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Abstract
Background: COVID-19 has caused severe outbreaks in Canadian long-term care facilities
(LTCFs).

Objective: To evaluate the effect of mitigation measures in LTCFs including routine testing of
staff and vaccination of staff and residents.

Design: Agent-based transmission model parameterized with disease-specific estimates,
temporal sensitivity of nasopharyngeal (NP) and saliva testing, preliminary results of vaccine
efficacy trials, and data from initial COVID-19 outbreaks in LTCFs in Ontario, Canada.

Setting: Characteristics of staff and residents were included in the model with age-dependent
risk of hospitalization and deaths, calibrated to the cumulative incidence of COVID-19 reported
in these settings.

Participants: Synthetic staff and resident populations.
Interventions: Routine NP and saliva testing of staff; vaccination of residents and staff.

Measurements: Daily incidence and attack rates in the LTCF using large-scale model
simulations; estimates of hospitalizations and deaths and their 95% credible intervals.

Results: Weekly routine testing of staff with 2-day turnaround time reduced infections among
residents by at least 20.3% (95% Crl: 18.7-21.8%), compared to baseline measures of mask-
wearing, symptom screening, and staff cohorting alone. A similar reduction of hospitalizations
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and deaths was achieved in residents. Vaccination averted 2-4 times more infections in both
staff and residents as compared to routine testing, and markedly reduced hospitalizations and
deaths among residents by 81.4% (95% Crl: 80.6-82.2%), and 82.1% (95% Crl: 81.5-82.7%),
respectively.

Limitations: Timelines of vaccine distribution and compliance rates with routine testing are key
parameters affecting strategy outcomes.

Conclusion: Routine testing of staff reduces silent transmission in LTCFs. Vaccination could
have a substantial impact on mitigating disease burden among residents, but may not eliminate
the need for other measures before population-level control of COVID-19 is achieved.

Introduction

The novel coronavirus disease 2019 (COVID-19) has led to severe outbreaks in Canadian long-
term care facilities (LTCFs). LTCF residents are particularly vulnerable to COVID-19 due to a
high prevalence of comorbid conditions (1) and their advanced age. Since the start of COVID-19
pandemic, a number of strategies have been implemented to prevent infection and disease
transmission in LTCFs, including non-pharmacological measures such as isolation, visitor
restrictions, hand hygiene, and mask-wearing (2,3). While COVID-19 mitigation measures have
had a significant impact on reducing transmission on a population level (4), control of outbreaks
in LTCFs continues to be challenging, in part due to silent transmission from infected
asymptomatic or pre-symptomatic visitors and staff (5,6).

In Canada, over 80% of reported COVID-19 deaths have been attributed to LTCFs (7-9). While
advanced age and comorbid medical conditions are risk factors for a more severe course of
disease among residents (10-12), recent studies have highlighted the inadequacy of the
systemic response to COVID-19 in Canadian LTCFs (13-15). Shortages of staff and personal
protective equipment (PPE), limited testing capacity with reliance on symptom-based screening,
and inadequate space to implement efficient cohorting measures appear to have contributed to
the extraordinary disease toll in these settings (14). Recent promising vaccine efficacy results
from phase Il clinical trials (16—18) suggest that prioritizing residents and staff for vaccination
could prevent LTCF outbreaks. However, whether vaccination alone is sufficient to protect these
vulnerable populations from COVID-19 remains undetermined. Furthermore, the effectiveness
of infection control measures in LTCFs depend on a humber of factors such as the contact
network between residents and staff, in addition to disease characteristics, such as the
presence of symptoms and severity of illness, at the individual level.

We sought to investigate the impact of COVID-19 mitigation measures on controlling COVID-19
in LTCFs by developing an agent-based model of disease transmission dynamics. We
parameterized the model with disease-specific estimates and data from initial outbreaks in
LTCFs in the province of Ontario, Canada (19). We also used movement and contact network
data collected from the largest veterans’ care facility in Canada, located at Sunnybrook Health
Sciences Centre (20,21). We evaluated the effect of case isolation, mask-wearing, cohorting
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and routine testing of staff in the absence of vaccination. We further expanded the model to
include vaccination and evaluate the need for other interventions.

Methods
Ethics Statement

The study was approved by the York University Ethics Review Board (Project: 2020-269). The
study was categorized as minimal risk, with no requirement for individual consent or
participation.

Model structure and population

We developed an agent-based simulation model of COVID-19 transmission dynamics in a LTCF
with resident and staff populations (Appendix, Figure Al). The model structure was informed by
population demographics of LTCFs in Ontario, Canada (e.g., age (1,22), staff-to-resident ratio,
distribution of rooms and occupancy (13)). The interaction within and between staff and resident
populations were parameterized using the distributions derived from close-range movement and
contact network data collected through wearable sociometric tags in a Canadian LTCF (21). The
model included three working shifts of morning, afternoon, and night, each covering 8 hours of
daily interactions.

Based on demographic data from the Ontario Long Term Care Association (1), the resident
population included individuals of age 50-64 (6.6%), 65-74 (11.4%), 75-84 (27.3%), 85-94
(43.9%), and 95+ (10.8%). A total of 120 residents (i.e., the average size of a LTCF) were
included in the model and assigned to 84 rooms, with a distribution corresponding to 48 single
and 36 double occupancy rooms.

The model considered a staff population of 68 individuals, aged 20-64 years of age (22), which
included direct care providers (i.e., personal support workers, nurses), dieticians and
housekeeping personnel. The distribution of staff by classification and staff-to-resident ratio for
each daily shift were informed by correspondence with the management teams of 10 LTFCs
affected by COVID-19 outbreaks in Ontario.

Daily contacts among residents were sampled from a previously inferred distribution with a
mean of 6.8 contacts per resident per day (20,21). Daily numbers of contacts varied from 6 to 9
between residents and direct healthcare providers (nurses and personal support workers). We
assumed that there was no contact between residents and other service staff based on
correspondence with the management teams of LTFCs. Given visiting restrictions during
outbreaks, we did not include visitors in the model. Contacts among staff were distributed in
each shift (Appendix, Table Al) depending on the responsibility of staff in the LTCF.

Disease dynamics

We encapsulated the natural history of COVID-19 with epidemiological statuses as susceptible;
latently infected (not yet infectious); asymptomatic (and infectious); pre-symptomatic (and
infectious); symptomatic with either mild or severe/critical iliness; recovered; and dead (Figure
1). We assumed that infection was introduced into the LTCF through infected staff during the
silent asymptomatic or pre-symptomatic stages of disease. A population point-prevalence in the
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range of 0.05%-0.1% was considered for infection of staff outside the LTCF prior to the start of
each shift (23). Staff with symptomatic COVID-19, whether infected outside or during the daily
shifts in the LTCF, were screened and removed from the model simulations for a minimum of 14
days (and until complete recovery).

Disease transmission inside the LTCF was implemented probabilistically for contacts between
susceptible and infectious individuals in asymptomatic and pre-symptomatic, or symptomatic
stages of the disease. Infected individuals started in the latent (non-infectious) stage, and then
proceeded to a silent infectious stage (i.e., either asymptomatic or pre-symptomatic). A
proportion of infected individuals remained asymptomatic until recovery (24-27), with an
infectious period that was sampled from a Gamma distribution with a mean of 5 days (28,29).
Others developed symptoms following a pre-symptomatic stage as part of the incubation period.
The incubation and pre-symptomatic periods were sampled from Log-Normal and Gamma
distributions with mean values of 5.2 and 2.3 days, respectively (30,31). The infectious period
post-symptom onset was also sampled from a Gamma distribution with a mean of 3.2 days (28).
Symptomatic cases had an age-dependent probability of developing mild or severe/critical
illness. We assumed that recovery from a primary infection provided adequate immunity for the
remainder of the simulation, preventing re-infection. Compared to the probability of transmission
during the pre-symptomatic stage, the relative risks of transmission were 0.11, 0.44, and 0.89
for the asymptomatic, mild symptomatic, and severe symptomatic stages, respectively (32,33).

Infection outcomes

Residents with symptomatic disease and their roommates, based on outbreak guidelines, were
immediately isolated upon symptom onset within the LTCF (34). Contacts of isolated cases
were limited to only direct healthcare providers. A proportion of symptomatic residents who
developed severe iliness were transferred and hospitalized, and therefore excluded from the
dynamics within the LTCF until their return upon recovery. For those who were hospitalized, the
time from symptom onset to admission was sampled in the range of 2-5 days (35,36). The
length of hospital stay was sampled from a Gamma distribution with mean of 12.4 days (37). We
parameterized the model with age-specific hospitalization rates of LTCF residents from January
to June 2020 (Table 1). The case fatality rate among residents was age-dependent and based
on data reported by Public Health Ontario (Table 1).(19)

Interventions

The baseline scenario of control measures included: (i) isolation of symptomatic residents with
hospitalization of a proportion who developed severe illness; (ii) screening of staff for
symptomatic illness followed by isolation; (iii) cohorting of healthcare providers; and (iv) mask-
wearing by all staff. We assumed that all staff wore surgical masks during their shift, but
switched to an N95 respirator when caring for isolated residents. A recent meta-analysis
indicates a 67% (95% CI: 39% — 83%) risk reduction in respiratory infections when surgical
masks are used (38). Thus, the transmission probability per contact was reduced by a factor (1-
effsu) for staff-resident, and (1- effsur)? for staff-staff interactions. When an N95 was used by staff
caring for isolated residents, the probability of transmission was reduced by (1-effngs) per
contact, with an efficacy effngs = 0.95 (38). For staff cohorting, we assigned each healthcare
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provider to a specific group of residents. Personal support workers only interacted with a
predetermined group of 9, 9, and 20 residents during the three daily shifts of morning,
afternoon, and night. Similarly, nurses interacted with predetermined groups of 30, 30, and 60
residents during the corresponding shifts. Given baseline interventions, we compared two
additional measures: routine testing of all staff and vaccination of staff and residents.

Routine testing. To prevent disease importation and transmission during the silent
asymptomatic and pre-symptomatic stages of infection, we implemented routine
nasopharyngeal (NP) and saliva PCR testing of staff with a frequency of 7 days (39). The
probability of case detection at the time of testing post-infection was determined by the temporal
diagnostic sensitivity (40) inferred from fitting a sensitivity function to the percent positivity data
of NP testing (41). Both tests were assumed to have a specificity of 100%. We considered time
delays of 24-48 hours in turnaround time from sampling to results, during which staff continue
their shifts. Staff isolated for a period of 14 days following a positive result, during which they
were excluded from interactions in the LTCF.

Vaccination. Considering LTCFs as one of the priority groups for COVID-19 vaccination, we
implemented a two-dose vaccine strategy, with coverages of 90% for staff and 75% for
residents. These coverages reflect the reported uptake of seasonal influenza vaccines in
Canada in these populations (42,43). We considered a vaccine efficacy of 90% (V) against
infection following 2 doses, administered 28 days apart, in vaccinated staff (17,18). We
implemented a 14-day interval after the first vaccine dose to reach half of V.. The protection of
Ve was reached one week after the second dose. The vaccine efficacy was reduced to V, = (1-
g)Ve in vaccinated residents, where g was sampled uniformly from the 10%-50% range based
on observed reductions in influenza vaccine effectiveness among frail and comorbid individuals
(44,45). Vaccine efficacy was implemented in the model as a reduction of disease transmission.
We also assumed that the risk of developing severe illness was reduced by the vaccine efficacy
if infection occurred post-vaccination, thereby affecting hospitalization rates.

Model implementation and calibration

The model was implemented in Julia language using parameter estimates in Table 1. To
determine the transmission probability, we calibrated the model to the cumulative incidence data
reported for LTCFs in Ontario, Canada, from January to June 2020 (19). For this calibration, we
considered case isolation and hospitalization of infected residents, screening of staff for
symptomatic illness, and mask-wearing by all staff as measures implemented during initial
outbreaks of COVID-19. In the scenario with vaccination, we assumed that the first dose of
vaccine was given two weeks before the introduction of the first infection into the LTCF, which
resulted in partial effectiveness of vaccination when the outbreak simulations began. The
second dose was offered two weeks after the start of simulations. Simulations were seeded with
one infected individual among staff with a time-step of 1 hour. The computational model is
available at https://github.com/thomasvilches/LTCFE-covid.

Results
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In the baseline scenario of model calibration, the attack rate was 37% among residents, and
25.6% among staff. Hospitalization and deaths among residents were projected to be 32.9 and
83.8 per 1000 population, respectively. The corresponding rates for staff were 9.5 and 0.5 per
1000 population.

Routine testing of staff

Compared to baseline measures only, augmenting with weekly routine testing of staff reduced
the attack rate among residents by 20.3% (95% Crl: 18.7% — 21.8%) using saliva sampling
with a 2-day turnaround. The highest reduction was 34.4% (95% Crl: 32.9% — 36.0%) using a
weekly NP sampling and a 1-day turnaround time (Figure 1, Table 2). For each scenario, the
observed reductions of hospitalizations and deaths were similar to the reduction of attack rate
among residents (Table 2).

Weekly routine testing led to lower reduction of attack rates among staff, as compared to
residents, ranging from 12.8% (95% Crl: 11.7% — 13.9%) to 21.9% (95% Crl: 20.9% — 23.0%)
with a 2-day turnaround with saliva testing and a 1-day turnaround with NP testing, respectively
(Figure 1, Table 3). The reduction in hospitalizations among staff was similar to their reduction
of attack rates in the corresponding scenarios. However, routine testing, irrespective of the type
and turnaround time, had no significant effect on reducing deaths in staff compared to baseline
measures (Table 3).

Vaccination of residents and staff

When vaccination was implemented, the incidence among residents sharply declined after 3
weeks (Figure 1), as compared with baseline measures alone. The attack rate was reduced by
72.3% (95% Crl: 71.6% — 72.9%) among residents and 76.7% (95% Crl: 76.4% — 77.1%)
among staff (Figure 1, Table 2,3), significantly higher than reductions achieved in any scenario
of routine testing in both populations (Wilcoxon rank-sum test, p-values<0.001). The reduction
of hospitalizations and deaths attributed to vaccination was higher among residents as
compared to staff, despite higher vaccine coverage and vaccine efficacy in staff (Tables 2,3).
Similar to hospitalizations, vaccination also reduced deaths significantly by 82.1% (95% Cirl:
81.5% — 82.7%) among residents and 69.8% (95% Crl: 58.0% — 79.7%) in staff.

Discussion

The COVID-19 pandemic has disproportionately affected geriatric populations and especially
residents of LTCFs with devastating outcomes (7,9,48-50). The incidence rate ratio for COVID-
19 related deaths among LTCF residents in Ontario, Canada has been estimated to be 13 times
higher than that among community-living adults older than 69 years (51), with case fatality rates
exceeding 27% (15). In the absence of vaccination, the control of COVID-19 outbreaks in these
vulnerable settings has been challenging largely due to staff shortages and frequent staff
turnover, low staff-to-resident ratios, crowded settings without room to implement physical
distancing, insufficient training and inadequate precaution measures, as well as silent
transmission of disease.
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Our evaluation of multi-pronged strategies in LTCFs indicate that augmenting non-
pharmaceutical measures with routine testing of staff can reduce the rates of silent transmission
and would decrease infections and their adverse clinical outcomes considerably among
residents. We found that with a 2-day or longer time-delay from sample collection to results, the
impact of this measure on hospitalizations and deaths among residents decreases by at least
9% compared to a 1-day turnaround time in both NP and saliva testing. Vaccination with a
similar uptake to seasonal influenza vaccine would significantly (2-4 times more than routine
testing of staff) reduce infection and outcomes among residents and staff. While vaccines will
reduce the incidence of infection and may decrease transmission, the practice of other
measures (i.e., mask-wearing, social distancing, hand hygiene) will still be needed for some
time until community transmission is controlled since vaccine efficacy will not be absolute.

Limitations

Our results should be interpreted within the study assumptions and limitations. For the model
structure, staff-to-resident ratio, and population interactions, we relied on existing data and
correspondence with LTCFs affected by COVID-19 in Ontario, Canada. We did not include
visitation by community members in the model during the outbreak, which may be allowed with
specific guidelines for visitors. We also did not include other modes of disease transmission
such as aerosolization of the virus without adequate ventilation. For evaluation of routine
testing, we assumed a 100% compliance rate among staff. While this may be a reasonable
assumption for non-invasive, self-administered saliva testing, compliance will likely be affected
by practical challenges of a relatively invasive NP testing. We assumed that staff cohorting can
be effectively and sustainably implemented as described; however, staff shortages and the use
of overtime to replace staff may affect the effectiveness of this strategy. We assumed that the
protective efficacy of a vaccine would be reduced by 10% to 50% in comorbid and elderly
residents, similar to observations for influenza vaccines (44,45). If the efficacy of a COVID-19
vaccine was not affected by age or frailty, vaccine impact would be even greater than projected
here among residents.

Conclusions

Our study highlights the importance of multifaceted strategies for protecting vulnerable
residents. Furthermore, without population-level control of disease, the risk of infection and
silent transmission by staff or visitors cannot be discounted even with a highly efficacious
vaccine.
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Table 1. Model parameters and their estimated value.

Model parameter Staff Resident Source
Age group 20-49 | 50-64 <60 60-69 | 70-79 | 80-89 [ 90+
Transmission probability 0.0476 (19)
per contact.durmg pre- Calibrated to incidence data for LTCFs in Ontario

symptomatic stage

Incubation period (days) Log-Normal(shape: 1.434, scale: 0.661) (30)

. . Derived
Asymptomatic period Gamma(shape: 5, scale: 1) ¢ 20 31
(days) rom (29,31)
Pre-symptomatic period Gamma(shape: 1.058, scale: 2.174) (31)
(days)

Infectious period from _ _ Derived
onset of symptoms Gamma(shape: 2.768, scale: 1.1563) from (28)
(days)

Proportion of individuals 0.18 0.38 1 (1,46)

with comorbidities

Proportion of infected
individuals developing 0.29 0.29 0.18 0.18 0.18 0.13 0.13 47)
asymptomatic infection

Proportion of
symptomatic cases

. 0.15 0.40 0.8 (36)
developing severe
illness
Hospitalization rate of
. 23.5% | 23.5% | 18.2% | 15.1% | 13.4% | 9.3% | 7.1% (29)
symptomatic cases
Case fatality rate 0.21% | 0.21% | 8.4% | 18.8% | 24.1% | 27.9% | 35.4% (29)

Length of hospital stay Gamma(shape: 4.5, scale: 2.75) (37)
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Table 2. Mean and 95% credible intervals for the reduction of cumulative infections,
hospitalizations, and deaths among residents achieved by additional measures of 7-day routine
testing of staff, and vaccination of staff and residents as compared with baseline measures

alone.

Measure

Mean relative reduction (%) and 95% Crl

7-day routine testing

Infection

Hospitalization

Death

NP sampling

1-day turnaround

34.4 (32.9, 36.0)

33.7 (31.6, 35.8)

34.8 (33.0, 36.5)

2-day turnaround

24.8 (23.1, 26.4)

24.1 (21.6, 26.5)

24.4 (22.4, 26.3)

Saliva sampling

1-day turnaround

28.7 (27.1, 30.3)

28.3 (26.0, 30.6)

29.0 (27.1, 30.8)

2-day turnaround

20.3 (18.7, 21.8)

18.5 (15.8, 20.8)

20.1 (18.3, 22.0)

Vaccination

72.3 (71.6, 72.9)

81.4 (80.6, 82.2)

82.1 (81.5, 82.7)

Table 3. Mean and 95% credible intervals for the reduction of cumulative infections,
hospitalizations, and deaths among staff achieved by additional measures of 7-day routine
testing of staff, and vaccination of staff and residents as compared with baseline measures

alone.

Measure

Mean relative reduction (%) and 95% Crl

7-day routine testing

Infection

Hospitalization

Death

NP sampling

1-day turnaround

21.9 (20.9, 23.0)

22.1 (17.6, 26.3)

21.0 (-1.6, 39.5)

2-day turnaround

15.2 (14.1, 16.3)

15.2 (10.5, 19.7)

15.2 (-7.4, 34.4)

Saliva sampling

1-day turnaround

18.3 (17.2, 19.3)

19.0 (12.2, 23.4)

17.1 (-5.2, 35.7)

2-day turnaround

12.8 (11.7, 13.9)

13.7 (9.2, 18.2)

7.7 (-16.1, 28.2)

Vaccination

76.7 (76.4, 77.1)

71.8 (69.3, 74.0)

69.8 (58.0, 79.7)
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Figure 1. Incidence of infection per 1000 residents (A,C), and relative reduction of cumulative
infections (attack rate), hospitalizations, and deaths with routine testing of staff (B) and
vaccination of residents and staff (D). Intervention scenarios (in addition to baseline control
measures) included: weekly routine testing of staff with NP sampling and 1-day (S1a) and 2-day
(S1b) turnaround; saliva sampling and 1-day (S2a) and 2-day (S2b) turnaround; and vaccination
(S3).
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