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As of 2 September 2021, United States nursing homes have reported >675,000 COVID-19 cases and
>134,000 deaths according to the Centers for Medicare & Medicaid Services (CMS). More than
205,000,000 persons in the United States had received at least one dose of a COVID-19 vaccine (62% of
total population) as of 2 September 2021. We investigate the role of vaccination in controlling future
COVID-19 outbreaks.
We developed a stochastic, compartmental model of SARS-CoV-2 transmission in a 100-bed nursing

home with a staff of 99 healthcare personnel (HCP) in a community of 20,000 people. We parameterized
admission and discharge of residents in the model with CMS data, for a within-facility basic reproduction
number (R0) of 3.5 and a community R0 of 2.5. The model also included: importation of COVID-19 from
the community, isolation of SARS-CoV-2 positive residents, facility-wide adherence to personal protec-
tive equipment (PPE) use by HCP, and testing. We systematically varied coverage of mRNA vaccine among
residents, HCP, and the community. Simulations were run for 6 months after the second dose in the facil-
ity, with results summarized over 1,000 simulations.
Expected resident cases decreased as community vaccination increased, with large reductions at high

HCP coverage. The probability of a COVID-19 outbreak was lower as well: at HCP vaccination coverage of
60%, probability of an outbreak was below 20% for community coverage of 50% or above. At high cover-
age, stopping asymptomatic screening and facility-wide testing yielded similar results.
Results suggest that high coverage among HCP and in the community can prevent infections in resi-

dents. When vaccination is high in nursing homes, but not in their surrounding communities, asymp-
tomatic and facility-wide testing remains necessary to prevent the spread of COVID-19. High
adherence to PPE may increase the likelihood of containing future COVID-19 outbreaks if they occur.

Published by Elsevier Ltd.
1. Background

The coronavirus disease-19 (COVID-19) pandemic has dispro-
portionately impacted nursing homes (or care homes) globally
[1], including in the United States. According to the US Centers
for Medicare and Medicaid Services (CMS), as of 2 September
2021, there have been >675,000 reported confirmed COVID-19
cases and >134,000 deaths of nursing home residents in the United
States [2], representing 2% of total reported cases and 21% of total
COVID-19 deaths in the United States, respectively [3]. Regular
screening of asymptomatic staff, along with facility-wide testing
upon detection of a COVID-19 case, and high adherence to other
infection prevention and control (IPC) practices have been the
main policies in the management and control of COVID-19 out-
breaks in nursing homes.

More than 205,000,000 persons in the United States had
received, at least, one dose of a COVID-19 vaccine (62% of total
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population) and 82% of adults aged �65 years had received �1
doses of a COVID-19 vaccine as of 2 September 2021 [3]. Vaccina-
tion generated a significant reduction in the incidence rate of con-
firmed COVID-19 cases in the age-cohort of adults aged �65 years
[4,5]. In the United States, statewide percentages of nursing home
residents who are fully vaccinated ranged from 65% to 97% and 40%
to 78% for healthcare personnel (HCP) [6].

Nursing homes are congregate settings [7,8] where residents,
often with multiple comorbidities, share HCP for general and med-
ical care. Therefore COVID-19 incidence in these congregate set-
tings may be correlated with COVID-19 incidence in surrounding
communities [7]. As a result, nursing homes may not be able to
prevent future COVID-19 outbreaks if vaccine coverage among
HCP and the surrounding community is low.

In the pre-vaccine phase of the COVID-19 pandemic, IPC prac-
tices were implemented to detect and control COVID-19 outbreaks
[9,10]. The IPC practices included use of recommended personal
protective equipment (PPE), visitor restrictions, and isolation (or
work restriction in the case of HCP) of persons who tested positive
for COVID-19. Testing practices included testing if symptomatic, as
part of routine (e.g., weekly) asymptomatic staff screening, or in
response to an outbreak (i.e., testing all residents and HCP twice
every week). Previous studies have affirmed the important role of
IPC practices, including regular testing of residents and staff, in
the early detection and control of COVID-19 outbreaks in nursing
homes [11–13]. In an early vaccine modeling study, regular testing
of nursing home residents and staff, as well as adhering to IPC poli-
cies, were key in managing COVID-19 in nursing home settings,
especially when vaccination coverage in the surrounding commu-
nity was low [14]. When community vaccine coverage is high, the
overall incidence of SARS-CoV-2 is low, thereby decreasing the risk
of introducing SARS-CoV-2 (the virus that causes COVID-19) into
nursing homes.

When vaccination coverage among nursing home staff mem-
bers and the surrounding community is low, preventing the intro-
duction and spread of SARS-CoV-2 in nursing homes relies entirely
on consistent adherence to IPC practices. Adherence to IPC prac-
tices in nursing homes can vary and may not adequately control
transmission for several reasons. For example, adherence to IPC
practices may likely be low when routine testing of residents and
HCP poses an unmanageable burden (e.g., shortages of testing sup-
plies or trained personnel), when overall PPE implementation is
not planned adequately [15,16], or when a facility faces staff short-
ages [17,18].

We investigated the role of vaccination coverage in the manage-
ment of future COVID-19 outbreaks in nursing homes. In this mod-
eling exercise, we also tested our hypothesis that routine testing in
nursing homes could be de-escalated or lifted safely, in the pres-
ence of high vaccination coverage among residents and HCP and
in the surrounding community. Finally, we explored the potential
benefits of maintaining adequate adherence to recommended use
of PPE by nursing home staff for reducing or preventing the risk
of SARS-CoV-2 introduction and future COVID-19 outbreaks in
nursing homes.
2. Materials and methods

2.1. Model overview

We developed a stochastic, compartmental Susceptible-
Exposed-Infectious (asymptomatic/symptomatic)-Recovered
(SEIR) model of SARS-CoV-2 transmission in a theoretical 100-
bed single-occupancy nursing home (NH) with a total staffing pool
of 99 healthcare personnel (HCP) in a community of 20,000 people
(see Characteristics of an average nursing home in the United
3166
States in Supplementary Material Appendix 1). In brief, there are
eight compartments in our NH model. These are S (susceptible),
E (exposed), P (presymptomatic), I (symptomatic), A (asymp-
tomatic), H (isolated), R (recovered) and D (dead). We made several
simplifying assumptions. We assumed that there was no difference
in infectivity of asymptomatic and presymptomatic/symptomatic
individuals. People in the R compartment were assumed to be
immune for the rest of simulation time period. The compartment
D tracks only the COVID-19 induced deaths. Because people in
the HCP subpopulation spent most of their time in the community,
we did not consider a D compartment for this subpopulation. This
may also be reasonable due to our assumption about temporary
replacement of SARS-CoV-2 positive staff member due to work
restriction. In the model, we considered two routes of transmis-
sion: within-subpopulation (e.g., residents-to-residents) and
between-subpopulation (e.g., residents-to-HCP) transmission
routes. Simple model flow diagrams of resident, HCP, and commu-
nity compartments are shown in Fig. 1. (A detailed version of flow-
diagram depicting transmission pathways between NH residents
and HCP, and isolation of residents when tested positive for
SARS-CoV-2 is provided in Figure S1 in Supplementary Material
Appendix 1).

We assumed that HCP work-shifts were 8 h long, requiring 33
members of HCP to be present in the facility at any time of day.
An 8-hour work-shift implies that HCP spend two-thirds of a day
in the community, which results in movement of HCP between
the community and the facility in which they work (bottom double
arrow in Fig. 1). In this compartmental model, we do not model the
HCP flow per se between the facility and the community due to
shift change. Rather we model the effect of movement of HCP
between community and facility on SARS-CoV-2 transmission
between community dwellers and HCP by a modified daily contact
rate. The modified contact rate was parametrized by multiplying
the daily community contact rate by 2/3 to account for HCP staying
one-third (i.e., 8 h) of a day in the facility. We also assumed that
contact patterns between residents and staff members did not dif-
fer between day and night shifts. The baseline model is parameter-
ized to have a within-facility basic reproduction number (R0) of 3.5
[11] and a community R0 of 2.5 [19,20], where R0 presents the
average number of new cases generated by an infected person
[21]. Model parameters with detailed descriptions are provided
in Table S1 (Supplementary Material Appendix 1).

The model incorporates the following processes of movements
of individuals between the nursing home and the community:
admission and discharge of residents (which was parameterized
with the US Centers for Medicare & Medicaid Services (CMS) data
from January to September 2020 [22], see Supplementary Material
Appendix 1 Figure S1A) with an assumption of full occupancy (i.e.,
discharges/deaths were balanced by admissions) in the nursing
home during the entire simulation period; daily visits from com-
munity members to residents, which is indirectly modeled in
terms of risk of susceptible visitors being exposed to SARS-CoV-2
by coming into contact with infectious residents or vice versa; work
restriction of HCP upon testing positive for SARS-CoV-2, in which
the HCP with infection was replaced by a non-symptomatic com-
munity person (i.e., persons from the susceptible, exposed,
presymptomatic/asymptomatic and recovered community com-
partments). The model also incorporates symptom-based screen-
ing/testing of residents and staff plus routine weekly testing of
asymptomatic HCP. This testing may trigger the isolation of posi-
tive residents within the facility, and work restriction and tempo-
rary replacement of positive HCP, as mentioned above. A regular
(twice-weekly) facility-wide testing of residents and staff, regard-
less of their vaccination status, was also implemented once a
COVID-19 case was identified in the facility. All testing was imple-
mented via a point-of-care (POC) test such as a rapid antigen test.



Fig. 1. Flow diagrams of SARS-CoV-2 transmission in residents, healthcare personnel (HCP) and people in the community. Numbers denote disease compartments for:
1 = resident, 2 = HCP, and 3 = community populations. The capital letters inside the boxes indicate disease statuses as follows: S = susceptible; E = exposed;
P = presymptomatic; I = infected/symptomatic; A = asymptomatic; H = hospitalized/isolated; R = recovered; and D = dead. The solid black arrows depict the outflow from one
compartment to the next. The red dashed arrows represent within-population transmission routes between susceptible and infectious individuals. The red dotted arrows
depict transmission between susceptible and infectious individuals between pairs of any two populations (of residents, HCP, or community dwellers). Note that there is a red
dotted arrow for depicting a transmission route between isolated residents and susceptible HCP. The double-dashed arrow, emanating from the free-standing H2-
compartment, depicts temporary replacement of HCP in which staff members lost due to work-restriction for home-isolation is compensated for by an equivalent number of
susceptible HCP. Here the depiction of temporary replacement is shown to happen into susceptible HCP compartment only, which is done for clarity. A proportional
replacement is modeled to happen into five HCP compartments. See for details the set of ordinary differential equations in Supplementary Material Appendix 1. Admission of
residents from the community into the facility and their discharges from the facility are shown by top left–right arrow, which is also used to depict flow of the community
visitors. Discharges include deaths and the use of left–right arrow means that a discharge is balanced by an admission. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Although the sensitivity of POC tests can vary widely depending on
specimen characteristics [23,24], here we assumed test sensitivity
of 80% (for symptomatic persons) and 60% (for asymptomatic per-
sons), which are in the range reported in one study [23] We also
assumed 100% specificity and test-result turnaround time of
15 min. In addition, we also modeled facility-level adherence to
PPE practices by HCP. A simple model of the effect of PPE adher-
ence on transmission was applied by multiplying the transmission
coefficient with (1-PPE adherence), where ‘‘PPE adherence” was
proportional to the fraction of time PPE was used correctly with
an assumed PPE efficacy of 100%.
2.2. Testing strategies

In order to test our hypothesis about the de-escalation of rou-
tine testing, we ran these modeling experiments for two testing
strategies: (1) a default strategy which included symptom-based
screening of residents and HCP, along with weekly testing of all
asymptomatic staff members plus facility-wide twice-weekly test-
ing if a COVID-19 case was identified; and (2) an alternate strategy
which included only symptom-based screening of residents and
HCP, without regular asymptomatic testing of staff or facility-
wide testing.
2.3. Vaccination

We assumed the following about vaccination: nursing home
residents and HCP were vaccinated with dose 1 of an mRNA vac-
cine at the start of day 1; the second dose of the vaccine was
administered after 28 days; either 65% (low), 75% (intermediate),
or 85% (high) of nursing home residents were assumed to be vac-
cinated, while either 40% (low), 60% (intermediate), or 80% (high)
3167
of HCP were assumed to be vaccinated. We ran the model with
25% to 75% (in 5% increments) of the community being fully vacci-
nated on day 1. In addition, we assumed that vaccination coverage
among HCP and other community members could differ. This
assumption ensures that the effect of vaccination coverage on
transmission within the facility is discernable regardless of com-
munity vaccination coverage.
2.4. Vaccine effectiveness (VE)

We assumed values (Table 1), based on current knowledge (as
of 15 May 2021) about effectiveness of mRNA vaccines [25–29].
We assumed that VE against severe disease and VE against infec-
tiousness do not differ between nursing home residents, HCP,
and community members. Although no direct estimates existed
for VE against infectiousness at the time this analysis was con-
ducted (a few studies have since been published, see [30–33]), evi-
dence suggests that persons with breakthrough infection may have
substantially lower viral loads than unvaccinated persons with
infections [34]. Because viral load is a key driver in SARS-CoV-2
transmission [35], we made this simplifying assumption about
reduced infectiousness for persons with infection after vaccination.
We also conducted sensitivity analyses for reduced VE against
infection values, without or with the reduced values of VE against
severe disease and VE against onward transmission as described
below.
2.5. Modeling the effect of mRNA vaccine on SARS-CoV-2 transmission

We have provided a flow diagram in Supplementary Appendix 1
Figure S1B, which illustrates the flow from one disease compart-
ment to the next in the population of vaccinated persons. We stud-



Table 1
Assumed vaccine effectiveness (VE) values.

VE against infection VE against severe disease VE against onward transmission

Partial protection Full protection Partial protection Full protection Partial protection Full protection

Residents 75% 90% 64% 94% 50% 90%
HCP 80% 90% 64% 94% 50% 90%
Community members 80% 90% 64% 94% 50% 90%

Partial protection is assumed to reach 14 days after receiving the 1st dose.
Full protection is assumed to reach 14 days after receiving the 2nd dose.
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ied the effect of mRNA vaccines on the SARS-Cov-2 transmission as
a leaky vaccine. We multiplied the transmission rate with
1� VE against infectionð Þ for evaluating the protection of vacci-
nated persons from getting infected with the virus. In the case of
breakthrough infections, proportion of people developing symp-
toms was reduced from 1� að Þ to
1� að Þ � 1� VEagainst severe diseaseð Þ. Here the parameter a rep-
resents the proportion of asymptomatic infection (Table S1 in Sup-
plementary Material Appendix 1). The COVID-19-induced death
rate among symptomatic breakthrough cases was reduced by a fac-
tor 1� VE against severe diseaseð Þ. Similarly, infectiousness of
breakthrough cases was reduced to
1� VEagainst onward transmissionð Þ.

2.6. Facility-level PPE adherence

Adherence to PPE use by healthcare staff in nursing homes has
been less than optimal before the COVID-19 pandemic [36]. In the
beginning of the pandemic, initial CMS surveys (during the week of
March 30, 2020) found that 25% of inspected facilities failed to
demonstrate proper use of PPE [37]. During early phase of the pan-
demic, US nursing homes faced severe PPE shortages [38,39],
which may have impacted PPE use adherence by nursing home
staff [39]. In this modeling analysis, therefore, simulations were
performed for three levels of PPE adherence (in terms of percent-
age of time HCPs properly use recommended PPE during interac-
tions with residents): 25% (poor adherence), 50% (intermediate
adherence) and 75% (high adherence).

2.7. Initial conditions

Infection in the model was initialized in the community com-
partments with an incidence rate of 200 cases per 100,000 people,
which results in 40 persons with infection for a community popu-
lation of 20,000 people. In simulations, the initial seeding of infec-
tion in the nursing home via importation of infections from the
community was allowed 14 days after the administration of the
first dose of mRNA vaccines. This assumption was made to improve
comparisons across scenarios evaluated.

2.8. Sensitivity analysis of VE values

In order to capture the effect of reduced VEs [40,41] and/or
increased transmissibility on SARS-CoV-2 in the facility, for exam-
ple, as might occur with new variants we performed the following
sensitivity analyses:

1. Reduced VE against infection. The other model parameters were
kept unchanged. The values of VE against infection were
reduced to three-fourth of the original values (i.e., reduced VE
against infection: 56.3% (partial) and 67.5% (full) for residents,
and 60% (partial) and 67.5% (full) for HCP/community
members).
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2. Reduced VE against severe disease and VE against onward
transmission. The other model parameters were kept
unchanged. The values of VE against severe disease and VE
against onward transmission were halved (i.e., reduced VE
against severe disease: 32% (partial) and 47% (full) and reduced
VE against onward transmission: 25% (partial) and 45% (full) for
all three subpopulations: residents, HCP and community
people).

3. Reduced VE against infection as in (1) + Reduced VE against sev-
ere disease and VE against onward transmission as in (2). The
other model parameters were kept unchanged.

4. Reduced VE against infection as in (1) + increased transmissibil-
ity in the facility and general community. Increased transmissi-
bility was assumed to be 1.5 � the original level (which
increased the within-facility and community basic reproduction
numbers, respectively, to 5.3 and 3.8).

5. Reduced VE against infection as in (1) + transmissibility in the
facility and in the general community was increased by a factor
of 2 (which increased the within-facility and community basic
reproduction numbers, respectively, to 7 and 5).

2.9. Sensitivity analysis of equal infectiousness of asymptomatics
versus symptomatics

In our nursing home model, we made a parsimonious assump-
tion that symptomatic and asymptomatic residents were equally
infectious. We had made this assumption due to a lack of clear evi-
dence against it in the population of nursing home residents.
Although debate around this issue is ongoing [42], we performed
limited sensitivity analysis by assuming asymptomatically infected
persons to be 70% infectious compared to symptomatic persons.

2.10. Measured outcomes

The main outcome was the total number of symptomatic cases
among nursing home residents at the end of model simulations.
The secondary outcome was probability of avoiding a nursing
home outbreak during the 4-week period after residents and HCP
were fully vaccinated. Two types of nursing home outbreaks were
considered: (i) any outbreak (�1 symptomatic cases in residents or
HCP) and (ii) a large outbreak (defined as �5 symptomatic cases in
residents or HCP). The probability of avoiding an outbreak was cal-
culated as 1 minus the fraction of simulations in which the out-
break threshold was met over the evaluation period.

2.11. Simulations and analysis of model outputs

All simulations were run for a period of 6 months after 14 days
of the second dose in the nursing home. The main outcome was
summarized as the mean (or median) plus 90% confidence interval
(estimated as 5th and 95th percentile values) across 1,000 stochas-
tic simulations for any combination of vaccination coverages con-
sidered among nursing home residents and HCP, and in the
community. There were 99 unique combinations of vaccination
coverage levels (3, 3, and 11 possible levels for residents, HCP,
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and community members, respectively). Each vaccination coverage
combination was simulated at 3 facility-level PPE adherence
values.

2.12. Availability of computer code

Computer code for the nursing home SARS-CoV-2 transmission
model was developed in MATLAB (R2020b) and optimized to run in
a parallel computing environment. The computer code of the
model is provided as text in Supplementary Material Appendix 3
as well as at https://www.zenodo.org. The DOI is https://doi.org/
10.5281/zenodo.6306305.

3. Results

For any given HCP vaccination coverage, the expected number
of symptomatic cases in nursing home residents decreased as vac-
cination coverage in the community rose from 25% to 75% (Fig. 2),
with a notable decline once community coverage exceeded 50%.
Meanwhile, when community vaccination coverage was fixed,
increasing HCP vaccination coverage from 40% to 80% led to a
decrease in the expected number of symptomatic nursing home
cases. Left and right panels in Fig. 2, respectively, show these
results from model simulations with and without asymptomatic
testing strategy in place, with 65% (top row), 75% (middle row),
and 85% (bottom row) resident vaccination coverages and low
(25%) PPE adherence facility-wide. The impact of increasing HCP
vaccination coverage was most pronounced when community vac-
cination coverage was low, indicating the importance of high vac-
cination coverage among staff members in controlling SARS-CoV-2
transmission in nursing homes when community transmission is
ongoing. When vaccination coverages in the community and
among residents were 25% and 65%, respectively, increasing HCP
Fig. 2. Decrease in resident cases in nursing home (NH) with rise in vaccination cov
point marker) of cumulative symptomatic cases in residents 6 months after 2nd dose
healthcare personnel (HCP) vaccination coverages: 40%, 60%, or 80%. The top row is for N
vaccination coverage of 85%. The left panel results are frommodel simulations with defau
testing of asymptomatic HCP and twice-weekly facility-wide testing once a COVID-19 ca
only symptomatic screening. In both panels, facility-level adherence to using recommen
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vaccination coverage from 40% to 80% was associated with up to
a 45% reduction in expected resident cases. On the other hand, if
community vaccination coverage was sufficiently high (�65%),
the mean number of symptomatic resident cases was very low
(�5 over a 6-month period), even at the lowest resident and HCP
vaccination coverage levels that we explored (65% and 40%, respec-
tively). As resident vaccination coverage increased from 65% to
85%, variability in the number of symptomatic resident cases
between simulations (as measured by the width of the 90% confi-
dence interval) reduced significantly (up to 30%). Increasing com-
munity vaccination coverage from 25% to 75% was associated
with even greater reductions (>90%) in mean resident cases,
regardless of resident and/or HCP vaccination coverages. Increasing
facility-level PPE adherence from 25% to 50% (Supplementary
Material Appendix 2 Figure S2A) to 75% (Supplementary Material
Appendix 2 Figure S2B) notably reduced resident cases (compare
Fig. 2 to Supplementary Material Appendix 2 Figures S2A & S2B).

When community vaccination coverage was �60%, resident
cases were similar in model simulations with and without asymp-
tomatic testing (Fig. 2). Mean and median cumulative resident
cases may differ for alternate and default testing strategies
depending on PPE adherence and vaccination coverage (Table 2).
Asymptomatic testing had the greatest impact for facility-level
PPE adherence of 25% and lowest vaccination coverages, respec-
tively, among community members (40%), staff (40%), and resi-
dents (65%). Differences in both mean and median cases were 5
between the default and alternative testing strategies. However,
increasing community vaccination coverage from 40% to 60%
reduced the impact of asymptomatic testing. A difference in the
means of cumulative symptomatic resident cases under alternate
testing strategy versus default testing strategy was 4.9, which
reduced to 1.5 when community vaccination coverage rose from
40% to 60% (Table 2). The importance of testing decreased as adher-
erage in the community. In each panel, we plotted the mean number (shown by a
and their 90% confidence interval (shown by the width of a color band) for three
H resident vaccination coverage of 65%, the middle for 75%, and the bottom row for
lt testing strategy (symptomatic screening plus facility-wide regular testing (weekly
se was identified) whereas the right panel results are from model simulations with
ded personal protective equipment was 25%.
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Table 2
Difference in the mean and median of cumulative counts of symptomatic resident cases from model simulations under alternate versus default testing strategies.

PPE adherence = 25% PPE adherence = 50% PPE adherence = 75%

Community vaccination
coverage (%)

Difference in the
means

Difference in the
medians

Difference in the
means

Difference in the
medians

Difference in the
means

Difference in the
medians

Low vaccination coverage in nursing home (resident VC = 65% and staff VC = 40%)
40 4.9 5 3.9 4 2.3 3
50 4.6 5 3.5 4 2.2 3
60 1.5 0 1.0 0 0.6 0

Medium vaccination coverage in nursing home (resident VC = 75% and staff VC = 60%)
40 2.8 3 2.3 2 1.3 1
50 2.8 3 1.9 2 1.3 1
60 0.6 0 0.3 0 0.2 0

High vaccination coverage in nursing home (resident VC = 85% and staff VC = 80%)
40 1.0 1 0.8 1 0.7 0
50 0.8 1 0.5 1 0.4 0
60 0.1 0 0.0 0 0.1 0

VC = vaccination coverage; difference in the means = (the mean number of symptomatic cases in residents under alternate testing strategy) - (the mean number of
symptomatic cases in residents under default testing strategy); difference in the medians = (the median number of symptomatic cases in residents under alternate testing
strategy) - (the median number of symptomatic cases in residents under default testing strategy); default testing strategy included symptom-based screening of residents
and HCP, along with weekly testing of all asymptomatic staff members plus facility-wide twice-weekly testing once a COVID-19 case is identified; and alternate testing
strategy included only symptom-based screening of residents and HCP, but no weekly testing of all asymptomatic staff nor facility-wide twice-weekly testing upon a case
detection.
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ence to PPE usage and vaccination coverage increased. When vac-
cination coverage was high in the community (60%), in staff (80%),
and among residents (85%), asymptomatic testing had practically
no marginal effect on cases (0.1 and 0 difference in mean/median
cases between testing strategies), regardless of PPE adherence.
We have compared differences in the mean and the median of res-
ident cases between two testing strategies for the considered com-
binations of vaccination coverages among residents, staff and
community persons (Table S2). When we compared the distribu-
tions of cumulative resident cases under the default and alternate
testing strategies, they started to become identical at higher PPE
adherence and staff/resident or community vaccination coverage
(Supplementary Material Appendix 2 Figure S2H).

As community vaccination coverage and HCP coverage
increased, the probability of avoiding an outbreak increased
(Fig. 3). When community vaccination coverage was �55%, there
was no major difference in the probability of avoiding any out-
break or a large outbreak across the three HCP vaccination cover-
age scenarios we modeled. Maximizing HCP vaccination coverage
becomes more important for preventing outbreaks at low levels
of community vaccination coverage.

Sensitivity analyses showed that reduced VE against infection
alone did not have a large impact on the cumulative number of
symptomatic resident cases, with mean cases increasing by no>2
from the original estimates (Supplementary Material Appendix 2
Figures S2C1 – S2C3). However, variability in cases between simu-
lations did increase as VE was reduced, even when community vac-
cination coverage was high (�60%). Variability in cases between
simulations increased further when VE against severe disease
and VE against infectiousness were halved but VE against infection
was kept at the original values (Supplementary Material Appendix
2 Figures S2D1 – S2D3). Simulations with reduction in all three VEs
produced significantly more resident cases (Supplementary Mate-
rial Appendix 2 Figures S2E1 – S2E3), compared to the simulations
done with the original VEs.

Simulations with reduced VE and increased transmissibility
(e.g., as could be seen with specific variants of SARS-CoV-2) gener-
ated significantly more resident cases, relative to the original sce-
nario. For the default testing strategy and low community
vaccination coverage (25%), reduced VE against infection and a
1.5x or 2x increase in transmissibility was associated with �50%
and �76% increases in expected resident cases, compared to our
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primary estimates. These results are presented in Supplementary
Material Appendix 2 Figures S2F1 – S2F3 and Supplementary
Material Appendix 2 Figures S2G1 – S2G3 for 1.5x and 2x increases
in transmissibility, respectively. Even under the highest commu-
nity vaccination coverage (75%) considered, the expected number
of resident cases never went below 1. However, maintaining
facility-wide PPE adherence of 75% and at least 75% vaccination
coverage in residents, staff, and community members was able to
keep expected resident cases �5 (Supplementary Material Appen-
dix 2 Figure S2D3) and �10 (Supplementary Material Appendix 2
Figure S2E3) under the 1.5x and 2x increased transmissibility sce-
narios, respectively.

Results from a limited sensitivity analysis on equal infectious-
ness of asymptomatics versus symptomatics are shown in Supple-
mentary Appendix 2 Figure S2I. Uncertainty in resident cases was
less when asymptomatically infected persons were assumed 70%
infectious compared to symptomatic persons than when both were
assumed equally infectious under our parsimonious assumption.
4. Discussion

Our results suggest that increasing community vaccination cov-
erage leads to fewer cases among nursing home residents. These
results suggest that at low to medium community vaccination cov-
erages increasing HCP vaccination coverage reduces resident cases.
This finding agrees with the results reported by McGarry et al. [43]
that nursing homes with low staff vaccination coverage had higher
numbers of cases than those with high staff vaccination coverage.
Reductions in cases were most significant when community vacci-
nation coverage was increased from a low level (<50%). Reported
vaccination coverages on average have ranged from 49.2% for cer-
tified nursing assistants to 61.0% for registered nurses and licensed
practical nurses among nursing home staff [44]. Promoting high
vaccination coverage among HCP may be key to preventing large
outbreaks in these congregate facilities when vaccination coverage
in the surrounding community is low. For example, at community
vaccination coverage of 35%, an increase in HCP vaccination cover-
age from 40% to 80% led to the probability of preventing a large
outbreak from 65% to 87% (Fig. 3). This finding strengthens the call
for increasing vaccination coverages among US nursing home staff
members [14], which is consistent with the findings of previous
randomized control trials investigating the role of increased uptake



Fig. 3. Probability of preventing future COVID-19 outbreaks in the model nursing home (NH) increased with increase in vaccination coverage in the community or in
healthcare personnel (HCP).We defined an outbreak and a large outbreak, respectively, as �1 and �5 symptomatic cases in residents or HCP. A probability value (shown by
a point marker) and 90% confidence interval around it (shown by the width of a color band) at a given pair of community and HCP vaccination coverages was calculated by
combining all model outputs from 9 sets (i.e., three facility-level adherence values for using recommended personal protective equipment by HCP X three resident
vaccination coverage levels) of model simulations. These results are from model simulations performed with no facility-wide asymptomatic testing of HCP nor facility-wide
testing upon a COVID-19 case detection.
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of influenza vaccine among healthcare staff on reducing mortality
and morbidity in residents as well as reducing stress on healthcare
services in care homes [45,46]. Although we did not perform any
analysis to account for high versus low COVID-19 prevalence in
the community, increasing vaccination coverages among HCP
may also protect nursing home residents in the surrounding com-
munities with high COVID-19 prevalence [43].

This study investigated the transmission of SARS-CoV-2 in the
facility under two testing strategies, and demonstrates that the
default testing strategy (symptomatic testing of residents and
HCP, as well as routine testing of asymptomatic HCP and facility-
wide screening upon detecting a case) is expected to produce
fewer cases among residents than an alternative testing strategy
without asymptomatic testing or screening, which is consistent
with existing guidelines [9,10] and previous modeling studies
[12–14]. However, at high vaccination coverage scenarios (either
high vaccination coverages in a nursing home or in its surrounding
community, or a combination thereof), testing asymptomatic resi-
dents and staff may have limited value: the difference in the main
outcome (Table 2) or in the secondary outcome (Fig. 3) was found
to be negligible. This inference is consistent with the findings for
medium and high vaccine efficacy scenarios reported previously
[14].

We also explored the effect of adherence to recommended PPE
use by HCP in the facility. Expected numbers of cumulative symp-
tomatic cases in residents and uncertainty around them reduced as
adherence level increased from low (25%) to high (75%) across the
two testing strategies considered in this modeling exercise. When
adherence to the recommended PPE was high, the effect on resi-
dent cases was more pronounced at low to medium vaccination
coverages in the nursing home. This suggests that high adherence
to recommended PPE may limit the size of future outbreaks. This is
consistent with the findings of an observational study [47] that
high vaccination coverage among nursing home resident and staff,
together with continued use of recommended PPE and other IPC
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measures, is likely to protect unvaccinated persons in nursing
homes [47].

In our sensitivity analysis, we found that a 25% relative reduc-
tion in VE (against infection) alone may not significantly impact
the control efforts for COVID-19 outbreaks in nursing homes. How-
ever, when this reduction in VE against infection is combined
either with halved VE against severe disease and halved VE against
onward transmission (Supplementary Material Appendix 2 Figures
S2E1 – S2E3) or with a 50% or greater increase in the transmissibil-
ity of SARS-CoV-2 (Supplementary Material Appendix 2 Figures
S2F1 – S2G3), the risk of infection may be significantly elevated
when vaccination coverage is low in either the nursing home or
in the surrounding community. While lower rates of adherence
to infection control strategies, including PPE implementation, are
one potential cause of increased transmissibility, SARS-CoV-2 vari-
ants of concern such as the Delta or Omicron variant, also can
increase the virus’s transmissibility. Studies show that the Delta
variant is twice as transmissible as the wildtype lineage [48,49].

An emerging variant of SARS-CoV-2 (e.g., the Omicron variant)
may be more transmissible than the Delta variant among fully vac-
cinated persons due to immune evasion [50]. Our sensitivity anal-
ysis with reduced values of all three VEs (results shown in
Supplementary Material Appendix 2 Figures S2E1 – S2E3) describ-
ing such a scenario where we found COVID-19 cases among nurs-
ing home residents were likely to increase (Supplementary
Material Appendix 2 Figures S2E1 – S2E3). There is substantial
uncertainty in these emerging variant scenarios. The results from
a limited sensitivity analysis on equal infectiousness of break-
through infections also showed increased uncertainty in the
expected resident cases under our parsimonious assumption of
equal infectiousness of symptomatic and asymptomatic infected
persons (Supplementary Material Appendix 2 Figure S2I).

In our compartment-based model, the underlying assumption
behind contacts or interactions between individuals is homoge-
neous. Unlike an individual-based model [14], our model may
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not capture heterogeneities in resident-HCP contact patterns (e.g.,
some residents may need more frequent care by HCP than others)
or community interactions. This homogeneity assumption may
have little impact on our inference. This is because our model sim-
ulations were carried out stochastically, which allowed us to report
uncertainty around the expected numbers of COVID-19 cases in
nursing home residents. Second, our nursing home model is a
single-bed occupancy nursing home. It may not represent those
of US nursing homes, which operate on a mix of single-bed with
double-bed or quadruple-bed occupancy for increasing healthcare
cost-efficiency [8,51]. This reality could be another cause of
increased transmissibility, which was not accounted for in our
models. Although we would expect SARS-CoV-2 to transmit more
efficiently in more crowded facilities [8], the key qualitative find-
ing of this analysis is that high vaccination coverage in nursing
homes and in their surrounding communities may prevent future
COVID-19 outbreaks. This is because increased crowding is likely
not associated with the probability of COVID-19 introduction [8].
Third, waning immunity (either from natural infection or from vac-
cine) was not considered in this model. Since the outcomes are pre-
sented over a six-month simulation period (or less in the reporting
of estimates of the probability of preventing outbreaks), not
including waning of protection in the model is unlikely to have
major impact on the results. This is because any decrease in VE
against infection or severe disease has been significantly low over
a six-month period in fully vaccinated persons [25]. Finally, the
model was not parameterized by fitting its outputs to reported
cases from a 100-bed US nursing home, with known staff-to-
resident ratio. This may make our findings not directly comparable
to outcomes in a real 100-bed care facility using similar infection
prevention measures. In this exercise, our focus was to investigate
the role of high vaccination coverage among nursing home resi-
dents and HCP, with rise in COVID-19 vaccination coverage in
the surrounding communities of nursing homes. Some of these
aforementioned limitations may be a focus of our future nursing
home modeling exercises.
5. Conclusion

Our results suggest that increasing community vaccination cov-
erage leads to fewer COVID-19 cases among care home residents,
along with low probability (<5%) of a large COVID-19 outbreak at
community coverage of 60% and above (Fig. 3). When vaccination
coverage in the community and among nursing residents and staff
was 60% or higher, regular asymptomatic staff screening and
facility-wide testing had practically no additional benefit in terms
of reducing cases among residents and staff. This finding suggests
that de-escalation of facility-wide regular testing of asymptomatic
residents and staff may be feasible, provided vaccination coverage
in nursing homes as well as in their surrounding communities
remains high.
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