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a b s t r a c t 

Background: Because of their direct patient contact, healthcare workers (HCW) face an unprecedented 

risk of exposure to COVID-19. The aim of this study was to examine incidence of COVID-19 disease among 

asymptomatic HCW and community participants in Northern Virginia during 6 months of follow-up. 

Methods: This is a prospective cohort study that enrolled healthy HCW and residents who never had a 

symptomatic COVID-19 infection prior to enrolment from the community in Northern Virginia from April 

to November 2020. All participants were invited to enrol in study, and they were followed at 2-, and 

6-months intervals. Participants were evaluated by commercial chemiluminescence SARS-CoV-2 serology 

assays as part of regional health system and public health surveillance program to monitor the spread of 

COVID-19 disease. 

Findings: Of a total of 1,819 asymptomatic HCW enrolled, 1,473 (96%) had data at two-months interval, 

and 1,323 (73%) participants had data at 6-months interval. At baseline, 21 (1.15%) were found to have 

prior COVID-19 exposure. At two-months interval, COVID-19 rate was 2.8% and at six months follow- 

up, the overall incidence rate increased to 4.8%, but was as high as 7.9% among those who belong to 

the youngest age group (20–29 years). Seroconversion rates in HCW were comparable to the seropos- 

itive rates in the Northern Virginia community. The overall incidence of COVID-19 in the community 

was 4.5%, but the estimate was higher among Hispanic ethnicity (incidence rate = 15.3%) potentially re- 

flecting different socio-economic factors among the community participants and the HCW group. Using 

cross-sectional logistic regression and spatio-temporal mixed effects models, significant factors that in- 

fluence the transmission rate among HCW include age, race/ethnicity, resident ZIP-code, and household 

exposure, but not direct patient contact. 

Interpretation: In Northern Virginia, the seropositive rate of COVID-19 disease among HCW was compa- 

rable to that in the community. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Research in context 

Evidence before this study 

• Healthcare workers (HCWs) experience significant burden 

from COVID-19 disease because of their direct patient care 
with infected individuals. 

Added value of this study 

• The overall prevalence of COVID-19 exposure reflected by 
serology testing in asymptomatic HCW at baseline in April 
to May 2020 near the beginning of the pandemic was low. 

• With implementation of public health measures and PPE 
in hospital settings the overall incidence rate of SARS- 
CoV-2 exposure reflected by incident serology among 
HCW over the next 6 months of the pandemic remained 

low (~ 4.8%). 
• The incidence rate of COVID-19 disease among HCW is 

similar to the incidence rate of the disease among asymp- 
tomatic participants from the community with the im- 
portant exception of Hispanic ethnicity potentially reflect- 
ing different socio-economic factors among those Hispan- 
ics living in the community and the subset employed in 

the regional healthcare system. 
• The main factors that influence the incidence rate among 

HCW are younger age groups, race, residential zip code, 
and exposure to a COVID-19 infected individual within the 
household and not factors such as direct patient contact 
or work location within the healthcare system 

Implications of all available evidence 

• In Northern Virginia, the seropositive rate of COVID-19 
disease among HCW was comparable to that in the com- 
munity at large. 

ntroduction 

In March 2020, the World Health Organization declared the 

oronavirus disease 2019 (COVID-19) a pandemic with millions 

f people infected worldwide [1] . The disease is caused by se- 

ere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that 

elongs to the beta coronavirus genus [2] . This virus is capa- 

le of human-to-human transmission and spreads via respiratory 

roplets causing a respiratory illness that closely resembles SARS- 

oV infection [2] . The aggressive inflammatory response to COVID- 

9 can result in airway damage, respiratory failure, cardiac injury, 

nd multiorgan failure, which lead to death in susceptible patients 

3] . 

Healthcare workers (HCW) faced an unprecedented risk of ex- 

osure to SARS-CoV-2 because of their direct patient contact. 

hile some develop moderate to severe disease, most become in- 

ected with no or mild symptoms [4] . Overall, an estimated 40 to 

5% of infected individuals may be asymptomatic or mildly symp- 

omatic [5] . Because HCW are more likely to be studied when 

ompared to community based participants this results in poten- 

ial selection bias rather than different clinical case presentation 

etween the two groups [ 6 , 7 ]. In high-exposure settings, the abil-

ty to accurately assess the prevalence and seropositive rate of in- 

ection among HCW has been challenging as many estimates are 

erived from small size cohorts or cross-sectional studies without 

ongitudinal follow-up [4] . The aims of this study are to: (1) iden- 

ify the initial prevalence of SARS-CoV-2 exposure among health- 

are professionals early in the pandemic, with and without di- 

ect patient contact, and other factors that can explain the preva- 
2 
ence of the disease among HCW; (2) examine the rate of sero- 

onversion among asymptomatic HCW over time; (3) determine 

he factors that influence the seropositivity among asymptomatic 

CW, as compared to asymptomatic members of the regional 

ommunity selected for a public health serologic surveillance 

rogram. 

ethods 

ealthcare workers study population 

This is a prospective cohort study that enrolled asymptomatic 

CW in Northern Virginia, United States from April to Novem- 

er 2020, as part of a health surveillance program to monitor 

he spread of COVID-19 disease in a large healthcare system in 

he mid-Atlantic region. Asymptomatic HCW were included if they 

ere > 18 years of age, employed or contracted by a large inte- 

rated health system in Northern Virginia (Inova Health), and will- 

ng to sign an informed consent to participate and follow study 

rocedures. Concerted efforts were made to enrol members of the 

ncillary staff, contracting, and other non-medical services to have 

 global representation of healthcare workforce within the sys- 

em. Participants were excluded if there was a known or suspected 

ymptomatic COVID-19 infection at first enrolment time point with 

ymptoms including fever, cough or shortness of breath, but partic- 

pants who developed symptoms after enrolment were continued 

o be followed in the study. After explaining the risks and bene- 

ts of enrolment, each participant was asked to read an electronic 

nformed consent that explicitly defined the aims of this research 

tudy, duration of follow-up, all possible outcomes, the risks in- 

olved, and alternatives to participation. Each enrolled participant 

igned the electronic consent form using a signature pad and the 

ocument was saved to the electronic medical system. The proto- 

ol was approved by the Inova institutional review board. Health- 

are structures included hospitals, outpatient clinics, community 

are clinics, within Inova Health, which is located in the Common- 

ealth of Virginia, United States. 

ommunity sample from Northern Virginia 

Similar to the HCW cohort, prospective asymptomatic partici- 

ants without a known COVID-19 diagnosis residing in the com- 

unity were enrolled as part of the public health surveillance 

rogram in Virginia from June 1 to August 14, 2020 from 5 geo- 

raphically diverse health system sites: the University of Virginia 

ealth System, Inova Health System, Sentara, Healthcare, Carilion 

linic, and Virginia Commonwealth University [8] . Selection of the 

ites was based on geographically diverse health system sites from 

orthern, Eastern, and Western regions of the state of Virginia. 

ll community participants had to go to one ambulatory clinic for 

esting. All adult outpatient participants presented in person for 

cheduled outpatient clinic or outpatient laboratory appointment 

ere eligible to be enrolled in the community study [8] . All outpa- 

ient sites conducted pre-screening to ensure that participants did 

ot have COVID-19 like symptoms prior to enrolment in the study. 

articipants were included in this analysis if they were adults > 18 

ears of age, resided in the Northern Virginia region willing to 

ign an informed consent to participate in the study. The com- 

unity participants were evaluated in a state wide cross-sectional 

urveillance program [8] . The use of community population was 

eneralizable since it had demographics that matched the region 

nd drew on multiple ambulatory clinics from a variety of differ- 

nt socio-economic districts within Northern Virginia.This proto- 

ol was approved by the University of Virginia institutional review 

oard with a waiver of informed consent because the study was 
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equested by the Virginia Department of Health as a public health 

urveillance according to 45 CFR §46.102. A full description of this 

ohort was previously published [8] . 

lood collection and laboratory assay measurements 

All blood tests for the community cohort were performed at 

ne site (University of Virginia Medical Laboratory, Charlottesville, 

A) and plasma (lithium heparin tubes) was tested on the Ar- 

hitect i120 0 0 analyser (Abbott) using SARS-CoV-2 immunoglobu- 

in G antibody immunoassay for quality control [8] . Approximately 

0 mL of blood was drawn at baseline, 2-month, and 6-months 

rom each HCW participant. At each interval, the following was 

erformed: COVID-19 IgM–IgG serologic testing to the spike pro- 

ein at the Inova Health System Biocore laboratory, Falls Church, 

A (Anti-SARS-CoV-2 Total Reagent Pack, Ortho Diagnostics, Rar- 

tan, NJ. A positive serology result was defined by 1.00 signal to 

alibrator (S/C) ratio as defined by the manufacturer [9] . Blood was 

tored for additional non-genetic tests for five years following en- 

olment. For northern Virginia community participants SARS-CoV-2 

nrolment took place at one of several ambulatory clinics in June- 

uly of 2020 and serology was testing with the Abbott Laboratories 

dviseDx SARS-CoV-2 assay measured at the University of Virginia 

s described elsewhere [8] . The Abbott assay used was the anti-IgG 

I assay. The sensitivity and specificity for each of the assays were 

reviously published [10] . 

linical characteristics 

For Inova HCW at baseline, the following data were collected: 

emographics, cardiovascular risk factors, Zone Improvement Plan 

ZIP) code, and job description identified as “direct patient care” or 

non-direct care”. Race and ethnicity are self-identified categories 

hosen by research participants. Home exposure was defined as a 

CW with other domiciliary members with PCR confirmed infec- 

ion. Direct patient care was defined as any person who works in 

 care provider capacity who comes within six feet of the patient. 

t the six months visit, HCW were also queried if they had par- 

icipated in a vaccine study or if another household member had 

een diagnosed with COVID-19. During baseline, 2-, and 6-month 

isits, participants were screened for temperature and symptoms 

elated to COVID-19 disease. The primary domiciliary ZIP code for 

ach participant was collected. 

escriptive statistics and cross-sectional analysis 

During the study period, research participants were categorized 

nto two distinct and separate categories: (1) Inova HCW and (2) 

ommunity sample from Northern Virginia. The demographics for 

oth groups and the type of patient care, location within the 

ealth system for the HCW were reported. Frequencies and per- 

entages were calculated for categorical variables and means ± SD 

or continuous variables. The initial prevalence of cases in each 

roup and seroconversions for the longitudinal follow-up of HCW 

or 2- and 6-month time points (i.e., the incidence) were reported. 

 multivariable logistic regression model was constructed to evalu- 

te predictors of seroconversion rates during the 6-month interval, 

djusted for age, gender, race and ethnicity, and co-habitation with 

 COVID-19 patient. HCW who had participated in a vaccine study 

nd had positive serology at 6 months were excluded from the 6- 

onth analysis. 

ublicly available COVID-19 dataset for the commonwealth of Virginia 

In addition to the two datasets on seropositivity for HCW and 

ommunity participants, we considered publicly available cumu- 
3 
ative COVID-19 incident case rate data published weekly at the 

IP code level by the Virginia Department of Health. This dataset 

as densely observed across all ZIP codes in northern Virginia 

nd is thus used to investigate the nature of spatial correlation 

n COVID outcomes, which informed the characterization of spatial 

andom effects in the HCW seropositivity spatio-temporal mixed 

ffect model introduced in what follows. 

patial correlation analysis 

In our analyses, the geographical data considered are domicil- 

ary ZIP codes for community participants, domiciliary ZIP codes 

or HCW, and ZIP codes from publicly available COVID-19 incident 

ase rate data published at the ZIP code level by the Virginia De- 

artment of Health. To calculate distances for the spatial autocorre- 

ation analysis and spatio-temporal mixed effects model, we com- 

ute the Euclidean distances between ZIP code centers character- 

zed by their latitudes and longitudes. In the manuscript, these 

istances are expressed in miles using the Haversine formula for 

ase of interpretation [11] . To assess the impact of domiciliary lo- 

ation on serology positivity, which is commonly utilized in epi- 

emiologic studies [12] , the COVID-19 incident case data for viral 

etection from Virginia Department of Health (molecular and anti- 

en testing) is used to assess the level of spatial correlation among 

eighboring ZIP codes. Among many measures of spatial associa- 

ion, Moran’s I is one of the most widely used [ 13 , 14 ], which is

tilized in this study. Given a set of observations of a variable of 

nterest, x 1 , x 2 , . . . , x N , and a measure of the distance between any 

wo observations, d i j for i = 1 , 2 , . . . , N and j = 1 , 2 , . . . , N, Moran’s

 measures the linear association between observations and neigh- 

oring observations weighted according to their respective dis- 

ances such that: 

 = 

N 

∑ N 
i =1 

∑ N 
j=1 w 

(
d i j 

)
∑ N 

i =1 

∑ N 
j=1 w 

(
d i j 

)
( x i − x̄ ) 

(
x j − x̄ 

)
∑ N 

i =1 ( x i − x̄ ) 
2 

here x̄ is the average of the N observations and w (·) is a weight 

unction. For example, let d i j be the typical Euclidean distance. 

he inverse of the Euclidean distance can then be used to as- 

ign weights to observations such that w ( d i j ) = d −1 
i j 

for i � = j

nd w ( d i j ) = 0 for i = j. However, in this study, we use a local-

zed weight function such that w k ( d i j ) = 1 for d i j ∈ ( k − α, k + α) 

nd w k ( d i j ) = 0 otherwise for a given distance interval midpoint k 

nd interval half-width α. This distance-dependent weight function 

ields a localized Moran’s I that can be used to assess the signifi- 

ance of the spatial correlation at various distances. Moran’s I can 

ake on values between −1 and + 1 with positive values indicating 

ositive linear association among neighboring observations. 

patio-temporal mixed effects modelling 

In order to accurately estimate HCW seropositivity over the 6 

onths follow-up period, a spatio-temporal mixed effects model 

s developed that includes fixed effects for time, age, gender, race 

nd ethnicity, type of patient care, and hospital location, as well as 

 spatial random effect to capture spatial correlation among obser- 

ations. More specifically, 

og 
p i j 

1 − p i j 

= β0 + 

∑ p 

k =1 
βk X i jk + t j + S i ( v , ρ) + ∈ i j 

here p i j is the probability of seroprevalence for the i th HCW 

 i = 1 , . . . , N ) at the jth time point ( j = 1 , 2 , 3 ) , X i jk represents 

he observed value of the k th independent variable from the i th 

CW at the jth time point, β0 and β1 , β2 , . . . , βp are intercept and 

xed effect coefficients respectively, t j is a fixed effect for the jth 

ime point, s i ( ν, ρ) is a spatial random effect, and ∈ i j is an inde- 

endent, zero-mean error term. s ( ν, ρ) follows an N-dimensional 
i 
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ero mean normal distribution with correlation matrix R( ν, ρ) that 

haracterizes the spatial autocorrelation among HCW, and ∈ i j fol- 

ows a normal distribution N( 0 , σ 2 ) . 

The widely adopted Matérn correlation function [ 15 , 16 ] is 

sed to characterize the spatial correlation such that [ R( ν, ρ) ] i j = 

2 1 −ν

�(ν) 
( ρd i j ) 

ν K ν ( ρd i j ) where d i j is the distance between the domi- 

iliary ZIP codes for the i th and jth HCW, ν is a smoothness pa-

ameter, ρ is a scale parameter, and K ν (·) is the modified Bessel 

unction of the second kind of order ν . Setting ν = 0 . 5 results in an

xponential correlation function [ R( ν, ρ) ] i j = exp( −ρd i j ) for which 

he rate of decay in the spatial correlation as distance increases is 

ontrolled by ρ . ρ is then set such that the spatial correlation by 

istance for this model is similar to the spatial correlation by dis- 

ance in the COVID-19 incident case data. The Akaike Information 

riterion is used to evaluate model fit and select the most parsi- 

onious model [17] . Data analyses were conducted using R statis- 

ical software (v.4.0.3; R Foundation for Statistical Computing, Vi- 

nna, Austria). The institutional review board at Inova Health and 

niversity of Virginia approved this study. 

he role of funding source 

This original research study was funded by a seed grant from 

he Inova Health System to support the health and wellbeing of 

CWs in the work environment during the pandemic. 

esults 

emographic characteristics and seropositivity 

Of a total of 1819 asymptomatic HCW enrolled in this prospec- 

ive cohort study, 1473 (81%) had serology and clinical data at 

he two-months interval, and 1323 (73%) of the participants had 

ata at 6-months interval. Of those with follow-up data, the ma- 

ority were < 50 years of age (73.4%), more likely to be women 

 p < 0.001), and belong to White non-Hispanic ethnic groups 

 p = 0.002). Most participants had direct patient contact and 70% 

ere enrolled from the tertiary referral hospital ( Supplemental Ta- 

le 1 ). At six months, 27% of the study population were no longer

orking at the health system or declined to participate and char- 

cteristics of these patients are presented in Supplementary Table 

 . 

At baseline (April/May 2020), 21 (1.2%) HCW were found to 

ave positive SARS-COV-2 serology. The highest prevalence of pos- 

tive serology was among young HCW less than 30 years of age 

prevalence = 2.6%) and Black HCW (prevalence = 4.1%). There 

as no appreciable difference in the prevalence of COVID-19 dis- 

ase by the type of patient care or hospital location ( Table 1 ). At

wo months interval, the incidence rate of COVID-19 positive serol- 

gy was 2.8%. In June/July 2020 (i.e., two-month time point), when 

linical COVID-19 testing was more readily available, 29/41 (70.7%) 

f seropositive HCW reported having a positive COVID-19 test and 

f the 33 HCW who reported having a positive COVID-19 test, 3/33 

9.1%) failed to seroconvert. Similar to the trends at baseline, par- 

icipants who belong to the 20–29 age category had the highest 

ositive serology incidence rate (5.6%). By six months interval, the 

verall incidence increased to 4.8%. Participants 20–29 years of age 

nd those of Black race had a higher incidence rate than other par- 

icipants, but rates were similar according to other characteristics 

ncluding gender, direct versus indirect patient care, and location 

f the hospital ( Table 1 ). In univariable and multivariable mod- 

ls evaluating the factors associated with positive serology at six 

onths, the odds of COVID-19 positive serology were the highest 

mong HCW who belong to the youngest age group, Black race, 

nd those with exposure to COVID-19 at home. Home exposure of 
4 
OVID-19 has a large impact on HCW positive serology outcomes. 

he odds of getting a new positive serology result in workers who 

ave been exposed to COVID-19 at home is thirteen times as high 

s those without a home exposure ( Supplemental Fig. 1 ). 

orthern VA community: demographic characteristics and 

eropositivity 

Similar to the HCW cohort, the majority of participants 

 n = 949) were less than 50 years of age, female participants, and 

hey belong to the white non-Hispanic ethnic group ( Supplemen- 

al Table 1 ). The overall incidence of COVID-19 in the community 

as 4.5%. The highest estimates were observed among the partici- 

ants younger than 50 years of age or older than 70 years. Similar 

o HCW, the incidence among Black and Hispanic participants were 

igher than non-Hispanic Whites ( Supplemental Table 3 ). After 

djustment, non-White Hispanics were at the highest risk in the 

ommunity (adjusted OR vs. non-Hispanic of 13.49 with 95% con- 

dence interval (6.46, 30.10)). 

orthern VA community: spatial correlation in COVID-19 case rates 

Fig. 1 illustrates the correlation between community COVID-19 

ase rates by ZIP code and case rates from other ZIP codes at dif- 

erent distances (in miles) in October 2020, which corresponds to 

he 6-month interval. Each point represents the mid-point of a dis- 

ance interval with a width of 5 miles. Distances exhibiting sig- 

ificant spatial correlation ( p- value < 0.05) are indicated by red 

oints. This figure reveals that spatial correlation decreases with 

istance, and locations exhibit significant correlation with other lo- 

ations within a 20-mile radius. Supplemental Fig. 2 illustrates the 

orrelation between community COVID-19 case rates by ZIP code 

nd case rates from other ZIP codes at different distances (in miles) 

or three time points: May 2020, June and July 2020, and October 

020. 

CW: cross sectional and spatio-temporal models 

Results from the cross-sectional multivariable logistic regression 

odel for HCW at 6-month are shown in Table 2 . COVID-19 pos- 

tive serology was the highest among HCW between the ages of 

0–29 years with significantly lower incidence of positive serol- 

gy among HCW over 30 years of age (odds ratios ranging from 

.40 to 0.48). Black HCW exhibited significantly higher incidence of 

OVID-19 positive serology compared to white HCW (odds ratio of 

.53 with 95% confidence interval (1.20,5.05)). Exposure to COVID- 

9 at home was also associated with increased incidence of COVID- 

9 positive serology [odds ratio 13.77 with 95% confidence inter- 

al (5.92, 34.30)]. There was no difference in odds of seropositiv- 

ty based on non-Hispanic versus Hispanic ethnicity among HCW. 

urthermore, no significant impact on the incidence of positive 

OVID-19 serology at 6-month follow-up were found with respect 

o gender (adjusted OR male vs. female of 1.52 with 95% confi- 

ence interval (0.77, 2.77)), self-described job description with di- 

ect or not-direct patient contact (adjusted OR non-direct vs. direct 

f 0.93 with 95% confidence interval (0.45, 1.73)), and the hospital 

ocation within the healthcare system (adjusted OR other vs. Inova 

airfax of 1.32 with 95% confidence interval (0.73, 2.29)) 

The average COVID-19 case rate in Northern VA as reported 

y the Virginia Department of Health, HCW seropositivity, and 

eropositivity in participants from the community by their ZIP 

ode are presented in Fig. 2 from June/July 2020 when commu- 

ity serology data was available. In this figure, the zip codes with 

he highest seropositivity among HCW corresponds to intermediate 

o high seropositivity rates in the community and Virginia Depart- 

ent Health data. In fact, both HCW seropositivity and seropositiv- 
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Table 1 

Cross-sectional seropositivity rates at each time point (period prevalence). 

Variables Baseline Two Months Six Months 

Overall 21/1819 (1.2%) 41/1473 (2.8%) 64/1323 (4.8%) 

Age by decade, years, n (%) 

20–29 10/381 (2.6%) 17/302 (5.6%) 20/253 (7.9%) 

30–39 5/543 (0.9%) 11/436 (2.5%) 18/381 (4.7%) 

40–49 3/424 (0.7%) 9/340 (2.6%) 12/321 (3.7%) 

50–59 1/310 (0.3%) 2/257 (0.8%) 9/238 (3.8%) 

≥60 2/161 (1.2%) 2/138 (1.4%) 5/130 (3.8%) 

Gender, n (%) 

Female 18/1432 (1.3%) 35/1196 (2.9%) 49/1070 (4.6%) 

Male 3/387 (0.8%) 6/277 (2.2%) 15/253 (5.9%) 

Race & Ethnicity, n (%) 

White 7/1031 (0.7%) 22/856 (2.6%) 31/775 (4.0%) 

Black 9/219 (4.1%) 5/168 (3.0%) 13/147 (8.8%) 

Hispanic 2/165 (1.2%) 4/122 (3.3%) 8/104 (7.7%) 

Other 3/404 (0.7%) 10/327 (3.1%) 12/297 (4.0%) 

Type of Patient Care, n (%) 

Direct 19/1427 (1.3%) 36/1171 (3.1%) 51/1051 (4.9%) 

Non-direct 2/392 (0.5%) 5/302 (1.7%) 13/272 (4.8%) 

Location, n (%) 

Inova Fairfax 18/1317 (1.4%) 33/1034 (3.2%) 43/948 (4.5%) 

Other 3/502 (0.6%) 8/439 (1.8%) 21/375 (5.6%) 

Fig. 1. Spatial correlation by distance. Moran’s I is a commonly used measure of spatial autocorrelation. This figure illustrates the correlation between COVID-19 case rates 

by zone improvement plan (ZIP) code and case rates from other ZIP codes at different distances (in miles) in October 2020. Distances exhibiting significant spatial correlation 

(p-value < 0.05) are indicated by red points. Spatial correlation decreases with distance, and locations exhibit significant correlation with other locations within a 20-mile 

radius. 
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ty in participants from the community exhibit significant spatial 

ross-correlation with average COVID-19 case rates in Northern VA 

 p -values 0.006 and < 0.001 respectively) [18] . 

Evidence of spatial correlation in the community COVID-19 case 

ates motivate the development of a spatio-temporal mixed effects 

odel for HCW ( Table 3 ). Since significant spatial correlation in 

ommunity COVID-19 case rates is noted among locations with dis- 

ances of 20 miles or less, the scale parameter for the spatial cor- 

elation function, ρ , is set to 8.33 so that the spatial correlation 

unction for this model also exhibits significant autocorrelation for 

istances of 20 miles or less ( Supplemental Fig. 3) . The results 

how that higher odds ratios for positive test outcome were found 

t 2- and 6- month time points, 4.3 times and 6.9 times higher 

han baseline. Results of other variables in the mixed effect model 

lign with the cross-sectional model. Interaction effects between 
i

5 
ime and each variable were considered, but only the interaction 

etween time and race and ethnicity produced a significant inter- 

ction effect with the 2-month time point. Overall, the odds ratio 

or Black HCW is higher than White non-Hispanic workers, which 

ligns with the cross-sectional model. The Akaike Information Cri- 

erion (AIC) values for successive model fits obtained by adding 

ach variable one at a time ( Supplemental Fig. 4 ) suggest that ac- 

ounting for time, age, race and ethnicity, and spatial correlation 

mproved the model fit, as noted by the reduction in the AIC val- 

es, while adding other factors did not improve the model fit. 

iscussion 

This is a prospective serology study of (1) asymptomatic HCW 

n a large regional healthcare system and (2) asymptomatic partic- 

pants from the same communities in Northern Virginia. The major 
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Table 2 

Cross-sectional model at 6-month estimation. 

Variable Crude Odds 

Ratio 

OR 95% CI Adjusted Odds 

Ratio 

OR 95% CI 

Lower Bound Upper Bound Lower Bound Upper Bound 

Decade of Life 

20–29 1.00 – – 1.00 – –

30–30 0.58 0.30 1.12 0.48 0.23 0.96 

40–49 0.46 0.21 0.94 0.44 0.19 0.92 

50–59 0.47 0.19 1.01 0.41 0.16 0.93 

≥60 0.50 0.15 1.23 0.40 0.11 1.05 

Gender 

Female 1.00 – – 1.00 – –

Male 1.34 0.70 2.36 1.52 0.77 2.77 

Race & Ethnicity 

White 1.00 – – 1.00 – –

Black 2.37 1.15 4.51 2.53 1.20 5.05 

Hispanic 2.08 0.84 4.38 1.37 0.50 3.09 

Other 1.03 0.49 1.97 1.07 0.50 2.07 

Type of Patient Care 

Direct 1.00 – – 1.00 – –

Non-direct 1.01 0.51 1.82 0.93 0.45 1.73 

Location 

Inova Fairfax 1.00 – – 1.00 – –

Other 1.26 0.72 2.12 1.32 0.73 2.29 

Home COVID-19 Exposure 

No 1.00 – – 1.00 – –

Yes 15.26 6.60 33.66 13.77 5.92 34.30 

Abbreviations: CI = confidence interval; COVID-19 = Coronavirus Disease 2019; OR = odds ratio. 

Fig. 2. COVID-19 case rate by zone improvement plan (ZIP) code in Northern Virginia over June to July 2020: (A) Virginia Department of Health data on COVID-19 molecular 

and antigen testing confirmed rate; (B) seropositive rate of COVID-19 disease among healthcare workers; (C) seropositive COVID-19 rate of research participants from the 

community. 
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ndings of this study are as follows: (1) The overall prevalence of 

OVID-19 exposure reflected by serology testing in HCW at base- 

ine in April to May 2020 near the beginning of the pandemic was 

ow; (2) with implementation of public health measures and PPE 

n hospital settings the overall incidence rate of SARS-CoV-2 ex- 

osure reflected by incident serology among HCW over the next 

 months of the pandemic remained low (~ 4.8%); (3) the inci- 

ence rate of COVID-19 disease among HCW is similar to the in- 

idence rate of the disease among asymptomatic participants from 

he community with the important exception of Hispanic ethnicity 

otentially reflecting different socio-economic factors among those 

ispanics living in the community and the subset employed in 

he regional healthcare system; (4) the main factors that influence 

he incidence rate among HCW are younger age groups, race, res- 

dential zip code, and exposure to a COVID-19 infected individual 

ithin the household and not factors such as direct patient contact 

r work location within the healthcare system ( Fig. 4 ). 

The COVID-19 disease has exerted a heavy toll on HCW includ- 

ng physicians, nursing staff, and allied health professional since 
6 
he beginning of the pandemic. Despite the significant impact of 

he disease on healthcare systems at large, HCW have shown re- 

arkable resilience in providing care during the pandemic [19] . 

arly during the pandemic, the prevalence of COVID-19 among 

symptomatic healthcare workers was quite low (~prevalence 0 to 

.6%), which is similar to the point prevalence in our study (~1.2%) 

 20 , 21 ]. However, as time has progressed, the exposure of HCW 

o the disease has become more burdensome, especially among 

hose with direct contact with COVID-19 patients. Shah et al. eval- 

ated the risk of transmission of COVID-19 among HCW in patient 

nd non-patient facing roles [22] . They found that HCW and their 

ouseholds accounted for 17.2% of the total COVID-19 admission 

n Scotland, while representing only 11.2% of the population [22] . 

n the United States, Erdem et al. examined COVID-19 infection 

mong HCW and estimated that there are more than 114,529 in- 

ections among HCW representing 34 cases per 10 0,0 0 0 individuals 

mong the U.S. population [23] . 

As part of a systematic effort to screen and limit the COVID-19 

nfection among HCW, serial serologic-based testing has been sug- 
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Table 3 

Spatial-temporal mixed effect model estimation. 

Variable Crude Odds 

Ratio 

OR 95% CI Adjusted 

Odds Ratio 

OR 95% CI 

Lower Bound Upper Bound Lower Bound Upper Bound 

Time 

Baseline 1 1 

2-Months 4.20 1.82 11.07 4.32 1.86 11.41 

6-Months 6.61 2.96 17.09 6.88 3.06 17.85 

Decade of Life 

20–29 1 1 

30–30 0.45 0.27 0.74 0.43 0.26 0.72 

40–49 0.44 0.25 0.76 0.42 0.23 0.76 

50–59 0.28 0.13 0.56 0.28 0.13 0.57 

60 + 0.56 0.24 1.20 0.61 0.25 1.36 

Gender 

Female 1 1 

Male 0.91 0.54 1.47 1.07 0.61 1.78 

Race & Ethnicity 

White 1 1 

Black 5.19 1.74 16.07 6.45 2.13 20.32 

Hispanic 2.01 0.29 8.88 1.72 0.24 7.82 

Other 1.30 0.27 4.92 1.43 0.30 5.45 

Type of Patient Care 

Direct 1 1 

Non-direct 0.71 0.40 1.18 0.70 0.39 1.20 

Location 

Inova Fairfax 1 1 

Other 0.65 0.40 1.02 0.72 0.44 1.16 

Interaction Terms † 

2-Months x Black 0.15 0.03 0.64 0.15 0.03 0.63 

6-Months x Black 0.33 0.09 1.18 0.32 0.08 1.15 

2-Months x Hispanic 0.73 0.11 6.32 0.77 0.11 6.79 

6-Months x Hispanic 1.11 0.20 8.81 1.18 0.20 9.58 

2-Months x Other 1.06 0.23 5.89 1.04 0.22 5.79 

6-Months x Other 0.95 0.21 5.16 0.90 0.20 4.91 

Abbreviations: CI = confidence interval; OR = odds ratio. 
† Reference group: Time: baseline; Race and Ethnicity: White. 
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Fig. 3. (Central Illustration): Factors considered to influence the seropositive rates 

of COVID-19 disease among healthcare workers in Northern Virginia in longitudi- 

nal model over six months. Red arrows were significant factors that increased risk, 

yellow arrow associated with increased and decreased risk, and green arrow repre- 

sents decreased risk for seroconversion in a multivariate model. 
ested for use in the population as a whole to (1) understand the 

OVID-19 epidemiology; (2) assess an individual’s previous SARS- 

oV-2 exposure, and neutralization antibody [2] . Using serologic 

esting, the prevalence of COVID-19 among asymptomatic HCW in 

ur study at baseline was quite low (~1.2%) and they remained low 

t 2 and 6-months follow-up (~4.8%). In a longitudinal study of 

oth symptomatic and asymptomatic HCW in the U.K., the preva- 

ence of seropositive result was much higher (9.4%) [24] . Nguyen 

t al. performed a prospective cohort study of the general commu- 

ity including HCW and found that of the 99,795 frontline HCW 

ncluded, only 5545 (5.5%) had positive serology, which is consis- 

ent with our estimates [25] . However, unlike the results of that 

tudy, the incidence rates at 2 and 6-months estimates in our 

tudy were similar to that in the general community. The peak 

f the number of PCR positive COVID-19 cases among HCWs cor- 

esponded to that in the community at large, which is consistent 

ith our results. 

Several reasons can explain the similar seropositive rate among 

CW and among participants living in the same community. First, 

he strict implementation of the public health measures suggested 

y the Centers of Disease Control and Prevention in healthcare sys- 

ems had a substantial effect on healthcare delivery and access 

o care. In Northern Virginia, the use of gowns, gloves, handing 

ashing, eye protection, and several layers of personal protective 

evices became mandatory early April as the cases were rising. 

econd, the cancelation of elective procedures and surgeries, the 

tilization of telemedicine, and development of specialized COVID 

nits played an important role in limiting the transmission rates 

7] . At six-months follow-up, the factors that influenced the trans- 

ission of new SARS-CoV-2 infection include younger age group, 

frican American ethnicity, residency and ZIP-code, and contact 

ith a COVID-19 + household member ( Fig. 3 ). In a living doc-
7 
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ment that systematically collects data on the epidemiology and 

isk factors for COVID-19 disease in HCW, ethnic minority as a 

lass, including Black race, was associated with increased risk of 

nfection, which is consistent with our findings [4] . Further, our 

esults show that the strength of the spatial correlation among 

earby locations (as measured by Moran’s I) decreases over time 

 Supplemental Fig. 2) , which may be associated with the adop- 

ion of public health measures designed to limit COVID-19 expo- 

ure within the community. Factors specific to the healthcare sys- 

em including direct vs. indirect exposure to COVID-19 unit, the 

ocation of the hospital within the system did not have a signifi- 

ant effect on the infection among HCWs. This is consistent with a 

rior observation by Steenssels and colleagues, who reported that 

either being directly involved in COVID-19 care or nor working 

n COVID-19 unit increased the odds of seropositive infection, but 

ome exposure was also a major factor associated with positive 

erology [26] . 

This study is not without limitations. First, of the initial 1819 

atients enrolled, 1473 (81%) had serologic data during two- 

onths interval, and 1323 (73%) had serologic data at 6-months 

ollow-up. The highest dropout rates occurred among adults age 

0–29 and 30–39 years. Participants who belong to ethnic mi- 

orities also showed higher dropout rates. Because of the impact 

f the pandemic, many allied health professionals (disproportion- 

tely represented by underrepresented minorities) left the health- 

are system, and they were not willing to continue to participate 

n a healthcare study despite effort s by the investigators to en- 

age their interest. However, given that this large study started 

arly during the pandemic, at a time of high anxiety the major- 

ty of the study population agreed to participate and be followed 

p despite their demanding schedules. Second, there is the poten- 

ial of self-referral by HCW including physicians, nursing staff, and 

llied healthcare providers to monitor their seropositive rates as 

hey care for COVID-19 patients. To mitigate this effect, the inves- 

igators provided open access to any healthcare provider or allied 

rofessional to be enrolled in the study with multiple enrolment 

ites in close proximity within the healthcare system to where 

hey worked or congregated (i.e. near break rooms) and daily ap- 

ointments during the individual’s follow-up period ± seven days. 

hroughout the period of the study, advertising and marketing 

hroughout the healthcare system via electronic and written com- 

unications, and townhall meetings were implemented to increase 

wareness on this systematic effort to enrol and retain healthcare 

articipants. Third, the Ortho-Clinical Diagnostics VITROS “Anti- 

ARS-CoV-2 Total Reagent Pack” is currently reported to have a 

pecificity of 100% (400/400) with a 95% CI (99–100%) [9] . A speci- 

city of 99.5% would be realistic suggesting approximately 9 ini- 

ial false-positive tests given our sample size. However, in a prior 

ublication evaluating a viral neutralization assay in the baseline 

ositive binding assay cohort the presence of neutralization was 

een in all tested participants samples [ 2 , 27 ]. Fourth, we did not

erform an orthogonal serologic testing strategy for population 

urveillance because the serologic testing used in this study had 

ery high specificity and negative predictive value [2] . Fifth, some 

ariables in this study are self-identified or self-described, which 

an potentially introduce response bias. Finally, the use of two sep- 

rate assays targeting different antibodies to SARS-CoV-2 may limit 

irect comparisons between HCWs and the community, but gener- 

lly given the very high sensitivity and specificity for both assays 

hey can give an estimate on seropositivity between groups. 

onclusion 

In Northern Virginia, the seropositive rate of COVID-19 disease 

mong HCW was comparable to that in the community. Future 

tudies are needed to evaluate which factors implemented in the 
8 
ealth system were most effective at reducing risk to be similar to 

he surrounding community despite frequent exposure to COVID- 

9 infected patients. 
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