S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Annals of Epidemiology 76 (2022) 165-173

Annals

Contents lists available at ScienceDirect Epidemiology

Annals of Epidemiology

journal homepage: sciencedirect.com/journal/annals-of-epidemiology

Original article

Impact of changes in protective behaviors and out-of-household 'l)
activities by age on COVID-19 transmission and hospitalization in B
Chicago, Illinois

Anna L. Hotton, PhD, MPH*** Jonathan Ozik, PhD# Chaitanya Kaligotla, PhD¢,
Nick Collier, PhD¢, Abby Stevens, PhD¢, Aditya S. Khanna, PhD",

Margaret M. MacDonell, PhD¢, Cheng Wang, PhD", David ]. LePoire, PhD',
Young-Soo Chang, PhD/, Ignacio ]. Martinez-Moyano, PhD®, Bogdan Mucenic, BS¥,
Harold A. Pollack, PhD/, John A. Schneider, MD, MPH™, Charles Macal, PhD"

aDepartment of Medicine, University of Chicago, Chicago, IL

b Argonne National Laboratory, Consortium for Advanced Science and Engineering, University of Chicago, Chicago, IL, Northwestern Argonne Institute for Science and Engineering,
Evanston, IL

¢Simon Fraser University, Burnaby, BC, Canada

d Argonne National Laboratory, Lemont, IL, Consortium for Advanced Science and Engineering, University of Chicago, Chicago, IL

¢ Department of Statistics, University of Chicago, Chicago, IL

fDepartment of Behavioral and Social Sciences, Brown University School of Public Health, Providence, RI

& Radiological, Chemical and Environmental Risk Analysis (RACER), Environmental Science Division (EVS), Argonne National Laboratory, Lemont, IL
NRACER EVS, Argonne National Laboratory, Lemont, IL, Consortium for Advanced Science and Engineering, University of Chicago, Chicago, IL
'RACER EVS, Argonne National Laboratory, Lemont, IL

I Department of Climate and Earth System Science (CESS), EVS, Argonne National Laboratory, Lemont, IL

KThe College, University of Chicago, Chicago, IL

'Crown School of Social Work Policy and Practice, University of Chicago, Chicago, IL

M Departments of Medicine and Public Health Sciences, University of Chicago, Chicago, IL

ARTICLE INFO ABSTRACT
Arfic{e history: ) Purpose: Even with an efficacious vaccine, protective behaviors (social distancing, masking) are essen-
Received 20 April 2021 tial for preventing COVID-19 transmission and could become even more important if current or future

Revised 2 June 2022
Accepted 10 June 2022
Available online 18 June 2022

variants evade immunity from vaccines or prior infection.
Methods: We created an agent-based model representing the Chicago population and conducted exper-
iments to determine the effects of varying adult out-of-household activities (OOHA), school reopening,

Keywords: and protective behaviors across age groups on COVID-19 transmission and hospitalizations.

Covid-19 Results: From September-November 2020, decreasing adult protective behaviors and increasing adult
Agent-based modeling OOHA both substantially impacted COVID-19 outcomes; school reopening had relatively little impact
Prevention when adult protective behaviors and OOHA were maintained. As of November 1, 2020, a 50% reduc-

Interventions

; tion in young adult (age 18-40) protective behaviors resulted in increased latent infection prevalence per
Age-specific trends

100,000 from 15.93 (IQR 6.18, 36.23) to 40.06 (IQR 14.65, 85.21) and 19.87 (IQR 6.83, 46.83) to 47.74 (IQR
18.89, 118.77) with 15% and 45% school reopening. Increasing adult (age >18) OOHA from 65% to 80% of
prepandemic levels resulted in increased latent infection prevalence per 100,000 from 35.18 (IQR 13.59,
75.00) to 69.84 (IQR 33.27, 145.89) and 38.17 (IQR 15.84, 91.16) to 80.02 (IQR 30.91, 186.63) with 15% and
45% school reopening. Similar patterns were observed for hospitalizations.

This study was approved by the Institutional Review Board at the University of Chicago (IRB20-1656).
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this
paper.
* Corresponding author: Department of Medicine, University of Chicago, 5837 N Maryland Ave, Chicago, IL, 60637.
E-mail address: ahotton@medicine.bsd.uchicago.edu (A.L. Hotton).
# Anna Hotton and Jonathan Ozik are equally contributing authors.

https://doi.org/10.1016/j.annepidem.2022.06.005
1047-2797/© 2022 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.annepidem.2022.06.005
http://www.ScienceDirect.com
https://sciencedirect.com/journal/annals-of-epidemiology
http://crossmark.crossref.org/dialog/?doi=10.1016/j.annepidem.2022.06.005&domain=pdf
mailto:ahotton@medicine.bsd.uchicago.edu
https://doi.org/10.1016/j.annepidem.2022.06.005

A.L Hotton, J. Ozik, C. Kaligotla et al.

Annals of Epidemiology 76 (2022) 165-173

Conclusions: In areas without widespread vaccination coverage, interventions to maintain adherence to
protective behaviors, particularly among younger adults and in out-of-household settings, remain a pri-
ority for preventing COVID-19 transmission.

© 2022 Elsevier Inc. All rights reserved.

Introduction

Despite availability of safe and efficacious vaccines for COVID-
19, protective behaviors such as social distancing and masking are
necessary for preventing transmission until there is widespread
vaccine distribution and uptake [1]. Due to widespread vaccine
hesitancy across the United States [2-5], and more recently, in-
fectious variants, there is a need for ongoing protective behaviors
and appropriately tailored public health messages. The degree and
rate of resumption of prepandemic activities vary across popu-
lation subgroups and geographic areas, depending on individual
characteristics such as age and occupation, and regional differ-
ences in local epidemics and policies. Effective local public health
policies require understanding of how subpopulation changes in
protective behaviors impact overall transmission under different
scenarios of out-of-household activity (OOHA) resumption and
school reopening.

Age-related differences in COVID-19 transmission and mortality
have been widely documented [6-8]. Data suggest greater likeli-
hood of symptomatic infection, disease severity, and case fatality
among older adults, while children and young adults more com-
monly experience mild or asymptomatic infections [9,10]. Suscep-
tibility also appears to increase with age [10]. Earlier in the pan-
demic, COVID-19 incidence was highest among older adults, but
recent national data indicate a declining median age of COVID-19
cases (from 46 in May to 38 in August 2020) [11]. From June to
August, the highest incidence was observed among young adults
aged 20-29; this group accounted for 20% of all cases during this
period [11].

Because young adults have more social contacts, different mix-
ing patterns, and higher rates of mild and asymptomatic infections
than older adults, it is plausible that they contribute disproportion-
ately to overall transmission, particularly since transmission often
occurs from individuals with asymptomatic or presymptomatic in-
fection [12]. Age has been associated with varying degrees of ad-
herence to behavioral risk reduction practices, social interactions,

Table 1

mobility, and potential exposure venues (e.g., day-care facilities,
schools, workplaces) [6-8,10]. Such age-related differences in sus-
ceptibility and behavioral and environmental risk may impact epi-
demic trends. However, existing data could be biased due to se-
lection, changes over time in testing behaviors, and differential re-
porting by age due to differences in severity and symptoms. Ques-
tions therefore remain about the extent to which young adults
contribute to population-level transmission.

This study used agent-based modeling to explore how interact-
ing behavioral changes, individual risks, and contextual factors in-
fluence COVID-19 transmission to provide insights for public health
policies and interventions. Agent-based models enable the devel-
opment of endogenous transmission vectors that are dependent on
age and other sociodemographic characteristics, facilitating com-
parisons across a broader range of potential scenarios than com-
partmental models allow. Such analysis is relevant for public poli-
cymakers, given the possibilities of continued COVID-19 transmis-
sion with the increasing presence of variants and particularly in
areas with low vaccination rates. We examined the impact of age-
related differences in protective behaviors (e.g., social distancing,
masking) on COVID-19 transmissions and hospitalizations during a
period when OOHA resumption was beginning in Chicago, a large
diverse Midwestern city severely impacted early on in the pan-
demic and where there were large disparities in transmission and
mortality from COVID-19.

Methods
Model population and processes

We built a stochastic agent-based modeling, CityCOVID, based
on our previously developed research [13-15]. CityCOVID contains
2.7 million agents representing the population of Chicago in terms
of behaviors and social interactions and 1.2 million unique geo-
locations, including households, schools, workplaces, and hospitals.
CityCOVID incorporates individualized disease progression dynam-
ics with transitions between COVID-19 disease states that depend

Effects of school reopening and adult behavior change on COVID-19 infections and hospitalizations as of November 1, 2020

Scenario Exposed Hospitalized
School Adult behavior Prevalence per PR (behavior PR (school Prevalence per PR (behavior PR (school
reopening change 100,000(IQR) change)’ reopening):  100,000(IQR) change)’ reopening)*
s1 15% 0% 15.93 (6.18, 36.23) 1.00 (Ref) 1.00 (Ref)  2.05 (0.76, 4.76) 1.00 (Ref) 1.00 (Ref)
s2 15% 25% 26.43 (9.79, 60.47) 1.66¢ 1.00 (Ref)  2.97 (0.92, 6.42) 1.45¢ 1.00 (Ref)
s3 15% 50% 40.06 (14.65, 85.21) 2,518 1.00 (Ref)  3.67 (1.17, 8.46) 1.798 1.00 (Ref)
4 30% 0% 16.14 (6.71, 38.77) 1.00 (Ref) 1.018 2.32 (0.81, 5.33) 1.00 (Ref) 1.13¢
S5 30% 25% 27.91 (10.32, 67.11) 1.73! 1.06" 3.06 (1.11, 6.92) 132! 1.03
S6 30% 50% 4421 (17.73, 99.24) 2.74! 1.10* 4 (1.32, 9.02) 1.72 1.09
s7 45% 0% 19.87 (6.83, 46.83) 1.00 (Ref) 1.25¢ 2.63 (0.77, 5.77) 1.00 (Ref) 1.28¢
S8 45% 25% 30.89 (11.47, 79.4) 1.559 1.17% 3.59 (1.03, 7.8) 1.379 1.21%
S9 45% 50% 47.74 (18.89, 118.77) 2.409 1.19* 4.67 (1.54, 10.51) 1.789 1.27+

IQR = interquartile range; PR = prevalence ratio.

* Exposed refers to the latent state in the SEIR model, in which an individual is infected but not infectious.
 Prevalence ratio for behavior change represents the PR associated with decreases in protective behaviors for a given level of school reopening.
f Prevalence ratio for school reopening represents the PR associated with increases in school reopening for a given level of adult behavior change.

§ Reference category = S1.
I Reference category = S4.
9 Reference category = S7.
# Reference category = S2.
** Reference category = S3.
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on agent attributes and exposure to infected individuals through
colocation, place-based risks, and protective behaviors such as so-
cial distancing, masking, and handwashing.

The agent population was built by extending existing synthetic
population databases [16,17] to statistically match Chicago’s demo-
graphic composition. Agent activity schedules were derived from
the American Time Use Survey and the Panel Study of Income Dy-
namics. The model was calibrated to local data obtained from the
Chicago and Illinois Departments of Public Health of daily COVID-
19 attributed hospitalizations and death counts. CityCOVID was de-
veloped to support City of Chicago, Cook County, and State of Illi-
nois COVID-19 mitigation and planning and represents collabora-
tion between the local health departments, Argonne National Lab-
oratory, and the University of Chicago. The study was approved by
the Institutional Review Board at the University of Chicago.

Model assumptions

The model assumes, based on calibration, that average adult
OOHA levels were reduced after Chicago’s March 21, 2020 stay-at-
home order to 57% (SD 8%) of pre-COVID-19 activity levels. OOHA
included any activities that occurred at a place other than the
agent’s household, including going to work, school, grocery shop-
ping, etc. Separately, the reduction in transmission risk (i.e., prob-
ability of transmission) due to engagement in protective behaviors
was estimated to be 90% (SD 3%). After reopening began on June 3,
2020, adult OOHA were gradually increased such that they asymp-
totically approached 65% of prepandemic levels by September 1,
2020, which is consistent with published estimates [18]. During
the summer, we assumed that school-age children (age <18) en-
gaged in peer-to-peer activities at a 50% lower rate than activi-
ties during the typical (prepandemic) school year. School reopening
scenarios reflect situations where a given proportion of students
return to in-person classes, in which they interact with children
of the same age group, or alternatively, primarily online instruc-
tion with informal out-of-school mixing with peers. Thus, for a 15%
school reopening scenario, during weekdays, only 15% of prepan-
demic activities involving peer-to-peer interactions among school-
age children occur. This could involve interactions in classrooms,
or, for students engaged in remote learning, could reflect a sce-
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nario in which they maintain contact with other children at 15% of
their typical prepandemic interactions. All scenarios assume that
school-age children engage in protective behaviors inside and out-
side of school.

Model experiments

Using the baseline assumptions described above, we experi-
mented with independently varying adult protective behaviors and
OOHA under different school reopening scenarios to determine
their relative and combined impact on overall and age-specific
COVID-19 transmission and hospitalization. Outcomes for analy-
sis are expressed as point prevalence of latent infection (i.e., the
exposed state in the susceptible, exposed, infectious, recovered
model in which individuals are infected but not yet infectious) and
hospitalizations. We developed multiple scenarios in which we ex-
amined: 1) the impact of differential relaxation of adult protective
behaviors (from 90% to 87.5% to 85% transmission reduction due
to protective behaviors) by age category (<18, 18-40, 40-60, >60)
over a 90 day period beginning September 18, 2020 under 15%,
30%, and 45% school reopening levels (scenarios S1-S9; Table 1),
and 2) the effects of maintaining vs. increasing adult OOHA from
65% to 70%, 75%, and 80% of prepandemic levels after further eas-
ing of business restrictions on October 1, 2020 under 15%, 30%,
and 45% school reopening levels (scenarios A1-A12; Table 2). The
levels of relaxation in protective behaviors were chosen to repre-
sent medium (25%) and large (50%) changes in protective behav-
iors relative to the baseline level (90%), which was determined by
model calibration. For example, a 25% relaxation in adult protec-
tive behaviors to a change from 90% to 87.5% transmission reduc-
tion (i.e., transmission probability = 1-transmission reduction; 90%
transmission reduction translates to 10% transmission probability,
which is relaxed by 25%-12.5%). Similarly, a 50% relaxation in adult
protective behaviors represents an increase in transmission prob-
ability from 10% to 15%. The baseline school reopening scenario
of 15% reflected what was occurring in Chicago during September-
December 2020, when most schools implemented remote learning.
The 30% and 45% school reopening scenarios reflect medium and
large increases in-person learning compared to the baseline sce-
nario. For the original calibration period (through June 3, 2020) we

Table 2
Effects of school reopening and adult out-of-household activities on COVID-19 infections and hospitalizations as of November 1, 2020
Scenario Exposed* Hospitalized
School Adult Prevalence per 100,000 PR (OOHA)" PR (school Prevalenceper 100,000 PR (OOHA) PR (school
reopening  OOHA  (IQR) reopening)* (IQR) reopening)*
Al 15% 65% 35.18 (13.59, 75) 1.00 (Ref) 1.00 (Ref) 3.81 (131, 7.9) 1.00 (Ref) 1.00 (Ref)
A2 15% 70% 45.01 (20.44, 94.58) 1.288 1.00 (Ref) 452 (1.58, 8.71) 1.19 1.00 (Ref)
A3 15% 75% 58.13 (23.6, 116.58) 1.65% 1.00 (Ref) 4.88 (1.76, 9.89) 1.28 1.00 (Ref)
Ad 15% 80% 69.84 (33.27, 145.89) 1.99% 1.00 (Ref) 5.56 (2.19, 11.24) 1.46 1.00 (Ref)
A5 30% 65% 42.62 (16.26, 81.78) 1.00 (Ref) 1.21% 3.9 (1.38, 8.2) 1.00 (Ref) 1.028
A6 30% 70% 51.83 (22.06, 102.31) 1.221 1.15% 4.54 (1.79, 9.32) 1.16 1.00*
A7 30% 75% 60.92 (24.69, 127.91) 1.43l 1.05 5.12 (2.05, 10.32) 1.31 1.05*
A8 30% 80% 80.99 (29.95, 154.82) 1.90 1.16/" 6.15 (2.35, 12.09) 1.58! 11177
A9 45% 65% 38.17 (15.84, 91.16) 1.00 (Ref) 1.08% 42 (1.44, 8.82) 1.00 (Ref) 1.108
A10 45% 70% 47.39 (2031, 111.64) 1.249 1.05% 439 (1.73, 9.9) 1.059 0.97*
All 45% 75% 62.15 (25.2, 143.83) 1.639 1.07+ 5.5(1.94, 11.42) 1.319 1.13*
Al12 45% 80% 80.02 (30.91, 186.63) 2.109 1151 6.06 (2.31, 13.16) 1.449 1.0911

IQR = interquartile range; OOHA = out-of-household activities; PR = prevalence ratio.
* Exposed refers to the latent state in the SEIR model, in which an individual is infected but not infectious.
T Prevalence ratio for OOHA represents the PR associated with increases in OOHA for a given level of school reopening.
 Prevalence ratio for school reopening represents the PR associated with increases in school reopening for a given level of adult OOHA.

§ Reference category = Al.
I Reference category = A5.
9 Reference category = A9.
# Reference category = A2.
** Reference category = A3.
Tt Reference category = A4.

167



A.L Hotton, J. Ozik, C. Kaligotla et al.

selected the eight best candidate parameter combinations and ran
ten replicates for each combination over each of the three baseline
scenarios, resulting in 240 base case simulations. The number of
parameter combinations and replicates were chosen to provide an
adequate range of model behaviors consistent with empirical data
and stable mean estimates while still being computationally feasi-
ble. Experimental scenarios were applied to each of the 240 sim-
ulations, and we computed the median, 50th and 95th percentile
simulation intervals across all simulations. Details of baseline sce-
narios and model experiments are shown in the Appendix.

Effective reproductive number (R;)

We used the model to track secondary infections and calcu-
lated the effective reproductive number (R¢), defined as the average
number of secondary infections resulting from an infected individ-
ual [19]. Rt = 1 represents the threshold needed for an epidemic
to be sustained. R; less than 1 indicates that an epidemic is dying
out, while R more than 1 indicates that the epidemic is growing.
As the epidemic progresses and the size of the susceptible popu-
lation declines, R; can also decline due to the decreased likelihood
of contact between an infectious individual and susceptible indi-
viduals. For each infected agent, we calculated the total number of
secondary infections generated from the initial infection over their
entire infectious career and averaged over the population to ob-
tain R, where the time t is associated with the start of an agent’s
infectious career. This approach is consistent with the case or co-
hort reproductive number described by Gostic et al. [20] based on
methods of Wallinga and Teunis [21]. This method of calculating
R; aligns with our goal of understanding how newly infectious in-
dividuals at different time points contribute to overall spread of
infection over their entire infectious career and how this may vary
according to individual characteristics [20]. R was calculated by
decadal age category to assess whether certain age groups con-
tributed disproportionately to overall transmission.

Results

In the baseline scenarios (maintaining protective behaviors and
current OOHA levels among adults) the model predicted overall
declines in infections and hospitalizations through the end of Oc-
tober 2020 (Figs. 1 and 2). However, trends varied widely depend-
ing on adult protective behaviors and OOHA, with several scenarios
suggesting upward trends in infections and hospitalizations by the
end of October.

Impact of reductions in adult protective behaviors under various
school reopening scenarios

From Sept 1, 2020 to November 1, 2020, latent infection preva-
lence (i.e., exposed state in the susceptible, exposed, infectious, re-
covered model) declined from 85.69 (IQR 48.23-133.9) to 15.93
(IQR 6.18, 36.23) per 100,000 and hospitalizations declined from
6.94 (IQR 4.68-9.51) to 2.05 (IQR 0.76, 4.76) per 100,000 for the
scenario with 15% school reopening and no reductions in adult
protective behaviors. Given high adherence to protective behaviors
among 18 to 40-year-old adults, increased school reopening had
relatively little impact on overall transmission or hospitalizations
(Fig. 1, column 1). As of November 1, 2020, the model predicted la-
tent infection prevalence of 15.93, 16.14, and 19.87 per 100,000 for
school reopening scenarios of 15%, 30%, and 45% respectively when
adult protective behaviors were maintained (Table 1: S1, S4, S7;
Figure 4). The downward trend in infections and hospitalizations
was reduced in a scenario with 45% school reopening coupled with
large reductions in protective behaviors among 18 to 40-year-old
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adults (lower right-most panel of Fig. 1, Table 1: S9). Latent infec-
tion prevalence was 47.74 (IQR 18.89, 118.77) in S9 vs. 15.93 (IQR
6.18, 36.23) in S1). For each level of school reopening, reductions
in adult protective behaviors had a substantial impact on transmis-
sion (Figure 4). Latent infection prevalence ratios (PR) for 25% and
50% reductions versus no change in protective behaviors were 1.66
and 2.51 (S2 and S3 vs. S1; Table 1) for the 15% school reopening
scenario and 1.55 and 2.40 for the 45% school reopening scenario
(S8 and S9 vs. S7).

Impact of increased adult OOHA under various school reopening
scenarios

School reopening had little impact on infections or hospitaliza-
tions when current levels of adult OOHA were maintained (Fig. 2,
column 1). Point prevalence of latent infection was 35.18 (IQR
13.59, 75), 42.62 (IQR 16.26, 81.78), and 38.17 (IQR 15.84, 91.16) per
100,000 for school reopening scenarios of 15%, 30%, and 45% when
adult OOHA levels were maintained at 65% of pre-pandemic levels
(Table 2 scenarios A1, A5, A9). Even in the presence of increased
OOHA among adults beginning October 1 (vertically from top to
bottom, columns 2-4 of Fig. 2; Table 2) increasing school reopen-
ing had little impact on infections and hospitalizations. In contrast,
within each school reopening scenario, increasing adult OOHA had
a substantial impact on infections and hospitalizations, with the
largest impact of adult OOHA observed at school reopening levels
of 45% (left to right, rows 1-3 of Fig. 2). Latent infection prevalence
ratios for adult OOHA of 70%, 75%, and 80% vs. 65% were 1.28, 1.65,
and 1.99 with 15% school reopening (scenarios A2-A4 vs. A1) and
1.24, 1.63, and 2.10 with 45% school reopening (scenarios A10-A12
vs. A9, Table 2). As OOHA approached 80% of prepandemic levels,
the model suggested a reversal of downward trends where both in-
fections and hospitalizations began to increase by November 2020.

Age-specific contributions to COVID-19 transmission

There was a high degree of heterogeneity in the effective repro-
ductive number (R;) by age, suggesting important age differences
in contribution to overall transmission. R; values for June-October
2020 suggest that children and young adults (age groups 0-10, 10-
20, and 20-30) contributed the most to transmission, with lower
contribution from adults 60 and older (Fig. 3). From June to Au-
gust, R; values more than 1 were observed for children and young
adults (ages <30). Among adults ages 20-30, increasing R; values
were observed beginning in mid-September with values remaining
above 1 for this age group through October 2020.

Discussion

Our model results are consistent with empirical data and sug-
gest that there was higher COVID-19 transmission among young
adults (ages 20-30) compared to those aged more than 30 in
Chicago over the study period. We also observed R¢ more than 1
for children (ages 0-10 and 10-20) during the summer of 2020.
The fact that empirical data trends were corroborated by the
model suggests that the observed elevated rates among younger
age groups were not due exclusively to testing bias, because the
model tracks all infections, not just those that are detected through
testing. Because empirical data on case counts are known to un-
derestimate the true number of cases due to under-reporting and
lower probability of detection of asymptomatic or mild infections,
the model was calibrated to COVID-19 deaths and hospitalizations,
which are more consistently and accurately reported. Thus, the
model helps to answer an important scientific question that is not
directly measured or measurable by empirical data.
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Fig. 1. Impact of decreases in protective behaviors on COVID-19 infections and hospitalizations under various school reopening scenarios. Horizontally from left to right,
effects of reductions (0%, 25%, 50% reduction) in protective behaviors among 18-40-year-old adults for a given level of school reopening (15%, 30%, and 45% reopening), from
March 2020 to November 2020. Vertically from top to bottom, effects of increasing school reopening for a given level of protective behaviors among 18-40-year-olds. Yellow
plots indicate point prevalence of latent infections and red plots indicate point prevalence of hospitalizations. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

The disproportionate contribution by young adults to over-
all transmission reflects both behavioral patterns and economic
roles, as they are likely to be more mobile, have more social
interaction, and are more likely to be employed in service in-
dustry jobs [22]. Our results suggest that changes in protective
behaviors such as social distancing and masking among adults
aged 18-40 can markedly influence population COVID-19 trans-
mission, with or without increases in school reopening. Further-
more, increased OOHA had an important impact on transmis-
sion, even with relatively high adherence to protective behav-
iors. Interventions to increase the proportion of children and
adults of all ages who are fully vaccinated (including appropri-
ate boosters) with age-appropriate messaging about the impor-
tance of ongoing protective behaviors are a key public health
priority.
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School reopening had little impact on epidemic trajectories in
scenarios with strong adherence to protective behaviors among 18-
40-year-olds, suggesting that schools could safely reopen if protec-
tive behaviors are maintained among adults, assuming protective
behaviors are practiced among children while at school. School re-
opening had only slightly greater impact on overall transmission
at lower levels of protective behaviors among adults. This sug-
gests that there was not a synergistic effect (i.e., interaction) be-
tween school reopening and adult behavior change, at least un-
der the existing assumptions. Nonetheless, our findings underscore
the importance of maintaining protective behaviors with increases
in safe school reopening and widespread return to prepandemic
OOHA levels.

Evidence suggests that vaccination of adults aged 20-49 (i.e.,
those with the highest transmission) is most effective for reduc-
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Fig. 2. Impact of increases in adult OOHA on COVID-19 infections and hospitalizations under various school reopening scenarios. Horizontally from left to right, effect of
increasing adult OOHA (65%, 70%, 75%, and 80% of prepandemic levels) for a given level of school reopening, from March 2020 to November 2020. Vertically from top
to bottom, effect of increasing school reopening for a given level of adult OOHA. Yellow plots indicate point prevalence of latent infections and red plots indicate point
prevalence of hospitalizations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12

Median R(t)
o =
[==] (=]

o
@

04

Jun

Jul

Aug

Sep
Dates

Oct

Nov

Fig. 3. Effective reproductive number (R;) by age group assuming 45% school reopening beginning September 3, 2020. R; is defined as the average number of secondary
infections resulting from an infected individual in a population where not all individuals are susceptible. A value of 1 represents the threshold needed for an epidemic to be
sustained; values less than 1 indicate that the epidemic is dying out and values more than 1 indicate that the epidemic is growing. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Effects of school reopening and adult behavior change on COVID-19 infections and hospitalizations as of November 1, 2020. Scenarios S1-S3 represent 15% school
reopening, scenarios S4-S6 represent 30% school reopening, and scenarios S7-S9 represent 45% school reopening. Center vertical lines represent medians; left and right edges
represent 25% and 75% quartiles respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Effects of adult OOHA on COVID-19 infections and hospitalizations under different school reopening scenarios as of November 1, 2020. Scenarios A1-A4 represent
15% school reopening, scenarios A5-A8 represent 30% school reopening, and scenarios A9-A12 represent 45% school reopening. Center vertical lines represent medians; left
and right edges represent 25% and 75% quartiles respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

ing cumulative incidence, whereas vaccination of adults aged 60
and older (i.e., those with greatest risk for severe disease) has
the greatest impact on mortality [23]. Our results are consistent
with studies showing that young adults appear to contribute dis-
proportionately to COVID-19 incidence, but it is unclear whether
and how age-related differences in vaccine availability, acceptabil-
ity and uptake will impact disease trends. Furthermore, there is
much heterogeneity in transmission and mortality risk within age
groups. Focusing on subgroups within younger and older popula-
tions with greater mobility, larger contact networks, or those liv-
ing in more densely populated housing could help to minimize
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population-level disease burden while optimizing use of limited
vaccine resources. Future modeling studies could provide insights
about how to combine such approaches to develop more nuanced
vaccine targeting strategies.

It is important to note that there was divergence between the
model results and empirical trends in COVID-19 in Chicago dur-
ing the period from September to November 2020. There was a
small peak in infections around September 1, after which cases de-
clined slightly before a significant upward trend beginning in mid-
October with a peak in mid-November, in contrast to the down-
ward trends reflected by the median trend lines in the model.
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The divergence between the model predictions and observed data
trends is not surprising, and the goal of the study was not to make
longer-term predictions, which would not be warranted given the
rapidly changing landscape of COVID-19 and the sensitivity of
models to behavioral changes in response to the epidemic. Indeed,
this highlights the differing goals of forecasting and scenario stud-
ies and the inherent difficulties of long-term forecasts in epidemi-
ological modeling. Rather, we sought to understand the potential
impact of different scenarios involving varying levels of behavior
and activity changes among children and adults, and to present
an approach for use of such analyses in other settings to gener-
ate information that could be useful in planning for future pan-
demics. For example, scenario analyses can help to identify levers
or thresholds for intervention targets, as well as identifying vari-
ables that have little impact on model behavior. They can thus
be useful for efficiently utilizing limited public health resources.
(https://covid19scenariomodelinghub.org)

Limitations

Our results reflect Chicago’s local epidemic, and may not gen-
eralize to other places, though similar modeling approaches could
be applied elsewhere to understand how protective behaviors in
various population subgroups impact transmission dynamics. The
results should be interpreted in light of the model assumptions
that if altered could produce different results. For example, we as-
sumed that protective behaviors were maintained among children
while at school. This assumption appears plausible given that chil-
dren’s behavior in school is closely monitored and peer-to-peer in-
teractions are relatively constrained, making it easier to enforce
protective measures. However, altering this assumption might in-
fluence the relative impacts of school reopening and adult behav-
ior change. The model does not distinguish between behaviors of
teenagers and younger children, though adherence to social dis-
tancing and masking likely varies between younger and older chil-
dren both inside and outside of school. Because younger children
have less autonomy they are potentially also less at risk for expo-
sure through peer-to-peer interactions that occur outside of class-
room settings as compared to older children. Results may also
be sensitive to seasonal changes or localized events that could
increase new infections, such as large sporting events, increas-
ing time spent indoors in winter, holiday travel or gatherings,
or natural disasters (tornadoes, hurricanes, wildfires). Further re-
search is needed to understand how such events could impact
transmission overall and within subgroups over time. Our model
did not incorporate differences in protective behaviors by other
factors, such as occupation, household composition, or socioeco-
nomic status, that likely impact individuals’ ability to effectively
reduce risk. Such factors may explain the disproportionate burden
of COVID-19 in Black and Hispanic communities that have been
widely documented since the beginning of the epidemic [24,25].
Understanding how environmental and structural factors increase
risk among certain subgroups is important for efficiently utiliz-
ing intervention resources and deploying strategies for increasing
testing and vaccination. Additional modeling is underway to ex-
plore how relationships between race/ethnicity, occupational risk,
prevention behaviors, and vaccine uptake impact COVID-19 trans-
mission. Our model incorporates a high degree of complexity and
granularity which were not fully utilized in the current analy-
sis but will allow us to take advantage of increasingly detailed
data on mobility, health outcomes, and behaviors to model the
population level impact of individual behaviors and their interac-
tions. This is an ongoing area of work, and we also plan to more
fully exploit the granularity of the model in future work, includ-
ing analyses of mobility patterns and occupational vs. household
transmission.
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Conclusion

Our results add new information on the impact of increas-
ing school reopening and changes in adult protective behaviors
and OOHA on COVID-19 transmission in Chicago. Our findings
demonstrate how increased OOHA among younger adults can
substantially impact epidemic trends, particularly if combined
with decreases in protective behaviors and more widespread
school reopening. Until complete vaccination is widespread, fo-
cused interventions to promote adherence to protective behaviors
in out-of-household settings among younger adults are a public
health priority.
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