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Abstract

Background

SARS-CoV-2 vaccines are safe and effective against infection and severe COVID-19 dis-
ease worldwide. Certain co-morbid conditions cause immune dysfunction and may reduce
immune response to vaccination. In contrast, those with co-morbidities may practice infec-
tion prevention strategies. Thus, the real-world clinical impact of co-morbidities on SARS-
CoV-2 infection in the recent post-vaccination period is not well established. This study was
performed to understand the epidemiology of Omicron breakthrough infection and evaluate
associations with number of comorbidities in a vaccinated and boosted population.

Methods and findings

A retrospective clinical cohort study was performed utilizing the Northwestern Medicine
Enterprise Data Warehouse. Our study population was identified as fully vaccinated adults
with at least one booster. The primary risk factor of interest was the number of co-morbidi-
ties. The primary outcome was the incidence and time to the first positive SARS-CoV-2
molecular test in the Omicron predominant era. Multivariable Cox modeling analyses to
determine the hazard of SARS-CoV-2 infection were stratified by calendar time (Period 1:
January 1 —June 30, 2022; Period 2: July 1 —December 31, 2022) due to violations in the
proportional hazards assumption. In total, 133,191 patients were analyzed. During Period 1,
having 3+ comorbidities was associated with increased hazard for breakthrough (HR =1.16
CI11.08-1.26). During Period 2 of the study, having 2 comorbidities (HR = 1.45 95% CI
1.26—-1.67) and having 3+ comorbidities (HR 1.73, 95% CIl 1.51-1.97) were associated with
increased hazard for Omicron breakthrough. Older age was associated with decreased
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hazard in Period 1 of follow-up. Interaction terms for calendar time indicated significant
changes in hazard for many factors between the first and second halves of the follow-up
period.

Conclusions

Omicron breakthrough is common with significantly higher risk for our most vulnerable
patients with multiple co-morbidities. Age plays an important role in breakthrough infection
with the highest incidence among young adults, which may be due to age-related behavioral
factors. These findings reflect real-world differences in immunity and exposure risk behav-
iors for populations vulnerable to COVID-19.

Introduction

Vaccines against SARS-COV-2, have been developed and shown in numerous studies to be
safe and highly effective at reducing SARS-CoV-2 infection and COVID-19 disease [1-3].
However, clinical trials and population-based observational studies excluded or did not com-
pare certain groups at the highest risk for severe outcomes of COVID-19. The impact of age
and the burden of immune disorders or certain chronic conditions on vaccine effectiveness
(including boosting) in terms of acquisition of infection, has not been adequately studied in
our current era dominated by omicron SARS-CoV-2 subvariants.

Although there have been impressive advances in our understanding of protective immu-
nity against COVID-19 after vaccination and natural infection, the risk of infection is not
completely understood for our most vulnerable patients including individuals who are
immune compromised (age, HIV, malignancies, solid organ transplant, stem cell transplant)
or have chronic illnesses (diabetes, obesity, chronic liver disease, and chronic kidney disease).
SARS-CoV-2 vaccines stimulate both B and T cell responses to virus spike protein to elicit an
effective immune response [4]. Those with dysfunctional immunity have been observed to
have lower responses to vaccination with antibody titers as indicators of immunogenicity [5].
Questions remain about how lower immunogenicity translates into diminished clinical effec-
tiveness of COVID-19 vaccines in real-world populations with different co-morbidities. Indi-
viduals who have chronic disease, advanced age, and/or immunodeficiencies may be at higher
risk for breakthrough infection due to poor vaccine response (defined as COVID-19 infection
after completion of all required doses with a typical 2-week lag period) [6]; however, they may
also practice better infection prevention such as mask-wearing, avoiding travel or large gather-
ings, and social distancing [7].

The incidence of SARS-CoV-2 breakthrough infection is an increasingly important issue
worldwide, with vulnerable populations at high risk of infection at a time when vaccine-
induced immunity may not be fully optimized. To gain insight into this issue and to inform
public health decision-making, our study aimed to determine the incidence and risk factors
associated with SARS-CoV-2 breakthrough infection in the Omicron-variant era among vacci-
nated and boosted individuals.

Methods
Study design

A clinical cohort study of breakthrough infection in the first year of SARS-CoV-2 Omicron-
variant era (January 1, 2022, until December 31, 2022) among fully vaccinated and boosted
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adults (18 years and older) as per CDC/FDA vaccine guidelines for COVID-19 was performed
[8], All demographic, lab, vaccine, and comorbidity data were collected from the Northwestern
Medicine (NM) Enterprise Data Warehouse (EDW) [9]. Each participant had a unique study
identifier and protected health information was stored separately with access limited to the
principal investigator.

Population & definitions

Adults who were boosted before the Omicron era were included, which we defined as those
who received at least 3 (first dose mRNA) or 2 (first dose J&J) SARS-CoV-2 vaccine doses
before December 15, 2021. To include a representative population that was likely to have
SARS-CoV-2 testing performed within the NM system, patients were included only if they had
at least two medical system visits (including inpatient, outpatient, telemedicine, and lab test-
ing) at least 180 days apart between January 1, 2020, and December 15, 2021.

Individuals in this cohort were observed from January 1, 2022, to December 31, 2022, for
incident breakthrough infection with SARS-CoV-2 as our primary outcome defined as the
first positive SARS-CoV-2 PCR test performed at an NM facility after January 1, 2022. Patients
who tested positive for SARS-CoV-2 after their most recent booster dose but before January 1,
2022, were excluded. Data was accessed throughout this study period. Comorbidities of inter-
est (diabetes, obesity, solid organ transplant, stem cell transplant, HIV, hematologic malig-
nancy, chronic liver disease, and chronic kidney disease) were identified using ICD9/ICD10
coding.

Statistical analysis

Descriptive statistics, including median (IQR) and counts (%), were calculated for patient
characteristics and compared between those with and without breakthrough SARS-CoV-2
infection during the study period. The cumulative incidence was calculated as the number of
breakthrough infections divided by the total number of those at risk (no prior breakthrough
infection during the study and not right censored) and plotted these curves with 95% confi-
dence intervals assuming normality over the study period. Patients were right censored in
cases of death, additional SARS-CoV-2 vaccines, or loss of follow-up. Loss to follow-up was
defined as 90 days without a visit at NM (outpatient visit, hospital admission, or laboratory
testing). For those with breakthrough infection, we calculated the median (IQR) time to infec-
tion from booster by summing the number of days from booster to study start and from study
start to infection date. Cox regression modeling was done to determine proportional hazards of
breakthrough infection with the following covariates: age, sex, race, ethnicity, time from booster
dose to study period start, and number of comorbidities. The overall number of comorbidities
rather than the specific comorbidities themselves were included as this study aimed to measure
associations with overall health, not individual disease epidemiology. The proportional hazards
assumption was assessed graphically with cumulative incidence curves for each covariate. For
covariates that violated this assumption, graphical assessment of incidence rate trends was per-
formed to evaluate for significant changes over time that required introducing an interaction
term and calculation of separate hazard ratios for two time periods. Multicollinearity was
assessed with generalized variance inflation factors (GVIFs). If (GVIFY@PM)2 » 3 removal of
those variables from the model was considered. Linearity of log hazards for continuous covari-
ates was examined with martingale residuals from the fitted model. The car, survival, and
tidycmprsk packages in R 4.2.3 software were used for statistical analysis and plot production
[10-13].
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Results

Clinical and demographic characteristics of the cohort included and analyzed are presented in
Table 1. In total, there were 133,191 patients in the cohort with a median (IQR) age of 61 years
(47, 72) 63% female sex, 84% white race, and 77% with any comorbid condition. Of the total
population, 5.3% identified as Hispanic/Latino Overall, 99% of individuals received mRNA
SARS-CoV-2 booster. One booster dose vaccine was administered to 99.2% of individuals and
0.8% had received more than one booster dose.

Of the total cohort, 7,904 (5.9%) tested positive for SARS-Cov-2 infection by PCR during
the study period in a median (IQR) of 135 (34, 196) days. The infections occurred in a median
(IQR) of 196 (115, 260) days after a booster dose of vaccine. Approximately 31% of the total
cohort was right-censored due to loss to follow-up, 21% due to additional boosters, and 0.4%
due to death.

The proportional hazards assumption in Cox regression was violated for the following
covariates: age, race, days since vaccination, and number of comorbidities. Graphical assess-
ment indicated that significant changes in incidence rate trends began near the 6-month (half-
way) mark of the study period. To account for this, we introduced an interaction term to
calculate separate hazard ratios for periods 1 (Jan 1, 2022, to June 30, 2022) and 2 (July 1, 2022,
to Dec 31, 2022) for those 4 covariates.

In Cox regression multivariable analysis (Fig 1), increasing age was associated with reduced
hazard during this first period when controlling for other covariates. The greatest reduction in
hazard compared to the reference age group (18-39) was seen in the 80+ age group (HR 0.41
95% CI 0.36-0.46). Similar but lower reductions were observed in the 60-79 (HR 0.44 95% CI
0.4-0.48) and 40-59 (HR 0.71 95% CI 0.66-0.76) age groups. A significant interaction between
calendar time and the hazards for age was found in each age group compared to the reference
group (p < .001 for each). In the second half of the study period, only the 60-79 age group
demonstrated a significantly different hazard than the reference group (HR 0.86, 95% CI 0.76-
0.99). Trends in cumulative incidence stratified by the number of comorbidities are observed
in Fig 2.

Cox regression modeling (Fig 2) also revealed an increased hazard for those of Asian race
compared to the reference group (white race) in both periods (period 1: HR 1.32 95% CI 1.19-
1.46; period 2 HR 1.23 95% CI 1.03-1.48). Significant associations with hazard were seen in
the Black or African American race group compared to the reference group, though the direc-
tions of these associations differed between study periods (period 1: HR 0.83 95% CI 0.73-
0.94; period 2: HR 1.16 95% CI 1.03-1.48). People of Hispanic, Latino, or Spanish ethnicity
also had a higher hazard for COVID-19 breakthrough infection compared to those not in that
ethnic group (HR 1.48 95% CI 1.35-1.62). Days from booster to the start of the study showed
an increased hazard of 1.03 per week (95% CI 1.03-1.04) and later 1.01 per week (95% CI
1.00-1.02). The interaction term for calendar time and this variable was significant (p < .001).

Compared to having none, having one or two comorbidities was not significantly associated
with increased hazard for Omicron infection during period 1 when controlling for other vari-
ables. In contrast, having three or more comorbidities was associated with increased hazard
for breakthrough (HR = 1.16 CI 1.08-1.26). During the second half of the study, having one
comorbidity (HR = 1.27 95% CI 1.11-1.46), having two comorbidities (HR = 1.45 95% CI
1.26-1.67), and having three or more comorbidities (HR 1.73, 95% CI 1.51-1.97) were all asso-
ciated with increased hazard for Omicron breakthrough compared to those with no comorbid-
ities. Cumulative incidence over time between co-morbidity groups and stratified by age
category are presented in Fig 3. Cumulative incidence over time between age categories and
stratified by co-morbidities groups are presented in Fig 2.
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Table 1. Characteristics of patients overall, with and without breakthrough SARS-CoV-2 infection.

Characteristic Overall', N = 133,191 | No Breakthrough Infection? N = 125,287" Breakthrough Infection?, N = 7,904'
Age

18-39 19,936 (15%) 18,189 (91%) 1,747 (8.8%)

40-59 41,874 (31%) 39,071 (93%) 2,803 (6.7%)

60-79 58,857 (44%) 56,105 (95%) 2,752 (4.7%)

80+ 12,524 (9.4%) 11,922 (95%) 602 (4.8%)
Sex

Male 49,846 (37%) 46,992 (94%) 2,854 (5.7%)

Female 83,345 (63%) 78,295 (94%) 5,050 (6.1%)
Race

White 112,542 (84%) 106,077 (94%) 6,465 (5.7%)

Asian 6,453 (4.8%) 5,930 (92%) 523 (8.1%)

Black or African American 8,206 (6.2%) 7,729 (94%) 477 (5.8%)

Other 5,990 (4.5%) 5,551 (93%) 439 (7.3%)
Ethnicity
Not Hispanic, Latino, or Spanish 126,136 (94.7%) 118,887 (94%) 7,249 (5.7%)
Hispanic, Latino, or Spanish 7,055 (5.3%) 6,400 (91%) 655 (9.3%)
First Vaccine Type

Adenovirus vector 4,194 (3.1%) 3,984 (95%) 210 (5.0%)

mRNA 128,997 (97%) 121,303 (94%) 7,694 (6.0%)
Booster Type

Adenovirus vector 835 (0.6%) 782 (94%) 53 (6.3%)

mRNA 132,279 (99%) 124,434 (93.4%) 7,845 (6.6%)

Other’ 6 (<0.1%) 6 (100%) 0 (0%)

Unknown 71 (<0.1%) 65 (92%) 6 (8.5%)
Vaccine Status

Boosted 2+ Times 1,025 (0.8%) 982 (96%) 43 (4.2%)

Boosted Once 132,166 (99%) 124,305 (94%) 7,861 (5.9%)
Days since booster 58.00 (39.00, 75.00) 58.00 (39.00, 75.00) 59.00 (39.00, 79.00)

15-29 20,431 (15%) 19,210 (94%) 1,221 (6.0%)

30-59 50,458 (38%) 47,625 (94%) 2,833 (5.6%)

60-89 43,353 (33%) 40,596 (94%) 2,757 (6.4%)

90+ 18,949 (14%) 17,856 (94%) 1,093 (5.8%)
Diabetes mellitus 20,958 (16%) 19,739 (94%) 1,219 (5.8%)
Solid Organ Transplant 860 (0.6%) 779 (91%) 81 (9.4%)
HIV/AIDS 6,113 (4.6%) 5,680 (93%) 433 (7.1%)
Chronic Liver Disease 4,665 (3.5%) 4,343 (93%) 322 (6.9%)
Chronic Renal Disease 15,084 (11%) 14,174 (94%) 910 (6.0%)
End Stage Renal Disease 940 (0.7%) 835 (89%) 105 (11%)
Stem Cell Transplant 428 (0.3%) 408 (95%) 20 (4.7%)
Asthma 16,546 (12%) 15,308 (93%) 1,238 (7.5%)
COPD 5,098 (3.8%) 4,753 (93%) 345 (6.8%)
Cancer 22,839 (17%) 21,701 (95%) 1,138 (5.0%)
Hypertension 60,112 (45%) 56,742 (94%) 3,370 (5.6%)
Hematologic Malignancy 2,936 (2.2%) 2,762 (94%) 174 (5.9%)
Immunodeficiencies 11,865 (8.9%) 11,113 (94%) 752 (6.3%)
Obesity 45,046 (34%) 42,172 (94%) 2,874 (6.4%)
Number of comorbidities

(Continued)
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Table 1. (Continued)

Characteristic
0
1
2
3+

"1 (col %); Median (IQR)
%n (row %); Median (IQR)
*Includes AstraZeneca, Novavax, and Sinopharm

https://doi.org/10.1371/journal.pone.0302338.t001

Overall}, N = 133,191 No Breakthrough Infection?, N = 125,287" Breakthrough Infection?, N = 7,904'
30,359 (23%) 28,524 (94%) 1,835 (6.0%)
32,422 (24%) 30,495 (94%) 1,927 (5.9%)
27,528 (21%) 25,971 (94%) 1,557 (5.7%)
42,882 (32%) 40,297 (94%) 2,585 (6.0%)
Discussion

In this large cohort study across an urban healthcare system in Chicago, we found that omi-
cron breakthrough infections were common among individuals who had been boosted with
SARS-CoV-2 vaccines with a one-year cumulative incidence of 5.9%. After adjusting for covar-
iates of age, sex, race, ethnicity, and time period in multivariable Cox models, a significantly
higher hazard of breakthrough infection was observed among individuals with multiple
comorbidities and those who had a longer time since the vaccine booster. However, age was
also an important factor with increasing age independently associated with reduced risk of
Omicron breakthrough likely due to less risk-taking and lower exposure among the highest
age groups. There were racial and ethnic differences in infection incidence as demonstrated by
the increased risk of Omicron breakthrough for individuals identifying as Asian race or His-
panic/Latino ethnicity, again likely due to differences in exposure from social behaviors rather
than inherent immunogenetic differences. Perhaps the most intriguing finding was that across
all age groups, those with three or more co-morbidities had the highest incidence of SARS--
CoV-2 infection, and this factor did not appear to alter individual behavior to lower exposure
as much as age. The immune effects of co-morbidity might have overwhelmed any decrease in

Cox Survival Analysis for Positivity

Subgroup Period 1 (Jan 2022-Jun 2022) Period 2 (Jul 2022-Dec 2022) Overall (Jan 2022-Dec 2022) Interaction Term p**
Age i i i i i ; ; ;

18-39 | REF ; | REF | REF

40-59 i — 10.71(0.66, 0.76) * | —=t 10.92(0.81,1.05) | == 10.75 (0.71, 0.80) * <.001

60-79 . 3044(041.048)' e 5086(076.099)’ - 3053(050.057)* <.001

80+ —-— 10.41(0.36,046)* | —si— 10.95 (0.80, 1.14) - : 1052 (0.47, 0.58) * <001
s 1 1 i i = |

Male : : i : | REF

Female : | H + 1 1.01(0.96, 1.06)
Race i i

White REF : | REF REF

Asian e 132(1.19,146)* | ——  11.23(1.03,148)" - 1.31(1.19, 1.43) 52

Black or African American —-— 0.83(0.73,094)* | —— 11.16 (1.00, 1.35) * - 0.95 (0.86, 1.04) <001

Other =i 0.94 (0.84, 1.07) i 0.99 (0.81, 1.19) = 0.96 (0.86, 1.07) 69
Ethnicity

Not Hispanic, Latino, or Spanish REF

Hispanic, Latino, or Spanish = 1.48(1.35,1.62)*
Weeks from Booster to Study Start " 1.03 (1.03, 1.04) * 1.01(1.00, 1.02) * ) 1.03 (1.02, 1.03) * <.001
Number of Comorbidities

0 REF REF REF

1 -8 1.01(0.94, 1.09) 8 1.27 (1.1, 1.46) * - 1.06 (0.9, 1.13) 003

2 +- 1.02 (0.94, 1.11) —=— 1145(1.26,1.67)" 0= 1.11(1.03,1.19) * <.001

- kS - 1.16(1.08, 1.26) * | —=— 1.73(1.51,1.97) * | : : ; +| : 1.29(1.21,1.38) " <.001
*<Time Period Interaction Term 035 05 07 1 14 2 035 05 07 1 14 2 035 05 07 1 14 2
Hazard Ratio Hazard Ratio Hazard Ratio

Fig 1. Multivariable analysis for the hazard of breakthrough SARS-CoV-2 infection using Cox modeling.
https://doi.org/10.1371/journal.pone.0302338.9001
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Breakthrough Infection by Comorbidities and Age
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Fig 2. Cumulative incidence curve for COVID-19 breakthrough infection by age when stratified by number of
comorbidities (per panel).

https://doi.org/10.1371/journal.pone.0302338.9002

social behavior risk-related exposure. Thus, the acquisition of Omicron SARS-CoV-2 was
complex with behavioral and individual risk or immunologic factors driving SARS-CoV-2
infection despite vaccination.

These findings are consistent with previous studies that have reported a significant burden
of breakthrough infections despite vaccination efforts. For example, a study by Stouten et al.
[14] found a similar cumulative incidence of 11.2% among vaccinated individuals in a different
urban setting. Similarly, Sun et al. [15] reported an incidence of 7.1% in those without immune

Breakthrough Infection by Age and Comorbidities
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Fig 3. Cumulative incidence curve for COVID-19 breakthrough infection by number of comorbidities when
stratified by age category (per panel).

https://doi.org/10.1371/journal.pone.0302338.g003
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dysfunction and slightly higher rates for those with specific diseases affecting the immune sys-
tem. Our cumulative incidence is lower than the ones reported in these studies. This likely
relates to several factors including study population, methodologic differences, and SAR-CoV-
2 variant circulating during the study period. The predominant circulating variant of concern
in prior studies was the Delta variant, which has been the most studied in terms of break-
through and consistently demonstrated high incidence rates [16]. Additionally, studies con-
ducted in rural populations have demonstrated lower incidence of breakthrough [17, 18]. One
study in a small cohort in New York City reported an incidence <1% [19], but this discrepancy
is likely due to the study period, variant, and significantly smaller sample size compared to our
study and others with higher incidence. As expected, and generally observed, evidence suggests
that breakthrough infections are common across many different populations and healthcare
settings and may vary with overtime with shifts in vaccine coverage, population immunity,
and circulating SARS-CoV-2 variant strain.

This study revealed an intriguing finding in that having three or more comorbid diseases
heightened the risk of breakthrough infections across all age groups. Having more comorbidi-
ties increases the risk of infection greater than one would expect of the individual comorbidi-
ties. Surprisingly, this heightened risk did not seem to prompt significant alterations in
individual behavior. It is plausible that the impact of these comorbidities on immunity over-
shadowed any potential behavioral changes. Alternatively, it could be that comorbidities are
not as influential in driving behavioral and lifestyle changes as age. However, the latter would
contrast with prior studies suggesting that perceived vulnerability and severity, along with self-
efficacy and intention, are drivers of COVID-19 protective behaviors [20-23]. These findings
align with those of Smits et al. [24], who examined four specific comorbidities and observed
that patients with two or more of these conditions also faced a greater risk than would be
expected based on the individual effects of each comorbidity. This contrasts with the findings
of Walmsley et al. [25], who did not identify significant variations in the rate of breakthrough
infections among individuals with underlying comorbidities. These investigators acknowl-
edged that this discrepancy may be due to the low number of participants with comorbid dis-
eases in their study, which could have hindered the identification of a clear association.
Immune-compromising co-morbidities have been shown to increase the risk of SARS-CoV-2
infection [26-29], however, we did not find any significant increased risk among those in our
immunocompromised groups of stem cell or solid organ transplant recipients as has been pre-
viously reported [28]. Whether due to the impact on the immune system or lack of an effect on
behaviors, our findings reveal that independent of age or type of comorbidity, an increasing
amount of comorbidity burden increased the risk for Omicron SARS-CoV-2 infection after
vaccination within a population most vulnerable to worse outcomes and severe COVID-19
disease. Thus, public health messaging should continue to emphasize the importance of infec-
tion prevention measures within this key group.

It was noted that older individuals became at higher risk for infection at later time points,
suggesting a reduction in vaccine response or an increase in risk-taking behaviors over time.
This finding is consistent with a previous study that demonstrated an inverse association
between age and antibody titers only three months after mRNA vaccination [30]. Similarly, a
study focusing on immunocompromised individuals found that although vaccination was
associated with a modest risk reduction, older individuals continued to have higher rates of
breakthrough SARS-CoV-2 infections [15]. Research has shown that as the immune system
ages, the number of naive T and B cells decreases, which can lead to reduced vaccine efficiency
and a predisposition to breakthrough infections. While the quality of antibodies remains unaf-
fected, aging is associated with a decrease in the quantity of antibodies produced after vaccina-
tion, rendering individuals more susceptible to infection [31, 32]. These results support prior

PLOS ONE | https://doi.org/10.1371/journal.pone.0302338  August 5, 2024 8/14


https://doi.org/10.1371/journal.pone.0302338

PLOS ONE Break through SARS-CoV-2 infection in the early Omicron variant era among vaccinated and boosted individuals

evidence establishing that, independent of comorbidities or immunocompromised status,
increased age is a strong risk factor for breakthrough infection likely due to declining immu-
nity over time. Overall, this evidence suggests that the diminished quantity of antibodies pro-
duced in older individuals puts them at greater risk compared to the longer-lasting protection
seen in younger people. These findings also support recent recommendations for SARS-CoV-
2 vaccine boosting approximately twice per year among individuals over 65 years of age [33].

In contrast to our findings regarding older individuals, multiple studies have identified
younger age as a risk factor for COVID-19 breakthrough infection [14, 25, 34]. It’s important
to note that these studies varied in design, cohort size, and follow-up duration, which may
have influenced their ability to capture current evolving trends. These findings align with the
observations shortly after vaccination, where younger age emerged as an important risk factor.
This phenomenon is attributed to social behaviors playing a larger role than age during earlier
periods when immunity has not yet significantly declined, and vaccine response is more pro-
tective. Young adults engage in more social interactions and risk-taking behaviors for respira-
tory virus acquisition compared to the elderly, potentially increasing their exposure to
SARS-CoV-2 through daily activities [35, 36]. Certain occupations, such as healthcare work,
transit operation, and retail roles, have been identified as particularly high-risk for break-
through infection despite full vaccination [37, 38]. Additionally, younger individuals may per-
ceive themselves as less vulnerable to severe COVID-19 disease and therefore be more likely to
disregard public health precautions such as social distancing and mask-wearing, or they may
be less adept at recognizing the signs and symptoms of the virus, leading to further spread of
the disease [39, 40]. Thus, it appears that before a significant decline in immunity and vaccine
efficacy, behaviors among younger individuals likely drive and risk for breakthrough SARS--
CoV2 infections.

Time since last booster dose and certain racial/ethnic groups also emerged as independent
risk factors. A study described a similar finding concerning the time since second vaccine dose
[41]. This finding is consistent with waning vaccine immunity that has been previously
described [42-46]. This study also highlights the increased risk of Omicron SARS-CoV-2
infection among vaccinated individuals from Hispanic, Asian, and Black ethnic/racial groups.
It is unlikely that there is a biological basis to these associations-rather due to well-established
socioeconomic factors known to play significant roles in influencing the occurrence and out-
comes of SARS-CoV-2 and COVID disease [47-49]. Prior studies examining breakthrough
SARS-CoV-2 infection do not comment on demographic information, likely limited geo-
graphical regions being studied [14, 16]. However, reports in immunocompromised popula-
tions did not find any significant racial or ethnic differences [15, 50]. Disparities in healthcare
access and quality may contribute to certain demographic groups facing a higher risk of
SARS-CoV-2 infection [47, 51] Engagement in higher-risk occupations, larger household size,
lower income level, distrust in healthcare, lack of health insurance, and unequal access to
healthcare services are among the key contributors to these disparities [52]. Efforts to address
these disparities and improve healthcare outcomes for high-risk demographic groups are
needed and should include interventions aimed at expanding access to healthcare and insur-
ance, establishing more equitable care models, and addressing the underlying social determi-
nants of health.

The limitations of this study should be considered when interpreting the results. Firstly, the
research was conducted using electronic medical records within a single urban healthcare sys-
tem, which likely did not capture all breakthrough SARS-CoV-2 infections. Patients who
sought care outside of our NM system or opted for at-home testing were not always identified
in the analysis, potentially leading to an underestimation of the true cumulative incidence of
breakthrough SARS-CoV-2 infections. Additionally, mild, or asymptomatic breakthrough
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infections may be underreported, as individuals with less severe symptoms might be less likely
to seek medical care or testing. Secondly, given our study population selection criteria (see
above), individuals who were generally more proactive about seeking healthcare services may
be overrepresented. This may affect the generalizability of the findings to a broader less
engaged population. Additionally, the findings of this study may not be generalizable to other
populations or healthcare settings. Factors such as population demographics, vaccination
rates, and healthcare infrastructure can vary widely between different regions and may impact
the incidence and risk factors for breakthrough SARS-CoV-2 infections. Lastly, the study was
conducted during a specific timeframe and primarily focused on the Omicron variant. The
future incidence and risk factors for breakthrough SARS-Co-2 infections will likely vary with
evolving population immunity (natural and/or updated vaccines) and changes in circulating
immune evasive Omicron sub-variants. Despite these limitations, a large population with
nearly 8,000 breakthrough infection events during the Omicron era was studied and associa-
tions with key demographic and clinical characteristics driving SARS-CoV-2 acquisition using
strong statistical methods were assessed.

Conclusion

Our study sheds light on the complex interplay of factors influencing Omicron breakthrough
infections in a large urban healthcare system in Chicago among a population of SARS-CoV-2
vaccinated and boosted individuals. We found a substantial one-year cumulative incidence of
5.1%, highlighting the ongoing challenges posed by SARS-CoV-2 despite vaccination efforts.
These findings reflect real-world differences in immunity and exposure risk behaviors for pop-
ulations vulnerable to Omicron variants of SARS-CoV-2 worldwide. By identifying key risk
factors and disparities, our findings can inform targeted public health interventions to mitigate
the impact of breakthrough infections in vaccinated populations. Public health messages
should continue to emphasize the importance of considering both co-morbidities and age as
critical factors in understanding and mitigating the risk of SARS-CoV-2 acquisition, ensuring
that interventions are tailored to address the specific needs of vulnerable populations. As peo-
ple make decisions about booster vaccinations, our findings provide more information for
patients to consider personal risk in their decision-making. Ongoing public health surveillance
and research are crucial to understand the long-term effectiveness of vaccines against SARS--
CoV-2. Future research should focus on understanding mechanisms of declining immunity,
immune evasion by SARS-CoV-2 viruses, drivers of acquisition behavior, and optimizing pro-
tective vaccine.
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