. For example, models are commonly used to forecast the

severity of the influenza season and have been used to analyze the

potential effects of population-scale health interventions, such as

vaccinations, against a myriad of diseases (5–7).

Epidemiological modeling has emerged as a vital tool during

the COVID-19 pandemic, caused by the novel coronavirus SARS-

CoV-2. Throughout the COVID-19 pandemic, the US Centers for

Disease Control and Prevention (CDC) advertised models that

provide short-term forecasts of COVID-19 cases, hospitalizations,

and mortalities at the state or country level (2, 8). COVID-

19 model predictions were discussed on national news networks

and in US White House press briefings (9, 10). Indeed, scenario

modeling of SARS-CoV-2 dynamics was critical in helping state and

federal governments explore and enact large-scale interventions,

such as shelter-in-place orders, to combat transmission and avert

overwhelmed hospital systems (3, 11–13), and models were also

used to address the optimal allocation of vaccines when they

became available (14).

Although providing model-based understanding and forecasts

at the state and national spatial scales can be useful for overall

public health planning in the midst of outbreaks, the leadership

of local municipalities (including counties, cities, and tribal

communities) may find it difficult to derive useful insights pertinent

to their constituency (15, 16). If models make predictions at the

national level, local leaders may not be sure if these predictions

are relevant to their area. In past epidemics local policymakers

have stated that recommendations based on state- or national-

level models were not always useful in making decisions for their

jurisdictions (17). Collaboration between local policymakers and

epidemiological modelers must therefore be improved to lead to

more actionable public health recommendations appropriate for

local municipalities (15, 18, 19).

There are substantial challenges in designing and implementing

epidemiological models that can impede the effective use of models

in public health decision-making, but close collaborations could

help overcome these challenges. Specifically, there are conceptual

and technical challenges associated with constructing the models

themselves, statistical challenges in tuning model parameters

using local data, challenges in obtaining appropriate and accurate

data for model parameterization, social challenges of organizing

effective collaboration and communication between modeling

experts and stakeholders, challenges in the design of modeling

experiments, and finally, in clear communication of modeling

outputs and implications to stakeholders with diverse backgrounds

and priorities. More pragmatically, there are also the basic

operational challenges of funding epidemiologic modeling and

finding relevant experts. These challenges have been accentuated

during the current SARS-CoV-2 pandemic, highlighting the need

for new research, as well as the need for establishing new

frameworks for collaboration and communication reaching from

modelers to public health officials to local citizens and decision

makers. In this context, identifying and analyzing challenges in

local-level epidemiologic modeling is an opportunity to strategize

about ways of overcoming challenges to local-level modeling

as the CoV-2 pandemic continues and as future epidemics

arise, with special emphasis on benefitting local governments

and communities.

Collaborations between modeling experts and public health

experts and other stakeholders can be critical for designing

high quality epidemiological models that are clear, credible, and

practical in applied settings. Developing the trust relationships

and educational preparation that are the foundation for such

collaborations can be challenging, but previous studies describe

how targeted conferences, meetings, and forums can be useful

mechanisms for building understanding and trust between

stakeholders with different backgrounds, expertise, and priorities

(20–24). For example, Moghadas and colleagues (21) gathered

public health and policy experts to discuss pandemic preparedness

in the context of influenza, emphasizing how mathematical models

can help ground these conversations. Their workshop included

modeling experts who gave presentations, educating the audience

on the usefulness of models, followed by discussions to identify

priorities for preparedness. The authors note how this workshop

forged multidisciplinary collaborations and emphasize that such

collaborations are needed to effectively translate modeling into

policy recommendations.

Our goal was to design and host an inaugural forum on

using quantitative modeling for public health planning in the

state of Arizona. We specifically sought to build relationships,

understanding, and trust between local modeling experts and

stakeholders in state and local public health. This meeting was

facilitated by research grants that aim to build software systems that

translate modeling for public health planning. Our forum was held

in part to help us begin building such software with collaborative

input and deepen our understanding of the needs of public health

partners in our state. Therefore, we designed the forum to include

a mixture of information-sharing from modeling experts, in the

form of keynote speeches, and from local leaders in public health,

through breakout discussions that we guided. Here we describe

how we organized and implemented our forum, as well as the

insights we derived from keynote speakers and group discussions

with forum participants.

2 Methods

Note that the Institutional Review Board (IRB) at Northern

Arizona University determined that this study does not meet

the definition of human subjects research. Our intent was to

understand the attitudes of a group of Arizona stakeholders who

might ultimately interact with our future modeling technologies,

with the purpose of improving our technologies, communications,

and future meetings with Arizona stakeholders specifically. We are

viewing these stakeholders as a case study from a specific place,

without the intent to generalize to the broader public.
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2.1 Stakeholders engagement

Our goal was to host ∼50 forum participants who engage

with infectious disease research or public health service within the

state of Arizona for a one-and-a-half-day forum. Therefore,

we identified and invited multidisciplinary public health

professional stakeholders within Arizona state government,

county governments, tribal communities, and academic research

institutions, but we also invited some select individuals from

federal institutions, as well as our grant collaborators from out

of state.

We used email marketing to engage with many stakeholders

and provide information regarding forum registration and regular

announcements such as keynote speakers, updated meeting

agendas, and travel and lodging information. These emails included

an RSVP link to an electronic registration form. We encouraged

invitees who could not attend to identify an alternate colleague

capable of representing their organization in the forum discussions.

2.2 Location of forum

The forum was hosted on the Mountain campus of Northern

Arizona University in Flagstaff, Arizona, over 3 days, March 8–10,

2023. Before the official forum began, we hosted a reception on

the evening of March 8 to welcome attendees and to encourage

informal networking; about 60% of our participants attended.

For the meetings, we had reserved a conference room on

campus large enough to accommodate all 50 participants, but

small enough to maximize participant engagement and network-

building. Meals were provided. At the end of the first full day,

we provided the option to go on a hike, although a large

amount of snow on the ground discouraged all but a handful

of participants. The Supplementary material includes a pamphlet

that was distributed to participants, which outlines the goals of

the forum.

2.3 Keynote speakers

Our aim was to invite diverse keynote speakers who

could speak to the conceptual, technical, and social aspects of

deploying mathematical modeling for public health responses.

We particularly wanted speakers who had experience and deep

involvement in the response to the COVID-19 pandemic, but

also tapped individuals who conduct research on other diseases,

such as vector-borne and sexually-transmitted infections, as these

are established special interests for our Arizona audience. We

asked the keynote speakers to discuss various practical aspects of

infectious pathogen modeling, from creating models that integrate

insights of local stakeholders, to testing hypotheses about pathogen

transmission, to using models for planning resource allocation and

deployment, and to generating forecasts.

2.3.1 Day 1 keynote speakers
Joseph Mihaljevic, Northern Arizona University. Given the

diverse backgrounds of the audience and variable levels of

expertise with epidemiological models and the modeling process,

Dr. Mihaljevic established a foundation for the forum with an

Epidemiological Modeling 101 lecture. This talk started with the

fundamentals of what mathematical models of infectious disease

transmission represent and how individuals or teams work to

construct thesemodels, combiningmathematics, computer science,

and biology. The focus then shifted to how models can be useful

in public health contexts: discovery of important mechanisms of

transmission, forecasting, scenario simulation, and optimization

of resource allocation for pathogen control. Finally, discussion

shifted from theory to practice, exploring some of the complexities

and challenges of modeling in real-world application scenarios,

emphasizing that, while it is important to understand their

limitations, models are a valuable source of information that can

assist with decision-making in evolving epidemics.

Subject Matter Expert A, “Cooperation and coordination of

multiple models to manage the COVID-19 pandemic”. Subject

Matter Expert A is a leader in the field of epidemiological modeling

for public health, focused their presentation on the importance of

cooperation among modelers and the use of multiple models for

robust uncertainty exploration. Beginning with an exploration of

case studies from Ebola outbreaks, the speaker emphasized how

different models can yield contradictory insights, and yet we can

use formal model comparisons to understand in which aspects

the models agree, providing stronger support for model outcomes.

This led the speaker into a discussion of how cooperation among

modelers during the COVID-19 pandemic led to the construction

of the COVID-19 Scenario Hub, where several modeling groups

produced standardized long-range scenario simulations under

mutually agreed-upon criteria, such as how vaccination strategies

would be applied in the next several weeks ormonths. The examples

emphasized the utility of ensemble modeling, in which scenario

(or forecast) simulations from multiple models are averaged, and

this ensemble average can often outperform individual models. The

speaker also discussed how this work was conveyed to national

stakeholders and may have influenced national-level policy. A key

takeaway was that designing models and scenario simulations with

the input of decision makers and public health stakeholders is

critical for making models useful in the very real context of a

global pandemic.

Two representatives from the Center for Forecasting and

Outbreak Analytics (CFA), Centers for Disease Control and

Prevention (CDC), “CDC Center for Forecasting and Outbreak

Analytics 101”. These two representatives presented a 15-min

introduction to the administrative structure and vision of the newly

formed CFA. They also previewed some funding mechanisms that

were relevant to collaborations betweenmodelers and federal, state,

tribal, local, and territorial governments.

Sanjay Mehrotra, Northwestern University, “Optimizing the

Allocation of Ventilators for COVID-19”. This talk helped our

audience change gears and learn at a high level about how

optimization theory is used to make informed decisions about

resource allocation. Dr. Mehrotra introduced resource allocation

as a challenge for public health, and then discussed a case-

study about the allocation of ventilators in the early phase of the

COVID-19 pandemic in the USA. Considering the interests of

public health decision-makers, Dr. Mehrotra walked the audience

through decision-support tools that his lab developed to visualize
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the distribution of ventilators across facilities. Dr. Mehrotra ended

the talk discussing the hypothetical scenario of vaccine allocation

across a diverse spatial landscape, using an Arizona county as a

visual example. This talk spurred interesting discussion, as the

optimal allocation of both vaccines and human resources was

a consistent challenge for this audience during the pandemic,

and some audience members pointed out how particular spatial

heterogeneities unique to Arizona pose challenges for studies on

resource allocation.

2.3.2 Day 2 keynote speakers
Subject Matter Expert B, “Participatory Design of Malaria

Modeling Frameworks with Local Stakeholders: Experiences from

Nigeria”. The second day began with Subject Matter Expert

B, who is an expert in working with local communities to

design and implement model-guided interventions. The speaker

introduced the audience to an interesting case-study of working

with local stakeholders to build, test, and implement modeling of

malaria transmission. Importantly, the speaker outlined how their

research group used the modeling framework to assess intervention

strategies, which ultimately helped inform national-level policy.

This talk not only outlined howmodels can be used to simulate and

evaluate competing intervention strategies, but also highlighted the

complexities and benefits of working with stakeholders to define

the goals of the modeling project, to obtain necessary data, and

to communicate results in a way that builds trust in the modeling

outcomes. This talk was a great way to contextualize our meeting,

which was bringing together diverse perspectives to understand the

opportunities and challenges of modeling for public health in our

local communities.

Subject Matter Expert C, “Predictive Modeling for Sexually-

Transmitted and Vector-Borne Diseases”. Motivated by the fact

that many of the audience members work in the fields of vector-

borne and sexually-transmitted infections, Subject Matter Expert C

focused their presentation on the modeling of HIV epidemiology

andmosquito-borne disease, introducing howmodels can integrate

the effects of climate and local human environment on the

dynamics of mosquitoes and mosquito-borne pathogens. The

speaker focused on methodologies to define the model inputs,

calibrate the models, and visualize the model outcomes (e.g.,

human risk of infection). The talk switched gears to usingmolecular

epidemiology of HIV to understand outbreak clusters. Some key

take-aways from this presentation were that bringing multiple

streams of data together to inform a mathematical model can yield

more useful and realistic model outcomes, and that feedback from

public health experts is vital to construct useful modeling studies.

2.4 Breakout group discussions

Keynote presentations were followed by breakout-sessions

to encourage discussion and build an understanding of our

participants’ viewpoints. Each of the three breakout sessions had

a specific theme, focusing on (1) the participants’ relationships

with epidemiological data, (2) their utilization of data in decision

making, and (3) the opportunities and challenges that participants

see for epidemiological modeling in Arizona. More specifically,

the first session started with brief introductions and then focused

on the participants’ exposure and use of infectious disease data,

the spatial scale of data, opportunities for improving data literacy,

data analysis tools and techniques, experience with mathematical

modeling, and relevant challenges and opportunities for data. The

focus of phase two was the participants’ role in decision-making,

the types of data involved in decision-making, opportunities for

better integration of data into decision-making, and identifying

unique issues specific to our partners’ jurisdictions. Focus of

the phase three discussion was the opportunities and challenges

for applying epidemiological modeling for timely public health

decision making, particularly in the state of Arizona. This last

discussion took part on day two, after the participants had learned

more about modeling from our keynote speakers.

During each breakout session, we mixed the participants into

six groups of eight participants. Group membership was randomly

reshuffled for each session to promote discussion across multiple

disciplines and backgrounds. At the end of each 40-min session,

each group assigned a representative to convey a summary of

the group’s most important points from the discussion. For each

breakout session, handwritten notes were taken using a structured

table top discussion guide, which was a set of pre-determined,

open-ended questions developed by the project team. Project team

members used the table top guide to facilitate a group discussion

at each table. Group responses were summarized by question

and major themes, lessons learned and recommendations were

organized using a codebook (25). Project members independently

read and coded the meeting notes and through a face-to-face

process of consensus building agreed on patterns and themes

for the table top discussions. Based on our experience with

collaborative analysis (26, 27), themes were shared back with the

broader project team for interpretation. The supplement provides

high-level interpretation and identification of key words and

themes collaboratively gleaned from the hand-written notes.

3 Results

3.1 Forum participant profile

A diverse group of 45 multidisciplinary stakeholders from

health departments, universities and federal agencies participated

in the forum (Table 1). Reflecting our focus on identifying the

unique needs, barriers and opportunities of local communities in

the application of predictive modeling, 26.6% (n = 12) of the

participants were from the state and county health departments of

Arizona; in addition, 15.6% (n = 7) were representatives of Tribal

and Intertribal organizations.

3.2 Breakout group discussions

Phase I: A focus on data.During phase I discussion, stakeholders

described their positionality with respect to infectious disease data,

as well as their views on issues surrounding collection and analysis

of various types of epidemiological data. Although participants’

backgrounds varied widely in terms of which infectious diseases
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TABLE 1 Forum participants by agency type.

Agency type Number of
individuals

Percentage

Northern Arizona University

(NAU)

12 26.7

University/Research Institution

(External to NAU)

12 26.7

State 4 8.9

County 8 17.7

Tribal and Intertribal Organization 7 15.6

Federal 2 4.4

Totals 45 100

they worked with and types of data of highest priority to

them, several common themes emerged regarding familiarity with

data analysis tools and perceived limitations in using the data

for analyses.

There were some positive commonalities among participants.

For example, the use of ‘data dashboards’ became much more

common during the COVID-19 pandemic, which was generally

seen as improving internal communications and improving the

transfer of quantitatively-driven knowledge to the public. Also,

across the group, there was a wide breadth of experience using

different data processing and analysis tools, such as Excel, ArcGIS,

SAS, internal databases, R, Python, SPSS, Tableau, and Javascript.

There was also general excitement about using data in more

advanced analytics, such as epidemiological modeling, but this led

to a variety of points regarding the current challenges with data

and analytics.

Some of these challenges have to do with the data quality.

Participants mentioned problems with missing data and concerns

regarding the reliability of existing data. Stakeholders who handle

data described not always having information on who collected

particular sets of data, who has access to data, or a detailed

understanding of which data are most or least trustworthy.

Stakeholders discussed a preference and need for data collected

at fine spatial scales (e.g., zip codes or census block groups)

for improved data modeling and predictive forecasting, and yet

they see major gaps in the availability of reliable community-

level data; particular example was weaknesses in tribe-specific data.

Participants identified a lack of information about community

demographics and social determinants of health, which makes

it difficult to design effective control strategies for infectious

diseases. These issues complicate the analysis of data and associated

interpretation for timely actions (more on this below).

There are opportunities to improve data literacy and

knowledge of current best practices in data analytics, including

epidemiological modeling. Several stakeholders who are directly

or indirectly involved in decision-making mentioned that they do

not have structured opportunities to learn updated data analysis

techniques and tools. Participants also discussed several barriers

for analyzing data and conducting more advanced data analytics

(e.g., mathematical modeling and forecasting), including a lack

of a specialized workforce and a lack of funding for sophisticated

analytic projects. Importantly, participants acknowledged the

imminent need of capacity building in terms of training and

skill building of the public health workforce for using predictive

analytics. The discussion session concluded with a consensus

that the establishment of infrastructures for the development and

implementation of data analytics and modeling in the public health

sector is a crucial way forward.

Phase II: Data analysis for decision-making. The focus of

the second discussion session was on the participants’ role

in decision making, and the opportunities and challenges for

enhancing the integration of data into decision making. Most of

the stakeholders were not directly involved in decision making

or policy making; instead, many participants were active in

public health surveillance activities, which included providing data

summaries and interpreting data for decision makers. There was a

general understanding that data was key to decision-making: a lack

of data and a lack of clear, easily interpretable data analytics (e.g.,

graphical summaries) can delay decision-making. Many challenges

were identified that impeded a more robust integration of data into

decision making.

Participants repeated many of the challenges identified in

the first phase of discussions, including issues with data quality,

as well as a lack of adequate funding and resources to carry

out the required tasks of data cleaning and preparation of data

reports. There was a suggestion that the development of centralized

data infrastructures and the improvement of data use agreements

are needed to streamline the decision making process and to

bridge the gaps between community perspectives, public health

officials, and policy makers. To better use data in decision

making, some participants advocated for development of improved

procedures for establishing data usage agreements that promote

the collaboration among public health officials and modelers (e.g.,

academic experts). Other participants advocated for a stronger

role of community involvement, such as training and funding that

would build the capacity of local stakeholders to analyze data and

create models.

Our questionnaire also asked participants to share any

issues that are unique to their individual jurisdictions that

must be considered when advocating for data-driven decision

making. This sparked conversations regarding the anonymity

of data for specific communities, a lack of data from smaller

populations, and a disproportionate lack of staffing, workforce,

funding and computing resources for some communities, including

tribes. There was also some concern about the accuracy of

data collected by outside organizations for the development of

culturally sensitive interventions, where it was felt that local

communities should be supported to collect and share their

own experiences.

Phase III: Opportunities and challenges for epidemiological

modeling. Phase three occurred on the second day, building on

the foundations established by keynote presentations. With this

new knowledge of the diverse ways in which epidemiological

modeling can be deployed in practical scenarios, this breakout

session focused on the opportunities and challenges for applying

this type of modeling for timely public health decision support

in the state of Arizona. Overall, the participants acknowledged

that epidemiological modeling is a promising information source,

particularly for resource allocation (e.g., deciding where and how
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to distribute vaccines). Although policy dependent constraints will

always be an issue, predictive modeling can be an effective tool

in planning resource allocation for community-specific emergency

response preparedness programs and scenarios.

Certain constraints were highlighted while discussing the

challenges for incorporating epidemiological modeling in the

state of Arizona. Again, data issues were a large topic in this

discussion; participants pointed out that a model’s predictive

accuracy is dependent on the availability of accurate and timely

data sources flowing from the community of interest. Therefore,

issues such as data scarcity, lack of updated data, lack of data

sharing, trust issues on external data resources appeared again as

recurrent themes. Participants also pointed out that the usefulness

or accuracy of forecast models could be impeded by unique

community structures or unforeseen variation in weather patterns,

for instance. Additionally, it was mentioned that there is no

centralized infrastructure to connect data collectors, modelers and

policy/decision makers. Participants also emphasized that there is a

need for zip code specific, tribe specific, and community specific

data for customizing models, to allow them to perform more

accurately at local scales.

An astute observation was that it is important to recognize

that epidemiological models are not the ultimate answer to all of

the problems faced in decision making during epidemics. Model

assumptions made without carefully considering real-world, on-

the-ground issues can heavily impact the accuracy of the model

outputs, and thereby the utility and credibility of those outputs.

Some participants felt strongly that community participation is

crucial to identify the right questions that need to be answered in

specific jurisdictions.

4 Discussion

Our forum provided education on how epidemiological

modeling can be used to benefit public health, and it facilitated

a broad discussion of the perceived opportunities and challenges

of using predictive epidemiological modeling within the state

of Arizona. Importantly, the forum offered an opportunity for

public health stakeholders to highlight the priorities for their

constituencies, and to voice their opinions and concerns about how

data and modeling may or may not be used to influence policy

within the state.

Our primarymotivation for conducting this forumwas to begin

relationship- and trust-building between diverse stakeholders,

which can grow into a collaborative process of creating modeling

tools for infectious diseases in Arizona. We feel that this forum

was successful in moving us closer toward productive working

relationships. For several decades, qualitative research from across

the globe has shown that epidemiological models are under-utilized

due to various barriers, including insufficient communication and

trust between modelers and key stakeholders within governments

and communities (7, 28–30). Studies have therefore implored

the establishment of working relationships between modelers and

public health stakeholders prior to the emergence of epidemics,

in both informal and formal capacities (31). The formal practices

of participatory modeling and participatory epidemiology describe

rigorous approaches in which modeling studies incorporate multi-

disciplinary collaboration from the inception of the problem

through implementation (32, 33). For instance, in Canada, there

is an online community of practice that engages multi-disciplinary

stakeholders from around the globe focused on modeling for

public health (mod4PH), and this group has developed protocols

for participatory modeling studies (34). Our research group

therefore endeavors to implement such evidence-based practice

of collaboration into our design and implementation of future

software for modeling in Arizona.

Some of the key takeaways of our Arizona-specific forum reflect

insights gleaned from previous workshops and qualitative research

on epidemiological modeling in public health. There was a general

agreement that data dashboards and model-based, interactive tools

were approachable and that these tools improved the messaging

from models. Previous surveys identified that modeling tools

should produce results that are perceived as actionable by the

stakeholders, but that any tool must be trusted as credible to

ensure buy-in (35, 36). Therefore, in our own development of

modeling tools, we endeavor to collaboratively agree upon key

model outputs and routines that will address actionable concerns of

diverse stakeholders. Another related takeawaywas a concern about

whether models are actionable when they make predictions at large

spatial scales. More specifically, multiple participants would prefer

model results that are customized to more local jurisdictions. This

reflects the message that modeling studies could be more actionable

if applied at smaller spatial scales, although understanding and

forecasting infectious disease dynamics at small spatial scales

suffers from unique technical challenges and challenges with data

quality and quantity (37, 38).

Our forum also identified a desire for educational opportunities

on modeling for the public health workforce. In East Africa, a

two-week training program was created for public health

practitioners to learn about the design and implementation

of epidemiological models (39). While similar training

programs could be more broadly and routinely offered, our

participants noted that funding is not distributed equally in

a way that allows for proper training or for hiring internal

modeling expertise.

We heard from representatives of different jurisdictions who

have different priorities and who believe that models should

account for unique aspects of their jurisdictions, including

aspects that impact health equity. This is especially true when

considering jurisdictions that support vulnerable communities,

including Tribal Nations. Indeed, a previous needs assessments

within the US identified that deploying models that improve

emergency preparedness of vulnerable and at-risk populations

is a common concern among public health agencies (40).

However, epidemiological modeling studies have not historically

been focused to account for social and structural factors that

impact health equity (41–43). More concerted effort is needed to

preemptively build modeling frameworks that can handle these

complexities and better address infectious disease forecasting

from an equitable lens. Moreover, this viewpoint advocates for

model customization in collaboration with local leaders and

communities, and therefore reiterates the need for collaborative

model development from the very beginning of or prior to an

emerging problem (44, 45). We can envision opportunities and
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challenges for flexibly designing models that can then be adapted

to local circumstances. For instance, by assembling stakeholders

from many jurisdictions, consensus could be built on which model

aspects would be universal across jurisdictions, while identifying

specific ways a model could be minimally adapted to accommodate

local idiosyncrasies.

We believe that this forumwas an important first step in forging

new understanding and partnerships between modeling experts

and public health experts and advocates within Arizona. Earnestly

responding to the lessons learned within this forum will be critical

to sustain such partnerships in the face of ongoing and emerging

epidemiological threats. Already, this forum has led to grant-

writing partnerships between State agencies and academic partners

in the spirit of more rigorously implementing epidemiological

modeling for public health. Our plan is to make this forum a

semi-annual event, to continue to build connections, trust, and

collaborative partnerships betweenmodelers, public health officials,

political representatives, and ultimately, with citizens. Accordingly,

we plan to add participants from additional diverse backgrounds

and provide more hands-on learning and assessment of the use

of models in real-world scenarios, e.g., realistic scenario-based

exercises where participants use modeling tools and simulated

data streams to shape a response to an epidemic. We hope these

multidisciplinary learning and engagement opportunities continue

to inspire innovative ways to incorporate modeling into public

health practice. Indeed, previous stakeholder engagement has

emphasized the desire for better modeling tools for operational use

(29, 35, 36). We therefore plan to continually learn from public

health partners in focused ways that will guide our building and

testing of modeling software, such that we can ensure our software

meets the needs of an evolving public health landscape.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Ethics statement

Ethical review and approval was not required for this

study in accordance with the local legislation and institutional

requirements. Written informed consent from the program

evaluation focus group participants was not required to participate

in this study in accordance with the national legislation and the

institutional requirements.

Author contributions

JM: Conceptualization, Funding acquisition, Methodology,

Project administration, Supervision, Writing – original draft,

Writing – review & editing. CC: Methodology, Writing –

original draft, Writing – review & editing. MM: Methodology,

Writing – original draft, Writing – review & editing. KO:

Methodology, Writing – original draft, Writing – review &

editing. ED: Conceptualization, Funding acquisition, Writing –

review & editing. EG: Conceptualization, Funding acquisition,

Writing – review & editing. CH: Conceptualization, Funding

acquisition, Writing – review & editing. TL: Conceptualization,

Funding acquisition, Writing – review & editing. SM:

Conceptualization, Funding acquisition, Writing – review &

editing. SS: Conceptualization, Funding acquisition, Writing –

review & editing.

Funding

The author(s) declare that financial support was received

for the research, authorship, and/or publication of this article.

Research reported in this publication was supported by the

National Institute of Allergy and Infectious Diseases of the

National Institutes of Health under award number R01AI168144,

and by the Southwest Health Equity Research Collaborative

at Northern Arizona University (U54MD012388), which was

sponsored by the National Institute onMinority Health and Health

Disparities (NIMHD).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Author disclaimer

The content is solely the responsibility of the authors

and does not necessarily represent the official views of the

funding agencies.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.

1357908/full#supplementary-material

Frontiers in PublicHealth 07 frontiersin.org

https://doi.org/10.3389/fpubh.2024.1357908
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1357908/full#supplementary-material
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Mihaljevic et al. 10.3389/fpubh.2024.1357908

References

1. Lessler J, Cummings DAT. Mechanistic models of infectious disease and their
impact on public health. Am J Epidemiol. (2016) 183:415–22. doi: 10.1093/aje/kww021

2. Cramer EY, Ray EL, Lopez VK, Bracher J, Brennen A, Castro Rivadeneira
AJ, et al. Evaluation of individual and ensemble probabilistic forecasts
of COVID-19 mortality in the United States. Proc Natl Acad Sci. (2022)
119:e2113561119. doi: 10.1073/pnas.2113561119

3. Reich NG, Lessler J, Funk S, Viboud C, Vespignani A, Tibshirani RJ, et al.
Collaborative hubs: making the most of predictive epidemic modeling. Am J Public
Health. (2022) 112:839–42. doi: 10.2105/AJPH.2022.306831

4. Hollingsworth TD. Controlling infectious disease outbreaks: lessons
from mathematical modelling. J Public Health Policy. (2009) 30:328–
41. doi: 10.1057/jphp.2009.13

5. Coburn BJ, Wagner BG, Blower S. Modeling influenza epidemics and
pandemics: insights into the future of swine flu (H1N1). BMC Med. (2009)
7:30. doi: 10.1186/1741-7015-7-30

6. Chretien J-P, George D, Shaman J, Chitale RA, McKenzie FE. Influenza
forecasting in human populations: a scoping review. PLoS ONE. (2014)
9:e94130. doi: 10.1371/journal.pone.0094130

7. Doms C, Kramer SC, Shaman J. Assessing the use of influenza forecasts and
epidemiological modeling in public health decision making in the United States. Sci
Rep. (2018) 8:1–7. doi: 10.1038/s41598-018-30378-w

8. Shea K, Runge MC, Pannell D, Probert WJM Li S-L, Tildesley M, Ferrari M.
Harnessing multiple models for outbreak management. Science. (2020) 368:577–
9. doi: 10.1126/science.abb9934

9. Jewell NP, Lewnard JA, Jewell BL. Caution warranted: using the institute for health
metrics and evaluation model for predicting the course of the COVID-19 pandemic.
Ann Intern Med. (2020) 173:226–7. doi: 10.7326/M20-1565

10. Kreps SE, Kriner DL. Model uncertainty, political contestation, and public
trust in science: Evidence from the COVID-19 pandemic. Sci Adv. (2020)
6:eabd4563. doi: 10.1126/sciadv.abd4563

11. Gel ES, Jehn M, Lant T, Muldoon AR, Nelson T, Ross HM.
COVID-19 healthcare demand projections: Arizona. PLoS ONE. (2020)
15:1–23. doi: 10.1371/journal.pone.0242588

12. Howerton E, Contamin L, Mullany LC, Qin M, Reich NG, Bents S,
et al. Informing pandemic response in the face of uncertainty. An evaluation
of the U.S. COVID-19 Scenario Modeling Hub. medRxiv [Preprint]. (2023).
doi: 10.1101/2023.06.28.23291998

13. Ray EL, Wattanachit N, Niemi J, Kanji AH, House K, Cramer EY, et al. Ensemble
forecasts of Coronavirus Disease 2019 (COVID-19) in the U.S. medRxiv [Preprint].
(2020). doi: 10.1101/2020.08.19.20177493

14. Dey S, Kurbanzade AK, Gel ES, Mihaljevic J, Mehrotra S. Optimizationmodeling
for pandemic vaccine supply chain management: a review and future research
opportunities. Naval Res Logist. (2024). doi: 10.1002/nav.22181

15. Metcalf CJE, EdmundsWJ, Lessler J. Six challenges inmodelling for public health
policy. Epidemics. (2015) 10:93–6. doi: 10.1016/j.epidem.2014.08.008

16. Knight GM, Dharan NJ, Fox GJ, Stennis N, Zwerling A, Khurana R,
et al. Bridging the gap between evidence and policy for infectious diseases: how
models can aid public health decision-making. Int J Infect Dis. (2016) 42:17–
23. doi: 10.1016/j.ijid.2015.10.024

17. Stoto MA, Nelson C, Higdon MA, Kraemer J, Hites L, Singleton C-M.
Lessons about the state and local public health system response to the 2009 H1N1
pandemic: a workshop summary. J Public Health Manag Pract JPHMP. (2013) 19:428–
35. doi: 10.1097/PHH.0b013e3182751d3e

18. Kalinich CC, Jensen CG, Neugebauer P, Petrone ME, Peña-Hernández M, Ott
IM, et al. Real-time public health communication of local SARS-CoV-2 genomic
epidemiology. PLoS Biol. (2020) 18:e3000869. doi: 10.1371/journal.pbio.3000869

19. Van Kerkhove MD, Ferguson NM. Epidemic and intervention modelling – a
scientific rationale for policy decisions? Lessons from the 2009 influenza pandemic.
Bull World Health Organ. (2012) 90:306–10. doi: 10.2471/BLT.11.097949

20. Stoto MA, Nelson C, Higdon MA, Kraemer J, Singleton C-M. Learning
about after action reporting from the 2009 H1N1 pandemic: a workshop summary.
J Public Health Manag Pract. (2013) 19:420–7. doi: 10.1097/PHH.0b013e31827
51d57

21. Moghadas SM, Pizzi NJ, Wu J, Yan P. Managing public health crises: the role
of models in pandemic preparedness. Influenza Other Respir Viruses. (2009) 3:75–
9. doi: 10.1111/j.1750-2659.2009.00081.x

22. Freebairn L, Atkinson J-A, Kelly PM, McDonnell G, Rychetnik L.
Decision makers’ experience of participatory dynamic simulation modelling:
methods for public health policy. BMC Med Inform Decis Mak. (2018)
18:1–14. doi: 10.1186/s12911-018-0707-6

23. Modjarrad K, Moorthy VS, Millett P, Gsell P-S, Roth C, Kieny M-P. Developing
global norms for sharing data and results during public health emergencies. PLoS Med.
(2016) 13:e1001935. doi: 10.1371/journal.pmed.1001935

24. Ramos Herrera IM, Romero Lozano DC, López Corona A, Muñoz
Valle JF, González Castañeda ME, Pérez Gómez HR, et al. A local health
situation room for COVID-19: recommendations for decision-making
from a higher education institution in Mexico. Front Public Health. (2021)
9:735658. doi: 10.3389/fpubh.2021.735658

25. Patton MQ. Qualitative Research & Evaluation Methods: Integrating Theory and
Practice. New York, NY: SAGE Publications (2023). 1362 p.

26. Ingram M, Sabo SJ, Gomez S, Piper R, de Zapien JG, Reinschmidt
KM, et al. Taking a community-based participatory research approach in the
development of methods to measure a community health worker community advocacy
intervention. Prog Community Health Partnersh Res Educ Action. (2015) 9:49–
56. doi: 10.1353/cpr.2015.0001

27. Chief C, Sabo S, Clark H, Henderson PN, Yazzie A, Nahee J, et al. Breathing
clean air is Sa’áh Naagháí Bik’eh Hózhóó (SNBH): a culturally centred approach to
understanding commercial smoke-free policy among the Diné (Navajo People). Tob
Control. (2016) 25:i19–25. doi: 10.1136/tobaccocontrol-2016-053081

28. Driedger SM, Cooper EJ. Moghadas SM. Developing model-based public health
policy through knowledge translation: the need for a “Communities of Practice”. Public
Health. (2014) 128:561–7. doi: 10.1016/j.puhe.2013.10.009

29. Muscatello DJ, Chughtai AA, Heywood A, Gardner LM, Heslop DJ, MacIntyre
CR. Translation of real-time infectious disease modeling into routine public health
practice. Emerg Infect Dis. (2017) 23:e161720. doi: 10.3201/eid2305.161720

30. Najjuma JN, Bajunirwe F, Twine M, Namata T, Kyakwera CK, Cherop M, et al.
Stakeholder perceptions about the establishment of medical simulation-based learning
at a university in a low resource setting: a qualitative study in Uganda. BMCMed Educ.
(2020) 20:379. doi: 10.1186/s12909-020-02301-3

31. Rivers C, Chretien J-P, Riley S, Pavlin JA, Woodward A, Brett-Major D, et al.
Using “outbreak science” to strengthen the use of models during epidemics. Nat
Commun. (2019) 10:3102. doi: 10.1038/s41467-019-11067-2

32. Bach M, Jordan S, Hartung S, Santos-Hövener C, Wright MT. Participatory
epidemiology: the contribution of participatory research to epidemiology. Emerg
Themes Epidemiol. (2017) 14:2. doi: 10.1186/s12982-017-0056-4

33. Gaydos DA, Petrasova A, Cobb RC, Meentemeyer RK. Forecasting and control
of emerging infectious forest disease through participatory modelling. Philos Trans R
Soc Lond B Biol Sci. (2019) 374:20180283. doi: 10.1098/rstb.2018.0283

34. Milwid R, Steriu A, Arino J, Heffernan J, Hyder A, Schanzer D, et al. Toward
standardizing a lexicon of infectious disease modeling terms. Front Public Health.
(2016) 4:213. doi: 10.3389/fpubh.2016.00213

35. Benda NC, Das LT, Abramson EL, Blackburn K, Thoman A, Kaushal R, et al.
“How did you get to this number?” Stakeholder needs for implementing predictive
analytics: a pre-implementation qualitative study. J Am Med Inf Assoc. (2020) 27:709–
16. doi: 10.1093/jamia/ocaa021

36. Nong P, Raj M, Platt J. Integrating predictive models into care: facilitating
informed decision-making and communicating equity issues.Am JManag Care. (2022)
28:18–24. doi: 10.37765/ajmc.2022.88812

37. Chowell G, Rothenberg R. Spatial infectious disease epidemiology: on the cusp.
BMCMed. (2018) 16:192. doi: 10.1186/s12916-018-1184-6

38. Reich NG, Lauer SA, Sakrejda K, Iamsirithaworn S, Hinjoy S, Suangtho P, et al.
Challenges in real-time prediction of infectious disease: a case study of dengue in
Thailand. PLoS Negl Trop Dis. (2016) 10:e0004761. doi: 10.1371/journal.pntd.0004761

39. Ofori SK, Dankwa EA, Ngwakongnwi E, Amberbir A, Bekele A, Murray
MB, et al. Evidence-based decision making: infectious disease modeling training for
policymakers in East Africa. Ann Glob Health. (2024) 90:22. doi: 10.5334/aogh.4383

40. Rosenfeld LA, Fox CE, Kerr D, Marziale E, Cullum A, Lota K, et al.
Use of computer modeling for emergency preparedness functions by local and
state health officials: a needs assessment. J Public Health Manag Pract. (2009)
15:96. doi: 10.1097/01.PHH.0000346004.21157.ef

41. Zelner J, Masters NB, Naraharisetti R, Mojola SA, Chowkwanyun M, Malosh
R. There are no equal opportunity infectors: Epidemiological modelers must
rethink our approach to inequality in infection risk. PLOS Comput Biol. (2022)
18:e1009795. doi: 10.1371/journal.pcbi.1009795

42. Mena GE, Martinez PP, Mahmud AS, Marquet PA, Buckee CO, Santillana
M. Socioeconomic status determines COVID-19 incidence and related mortality in
Santiago, Chile. Science. (2021) 372:eabg5298. doi: 10.1126/science.abg5298

43. Larsen SL, Shin I, Joseph J, West H, Anorga R, Mena GE, Mahmud AS, Martinez
PP. Quantifying the impact of SARS-CoV-2 temporal vaccination trends and disparities
on disease control. Sci Adv. (2023) 9:eadh9920. doi: 10.1126/sciadv.adh9920

44. Christley RM, Mort M, Wynne B, Wastling JM, Heathwaite AL, Pickup R, et al.
“Wrong, but useful”: negotiating uncertainty in infectious disease modelling. PLoS
ONE. (2013) 8:e76277. doi: 10.1371/journal.pone.0076277

45. Kanankege KST, Phelps NBD, Vesterinen HM, Errecaborde KM, Alvarez J,
Bender JB, et al. Lessons learned from the stakeholder engagement in research:
application of spatial analytical tools in one health problems. Front Vet Sci. (2020)
7:254. doi: 10.3389/fvets.2020.00254

Frontiers in PublicHealth 08 frontiersin.org

https://doi.org/10.3389/fpubh.2024.1357908
https://doi.org/10.1093/aje/kww021
https://doi.org/10.1073/pnas.2113561119
https://doi.org/10.2105/AJPH.2022.306831
https://doi.org/10.1057/jphp.2009.13
https://doi.org/10.1186/1741-7015-7-30
https://doi.org/10.1371/journal.pone.0094130
https://doi.org/10.1038/s41598-018-30378-w
https://doi.org/10.1126/science.abb9934
https://doi.org/10.7326/M20-1565
https://doi.org/10.1126/sciadv.abd4563
https://doi.org/10.1371/journal.pone.0242588
https://doi.org/10.1101/2023.06.28.23291998
https://doi.org/10.1101/2020.08.19.20177493
https://doi.org/10.1002/nav.22181
https://doi.org/10.1016/j.epidem.2014.08.008
https://doi.org/10.1016/j.ijid.2015.10.024
https://doi.org/10.1097/PHH.0b013e3182751d3e
https://doi.org/10.1371/journal.pbio.3000869
https://doi.org/10.2471/BLT.11.097949
https://doi.org/10.1097/PHH.0b013e3182751d57
https://doi.org/10.1111/j.1750-2659.2009.00081.x
https://doi.org/10.1186/s12911-018-0707-6
https://doi.org/10.1371/journal.pmed.1001935
https://doi.org/10.3389/fpubh.2021.735658
https://doi.org/10.1353/cpr.2015.0001
https://doi.org/10.1136/tobaccocontrol-2016-053081
https://doi.org/10.1016/j.puhe.2013.10.009
https://doi.org/10.3201/eid2305.161720
https://doi.org/10.1186/s12909-020-02301-3
https://doi.org/10.1038/s41467-019-11067-2
https://doi.org/10.1186/s12982-017-0056-4
https://doi.org/10.1098/rstb.2018.0283
https://doi.org/10.3389/fpubh.2016.00213
https://doi.org/10.1093/jamia/ocaa021
https://doi.org/10.37765/ajmc.2022.88812
https://doi.org/10.1186/s12916-018-1184-6
https://doi.org/10.1371/journal.pntd.0004761
https://doi.org/10.5334/aogh.4383
https://doi.org/10.1097/01.PHH.0000346004.21157.ef
https://doi.org/10.1371/journal.pcbi.1009795
https://doi.org/10.1126/science.abg5298
https://doi.org/10.1126/sciadv.adh9920
https://doi.org/10.1371/journal.pone.0076277
https://doi.org/10.3389/fvets.2020.00254
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	An inaugural forum on epidemiological modeling for public health stakeholders in Arizona
	1 Introduction
	2 Methods
	2.1 Stakeholders engagement
	2.2 Location of forum
	2.3 Keynote speakers
	2.3.1 Day 1 keynote speakers
	2.3.2 Day 2 keynote speakers

	2.4 Breakout group discussions

	3 Results
	3.1 Forum participant profile
	3.2 Breakout group discussions

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Author disclaimer
	Supplementary material
	References


