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SOCIAL DETERMINANTS OF HEALTH
AND COVID-19

BACKGROUND
§ COVID-19 pandemic has highlighted
social determinants of health
(SDOH) as important drivers of
health inequities
– Heightened vulnerability through
impact on housing, access to
medical care, occupational risk,
incarceration, and underlying
health conditions

COVID-19 cases and deaths by race/ethnicity:
Chicago, March 2020-March 2021
Cases

Deaths

§ Need to better understand the
impact of SDOH in order to develop
interventions to address inequities
Source data: Chicago Department of Public Health Data Portal

COVID-19 IN CHICAGO
§ Communities in Chicago with the highest burden of COVID-19 also
experience the highest levels of social and economic vulnerability
Chicago COVID-19 Vulnerability Index

COVID-19 Burden by Community Area

Source: Chicago Department of Public Health. Chicago COVID-19 Community Vulnerability Index. January 25,
2021. Available at:
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FRAMEWORK FOR UNDERSTANDING MULTI-LEVEL INFLUENCES
ON COVID-19 OUTCOMES

Individual
characteristics

Physical, social,
& healthcare environment

Behaviors

Place characteristics

Daily activities

Social networks

Macro-environment
Social & political
systems

COVID-19 incidence &
prevalence

Transmission

COVID-19 continuum
Diagnosis Severity Hospitalization/ICU

Mortality

AGENT-BASED MODELS
§ Why ABM is useful for studying COVID-19
– Model behaviors of heterogeneous autonomous agents and their interactions
with one another and with their environment
– Study how these interactions give rise to infectious disease transmission
– Hard to study empirically due to logistical/ethical/data constraints
– Can test the potential impact of interventions
§ Allow for examination of the complex processes by which SDOH impact COVID19 transmission
– System-level consequences of the behaviors and interactions of individuals
• Understand how occupational risk, housing factors, and other SDOH
impact COVID-19 outcomes
– Test effects of candidate interventions or policies under different assumptions
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AIMS

t

First call for proposals: Mitigation of COVID19 and future pandemics

§ Extend an existing agent-based model of local COVID-19 transmission
(CityCOVID)
– Combine multiple data sources to develop a detailed synthetic agent
population incorporating SDOH and their impact on transmission
dynamics
§ Create a platform for evaluating potential interventions under realistic
conditions
– Comparison of intervention effects across population subgroups and
contexts

CITYCOVID
§ 2.7 million agents representing the population of
Chicago
– Agents engage in behaviors, respond to
disease and health interventions, interact with
one another, and move from place to place
according to hourly activity schedules
§ Transitions between COVID-19 disease states
depend on agent attributes and exposure to
infected individuals through co-location, placebased risks, and protective behaviors
§ Model parameters are calibrated to COVID-19
attributed deaths and hospitalizations from Chicago
and Illinois Departments of Public Health
Figure courtesy of Charles Macal

DATA SYNTHESIS
§ Harmonize data from multiple
sources to derive distributions of
agent characteristics
– Sociodemographics (age,
race/ethnicity, gender,
income)
– Household composition,
occupation, chronic health
conditions
§ Activity schedules link agents to
places
– SafeGraph data allows us to
incorporate additional place
types to examine placebased risk in a more granular
way

Persons
RTI 2018
- Size of household
- Age, sex, race
- Workplace, NAICS
code, income
- School/daycare
US Census/ACS
- Ethnicity
CDPH
- Chronic health
conditions

Activities
- American Time

Use Survey
- Panel Survey of
Income Dynamics
(<18)

Places
RTI 2018
- Household
- Workplace
- School
SafeGraph
- Restaurant
- Recreation
- Supermarket
- Store
- Convenience
Store
- Worship
- Museum
- Library

SYNTHETIC POPULATION DATA SOURCES
Component

Agent attributes

Description

Data sources

Demographics (age, race, ethnicity, gender,
income)

U.S. Census Bureau, American Community
Survey, RTI 2000, 2010, 2018

Housing (household composition, housing
quality, homelessness)

U.S. Census for area level housing indicators,
HUD Point in Time survey for Chicago

Occupation
Chronic conditions (CVD, asthma, diabetes,
obesity)

Bureau of Labor Statistics
CDPH Healthy Chicago Data Portal

Locations

Geographic location (home, school, work)

RTI synth pops, SafeGraph, Open Street
Maps, City of Chicago Data Portal

Activity schedules

Home, school, work, shopping, leisure,
healthcare

American Time Use Survey 2018 (Age >18),
Panel Study of Income Dynamics 2018 (Age
<18)

Location based vulnerability

Published literature, model simulation

Workplace vulnerability

Bureau of Labor Statistics, U.S. Census data

Activity-based risk

Behaviors

Risk reduction (social distancing, masking, hand
Published literature, model calibration
washing)

Epidemiology

Disease states: susceptible, exposed, infected
(mild/severe), hospitalized/ICU, recovered,
deceased (variants, vaccine status)

Published literature, model calibration

COVID-19 outcomes

Case counts, hospitalizations, mortality,
age/geo/demo stratified

CDPH, IDPH
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SYNTHETIC POPULATION DATA SOURCES
Component

Agent attributes

Description

Data sources

Demographics (age, race, ethnicity, gender,
income)

U.S. Census Bureau, American Community
Survey, RTI 2000, 2010, 2018

Housing (household composition, housing
quality, homelessness)

U.S. Census for area level housing indicators,
HUD Point in Time survey for Chicago

Occupation
Chronic conditions (CVD, asthma, diabetes,
obesity)

Bureau of Labor Statistics
CDPH Healthy Chicago Data Portal

Locations

Geographic location (home, school, work)

RTI synth pops, SafeGraph, Open Street
Maps, City of Chicago Data Portal

Activity schedules

Home, school, work, shopping, leisure,
healthcare

American Time Use Survey 2018 (Age >18),
Panel Study of Income Dynamics 2018 (Age
<18)

Location based vulnerability

Published literature, model simulation

Workplace vulnerability

Bureau of Labor Statistics, U.S. Census data

Activity-based risk

Behaviors

Risk reduction (social distancing, masking, hand
Published literature, model calibration
washing)

Epidemiology

Disease states: susceptible, exposed, infected
(mild/severe), hospitalized/ICU, recovered,
deceased (variants, vaccine status)

Published literature, model calibration

COVID-19 outcomes

Case counts, hospitalizations, mortality,
age/geo/demo stratified

CDPH, IDPH
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STATISTICAL METHODS FOR GENERATING THE SYNTHETIC
POPULATION
§ Iterative proportional fitting (IPF)
– Method for fitting joint distribution cells in a n-dimensional contingency table when marginal totals
are known
• 1.) Fitting
– Contingency table (CT) – multidimensional frequency table representing each combination of
attribute categories fitted to available marginals
– Microdata from a smaller sample from which the conditional distribution can be derived (e.g.,
Public Use Micro Sample (PUMS) data) used to initialize the CT
– Fitted CT is generated by iteratively adjusting cell values to minimize deviation from the
marginal values
• 2.) Create synthetic population using fitted CT by replicating sample based on cell weights
§ Additional approaches
– Markov chain Monte Carlo (MCMC)
– Bayesian networks
Gallagher, S, Richardson, LF, Ventura, SL, Eddy, WF (2018). SPEW: Synthetic Populations and Ecosystems of the
World, Journal of Computational and Graphical Statistics, 27:4, 773-784,
Cajka, JC, Cooley, PC, Wheaton, WD. 2010. Attribute Assignment to a Synthetic Population in Support of Agent-Based
15
Disease Modeling. Methods Report (RTI Press) 19 (1009): 1–14.

STATISTICAL METHODS FOR GENERATING THE SYNTHETIC
POPULATION
§ IPF + MCMC algorithms result in a synthetic population that is statistically
representative of the population of Chicago
– Matches observed population distributions on factors such as age,
race/ethnicity, gender, and income, household composition, occupation
§ Activity schedules updated to reflect expanded set of agent characteristics
– Allows us to study how the interaction of agent characteristics and activity
schedules impact COVID-19 transmission (e.g., activity schedules can be
affected by occupation, housing status, etc.)
Gallagher, S, Richardson, LF, Ventura, SL, Eddy, WF (2018). SPEW: Synthetic Populations and Ecosystems of the
World, Journal of Computational and Graphical Statistics, 27:4, 773-784,
Cajka, JC, Cooley, PC, Wheaton, WD. 2010. Attribute Assignment to a Synthetic Population in Support of Agent-Based
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Disease Modeling. Methods Report (RTI Press) 19 (1009): 1–14.

PLACES
Place Characteristics
(Publicly Available Data)
• Type
• NAICS (business
classifications)
• Location (Lat/Lon, ZIP,
Census Block Group)
• Visits, Unique visitor
• Capacity
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MOBILITY PATTERNS AND PLACE-BASED
RISK

Monthly visit patterns, 2019

§ Quantify changes in mobility patterns over time using
SafeGraph data
– Assign agents to places, matching visit volumes under
pre-COVID conditions
– Apply adjustments to reflect reductions in out-ofhousehold activities during and after stay-at-home orders
– Mobility can vary by agent characteristics, such as
occupation
§ Quantify place-based risk
– Calculate potential exposure risk associated with certain
types of places using average dwell time + density
(average visit volume / ft2)

SafeGraph. Weekly Patterns (2020). Available at: https://docs.safegraph.com/docs/weekly-patterns.
SafeGraph. Places Schema (2020). Available at: https://docs.safegraph.com/docs/places-schema
Chang, S, Pierson E, Koh, PW, et. al. Mobility network models of COVID-1918explain inequities and inform reopening.
Nature 2021 Jan;589(7840):82-87.

OCCUPATIONAL RISK
§ Overrepresentation of Blacks and Hispanics in essential infrastructure and service
industry jobs that offer limited opportunities to work from home -> greater mobility
and potential for exposure
% Non-white residents

Synthetic population % essential workers

https://www.cmap.illinois.gov/updates/all/-/asset_publisher/UIMfSLnFfMB6/content/metropolitan-chicago-s-essentialworkers-disproportionately-low-income-people-of-color
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COVID-19 deaths per 100,000

OCCUPATIONAL RISK
§ Understand how agent interactions impact exposure risk by measuring contacts
between susceptible and infected agents at various locations over time
Employee-visitor matrices: Restaurants
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https://www.anl.gov/dis/citycovid

SUMMARY & NEXT STEPS
§ Evaluate mechanisms that explain racial/ethnic differences in COVID-19
transmission and mortality
– Housing (housing density, household composition, housing instability)
– Occupational risk
§ Guidance for interventions
– Strategies to prioritize testing & vaccination based on individual
characteristics, contact patterns, and/or area-level factors
– Quantify potential impact on health inequities across different contexts or
settings
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LARGE-SCALE AGENT-BASED MODELING TO
SUPPORT PUBLIC HEALTH

TEAM-BASED SCIENCE + DECISION SUPPORT
§ Agent-based modeling is inherently interdisciplinary and team-based
§ Modeling projects combine expertise across subject matter areas (e.g., for this
presentation):
– Statistics
– Computing
– Clinical
– Public health
– Epidemiology
§ The team-based approach supports increasingly complex and interconnected
systems and the mitigation of their problems faced in public health
§ Collaboration allows teams to exploit advances in simulation, machine learning
and high-performance computing for application to public health
24

Simulation Technologies

Collier, Nicholson, Jonathan Ozik, Eric Tatara. 2020. "Experiences in Developing a Distributed
Agent-based Modeling Toolkit with Python." 9th Workshop on Python for High-Performance and
Scientific Computing @ Supercomputing 2020.

Machine Learning for Large-scale Simulations

Active Learning of Viable Regions*

Multi-objective Optimization**

UQ with Bayesian Optimization***

* Ozik, Jonathan, Nicholson T. Collier, Justin M. Wozniak, Charles M. Macal, and Gary An. 2018. “Extreme-Scale Dynamic Exploration of a Distributed AgentBased Model With the EMEWS Framework.” IEEE Transactions on Computational Social Systems 5 (3): 884–95. https://doi.org/10.1109/TCSS.2018.2859189.
** Tatara, Eric, Nicholson T. Collier, Jonathan Ozik, Alexander Gutfraind, Scott J. Cotler, Harel Dahari, Marian Major, and Basmattee Boodram. 2019. “MultiObjective Model Exploration of Hepatitis C Elimination in an Agent-Based Model of People Who Inject Drugs.” In 2019 Winter Simulation Conference (WSC),
1008–19. https://doi.org/10.1109/WSC40007.2019.9004747.
*** Ozik, Jonathan, Nicholson T. Collier, Justin M. Wozniak, Charles M. Macal, and Mickaël Binois. “A Population Data-driven Workflow for Covid-19 Modeling and
Learning.” Finalists, Gordon Bell Special Prize for HPC-Based COVID-19 Research, Supercomputing 2020.

FINALISTS 2020
GORDON BELL
SPECIAL PRIZE FOR
HPC COVID-19
RESEARCH

28

CHICAGO DEPARTMENT OF PUBLIC HEALTH
“Health departments, clinicians, and policy makers alike are proud to partner
with researchers like you who are designing cutting-edge computational
approaches…”
“CDPH has appreciated your willingness to provide model-based analyses in
a timely manner during this crisis to help our understanding of the
implications of the COVID-19 epidemic to our city…”
“CDPH has used your modeling way to explain outbreak modeling to
residents, government officials, and many other stakeholders… research that
has been invaluable to our citywide planning efforts and integral for decision
making.”
“Your work has the potential to make impacts well beyond COVID-19, to a
general rapid response scientific platform.”
29

CHICAGO DEPARTMENT OF PUBLIC HEALTH
“Health departments, clinicians, and policy makers alike are proud to partner
with researchers like you who are designing cutting-edge computational
https://www.chicagomag.com/chicago-magazine/marchapproaches…”
2021/67-days-to-lockdown/
“CDPH has appreciated your willingness to provide model-based analyses in
a timely manner during this crisis to help our understanding of the
implications of the COVID-19 epidemic to our city…”
“CDPH has used your modeling way to explain outbreak modeling to
residents, government officials, and many other stakeholders… research that
has been invaluable to our citywide planning efforts and integral for decision
making.”
“Your work has the potential to make impacts well beyond COVID-19, to a
general rapid response scientific platform.”
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CityCOVID: COVID-19 SPREAD AND
EFFECTIVENESS OF INTERVENTIONS
CityCOVID model for Chicago, 2.7 M people
(agents) move hourly between 1.2 M locations

What mitigation strategies
should be considered?

How should we ease
mitigations?

What are place/occupation
based risks?

How can we reopen
schools/universities?

Policy

How will COVID-19
affect populations?

How does mobility affect
transmission?

How do behaviors affect
transmission?

How do different age groups
behave differently?

Epidemiology

March

April

May

June

July

VARIANT PREVALENCE
B117 Variant Becomes Dominant Strain Mid-April to June 1 for All Scenarios
0%

Increasing Out of
Household Activities

0%

10%

4.5%

Relaxing Protective Behaviors

20%

7.6%

HOSPITALIZATIONS
Feb 1 variant prevalence 4.5%

Feb 1 variant prevalence 7.6%

Relaxing Protective
Behaviors

Relaxing Protective
Behaviors

0%

20%

0%

20%

Increasing Out of
Household Activities

0%

10%

A

C

B

D

E

G

F

H

The B117 variant is more transmissible (x1.4-1.5) and leads to more severe outcomes
(x1.67).
Note: Simulations do not consider the effect of vaccinations, which would decrease
hospitalizations.

§The 4.5% scenario shows:
–Panels A-C show
continued decreases to
June
–Panel D shows a plateau
until mid to late April
before declining.
§The 7.6% scenario shows
that combined increased
activities and behavior
relaxation (Panel H) can lead
to a plateau through the end
of May.

ILLINOIS DEPARTMENT OF PUBLIC HEALTH + ILLINOIS
GOVERNOR’S COVID-19 MODELING TASKFORCE
§ Four modeling groups
– University of Chicago (Sarah Cobey)
– Northwestern University (Jaline Gerardin)
– UIUC (Nigel Goldenfeld and Sergei Maslov)
– Argonne (Chick Macal and Jonathan Ozik)
§ Facilitated by Civis Analytics
– Data aggregation
– Data analytics platform
– Model outputs aggregation (Hospitalizations, Deaths, R(t), Hosp. Capacity)
– Meetings with IDPH, Governor’s office
• Regular epidemic updates and hospital capacity forecasts
• Emerging topics, e.g., sentinel surveillance
34

NEXT STEPS

ONGOING WORK AND EMERGING ISSUES
§ Continuing to work with our public health
partners to answer emerging questions:
– Effects of easing restrictions + behavior
change + variants of concern
– Vaccine rollout
– Understanding the new normal
§ ABM provides an analytical platform for integrating disparate data sources
governing individuals, networks, geography, resources
§ Can incorporate hypothesized causal mechanisms (theories) for complex
processes at multiple and interacting scales (micro, meso, macro), which pose
challenges to traditional epidemiologic and statistical methods
§ Continuing to develop capabilities for a general (i.e., beyond COVID-19), rapid
response simulation/ML/AI/HPC scientific platform to support decision making
36

QUESTIONS?
ANNA
AHOTTON@MEDICINE.BSD.UCHICAGO.EDU
JONATHAN
JOZIK@ANL.GOV, JOZIK@UCHICAGO.EDU

EXTRA SLIDES

AGENT-BASED MODELS (ABMS)
§ Disaggregated description of complex systems:
– Method of computing the potential system-level consequences of the behaviors
of sets of individuals
– Effects of interventions can be run with different assumptions
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UTILITY OF AGENT-BASED MODELING IN PUBLIC
HEALTH APPLICATIONS
§ Analytical platform for integrating disparate data sources governing individuals,
networks, geography, resources
§ Can incorporate hypothesized causal mechanisms (theories) for complex processes
at multiple and interacting scales (micro, meso, macro), which pose challenges to
traditional epidemiologic and statistical methods
§ Computational approach enables sensitivity analyses that can guide
(expensive/difficult) data collection
§ With improved methods for large-scale computation, ABMs can be used for
uncertainty analyses of input parameters and outcomes of interest
§ Evaluate interventions and combinations/sequences of interventions that would be
difficult to implement (cost, effort, ethics, logistical considerations)
§ Modeling can identify priority subpopulations for intervention focus

CityCOVID Software Stack
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CityCOVID Software Stack
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CITY, COUNTY, AND MULTI-COUNTY VERSIONS
OF CITYCOVID SYNTHETIC POPULATIONS
Chicago Region

Cook County
(including
Chicago)

7 County Region
covering N.E
Illinois

2.72 Million
agents

5.16 M
agents

8.54 Million
agents

1.3 Million
places

3.5 Million
places

5.15 Million
places
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IMPACT OF CHANGES IN PROTECTIVE BEHAVIORS AND OUT-OF-HOUSEHOLD
ACTIVITIES BY AGE ON COVID-19 TRANSMISSION AND HOSPITALIZATION
§ Age-related differences in COVID-19 transmission and mortality have been widely
documented
– Likely associated with differences in protective behaviors, social interactions, mobility,
and exposure venues
– Age-related differences in susceptibility and behavioral and environmental risk may
impact infection trends and have implications for vaccine distribution
§ Conducted experiments to understand how changes in protective behaviors under different
levels of out-of-household activity (OOHA) resumption and school reopening impact
COVID-19 transmission and hospitalizations, and age specific contributions to transmission
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§ Increasing school reopening had relatively
little impact on COVID-19 transmission or
hospitalizations when protective behaviors
were maintained among adults but had a
greater effect when accompanied by
reductions in protective behaviors among 1840 year olds
§ For each level of school reopening,
reductions in adult protective behaviors had
a significant impact on transmission

Increase school reopening

IMPACT OF REDUCTIONS IN ADULT PROTECTIVE BEHAVIORS UNDER
VARIOUS SCHOOL REOPENING SCENARIOS Reduce protective behaviors

§ Downward trends were significantly reduced
in a scenario with 45% school reopening and
large reductions in protective behaviors
among 18-40 year-olds (lower right-most
panel)
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§ School reopening had little impact
on infections or hospitalizations
when current levels of adult OOHA
were maintained
§ In the presence of increased OOHA
among adults beginning October 1,
increasing school reopening had an
increasing impact on infections and
hospitalizations

Increase school reopening

IMPACT OF INCREASES IN ADULT OUT-OF-HOUSEHOLD ACTIVITIES FOR
VARIOUS SCHOOL REOPENING SCENARIOS
Increase adult OOHA

§ Within each school reopening
scenario, increasing adult OOHA
had a significant impact on
infections and hospitalizations
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EFFECTIVE REPRODUCTIVE NUMBER R(T) BY AGE GROUP ASSUMING 45%
SCHOOL REOPENING BEGINNING SEPTEMBER 3, 2020
§ Heterogeneity in R(t) by age suggests
important age differences in contribution
to overall transmission
§ R(t) values for June-October 2020
suggest that younger adults and children
contributed the most to transmission, with
lower contribution from adults ≥60
§ Among adults ages 20-30, increasing R(t)
values were observed beginning in midSeptember with values remaining above
1 through the beginning of 2021
§ While overall R(t) hovered around 1 for
the latter half of 2020, values above 1 in
some subgroups highlight the need for
attention to heterogeneity in transmission
patterns and risk
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CONCLUSIONS
§ Increased out-of-household activities among younger adults can significantly
impact COVID-19 epidemic trends, particularly if combined with decreases in
protective behaviors and more widespread school reopening
§ Until widespread vaccine coverage is achieved, focused interventions to
maintain adherence to protective behaviors among younger adults, particularly in
out-of-household settings, remain a priority
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SUPPORTING PUBLIC HEALTH

ILLINOIS COVID-19 MODELING SITE
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https://illinoiscovid.org

ILLINOIS COVID-19 MODELING SITE

51

https://illinoiscovid.org

