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Abstract: We characterize the overall incidence and risk factors for breakthrough infection among
fully vaccinated participants in the North Carolina COVID-19 Community Research Partnership
cohort. Among 15,808 eligible participants, 638 reported a positive SARS-CoV-2 test after vaccination.
Factors associated with a lower risk of breakthrough in the time-to-event analysis included older
age, prior SARS-CovV-2 infection, higher rates of face mask use, and receipt of a booster vaccina-
tion. Higher rates of breakthrough were reported by participants vaccinated with BNT162b2 or
Ad26.COV2.S compared to mRNA-1273, in suburban or rural counties compared to urban counties,
and during circulation of the Delta and Omicron variants.

Keywords: SARS-CoV-2 vaccination; cumulative incidence; booster vaccination; age; rural county;
Omicron; Delta; BNT162b2; Ad26.COV2.S; mRNA-1273

1. Introduction

While COVID-19 vaccines prevent or attenuate the severity of SARS-CoV-2 infection,
little is known about risk factors for breakthrough infection [1,2]. This remains a critical gap
in knowledge as breakthrough infections have a significant impact on essential workforce
capacity in settings with high vaccine uptake, including healthcare, and serve as a secondary
reservoir for transmission to others at risk. We characterize the overall incidence and risk
factors for breakthrough infection among fully vaccinated participants in a large COVID-19
surveillance cohort—the North Carolina (NC) COVID-19 Community Research Partnership
(CCRP) [3].
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2. Materials and Methods

The NC CCRP is an observational cohort study assessing COVID-19 symptoms, test
results, vaccination status, and risk behavior via daily email or text surveys. Adults 18 years
and older were enrolled between 13 April 2020 and 14 August 2021 at six NC healthcare sys-
tems (http://www.covid19communitystudy.org/, 30 September 2022). The participating
study sites invited participants from inside and outside their healthcare systems via email
and patient portal messaging, study websites, and during community outreach events. This
study was approved by the Wake Forest School of Medicine Institutional Review Board.
The analysis includes data through 3 January 2022.

2.1. Data Collection

Self-reported data comprised a short questionnaire at enrollment, daily surveys (link
sent each day via e-mail or text message), and periodic short supplementary surveys.
Demographic data, including age, race/ethnicity, healthcare worker status, and COVID-
19 infection prior to enrollment, and address were collected at enrollment. Counties of
residence were classified as urban, suburban, or rural based on average population density
per square mile as calculated by the NC Rural Center based on the 2020 U.S. Census [4].
Potential COVID-19 symptoms that were queried in the surveys included fever, chills,
cough, shortness of breath, fatigue, muscle pain, headache, loss of taste/smell, sore throat,
congestion/runny nose, nausea/vomiting, and diarrhea. At enrollment, participants
consented to share their electronic health records (EHR). Records were only accessed if a
participant was also a patient in one of the participating study sites. Sites used their identity
management service to confirm that a consented participant was a patient in their health
care system. Breakthrough infection was defined according to the Centers for Disease
Control and Prevention guidance as “... the detection of SARS-CoV-2 RNA or antigen in a
respiratory specimen collected from a person >14 days after receipt of all recommended
doses of an FDA-authorized COVID-19 vaccine [5]”.

2.2. Vaccination

We defined SARS-CoV-2 vaccination as participant self-report of receiving two doses
of either the Pfizer BioNTech BNT162b2 or Moderna mRNA-1273 vaccine, or one dose
of the Janssen non-replicating viral vector vaccine Ad26.COV2.S. Vaccination status was
confirmed for the subset of participants with accessible EHR data [6]. A participant was
considered fully vaccinated fourteen days after they had received one dose of Janssen (J&J)
or two doses of an mRNA vaccine (Pfizer BioNTech BNT162b2 or Moderna mRNA-1273).
A participant was considered to have received a booster if they received a vaccine dose at
least 60 days after their second dose of mRNA (or missing or unknown) vaccine or after
their first dose of J&J. The vaccination brand was defined as the brand of the first vaccine
dose received. Participants reporting vaccination with another vaccine brand (e.g., Astra
Zeneca or Other) were excluded. The first participant considered fully vaccinated entered
the analysis on 15 January 2021, and the last participant on 30 October 2021.

2.3. Primary Outcome: Self-Reported Testing for SARS-CoV-2 Infection

In the current analysis, the primary outcome was weeks until the first self-reported in-
fection (positive SARS-CoV-2 antigen or nucleic acid amplification test) occurring >14 days
after full vaccination. Participants were able to self-report test results from any COVID-19
viral test they took as part of their work, social life, or after developing symptoms, including
tests that were conducted at a testing center. Time to breakthrough was defined as time
from full vaccination to first self-reported infection. Participants were censored if they
withdrew from the study, at the date of their last status update, or at the end of the analysis
period on 3 January 2022.
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2.4. Time-Varying Covariates

Time-varying covariates were incorporated on a participant by calendar week basis.
The vaccination proportion in the county of residence by calendar week was estimated as
the cumulative number of “full” vaccination doses up to that calendar week [7], divided by
the total adult population in the county of residence. Vaccination proportion was shifted
by three calendar weeks, anticipating that antibodies are fully formed two weeks after
full vaccination, and allowing an additional week for exposures to take place and self-
reported infections to arise. Percent mask usage was defined as the proportion of days in a
calendar week the participant reports the use of a face mask if meeting others outside the
household within six feet distance, or reporting no contacts. Booster shot was coded as a
binary variable that was true starting the week the participant received the booster vaccine.
The rationale for shifting the variable by one week was to allow time for an exposure to
take place and self-reported infections to arise, similar to the vaccination proportion. The
time frame for the Delta period was defined as calendar weeks 26 to 46 (28 June 2021 to
21 November 2021). The time frame for the Omicron period was defined as calendar weeks
49 to 53 (5 December 2021 to 3 January 2022) [8].

2.5. Missing Data

Nearly 80% of the cohort reported at least once per calendar week for all the weeks of
their follow-up. Two participants with missing sex and participants with vaccine brand
other than Janssen, Pfizer, and Moderna were excluded from the analysis. Participants who
did not specify their race/ethnicity at enrollment were classified as “Non-Hispanic Other”.
Participants who did not indicate that they consider themselves healthcare workers were
considered non-healthcare workers. Participants who did not complete a daily survey in a
calendar week were considered to have used a face mask < 90% of the time.

2.6. Statistical Analysis

Cox proportional hazards models with fixed and time-varying covariates were used
to estimate hazard rates. Univariate and multivariate models were run, with all variables
assessed in the univariate models included in the multivariate model. Event rates were
calculated as the total number of events divided by one hundredth the total duration
of follow-up of all participants in the cohort. Time to event was modeled using Cox
proportional hazards models using robust variance estimates to account for data clustered
by participant [9]. Only main effects were entered into the model. Wald 95% confidence
intervals (Cls) for hazard rates and Wald-test p-values were calculated. p-values lower than
5% were considered significant. All analyses used R version 4.0.3 [10].

3. Results

Study population characteristics are summarized in Table 1. Of 15,808 eligible partici-
pants, 638 (4.0%) reported a positive SARS-CoV-2 test after vaccination, reflecting an event
rate of 6.7 events per 100 person-years of follow-up. The total SARS-CoV-2 positivity rate
for the same time period statewide for North Carolina was 10.5 cases per 100 residents;
this same population had a 53.5% vaccination rate [7]. Infections were symptomatic in 593
(93%) cases.

Median and interquartile follow-up times following full vaccination were 29.3 interquartile
range (IQR = 21.7-42.7) weeks among infected participants and 31.6 (IQR = 21.7-36.6) weeks
among uninfected participants. The cumulative incidence of breakthrough infection was 6.95%
over 45 weeks of follow-up following full vaccination (Figure 1). While the time period prior to
the Delta variant made up 42.9% of total person-years in follow-up, only 3.7% of events were
observed in that period. The period when the Delta variant was the most prevalent in NC made
up 49.3% of the total person-years in follow-up, and accounted for 60.7% of events. The period
when Omicron was the most prevalent variant reflected only 7.7% of total person-years, but
accounted for 35.5% of events.
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Table 1. Infection rate per 100 person-years overall and by factors, and factors associated with

SARS-CoV-2 infection after vaccination.

Characteristics Univariate Multivariate
Fixed Covariates N (%) of E)/vo‘;nts E(‘;e;‘/z Ié?;e Hi:;;ﬁ/(j IC{;)HO p-Value Hi;;ﬁ/(: g;)tio p-Value
Overall 15808 (100%) 638 (4%) 6.7 (6.2-7.2)
Age
18-44 (Reference 5169 (33%) 244 (4.7%) 8.6 (7.6-9.8)
group)
45-64 7485 (47%) 315 (4.2%) 6.9 (6.2-7.7) 0.71 (0.60-0.84) <0.0001 0.70 (0.59-0.82) <0.0001
65+ 3154 (20%) 79 (2.5%) 3.7 (3.04.6) 0.35 (0.27-0.45) <0.0001 0.41 (0.32-0.54) <0.0001
Sex
Female (Reference 11631 (74%) 471 (4%) 6.7 (6.1-7.3)
group)
Male 4177 (26%) 167 (4%) 6.6 (57-7.7) 097 (0.82-1.15) 0.7387 1.11 (0.93-1.32) 0.2399
Race/Ethnicity
I\T(‘f{zfgsgj:grxg;e 14854 (94%) 611 (4.1%) 6.8 (62-7.3)
Non-Hispanic Black 400 (3%) 8 (2%) 3.8 (1.9-7.6) 0.72 (0.36-1.43) 0.3484 0.7 (0.35-1.41) 0.3163
Hispanic 165 (1%) 6 (3.6%) 7.0 (3.1-15.6) 1.24 (0.56-2.75) 0.6041 0.96 (0.43-2.16) 0.9289
Non-Hispanic Other 389 (2%) 13 (3.3%) 62(3.6-10.7)  1.04 (0.61-1.78) 0.8785 1.01 (0.59-1.73) 0.9789
Healthcare Worker
Status
No (Reference group) 10518 (67%) 374 (3.6%) 6.0 (5.4-6.6)
Yes 5290 (33%) 264 (5%) 81(7.1-9.1)  1.14 (0.96-1.35) 0.1268 1.12 (0.92-1.36) 0.2647
Vaccination Product
M?g:f;irﬁfgﬁugm 3985 (25%) 120 (3%) 5.1 (4.2-6.1)
Pfizer/BNT-BNT162b2 10999 (70%) 473 (4.3%) 7.0 (6.4-7.7) 1.24 (1.02-1.51) 0.0351 1.35 (1.10-1.66) 0.0042
J&J-Ad26.COV2.S 824 (5%) 45 (5.5%) 10.2 (7.6-13.6) 2.22 (1.59-3.10) <0.0001 1.74 (1.24-2.44) 0.0014
Prior COVID Infection
No (Reference group) 14743 (93%) 610 (4.1%) 6.8 (6.3-7.4)
Yes 1065 (7%) 28 (2.6%) 4.8 (3.3-6.9) 0.79 (0.54-1.15) 0.2129 0.58 (0.39-0.85) 0.0052
County Classification
Urban (Reference 10554 (67%) 410 (3.9%) 6.3 (5.7-7.0)
group)
Suburban 2361 (15%) 111 (4.7%) 81(67-9.7)  1.32(1.07-1.62) 0.0087 1.33 (1.08- 1.64) 0.0076
Rural 2893 (18%) 117 (4%) 7.0 (5.8-8.4) 1.20 (0.98-1.47) 0.0756 1.24 (1.01-1.53) 0.0396
Time-varying
covariates
Vaccination Rate in
County of Residence
3 weeks prior
<60% (Reference group)
>60% 0.81 (0.61-1.07) 0.1425 0.85 (0.64-1.13) 0.2692
Mask Usage in
week prior
<90%

(Reference group)
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Table 1. Cont.

Characteristics Univariate Multivariate
Of Events Event Rate Hazard Ratio Hazard Ratio
1 1 o, - )=
Fixed Covariates N (%) (%) 95% CI) 95% CI) p-Value 95% CI) p-Value

>90%

0.61 (0.52-0.73) <0.0001 0.66 (0.56-0.79) <0.0001

Delta Time Frame *

Not in Delta Time Frame
(Reference group)

In Delta Time Frame 0.87 (0.71-1.07) 0.1814 3.54 (2.34-5.35) <0.0001
Omicron Time Frame **
Not in Omicron Time
Frame (Reference group)
. . 16.68
In Omicron Time Frame 4.19 (3.33-5.28) <0.0001 <0.0001

(10.05-27.68)

Receipt of booster shot

No (Reference group)

Yes

0.35 (0.29-0.43) <0.0001 0.33 (0.27-0.40) <0.0001

* Delta Time Frame set as between 28 June 2021 and 21 November 2021. ** Omicron Time Frame set as between
5 December 2021 and 3 January 2022, the end of the observation period for this analysis.

In the multivariable analysis (Table 1), age 45 and older was associated with lower
risk of breakthrough infection. hazard ratio (HR) and 95% CI of age 4564 vs. 18-44 was
0.70 (0.59-0.82); age 65+ vs. 18-44 was 0.41 (0.32-0.54). Prior SARS-CoV-2 infection, HR
(95% CI) = 0.58 (0.39-0.85); higher rates of face mask use, HR (95% CI) = 0.66 (0.56-0.79);
and receipt of a booster vaccination, HR (95% CI) = 0.33 (0.27-0.40) were also associated
with a lower risk of breakthrough infections. Compared to those vaccinated with Moderna
mRNA1273, participants vaccinated with Pfizer/BNT BNT162b2 or J&]J] Ad26.COV2.S had
a higher risk of breakthrough infection; the HR (95% CI) of BNT162b2 vs. mRNA1273
was 1.35 (1.10-1.66); the HR (95% CI) of Ad26.COV2.S vs. mRNA1273 was 1.74 (1.24-2.44).
Participants from rural and suburban counties had a higher risk of breakthrough infections;
HR (95% CI) of suburban vs. urban was 1.33 (1.08- 1.64); and rural vs. urban was 1.24
(1.01-1.53). Participants had a higher risk of infection during circulation of the Delta and
Omicron variants compared to earlier time periods: HR (95% CI) for Delta vs. Pre-Delta
was 3.54 (2.34-5.35), and for Omicron vs. Pre-Delta 16.68 (10.05-27.68). There was no
association of breakthrough infection with sex, race/ethnicity, healthcare worker status, or
vaccination rate in the county of residence.

When the multivariable analysis was stratified by age (Table S1), breakthrough infec-
tions were lowest in those who received Moderna vaccines, and boosters lowered the risk
of breakthrough at similar rates across all three age groups. The youngest age group had
a higher risk of breakthrough infection during the Omicron period, HR (95% CI) = 27.42
(12.58-59.76), which is in line with their higher overall risk of breakthrough infection in the
un-stratified model, HR (95% CI) = 16.63 (10.02-27.59).
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Figure 1. Cumulative incidence curves of breakthrough infection among participants who reported
full vaccination (1 minus the unadjusted Kaplan—-Meier risk). Below each graph is the number at risk
at each time point for the first self-reported symptomatic positive SARS-CoV-2 test, starting from full
vaccination: (A) Overall; (B) By vaccine product; (C) By county classification; (D) By age stratum.

4. Discussion

Among vaccinated individuals, the magnitude of risk for breakthrough infection and
possible strategies to mitigate that risk are of great importance. The rate of breakthrough
infections increased over time, consistent with increasing community spread in concert with
waning vaccine effectiveness. Our data support previous reports of higher effectiveness
of Moderna mRNA-1273 relative to Pfizer/BNT BNT162b2 [11,12], and even more so
relative to J&J Ad26.COV2.S, and re-iterate the dramatically higher risk for breakthrough
infections during the Omicron surge [12]. The risk associated with the Omicron period
likely reflects several factors, including the infectivity of the Omicron variant, a higher
community prevalence of infection, and waning vaccine immunity [13]. The significantly
lower rates of breakthrough infection associated with mask wearing and receipt of a booster
are consistent with previous reports and highlight specific measures that may minimize
the risk for COVID-19 despite prior vaccination [14,15]. Similarly, higher rates among
younger individuals may reflect more frequent or higher risk exposures, including those
related to childcare or to differences in occupational or social exposures. This reinforces
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the importance of avoiding settings where respiratory viral transmission may more easily
occur and using risk mitigation measures when exposures cannot be avoided. A point of
ongoing debate relates to the possible additional protection provided by naturally acquired
immunity in combination with vaccination [16]. Our data reveal a 42% reduction in the
relative hazard for breakthrough among vaccinated participants who self-reported prior
SARS-CoV-2 infection. A particularly interesting and unexpected finding was the increased
risk of breakthrough infection among participants residing in rural and suburban counties
compared with those from urban areas. We initially hypothesized this might be due to
differences in vaccination rates by county, but the differences persisted even after adjusting
for county vaccination rates.

The daily survey responses capture whether a test was conducted and the result of
the test, but does not capture the detail of where, how, or why the test was performed.
Naturally, this type of self-directed testing that does not follow a pre-described testing
schedule is more likely to detect symptomatic infections and under-detect asymptomatic
infections. Moreover, participants may take tests and fail to report them in the system,
which may happen more often with negative tests. In weeks when participants did not
have any status update, including no self-reported infection, infections were treated as
absent, likely resulting in an underestimation of the incidence of SARS-CoV-2 infection.

In any observational study, there are significant limitations related to bias or residual
confounding, generalizability, and power such that results should be interpreted with
caution. In addition, our cohort includes a large proportion of healthcare workers and there
may be important differences among this group compared with the general population with
regard to study interest and engagement, exposure profiles, and risk mitigation behaviors.
This degree of oversampling of healthcare workers was not intentional, but rather the likely
result of the fact that enrollment was based at large healthcare systems. Furthermore, the
difference in vaccination release dates was not accounted for in the models. Nevertheless,
many of our findings corroborate the work of others, supporting the validity of the data.

5. Conclusions

In summary, this real-world analysis adds to the understanding of risk factors associ-
ated with breakthrough SARS-CoV-2 infections and highlights opportunities for mitigation.
Specifically, the lower rates of breakthrough infection associated with face mask use and
receipt of a booster highlight specific measures that individuals can take to minimize their
risk for COVID-19.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines10111922 /s1, Table S1: Breakthrough analysis stratified
by age.

Author Contributions: D.U. and M.B. had full access to all of the data in the study and take responsi-
bility for the integrity of the data and the accuracy of the data analysis. Concept and design: D.U.,
M.S., D.H. and M.S.R. Acquisition, analysis, or interpretation of data: All authors. Drafting of the
manuscript: D.U. and M.S.R. Critical revision of the manuscript for important intellectual content:
All authors. Statistical analysis: D.U., M.B., LM. and A.L.S. Obtained funding: D.H., JW.S. and
D.U. Administrative, technical, or material support: D.U., M.B., LM.E,, M.G. and B.B. Supervision:
D.U, M.S, D.H,, JJWS. and M.S.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This publication was supported by the CARES Act of the U.S. Department of Health and
Human Services (HHS) (Contract # NC DHHS GTS #49927). The Partnership is listed in clinicaltri-
als.gov (NCT04342884).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and the study was reviewed and approved by the Wake Forest University School of
Medicine Institutional Review Board (IRB), which served as the central IRB for this study (See 45
C.ER. part 46; 21 C.ER. part 56). The study is registered with ClinicalTrials.gov, NCT04342884.


https://www.mdpi.com/article/10.3390/vaccines10111922/s1
https://www.mdpi.com/article/10.3390/vaccines10111922/s1

Vaccines 2022, 10, 1922

8 of 10

Informed Consent Statement: All participants in the COVID-19 Community Research Partnership
provided consent for participation.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request. Results of the COVID-19 CCRP are
being disseminated on the study website (https://www.covid19communitystudy.org, 30 September
2022) as well as in publications and presentations in medical journals and at scientific meetings. At
end of the study, the databases will be made publicly available in a de-identified manner according
to CDC and applicable U.S. Federal policies.

Acknowledgments: The COVID-19 Community Research Partnership gratefully acknowledges the
commitment and dedication of the study participants. Programmatic, laboratory, and technical
support was provided by Vysnova Partners, Inc., Javara, Inc., Oracle Corporation, LabCorp, Scanwell
Health, and Neoteryx. This publication was supported by the Centers for Disease Control and
Prevention (CDC) (contract #75D30120C08405) and the CARES Act of the U.S. Department of Health
and Human Services (HHS) (Contract # NC DHHS GTS #49927). Fifty percent of the current project
was funded by the CDC/HHS award and 50% by the CARES Act/HHS award. The Partnership is
listed in clinicaltrials.gov (NCT04342884). The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position of the Centers for Disease Control and
Prevention, HHS, or the U.S. Government. A complete list of study sites, investigators, and staff can
be found in Appendix A.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Authorship: The COVID-19 Community Research Partnership

(*Site Principal Investigator)

Wake Forest School of Medicine: John Walton Sanders*, MD, MPH, Thomas F Wierzba*,
PhD, MPH, David Herrington*, MD, MHS, Mark A. Espeland, PhD, Morgana Mongraw-
Chaffin, PhD, Alain Bertoni, MD, Martha A. Alexander-Miller, PhD, Allison Mathews,
PhD, Iqra Munawar, MS, Austin Lyles Seals, MS, Brian Ostasiewski, Christine Ann Pittman
Ballard, MPH, Metin Gurcan, PhD, Alexander Ivanov, MD, Allison Matthews, PhD, Giselle
Melendez Zapata, MD, Marlena Westcott, PhD, Karen Blinson, Laura Blinson, Douglas
McGlasson, Mark Mistysyn, Donna Davis, Lynda Doomy, Perrin Henderson, MS, Alicia
Jessup, Kimberly Lane, Beverly Levine, PhD, Jessica McCanless, MS, Sharon McDaniel,
Kathryn Melius, MS, Christine O’'Neill, Angelina Pack, RN, Ritu Rathee, RN, Scott Rushing,
Jennifer Sheets, Sandra Soots, RN, Michele Wall, Samantha Wheeler, John White, Lisa
Wilkerson, Rebekah Wilson, Kenneth Wilson, Deb Burcombe, John Williamson, PharmD.

Atrium Health: Michael S. Runyon*, MD MPH, Lewis H. McCurdy*, MD, Michael
A. Gibbs, MD, Yhenneko J. Taylor, PhD, Lydia Calamari, MD, Hazel Tapp, PhD, Amina
Ahmed, MD, Michael Brennan, DDS, Lindsay Munn, PhD RN, Keerti L. Dantuluri, MD,
Timothy Hetherington, MS, Lauren C. Lu, Connell Dunn, Melanie Hogg, MS, CCRA,
Andrea Price, Marina Leonidas, Laura Staton, Kenniesha Spencer, MPH, Melinda Manning,
Whitney Rossman, MS, Frank X. Gohs, MS, Anna Harris, MPH, Bella Gutnik MS, Jennifer S.
Priem, PhD, MA, Ryan Burns, MS.

MedStar Health Research Institute: William Weintraub*, MD, Kristen Miller, DrPH,
CPPS, Chris Washington, Allison Moses, Sarahfaye Dolman, Julissa Zelaya-Portillo, John
Erkus, Joseph Blumenthal, Ronald E. Romero Barrientos, Sonita Bennett, Shrenik Shah,
Shrey Mathur, Christian Boxley, Paul Kolm, PhD, Eva Hochberger, Ella Franklin, Deliya
Wesley, Naheed Ahmed.

Tulane: Richard Oberhelman®*, MD, Joseph Keating*, PhD, Patricia Kissinger, PhD,
John Schieffelin, MD, Joshua Yukich, PhD, Andrew “AJ” Beron, MPH, Devin Hayes, BS,
Johanna Teigen, MPH.

University of Maryland School of Medicine: Karen Kotloff*, MD, Wilbur H. Chen?*,
MD, MS, DeAnna Friedman-Klabanoff, MD, Andrea A. Berry, MD, Helen Powell, PhD,
Lynnee Roane, MS, RN, Reva Datar, MPH.


https://www.covid19communitystudy.org

Vaccines 2022, 10, 1922

9 0f 10

University of Mississippi: Adolfo Correa*, MD, PhD, Leandro Mena*, MD, MPH,
Bhagyashri Navalkele, MD, Yuan-I Min, PhD, Alexandra Castillo, MPH, Lori Ward, PhD,
MS, Robert P. Santos, MD, Courtney Gomillia, MS-PHS, Pramod Anugu, Yan Gao, MPH,
Jason Green, Ramona Sandlin, RHIA, Donald Moore, MS, Lemichal Drake, Dorothy Horton,
RN, Kendra L. Johnson, MPH.

WakeMed Health and Hospitals: William H. Lagarde*, MD, LaMonica Daniel, BSCR.

New Hanover: Patrick D. Maguire*, MD, Charin L. Hanlon, MD, Lynette McFayden,
RN, Isaura Rigo, MD, Kelli Hines, Lindsay Smith, Alexa Drilling, Monique Harris, Belinda
Lissor, Vivian Cook, Maddy Eversole, Terry Herrin, Dennis Murphy, Lauren Kinney, Polly
Diehl, Nicholas Abromitis, Tina St. Pierre, Judy Kennedy BSCS, MBA, Lauren Kinney, BS,
Bill Heckman, Denise Evans, Vivian Cook, Maddy Eversole, Julian March, Ben Whitlock,
Wendy Moore.

Vidant Health: Thomas R. Gallaher*, MD, Shakira Henderson, PhD, DNP, MS, MPH,
Michael Zimmer, PhD, Danielle Oliver, Tina Dixon, Kasheta Jackson, Martha Reavis, Mon-
ica Menon, Brandon Bishop, Rachel Roeth, Mathew Johanson, Alesia Ceaser, Amada
Fernandez, Carmen Williams, Jeremiah Hargett, Keeaira Boyd, Kevonna Forbes, Latasha
Thomas, Markee Jenkins, Monica Coward, Derrick Clark, Omeshia Frost, Angela Darden,
Lakeya Askew, Sarah Phipps, Victoria Barnes.

Campbell University School of Osteopathic Medicine: Robin King-Thiele*, DO, Terri
S. Hamrick*, PhD, Chika Okafor, MD (Cape Fear Valley Medical Center), Regina B. Bray
Brown, MD (Harnett Health System, Inc.), Pinoorma Vinod, MD (Southeastern Health),
Lawrence Klima, MD (Harnett Health System), Amber Brewster, MD (Harnett Health
System), Danius Bouyi, DO (Harnett Health System), Katrina Lamont, MD (Harnett Health
System), Kazumi Yoshinaga, DO (Harnett Health System), Abdalla Ihmeidan, MHA (Camp-
bell University School of Osteopathic Medicine), A. Suman Peela, MD (Southeastern Health
System), Giera Denbel, MD (Southeastern Health System), Jason Lo, MD: Southeastern
Health System, Mariam Mayet-Khan, DO (Southeastern Health System), Akash Mittal,
DO (Southeastern Health System), Reena Motwani, MD (Southeastern Health System),
Mohamed Raafat, MD (Southeastern Health System), Evan Schultz, DO (Cumberland
County Hospital System, Cape Fear Valley), Aderson Joseph, MD (Cumberland County
Hospital System, Cape Fear Valley), Aalok Parkeh, DO (Cumberland County Hospital
System, Cape Fear Valley), Dhara Patel, MD (Cumberland County Hospital System, Cape
Fear Valley), Babar Afridi, DO (Cumberland County Hospital System, Cape Fear Valley).

George Washington University Data Coordinating Center: Diane Uschner*, PhD,
Sharon L Edelstein, ScM, Michele Santacatterina, PhD, Greg Strylewicz, PhD, Brian Burke,
MS, Mihili Gunaratne, MPH, Meghan Turney, MA, Shirley Qin Zhou, MS, Ashley H Tjaden,
MPH, Lida Fette, MS, Asare Buahin, Matthew Bott, Sophia Graziani, Ashvi Soni, MS.

George Washington University Mores Lab: Christopher Mores, PhD, Abigail Porzucek,
MS.

Oracle Corporation: Rebecca Laborde.

Vysnova Partners: Anne McKeague, PhD, Grace Tran, MPH, Johnathan Ward, Joyce
Dieterly, MPH, Nana Darko, MPH, Kimberly Castellon, Isabella Malcolm, Ryan Brink, MS,
Haris Shehzad, MS, Derek Kuprianov.

Sneez LLC: Lucy Guill, MBA, Danielle Lamphier, MBA, Anna Schaefer, MSM, William
M. Satterwhite, JD, MD.

Javara Inc: Atira Goodwin.

External Advisory Council: Ruth Berkelman, MD, Emory, Kimberly Hanson, MD,
U of Utah, Scott Zeger, PhD, Johns Hopkins, Cavan Reilly, PhD, U. of Minnesota, Kathy
Edwards, MD, Vanderbilt, Helene Gayle, MD MPH, Chicago Community Trust.



Vaccines 2022, 10, 1922 10 of 10

References

1.

10.

11.

12.

13.

14.

15.

16.

Sadoff, J.; Gray, G.; Vandebosch, A.; Cérdenas, V.; Shukarev, G.; Grinsztejn, B.; Goepfert, P.A.; Truyers, C.; Fennema, H.; Spiessens,
B.; et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against COVID-19. N. Engl. |. Med. 2021, 384, 2187-2201.
[CrossRef] [PubMed]

Thompson, M.G.; Burgess, ].L.; Naleway, A.L.; Tyner, H.; Yoon, S.K.; Meece, J.; Olsho, L.E.W.; Caban-Martinez, A.].; Fowlkes, A.L.;
Lutrick, K; et al. Prevention and Attenuation of COVID-19 with the BNT162b2 and MRNA-1273 Vaccines. N. Engl. |. Med. 2021,
385, 320-329. [CrossRef] [PubMed]

Santacatterina, M.; Sanders, ].W.; Weintraub, W.S. North Carolina COVID-19 Community Research Partnership Prevention of
Covid-19 with the BNT162b2 and MRNA-1273 Vaccines. N. Engl. ]. Med. 2021, 385, 1817-1818. [CrossRef] [PubMed]

NC Rural Center. Available online: https:/ /www.ncruralcenter.org/about-us/ (accessed on 30 September 2022).

CDC; COVID-19 Vaccine Breakthrough Case Investigations Team. COVID-19 Vaccine Breakthrough Infections Reported to
CDC—United States, January 1-April 30, 2021. MMWR Morb. Mortal Wkly. Rep. 2021, 70, 792-793. [CrossRef] [PubMed]
Tjaden, A .H.; Fette, L M.; Edelstein, S.L.; Gibbs, M.; Hinkelman, A.N.; Runyon, M.; Santos, R.P.; Weintraub, W.S.; Yukich, J.;
Uschner, D.; et al. Self-Reported SARS-CoV-2 Vaccination is Consistent with Electronic Health Record Data among the COVID-19
Community Research Partnership. Vaccines 2022, 10, 1016. [CrossRef] [PubMed]

NCDHHS. North Carolina COVID-19 Dashboard. Available online: https://covid19.ncdhhs.gov/dashboard (accessed on 30
September 2022).

North Carolina Department of Health and Human Services. Additional Data Sources: Weekly Summary. Respiratory Surveillance:
January 23—-January 29, 2022; North Carolina Department of Health and Human Services: Raleigh, NC, USA, 2022.

Thernau, T.M.; Grambsch, PM. Modeling Survival Data: Extending the Cox Model; Springer: New York, NY, USA, 2000; ISBN
978-1-4757-3294-8.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Aus-
tria, 2020.

Accorsi, EK,; Britton, A.; Fleming-Dutra, K.E. Association Between 3 Doses of MRNA COVID-19 Vaccine and Symptomatic
Infection Caused by the SARS-CoV-2 Omicron and Delta Variants. JAMA 2022, 327, 639-651. [CrossRef] [PubMed]

Wang, L.; Davis, P.B.; Kaelber, D.C.; Volkow, N.D.; Xu, R. Comparison of MRNA-1273 and BNT162b2 Vaccines on Breakthrough
SARS-CoV-2 Infections, Hospitalizations, and Death During the Delta-Predominant Period. JAMA 2022, 327, 678-680. [CrossRef]
[PubMed]

Andrews, N.; Stowe, J.; Kirsebom, F; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, AM,;
et al. COVID-19 Vaccine Effectiveness against the Omicron (B.1.1.529) Variant. N. Engl. ]. Med. 2022, 386, 1532-1546. [CrossRef]
[PubMed]

Andrejko, K.L.; Pry, ].M.; Myers, J.F; Fukui, N.; DeGuzman, J.L.; Openshaw, J.; Watt, ].P.; Lewnard, J.A.; Jain, S. California
COVID-19 Case-Control Study Team. Effectiveness of Face Mask or Respirator Use in Indoor Public Settings for Prevention of
SARS-CoV-2 Infection—California, February—December 2021. MMWR Morb. Mortal. Wkly. Rep. 2022, 71, 212-216. [CrossRef]
[PubMed]

Ntziora, F.; Kostaki, E.G.; Karapanou, A.; Mylona, M.; Tseti, L; Sipsas, N.V.; Paraskevis, D.; Sfikakis, P.P. Pro-tection of vaccination
versus hybrid immunity against infection with COVID-19 Omicron variants among Health-Care Workers. Vaccine 2022. In press.
[CrossRef] [PubMed]

Abu-Raddad, L.J.; Chemaitelly, H.; Ayoub, H.H.; Yassine, H.M.; Benslimane, EM.; Al Khatib, H.A.; Tang, P.; Hasan, M.R.; Coyle,
P; Al Kanaani, Z.; et al. Association of Prior SARS-CoV-2 Infection with Risk of Breakthrough Infection Following MRNA
Vaccination in Qatar. JAMA 2021, 326, 1930-1939. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa2101544
http://www.ncbi.nlm.nih.gov/pubmed/33882225
http://doi.org/10.1056/NEJMoa2107058
http://www.ncbi.nlm.nih.gov/pubmed/34192428
http://doi.org/10.1056/NEJMc2113575
http://www.ncbi.nlm.nih.gov/pubmed/34614320
https://www.ncruralcenter.org/about-us/
http://doi.org/10.15585/mmwr.mm7021e3
http://www.ncbi.nlm.nih.gov/pubmed/34043615
http://doi.org/10.3390/vaccines10071016
http://www.ncbi.nlm.nih.gov/pubmed/35891180
https://covid19.ncdhhs.gov/dashboard
http://doi.org/10.1001/jama.2022.0470
http://www.ncbi.nlm.nih.gov/pubmed/35060999
http://doi.org/10.1001/jama.2022.0210
http://www.ncbi.nlm.nih.gov/pubmed/35050314
http://doi.org/10.1056/NEJMoa2119451
http://www.ncbi.nlm.nih.gov/pubmed/35249272
http://doi.org/10.15585/mmwr.mm7106e1
http://www.ncbi.nlm.nih.gov/pubmed/35143470
http://doi.org/10.1016/j.vaccine.2022.09.042
http://www.ncbi.nlm.nih.gov/pubmed/36150972
http://doi.org/10.1001/jama.2021.19623
http://www.ncbi.nlm.nih.gov/pubmed/34724027

	Introduction 
	Materials and Methods 
	Data Collection 
	Vaccination 
	Primary Outcome: Self-Reported Testing for SARS-CoV-2 Infection 
	Time-Varying Covariates 
	Missing Data 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

